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Abstract

The rapid growth of e-commerce, urbanization, and environmental awareness has
underscored the critical importance of sustainable last-mile logistics (LML). This thesis
examines the role of Urban Consolidation Centers (UCCs) and multiple criteria decision
analysis (MCDA) methodologies in developing strategies that balance economic,
environmental, and social goals.

The research addresses two main questions: how decision-makers and
stakeholders integrate sustainability into urban logistics strategies and alternative fuel-
powered fleets' economic and environmental impacts. To answer the first, a systematic
literature review and an improved version of the Deck Card Method (DCM), namely,
PaCo-DCM, were employed to evaluate and rank sustainable logistics strategies. A case
study featuring Interporto Padova, a key intermodal logistics operator in Italy,
demonstrated the framework’s utility in comparing seven logistics scenarios based on
stakeholder priorities and sustainability objectives. The findings highlighted the potential
of UCCs, supported by innovative evaluation methods, to reduce congestion and
emissions while enhancing urban livability.

The second research question involved developing a valuation framework that
integrated Total Cost of Ownership (TCO) analysis and environmental impact assessment
to evaluate fleet configurations—Diesel, Compressed Natural Gas (CNG), and Electric
Vehicles (EVs). A case study of the Cityporto Padova fleet revealed that mixed fleets
(CNG and EVs) offer environmental advantages over traditional Diesel fleets. However,
existing incentives make CNG more viable than EVs and the best choice for performing
B2B deliveries.

The thesis contributes with actionable tools to sustainable urban logistics and
policy-making, aligning with the European Green Deal and Sustainable Development
Goals (SDGs). Its outcomes inform stakeholders—including policymakers, logistics
operators, and urban planners—on implementing innovative, sustainable logistics

strategies tailored to the demands of modern cities.



Sommario

La rapida crescita dell’e-commerce, dell’urbanizzazione e della consapevolezza
ambientale ha evidenziato 1’importanza cruciale della logistica sostenibile dell’ultimo
miglio (LML). Questa tesi esamina il ruolo dei Centri di Consolidamento Urbano (UCC)
e delle metodologie di supporto alle decisioni multicriteriali (MCDA) nello sviluppo di
strategie che bilanciano obiettivi economici, ambientali e sociali.

La ricerca affronta due domande principali: come i decisori e gli stakeholder
integrano la sostenibilita nelle strategie logistiche urbane e quali sono gli impatti
economici e ambientali delle flotte alimentate da combustibili alternativi. Per rispondere
alla prima, ¢ stata condotta una revisione sistematica della letteratura ed ¢ stata applicata
una versione migliorata del Deck Card Method (DCM), ovvero il PaCo-DCM, per
valutare e classificare le strategie logistiche sostenibili. Un caso di studio che ha coinvolto
Interporto Padova, un operatore logistico intermodale italiano, dimostrando 1’utilita del
framework nel confrontare sette scenari logistici basati sulle priorita degli stakeholder e
sugli obiettivi di sostenibilita. I risultati hanno evidenziato il potenziale degli UCC,
supportati da metodi di valutazione innovativi, per ridurre la congestione e le emissioni,
migliorando al contempo la vivibilita urbana.

La seconda domanda di ricerca ha riguardato lo sviluppo di un framework di
valutazione che integra I’analisi del Costo Totale di Possesso (TCO) con la valutazione
degli impatti ambientali per analizzare configurazioni di flotte—Diesel, Gas Naturale
Compresso (CNG) e Veicoli Elettrici (EV). Uno caso di studio sulla flotta di Cityporto
Padova ha rivelato che le flotte miste (CNG ed EV) offrono vantaggi ambientali
significativi rispetto alle flotte Diesel tradizionali. Tuttavia, gli incentivi esistenti rendono
il CNG piu competitivo rispetto agli EV, risultando la scelta migliore per effettuare
consegne B2B.

La tesi fornisce strumenti pratici per la logistica urbana sostenibile e la definizione
delle politiche, in linea con il Green Deal Europeo e gli Obiettivi di Sviluppo Sostenibile
(SDG). I risultati informano gli stakeholder—compresi i1 responsabili politici, gli
operatori logistici e i pianificatori urbani—sull’implementazione di strategie logistiche

innovative e sostenibili, adattate alle esigenze delle citta moderne.



INTRODUCTION

This PhD project is developed within the scope of PON Scholarship R&I!, which
promotes research programs focused on themes such as ecosystem conservation,
biodiversity, mitigating the impacts of climate change, and promoting sustainable
development. The research activities must also align with the National Strategy for
Intelligent Specialization guidelines? and the National Recovery and Resilience Plan? to
foster more significant interaction between the research community and the productive
sector. For this reason, it was developed in collaboration with the industrial partner
Interporto Padova Spa, an intermodal logistics operator public-private company - co-
owned by the Municipality of Padova, the Province of Padova, and the Padova Chamber
of Commerce and Industry and other companies - that manages transport and real estate
activities to promote sustainable development in its local territory.

Following the objectives of this scholarship, this research aims to address the
growing complexities and costs of urban and freight logistics in the era of e-commerce
and digitalization. This is driven by increasing customer expectations for reduced-cost,
high-performance delivery services. However, these demands have significant
environmental impacts, positioning last-mile logistics as a critical component within the
European Green Deal’s agenda for sustainable mobility. To meet these challenges, the
project explores evaluation techniques and their applications in investments in urban
logistics that balance cost-effectiveness, customer satisfaction, and sustainability.

The framework integrates companies’ goals for profit maximization with the
broader imperative of achieving compliance with sustainable development goals (SDGs),
thereby contributing to the evolution of greener, more efficient urban logistics systems.

Before proceeding, it is essential to define the concepts at the core of this research
project. The word “logistics” is derived from the ancient Greek word logistikos, meaning

“skilled in the calculation,” which refers to planning, implementing, and controlling the

! The scholarships were financed through DM 1061/2021 regarding topics related to Action IV.4 - PhD and research
contracts on innovation topics and Action IV.5 - PhD on green issues of the new Axis IV of the PON Research and
Innovation 2014-2020 "Education and research for recovery - REACT-EU".

2 The National Smart Specialisation Strategy (NSSS) identifies shared long-term investment priorities to align central and
regional actions, reducing duplication and enhancing impact. Its goal is to foster new value chains from R&D to
innovative products and services, driving economic growth, equitable wealth distribution, and sustainable job creation.

3 The plan focuses on three European strategic priorities: digitization and innovation, ecological transition, and social
inclusion. It aims to repair pandemic-related economic and social damage, address structural weaknesses in Italy’s
economy, and drive ecological and environmental transition. Available at: https://www.mef.gov.it/en/focus/The-
National-Recovery-and-Resilience-Plan-NRRP/ (accessed on 09/01/2025).



https://www.mef.gov.it/en/focus/The-National-Recovery-and-Resilience-Plan-NRRP/
https://www.mef.gov.it/en/focus/The-National-Recovery-and-Resilience-Plan-NRRP/

efficient movement and storage of goods, services, and information from the point of
origin to consumption. Historically, logistics played a decisive role in military operations,
ensuring troops were supplied with food and equipment. The term gained prominence in
the 18th and 19th centuries through military theorists like Antoine-Henri Jomini#, who
emphasized its importance in warfare strategy. Its modern application expanded beyond
the battlefield to commerce and industry and encompasses supply chain management,
transportation, warehousing, and distribution. As supply chains grow more complex, the
role of logistics continues to evolve, focusing on customer satisfaction, cost reduction,
and environmental considerations.

Taniguchi et al. (2001) defined “city logistics” as optimizing transport activities
within urban areas, leveraging advanced information systems while addressing critical
challenges such as traffic congestion, safety, and energy consumption. “Last-mile
logistics” (LML) refers to the final stage of the supply chain, where goods are transported
from a central hub or distribution center to their ultimate destination, such as retail
locations or individual consumers (Anderson et al., 2005). “City logistics”, “last-mile
logistics”, and other synonyms like “urban logistics” are used in this research as an
extended terminology to refer to the urban supply chain, defined as the segment of the
supply chain responsible for parcel delivery within a designated urban geography
(Handoko et al., 2016).

“Sustainable logistics” is defined as the planning and controlling logistics systems
to minimize environmental impacts while maintaining efficiency. It has been addressed
in the literature in the last decades (Anderson et al., 2005; Himanen et al., 2005; Kennedy
et al., 2005). Applying sustainable concepts and methodologies to urban logistics is a
relatively new research area (Faccio and Gamberi, 2015). However, the interest in
sustainable logistics activities in urban areas is also confirmed in the 2030 Agenda’s
Sustainable Development Goals (SDGs), with specific reference to SDG 9, “Industry,
innovation and Infrastructure”, and SDG 11, “Sustainable Cities and Communities”.

According to the United Nations (UN) prospects, the world’s population is now
around 8 billion. It is expected to reach 9.7 billion in 2050 (UN, Department of Economic

and Social Affairs, 2022), with 68% living in urban areas (UN, Department of Economic

4 In 1838 Antoine-Henri Jomini published his work on “Précis de I'Art de la Guerre: Des Principales Combinaisons de la
Stratégie, de la Grande Tactique et de la Politique Militaire”, translated in English as “The Art of War”.
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and Social Affairs, 2019), intensifying the demand for efficient freight solutions to meet
city needs. Urban freight flow has a growing trend of interest, driven by population
growth, urbanization, densification, globalization, online and omnichannel retailing, and
urban economic development (Taniguchi, 2014; Schoder et al., 2016). This growth in
urban populations, coupled with the rise of e-commerce, has significantly increased the
volume of goods transported in cities, straining existing logistics networks and amplifying
their environmental footprint (Savelsbergh and Van Woensel, 2016; Bosona, 2020).
These urban changes have resulted in negative impacts such as traffic congestion, air
pollution caused by freight vehicles, and reduced road capacity due to frequent loading
and unloading stops (Kalahasthi et al., 2022; Muriel et al., 2022). These issues are
particularly pronounced in historic city centers, where limited parking availability often
forces illegal truck parking and narrow streets to restrict or complicate access for
traditional commercial vehicles, affecting safety and walkability (de Carvalho et al.,
2019; Ceccato and Gastaldi, 2023).

Furthermore, the increased awareness of the environmental backsides of the
transport sectors and the fact that supply chains need to be flexible to answer to market
fluctuations and critical events have made logistics more observed by scholars and
practitioners (Ren et al., 2019; Moncef and Monnet Dupuy, 2021; Plazier et al., 2024).

The abovementioned negative impacts are connected to the transportation sector,
which is responsible for 7,98 CO2 Gt, approximately 25% of global CO2 emissions in
2022, and it plays a relevant role in climate change mitigation (IEA, 2023a, 2023b). In
Europe, road-freight transportation accounts for 74%, the largest share of the
transportation sector’s total, urban mobility accounts for 25%, and city logistics for 6%
(EC, 2013). The European Union (EU) has set ambitious climate targets to address these
pressing issues through the European Green Deal (EC, 2019) and related initiatives.

The EU aims for climate neutrality by 2050, with a significant interim goal of
reducing emissions by 55% compared to 1990 by 2030. This interim goal is addressed in
the “Fit for 55” package, introduced in July 2021 and approved in April 2023. The
package aligns all EU climate and energy legislation with these objectives, emphasizing
cohesive action across member states (EU Regulation 857, 2023). This represents an
upgrade from the previous target of 40%, signaling a renewed commitment to accelerating

decarbonization efforts.



Also, cities must face the impacts related to freight transport to improve their
sustainability by implementing policy measures involving several actors and choice
dimensions. Public and private companies face multi-dimensional challenges in achieving
sustainable last-mile logistics in this political and regulatory framework. Collaborative
efforts between stakeholders, i.e., government bodies, private logistics providers, and
consumers, are necessary for implementing sustainable solutions. Multiple stakeholders
must collaborate to create a functional and efficient urban freight transport system. In this
context, urban freight transport policies and Urban Consolidation Centers (UCCs) can
provide effective solutions for limiting large delivery trucks from accessing cities.
Specifically, UCCs ensure that urban freight is received, sorted close to the city, and
delivered to final destinations, decreasing the number of vehicles circulating in city
centers through successful and sustainable models that rely heavily on geographical
conditions, population characteristics, and stakeholders' interests.

Interporto Padova is positioned for its last-mile delivery activities at the
intersection of regulatory boundaries, market demands, and operational constraints and
must comply with European and national sustainability targets (e.g., climate neutrality by
2050) and local regulations like Limited Traffic Zones (LTZ) and Low-Emissions Zones
(LEZ). Particular attention has been paid to the role and perspective of UCC since
Interporto Padova is conducting the Cityporto® project, one of the most successful UCC
projects of last-mile delivery in the European context (Gonzalez-Feliu and Morana,
2010). The scheme of this UCC within the intermodal logistics center is shown in Figure
1. At the micro-level, it must ensure the economic and operational viability of UCC
activities. This includes managing costs, optimizing vehicle capacity, and integrating
innovative logistics technologies to enhance delivery efficiency. The possibility of
adopting electric vehicles addresses emissions goals but introduces challenges such as

range limitations, charging downtimes, and financial feasibility.

3 The institutional and updated information about the Cityporto project is available in the Interporto Padova
https://www.interportopd.it/cityporto/ (accessed on 09/01/2025)
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Figure 1. The Intermodal Logistic Operator and UCC scheme in the supply chain was adapted to the Interporto

Padova case from Browne et al. (2018). Source: own elaboration.

Based on the PON call, the research activities conducted are positioned in the area
that merges economic evaluation with MCDA (Greco et al., 2016) and the valuation of
investment projects in the logistics sector. To this end, a preliminary literature review has
been conducted as an initial step to identify last-mile logistic strategies that best perform
according to multiple dimensions, such as costs, greenhouse gas (GHG) emissions, and
customer satisfaction. These measures require methods and models to assess
sustainability's impact and relevance for stakeholders (Nuzzolo and Comi, 2014; Bjgrgen
etal., 2021).

It emerged that there was a lack of a comprehensive theoretical and
methodological framework to identify criteria to assess the sustainability of last-mile
solutions. Additionally, it appeared that the financial and socio-environmental
performance of UCCs remains undeveloped, specifically concerning low-emission,
medium-heavy vehicles crucial for business-to-business (B2B) deliveries, such as the
ones performed by Cityporto. A wide adoption of multicriteria approaches to evaluate
mixed policy strategies is still far from being implemented, and it is not easily
understandable and usable by non-experts in MCDA. Starting from these preliminary
results, two main research questions (RQ) have been developed:

e RQ I: How do Decision Makers (DMs) and stakeholders address sustainability in

city logistics problems? How is sustainability considered in the definition of
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alternatives and criteria choice? How can DMs be assisted in ranking sustainable
city logistics strategies?

e RQ 2: How do commercial fleets of vehicles powered by conventional and
alternative fuels impact the sustainability of last-mile logistics and the
achievement of SDG 11 (i.e., Make cities and human settlements inclusive, safe,
resilient, and sustainable)? What are the financial and economic costs, including
environmental costs, associated with fleets powered by Compressed Natural Gas

(CNGQG), Diesel, and Electric Vehicles (EVs)?

To address RQ 1, a systematic literature review was first conducted to examine
how DMs and stakeholders consider sustainability when they assess alternatives in
various urban logistics contexts. Driven by the preliminary results, this literature review
fine-tuned and focused on MCDA and the wealth of potential decision-making processes
in last-mile logistics. The potential of multicriteria methods was analyzed, and the set of
most adopted criteria has been identified in settings where the goal is to design and pursue
sustainable last-mile logistic strategies.

Subsequently, a multicriteria valuation framework was designed to support DMs
in evaluating different logistics strategies, and the framework was applied to a case study.
In detail, the case study focuses on a decision-making process in which the DM is an
intermodal logistics operator, namely Interporto Padova. The interest in deepening this
topic came since it is a major stakeholder usually involved in defining and implementing
urban logistics policies. To rank from best to worst the seven alternative strategies under
investigation, among the numerous multicriteria methods analyzed and reviewed, an
improved version of the Deck Card Method (DCM) (Figueira and Roy, 2002) with
pairwise comparison, developed by Corrente et al. 2021 (henceforth PaCo-DCM), was
implemented. The proposed application aims to support local government and
policymakers in evaluating and ranking last-mile logistics strategies from a sustainable
perspective.

Then, to address RQ 2, a valuation framework was developed to assess
commercial fleets' environmental and economic performance and impacts in last-mile
logistics. The framework was applied to a real-world case study based on the Cityporto

Padova fleet, which is comprised of medium-heavy commercial vehicles. Three fleet
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configurations were considered: CNG, Diesel, and mixed fleet, which combines CNG
and EVs. The evaluation grounds in a retrospective implementation of the Total Cost of
Ownership (TCO) method combined with the assessment of externalities generated by
circulating vehicles (i.e., GHG emissions and noise). In addition, the research focused on
investigating financial incentives that can favor investment in EVs and CNG vehicles,
making them more competitive against Diesel alternatives. Figure 2 presents a graphical
representation of the research thesis questions addressed, and the remainder of the thesis

is structured in chapters as follows.

RQ1:
MCA for a Sustainable
Urban Logistics
Planning problem

External
actions

RQ2:
Retrospective TCO

Internal
actions

Ex-post Ex-ante
evaluation evaluation

Figure 2. Graphical thesis structure. Source: own elaboration.

Chapter 1 aims to specify key terms such as “last-mile logistics” and
“sustainability” in the urban freight sector. Firstly, the concept of UCC was analyzed as
a strategic policy instrument. A review combined the most relevant elements and
problems about UCCs and their integration into sustainable logistics systems and policies.
Lastly, the results of a second literature review that addressed sustainability evaluation in
multicriteria studies are shown. It was performed using a systematic approach, and a paper

on these results was published in a scientific journal.®

6 Article published in Valori e Valutazioni, vol.36, pp. 125-147, 2024. https.//dx.doi.org/10.48264/vvsiev-20243608
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Chapter 2 outlines the application of a multicriteria method to an ex-ante urban
logistics planning problem. The PaCo-DCM (Corrente et al., 2021; Dinis et al., 2023) is
applied to define the criteria value functions and elicit the model’s weights. This chapter
describes the methodological framework, including criteria selection, stakeholder
engagement, and preference modeling, as applied to a real-world case study in Padova, a
medium-sized city in northeast Italy. It also discusses how the PaCo-DCM approach
supports the DM using quantitative and qualitative criteria to rank urban logistics
strategies based on sustainability objectives.

Chapter 3 focuses on a retrospective TCO, an economic analysis conducted
retrospectively to compare different fleet technologies for urban logistics, specifically
CNG, Diesel, and the introduction of EVs since when they became available. A case study
is analyzed, and the goal of the analysis is to understand if the level of incentives to
support the electrification of fleets is adequate to enable this technological improvement
without harming the financial viability of the UCC. Using empirical data from Cityporto
Padova, this chapter examines economic and environmental impacts and provides
insights into the conditions under which EV adoption becomes economically viable.

Chapter 4 synthesizes the findings from literature reviews, the two case studies,
and their implications for sustainable urban logistics policy and practice. It presents the

limitations of the study and suggestions for future research.
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1. LITERATURE REVIEWS ON URBAN CONSOLIDATION CENTERS AND
SUSTAINABLE LAST-MILE LOGISTICS

The initial research activity focuses on UCC and similar definitions and sustainable
vehicle-based solutions that rely on these structures (Anderson et al., 2005; Browne and
Gomez, 2011; Isa et al., 2021). Browne et al. (2005, p. 4) define UCC as “a logistics
facility that is situated relative to the geographic area that it serves, be that a city center,
an entire town, or a specific site (e.g. shopping center), from which consolidated
deliveries are carried out within that area.”

The UCCs are recognized as promising policy responses to restraining large
delivery trucks from entering large cities and, instead, allow urban freight to be received
and sorted in proximity to the urban context. A graphical representation of the concept is
shown in Figure 3. UCCs represent one of the typical solutions adopted in several urban
contexts, with successful models that are not easily replicable in other cities and strongly
depend on geographical conditions, population characteristics, and the compelling

interest of the stakeholders involved (Paddeu, 2018; Mepparambath et al., 2021).

Retail DC

Urban
Consolidation
Centre

(Uco

Supplier

Figure 3. The concept of Urban Consolidation Centers (UCC), adapted from Quak (2009). Source: Larsen et al.
(2019).

These centers consolidate deliveries into fewer, optimized trips using low-

emission or EVs, addressing critical urban challenges such as traffic congestion and air
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pollution. As highlighted by Allen et al. (2012), UCCs play a key role in reducing Vehicle
Kilometers Traveled (VKT) in urban centers, directly contributing to lower emissions and
improved air quality. Additionally, by streamlining delivery processes, UCCs enhance
road safety and urban livability, aligning with broader sustainability goals.

Allen et al. (2012, p. 475) identified that “UCCs are the penultimate link in the
supply chain prior to the final delivery of goods; they receive goods from upstream
logistics centers. A range of other value-added logistics and retail services are now being
provided at some UCCs to enhance supply chain efficiency and improve their
attractiveness and financial turnover”. This highlights the dual role of UCCs as both
functional hubs for logistical consolidation and economic centers that can enhance urban
freight efficiency while providing additional services.

Since the 90s, more than eighty UCC ventures have been established in Europe.
From this scoping review, UCCs emerged as policy tools, business models, and
components of urban supply chains. More than 120 UCCs have been studied (Allen et al.,
2012), with more than 80 addressed in the literature active in 2019 in Europe
(Giampoldaki et al., 2021). Cityporto, is a notable example that set a benchmark for
operational efficiency and environmental impact in urban logistics (Janjevic and Ndiaye,
2017) by integrating sustainable vehicle fleets like CNG trucks. It has demonstrated
reductions in delivery vehicle trips and significant environmental benefits since its
introduction in 2004 (Gonzalez-Feliu and Morana, 2010; Vaghi and Percoco, 2011).
Using low-emission vehicles for last-mile delivery amplifies these benefits, as evidenced
in recent European case studies where emissions dropped by up to 25% in UCC
operations (Dupas et al., 2023).

Key characteristics of UCCs include public and private involvement, financial
support, ownership structures, fleet composition, service offerings, and location. Success
factors include public sector involvement, localized transport challenges, and funding
availability. For UCCs to be economically viable, they require critical user mass,
stakeholder awareness, revenue diversification, and reduced subsidy dependence.

UCCs can enhance urban quality of life by reducing noise pollution, improving
pedestrian safety, and minimizing delivery vehicles’ visual and spatial intrusion. As
Dreischerf and Buijs (2022) highlight, residents and city planners report greater

satisfaction with urban environments where UCCs have been implemented. These centers
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also support local economies by fostering stakeholder collaboration and encouraging
sustainable business practices.

UCCs can improve operational efficiency for logistics operators by enabling
economies of scale in delivery operations. Also, consolidating shipments decreases the
number of delivery vehicles entering city centers, reducing CO: and Particulate Matter
(PM) emissions (Melo et al., 2014). This reduces fuel, labor, and vehicle wear and tear
costs. Additionally, businesses in congested urban areas benefit from streamlined supply
chains, reduced delivery times, and improved customer satisfaction (E. Nathanail et al.,
2021). Moreover, public authorities could save on infrastructure maintenance costs by
reducing the number of heavy vehicles entering city centers.

Despite their potential benefits, they face significant challenges in their
implementation and operation. Financial sustainability remains critical, as many UCCs
rely on subsidies to cover operational costs. For instance, studies in Oslo revealed that
UCCs often need more public financial support to attract sufficient private-sector
investment (Nordtgmme et al., 2015).

Research articles on UCCs’ location problems range from routing optimization to
policy issues, stakeholder involvement, fleet choices, and feasibility evaluations
regarding the adoption. It emerged that, despite the growing interest in the topic and the
existing theoretical models, the research area is still limited, and it is difficult to provide
valuable insights for confirmed cases and guidelines to perform an economic analysis of
the effects of UCCs. For this reason, the research on the topic was strengthened by a

systematic approach to identify and categorize the contributions from the literature.

1.1. Literature review on Urban Consolidation Centers
In the exploratory phase of the research on the UCC’s definitions, the need to structure
the analysis of the relationships between UCCs and sustainable last-mile logistics issues
emerged. Accordingly, some articles were retrieved using the Web of Science and
SCOPUS databases. The keyword selection focused on studies addressing the
“evaluation” of “sustainability” in connection with UCCs and urban logistics topics. To

9% <6

refine the search, terms such as “city logistics,” “urban consolidation,” and “last-mile
logistics” were included, ensuring the identification of relevant works addressing these

specific issues, as shown in Figure 4.
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AND ("last mile logistic*” OR "last-mile AND (freight* OR parcel*
logistic*” OR “urban logistic*" OR "city ; OR good* OR packag®)
logistic*" OR "urban consolidation cent*” OR
"urban distribution” OR "city distribution” OR
"urban deliver*” OR "city deliver* ")

R

AND (role OR
impact*OR kpi* OR

(sustainab*

OR green
OR environmen* Searched through: measure* OR
OR ecofriendl TITLE indicator* OR
OR ecological ABSTRACT evaluation OR

valuation)

KEY

Wos: 344
Scopus: 550

Figure 4. Keywords considered in the preliminary review. Source: own elaboration.

The queries were performed in April 2023, and relevant papers to enlarge the
analysis on UCC were selected using a systematic approach guided by the Preferred
Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) framework
(Moher et al., 2015; Page et al., 2021). From the initial batch of papers, 85 papers on
UCC:s and their sustainable last-mile logistics problems were found through the review
process.

The main problems addressed in these articles are stakeholder involvement, policy
issues, the consolidation of goods, fleet vehicle choices, and location and routing
optimization. These articles adopted various methods, including case studies,
mathematical modeling, simulation and optimization studies, multicriteria analysis, and
reviews. To present the contributions of analyzed papers from this review and from the
initial research activity about UCCs and last-mile delivery strategies, the taxonomy
developed by Ren et al. (2019) offers a structured framework of clustered themes suitable
for the purpose.

The taxonomy classifies the research subjects of the studies into five principal
thematic areas: 1) social, environmental, and economic impacts, 2) planning, policy, and
management; 3) application and practice; 4) technology; and 5) operations research. This
classification organizes various research themes, facilitating clarity and accessibility for

future investigations, as shown in Figure 5.
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Figure 5. Classification of main themes about UCCs and sustainable LML — adapted from Ren et al. (2019). Source:

own elaboration.

The first research thematic area regards social, environmental, and economic impacts.
The environmental impact of urban logistics, particularly in the context of last-mile
delivery, is profound, with carbon emissions and energy consumption as primary
concerns. Research by Ranieri et al. (2018) highlights that while fundamental to urban
commerce, last-mile logistics significantly contributes to externalities such as GHG
emissions, air pollution, and traffic congestion. Similarly, Meyer (2020) emphasizes the
pressing need for decarbonizing road freight transport, noting that freight is responsible
for a substantial proportion of global carbon emissions, with projections indicating a rise
in its share over total if proactive measures are not adopted. These studies underscore the
need for sustainable innovations, including cleaner vehicle technologies and optimized
delivery systems, to mitigate environmental damage.

From a social perspective, urban freight operations often degrade urban livability
by increasing noise pollution, traffic accidents, and congestion, particularly in densely
populated areas. Katsela et al. (2022) discuss the role of urban freight microhubs in
alleviating such issues by reducing the number of vehicles entering city centers and
promoting the use of environmentally friendly modes like electric bikes. Moreover, Crotti
and Maggi (2022) explore how UCCs can integrate Corporate Social Responsibility
(CSR) strategies to balance economic viability with reduced societal disruptions. Such
initiatives emphasize creating sustainable and equitable logistics systems that improve

the quality of life in urban settings.

19



Economic impacts are equally significant, as inefficiencies in last-mile delivery
raise logistics costs, often passing the burden onto consumers. Cardenas et al. (2017)
demonstrate that e-commerce growth has exacerbated these challenges by increasing
delivery frequency and fragmentation, amplifying associated external costs. In contrast,
solutions like UCCs and tethering, analyzed by Papoutsis et al. (2018), offer economic
benefits by reducing delivery routes and consolidating shipments. Adopting these
strategies cuts operational costs and aligns with urban logistics' environmental and social
goals. The evaluation of the financial viability of different UCC models, by including
socio-environmental impact monetization in the economic evaluation, is functional in
offering financial and non-financial incentives to support freight consolidation schemes,
as deepened in the work of some researchers (Duin et al., 2016).

Other studies suggest that LML can constitute up to 28% of total delivery costs
due to operational inefficiencies such as low vehicle utilization rates, fragmented delivery
systems, and routing challenges, accounting for 13—75% of logistics costs depending on
consumer density and delivery complexity (Olsson et al., 2019). It is the supply chain's
most cost-intensive and environmentally impactful phase (Gevaers et al., 2014; Cardenas

etal., 2017).

The second thematic area regards planning activities, related policies and management.
In the last decades, this theme has been addressed in both academic literature and in
several European projects considering different groups of policy measures that could be
implemented by policymakers with single initiatives or within the framework of their
Sustainable Urban Mobility Plans (SUMPs)’ and Sustainable Urban Logistic Plans
(SULPs), and different sets of criteria to evaluate them.

Some specific policy measures highlighted in these planning documents regard
traffic flow management, parking management, time management, vehicle management,
better transport method, UCCs, LEZ, and organizational activities such as freight quality

partnerships and Joint Delivery Systems (Bjorklund and Johansson, 2018; Pan et al.,

7 A sustainable urban mobility plan is a strategic plan designed to satisfy the mobility needs of people and businesses in
cities and their surroundings for a better quality of life. https://urban-mobility-
observatory.transport.ec.europa.eu/sustainable-urban-mobility-plans_en
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2021). Innovative approaches to the delivery timing and the allocation of distribution
centers are required for de-bundling and distributing goods (Le Pira et al., 2021).

European initiatives such as the NOVELOG project (2018) have emphasized a
multifaceted approach to achieve sustainable urban logistics, integrating stakeholders’
engagement, regulatory measures, market-based strategies, land use planning, new
technologies, and eco-logistics awareness. Stakeholder collaboration is a cornerstone of
these efforts, with the designation of City Logistics Managers and the establishment of
freight advisory boards and freight quality partnerships to foster dialogue and coordinated
action among policymakers, logistics operators, and community members (Papoutsis et
al., 2018; Ranieri et al., 2018). These collaborative mechanisms ensure that diverse
interests are considered in the planning and implementing of urban freight strategies,
improving both efficiency and social acceptance of sustainability measures.

Regulatory measures are critical in controlling urban freight transport's
environmental and operational impacts. Policies such as environmental restrictions, time-
access limitations, and parking regulations aim to mitigate congestion and reduce
emissions in city centers (Olsson et al., 2019). For instance, size and load access
restrictions can prevent oversized vehicles from navigating narrow streets, enhancing
safety and preserving infrastructure integrity. Additionally, freight-traffic flow
management ensures smoother logistics operations, minimizing the negative externalities
of transport activities (Meyer, 2020). While sometimes challenging for logistics
operators, these measures are essential for maintaining urban livability and aligning with
environmental objectives.

Integrating market-based strategies, advanced technologies, and eco-logistics
awareness programs complements regulatory and planning efforts. Incentives such as
subsidies for green vehicles, pricing schemes like congestion charges, and tradable
mobility credits encourage a shift toward sustainable practices (Morella et al., 2022).
Concurrently, adopting new technologies such as dynamic routing systems and real-time
traffic information optimizes freight operations and reduces unnecessary travel (Katsela,
Palsson, et al., 2022). Eco-logistics awareness campaigns, including initiatives on anti-
idling and eco-driving, promote behavioral changes among operators and stakeholders,
further supporting the shift to environmentally friendly logistics systems (Crotti and

Maggi, 2022).
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Multiple stakeholders with different objectives and perspectives are involved in
urban freight transport (Estrada and Roca-Riu, 2017). Shippers are companies interested
in producing and delivering goods most profitably and efficiently; they represent the
clients of the delivery service (i.e., manufacturers, wholesalers, central retailer units).
Transport operators and carriers are companies that provide the delivery service, either
carriers or owners/managers of the land where goods transit and are managed (couriers,
third-party logistics providers, warehouse companies, terminals, and real-estate
operators). Receivers represent the clients of shippers and the destination of delivery
services (offices, manufacturers, small shops, homes).

Public authorities, such as the local government, are mayors and technical offices
that oversee improving the quality of life of cities, reducing adverse effects on population
and environment, and supporting sustainable trades through policies. Regional and
National Government needs to approve and supervise local initiatives, SUMPs, and
SULPs to harmonize the effects at the regional/national level and monitor the effort to
reach higher collective goals.

Citizens are consumers and residents who are interested in the quality of life in
cities, reduced congestion, pollution, and noise, and receiving goods quickly and in an
easily accessible way. Industry and commerce associations are interested in supporting
policies that help trade become more profitable and sustainable. Consumer associations
are interested in avoiding the costs of green transition, which are paid only by final users.
Experts are interested in deepening the knowledge of the entire urban logistics system to
comprehend better and evaluate the phenomena and the effects on society and the
environment of future policies and investments and for practitioners to provide better
consultancies to public/private operators of this sector. As for this, the coordination or
cooperation of stakeholders is needed to establish a friendly urban freight transport

system.

The third thematic area regards the issues emerged from experiences of real-world
applications. New delivery strategies, such as integrating collection-and-delivery points
(CDPs), aim to consolidate urban deliveries and reduce operational costs. Janjevic et al.

(2019) emphasize the economic and environmental benefits of using multi-echelon
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networks with CDPs, which decrease routing inefficiencies and enable cleaner vehicles
for final-mile deliveries.

The concept of microhubs—smaller, decentralized UCCs closer to end-users—is
also emerging as a complementary solution (Katsela, Giines, et al., 2022; Novotna et al.,
2022). These hubs facilitate faster deliveries and reduce the environmental footprint of
urban logistics, particularly in sprawling metropolitan areas. Recently, case studies from
Paris and Berlin highlighted the effectiveness of microhubs in achieving these objectives
(Altuntas Vural et al., 2024)

Schoder et al. (2016) and Boggio-Marzet et al. (2023) highlight the importance of
multi-stakeholder collaboration in urban logistics. Policymakers, logistics providers, and
urban planners must work together to implement sustainable measures like EVs and
parcel lockers, which are pivotal for reducing carbon footprints and enhancing urban
livability.

Supply chain management (SCM) is a critical component in global trade,
especially with the rapid growth of e-commerce and urbanization. Some studies state that
SCM encompasses the planning and executing supply chain activities to optimize
efficiency and customer value (Babenko et al., 2020). Integrating smart technologies with
SCM, including the Internet-of-Things (IoT) and artificial intelligence, has enhanced
supply chain visibility, enabling better decision-making and sustainability.

Furthermore, digital platforms such as online food delivery services have
demonstrated resilience during crises like COVID-19 pandemic, showcasing the
scalability of technology-driven last-mile logistics networks (Lin et al., 2022). Consumer
demands for fast delivery intensify pressure on supply chains to balance service quality
with cost-effectiveness (Thomas et al., 2022). Solutions like dynamic routing algorithms,
real-time tracking, and the use of autonomous vehicles (AVs) have improved delivery
efficiency and reduced operational costs (Gevaers et al., 2014). Abe (2021) emphasizes
the role of AVs in complementing public transit, reducing walking distances, and
enhancing mobility for underserved populations. By addressing consumer preferences for
and wait times, AVs can seamlessly integrate with existing transit systems, fostering a
more connected and efficient urban mobility ecosystem.

E-commerce growth has increased urban freight activity, mainly through light

goods vehicles (LGVs), central to last-mile delivery. Allen et al. (2018) discuss the
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inefficiencies in current LGV utilization, which are exacerbated by high first-time
delivery failure rates and seasonal demand peaks. Urban centers face congestion, noise,
and emissions due to duplicated delivery efforts in competitive parcel distribution sectors,
highlighting the urgency for collaborative and optimized solutions. The rapid growth of
e-commerce has intensified last-mile logistics challenges, particularly those related to
balancing cost efficiency with environmental impact. While rural deliveries incur higher
costs per parcel due to lower density, urban areas bear the brunt of societal impacts,
including noise and pollution. This trade-off underscores the complexity of optimizing e-

commerce logistics while addressing spatial and societal disparities.

The fourth theme cluster is represented by the topic of technology. Many opportunities
are represented by the digitization of the entire supply chain with interconnected logistics
systems, smart warehouses, software, and analysis tools.

Intelligent Transport Systems (ITS) have emerged as transformative tools in
addressing urban logistics challenges, balancing efficiency, safety, and sustainability. By
integrating advanced technologies into transport networks, ITS enhances real-time
decision-making, reduces environmental impacts, and fosters economic competitiveness.
This essay explores the applications of ITS in urban logistics, focusing on its
environmental, operational, and economic dimensions, as supported by recent research.

ITS solutions, such as variable message signs, adaptive traffic lights, and real-time
navigation, have significantly improved urban freight operations. Drop and Garlinska
(2021) highlight how professional truck drivers benefit from ITS tools, with 98% of
surveyed drivers finding these systems crucial for daily tasks. ITS enhances road safety
by optimizing traffic flows, reducing congestion, and lowering emissions associated with
urban freight transport. These features demonstrate ITS’s role in addressing the dual
challenges of increasing urbanization and freight demand.

The environmental benefits of ITS are well-documented, with technologies like
Active Traffic Management and Automated Highway Systems (AHS) playing a critical
role in reducing carbon emissions. Kolosz and Grant-Muller (2015) emphasize that
smoother traffic flows enabled by ITS systems lead to lower fuel consumption and CO-

emissions. For instance, AHS has the potential to save up to 280 kilotons of CO: over 15
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years. However, established Cost-Benefit Analysis (CBA) frameworks often fail to
account for these long-term environmental impacts.

ITS extends its influence beyond urban freight to Green Supply Chain
Management. Rajabion et al. (2019) propose a framework integrating ITS with business
processes to enhance the distribution of agricultural products. ITS reduces delivery times,
minimizes costs, and improves energy efficiency, contributing to sustainable supply
chains. This demonstrates how ITS addresses urban freight challenges and supports
broader sustainability goals across different supply chain contexts.

ITS forms the backbone of smart city logistics, where technology and
sustainability converge to address urban challenges. Reyes-Rubiano et al. (2021)
emphasize that it enables real-time optimization, improving logistics flexibility and
resilience. By integrating economic, social, and environmental dimensions, ITS helps
cities transition into sustainable smart cities. Big data is central in understanding and
predicting freight demand, traffic patterns, and logistics operations. Battaglia et al. (2022)
highlight the application of Floating Car Data (FCD) to model freight demand in suburban
areas, providing critical insights for transport system planning. By integrating FCD with
traditional data sources, big data analytics enables more accurate calibration and
validation of logistics models, ensuring efficient resource allocation and demand
forecasting. Rifki et al. (2020) emphasize the role of 10T in collecting high-resolution
time-dependent traffic data, which significantly enhances routing algorithms for urban
freight tours. By capturing granular traffic dynamics, IoT systems enable logistics
operators to adapt to fluctuating conditions, minimizing delays and optimizing delivery
routes. The integration of IoT in urban logistics enhances transparency, operational
efficiency, and customer satisfaction by enabling proactive responses to real-time
conditions. Allen et al. (2017) discuss the concept of a Freight Traffic Controller (FTC)
that leverages cloud-based systems to facilitate collaborative urban logistics. Cloud
platforms enable real-time communication between logistics providers, dynamic route
optimization, and equitable resource allocation among stakeholders. This infrastructure
supports horizontal collaboration, reducing operational redundancies and fostering
sustainable urban freight solutions.

Patella et al. (2021) noted that green vehicles such as EVs and AVs excel in urban

logistics with stop-and-go movements and lower load consolidation, benefiting from
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technological advancements in engine efficiency and zero-emission technologies.
Similarly, Lee et al. (2013) emphasize that electric delivery trucks outperform Diesel in
urban environments due to regenerative braking and better low-speed efficiency,
significantly reducing GHGs emissions and energy consumption.

Despite their environmental benefits, the widespread adoption of green vehicles
is hindered by infrastructure deficits, high initial costs, and operational limitations such
as battery range and charging time. Iwan et al. (2021) highlight the importance of tailored
incentives and robust policies to support green vehicle adoption, ensuring the availability
of charging infrastructure and financial feasibility. Pamucar et al. (2016) propose
transport spatial models using GIS and weighted criteria to define green routes that
minimize emissions and enhance delivery efficiency. Such frameworks align with Muriel
et al. (2022), who demonstrate how simulation optimization can balance courier
efficiency and urban traffic flow, showcasing the potential for win-win strategies in urban

logistics.

The last thematic area is represented by optimization and simulation research studies.
Simulation studies play an important role in addressing the multifaceted challenges of
urban logistics, providing insights into operational efficiency, environmental impact, and
sustainable planning. By modelling complex systems and evaluating various scenarios,
simulation tools offer a robust framework for policymakers, businesses, and urban
planners to make informed decisions.

Simulation models have been instrumental in evaluating last-mile delivery
strategies' cost and environmental implications. Arnold et al. (2018) used simulation to
assess urban e-commerce distribution in Antwerp, demonstrating that cargo bikes
significantly reduce emissions, while customer self-pick-up minimizes logistics
providers’ costs. These findings underscore the trade-offs between operational efficiency
and environmental sustainability, advocating for collaborative efforts between public and
private stakeholders.

Integrating hybrid simulation approaches enhances the accuracy and applicability
of urban freight measures. Karakikes et al. (2018) combined discrete-event and agent-
based simulation models to develop the Logistics Sustainability Index, which evaluates

the long-term impacts of logistics measures on transport efficiency, emissions, and
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economic performance. This approach ensures that planners can consider a holistic view
of urban freight systems, accounting for individual agent behaviors and system-wide
dynamics.

Simulation studies also explore innovative last-mile solutions such as crowd-
shipping and infrastructure optimization. Simoni et al. (2020) highlighted the potential of
crowd-shipping services to reduce externalities like emissions and congestion, provided
these services integrate effectively with public transit systems and minimize detours.
Similarly, Voegl et al. (2019) demonstrated that improving unloading areas and staffing
could reduce delivery lead times by 78% and emissions by 95%, showcasing the
importance of infrastructure planning in urban logistics.

Bell et al. (2023) proposed an integrated simulation framework to assess green
parcel-delivery interventions using battery-electric vehicles (BEVs) and parcel lockers.
Their findings revealed that combining these interventions could reduce emissions by
53%, costs by 23%, and delivery times by 40%. This multidimensional analysis highlights
the potential of simulation studies to identify and optimize synergies between multiple
interventions, paving the way for sustainable urban logistics systems.

By enabling scenario-based evaluations, hybrid modeling approaches, and
integrated frameworks, they offer actionable recommendations for creating efficient and
sustainable freight systems. As cities face growing logistics demands, simulation tools
will remain indispensable for crafting resilient urban freight strategies. With the growing
demands of e-commerce and urbanization, logistics stakeholders increasingly leverage
optimization models to streamline last-mile delivery networks, minimize emissions, and
improve operational performance. Electric cargo bikes present a compelling option for
last-mile delivery in dense urban environments, offering flexibility and sustainability.
Aiello et al. (2021) propose modular designs to optimize payload capacities, battery
usage, and delivery routes, demonstrating how customization can enhance efficiency.
Optimization algorithms tailored to these lightweight vehicles ensure they outperform
conventional delivery systems in emissions reduction and adaptability to traffic
conditions. The potential of cargo bikes to reduce congestion, noise and carbon emissions
is confirmed in the work of Huang et al. (2024), while key challenges are also revealed

such as pricing concerns.
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Automated Parcel Lockers (APLs) enhance last-mile logistics by centralizing
deliveries and reducing vehicle trips. Sawik et al. (2022) apply simulation-optimization
techniques to determine optimal locker placement, balancing cost, convenience, and
environmental impact. Similarly, Peppel and Spinler (2022) emphasize the importance of
strategically locating parcel lockers in urban and suburban areas to minimize travel
distances while accommodating consumer accessibility. These studies showcase how
optimization frameworks can drive sustainable logistics solutions by aligning economic
goals with environmental considerations.

Finally, multicriteria methods were used in several studies on last-mile logistics
(Jamshidi et al., 2019). UCCs and urban freight transport involve diverse stakeholders
with varying objectives and perspectives, necessitating coordination and collaboration to
develop functional and sustainable logistics systems. Understanding how DMs and
stakeholders incorporate sustainability into evaluating logistics solutions is a critical
aspect for this research project. This led to another review on updated keywords
performed with a systematic methodology to examine multiple criteria decision analysis
in sustainable last-mile logistics. This included also the examination of how sustainability
influences the formulation of alternatives, the selection of evaluation criteria, and the

trade-offs inherent in prioritizing different types of criteria.

1.2. Literature review on Multicriteria evaluation of sustainability in last-mile
logistics

Despite the growing body of literature and practical applications, a comprehensive
methodological framework for selecting evaluation methods and sustainability-focused
criteria remains lacking. This second review addresses these gaps by exploring how
sustainability is integrated into decision-making processes, the trade-offs in criterion
selection, and the implications for designing and implementing sustainable logistics
solutions.

The methodology follows a structured, multi-step process to ensure the findings'
rigor, replicability, and relevance. The approach incorporates the Preferred Reporting
Items for Systematic Reviews and Meta-Analysis (PRISMA) guidelines to streamline
identifying, screening, and selecting relevant studies (Moher et al., 2015; Page et al.,

2021).
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The data collection process involved comprehensive keyword searches across two
significant databases, Scopus and Web of Science, from 2003 to October 2023. A diverse
range of keywords related to sustainability, urban logistics, and MCDA methods was
used, ensuring the capture of interdisciplinary research.

The keywords were searched with the Title-Abstract-Keywords command in the
general search field and searched were grouped in three blocks regarding sustainability,
last-mile logistics, and multicriteria evaluations techniques: “sustainable*”, “green”,
“environmen*”’, “eco-friendly”, “ecological” in the sustainability field, “last mile

%2 ¢ %k <

logistic*”, “last-mile logistic*”, “urban logistic*”, “city logistic*”, “urban consolidation

k9 <

cent*”, “urban distribution”, “city distribution”, “urban deliver*”, “city deliver*” in last-
mile logistics field and “*criteria”, “multicriteri*”, “multi-criteri*”, “mcda”, “mcdm”.
The query in WOS was the following (TS=(sustainab* OR green OR environmen* OR
ecofriendly OR ecological)) AND (TS=("last mile logistic*" OR "last-mile logistic*"
OR "urban logistic*" OR "city logistic*" OR "urban consolidation cent*" OR "urban
distribution” OR "city distribution” OR "urban deliver*" OR "city deliver*")) AND
(TS=(*criteria OR multicriteri* OR multi-criteri*)), while the query in Scopus was
(TITLE-ABS-KEY ((sustainab*) OR (green) OR (environmen*) OR (friendly) OR
(ecological)) AND TITLE-ABS-KEY (("last mile logistic") OR ("last-mile logistic") OR
("urban logistic*") OR ("city logistic*") OR ("urban consolidation cent*") OR ("urban
distribution") OR ("city distribution") OR ("urban deliver*") OR ("city deliver*")) AND
TITLE-ABS-KEY (*criteria)) AND (LIMIT-TO (DOCTYPE,"ar") OR LIMIT-TO
(DOCTYPE,"re")) AND (LIMIT-TO (LANGUAGE,"English")) AND (LIMIT-TO
(SRCTYPE,"j")). This process resulted in an initial pool of 252 articles, which were
narrowed down based on specific inclusion and exclusion criteria. After duplicate
removal and detailed screening, 56 studies were identified as the core corpus for analysis,
as shown in Figure 6.

Scientific articles were identified and screened using predefined keywords

99 <6

grouped into three thematic blocks: sustainability (e.g., “green,” “eco-friendly”), last-mile

29 ¢

logistics (e.g., “urban delivery,” “city logistics”), and MCDA techniques (e.g., “multi-

criteria,” “MCDA”).
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L 4. Reason 4: Reviews (n=6)

Inclusion

Figure 6. The results of the paper selection process use the PRISMA method. Source: own elaboration.

Each selected study was cataloged in the table in Annex I to capture general
attributes, including publication year, research focus, methodology, and stakeholder
involvement. This phase also categorized the studies by their objectives, such as strategy

evaluation, location selection, or vehicle assessment, as reported in Table 1.

Tot | 2011 | 2012 | 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 | 2023
Alternatives 56 2 1 0 2 3 1 3 4 7 8 9 6 10
Strategies - Policies 22 2 2 2 3 4 3 2 4
Locations 13 1 1 1 1 1 2 1 1 4
Single Policy 11 1 1 1 1 1 2 3 1
Vehicle types 7 1 2 2 2
Construction projects 1 1
Technologies 1 1
Services 1 1

Table 1. The main objective of selected papers

Detailed analysis of MCDA applications, criteria selection, stakeholder
integration, and sustainability dimensions were conducted. Special attention was paid to
the diversity of criteria—economic, social, environmental, operational, and territorial
considerations—and the sources informing these choices, such as literature, expert
opinions, and DM preferences.

Over the last decade, there has been a significant rise in the application of MCDA

methods to evaluate sustainable solutions in urban freight logistics. This growth, reported
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in Figure 7, reflects an increasing recognition of the complexity of decision-making in

this domain, which requires balancing diverse and often competing criteria.

Year - selected studies

6

2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

Figure 7. The number of papers per year. Source: own elaboration.

The selected studies spanned multiple fields, including engineering,
environmental science, transportation, and economics, highlighting the inherently
multidisciplinary nature of urban logistics research. Journals such as Sustainability,
Research on Transportation Economics, and Transportation Research Part D were
identified as primary outlets for this research. Most studies adopted a case study approach,
often focusing on specific urban contexts or pilot projects. These studies provided
localized insights but posed challenges for generalization and cross-case comparisons.

Many papers (22 out of 56) evaluated integrated city logistics strategies, such as
combining policies for UCCs, alternative vehicles, and access restrictions. Thirteen
studies examined optimal locations for logistics facilities, emphasizing the impact of
strategic placement on cost efficiency, service quality, and environmental sustainability.
Eleven papers assessed individual policy measures, such as toll systems, access
regulations, and parking solutions, focusing on their specific impacts and trade-offs.
Seven studies explored environmentally friendly vehicle options, including electric vans,
cargo bikes, and drones, as alternatives for last-mile delivery. A few studies focused on
niche topics, such as construction logistics or the adoption of emerging technologies in

urban freight systems.

31



The review underscored the critical role of diverse stakeholders in shaping
sustainable urban logistics solutions. Given their role in policy development and
infrastructure planning, public authorities were the most frequently involved stakeholder
group. Logistics providers and urban residents were also prominently considered,
reflecting the need for practical and community-focused solutions. However, the
involvement of stakeholders varied significantly across studies, with some methodologies
explicitly integrating multi-stakeholder perspectives (e.g., Multi-Actor Multi-Criteria
Analysis - MAMCA) and others relying primarily on expert judgment.

The studies revealed a broad spectrum of criteria used to evaluate sustainability,
classified into five categories: economic, environmental, social, operational, and
territorial. Economic Criteria: these were the most frequently considered, including cost,
efficiency, and economic sustainability metrics. Environmental Criteria: emissions
reduction, energy consumption, and noise pollution were central concerns. Social
Criteria: traffic safety, quality of life, and community well-being were addressed in many
studies. Operational and Territorial Criteria: these emerging categories emphasized
logistics efficiency and urban spatial planning. The presence of these categories in the

analyzed papers is reported in Figure 8.

(A) NUMBER OF CRITERIA PER (B) CATEGORIES PRESENCE IN
CATEGORIES PAPERS
Social 19% Economic 19% Territorial 4% Economic 27%

Operational
19%

Environmental
19%

Territorial Operational Environmental
QF;I:;’”?‘ 36% Social 26 % 24%
(J

Figure 8. Criteria analysis: (A) Percentage of criteria per category, (B) Number of papers per category of criteria.

Source: own elaboration.

When evaluating the sustainability of a policy or project, it is necessary to select
criteria that encompass economic efficiency, environmental preservation, and social

considerations. These criteria can be assessed quantitatively or qualitatively, depending
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on the project’s scope. Social criteria such as job creation, quality of life, and job quality
are vital for last-mile logistics. Environmental factors like energy consumption, GHG
emissions, NOx, PM emissions, and noise pollution require attention. Economic criteria,
including delivery cost, congestion, parking space, financial returns, delivery reliability,
and retail benefits, are equally critical as they affect all stakeholders—retailers,
consumers, and logistics operators. Among the 738 criteria analyzed in the reviewed
studies, interpretations vary widely depending on the context. Table 2 highlights the five
most frequently used criteria in the analyzed papers. There is no consensus on the
selection and weighting of criteria, leading to inconsistencies and difficulties in
comparing studies. While some methodologies explicitly involve stakeholders, others

must adequately address the diverse perspectives needed for holistic decision-making.

Economic

Cost (Operational/Maintenance, employees, Transportation, Deliveries, Receiving, Measures 5
implementation, infrastructures, tolls)

Urban Economy / Business Attractiveness 16
Economic sustainability/Viability 12
Quality of job / Employees Satisfaction 9
Cooperation 8

Environmental Operational
CO2 Emissions / Air Pollution 37 Quality of Service / Reliability 21
Environmental Impact (total) / Externalities 28 Time/Speed of Deliveries 19
Noise 20 Delivery Flexibility/Accessibility 18
Congestion 10 Implgrp¢ntat10n/ExpanS1on 14
possibility
Use of loading space / space occupancy 7 Proximity to delivery/customers 13
Social Territorial
Traffic Safety (accidents) 26 Urban and spatial planning 34
Livable City (local auth) 13 Infrastructure development 6
. . Infrastructure availability

Prosperity of region /country 13 /Delivery points 4
Delivery Security (workers/receivers) 11 Park guidance / spots 2
Quality of life (citizens) 9 Number of hub / delivery points 2

Table 2. Five most frequently used criteria in the analyzed papers
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From this second literature review, an important element that emerged is the
difficulty in using MCDA methods to evaluate a mix of policies in ways that are
understandable to non-experts, such as most stakeholders. The ongoing research aims to
answer the question of how DMs can be assisted in evaluating sustainable city logistics
strategies by combining multiple policies when the DM wants or needs to consider both
qualitative and quantitative criteria. Due to the difficulty of finding data, it is costly to
quantify the effects of urban logistics policies and make choices accordingly. For these
reasons, a case study related to the application of multicriteria policy evaluation is

presented in the next chapter.
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2. A MULTIPLE CRITERIA APPROACH FOR A SUSTAINABLE URBAN
LOGISTICS PROBLEM

This second chapter is dedicated to an application that aims to support relevant
stakeholders, such as Interporto Padova, in engaging local government and policymakers
in evaluating and prioritizing future city logistics strategies from a sustainable
perspective.

As the European Green Deal outlines, cities in Europe are fundamental for
reaching climate neutrality by 2050. While they occupy just 4% of the EU’s land, they
house 75% of its population. Additionally, cities are responsible for consuming over 65%
of global energy and generating more than 70% of CO2 emissions worldwide.

European cities seek sustainable logistics solutions to mitigate these issues
(Akgiin et al., 2019; Kin et al., 2023), aligning with the goals of SUMPs and SULPs,
especially as cities strive to meet global sustainability goals like the UN’s Sustainable
Development Goal 11, which advocates for inclusive, safe, and resilient urban spaces.
Sustainable urban logistics strategies are essential to reduce emissions, improve city
livability, and support economic resilience (Hauge et al., 2021; Bell et al., 2023). Studies
indicate that successful urban logistics policymaking requires frameworks considering
economic, environmental, and social dimensions and engaging stakeholders inclusively
(Janjevic, Knoppen, et al., 2019).

In this evolving environment, Padova, a medium-sized city in Northern Italy, is
one of the around a hundred cities that joined the EU Mission: Climate-Neutral and Smart
Cities (Publications Office of the European Union., 2024). Like many other European
cities, it has also implemented several measures to address urban logistics challenges in
recent years through regulatory incentives, technological integration, and infrastructure
investments (Comune di Padova, 2020). Local authorities have proposed various
interventions, such as promoting clean energy vehicles, optimizing delivery routes, and
improving freight traffic management through intelligent technology applications. For
this reason, the local intermodal logistic operator, a relevant stakeholder that can
contribute to the definition of urban logistics policies, was interested in deepening several
methods to approach decision problems in this field, particularly in evaluating different

possible logistics scenarios or effects related to specific policy measures. The final goal
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is to reduce emissions and improve urban logistics performance by ranking different
logistics scenarios to stimulate authorities in forming a SULP.

This decision-making scenario may be viewed as an MCDA problem because it
involves multiple criteria that need to be evaluated to rank, sort, or choose among
alternatives (Roy, 1996). Different methods can aid DMs in assessing and prioritizing
logistics scenarios by incorporating various criteria that align with stakeholders’ priorities
(Knoppen et al., 2021; Kin et al., 2023; Martins et al., 2023). An improved version of the
DCM, developed by Corrente et al. (2021), namely PaCo-DCM, is used in the simplified
version of Figueira et al. (2023) to evaluate seven hypothetical urban logistics policy
scenarios. Each scenario includes hypothetical regulatory measures, infrastructure
changes, and incentives to achieve sustainable logistics outcomes. Using six criteria—
transportation cost, business climate, infrastructure use, environmental emissions, safety,
and logistics performance—this analysis aims to provide tools to support local
policymakers in identifying policy combinations that best balance sustainability
objectives while aligning with stakeholders’ diverse priorities.

This study examines how DMs can be aided in ranking urban logistics strategies
that balance economic, environmental, and social goals. The main objectives are to
evaluate the applicability and effectiveness of PaCo-DCM in ranking urban logistics
policies in a real-world context, provide insights into policy strategies that promote
sustainable urban logistics tailored to medium-sized cities’ challenges, and contribute to
a structured, replicable methodology for other cities facing similar urban logistics
complexities. This will facilitate informed, stakeholder-centered decision-making in
urban freight logistics. A graphical representation of the problem is presented in Figure
9, made with an adaptation of the framework provided by Keeney (1992) in his work on
value-focused thinking for decision-making.

The chapter is structured with section 2.1 dedicated to an introduction to urban
logistics problems and the application of MCDA methods. Section 2.2 describes the
methodological framework for the application of PaCo-DCM. Section 2.3 presents the
case study, the built model, the selected criteria, and the performance table, and Section
2.4 discusses the implementation results. Section 2.5 provides conclusions regarding the

conducted work along with suggestions for future research.
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Strategic decision context:
Sustainable Urban Logistics Planning Fundamental objective
for the specific decision context:
Identify the most sustainable scenarios

Specific decision context:
Scenarios evaluation

Value judgements

P i

Eactual information : Strategic objective of the decisionmaker:
Reduce emissions and improve urban
logistics performance

Figure 9. Value-focused-thinking framework with the flow of information adapted from Keeney (1992). Source: own
elaboration.

2.1. Literature about MCDA in urban logistics
The application of MCDA methods in urban logistics problems involves two main aspects
in the existing literature: the urban context and MCDA. Firstly, the review of the literature
highlights the context of sustainable urban logistics, exploring the challenges and
objectives associated with environmentally responsible freight transport in urban areas.
Secondly, it identifies existing methodologies for evaluating logistics strategies,
particularly multi-criteria decision-making tools like the DCM, which is examined to

provide a foundation for the methods developed in this study.

2.1.1. Sustainable Urban Logistics: Challenges and Policy Approaches
In recent years, evaluating alternative policy interventions has become fundamental
within SUMPs and SULPs. As cities face increasing pressures from urbanization, climate
change, and the demand for sustainable freight solutions, they require sophisticated
planning methods to anticipate and assess various policies' complex outcomes before real-
world implementation. By simulating scenarios, urban planners can manage multifaceted

challenges—from environmental impacts and economic costs to stakeholder acceptance
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and social implications—and ensure that chosen interventions align with long-term
sustainability goals.

To this end, effective urban logistics strategies require structured, multi-
stakeholder frameworks like MAMCA (Macharis, 2007), allowing broad input from
public authorities, logistics companies, and residents’ concerns (Taniguchi, 2014; Lebeau
et al., 2018; Knoppen et al., 2021). These tools help balance diverse perspectives,
fostering stakeholder buy-in for policy measures that address environmental and
economic issues.

Financial incentives, including tolls and subsidies, are essential to bridging the
gap between environmental and economic objectives in urban freight. Subsidies can help
maintain the viability of UCCs and other consolidation initiatives, but they are costly.
Studies highlight that a balanced financial model—such as fees for high-emission
vehicles or subsidies for green alternatives—is key for sustained impact (Taefi et al.,
2016; Perera et al., 2021).

Specific policy measures, such as subsidies and exclusive access to certain city
areas, promote the adoption of EVs for urban freight. Research in Germany highlights the
effectiveness of fiscal and regulatory incentives, such as providing loading zones for EVs
and offering tax reductions to offset higher ownership costs. These policies are
particularly beneficial when implemented with other logistics improvements (Taefi et al.,
2016; Fossheim and Andersen, 2017).

Green delivery models, such as EVs and Collection-and-Delivery Points (CDPs),
have significantly reduced emissions and delivery costs in urban areas. Research on these
strategies reveals their potential to optimize last-mile delivery while minimizing
environmental impact (Janjevic et al., 2019; Bell et al., 2023). CDPs consolidate
deliveries, reducing the number of trips needed and lowering costs and emissions (Simoni
et al., 2018; Janjevic, Winkenbach, et al., 2019). For example, pilot programs for joint
delivery systems or UCCs can be assessed and refined through adaptive cycles to ensure
effectiveness and scalability.

Integrating logistics infrastructure within urban centers addresses logistics sprawl,
which occurs when distribution centers move outside city boundaries, increasing delivery

distances. Proximity logistics centralizes distribution within urban boundaries, improving
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efficiency and aligning logistics operations with sustainable urban planning goals
(Fossheim and Andersen, 2017; Kin et al., 2023).

Beyond logistics-specific studies, Krombach et al. (2024) explore how German
cities translate global sustainability goals into local mobility strategies through scenario-
based planning, underscoring the need for simulations that address global visions and
regional priorities in urban policymaking. Perera et al. (2021) also focus on toll and
subsidy policies for urban freight, using scenario simulations to balance the competing
demands of public-private partnerships, such as maximizing investor profitability while
minimizing negative externalities like congestion and emissions.

Finally, numerous studies demonstrate the effectiveness of scenario simulation for
diverse urban logistics policies. For instance, Janjevic et al. (2016) apply scenario-
planning techniques to model UCCs in Brussels, accounting for variables such as
locations, vehicle types, and regulatory measures to support strategic urban freight
distribution. Similarly, Lebeau et al. (2018) use MAMCA to enable stakeholders in
Brussels to assess and prioritize logistics strategies, offering a structured simulation
approach that reflects the complex, often competing interests of various urban
stakeholders. Bell et al. (2023) further illustrate the value of scenario simulation by
combining macroscopic traffic simulations and mode-shift analyses to evaluate green
parcel delivery interventions, yielding critical insights into economic, social, and

environmental impacts.

2.1.2. Multiple Criteria Decision Analysis
MCDA is a scientific field focused on evaluating the performance of various alternatives
across multiple competing criteria. It addresses three main types of decision problems:
choice problem focuses on selecting a small subset of the best or “good” actions; sorting
problem that focuses on assigning actions to predefined categories; ranking problem that
focuses on ranking actions by establishing a partial or complete order. In the latter, actions
are compared, allowing for classification into ranks or groups based on their relative
performance. MCDA is fundamentally about aiding the decision-making process rather
than producing a single “correct” answer. This approach contrasts with traditional
optimization techniques that aim to maximize or minimize a single criterion. Instead,

MCDA allows DMs to account for multiple criteria, prioritize them, and explore a range
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of possible solutions (Keeney and Raiffa, 1993). Methods within MCDA are diverse, each
tailored to specific types of decision problems and stakeholder needs and the three
prominent families of MCDA methods, namely approaches scoring-based incorporating
scoring functions, outranking-based using binary relations, and rule-based systems. The
most representative methods include:

Scoring-based approaches, for example, Multi-Attribute Utility/Value Theory
(MAUT) methods, involve constructing a utility function that represents the DM's
preferences, allowing for a comprehensive assessment of each alternative’s utility across
multiple criteria (Dyer, 2016). Analytic Hierarchy Process (AHP) is a structured
technique that breaks down a decision problem into a hierarchy of criteria and sub-
criteria. Stakeholders then rate the relative importance of these criteria, leading to a final
ranking of alternatives (Saaty, 1977).

Outranking-based approaches include ELECTRE (Figueira et al., 2013, 2016;
Govindan and Jepsen, 2016), PROMETHEE methods (Behzadian et al., 2010; Brans and
De Smet, 2016) and other outranking techniques (Martel and Matarazzo, 2016).

Rule-based systems, for example, the Dominance-based Rough Set Approach
(DRSA) methods (Greco et al., 2016) and verbal decision analysis (Moshkovich et al.,
2016).

By structuring decision-making through multiple, often conflicting criteria,
MCDA allows DMs to consider both quantitative and qualitative factors, accommodating
the varying priorities of stakeholders involved in urban logistics. Marleau Donais et al.
(2019) particularly emphasize that MCDA’s flexibility in including non-monetary criteria
makes it suitable for sustainable transport projects, where environmental and social
dimensions are as critical as economic factors. Another notable example of MCDA
application in urban logistics is the work by Janjevic et al. (2019), who developed an
integrated decision-making framework for urban freight policy. Their study demonstrates
that MCDA can address complex, adaptive systems in urban freight by iteratively
engaging stakeholders to refine objectives and incorporate emergent insights. This
approach balances inclusiveness and adaptability and has shown promise in urban
logistics, where stakeholder dynamics often shift over time. These frameworks
incorporate environmental, economic, and social criteria, enabling city planners to make

data-driven decisions that reflect various impacts (Taniguchi, 2014; Hauge et al., 2021).
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Urban freight planning involves balancing economic, environmental, and social
objectives, which aligns perfectly with the strengths of MCDA approaches (Janjevic,
Knoppen, et al., 2019; Marleau Donais et al., 2019). This is especially important in urban
logistics, where diverse actors, such as local authorities and logistics operators, hold
varying priorities (Knoppen et al., 2021).

The DCM is a particularly effective MCDA procedure where stakeholder
preferences must be visualized and integrated. This procedure was conceived by Simos
(1994) and revised by Figueira and Roy (2002). It uses a card-based system, allowing
DMs to interactively assign weights to different criteria. Compared to other MCDA
methods like AHP or ELECTRE, the DCM simplifies the elicitation process, avoiding
complex mathematical formulations while capturing nuanced trade-offs between criteria
(Bottero et al., 2015; Abastante et al., 2022).

This method has seen recent adaptations to improve its utility in real-world policy-
making settings due to its user-friendly design and adaptability to complex criteria
structures (Corrente et al., 2021; Abastante et al., 2022; Dinis et al., 2023; Figueira et al.,
2023). DCM’s main advantage lies in its intuitive approach, allowing DMs to express
preference intensity by placing cards representing the relative importance. This approach
is particularly advantageous in stakeholder-driven contexts, as it fosters an inclusive
decision-making environment by accommodating diverse perspectives without requiring

stakeholders to have technical knowledge in decision science.

2.2. An MCDA methodology for urban logistics planning: the PaCo-DCM
As noted earlier, this study employs a simplified version of PaCo-DCM (Corrente et al.,
2021) to evaluate the criteria weights on ratio scales and construct the value functions for
each criterion on interval scales. Therefore, it serves this dual purpose in this research.
The following subsections will provide the definitions of the PaCo-DCM, the related

notation, and other MCDA concepts applied in this chapter.

2.2.1. Basic framework
The primary data of our problem is composed of the following elements:
- A={a, .., a, ..., an} which is a finite set of alternatives, in this case of

logistics scenarios, to be assessed and ranked.
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- C = {ci, ..., G, ..., cn} is the set of criteria to be considered for assessing
scenarios.

— ¢j (a;) represents the performance of action a; € A on criteria ¢j, j =1, ..., n.

— Ej={la, ..., lj.k, ..., lj.t} is the scale of criterion c;, in which [, x represents a
level on a discrete scale; while in the case of a need to use a continuous scale,
it is used a continuous interval instead.

— Preference direction refers to whether the desired outcomes of actions within
a criterion should be maximized or minimized. This concept provides

guidance for systematically evaluating alternatives.

2.2.2. Aggregation model
MCDA addresses problems by aggregating multiple criteria C to assess alternatives, using
models that synthesize partial information into a comprehensive evaluation. This study
employs an additive value model to rank scenarios, assuming independence between
criteria (Wakker, 1989; Keeney and Raiffa, 1993). As discussed in other works, the
potential preference dependence between criteria is difficult to understand and capture
and would complicate the model (Figueira et al., 2023). Still, it could be considered for
future model developments.

The authors took these as working assumptions regarding the independence
between criteria because, during the collaboration process with the client (defined as the
DM of our case), interest was expressed in deepening the types and nature of criteria.
Still, a preference was expressed for a simpler model and for postulating this evaluation
in future focus groups with other stakeholders and experts. Since identifying dependence
between criteria is a subjective process, depending on the preference judgments of each
actor involved, it was not possible, as it was not the purpose in this case.

When facing a choosing, ranking, or sorting problem, an additive model allows a
DM to optimize their decision by showing which action maximizes utility (Keeney and
Raiffa, 1993). The DM preference system can be modeled through a comprehensive
binary relation Z, whose meaning is “at least as good as” over the set of alternatives to

be compared, A.
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Thus, an action a’ is considered to be as good as an action a”, denoted a’ = a”, if
and only if, the comprehensive value of a’, v(a’) is greater than or equal, the
comprehensive value of a”’, v(a"), i.e., v(a') > v(a"), where the comprehensive value of

each action is additively computed as follows:
n
v(a) = Z W;v; (cj(a)),for allae A (1)
j=1

Where w; are the criteria weights, so thatw; > 0 forall j=1,...,nand Y-, w; = 1

while v; (cj (a)) is the value of the performance a on criterion ¢j, ¢j (a), forall j=1, ..., n.
The construction of the partial value functions, v; (-), for j = 1, ..., n is performed in this
study according to the PaCo-DCM, as proposed in Corrente et al. (2021).

The PaCo-DCM is an interactive and participatory MCDA approach designed to
facilitate the elicitation of preferences from DMs and stakeholders. First, a set of cards is
prepared, each representing a relevant criterion, ensuring clarity for DMs. Second, DMs
place the cards in order of importance, arranging them from the least to the most
significant, with the possibility of placing criteria at the same rank if considered equally
important. To refine the ranking, blank cards are then introduced between the criteria to
indicate the intensity of preference; zero blank cards denote minimal difference, while
additional blank cards represent increasing degrees of preference. In the fourth step, DMs
specify how many times the most important criterion outweighs the least important,
allowing for the conversion of the ranking into numerical weight ratios. Finally, the total
number of cards, including blank ones, is used to normalize and compute the final
weights, which are then applied to assess alternatives.

The role of the cards and the meaning of their positioning between pairs of levels
are clarified as follows: the absence of blank cards between two levels does not signify
equal value. Still, it indicates a minimal difference equivalent to a single unit, denoted as
a. When it used a single blank card, this choice represents a level difference of twice the
unit, while two blank cards correspond to a difference of three times the unit, and so on.
The scores v; () are values in interval scales built from the criteria scales, which can be

discrete or continuous.
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For a discrete criterion scale of the type E; = {lj,1, ..., ljk, ..., lj.t}, it is possible to
determine the values of each scale level, i.e., vj (E; ) = {v; (}j.1), ..., vj (ljik), ..., vj (Lje)},
for each criterion j = 1, ..., n, through the DCM. The procedure, which involves eliciting
preferences from the DM, is shown through an example for one criterion in section 2.4,
and the remainder of the criteria is modeled through discrete scales.

For a continuous criterion scale, a set of breakpoints of the scale, E; = [l;.1, [j2] U
v+ U [Lik-1, k] U ==+ U [lje-1, L], are used to build a piecewise linear value function, to
which the values v; (Ej ) = [vj (L.1), vj (Li2)] U -+ U [vj (lik-1), vj ()] U -+ U [0) (Lie-1),
vj (lj¢)] are assigned through a process similar to that used with discrete scales. Values
for the actual numbers between the breakpoints can then be obtained through linear
interpolation. An example is presented in section 2.4, referring to one of the criteria
modeled through a continuous scale in this study. The value of unit a is computed from
the values of the two reference levels, divided by the number of units between them.

In MCDA, the meaning of criteria weights depends on the methodology used. It
may represent ‘‘relative importance’” in outranking methods (Greco, Ehrgott, et al.,
2016), ‘‘priorities ratio’” in the AHP (Saaty, 1977), or ‘‘substitution rates’’ or ‘‘scale
factors’” in MAUT methods (Keeney and Raiffa, 1993). The criteria weights assume the
latter meaning of substitution rates in the present study. Substitution rates refer to
tradeoffs in which a given criterion value is compensated proportionally by the decrease
in the value of another criterion or criteria. The process for assigning weights to the
criteria used in this work follows that presented in PaCo-DCM, in which dummy
alternatives, in this case, dummy logistics scenarios, are defined and ranked. Each dummy
scenario is determined by a given criterion at its highest level, keeping all the remainder
of the criteria at their worst. Then, the DM ranks the dummy scenarios according to their
preference, ranking the different criteria. Afterward, the DM was asked to establish a
relation between the first and last in the ranking. This is called the z—ratio intended as the
substitution rate between the criterion with the highest and lowest weights. Then, the
closeness between the criteria weights is assessed with a direct elicitation of the zratio

as defined in Corrente et al. (2021).
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2.3. Case Study: PaCo-DCM application

In Padova, a medium-sized city in Northern Italy, sustainable urban logistics has been
addressed in the local SUMP (Comune di Padova, 2020) and the lines of action for the
Climate City Contract Action Plan 2030, so recently overseen by local authorities and
key stakeholders in the logistics sector (Comune di Padova, 2024). The city’s logistics
setting is shaped by the operations of Interporto Padova, an intermodal logistics operator
with public-private ownership, including shares held by local government entities. This
unique strategic stakeholder supports the municipality in defining and overseeing urban
logistics policies, aiming to meet ambitious sustainability targets by 2030. One of its
flagship initiatives is Cityporto, a well-regarded sustainable urban goods distribution
model. Launched in 2004, it has continuously operated under the management of
Interporto Padova, offering last-mile distribution services through consolidated
shipments using environmentally friendly vehicles (Leonardi et al., 2014). Cityporto
collaborates with over 60 logistics service providers, transport operators, and small-to-
medium enterprises that deliver goods to a UCC located on the industrial outskirts of
Padua. Here, shipments are consolidated and transported into the city’s LTZ using 11
CNG delivery vans operated by Cityporto, significantly reducing emissions and
congestion in the city center (Galambos et al., 2024; Leonardi et al., 2014). This initiative
highlights the advantages of consolidating deliveries and using eco-friendly vehicles in
urban freight, contributing meaningfully to Padua’s sustainability objectives. With its
significant influence and expertise, Interporto Padova sought to support local authorities
in evaluating and prioritizing logistics strategies aligning with environmental and
operational goals.

The concept of sustainability is multidisciplinary, and the need for more
awareness among different stakeholders represents an obstacle to evaluating the best
solution, considering urban characteristics (Amaya et al., 2020; Anderson et al., 2005;
Lindfors, 2021). To address Padova’s logistics challenges—such as emissions reduction,
congestion management, and logistical efficiency—Interporto Padova worked
collaboratively with city officials to contribute to the SUMP. The primary objectives in

the subsection dedicated to the urban logistics of this plan are to:

e Lower emissions and noise pollution in urban freight transport,

e Enhance logistics efficiency to bolster local business operations,

45



e Reduce traffic congestion, particularly in the historic city center, and
e Foster sustainable practices through clean energy vehicles and optimized logistics

systems.

These goals align with broader European urban logistics initiatives, advocating
for low-emission zones, UCCs, and infrastructure investments to create more sustainable

urban environments (Hauge et al., 2021; Kin et al., 2018, 2023).

2.3.1. Definition of Scenarios alternatives
Seven hypothetical urban logistics scenarios were developed for this application, each
combining various regulatory and incentive measures tailored to achieve sustainable
logistics objectives. These scenarios represent a range of policy approaches, including
infrastructure investment, technological adoption, and regulatory control, in line with
sustainable logistics strategies widely adopted across European cities (Janjevic et al.,
2016; Lebeau et al., 2017; Kin et al., 2018; Lebeau et al., 2018; Janjevic et al., 2019;
Ariza-Alvarez et al., 2021; Kin et al., 2023). The scenarios were designed in consultation
with the DM to examine how different elements might influence sustainable logistics
strategies and to ensure they were both feasible, attractive, and aligned with Padova’s
specific logistics needs. They are rooted in the elements provided by several EU projects
(BESTUFS, 2008; FREIGHLOT, 2011; BESTFACT, 2013; STRAIGHTSOL, 2014;
NOVELOG, 2018) and relative policy guidelines (Aifandopoulou and Xenou, 2019).

These seven hypothetical logistics scenarios are not immediate policy
prescriptions but analytical tools to explore the impacts of various measures in guiding
future policy-making decisions. Each scenario combines multiple regulatory actions, as

the limitations traffic provided by LTZ, or infrastructure changes, and incentives:

Scenario 1: named “Promote and Regulate”. It implements moderate regulations favoring
electric vehicles and restricting high-emission vehicles in high-traffic areas. It requires

minimal infrastructure investment and has low incentive levels.

Scenario 2: named “Plan and Build”. This scenario focuses on infrastructure
enhancements, such as dedicated lanes for low-emission vehicles and new charging
stations near key hubs, facilitating more accessible access to the city for sustainable

logistics operators.
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Scenario 3: named “Charge and Provide”. It introduces a fee system for high-emission
vehicles entering key zones. Revenue will subsidize logistics operators transitioning to

low-emission fleets, establishing a financially sustainable model.

Scenario 4: named “Mix of Microhubs and UCC Expansion”. This scenario combines
micro hub development and UCC expansion to enhance last-mile delivery efficiency. It
promotes electric vehicle use and incentivizes logistics operators to consolidate loads

through UCCs, balancing environmental and economic outcomes.

Scenario 5: named “UCC Hard”. It mandates UCC use for specific urban deliveries, limits
high-emission vehicle access to sensitive areas, and supports consolidated logistics

operations to reduce vehicle miles traveled.

Scenario 6: named “Electric Fleets”. All logistics vehicles entering urban areas must be
electric, aiming for maximum emissions reduction. Substantial incentives support the

transition, but high initial costs are expected for implementation.

Scenario 7: named “Business as Usual”. This scenario represents the current logistics
model, providing a baseline for comparison. It maintains existing policies without

additional sustainability measures.

Each scenario provides insights into potential approaches to urban logistics,
helping local authorities and stakeholders understand how regulatory, financial, and
infrastructure adjustments might collectively influence future logistics strategies. These
hypothetical scenarios in which the DM can help identify feasible combinations of
policies that may align with operational requirements and environmental sustainability

goals are reported in Figure 10.
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Figure 10. Summary of indicators of the alternative scenarios. Source: own elaboration.

2.3.2. Definition of Criteria

To define the relevant criteria for this decision problem, a preliminary meeting with the
DM was dedicated to identifying criteria that align with the sustainability goals. The
PaCo-DCM evaluation model involved six criteria to reflect Interporto Padova’s
operational focus and the city’s sustainability goals. Table 3 presented the list of criteria,
chosen to cover a mix of economic, environmental, and social dimensions to ensure a

comprehensive assessment:

Transportation Cost (c1): this criterion evaluates delivery costs and additional expenses
related to UCCs or similar infrastructure and aims for minimization (€/delivery). It
measures the average delivery price, infrastructure, and other private-use costs (Janjevic
and Ndiaye, 2017; Janjevic, Winkenbach, et al., 2019). This criterion indicates economic
feasibility by highlighting cost-effective options for logistics operators (Rautela et al.,
2022). For those who choose to use the UCC services, it consists of the UCC’s transport

cost and other expenses.

Business Climate (c2): this criterion assesses the perceived impact on local economic
competitiveness and stakeholder satisfaction. This criterion qualitatively uses ordinal
levels (very good to very bad). Assesses the perceived impact of each scenario on local
economic activity, considering how changes in logistics operations may affect customer

satisfaction and business performance (Knoppen et al., 2021; Trott et al., 2021).
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Infrastructure Use (c3): This criterion considers the extent to which logistics
infrastructure (e.g., parking and road occupancy) is utilized under each scenario,
emphasizing minimization. It evaluates the extent of space occupation in parking areas,
loading/unloading zones, and logistics infrastructure (Simoni et al., 2018; Voegl et al.,
2019). This criterion reflects the efficiency of space utilization and potential impacts on

congestion (Buldeo Rai et al., 2022).

Environmental Emissions (c4): this criterion is focused on the pollutants levels of CO2,
PM, NOx, SO2, NMVOC, and noise emissions, measured in terms of externalities costs
depending on km reduction (European Commission: Directorate-General for Mobility
and Transport et al., 2020; Lee et al., 2013); this criterion aligns with sustainability
objectives, aiming to maximize environmental benefits. Scenarios that encourage low-
emission vehicles and efficient logistics systems are expected to score higher on this

criterion.

Safety (cs): this criterion evaluates potential reductions in accidents and improvements in
safety for urban freight operations. Measures the projected traffic and delivery safety
improvements, considering reduced accident rates associated with fewer or lower-
emission vehicles in densely populated areas (European Commission: Directorate-

General for Mobility and Transport et al., 2020; Lebeau et al., 2018).

Logistics Performance (cs): this criterion considers the quality of the service, intended as
the efficiency of logistics operations, defined by the combination of successful and on-
time deliveries, load rates, and distances traveled. It is essential to ensure the economic
viability of logistics strategies (Taefi et al., 2016). Due to the complexity of the
calculation of these factors but the relevance of this aspect, it has been evaluated it on a

qualitative ordinal scale of judgments.
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Criteria
Scale Levels | Criterion 1 | Criterion 2 | Criterion 3 | Criterion 4 | Criterion 5 | Criterion 6
and Values
Pref. direction min max min max max max
upper 15 Very Good | Very High 100k 20 Very High
lower 5 Very Bad | Very Low 65k 0 Very Low
value upper 0 0 0 0 0 0
value lower 100 100 100 100 100 100
Number of 6 5 5 6 5 5
levels
(Very Bad, | (Very Low, (Very Low,
Bad, Low, (0-10k-20k- Low,
Levels | © ’1;’ 91”5; Lol Neutral, | Medium, | 30k-40k- (g’ 52];51?015(1)" Medium,
’ Good, Very | High, Very 50k) R High, Very
Good) High) High)

Table 3. Criteria information table

2.3.3. Card Placement for weighting Criteria and weighting Scales:
During the interview, each criterion was represented by a “written card” with a
description. In this process, the DM could visualize and adjust its preferences by
arranging “blank cards” according to their relative weight on each criterion. This helped
ensure that final weight assignments accurately reflected the DM’s opinion. The DM
assigned these weights through iterative discussions, aligning with Corrente et al.’s
(2021) approach to interactive preference elicitation. This approach allows the DM to
express when two criteria are considered equally important under certain conditions.

The preference between criteria was then evaluated by establishing a relationship
between two reference criteria, specifically using dummy scenarios. Dummy scenarios
are hypothetical alternatives where each criterion is isolated at its best performance level
while all other criteria remain at their worst level. This process allows DMs to rank these
scenarios based on their perceived weight, thereby revealing the relative significance of
each criterion. By comparing the most and least dummy scenarios, a z-ratio is determined,
which serves as a reference point for the trade-offs between criteria. This approach
simplifies the task of assigning weights, as it relies on the DM’s intuitive understanding
of the performance extremes rather than abstract numerical evaluations (Figueira and
Roy, 2002; Abastante et al., 2022). Dummy scenarios also facilitate stakeholder
engagement, as they provide a clear, visual, and practical method for expressing
preferences without requiring technical expertise. In urban logistics planning, where

criteria such as cost, environmental impact, and logistics performance are inherently
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conflicting, dummy scenarios help clarify trade-offs, ensuring the derived weights reflect

stakeholder priorities accurately and transparently. In example:

c3= (Very Bad, Bad, Very Good, 0, 0, Very low) = (0, 0, 100, 0, 0, 0) is
preferred to cs = (0, 0, 0, 0, 100, 0)

In this case, there were no criteria that were considered equal, and the order
initially expressed through the explanations of the dummy scenarios resulted in the
following:

Cs<(Ci<<(C2<C< C1< Ce

Then, the interview moved to the single criterion evaluation. First, ce “Logistic
performance” was discussed, and the card placement is presented in Table 4. It was
perceived as the most relevant and a prerogative over all the other considerations.

Quote 1.1: “You can't go wrong with anything. If your customer wants you to
deliver in the morning or all afternoon, you must do all in the morning or all afternoon.”

Quote 1.2: “All the scenarios that do not reach a good or outstanding level are
strongly penalized in my view.”

In this case, the placement of cards has been strongly favored for “Very Good” (5
cards) and “Good” (2 cards) as a sort of good-or-nothing judgment on this criterion, which

measures the quality of service.

E, = {l6’1, le2: 63 lg 00 l6_5} = {Very Low, Low, Medium, High,Very High}

¢ — Logistics Performance
le ve(le,1) | 0,00 | Very Low
le ve(le2) | 9,09 Low
le vo(le3) | 18,18 | Medium
loa ve(le4) | 45,45 High
le.s ve(les) | 100,00 | Very High

Table 4. Criterion cs “Logistics Performance” comparison table and ordinal values
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The values of the levels are computed through a, calculated in equation (2) and
the number of “blank™ cards plus the value of 1 to consider also the intrinsic value of the
“blank” card. Equation (3) provides an example of the calculation for the ordinal scale

levels.

100—-0

= ~ 9,09 (2)
O+D)+0O0+D)+R+1D)+G+1)

499

v6(lg2) = ve(lg1) + (0 + 1) * ag =0+ (0+1) x 9,09 ~ 9,09

v6(lgs) = ve(lg1) +(0+1+0+1) % ag=0+(2) x9,09 ~ 18,18

Ve(loa) = V6(lg1) +(0O+1+0+1+2+1)* ag =0+ (5) x 9,09 ~ 45,45

V6(lgs) = v6(lg1) +(0+1+0+14+2+1+5+1) % ag=0+(10) x9,09=100 (3

Secondly, the criterion c; “Cost of Transportation” is a critical factor in evaluating
the logistics scenarios in this case study. It is defined as the total operational expenses
incurred per delivery, including fuel, labor, vehicle maintenance, and using UCCs. This
criterion is fundamental because it directly impacts the economic viability of the logistics
strategies being considered. The ambivalence of the concept was discussed during the
interview, given that the cost for the service could be seen as the revenues of other
operators that could desire to maximize the profit, but agreed with the DM, in the end, to
consider in this case as the cost that everyone must face to perform the service delivery.

Quote 2.1: “We used the cost of transportation as an example to calculate the
overall cost. If I provide you with estimates for your deliveries, it will be 10,75 € per
delivery on average, based on various factors”.

So, the goal is to minimize these costs to ensure that the logistics operations
remain economically feasible while supporting the urban logistics plan's sustainability
objectives. By carefully evaluating and weighting this criterion through the DCM, the
stakeholders can ensure that the selected scenarios are sustainable and cost-effective,
making them more likely to be successfully implemented and widely accepted.

Quote 2.2: “We have established an acceptable price range between 5 € and 15
€. The price must remain within this range as it would not be realistic for you to pay

significantly less or significantly more. We aim to minimize service costs while ensuring

quality...”
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Quote 2.3: “Everything that leads to a rise in cost doesn’t damage our service too
much.” In Table 5 the cards placed for this criterion are shown, and equation (4) and (5)

illustrate the calculation for « and the scale levels.

E1 = {ll,ll l1,2,11’3, 11'4, 11,5, l1,6} = {15,13,11,9,7, 5}

c1 - Transportation Cost
b vil) | 0,00 |15
b2 vi(lio) | 25,00 |13
b3 vi(hs) | 50,00 |11
s vila) | 7500 | 9
bis vi(lis) | 87,50 | 7
Lis villis) | 100,00 | 5

Table 5. Criterion c1 “Transportation Cost” comparison table

B 100 —0
A+ D+A+D+(A+1)+(0+1)+(0+1)

=12,50 (4)

ay

Ul(ll,Z) = vl(ll,l) + (1 + 1) *ay = 0 + (1 + 1) X 12,5 = 25
vi(liz) = vi(lL) + A +1+1+1)*a, =0+ (4) X 12,5 =50
vi(lis) = vi(LL)+A+1+1+1+1+1)*a, =0+ (6) x12,5=75

vi(ls)=vi(lL) +A+1+1+1+1+1+0+1)*a; =0+ (7) X 12,5
= 87,5

(L) =vi(lL)+A+1+1+1+1+1+0+1+0+1) *a,

5
=0+ (10) x 12,5= 100 )

Given that the criterion is on a continuous scale, the value between the levels is
obtained through the linear interpolation between two levels and it is graphically

represented in Figure 11. For example, v,(10,86) is obtained in equation (6) as follows:
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(v1(li3) —vq (l1,4))

v,(10,86€) = v,(l;3) — e (115 — 10,86)
1,3 1,4 (6)
(50 — 75)
=50 - —7—5—(11-1086) ~ 51,75

c, - Transportation Cost
100.00
90.00
80.00
70.00
60.00
50.00
40.00
30.00
20.00
10.00
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5 7 9 11 13 15

Figure 11. Criterion c; “Transportation Cost” levels interpolation

Criterion c4, “Emission reduction”, was intended to monetize the benefit provided
by reducing emissions due to more efficient routing, greener vehicles, and all possible
actions that could reduce environmental emissions.

Quote 3.1: “Environmental emissions were a top concern for all stakeholders,
with a strong emphasis on reducing CO2, PM, and NOx levels to improve air quality.”

Quote 3.2: “Minimizing emissions is not just about meeting regulatory
requirements,; it’s about ensuring the long-term sustainability of our urban logistics
systems.”’

The weight of this criterion is high, but only after the quality and efficiency of
service are granted.

Quote 3: “This criterion was weighted heavily because the environmental impact
of logistics activities is directly tied to the health and well-being of our city’s residents.”

When it came to the placement of the cards, it was discussed the fact that the

higher the reduction of the emissions, the better, but behind the most robust policies to

reduce emissions, there was a fear of hidden losses on the operational or performance side
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(e.g., the zero-emission vehicles could have some unforeseen problems). Hence, the DM
decided to put 1 card between the last two levels, two between the fifth and fourth, and
again one and zero on the others as shown in Table 6. In equation (7) and (8) the

calculation for a and the scale levels are presented.

Ey = {lu1laz laz las las lsg) = {0,10.000,20.000,30.000,40.000,50.000}

c4 - Environmental Emissions
las va(lan) | 0,00 0
lap va(lap) | 22,22 | 10.000
la3 va(lag) | 33,33 |20.000
laa va(laa) | 44,44 |30.000
las va(las) | 77,78 |40.000
las va(la6) | 100,00 | 50.000

Table 6. Criterion c4 “Environmental Emissions” comparison table

~ 100 — 0
“ T A+ D)+ 0+ D+ 0+ D+2+D+(1+1)

~11,11 (7)

Va(lyz) = va(ly) + T+ D *a, =0+ (1 +1) x 11,11 = 22,22
Va(ly3) = va(la) + 1 +1+0+ 1) *a, =0+ (3) x 11,11 ~ 33,33
Va(lys) = va(la) + (1 +1+0+1+0+ 1) *a, =0+ (4) x 11,11 ~ 44,44

Va(lys) = va(ly) + (1 +1+0+1+0+1+2+1) *a, =0+ (7) x 11,11
~ 77,78

Va(lag) = va(la) + A +1+40+1+04+1+2+1+0+ 1) *a,

8
=0+ (9) x11,11 = 100 ()
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c, - Environmental Emissions
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Figure 12. Criterion c4 “Environmental Emissions” levels interpolation

The business climate c2 criterion “Environmental Emissions” is like logistic
performance but intended as a more external perception of quality. While logistics
performance refers to the quality-of-service delivery, the business climate is meant to
capture the perception of the business context through qualitative judgment.

Quote 4.1: “The business climate criterion is essential as it measures how our
logistics policies will affect the local economy. A positive business climate is essential for
the success of these strategies...Stakeholders, especially local businesses, could be very
concerned about the impact of these scenarios on their operations.”

Quote 4.2: “We recognized that a healthy business climate would facilitate
smoother implementation of logistics policies, making it a key focus area.”

The card placement, for this criterion is presented in Table 7 and it was very
smooth, with almost indifference for Very Bad and Bad levels. In equation (9) and (10),

the calculations for a and scale levels are shown.
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E, = {l1, 2 b3, b4 s} = {Very Bad, Bad, Medium, Good,Very Good}

c2 - Business Climate

21 v2(l2.1) | 0,00 | Very Bad
Lo va(ly) | 14,29 Bad
l23 va(l23) | 42,86 | Medium
L v2(ha) | 71,43 Good
s v2(l25) (100,00 | Very Good

Table 7. Criterion c2 "Business climate" comparison table

~ 100 — 0
2T 0+ DT+ D+A+D+(1+1)

~ 14,29 (9)

v,(l2) = v2(l1) + 0+ 1D xa; =0+ (0 + 1) x 14,29 ~ 14,29

vy(l3) = v2(l1) + 0O+ 1+ 1+ 1) *a; =0+ (3) x 14,29 ~ 42,86

Vy(lpa) = v2(l) + O+ 1+1+1+1+1)*a; =0+ (5) x 14,29 ~ 71,43

vy(lps) = v2(l51) +(0+1+0+14+2+1+5+1) % ay =0+ (10) X 9,09 =100 (10)

Criterion c3, “Infrastructure use,” is all about minimizing the space occupancy of
parking areas, roads, and dedicated logistics spaces. This is necessary for reducing
congestion in urban areas. Even though good infrastructure and dedicated spaces could
improve urban logistics, the principle behind that aspect is that:

Quote 5.1: “The lesser space we invade, the better.”

Quote 5.2: “One of our biggest challenges is managing space efficiently in a
densely populated city, which is why minimizing infrastructure use is considered a
criterion.”

The DM expresses an increasing preference as the judgments on this criterion
improve. Low results are not so penalized as “some” space must be used anyway, but the

more performing on this aspect, the better. So, in Table 8 is shown that it started from
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zero and then one, two, three. Then, equation (11) and (12) present the calculations for a

and the scale levels.

Es = {l31,052, 133 134,135} = {Very Low, Low, Medium, High,Very High}

c3 - Infrastructure Use
l3,1 v3(lz1) | 0,00 | Very Low
a2 vi(lz2) | 10,00 Low
l33 v3(l33) | 30,00 | Medium
l34 v3(l34) | 60,00 High
Izs v3(l35) 100,00 | Very High

Table 8. Criterion c3 "Infrastructure Use" comparison table

100-10

%= 0rDrrD+2+D+6+D - 0 (1

v3(l3,) = v3(l31) + 0+ D *xaz3 =0+ (0+1) x 10 = 10

v3(l33) = v3(l31) +(0+1+1+ 1D xaz3 =0+ (3) x 10 =30

v5(l34) = v3(l31) +(0+1+1+14+2+1) *az3 =0+ (6) X 10 = 60

v3(lss) = v3(l3) + O+ 1+1+1+2+1+3+1)* az =0+ (10) x 10 = 100 (12)

Before approaching this last criterion cs “Safety”, the DM required clarifying this
last position as the worst criterion. Safety was a universally agreed-upon priority.
Stakeholders, in general, highlighted the need to reduce accidents and improve overall
urban safety as a non-negotiable criterion.

Quote 6.3: “Ensuring that our logistics scenarios enhance, rather than endanger,
public safety was a guiding principle throughout the evaluation.”

In this case, it was considered only a marginal aspect of reducing risks associated
with less traveled kilometers and improving technologies, which is essential to consider
anyway. Institutional guidelines exist on monetizing external costs of transporting risks
and injuries (as we did in the “Emission criterion”). We also discussed that this criterion
could be switched to qualitative judgment (from “None” to “Strongly Reduce”) to make

it less ambivalent in how the DM considered the definition of risk reduction.
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In Table 9 the card placement for this criterion is shown, and the calculation for «

and the levels are presented in equation (13) and (14).

Es = {l51,152 ls3 Is4, 55} = {0,2.500,5.000,7.500,10.000}

cs - Safety
ls.1 vs(ls,1) 0,00 0
ls2 vs(ls2) | 12,50 2.500
Is3 vs(ls3) | 37,50 | 5.000
lsa vs(ls4) | 62,50 7.500
Iss vs(lss) | 100,00 | 10.000

Table 9. Criterion cs "Safety" comparison table

100-10

— ~12,5 (13)
ST 0+ DT+ D+A+D+(2+1)

vs(lsz) = vs(ls1) +(0+ 1) *as =0+ (1) x 12,5 =12,5
vs(lss) = vs(ls1) +(0+1+1+ 1) *xa; =0+ (3) x12,5=37,5
vs(lss) = vs(ls1) +(0+1+1+14+1+1) *a;=0+(5) x 12,5 = 62,5

vs(lss) = vs(ls1) +(0+1+1+1+1+1+2+1) a5 =0+ (8) x 12,5 =100 (14)
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Figure 13. Criterion cs “Safety” levels interpolation
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Then the interview moved to the weighting process, where the DM determined
the substitution rates relative weight of the six key criteria, starting from the most
important to the least one. c¢ - Logistics Performance emerged as the most crucial
criterion, reflecting the DM’s emphasis on maintaining or improving the efficiency and
effectiveness of logistics operations, which is essential for the success of the selected
scenarios.

The DM stated that "any strategy must maintain or improve logistics performance
to succeed. Without reliable logistics performance, all the other aspects would fail
because the service cannot answer the need to deliver goods.”

Following this, c1 — “Transportation Cost” was highly prioritized, highlighting
the significance of minimizing operational expenses to ensure economic feasibility,
placing 1 card of preference from the “Logistics performance” dummy scenario. ¢4 —
“Environmental Emissions” was also given substantial weight, underscoring the
commitment to reducing pollutants and aligning with sustainability goals, with another 1
card of distance from the transportation-cost dummy scenario. The c¢2 — “Business
Climate” criterion was recognized for its impact on the local economy and stakeholder
satisfaction, and the distance from the dummy scenario with environmental emissions has
been expressed through 2 cards, as the last three criteria were considered less relevant
than the first three. ¢3 — “Infrastructure Use” was considered with a minimal distance
of zero cards from Business Climate, and ¢s — “Safety” at zero cards from the
Infrastructure Use dummy scenario. The results of the card placement for this part are

reported in Table 10.

Dummy Scenarios| cs c3 c2 ¢4 c1 ¢6
Cs
C3
c2
c4

C1

Co6

Table 10. Dummy Scenarios comparison table
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Afterward, the interview identified the substitution rate in the z—ratio intended as
the substitution rate between the criterion with the highest weight and the one with the
lowest. So, the DM is asked to provide the ratio z between the value attached to the best
dummy scenario ¢s and worst ¢s. The DM provided a value of 11, meaning that the weight
of cs1s 11 times greater than that of ¢s. This step is one of the most delicate in aiding the
DM because the implication of this value is not immediately intuitive. In this case, the
DM expressed this proportion, which was helped by comparing the highest value of 100

for the dummy scenario for c¢s with the lowest value in cs, which was 9,09. Thus, z —

w 100 . .. . )
value = W—6 =509~ 11. So, with a similar procedure, it was now possible to calculate
5 ’

the value a, by considering the highest non-normalized weights equal to 11 for the ws and

(11-1)
O+D)+O+D)++D)+(1+1)+(1+1)

the lowest equal to 1 for ws. Thus, a = ~ 1,11 is used to

for the computation of the weights of criteria, as reported in equation (15) and the results

are presented in Table 11.

ws=ws+ 0+ D xa=1+(1)x111=211
wy=ws+(0+1+0+1D)Xa=1+(2)x111=3,22
w,=ws+O0+1+0+1+2+1)xa=1+(5)x111=6,56
wi=ws+O0+1+0+1+2+1+1+1)xa=1+(7)x111=8,78

We=ws+(0+14+0+1+2+1+14+1+1+DXa=1+(9) x1,11~ 11,00 | (15

z-ratio = (We/ws)| 11,00
a 1,11
ws 1,00 3%
w3 2,11 6%
w2 3,22 10%
w4 6,56 20%
wi 8,78 27%
W6 11,00 | 34%
Tot 32,67 100%

Table 11. Calculation of z-ratio and weights of criteria
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2.3.4. Scenario Evaluation and Ranking:

In the following tables, all seven scenarios are presented with the estimated values used

for this application of the DCM. Table 12 presents the information of the actions on each

aspect addressed through the chosen criteria.

INFORMATION Transportation Business Infrastructures | Environmental Logistics
TABLE Cost Climate Use Emissions Safety Performance
Criterion 1 Criterion 2 Criterion 3 Criterion 4 Criterion 5 Criterion 6
Promote and Regulate 10,86 € Very Good Medium 26.000 € 300 € Low
Plan and Build 10,32 € Good High 34.999 € 7.400 € Medium
Charge and Provide 11,72 € Bad Medium 31.000 € 900 € Low
Mix 4 10,88 € Good High 32.000 € 8.800 € Very High
UCC Hard 9,44 € Medium Very High 33.000 € 3.000 € High
EV/Green 13,83 € Bad Medium 42.000 € 600 € Low
BAU 10,75 € Medium Very Low 0€ 0€ Very Low

Table 12. Information table of each action

Then, Table 13 reports the non-weighted scores of each action on a scale from 0

to 100, according to the values computed through the card placement for each criterion.

NON-WEIGHTED Transportation | Business Infrastructures | Environmental Safety Logistics
SCORES Cost Climate Use Emissions Performance
Criterion 1 Criterion 2 Criterion 3 Criterion 4 Criterion 5 Criterion 6
Promote and Regulate 51,78 100,00 30,00 40,00 1,50 9,09
Plan and Build 58,50 71,43 60,00 61,11 61,50 18,18
Charge and Provide 41,03 14,29 30,00 47,78 4,50 9,09
Mix 4 51,50 71,43 60,00 46,67 82,00 100,00
UCC Hard 69,53 42,86 100,00 54,44 17,50 45,45
EV/Green 14,69 14,29 30,00 82,22 3,00 9,09
BAU 53,13 42,86 0 0 0 0

Table 13. Non-weighted scores of each action

All the elements needed to compile the performance table were collected at this

point in the interview. Using the computations provided with the card placement, the

performance value of each action can be calculated by multiplying each score in the
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information table with the relative criteria weights to find a new weighted score that is
reported in Table 14. The overall scores of each scenario are obtained by the sum of all

the weighted scores associated to that specific scenario.

WEIGHTED Transporta Business Infrastruct | Environment Saf Logistics
afet;
PERFORMANCE tion Cost Climate ures Use al Emissions y Performance
Overall
Criterion 1 Criterion 2 Criterion 3 Criterion 4 Criterion 5 Criterion 6
scores
Promote and Regulate 13,91 9,86 1,94 8,03 0,05 3,06 36,85
Plan and Build 15,72 7,05 3,88 12,26 1,88 6,12 46,91
Charge and Provide 11,03 1,41 1,94 9,59 0,14 3,06 27,16
Mix 4 13,84 7,05 3,88 9,37 2,51 33,67 70,31
UCC Hard 18,68 4,23 6,46 10,93 0,54 15,31 56,14
EV/Green 3,95 1,41 1,94 16,50 0,09 3,06 26,95
BAU 14,28 4,23 0 0 0 0 18,50

Table 14. Performance table and overall scores weighted.

PaCo-DCM’s intuitive ranking system allowed stakeholders to visualize the
scenarios’ comparative strengths and weaknesses. For instance, a scenario prioritizing
electric vehicle adoption might score highly on environmental emissions reduction but
could incur higher transportation costs. The visual nature of PaCo-DCM facilitated a clear
and dynamic comparison of these trade-offs, aligning with Oppio et al. (2024), who
emphasize the method’s efficacy in weighing multi-dimensional in other contexts as
urban planning objectives.

After the initial ranking, follow-up discussions were held to validate and refine
the criteria weights based on feedback from the DM. The results of the evaluation
revealed trade-offs between economic feasibility and environmental performance across
the scenarios. Scenarios emphasizing high environmental reduction, such as Scenario 6
(Electric Fleet), typically involved substantial upfront costs. In contrast, infrastructure-
based scenarios like Scenario 2 (Plan and Build) offered a more balanced approach with
moderate costs and logistics efficiency benefits. The DM’s preferred scenario integrated
incentives, infrastructure support, and moderate regulations, as seen in Scenario 4 (Mix

of 4), and achieved the highest ranking.
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2.4. Discussion of PaCo-DCM results
This study's findings align with current research on sustainable urban logistics and the
application of MCDA in complex decision-making contexts. The PaCo-DCM could be
used to build an adaptable MCDA tool can support the evaluation of logistics strategies,
enabling stakeholders to weigh trade-offs effectively.

PaCo-DCM allows DMs to assign weights to multiple criteria using cards as
visual support. Its interactive, card-based design will enable DMs to express preferences
more easily and tailor rankings to diverse criteria. This adaptability could benefit
environmental and urban planning, where decision-making involves significant
uncertainties and stakeholder preferences vary widely.

The top-ranking scenarios in the perception of the DM, i.e., Scenario 4 (Mix of 4)
and Scenario 6 (Electric Fleet), reflect the growing recognition in urban logistics literature
of integrating environmental and economic goals. Lebeau et al. (2018) noted that
sustainable logistics policies require a balance of regulatory incentives, infrastructural
support, and cost considerations. The findings from this study provide insights for
policymakers and stakeholders involved in urban logistics planning. By utilizing a
method like DCM, which allows for interactive, stakeholder-driven evaluations, urban
planners and logistics operators can build consensus on sustainable logistics strategies
that balance environmental, economic, and social priorities.

The method’s interactive format helped engage stakeholders from different
sectors, allowing them to shape and refine the evaluation criteria and scenarios
collaboratively. This inclusive approach aligns with recent studies advocating for
decision-making frameworks that balance technical robustness with stakeholder
engagement in complex policy environments. This study contributes by showcasing the
adaptability and effectiveness of the PaCo-DCM in urban logistics planning. The PaCo-
DCM’s interactive, card-based approach allowed stakeholders to refine their preferences
iteratively, facilitating a transparent and flexible decision-making process.

While this PaCo-DCM application offered insights into urban logistics strategies,
this study presents some gaps that could require additional study. In the interview, if some
proportions, such as the z-ratio, were not understandable or easy to identify for the DM,
a recent development, the SRF-II variant, introduced by Abastante et al., (2022) provided

an alternative way by the evaluation of the distance from a dummy scenario of zero value
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against the worst, and by defining this distance it is possible to place the rest of the cards
and measure the weights of criteria. Also, there were no missing values in this interview,
so it did not experiment with the full potential of Corrente et al. (2021) and the estimation
of missing values through pairwise comparison. Another gap is that the scenarios
evaluated were hypothetical and intended to provide exploratory insights rather than
prescriptive policy recommendations.

Future studies could extend this work by implementing real-world logistics
interventions based on SUMP and SULP formation, discussions, and estimated long-term
impacts. Additionally, while the PaCo-DCM facilitated an interactive evaluation of
criteria, more complex logistical factors, such as the dynamic nature of freight demand,
could be integrated into future models to capture the total variability of urban logistics
operations.

One path for improvement is involving diverse urban stakeholders, such as
residents and small businesses, to capture a fuller range of perspectives on logistics
policies. Another development could incorporate real-time data (e.g., emissions
monitoring, traffic flow) into the PaCo-DCM to enable adaptive, responsive logistics
strategies that align with evolving city dynamics. By engaging stakeholders in a
collaborative process, PaCo-DCM could enable cities to develop adaptable logistics

strategies that address immediate and long-term sustainability goals.

2.5. Conclusive remarks
Local authorities around the world strive to assess urban freight logistics scenarios,
considering the social, economic, and environmental impacts resulting from the adverse
effects of congested transportation conditions in urban areas.

The application of PaCo-DCM in this case study builds on the work of previous
researchers who evaluated logistics scenarios using criteria that reflect both sustainability
goals and stakeholder preferences. By incorporating recent advances in DCM
methodology (Bottero et al., 2018; Corrente et al., 2021; Abastante et al., 2022; Dinis et
al., 2023; Figueira et al., 2023), the study aims to enhance decision-making transparency
and support more balanced urban logistics strategies that align with the objectives of
diverse stakeholders. This study contributes to structure an approach to evaluate

sustainable urban logistics strategies, applying the PaCo-DCM to assess a series of
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hypothetical logistics scenarios with the experience of a logistics operator in Italy. By
combining regulatory measures, incentives, and infrastructure investments, these
scenarios explored potential pathways for considering sustainability objectives in
evaluating alternatives and forming a Sustainable Urban Logistics Plan (SULP).

This methodology addresses the complexities of urban logistics policy and
provides a framework to help other cities facing similar sustainability challenges adapt to
their context. The PaCo-DCM allows stakeholders, i.e., Interporto Padova, to evaluate
each scenario based on criteria that reflect both logistical and environmental goals.
DCM's interactive, card-based nature enabled stakeholders to dynamically assign and
adjust criteria weights, ensuring that the final rankings captured their preferences and
provided a consensus-driven perspective. This study contributes to urban logistics by
demonstrating DCM’s effectiveness in accommodating one stakeholder’s priorities in a
transparent, user-friendly framework.

This study is a groundwork for future PaCo-DCM applications in urban logistics.
Further research could involve real-world implementation of strategies in live urban
settings to assess long-term impacts on emissions, congestion, and logistics efficiency. In
this study, the primary stakeholder was Interporto Padova, a logistics operator with solid
ties to local authorities. Future applications of PaCo-DCM could involve a broader array
of stakeholders, including residents, small businesses, and environmental advocacy

groups, to capture a wider range of perspectives on urban logistics.
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3. A RETROSPECTIVE TOTAL COST OF OWNERSHIP ANALYSIS OF
FLEET TECHNOLOGY

The vehicle fleet composition in Europe is assorted with over 252 million passenger cars,
30 million vans, and 6,5 million medium and heavy-duty trucks on the roads as of 2023,
and 20 million of these vehicles, around 6% of the total fleet, are powered by alternative
fuels®. The Italian situation is slightly better, with 44 million vehicles and 9,5% with
alternative fuels. Diesel remains the dominant fuel type, powering around 95% of trucks,
90% of vans, and 40% of passenger cars (ACEA - European Automobile Manufacturers
Association., 2024). This indicates the significant margin of improvement in the transition
to cleaner technologies across segments, underscoring the need for significant policy
interventions and infrastructure development to accelerate fleet modernization and
decarbonization to reach the “Fit for 55” goals. A more detailed overview of Italy’s
vehicle fleet in 2023 is provided in Figure 14, with data elaborated by the transport sector
journal TIR® that reports almost 4.9 million commercial vehicles divided by size and
European emissions standards'®. These statistics underscore the ongoing challenges in
decarbonizing Italy’s transport sector, with a significant portion of the fleet still
comprising older, higher-emission vehicles.

Freight logistics is increasingly scrutinized for its environmental impact
(Giordano et al., 2018; Scorrano et al., 2021), particularly in urban areas. Urban freight
transport alone generates a significant proportion of PM, Nitrogen Oxides (NOx), and
GHGs. As nations commit to ambitious climate goals (EC, 2019), the push for
decarbonizing road transportation has intensified, mainly through the adoption of
alternative fuel technologies like EVs, CNG, and hybrid solutions (Langshaw et al., 2020;
Noll et al., 2022).

8 The current directive (EUR-Lex COM/2021/559) recognises six types of alternative fuels: Electricity, Hydrogen, Biofuels,
Synthetic and paraffinic fuels, Natural gas, including biomethane, in gaseous form (compressed natural gas (CNG)),
Liquefied Natural gas (liquefied natural gas (LNG)), Liquefied petroleum gas (LPG). Data retrieved in the European
Alternative Fuels Observatory for 2023 (https://alternative-fuels-observatory.ec.europa.eu/)

° The data was presented by the Albo degli Autotrasportatori, during the “Green Transition of Freight Transport” roundtable
at Ecomondo conference 2023.

'0The legal framework for Euro I, Euro 2, Euro 3, Euro 4, Euro 5 and Euro 6 for Light Duty Vehicle standards consists in a
series of directives and amendments to the 1970 Directive 70/220/EEC. Euro 6 has been issued in 2016 with
459/2012/EC and 2016/646/EU
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Figure 14. Italy commercial fleet in 2023, by Albo degli Autotrasportatori. Source: own elaboration.

This third chapter is grounded in one of the recurrent problems that fleet managers,
as the ones involved in the Cityporto project, are facing: which is the best technology for
the powertrain its fleets, and if and when is the right moment to switch to electric vehicles
that in the last years have been developed and firmly pushed in the market.

The analysis of this chapter focuses on a subsection of category N2 of MHCVs
that could be driven with C1 drive license!!, specifically on the possible introduction EVs,
representing an under-researched topic compared to the number of studies on cars and
LCVs that are available from a more significant period (Marmiroli et al., 2020; Scorrano

et al., 2021; Burke et al., 2024). In 2023'2, the Italian market for MHCV present new

I The European Commission classifies vehicles into four categories. Category N includes power-driven vehicles with at
least four wheels for goods transport, with maximum mass limits of 3,5 tons (N1), between 3,5 and 12 tons (N2), and
over 12 tons (N3). N2 Category could also be driven with a C1 driving license for vehicles up to 7,5 tons.

12 Data retrieved from Associazione Nazionale Filiera Industria Automobilistica (ANFIA) - Studies and Statistics Area,
based on data from the Ministry of Infrastructure and Sustainable Mobility (Min.Aut. DO7161/H4) - data updated to
12/31/2023 (https://www.anfia.it/)
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registrations for 28.623 vehicles, with a growth of 11,4% from 2022 and of 13% from
2021. The composition of the new vehicles is 97% powered by Diesel, 0,9% by Hybrid-
Diesel/EV, and alternative fuels for 1,1% by CNG, 0,8% by LNG and only 0,3% by EVs.
The Top 5 manufactures brand for these new registrations are IVECO with 51,4% market
share, ISUZU with 28%, FUSO Mitsubishi with 13,2% and FIAT with 2,5%, covering
95,1% of new vehicles.

These data are aligned with the new registrations’ numbers provided by the
European Alternatives Fuels Observatory for Italy. In Figure 15 there are represented the
new registration of vehicles powered by alternative fuels in Italy for Light Commercial

Vehicles (LCVs) and Medium-Heavy Commercial Vehicles (MHCV5s).
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Figure 15. Newly registered alternative fueled vehicles in Italy (BEV, PHEV, H2, LPG, CNG, LNG) vans (N1) and
trucks (N2&N3). (Source: Alternatives Fuels Observatory https://alternative-fuels-observatory.ec.europa.eu/).

MHCVs cover a fundamental segment of urban deliveries, primarily because they
allow certain type of heavy and bulky goods, parcels and pallets, and they rely mostly on

Diesel as the dominant fuel source. Transitioning these fleets to alternative technologies
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such as CNG and EVs offers a pathway to mitigate environmental impacts while
potentially achieving economic savings. Despite the growing availability of alternative
technologies, fleet operators face uncertainties regarding the economic feasibility of such
transitions. Studies have explored the TCO for passenger vehicles and LCVs (Lebeau et
al., 2015; Langshaw et al., 2020; Scorrano et al., 2020), but retrospective analyses of
MCHY fleets in real-world settings remain sparse (Figenbaum, 2022). Also, some studies
highlight the low presence and difficulties in providing integrated analysis of TCO with
external costs that usually characterize CBA analysis in this sector (Krutilla and Graham,
2012; Roosen et al., 2015).

The current policy framework in Italy in 2024 pursues the integration of
alternative fuels into commercial fleets '3, in alignment with the European targets. Despite
these advances, the effectiveness of these incentivizing policies and the cost-
competitiveness of these technologies, particularly in medium-heavy fleets, still needs to
be researched.

This study addresses this topic by leveraging data from a real CNG fleet from
2004 to 2023 of a last-mile logistics operator in the North-East of Italy. This study draws
inspiration from the work of Figenbaum (2022), who conducted a retrospective TCO
analysis of light vehicles in Norway, offering insights into the economic competitiveness
of alternative technologies. By adapting this approach to the Italian context, this chapter
addresses critical questions about the level of incentives and the competitiveness of CNG
and electric vehicles with the dominant diesel technology in a fleet mainly MHCV-based
over two decades.

The primary objective of this study is to evaluate the economic and environmental
impacts of fleet configurations through a retrospective TCO and economic analysis, to
investigate if a switch to other powertrain technologies would have been convenient.
Specific goals of this chapter include: 1) the quantification of direct costs, externalities,
and infrastructure costs associated with each fleet scenario; 2) the assessment of the role
of government incentives in reducing TCO for greener vehicles; 3) the provision of

insights for fleet operators and policymakers.

13 “Ecobonus” incentives for vehicles and related legislation up to 2024 are available in the institutional website built from
the Ministry of Economic Development (https://ecobonus.mise.gov.it/)
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The first question investigates the financial feasibility of adopting EVs compared
to existing CNG and Diesel vehicles. The second question explores the environmental
impact of transitioning to electric vehicles, measuring the decrease in GHGs emissions
and other pollutants and evaluating the overall contribution to urban sustainability. The
third question examines how effective policy measures, such as subsidies and tax
incentives, promote the adoption of EVs. It also considers how these policies can be
designed or improved to achieve the best environmental and economic outcomes.

The chapter is structured as follows: Section 3.1 provides a literature review of
the chapter's context. Section 3.2 explains the methodology and TCO model parameters.

Section 3.3 describes the case study results. Section 3.5 drafts policy recommendations.

3.1. Literature review on economic evaluation
Various methodologies have been employed to evaluate vehicle technologies’ economic,
environmental, and societal impacts, each offering distinctive perspectives and
challenges. Roosen et al. (2015) provided a comparative study on vehicle cost analysis
methods classified into four categories: Life Cycle Assessment (LCA), Well-to-Wheel
(WTW), TCO, and CBA.

LCA methods are widely regarded for their comprehensive scope, systematically
examining the environmental impacts of energy and material flows across a product’s
entire lifecycle—from raw material extraction to disposal (Rusich and Danielis, 2015;
Marmiroli et al., 2020; Huk and Agata, 2021). It is very useful for public authorities to
investigate the full impact of a product, but despite its theoretical inclusivity of private
and external costs, LCA studies often fall short in practice regarding the choice of
purchasing one vehicle or another.

On the other hand, the Well-to-Wheel (WTW) methodology focuses on the energy
use and emissions associated with fuel production and usage (Nocera and Cavallaro,
2017; Langshaw et al., 2020; Rodrigues et al., 2024). While effective for analyzing fuel
pathways, WTW excludes vehicle manufacturing, infrastructure development, and end-
of-life process impacts necessary for fleet-managers' day-to-day evaluations.

In contrast, the TCO method evaluates direct and indirect costs associated with
vehicle ownership over its lifecycle, encompassing acquisition, operational, and

maintenance expenses and, sometimes, the residual value (Lebeau et al., 2015; Van
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Velzen et al., 2019; Scorrano et al., 2020; Figenbaum, 2022; Noll et al., 2022). Despite
its practicality for fleet management and economic analysis, TCO studies often neglect
externalities, such as environmental or societal impacts (Roosen et al., 2015).

CBA provides a decision-support framework by evaluating the net societal
benefits of vehicle technologies, often expressing benefits as avoided external costs, such
as reduced emissions or health impacts. However, CBA cannot be compared to the other
methods as, in this field, its cost components rely on the results of LCA, WTW, and TCO
analyses, which inherit their methodological pros and cons. Moreover, CBA’s
effectiveness can be hindered by the complexity and variability of monetizing
externalities, such as emissions or health outcomes (Krutilla and Graham, 2012; Florio,
2014; Roosen et al., 2015; Bruno et al., 2023).

All the abovementioned methods and the numerous analysis available in the
literature provided helpful insight on fleet evaluations. Still, considering that TCO
encompasses all expenses throughout the ownership, it is a valuable purchase evaluation
tool for comparing various alternative products. TCO analysis is considered both a
purchasing tool and philosophy to represent the true financial cost of a good (Ellram,
1995). This matter holds significant importance when comparing conventional vehicles
with electric vehicles, as the latter often incur relatively high acquisition costs yet may
experience lower operational expenses.

Most TCO analyses provide future estimations, while retrospective TCO analyses
about the vehicle market are rarely conducted. The first one found in the literature is the
one provided by Palmer et al. (2018), in which vehicles in the UK, the US, and Japan are
analyzed from 1997 to 2015 and electric vehicles were found to become cheaper from the
year of introduction. Figenbaum (2022) conducted another retrospective TCO analysis
for vehicles in Norway, focusing on passenger and LCVs. The study highlighted that the
declining costs of EVs, combined with government incentives and operational savings,
significantly improved their competitiveness. However, the research emphasized the
variability of results based on regional contexts, including differences in fuel prices,
incentives, and vehicle utilization rates.

Due to their higher utilization rates and payload requirements, MHCVs face
unique challenges, such as limited EV model availability and infrastructure demands. For

example, Lebeau et al. (2015) analyzed the electrification of LCVs for city logistics and
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highlighted the importance of operational parameters like route density and energy
efficiency. Giordano et al. (2018) provided an environmental and economic comparison
of Diesel and CNG vehicles, showcasing the cost advantages of CNG in specific
scenarios. These studies underline the need for tailored analyses for vehicle-specific and
regional parameters, particularly in medium-heavy fleets operating in urban and peri-
urban areas.

External costs, including emissions and noise pollution, are critical to
comprehensive fleet analyses. These costs represent societal burdens often overlooked in
traditional TCO evaluations but can significantly influence the overall cost-effectiveness
of alternative fuels. Several studies emphasize the importance of integrating emissions
costs into fleet analyses. For example, Figenbaum (2022) demonstrated how tailpipe
emissions from internal combustion engine vehicles (ICEVs) impose substantial societal
costs, particularly in regions with stringent carbon pricing frameworks. Giordano et al.
(2018) also compared the environmental impacts of CNG and Diesel vehicles, finding
that CNG fleets could achieve a 20-30% reduction in CO: emissions, with proportional
decreases in carbon pricing liabilities. Noise pollution, while less frequently addressed,
is an essential externality for urban fleet operations. According to Noll et al. (2022), EVs
offer significant noise pollution savings, particularly in dense urban areas, where reduced
noise levels can enhance public well-being. In the Italian context, where urban areas face
high population densities, these savings could be key in evaluating the overall societal
benefits of fleet transitions.

Numerous researchers have backed the integration of externalities into TCO. Van
Velzen et al. (2019) proposed a structured framework for incorporating external costs into
future TCO analyses, highlighting the potential of other methods as CBA to bridge the
gap between financial costs and societal benefits. Scorrano et al. (2021) examined the
potential of electric LCVs to deliver cleaner urban logistics, emphasizing the need for
incentive structures that internalize externalities to drive adoption.

Adopting Alternative Fuel Vehicles (AFVs) in Italy has been influenced by
government policies and incentive programs to reduce GHGs and foster sustainable
transportation solutions (European Alternative Fuels Observatory, 2024; MISE, 2024).
Due to their operational significance in urban and interurban logistics, also MHCV fleets

are at the forefront of these efforts.
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The history of incentives for N2 commercial vehicles in Italy reflects a gradual
evolution from emission compliance to sustainability-focused policies. At the beginning
of analyzed period 2004—-2008, the early effort centered on Euro 4 compliance with
regional incentives, with minimal national coordination and infrastructure investment.
Between 2009 and 2013, programs expanded to support LPG and methane vehicles,
offering up to 2.500 € per vehicle. From 2014 to 2018, the focus shifted toward
electrification, with incentives reaching 6.000 € and pilot projects for EV charging
stations, though high costs and slow infrastructure rollout remained challenges. Since
2019, Italy has aligned its policies with EU climate goals, offering bonuses up to 12.000
€ in 2022 for electric N2 vehicles and accelerating infrastructure development for fleet
electrification.

To support CNG adoption, Italy boasts one of Europe’s largest networks of CNG
refueling stations, reflecting long-standing investments in natural gas infrastructure.
Government subsidies have supported the acquisition of CNG vehicles, providing fleet
operators with financial incentives to transition away from Diesel.

To promote EV adoption there are purchasing subsidies and infrastructure grants
that encourage the switch. The “Ecobonus” program enacted in April 2019 and still active
in 2024 (MISE, 2024) offers significant rebates on EV purchases, and additional regional
incentives reduce fleet operators' upfront costs.

Despite these advancements, fleet operators face high initial costs, infrastructure
gaps, and operational feasibility (Carteni’, 2015; Giordano et al., 2018). While subsidies
alleviate some financial barriers, EVs remain more expensive upfront than their CNG and
Diesel counterparts. As for the charging stations for medium-heavy EVs, they are less
prevalent than those for passenger vehicles, complicating large-scale adoption. Also, EV
models suitable for medium-heavy applications are limited in range and payload,
particularly for regional logistics. On the other hand, the ongoing expansion of urban
LEZs'* and carbon pricing initiatives!> are expected to tilt further the balance favoring

CNG and EVs in the coming years.

141n 2019 there were 228 active LEZs that have risen to 320 in 2022 according to the database “Urban Access Regulations
Database” managed by Sadler Consultants and initially funded by the European Commission
https://urbanaccessregulations.eu/, (accessed on 09/01/2025).

15 Carbon pricing initiatives around the world are provided in the World Bank’s State and Trends of Carbon Pricing Report
https://carbonpricingdashboard.worldbank.org/ (accessed on 09/01/2025).
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3.2. Cityporto Padova fleet
In Padova, Italy, the UCC project Cityporto has been implemented also to help achieve
sustainability goals. It resulted from an agreement signed in 2004 between the
municipality and other public administration actors with a voluntary operative scheme.
The city council has introduced some operating incentives, like no time window
restriction to access the Limited Traffic Zone of the city and bus-only lanes. The main
strength of this project has continually been establishing a win-win dialogue between the
UCC’s management, urban local shops as receivers, local Logistics Service Parties, and
the city council, particularly interested in enhancing the welfare of the entire UFT market
(Gonzalez-Feliu and Morana, 2010; Bjorklund and Johansson, 2018). Regarding the
details of economic and environmental sustainability in Padova, some studies reported
the first estimations of the impacts of the introduction of this project by evaluating the
previous situation and estimating the with and without situations in the first years of
adoption. This scheme also achieved environmentally positive results. In the first years
of activity, the UCC saved 11.000 km/month in running operations and 270 round
trips/month. The total reduction of external costs was estimated at 174.000 €/year, of
which 132.500 €/year were linked to the reduction in polluting emissions, 22.600 €/year
to noise reduction, 12.400 €/year to the reduced accident rate, and finally, 6.500 €/year

reduction in energy consumption (Russo and Comi, 2011; Vaghi and Percoco, 2011).

3.2.1. Fleet Data
Fleet data were collected from Cityporto and they include vehicle types, year of
acquisition and operational details, and mileage records from 2004 to 2023. The CNG
fleet considered as a reference for the following estimations is reported in Table 15 and
the total Distance Travelled (DT) expressed in km for each vehicle is represented in

Figure 16 with data provided from real Annual Distance Travelled (ADT) by the fleet.
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Vehicles ID Model Year of purchase Accessories DT
Vehicle 1 | 35 CNG/S 2004 Body 125.565
Vehicle 2 50 CNG 2004 Body 190.051
Vehicle 3 50 CNG 2004 Body + Tail lift 276.555
Vehicle 4 50 CNG 2005 Body + Tail lift 286.594
Vehicle 5 50 CNG 2005 Isothermal Body + Fridge 211.370
Vehicle 6 65 CNG 2009 Body + Tail lift + Fridge 308.880
Vehicle 7 60 C14G 2009 Body + Tail lift + Fridge 316.334
Vehicle 8 | 35 CNG/S 2011 Body (corrugated) + Tail lift 186.319
Vehicle 9 65 CNG 2011 Body + Tail lift 203.187
Vehicle 10 | 35 CNG/S 2012 Body (corrugated) + Tail lift 165.967
Vehicle 11 | 35 CNG/S 2012 Body (corrugated) + Tail lift 261.876
Vehicle 12 | 50 C14N 2017 Body + Tail lift + Fridge 99.549
Vehicle 13 | 60 C14N 2022 Isothermal Body + Fridge + Tail Lift | 10.987
Table 15. Cityporto fleet 2004-2023
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Figure 16. Traveled distance by each vehicle of the fleet. Source: own elaboration.

3.2.2.

Retrospective fleet analysis

The aim of this analysis is not to compare two different situations before and after a

specific investment in a fleet type or another, nor to identify any mistake made in the past



because the choice that was made to maintain the CNG fleet could have been motivated
by several operative and contingent reasons, and also by the set of information available
at the time about the expected performance of the vehicles.

The purpose of the differential retrospective TCO model is to compute the
variations in TCO among different vehicles and compare the costs experienced in the real
historical scenario with other hypothetical alternatives that could have been incurred and
how some costs performed. The focus is specifically on MHCVss with a maximum mass
between 3,5 and 6,5 tons'S, targeting B2B distribution channels, particularly suitable to
supply retailers, restaurants, bars, and traditional shops in city centers. The data were
gathered from an actual operative fleet, which included operational data from the
Cityporto fleet of medium-duty CNG vehicles and similar comparable vehicles of Diesel
and EVs. Key performance indicators, such as energy consumption, CO2 emission, and
operational costs, were assessed across different vehicle types. A primary challenge in
comparing the TCO across the Cityporto MHCV fleet lies in the diversity of MHCV

types, which vary by shape, weight, and dimension.

3.3. TCO Model parameters

This study employs a retrospective TCO model to evaluate three fleet configurations’
economic and environmental impacts over 20 years, from 2004 to 2023: a CNG Fleet, a
Diesel Fleet, and a Mixed Fleet of CNG and EVs introduced after 2016.!7

Following the indications provided by Roosen et al. (2015) for comparative
vehicle cost analysis, the study goals and evaluation method include private cost
comparison through the performance of a TCO and the total cost comparison, including
some external costs to enrich the analysis. When comparing the costs associated with
different types of vehicles, several key cost categories. L.e., acquisition costs, fuel/energy
costs, maintenance costs, battery replacement costs, insurance costs, charging
infrastructure costs, and the adjustment for policy measures and residual or resale value.
For the external costs, monetized externalities related to different emissions, i.e., GHGs,

NOx, PM, and noise, have been included.

16 They all belong to the N2 category between 3,5-7,5 tons.
17 Before 2016, there were only a few N2 experimental EVs, and none had sufficient customization options for the Cityporto
activity.
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The vehicle types analyzed are CNG-powered, and the technologies used in
Cityporto, and other alternative fleets were considered with hypothetical Diesel and EVs.
This work is based on a fleet manager’s perspective for the private costs side of the TCO.
Assumptions are made about, capital and operating expenditures, the monetary costs of
externalities, the discount rate and price evolutions. Estimating a TCO model requires
accounting for one-time costs, such as the initial vehicle purchase costs, recurrent variable
operating expenses over the holding period, and the eventual residual value at resale (Van
Velzen et al., 2019).

These costs arise at different times: initial costs are paid upfront or in installments
and, if financed, operating costs occur annually. To compare or combine these amounts
(e.g., the purchase costs that occurred in the purchase year), they must be adjusted through
discounting to a typical base year, which, in our case, is 2023. This analysis aims to
understand if it was the right choice, a posteriori, to stick to CNG vehicles rather than
adopting Diesel initially or shifting to EVs as soon as it became a technically feasible
option. In the following paragraphs, a description of the parameters and the related

assumptions made is presented.

3.3.1. One-time costs
In the one-time costs, capital expenditure (CAPEX) is central in determining the
economic feasibility of different vehicle types for commercial fleets. The first element is
the cost of purchase, and the estimations were made on the manufacturer’s suggested
retail price (MSRP) retrieved from quotations in sectorial magazines'® and websites'® of
official periodicals and resellers. This study considers purchase costs in a range of values
between 25.000 € and 80.000 € for CNG vehicles, between 20.000 € and 70.000 € for
Diesel vehicles, and between 70.000 € and 110.000 € for EVs. The range of prices is
significant for two orders of reasons: the first one is the different types of vehicles from
3,5 to 6,5 tons, and the second one is that from 2004 to 2023, the prices of vehicles have
grown along with the level of requirements from Euro 3 to Euro 6 and the need of new

technologies to fulfill the requirements.

18 The quotations were retrieved in TuttoTrasporti ISSN: 1121-5585)
19 The archive of price lists from Automoto.it (https://www.automoto.it/) and Quattoruote.it
(https://www.quattroruote.it/vcl), accessed on 09/01/2025.
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While Diesel vehicles maintain a competitive edge in upfront costs due to
widespread production efficiencies, and CNG vehicles reflect moderate costs due to
specialized fuel systems, BEVs remain the most expensive option. In Table 16, the prices
of the different alternatives considered are reported. They are based on the best alternative

Diesel and EVs available.

Vehicles Model Year of CNG Purchase Diesel Purchase EV Purchase
ID purchase Cost (€) Cost (€) Cost (€)
Vehicle 1 3,5 2004 26.900 € 19.600 € n.a.
Vehicle 2 5,0 2004 31.900 € 24.600 € n.a.
Vehicle 3 5,0 2004 32.900 € 25.600 € n.a.
Vehicle 4 5,0 2005 32.900 € 25.600 € n.a.
Vehicle 5 5,0 2005 32.900 € 25.600 € n.a.
Vehicle 6 6,5 2009 48.350 € 43.200 € n.a.
Vehicle 7 6,0 2009 46.600 € 41.200 € n.a.
Vehicle 8 3,5 2011 38.900 € 33.400 € n.a.
Vehicle 9 6,5 2011 48.700 € 43.600 € n.a.
Vehicle 10 | 3,5 2012 39.150 € 30.900 € n.a.
Vehicle 11 | 3,5 2012 39.150 € 30.900 € n.a.
Vehicle 12 | 5,0 2017 49.500 € 42.000 € 72.000 €
Vehicle 13 | 6,0 2022 78.500 € 69.115€ 108.810 €

Table 16. Vehicle purchase cost based on model and fuel/energy powertrain

In addition to the purchase cost of each vehicle, there is also a certain amount of
expense due to necessary operational features: the tail lift and the fridge of different body
types, i.e., isothermal, with fixed rib, or corrugated described in the fleet data. The need
for specific tools restricts the analysis to the manufacturer IVECO and the daily vehicle
models that could be customized to fit the needs of certain medium-heavy deliveries that
Cityporto had to perform. Table 17 reports the types of accessories required and the prices

adopted in this model.
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Accessories

Hydraulic Lift 2.000 €
Refrigeration Unit 5.000 €
Body (rigid or corrugated) 5.000 €
Isothermal Structure or Specialized Equipment 7.000 €

Table 17. Accessories required for the specific delivery activity of Cityporto

Vehicles' Resale Value (RV) is another component in evaluating TCO that is not
always considered but could play an important role, especially in studies of fleet
operations with vehicle lifetime considered, around 10-12 years in many models. In this
case, most vehicles are over 10 years old for the analyzed CNG fleet of Cityporto, with a
few exceptions of 7 and 1 year for the two more recent vehicles. Vehicles older than 10
years typically exhibit minimal resale value, often between 10-20% of their original
purchase price, primarily due to reduced market demand, high mileage, and the cost of
maintaining aging components, such as CNG tanks. In contrast, newer vehicles (under 5
years old) retain a relatively higher residual value, often between 50-80%, provided they
have low mileage and are in good condition. Mid-aged vehicles, those 5-10 years old,
average a resale value of 30-50%, with depreciation accelerating during this period.
High-mileage vehicles exceeding 200.000 kilometers often experience further reductions
in resale value, reflecting buyer hesitancy due to anticipated repair costs. These trends are
derived from market observations?® where CNG and EV vehicles often depreciate faster
than their Diesel counterparts. The residual values of this case are reported in Table 18.
In this case, they are treated as a negative cost that reduces the CAPEX at the moment of
sale or disposal as the remaining value of the vehicles at the end of the analysis.
Integrating these factors into TCO frameworks is meant for fleet operators and
policymakers to navigate better decisions related to vehicle replacement cycles and the

transition to alternative better technologies.

20 Values of similar vehicles were consulted in secondary market in automoto.it (accessed on 09/01/2025).
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Vehicles ID | Model opﬁ;‘:isng Yel‘;rvf‘“' CNG RV (€) | Diesel RV (€) | EVRV (€)
Vehicle 1 3,5 11 2013 3.190 € 2.460 € n.a.
Vehicle 2 5,0 17 2019 3.690 € 2.690 € n.a.
Vehicle 3 5,0 20 2023 3.192€ 2.608 € na.
Vehicle 4 5.0 19 2023 3.192€ 2.608 € n.a.
Vehicle 5 5,0 19 2023 4.490 € 3.760 € n.a.
Vehicle 6 6,5 15 2023 4.828 € 4416 € na.
Vehicle 7 6,0 15 2023 4.102 € 3724 € na.
Vehicle 8 3,5 13 2023 6.885 € 6.060 € n.a.
Vehicle 9 6,5 13 2023 8355 € 7.590 € n.a.

Vehicle 10 35 12 2023 9.230 € 7.580 € na.
Vehicle 11 3,5 12 2023 6.923 € 5.685 € n.a.
Vehicle 12 5.0 7 2023 18.450 € 16.200 € 16.800 €
Vehicle 13 6,0 1 2023 74.000 € 66.480 € 70.800 €

Table 18. Vehicles resale or residual value

Infrastructure costs (INF) are another essential component of the TCO analysis of
EVs, where the availability and affordability of charging stations significantly impact
their economic feasibility. The refueling station network for diesel and CNG is widely
present in Italy and doesn’t require investments from the private operator. Infrastructure
costs are included in pump prices. For EVs in Italy, instead, there is a need for a dedicated
investment for those operators who need to guarantee frequent daily charging to maintain
the delivery service. Europe has significantly expanded its EV charging network, with
notable progress in countries like Norway and Germany (Falchetta and Noussan, 2021),
driven by strong incentives and strategic planning. However, disparities persist,
especially in Eastern and Southern Europe, where accessibility remains limited.
Determining cost estimates for fast-charging points?! presents significant challenges, as
limited studies are available on this subject (Gnann et al., 2018) and in recent year the

technology is rapidly evolving (Falchetta and Noussan, 2021).

21 The IEC 61851 is a standard the International Electrotechnical Commission (IEC) defines on the “Electric vehicle
conductive charging system”. It categorizes the EV chargers by speed—slow (<10 kW), normal (11-22 kW), fast (23—
50 kW), and ultra-fast (>50 kW). It is supported by the Alternative Fuels Infrastructure Directive (AFID) of the EU
Commission and by other advocacy groups such as European Automobile Manufacturers’ Association (ACEA) and
Open Charge Alliance (OCA).
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In this study, infrastructure costs for EVs are assumed to be €40.000 per EV for a
50kW-type fast-charging station, reflecting the expenses for installing DC fast chargers
suitable for commercial fleets suggested in Italian sectorial report?? and aligned with the
literature on the topic. Land pricing and permitting fees further influence urban
infrastructure costs, adding complexity to fleet electrification in densely populated areas
(Scorrano et al., 2020), but in this case, it was not needed due to the land ownership and
industrial nature of the area in which the fleet operator works.

Subsidies (SUB) are the last component of the one-time costs considered in this
analysis. They are decisive in shaping the economic feasibility of transitioning
commercial fleets to alternative fuel vehicles, particularly EVs. Giordano et al. (2018)
highlight the cost disparity between BEVs and conventional vehicles, noting that public
subsidies, such as direct financial incentives and tax reductions, are essential to closing
the gap, particularly in regions actively promoting electrification, such as the Oslo and
London area. Scorrano et al. (2020) reinforce these observations by showing that
subsidies of approximately 6.000 € can make small EVs more competitive in urban
logistics scenarios.

However, larger electric vehicles face cost disadvantages. The role of incentives
is further underscored by Sugihara et al. (2023), who emphasize that financial support
mechanisms significantly influence EV adoption but remain insufficient to offset the high
upfront costs. Burke et al. (2024) corroborate that these costs, driven by battery and
advanced drivetrain technologies, are expected to decline as production scales increase.

Also, for CNG, some subsidies and supporting policies have been issued, such as
a purchase subsidy of up to 4.000 € per vehicle and, in some territories, access to LTZ
and a reduction in registration costs. Even before 2019, there were different incentives
for CNG and for the renovation of Diesel to newer versions, e.g., with Euro 6 engines,
with the requirements of scrappage of older vehicles.

The Alternative Fuels Observatory further emphasizes the importance of such
subsidies, noting that infrastructure grants can significantly lower the economic barriers
to electrification for commercial fleets (European Alternative Fuels Observatory, 2024).

Scorrano et al. (2021) argue that incentives tailored to fleet operators, such as accelerated

22 Report “Le infrastrutture di ricarica per il trasporto merci elettrico” (2023) in E-Motus. Available at: https:/www.motus-
e.org/ (accessed on 09/01/2025).
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depreciation allowances and higher grants for high-capacity vehicles, are essential to
drive adoption. Similarly, Christensen et al. (2017) advocate for expanding infrastructure
subsidies to at least 60—70% and introducing operational incentives like reduced tolls and
access to restricted zones, which could significantly enhance the economic case for EVs.
Giordano et al. (2018) note that these measures effectively offset the higher maintenance
and infrastructure costs associated with CNG systems, positioning them as a cost-
effective alternative in the medium term. Marmiroli et al. (2020) emphasize that BEVs
purchase prices are significantly influenced by battery technology and size, which impact
both initial costs and long-term feasibility, particularly resale value and operational
lifespan. This underscores the need for continued policy interventions and technological
advancements to reduce purchase costs and enhance the economic viability of BEVs in
commercial fleets. This study assumes a subsidy framework analogous to the Italian
institutional system of the Ecobonus scheme and is reported in Table 19. 1t is used in the
entire period of the analysis for CNG and EVs, but not for Diesel, since no scrappage was
considered for the end-life of the vehicles, and for those polluting types of vehicles, this

step was necessary to access the subsidy.

Subsidies for EVs References
6.000 € (until 2022) )
12.000 € (from 2022) (Scorrano et al., 2020; MISE, 2024)
40% (MISE, 2024)
Subsidies for CNG
4.000 € (DM n.322 - settembre 2015, 2015; DM n.459 - novembre

2021; Federmetano.it, 2022)

Table 19. Incentives prospect

In equation (16) it is reported the formula to estimate the one-time costs that characterize

the CAPEX components of the TCO.

CAPEX = MSRP + INF — SUB — RV (16)

These costs only occur in the year of purchase or resale or end of analysis for most

vehicles, as in this case, and the cash flow generated must be discounted accordingly.
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3.3.2. Recurring costs

The other component of the TCO is represented by the operative expenditure (OPEX),
which is calculated annually based on the real mileage of vehicles.

The fuel/electricity (FUEL) costs represent the first element of the OPEX costs. Historical
fuel price trends for Diesel, CNG, and electricity were sourced from Italian energy price
ministerial databases?’. Fuels and electricity®* price data form the backbone of the
operational cost analysis in this study, where historical price trends for Diesel, CNG, and
electricity were used instead of assuming fixed average rates. This approach reflects real-
world market dynamics and enhances the accuracy of the TCO analysis. Historical prices
for national and Veneto-specific CNG, Diesel, and electricity were tracked annually from
2004 to 2023 in Figure 17, capturing fluctuations influenced by global energy markets,
regional demand-supply variations, and policy shifts. For example, national CNG prices
started at 0,75 €/kg in 2004, gradually rising to 1,85 €/kg during the 2022 energy crisis
before stabilizing at 1,41 €/kg in 2023. Veneto-specific CNG prices showed a similar
trend, peaking at 1,95 €/kg in 2022. Diesel prices exhibited pronounced volatility,
influenced by international oil markets and environmental regulations, increasing from
0,94 €/L in 2004 to a peak of 1,91 €/L in Veneto 2022 before slightly declining to 1,88
€/L in 2023. Introduced in this model in 2016 with the first EV considered, electricity
prices began at 0,26€/kWh. They sharply increased to 0,50 €/kWh in 2022 before
stabilizing at 0,45 €/kWh in 2023, reflecting the broader European energy market’s
volatility.

2 Prices data were retrieved from institutional sources: Italian Ministerial datasets (https://www.dati.gov.it/), accessed on
09/01/2025.
24 The electricity price is considered from 2012, the year of the potential first introduction of an electric vehicle in this fleet.
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Figure 17. National and regional fuel prices from 2004 to 2023 from institutional databases. Source: own
elaboration.

These historical price inputs underscore the significance of energy market
fluctuations in TCO analyses. By incorporating annual price variations, this study ensures
that Diesel, CNG, and EVs' cost dynamics reflect the operational realities commercial
fleets face.

Vehicle consumption depends on the vehicle’s typology, and performance can be
affected by driving style and context. Different studies compare different types of
vehicles, simulating different durations, speeds, lengths, and loading rates (Marmiroli et
al., 2020), or different segments, such as the urban, regional, or long-haul with different
average payloads (Noll et al., 2022). In this study, a unique style of driving has been
considered, which is the one for urban deliveries performed by Cityporto, with numerous
stops and going for each delivery trip.

The analysis of average CNG vehicles (CNGV) consumption benefitted from an
internal analysis conducted by Cityporto on its CNGV fleet in 2015, and it has been
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validated with comparisons with sectorial websites* that reported on-road tests and
scientific literature that include comparisons with different technologies and similar

vehicles. Table 20 reports the assumptions related to consumption and related sources.

Fuel Consumption Rates (FR) References
11,1 CNG Kg/100km (Cityporto, 2015; Sprintmotor.it tests)
13.1 Diesel 1/100km (Norris and Escher, 2017; Giordano et al., 2018;

Lebeau et al., 2019)
Electric Vehicles .
KWh/100km (Giordano et al., 2018; Lebeau et al., 2019)

Table 20. Assumption fuel consumption rates

32,0

Equation (17) shows the calculation of the yearly fuel/electricity consumed by each

vehicle is made by the traveled km per consumption rate per price.

FUEL = ADT = FR x price (17)

Similarly, an average maintenance cost (MAIN) is included in the evaluation in
alignment with other retrospective TCO studies (Palmer et al., 2018; Figenbaum, 2022).
This cost is considered per km proportional to the distance traveled by vehicles, in
alignment with ACI methodology?®, and other studies (Redelbach et al., 2012; Lee et al.,
2013; Scorrano et al., 2020).

Maintenance costs are essential to TCO analyses for commercial fleets,
significantly influencing long-term operational expenses. Roosen et al. (2015) emphasize
the reduced mechanical wear in EVs due to fewer moving parts and the benefits of
regenerative braking, which lowers repair costs over time. Conversely, Diesel vehicles
incur higher maintenance costs due to the complexity of their engines and emissions
systems, which require frequent servicing. Due to a cleaner combustion process, CNGV

typically have slightly lower maintenance costs than Diesel, although specialized

25 Some sectorial websites were consulted to sharpen the assumptions: myfuelmanager.com (https://iveco-
daily.myfuelmanager.com/) and sprintmotor.it (https://www.spritmonitor.de/en/overview/62-Iveco/849-Daily.html)
accessed on 09/01/2025.

2Automobile Club d’Italia (ACI) produces yearly reports to evaluate the mileage costs necessary to determine the amount of
reimbursements owed to employees or professionals. The reports considered are the ones published in 2022, and tool for
calculation is available in their websites (https://costikm.aci.it/), accessed on 09/01/2025.
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components, like high-pressure fuel systems and injectors, may necessitate periodic
replacements (Khan et al., 2015; Figenbaum, 2022).

These cost differentials are consistent with studies such as Sugihara et al. (2023),
which highlight that EV fleets, while initially more expensive, offer lower maintenance
costs throughout their lifecycle, enhancing their economic viability over time. Therefore,
this study’s assumptions are founded on maintenance costs representing a clear advantage
for EVs in the long term despite their higher upfront costs, with 30% less than Diesel, as
assumed in many studies (Mitropoulos et al., 2017; Scorrano et al., 2020; Basma et al.,
2021), and CNGV maintenance costs slightly lower than Diesel. In Table 21, the
assumption values used in this study reflects the differences in mechanical complexity

and component durability highlighted in other studies and sectorial websites.?’

Maintenance Rates (MR) Sources
0,12 CNG €/km ACI (2022)
0,14 Diesel €/km (Basma et al., 2021), ACI (2022)
0,09 Electric Vehicles €/km ACI (2022)

Table 21. Assumption maintenance consumption rates

Equation (18) shows the calculation for the maintenance required by each vehicle based

on traveled km per maintenance rate.

MAIN = ADT x MR (18)

Insurance, registration, and other recurring costs (INS) are other components in
the TCO analysis, significantly influencing annual operational budgets for commercial
fleets. In this study, insurance costs are assumed to be 3% of the purchase price for CNG
and Diesel vehicles, reflecting their similar risk profiles and standard rates for commercial
vehicles. For electric EVs, insurance costs are higher, set at 5% of the purchase price, due

to the higher valuation of EVs and potential repair complexities for battery systems.

27 In addition to the ACI methodology, also another sectorial website of a large European mobility service provider, UTA
Edenred, was consulted to for the cost estimations (https://web.uta.com/en/electric-truck/electric-truck-costs), accessed
on 09/01/2025
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Additionally, Marmiroli et al. (2020) emphasize that EV insurance premiums are
influenced by the higher replacement costs of battery components, which remain a
significant concern for insurers. Registration and insurance costs vary across regions,
often tied to vehicle emissions and weight classes, as Palmer et al. (2018) observed in the
US, UK, and Japan. In Italy, registration fees for CNG and Diesel vehicles are moderate.
At the same time, EVs frequently benefit from partial exemptions or reduced fees due to
incentives to promote sustainable mobility. Other costs, including periodic inspections
and road taxes, are similarly influenced by vehicle type. For instance, Giordano et al.
(2018) note that CNG vehicles may incur slightly higher inspection fees due to the need
for specialized checks of high-pressure fuel systems, while EV's benefit from exemptions
or reduced rates in many regions, which help to offset their higher upfront costs partially.

These assumptions reported in Table 22 align with the observed trends in the

commercial fleet sector and equation (19) presents the calculation for insurance and other

costs.
Annual Insurance and other References (Lee et al., 2013; Marmiroli et al.,
costs rates (IR) 2020; Figenbaum, 2022)
3% of purchase price CNG Vehicles
3% of purchase price Diesel Vehicles
5% of purchase price Electric Vehicles

Table 22. Assumptions on insurance costs

INS = MRSP = IR (19)

While CNG and Diesel vehicles incur predictable annual costs, the evolving

policy landscape increasingly favors EVs through reduced registration fees and tax
incentives, partially counterbalancing their higher insurance premiums.

Lastly, in equation (20) it is reported the calculation of all the OPEX components.

OPEX = FUEL + MAIN + INS (20)
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3.3.3. Economic costs
The choice of the fleet’s technology is pushed by pushed private costs analysis. Still, the
related subsidies and policies that governments could implement are motivated also by
the objective of reducing the externalities related to freight. I.e, the Handbook on the
external costs of transport?® provide estimations for greenhouse gases (CO2, CHa, and
N20), accident, air pollution (PM2.5, PM1o, NOx, SO2, NMVOC), climate change, noise,
congestion. Many different externalities, and economic costs could be analyzed along
the entire life cycle of vehicles and electric energy and fuel production with another type
of analysis, such as the LCA and WTW. However, only some external costs strictly
related to the use of the vehicles have been calculated proportionally to the distance
traveled to enrich this TCO analysis.

Also, the CO2, Air Pollution (AP), and noise emissions are considered and
monetized in relationship to the ADT by each vehicle. For the calculation of CO2
emissions, the emission rates were derived from the Handbook of External Costs of
Transport and are reported in Table 23, and instead of a fixed rate, they have been
monetized through the prices shown in Figure 18 obtained by the European Union
Emissions Trading System (EU - ETS), following a methodology proposed in Liora et al.
(2022).

CO: Emissions | (European Commission: Directorate-General for Mobility and
Rates: Transport et al., 2020)

370,0 COz/km Diesel: 370 g CO2/km.
180,0 CO2/km CNG: 180 g CO2/km.
000,0 CO2km Electric: Zero tailpipe emissions

Table 23. The assumption on CO: emission rates

28 It is a publication commissioned by the European Commission DG MOVE, available at
https://data.europa.eu/doi/10.2832/51388, accessed on 09/01/2025
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Figure 18. Trading Economics Carbon Emissions Allowances Prices from 2004 to 2023, sourced from the EU ETS.

For NOx, PM, and noise emissions, data were derived from standard Diesel, CNG,
and EV emission rates from institutional sources (European Commission: Directorate-
General for Mobility and Transport et al., 2020), and the assumed rates are presented in

Table 24.

Air Pollution External (European Commission: Directorate-General for
Costs rate (APR): Mobility and Transport et al., 2020)

0,08 €/km Diesel: 0.08 €/km due to high NOx and PM emissions.
0,04 €/km CNG: 0.04 €/km, due to lower emissions relative to

diesel.
Electric: Minimal emissions, assumed societal savings
estimated at 0.001 €/km.

0,001 €/km

Noise Pollution Costs rate | (European Commission: Directorate-General for

(NP): Mobility and Transport et al., 2020)
0,030 €/km Diesel

0,015 €/km CNG

0,005 €/km Electric

Table 24. The assumption on NOx, PM, and noise monetization rates.
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The formula to obtain the external costs is shown in equation (21).
EXT = CO, price * (ADT * CO, emisson rate) + ADT = APR (21)

3.3.4. Discount rates
In retrospective TCO analyses, discount factors (r) work as capitalization rates as they
are necessary to bring all past cash flows from the different years (7) to the year of
reference, 2023 in this case, ensuring that costs and benefits are evaluated on a consistent
monetary baseline. Studies on EVs adoption in Norway and urban electrification projects
frequently apply discount rates between 3% and 5% for public investments, reflecting
societal preferences for long-term sustainability, as suggested by Christensen et al.
(2017). Similarly, Sugihara et al. (2023) highlight that private sector analyses often use
higher rates, ranging from 6% to 10%, to account for market risks and opportunity costs,
especially in volatile sectors like energy or transportation. For example, the analysis of
urban low-emission zones for freight transport employed discount rates of 3%—6% to
balance immediate financial returns with the social benefits of reduced emissions,
aligning with standard public infrastructure practices.

Furthermore, integrated assessments of EV adoption in China utilized discount
rates of 3%—7%, tailored to the nature of investments, such as public infrastructure versus
private fleets. Studies like those by Van Velzen et al. (2019) argue that a moderate %
discount rate of 5% strikes the best balance for analyzing mixed investments with public
and private components, ensuring fairness in evaluating upfront costs, operational
savings, and externalities. So, 5% has been taken as the reference optimal discount rate
for this analysis, effectively capturing both economic feasibility and environmental
priorities.

Given all the components described above, the overall TCO/km for the scenarios
have been calculated through the sum of CAPEX, OPEX and EXT costs, capitalized for

the selected rate and divided by the travelled km, as shown in equation (22).

TCO _ ¥f,(CAPEX, + OPEX, + EXT)(1 + )" 22)
km KT
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3.4. TCO results
The TCO calculate per km for three configurations is shown in Table 25 reveals insights
into the feasibility of alternative fleet configurations for commercial operations. Over
2004-2023, the comparative results show that CNG was confirmed as the best choice
until now with a TCO/km of 0,79 €, against a TCO of 0,835 € for the introduction of EVs
into mixed fleets since 2016, and 0,825 € for the Diesel alternative. Italy's current
incentive structures and infrastructure investments are insufficient to make EVs as

economically viable as CNG vehicles.

TCO €/km

® Mixed Fleet Total Costs (€) ™ Mixed Fleet Direct Costs (€) ™ Diesel Total Costs (€)
® Diesel Direct Costs (€) B CNG Total Costs (€) CNG Direct Costs (€)

1.010
TCO €/KM

0.790

0.200 0.400 0.600 0.800 1.000 1.200

Table 25. TCO with current policies framework

The total and cumulative TCO analysis presented in Table 26 demonstrates that
CNG fleets, with a cumulative direct TCO of 2.089.361 €, offer a balanced trade-off
between operational expenses and environmental benefits, driven by lower fuel costs of
344329 € and moderate external costs of 244.756 €. Diesel fleets, despite their

operational robustness, incur the highest TCO at 2.180.639 € due to volatile fuel prices



(529.505 €), higher maintenance expenses (333.079 €), and also the highest external costs
(490.34 €), reflecting their environmental burden with cumulative CO: emissions of
23.280 tons. Mixed fleets integrating EVs, which achieved the lowest cumulative CO2
emissions at 11.163 tons and the lowest external costs of 222.675 €, still face high
financial barriers, with a TCO of 2.207.901 € driven by elevated EV purchase prices and
significant infrastructure costs for charging stations. Although subsidies covering up to
40% of infrastructure costs partially offset these expenses, they remain inadequate for
commercial operations requiring high-capacity chargers and grid reinforcements.

In contrast, CNG remains a cost-effective transitional solution, with its moderate
externalities and low operational costs compensating for its higher emissions than EVs.
Despite the societal benefits of EVs, such as reduced noise pollution and improved air
quality, their economic competitiveness is constrained without enhanced incentives.
Aligning these results with the literature, studies by Figenbaum (2022) and Marmiroli et
al. (2020) similarly emphasize the cost challenges of fleet electrification, particularly
regarding upfront costs and infrastructure requirements, while Lebeau et al. (2015) and
Scorrano et al. (2021) uphold the environmental and social advantages of EVs over

Diesel.

€3,000,000
= Diesel Total Costs
©
€2,500,000
e CNG Total Costs
©)
€2,000,000
o = Mixed Fleet Total
% Costs (€)
o €1,500,000
CNG Direct Costs
©
€1,000,000
== Diesel Direct Costs
©
€500,000
e Mixed Fleet Direct
Costs (€)
€-
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
YEARS

Table 26. Cumulative TCO over the years
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Another interesting result is the time in which CNG became more convenient than
Diesel, around year 10. This was explained by the lower operating costs with the actual

mileage that in 10 years allow CNG to close the gaps of the purchase price with Diesel.

3.5. Discussion and final remarks

CNG vehicles emerge as a balanced choice for fleet managers, offering moderate
purchase costs and fuel savings. Their lower emissions align with growing pressure for
environmental responsibility, especially in urban logistics. CNG Fleet vehicles
consistently demonstrated the lowest cumulative TCO per kilometer across the study
period, highlighting their cost-effectiveness as a transitional technology. This aligns with
the findings by Giordano et al. (2018), who emphasized the economic advantages of CNG
fleets in mitigating operational costs.

This study corroborates also Figenbaum’s (2022)findings regarding the declining
TCO of EVs over time, driven by operational savings and increasing government support.
While Figenbaum focused on passengers and LCVs, this analysis demonstrates that these
trends also apply to MHCYV fleets under specific conditions (e.g., incentives and urban
operations). However, from the fleet manager’s standpoint, the economic feasibility of
adopting AFVs is heavily influenced by upfront costs, operational expenses, and
predictability in long-term financial planning.

Government subsidies in Italy, covering part of the purchase price 40% of the
installation costs??, are critical, but not sufficient in this case in reducing the financial
burden for the EV fleet. The findings align also with the Alternative Fuels Observatory’s
emphasis on infrastructure as a barrier to EV adoption. Targeted incentives, particularly
for infrastructure development, support the broad objectives of the EU Green Deal.
Consistent with Van Velzen et al. (2019) and Scorrano et al. (2021), the inclusion of
external costs significantly altered the comparative advantage of alternative fuels. By
internalizing emissions and noise impacts, this study highlights the societal value of EVs
despite their higher upfront costs.

But fleet managers also highlight practical challenges such as limited vehicle

range, downtime for charging, and higher insurance premiums. Despite growing

» The subsidy is granted by the Ministry of the Environment and Energy Security - MASE (Ministerial Decree 25 August
2021) and is managed by Invitalia.
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regulatory incentives, these factors make EV adoption challenging for fleets requiring
heavy-duty vehicles or long-distance transport.

The assumptions used provide an outline for evaluating the economic challenges
of fleet electrification. They underscore the importance of expanding subsidy programs
and to mitigate high upfront infrastructure costs, making EVs more competitive with
CNG and Diesel alternatives. Sanz and Meyer (2024) demonstrated that mixed fleets
become increasingly viable when governments provide targeted infrastructure and
operational support subsidies.

The findings of this case study highlight the need of strategic policy changes, such
as increasing purchase subsidies and expanding grants for infrastructure installation,
alongside phased transitions leveraging CNG as a bridging technology, are essential to
achieving an economically viable shift towards sustainable commercial fleets.

Nevertheless, as this is a case study built with many assumptions and specific data
of one operator, it is not in the position to draw policy suggestions on a broader level.
However, the aim of this analysis was to support a fleet manager that could face similar
challenges of the choice of when change type of technology to rely on. The application
of TCO analysis in this retrospective way with a fleet perspective, rather than the analysis
of single vehicles or at national level, is one of the innovative aspects of this work. With
many limitations on the information available in the past about vehicles to compare, it
took advantage of the existing data on the mileage of a real fleet. Usually the number of
km travelled is assumed or estimate through scenarios, to perform sensitivity analysis of
the modelled results, and it is one of the factors that could mainly influence TCO and
economic analysis. In this case, the fleet and its deliveries are taken as reference to
estimate the values associated with it, but there many other aspects that could be targeted
to make the analysis more precise and adherent to the real costs sustained.

The real performance and consumption of vehicles, the real emissions associated
with one specific vehicles, also the price of secondary market and historical prices trends
are not an easy information to gather from past evaluations. The variety of vehicles and
manufacturers is huge, the evolution of technology, the subsidies program have evolved
almost on a yearly basis. These aspects hinder retrospective analysis, which could provide
anyway some precious information on some cost trends and impact of vehicle use that

cannot be easily estimated in in forecasted estimations.
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4. CONCLUSIONS

This research aims to deepen the understanding and evaluation of last-mile logistics issues
and UCC as fundamental tools for sustainable urban logistics. To this end, a
comprehensive analysis of UCC was performed to uncover barriers and drivers to their
development, accompanied by an overview of the existing topics and current issues in
last-mile logistics.

The industrial partner involved in the project also provided additional elements
and the context to identify and develop two different kinds of problems related to the
abovementioned topic. The case studies presented are insufficient to draw clear and
defined policy suggestions and general implications for all the logistics sectors. Still, they
help to highlight the variety and interconnections between the problems that the operators
in this field usually face. On the one hand, a case study was dedicated to a planning
problem of future logistics policies that require an eagle-eye perspective over the last-
mile logistics sector. On the other hand, an economic evaluation was conducted on a
problem strictly related to the operative day-to-day business of using certain commercial
vehicles. The specific perspective of UCC, as the final link between the final delivery of
goods and upstream intermodal logistics centers, set the ground for elaborating the two
different case studies presented.

In the final part of Chapter 1 and Chapter 2, two different types of work were
performed to address the first RQ1 aimed to investigate: How do DMs and stakeholders
address sustainability in city logistics problems? How is sustainability considered in the
definition of alternatives and criteria choice? How can DMs be assisted in ranking
sustainable city logistics strategies?

The literature review about the multicriteria evaluation of sustainability in last-
mile logistics identified a first set of results: a list of typical problems, categories of
criteria used, and a list of the most adopted criteria. When DMs address sustainability in
last-mile logistics problems, they usually refer to problems related to the selection or the
impact evaluation of policies, locations, vehicles, construction projects, technologies, or
services. To face those types of issues, they opt for a large variety of multicriteria methods
that require various interactions with experts and different stakeholders. In this process,
choosing criteria to perform these evaluations play an essential role in defining what is

intended as sustainable. For this reason, the categories of criteria and their frequency in
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the paper were analyzed. Also, a list of the most used criteria has been identified to
identify potential trends in addressing specific dimensions of sustainability. To shed light
on the decision-making process and the assistance in evaluating logistics scenarios, the
application of the PaCo-DCM proposes a way to assess a particular object, which is a
scenario of logistics policies. The method adopted benefitted from combining the DCM's
simplicity of interpretation and visual support of cards with richer information from the
DMs’ judgments in the comparison tables. The results were visible in a ranking that
allowed the DM to compare very different scenarios interactively, reducing the gap of
knowledge and comprehension between the DM and the analysts that could arise in
decision-making processes on topics that require technical backgrounds in different
fields. The scenarios that performed better in this case study were the ones that balanced
a good level on all the aspects, a mix of policies that addressed more aspects, rather than
those scenarios that focuses only on few aspects, even if they were outstanding on those
specific aspects.

In Chapter 3, the development of a TCO application was aimed to address RQ?2,
which was focused on: how do commercial fleets of vehicles powered by conventional
and alternative fuels impact the sustainability of last-mile logistics and the achievement
of SDG 11 (i.e., Make cities and human settlements inclusive, safe, resilient, and
sustainable)? What are the financial and economic costs, including environmental costs,
associated with fleets powered by Compressed Natural Gas (CNG), Diesel, and Electric
Vehicles (EVs)?

The results provided by the TCO analysis confirmed the merit of the strategy of
using CNG vehicles to perform this typology and the number of deliveries. Intuitively,
both alternative greener vehicles, CNG and EVs, presented better performances on
environmental cost. Still, only the CNG technology offered better economic performance
than diesel 10 years after the beginning of the services. The growing level of deliveries
and traveled km pushed the result, allowing the advantageous operating costs of greener
vehicles to overcome the purchase advantage of Diesel technology. The EVs for this
medium-heavy range of deliveries are very recent and expensive, even if technology is
evolving rapidly to answer to market and political pressures. In recent years, a set of
dedicated subsidies have been issued in Italy to support greener vehicles, and the effects

of these policies are of great interest for further research. The case presented is tailored
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on a single operator and its specific performance and could not be used to assess the
overall success of incentives, but it could still help in understanding how the different

components of costs influence the performance of the operators.

4.1. Limitations and further work
This study is a basis for future studies on last-mile logistics and evaluation techniques. It
presents several limitations, as the topics addressed in both case studies are very specific
case studies that are not easy to replicate and scale up for other problems.

The insights generated in Chapter 2, contribute to the growing body of research
on MCDA in urban logistics and aim to offer a guide for cities facing similar challenges
in their quest for sustainable urban mobility and logistics. Still, the data required to
perform that evaluation are costly and tailored to each context and decision problem.
Also, this case study involved only one DM, and there is a great margin of improvement
with the involvement of other stakeholders and the potential discussion about the criteria
choice, direction, and consolidation of judgments expressed through card placements.
Moreover, the criteria adopted in the case study are not part of official guidelines and
stable requirements but are the results of the intention of the DM. Furthermore, future
interesting developments of the work of this chapter could be the implementation of a
sensitivity analysis of the variations of rankings due to variations of criteria weights.

Results presented in Chapter 3 present strong limitations too. The TCO model is
built on assumptions derived from studies and guidelines that were developed in other
contexts, in other times, and not on this exact type of vehicles. Even the same vehicle
could present different performances depending on climate conditions, guiding behavior
and so on. Those type of analysis could be extended to include upstream emissions (e.g.,
electricity generation) and end-of-life costs for vehicles and batteries to provide a more
holistic assessment, as suggested by Sanz and Meyer (2024). Also, evaluating how
regional costs, incentives, and infrastructure disparities affect fleet adoption can help
design location-specific policies that account for local market conditions and logistical
needs. Besides, the analysis could be extended to other fleets and operators and could be
strengthen by including deeper explorations on price fluctuation, policy shifts and

technologies evolution.
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Annex 1. Methods adopted in the selected papers and summary of papers' characteristics.
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(Rzeény-Cieplifiska and ‘ ervices (crowd logistics)
Services AHP criteria
Szmelter-Jarosz, 2019) s .
7 stakeholders’ categories
(Rze$ny-Cieplinska and Strategies - S -
AHP 20 crit fi d onl s
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