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Chapter 1

Introduction

City logistics aims to find appropriate strategies that can improve the overall
efficiency of freight distribution in urban areas while mitigating congestion and
environmental externalities. Many driving factors, including globalization,
urbanization, e-commerce, and on-demand economy, have promoted significant
paradigm shifts in city logistics over the past decades. On the one hand, the
growth of e-commerce creates a new consumption pattern in Business-to-
Consumer segments resulting in increasing demand for home deliveries and
deliveries at alternative locations in the urban area. The e-commerce giant
platforms are forced to provide fast and cheap deliveries, facing fierce
competition.

On the other hand, urbanization and globalization increase freight flow
dramatically, impacting and challenging the supply chain. Freight movements
contribute significantly to congestion and environmental issues in the urban area.
Moreover, recent phenomena as the on-demand economy, e-commerce, and
advanced digital technologies, enlarge the framework of city logistics. Customers
request more flexible and fast deliveries such as same day and even within 2 hours.
It is thus crucial to develop innovative strategies to build a more efficient, cost-
effective, and sustainable city logistics system.

City logistics 1is inherently interdisciplinary, challenging different
stakeholders (i.e., City authorities, Freight carriers, Residents, and Retailers) to
improve the overall performance of freight distribution while mitigating their
externalities and inefficiencies. Many researchers and practitioners propose
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collaborative business models and initiatives to optimize city logistics' economic,
operative, social, and environmental goals. However, not all initiatives and
proposals are successfully implemented. One of the main reasons for failure is a
lack of support and commitment from different stakeholders [1]. Besides, they fail
to design suitable and sustainable policies for city logistics from a managerial
perspective while mainly focusing on the technological issues as platforms or
optimization tools, missing a global version and ignoring the interaction between
business and operational model.

In the last decades, many research and state-of-the-art have developed
different models, methods, and decision support tools for city logistics from
technological perspectives [2-6]. However, there are still some critical issues in
the application of city logistics. In the e-commerce era, the information related to
orders appears online, mainly from private customers, generating a dynamic and
uncertain setting. The number of orders is much larger than in the classical
distribution services. Most orders have a significantly reduced weight and volume,
challenging the decision-makers to cope with large-scale problems with
uncertainty. Besides, online orders are increasingly associated with the explicit
request, or at least the expectation, of faster delivery times, like same-day or even
2 hours deliveries. The decision-making process is thus contracted into very short-
time horizons, highlighting the need for a flexible system that can represent
different behaviors into an overall model. Some innovative strategies and new
business models can be integrated into parcel delivery and freight transportation if
a negotiation process is done between stakeholders. For example, the success
factors of innovative proposals and initiatives should be considered in the actual
application of parcel delivery. The adoption of new delivery options and
crowdsourced delivery models should align with different actors' broad goals (e.g.,
economic, social, operational, and environmental goals). It is necessary to develop
a holistic approach to investigate the managerial and operational application of
city logistics, particularly the last-mile delivery, as it is the least efficient stage of
the supply chain. However, such an approach is still missing in the literature.

This thesis aims to fill this gap in the literature in terms of multi-disciplinary
approach and modeling framework for last-mile optimization. It starts with an
extensive analysis of the recent relevant literature on smart city projects,
highlighting these initiatives' critical success and failure factors. The review
conducted on smart city projects confirms the interdisciplinary nature of
applications in city logistics. The results highlight the need to merge technologies
and strategies into sustainable solutions capable of facing the logistics challenges
and, in the meantime, satisfying demanding customers. The challenge for
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sustainable solutions of city logistics is to integrate business models of the
different actors, embedding prediction and optimization techniques considering
the dynamism, pricing, and costing schemes, as well as operational issues of the
new system.

In this direction, the thesis contributes to:

® demonstrate the potential value of integrating business and operational

models in city logistics.

® investigate the benefits of the integration of business and operational

models in the city context. In particular, the thesis focuses on the last-
mile optimization of the supply chain, considering the integration of
crowdsourced delivery and multiple delivery options in urban parcel
delivery with large-scale and uncertain settings.

® investigate the possibility to reduce carbon emissions in parcel delivery

applications, taking advantage of using real-world GPS trajectory data of
floating vehicles in a megacity of China.

This thesis is organized as follows.

Chapter 2| provides an overview of city logistics, introducing the emerging
trends and challenges and presenting the extensive analysis of smart city projects
related to city logistics.

Chapter 3| presents the managerial and strategic analysis for urban parcel
delivery, describing the stakeholders’ profiles in terms of their needs, cost, and
revenues structures. We propose a multi-disciplinary approach that integrates the
traditional transportation modes (i.e., vans) and low-emission vehicles (i.e., cargo
bikes). Besides, the integration of business and operational models is
demonstrated by the performance analysis of two delivery options, based on the
main variables such as travel distance and delivery time. This chapter is based on
the paper [7] developed in collaboration with another PhD student.

In Chapter , we propose a multi-stage stochastic model to capture the
dynamic and stochastic features of real-world parcel delivery application and
solve a dynamic and stochastic vehicle routing problem with time windows by a
simulation-optimization strategy. We extend the preliminary analysis of the
integration of traditional transportation (i.e., vans) with new delivery options (i.e.,
cargo bikes). We also consider ordinary people as crowd drivers who offer their
time and resources to provide transportation services, reflecting the emerging
trend in practice. To demonstrate the potential benefits of this integration, we
conduct a case study in the medium-sized city of Turin (Italy). This Chapter is
based on the paper in [8].
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Advanced improvements in technology enable researchers and practitioners to
measure the real-time travel speed through the real-world GPS trajectory data of
floating vehicles. In Chapter , we study a time-dependent green vehicle routing
problem based on real-time travel speed in the road network of Chengdu, a
megacity in western China, investigating the possibility of carbon emission
reduction by calculating the lowest fuel consumption path in parcel delivery
application. A branch and price algorithm is used to solve this problem. We also
demonstrate that the time-dependent lowest consumption path is a promising
choice for carrier companies in fuel consumption and travel-time saving.

Finally, Chapter @ summarizes conclusions and future developments of the
research activity



Chapter 2

Urban freight transportation and
last-mile logistics

2.1 Urban freight transportation and logistics in the on-

demand economy era

The growing urbanization and the development of megacities (having more
than 10 million inhabitants) give rise to numerous city logistics challenges. City
logistics, also known as urban freight transportation, is about finding efficient and
effective ways to distribute goods in urban areas while avoiding undesirable
consequences on congestion, human health, and the environment [9]. The
definition of efficiency includes fewer vehicles, better vehicle capacity utilization,
and reduction of CO2 emissions and other greenhouse gases. Efficiency is
involved in the flexibility of operations, service quality, and synchronization of
different services in cities. In addition, freight transportation is one of the
significant causes of traffic congestion, air pollution, and noise, which
significantly influence the quality of life in urban areas. Crainic et al. [3]
highlighted that 30% of city street capacity is consumed by freight vehicles in
major French cities. On average, freight transportation represents 10% of the total
vehicle kilometers traveled in 13 American cities [10]. Figures are equally telling
on energy consumption and CO2 emissions. Urban traffic accounts for 40% of
CO2 emissions and 70% of emissions of other air pollutants within road transport-
related CO2 emissions.
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Consequently, traffic and congestion lead to almost 1% loss (i.e., about 100
billion Euros) of the European Gross Domestic Product (GDP) every year.
Furthermore, in the US, transportation represented 27% of total U.S. greenhouse
gas emissions in 2013 and increased more from 1990 to 2013 in absolute terms
than any other sector [9]. It is thus crucial to design a more innovative and
competitive freight transportation system while reducing the negative
environmental impacts.

Moreover, it is well-recognized that city logistics is involved with several
participants and key stakeholders which has different roles, problems, and
concerns, including:

e City authorities. They implement policies to mitigate the negative impacts
of city logistics and reconcile the often-conflicting interests of the
different stakeholders.

e Freight carriers. They need to move freights around the urban areas to
customer destinations. They require many urban infrastructures such as
parking and loading area to complete the services. They are mainly
concerned with the efficiency, capacity, and reliability of deliveries.

e Residents. They act as one of the primary recipients of urban parcels.
Residents expect fast delivery services and not to be affected by traffic
jams, noise, and pollution.

e Retailers. They are trying to maximize their profit while maintaining a
stable, sustainable, and competitive business model. For example, they
cooperate with third-party logistics providers to reduce the operational
cost of last-mile delivery. In addition, they initiate some innovative
strategies to increase customer orders, such as promotion and additional
services.

It is challenging to suit all the user groups with such a range of disparate
views and conflicting interests. For example, freight carriers are expected to
provide a high level of service at a lower cost. Moreover, traffic congestion levels
in urban areas have constantly risen because of the increasing traffic demand.
Therefore, it is vital to view the individual stakeholders and decisions as
components of an integrated city logistics system, which implies the cooperation
of carriers, retailers, movements, and the consolidation of loads of different
customers. Besides, city logistics encounters many changes in political, economic,
and social conditions in the era of the on-demand economy. The main changes are
following:

e Urbanization. Urban population growth is challenging the city logistics

systems in both developed and developing countries. According to the
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World Urbanization Prospects 2018 [11], the urban population reached

approximately 78.7% and 50.6% in developed and developing countries

by mid-2018.
e Globalization. Urban areas, as economic units, are supporting and are
influenced by globalization. The scale and intensity of the mobility of
capital, goods, residents, and techniques have been expanded by
international transactions (e.g., trade liberalization). On the one hand,
these phenomena are challenging the global design of city logistics
systems such as facility location, infrastructure construction, and resource
allocation. On the other hand, the urban region becomes a core
organizational and competitive unit where logistics firms thrive on
comparative costs and innovative capabilities.
The blowout growth of e-Commerce reshapes the entire logistics chain.
Daniela [12] reported that over two billion people purchased goods or
services online, and e-retail sales surpassed 4.2 trillion U.S. dollars
worldwide in 2020. Thanks to the ongoing digitalization of modern life,
customers can request fast and even on-time delivery services for free or
at a lower cost. With the extreme competitive conditions, the logistics
firms are forced to reduce operational costs through innovative logistics
solutions. Indeed, some leading e-Commerce platforms, such as Amazon
and Alibaba, are facing increasing requests for fast, cheap, or even free
deliveries with high-quality service. According to Marcucci et al. [13], 74%
of consumers state that they will most likely buy a product that offers a
same-day delivery service in the US. Only 32% of consumers are willing
to wait 2 or 3 days for delivery in the UK. In this context, traditional
delivery serves are transformed as the sale of immediately deliverable
products. For example, Amazon Prime and Amazon Now enable online
orders to be received within a day or even two hours. Therefore, the
efficiency of logistics becomes vital for their competition.
The intensive restrictions of greenhouse gas emissions from governments
and city authorities force logistics firms to reduce fuel consumption and
emissions. Indeed, as the world’s biggest greenhouse gas emitter, the
Chinese government has announced to cut its carbon dioxide emissions
per unit of gross domestic product, or carbon intensity, by more than 65%
from 2005 levels by 2030 and achieve carbon neutrality by 2060. In
addition, the EU has put in place legislation to reduce emissions by at
least 40% by 2030 — as part of the EU's 2030 climate and energy
framework and current contribution to the Paris Agreement. The
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importance of environmental issues is continuously translated into
regulations, with a tangible influence on logistics and supply chain
management.

All these changes are reshaping the traditional city logistics. The increasing
growth of e-commerce, for example, contributes to a significant increase in direct-
to-customer services in urban areas, which leads to the so-called last-mile
challenges. Besides, the ever-growing attention to sustainability continuously
changes both solutions and decision support systems of urban freight transport.
The basic idea is that the development of city logistics does not eventually lower
the quality of life and attractiveness of city areas and does not impact the global
climate and residents’ health. It implies that multiple and competing objectives
must be considered and handled suitably during city logistics system design,
planning, and execution.

2.2 Trends and challenges

From a global perspective presented above, it is clear that city logistics is a
complex system, challenging the city authorities and other stakeholders to find an
appropriate solution to improve transportation efficiency while preserving the
quality of life of residents. In particular, the most critical trend and related
challenges for urban transportation and logistics are described as follows.
E-Commerce Growth. United Nations states that the urban population is set to
increase by almost 700 million by the year 2030, reaching a total of 5.2 billion,
which results in the increase of urban movement for goods in these areas. The
considerable rise in urbanization rates results in a change in the people’s demands
for goods. With the deep integration of digital technology and the real economy,
urban consumers can buy products and services electronically. E-commerce is
developed as a new business model to fulfill the enormous market demand. It is
experiencing growth of more than 10% per year worldwide and regionally. The
first factor that explains this explosion is the increase of Internet users. Besides,
the widespread use of the Internet is undergoing a further acceleration due to the
pandemics caused by COVID-19. Online sellers gain massive success because of
the safety and convenient services and lower prices. Amazon and Alibaba are
reported to bill more than a trillion dollars a year. E-commerce changes the
delivery pattern of city logistics, especially the last mile delivery. The number of
freight movements increases significantly since the goods need to be delivered to
consumers’ homes rather than retail stores. In addition, the widespread diffusion
of intelligent devices considerably increases the total number of mobile-based
transactions. In this context, retailers and logistics firms need to provide on-
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demand logistic capabilities to keep up with consumer expectations that
incorporate high logistics service quality and low costs.

On-demand Economy. The on-demand economy refers to a new business model
based on online platforms that provide immediate matching between a user who
needs a good or service and another who can share the assets of skill, time, or
goods. It has led to the reorganization of the supply chain, which creates a new
industrial philosophy, the so-called just-in-time. In the e-commerce sector, the
delivery services are pushed to be completed within the same day or even two
hours. Though the on-demand economy improves the experience perceived by
customers, it undeniably increases the complexity of the logistic system,
challenging the logistics service to develop more efficient and innovative
solutions. Some leading retailers have started to share logistics infrastructure and
services with competitors. It enables them to share existing assets and capacities
through online sharing platforms, especially when the assets need a large amount
of capital [14]. According to Savelsbergh and Woensel [9], sharing assets and
capacities can increase consolidation and capacity utilization, reducing freight
movements, fleet size, and empty travel for logistics firms. In addition, Amazon,
DHL, and Wal-Mart have developed logistics service that takes advantage of
professional crowdsourced delivery capabilities. For example, Wal-Mart, a major
retailer in the US, has developed a collaborative service that encourages its
employees to deliver online products to consumers’ homes [15]. In 2015, Amazon
implemented crowdsourced last-mile delivery by creating Amazon Flex, an on-
demand package delivery service that employs freelance workers to deliver same-
day delivery packages to final customers [16]. In addition to developments of this
system by leading e-retailers, multiple start-ups have been launched in recent
years that provide last-mile crowdsourced deliveries (e.g., Deliv, DoorDash, Hitch,
Postmates) [17]. These collaborative business models can be both attractive and
financially convenient for both operators and consumers as they can: (1) cut
financial and environmental costs, taking advantage of using existing assets and
resources; (2) increase the time and capacity flexibility for logistic operators and
customers in performing their respective actions; (3) reduce the number of
permanent drivers, driving kilometers, and double line parking thus implicitly
decreasing operational cost. However, difficulties in these novel business models
should not be underestimated regarding environmental sustainability, income
distribution equality, and system resilience. For example, Alnaggar et al. [17]
highlighted that there are many new challenges of making appropriate decisions
for crowdsourced delivery system including matching decisions, routing decisions,
scheduling decisions, and compensation decisions.



2-Urban freight transportation and last-mile logistics

Improvements in Technology. The new and emerging technologies, such as
digital connectivity, big data, and automation, can drive city logistics innovation
and potentially reduce the negative impacts on congestion, safety, and the
environment. Nowadays, data are everywhere. The availability of real-time data
from different sources, including transportation infrastructure sensors, global
positioning system (GPS) of vehicles, and various information systems from
logistics firms and shippers, can improve reliability, efficiency, and visibility of
freight transport operations. In addition, data is more and more openly available
and shared with customers, enabling them to view the real-time status of
deliveries via mobile devices and online platforms. However, there are still many
challenges. For example, data needs to be extracted and analyzed in real-time,
requiring advanced data analytics methods. Besides, the volume, velocity, and
variety of data arriving in real-time continue to accelerate. Therefore, logistics
firms need to transform these data into decisions quickly. However, embedding
and effectively using high-value information in the decision support system is
nontrivial, primarily when associated with uncertainty (i.e., demand, capacity,
travel times, etc.)

Large-scale Problems and Uncertainty. The growing demand in e-commerce
mentioned above has led to a rapid increase in freight movements in urban areas,
calling for the appropriate solutions for solving large-scale problems. Indeed, the
online shopping platforms allow consumers to order the fragmented demand more
frequently than collecting in the retail stores, resulting in vast parcel flows. The
high density of deliveries point-to-point leads to an increase in the delivery travel
distance and service times because of traffic and congestion. Besides, the
advances in technology enable consumers to buy a product or service through
online platforms at any time, which contributes to multiple types of uncertainty
for logistic systems. For example, the total demand, location, and travel time from
the distribution center to the final customers’ homes are unknown before planning
execution.

2.3 Smart city and its link to city logistics

This section starts with a brief introduction of smart cities and their essential
elements, followed by an extensive analysis of smart city projects (SCPs) in the
literature. It then ends with some results that highlight the link between city
logistics and smart cities.
2.3.1 Smart city and its key elements

Smart city, as technology and data-driven paradigm for sustainable city
development, has received more and more attention in recent years. It is essential
to understand the success and failure factors that influence smart city performance

10
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and its interactions with city logistics. There are some different definitions of the
smart city in the literature. The European Commission [18] reported that a smart
city has more efficient traditional networks and services that benefit its inhabitants
and business, taking advantage of the information and communication
technologies (ICT). It means a more interactive and responsive city administration,
more innovative urban transport networks, and better facilities locations. This
definition is aligned with the Smart City Foundations proposed by Harrison et al.
[19]. They define a smart city as “connecting the physical infrastructure, the IT
infrastructure, the social infrastructure, and the business infrastructure to leverage
the collective intelligence of the city.” Indeed, from a global view of a smart city,
it should be considered a place where different types of resources and advanced
technologies are well integrated. Smart cities actively involve various
stakeholders, including the residents themselves, transforming them from mere
observers to core contributors to innovation [20]. From the trend and challenges
described in section 2.2, it is clear that the top-level design of smart cities plays a
vital role in the reformation of city logistics. The smart city logistics solutions
should be in line with the logic of smart city design. For example, the
optimization of logistics activities is achieved based on the connectivity between
various stakeholders. This optimization process aims to fulfill consumer
expectation, minimizing operational cost, and related externalities including
climate change, air pollution, noise, and congestion. The key elements of smart
city logistics can be summarized as following:

e Digitalization and Big Data Analytics. Efficient data sharing is
fundamental to extracting high-value information from the big data on
city logistics, particularly the transportation sector. It contributes to data
sharing across the different transport stakeholders and thus can improve
the products and services. The Intelligent Transport System (ITS)
effectively combines various technology, infrastructure, service, planning,
and operation methods, supporting real-time data collection and decision-
making processes. The smart devices are deployed in the network of ITS,
such as sensors, controllers, GPS devices, mobile phones, cloud
computing, and IoT [21], which enable ITS to provide secure and
economic on-demand services.

e Collaboration among stakeholders. The cooperation of multiple and
diverse stakeholders is more and more critical as it can benefit for
increasing the transparency and communication between players. For
example, different managers and workers may have different cultures and
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backgrounds, resulting in a different understanding of operations or even
conflicts in practice.

e Flexible deliveries by multimodal transport. Multimodal transport means
the freights movements are involved with more than one mode of
transportation. It offers more efficient and sustainable delivery and has
thus developed as an essential component for city logistics worldwide.
Besides, multimodal logistics increase the capability of ITS to address the
uncertainty in dynamic decision-making problems in facing real-time
changes (i.e., customer demand, locations, service time, and travel times).
Perboli et al. [8] reported that the multiple delivery options benefit the
management of last-mile delivery in terms of economic and
environmental cost-saving, providing a flexible solution for on-demand
delivery services.

e Urban Consolidation Center. Urban Consolidation Centers (UCCs) are
logistic facilities located in urban areas that serve as terminals or satellites
for multimodal logistics systems. They collect packages from different
logistics firms, consolidate them, and then deliver them to final customers.
It can reduce the total travel distance and pollution for last-mile freight
transportation [22]. However, the efficient and sustainable operation of
UCC requires many supports from stakeholders: (1) political support; (2)
governance and financing viability; (3) strategic location design; (4) the
organization of the last-mile logistics.

In summary, intelligent city logistics combines digital technologies that
integrate stakeholders, systems, and transport means that interact with users to
develop a sustainable and environmental-friendly logistics system that fulfills
residents’ expectations.

2.3.2 Analysis of SCPs

This section aims to fill the gap by applying the taxonomy proposed by [23] to
a set of 199 outstanding SCPs globally to provide some relevant insights on the
critical success and failure factors of projects in the transportation industry.
Indeed, it emerged as the most predominant sector the city managers are looking
for sustainable development, reflecting the close link between transportation, City
Logistics, and Smart City.

Smart cities have received increasing attention in recent years. One part of the
literature addresses the concept of smart cities by elaborating the definitions,
applications, and main characteristics. For example, Albino et al. [24] provide an
in-depth analysis of the literature and identify the primary descriptions of smart
cities. Su et al. [25] identify the relevant content of the construction of smart city
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applications, including the wireless city, smart home, smart transportation,
intelligent public service and social management, smart urban governance, and
green city. Caragliu et al. [26] summarize smart cities’ common characteristics
from different perspectives concerning the smart economy, mobility, environment,
living, and governance. Moreover, Zanella et al. [27] elaborate on the smart city
concept and services, including buildings’ structural health, waste management,
noise monitoring, traffic congestion, city energy consumption, smart parking and
lighting.

Although the concept of smart cities lacks universality due to the different
vision and priorities, the improvement of people mobility and freight
transportation in urban areas through the adoption of ICT solutions represents one
of the main pillars to achieve a smart city, according to a consistent part of the
literature. For example, Xiong et al. [28] review intelligent transportation systems
for smart cities and illustrate the outlook of intelligent urban transportation in
China. Intelligent transport planning is introduced in the 12" Five-Year Plan, the
“Internet of Things” and “Smart City” major special projects.

Mohanty et al. [29] identify the different components of a smart city, such as
smart infrastructure, smart transportation, smart energy, smart healthcare, and
smart technology. The ICT, especially two emerging technology frameworks,
Internet of Things (IoT) and Big Data (BD), enables keys for improving smart
cities. Nowicka [30] presents smart city logistics on the cloud computing model
for a sustainable city. The internet technologies promoting cloud-based services,
IoT, use of smart phones and smart meters and RFIDs allow meeting the citizens’
demand-driven requirements in City Logistics. Moreover, Awasthi et al. [31]
apply a fuzzy TOPSIS method to evaluate sustainable transportation systems for
smart cities. It provides a multi-criteria decision-making approach for decision-
makers to assess the associated environmental costs, including air pollution, noise,
etc., which is regarded as the quality of life in modern cities.

Malindretos et al. [32] introduce the link between City Logistics and Smart
Cities reviewing the City Logistics models that have been implemented in Europe
for the sustainability and the growth of smart cities. The models that the authors
investigate concern the application of City Logistics measures as the Urban
Freight Consolidation Centres.

Although we recognize the importance of City Logistics to foster the
development of smart cities, we identify a lack of a global vision of the main
trends and patterns and the critical success and failure factors of these initiatives.
This study aims to fill the shortage in the literature concerning smart cities by
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proposing a cluster analysis of SCPs, based on a taxonomy with polythetic classes
[33]. The taxonomy used is illustrated in Figure 2.1.

From a methodological point of view, we built it following a three-step
method described by [33]. First, we began with an empirical analysis of the SCPs
ended, ongoing, or at least already funded in 2018, retrieving information about
projects from referred journals and conference proceedings as the source of Smart
City literature, deliverables of the projects, governmental and consulting reports.
This first phase yielded a selection of about 199 outstanding SCPs (25 in Europe,
55 in Canada, 25 in the USA, 20 in Brazil, 26 in Australia, and 48 in Asia),
making our analysis, even if not exhaustive, the most extensive screening of SCPs
in the selected areas.

According to the lean business methodology GUEST [34], we added to the
taxonomy a further level of analysis based on a managerial perspective, which
could help researchers and practitioners to define more appropriate business
models in future projects. For this purpose, for each SCP, we analyzed the value
proposition and the business model. The aim is to highlight the needs, gains, and
pains of the main stakeholders involved and the components needed to make the
project work, including the costs and revenues structures.

This further analysis represents a value-added for future real case studies and
research projects. Considering these results, government and project initiators
should be able to dene more appropriate business models and policies for Smart
Cities applications, anticipating the stakeholders' requirements in the early stage
of the project, with benefits regarding the success of the projects and financial
sustainability in the long run.

Taxonomy

The taxonomy (Figure 2.1) is composed of three different axes, representing
the three main criteria used to classify the various aspects of the SCPs. They are
Description, Business Model, and Purpose. In the following subsection, we briefly
describe the taxonomy, while the interested reader could refer for a detailed
discussion of each axis and category to the original work of [23].

Description. It provides an overview of the project and its context, with particular
regard to its categories, to the objectives faced and the industry (Objectives), the
tools and the technologies adopted (Key Enabling Technologies), the nature of the
project initiator (Project initiator), and the key actors involved in an SCP
(Stakeholders).

Business model. The increasing Smart City interest leads to the need for
redefining new business models and governance mechanisms. Thus, this axis
addresses the aspects related to project management and the business and
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2.3 Smart city and its link to city logistics

governance models. It investigates the nature of the project manager
(Management) and the providers of infrastructures, equipment, and financial
resources (Infrastructure financing and Financial Resources). In particular, an
essential building block of a Business Model is those concerning the key
resources [35]. In SCPs, they are mainly represented by physical assets as
infrastructures, equipment, vehicles, and devices or by financial resources
essential for the project realization. Private entities, public or mixed, can provide
these resources. According to the World Economic Forum [36], the private sector
has a pivotal role, supporting the planning of the needed infrastructure and
helping to address capacity issues across state governments and urban local bodies.
Purpose. This axis classifies the SCPs according to their final goal. It identifies
the user that will adopt and benefit from the solution developed by the project
(Client), the type of product (Product), and the geographical target (Geographical
target).

‘ Description |

Objectives Key Enabling Project initiator Stakeholders
Technologics

Cloud Computing Private City
Data Base Public Consu
DSS Mixed
Icr

Innovative Sensors University

Security Legal and financial

Business Model | | Purpose

Management  Infrastructure financing _ Financial Resources Client Product Geographical target

Private Private Privaie Private Specific Urban
Public Public Public Public No Specific National

Mived Mixed Mixed Mived International

Figure 2.1 Taxonomy

2.3.3 Trends of the transportation industry in SCPs

This section presents the results obtained from applying the taxonomy to the
sample of SCPs in different continents.

Concerning the Description axis, the results represented in Table 2.1 highlight
that transportation is one of the most frequent objectives in SCPs, particularly in
the United States (60%), Europe (52%), Asia (75%), and Brazil (60%). Moreover,
usually, transportation is combined with building, energy, and reduction of CO>
emissions objectives due to the high correlation of these sectors and mutual
benefits. These results are more significant in Europe and Asia. They relate to the
encouragement of the European Commission to zero-emission transport with the
Horizon 2020 program and the increasing attention of Asian countries on the City
Logistics topic.
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Table 2.1 Different objectives of smart city projects for each country”

Objectives USA Canada  Europe  Australia Asia  Brazil
Transportation 60% 44% 52% 46% 175%  60%
City Logistics 8% - 24% 8% 4% -
Energy 44% 45% 68% 50% 65% 95%
Buildings 20% 24% 56% 27% 48% 25%
CO2 Emissions 52% 33% 68% 46% 44%  100%
Water 24% 22% 8% 23% 39% 5%
Security 40% 33% 12% 12% 63% 20%
E-Governance 24% 25% 24% 15% 48% 35%
Social Innovation 40% 47% 32% 58% 63% 25%
Multi-Objectives 72% 69% 92% 69% 92%  100%

*The sum of the percentages of the objectives category is more than 100% due to the great relevance of the
multi-objective projects.

Due to the strict correlation between these industries, the SCPs that deal with
the transportation objective commonly involve critical enabling technologies
(Figure 2.2) as ICTs, new technologies (e.g., RFID and GIS), smart grids, and
innovative sensors. The results highlight the higher propensity of European, Asian,
and Canadian countries to adopt innovative technologies than the USA, where
Cloud Computing and database tools are the most present in projects focused on
logistics, transportation, and mobility of passengers and freight. This finding
reflects the increasing diffusion of the [oT paradigm for Smart Mobility and City
Logistics issues. In fact, according to Zanella et al. [27], urban [oTs are designed
to support the smart city vision, which aims at exploiting the most advanced
communication technologies to help added-value services for the administration
of the city and the citizens. For example, the Smart Columbus initiative in districts
in the Columbus Region adopts the ITS to deploy a Driver Assistive Truck
Platooning System. It is based on wireless technology to ensure the efficient and
safe movement of logistics-related vehicles.
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Figure 2.2 Key enabling technologies to deal with transportation in Smart Cities

The Grow Smarter initiative aims to guarantee a sustainable last-mile delivery
of goods in dense urban areas in Barcelona. The proposed solution consists of
installing an urban consolidation center for the micro delivery of goods, from
which the last-mile operators perform deliveries using electric tricycles. These
vehicles are equipped with IoT sensors to monitor environmental information (e.g.,
temperature, air pollutants, and humidity) and link them to their position through
GPS technology.

Moreover, many city managers are adopting innovative transport solutions
within the framework of the City Logistics to meet the biggest challenges that
smart cities are facing today (e.g., traffic and congestion). An example is the
URBeLOG project co-funded by the Italian Ministry of Education, Universities,
and Research under “Smart Cities and Communities and Social Innovation” [37].
This initiative aims to develop an innovative open, dynamic and cooperative
telematics platform combined with the adoption of infrastructure City Logistics
measures as the mobile depot, providing services and applications for the last mile
logistics in urban areas. Moreover, URBeLOG integrates main functions allowing
the development of processes, services, and applications for City Logistics of the
future (e.g., possibility to book loading/unloading zones, road pricing, and traffic
restrictions).

On the other hand, the governments aware of the need for more efficiency and
effective management of cities, due to the rapid urbanization, started to foster
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investment in ICT tools to improve the infrastructures and overcome socio-
economic problems. In the majority of the projects, the ICT infrastructure is
coupled with Operations Management and Operations Research tools to optimize
the operations. Fewer projects are using such methods to incorporate user
behaviors and integrate the business models. This trend confirms a more general
trend in Operations Management, relegating the Operations Research methods to
the operational and, sometimes, the tactical level and somehow losing the grip
with the managerial and business model and development phases.

Moreover, smart cities initiatives lead promoters to adopt measures to improve
transportation and mobility within urban and metropolitan areas attributed to
social sustainability. These initiatives usually combine objectives as
Transportation and Security, aiming to improve urban road safety.

Concerning the link between Smart City and City Logistics, Table 2.2
summarizes some SCPs with a strong emphasis on urban freight transport and
logistics, highlighting the City Logistics measure adopted, according to the
categories presented in the literature [37]. However, to our vision and as emerged
in Table 2.1, SCPs are still too focused on people mobility, disregarding the
potential for efficient and sustainable urban freight transportation in making cities
smarter.
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Table 2.2 Details of Smart City initiatives dealing with City Logistics

Project/Initiative Location City Logistics measure Details
Gold Coast City Loading zones and off-street loading
Transport Strategy Australia Infrastructure facilities for freight
2031 Multimodal urban arterial road
Infrastructure Consolidation center
Adelaide Smart Move  Australia . Management of smart parking and
Regulation, Technology loading zones by ‘“Park Adelaide”App
Ningbo Asia Technology Cloud Logistics and [oT
Multimodal trip planning tool
Technology, Conne'cted vehicles .
Smart Columbus USA Infrastructure Truck platooning through Intelligent
Transport Systems
Smart hub
Beyond Traffic: The Connected vehicle freight applications
Smart City Challenge USA Technology Intermodal terminal reservation systems
Kansas City Sensors
Technology, Electric vehicles
Triangulum Europe New business models .Last—mjk.e ce'lrgo bikes
Real time monitoring software and
hardware systems
Technology, Hybrid and' Electric vehicle's equipped
with on-board units
Online platform for logistics
URBeLOG Europe Infrastructure management of last mile and booking
loading/unloading zones
IoT sensors
Mobile depot
Technology, Electric vehicles
Infrastructure, New .
STRAIGHT SOL Europe business models Last-mile cargo bikes
Hybrid Urban Consolidation Center
GPS based monitoring system
Sharing Cities London- Implement Electric vehicles in Ci
Mi]an—iisbon Europe Technology w Logistics N
REMOURBAN Europe Technology Electric vehicles
Electric vehicles
Smart traffic management and
Growth Smarter Europe Technology sustainable delivery systems
Micro distribution of freight with the use
of sensors
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We looked at the managerial aspects representing our approach's novelty
regarding the categories Project Initiator, Stakeholders, Management,
Infrastructure Financing, Financial Resources, and Client. It emerges a massive
public sector engagement in the SCPs focused on the transportation industry due
to the enormous investment required by the infrastructures and the solutions for
freight transport and intelligent mobility. For example, according to Li et al. [38],
the rapid development of smart cities, particularly in China, is primarily attributed
to the cooperation between IT companies and the government. This aspect
highlights a general policy of the Chinese government to accelerate high-tech and
strategic startups by putting them in SCPs with more significant funds. Besides,
North America is more shaped by pro-business influences. The private sector
assumes a valuable function as project initiator, provider of financial resources,
and client, compared to the other countries as Europe that historically has been
more welfare-oriented.

Some success factors, including the partnerships and business model, are also
investigated. The current trends of partnership, infrastructure financing, and
financial resources for SCPs are mixed, combining the advantages for both private
companies and public institutions. Figure 2.3 shows the partnership in SCPs is
hybrid for all the countries. The infrastructure financing and financial resources
have the same results. According to Chen et al. [39], cities can benefit from
intelligent mobility investments by involving all the public and private actors
collaboratively and transparently.
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Figure 2.3 Business model and geographical target in SCPs
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Another interesting outcome is that the geographical target of SCPs mainly
focuses on the urban area, except for Europe and Brazil. It can be explained by the
emerging need for demand-driven related ICT solutions, such as the car and bike-
sharing system, on-demand delivery, and parking schedule. While considering
Europe and Brazil, the more targets focus on the layer of international cooperation.

The efficiency of City Logistics is strongly affected by conflicting personal
preferences and multi-attribute decision-makers. From the perspective of
stakeholders, this paper analyses the perceptions of five different stakeholders,
including City, Citizens, Administration, SMEs, and Universities, for all
investigated countries. According to Table 2.3, the central stakeholders for all
countries are City, Citizens, Administration, and SMEs. Almost all the
perceptions are larger than 70%, with some 100% perceptions. On the contrary,
University is less involved actors for four countries, with only 40% for the USA,
33% for Canada, and 27% for Australia and Asia. This result can be explained by
the different intentions of local universities and the different levels of cooperation
between government and universities. All stakeholders play the primary role of
the SCPs for Europe and Brazi since all the perceptions are larger than 80%. Note
that these two counties also pay more attention to international cooperation,
according to Figure 2.3. In particular, Citizens is one of the most significant
stakeholders since all the perceptions are larger than 87%. Considering that
transportation is the most frequent objective in SCPs, efficient urban mobility
requires improving citizens' participation.

Table 2.3 Different Stakeholders of smart city projects for different countries

Stakeholders USA Canada Europe Australia Asia Brazil
City 76% 95% 80% 100% 100% 100%
Citizens 100% 87% 96% 100% 100% 100%
Administration 80% 76% 80% 62% 98% 100%
SMEs 88% 80% 100% 73% 83% 100%
Universities 40% 33% 88% 27% 27% 85%
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Chapter 3

A managerial analysis of urban
parcel delivery

Urban freight transportation and parcel delivery have been subjected to
significant paradigm shifts in recent years caused by the urbanization and
development of megacities. Urbanization and globalization increase freight flow
dramatically, with a considerable impact and challenge on the supply chain.
Freight movements contribute significantly to congestion and environmental
issues in the urban area. Recent phenomena as the on-demand economy, e-
commerce, and advanced digital technologies, enlarge the framework of city
logistics. Customers request more flexible and fast deliveries such as same day
and even within 2 hours delivery. It is thus crucial to develop innovative strategies
to build a more efficient, cost-effective, and sustainable city logistics system.

Besides, the increasing attention on the environmental impact of urban freight
transportation (e.g., congestion, noise, climate change, and air pollution)
stimulates the application of non-motorized transport tools to move people and
goods (e.g., bikes and cargo bikes), new delivery options (e.g., lockers) and
collaborative business models [40, 41]. However, integrating different delivery
options is not straightforward, owing to the interactions and conflicts among
actors, their business models, and the technologies themselves [42, 43].

To cope with the different issues of such a complex system, City Logistics
develops many initiatives and proposals to optimize the traffic flow and jointly
address the economic, operative, social, and environmental sustainability of
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transportation and logistics. Furthermore, it mitigates the inefficiencies and
externalities, which are more evident in the last-mile segment of the supply chain
[23]. However, despite the rich literature and state-of-the-art City Logistics, not
all solutions and proposals are successfully implemented.

e They lack support and commitment from the different stakeholders (with
diverse expertise) in the urban areas, missing a managerial perspective in
designing sustainable policies appropriate for freight transportation and
logistics.

e The implementation and proposal focus too much on the technical
aspects as platforms, or optimization tools, missing a global vision and
ignoring the coordination of different actors and their interactions.

To the best of our knowledge, a holistic vision of such a complex and hyper-
connected system that integrates actors’ behavior analysis, economic and
managerial considerations into simulation and optimization tools has little
attention in the literature. The study by [40, 44] are the first attempt to overcome
this lack. The authors in [44] developed a last-mile typology and an instrument to
simulate the total last-mile costs.

In this work, we integrate green transportation modes with traditional systems
in business models, cost and revenue structures, and policies. First, we identify the
different players in the transportation and parcel delivery system. Then, we
consider several combinations of traditional vehicles (e.g., trucks and vans) and
green carriers (e.g., electric or hybrid vehicles, bikes, and cargo bikes),
investigating their business models and behaviors from a managerial perspective.
Finally, a Lean Business methodology named GUEST is used to understand the
context and gather information and data for solving the optimization problem.

This chapter 1is organized as follows. Section 3.1 introduces the
multidisciplinary methodology in this study. Section 3.2 describes details of the
managerial analysis of the urban parcel delivery and presents the business models
of the actors. These actors’ operational models are discussed in Section 3.3
regarding the times, distances, and costs (both operating and environmental)
associated with different types of vehicles. Finally, in Section 3.4, we introduce
our Monte Carlo-based simulation-optimization framework.

3.1 Methodology

The GUEST methodology is a Lean Business approach inspired by [45] and
other lean startup applications, adapted for multi-actor complex systems (MACSs),
such as city logistics [46, 47]. It is applied to analyze the actors’ and stakeholders’
needs from the early phases of the solution design to the different stages of the
development and implementation. The development can thus be guided to meet

23



3-A managerial analysis of urban parcel delivery

stakeholders' needs from both the business model and operational aspects. The
results provide a higher commitment from the different actors and market
acceptance of the outputs, which can guide the creation of the new collaborative
business models, mitigating the problems in current City Logistics measures. The
fundamental five steps of the GUEST methodology are the following:

* Go. We first investigate the stakeholders in City Logistics, particularly the
last mile segment application, analyzing their current behavior and internal and
external forces that interact with them and affect their businesses. We mainly
focus on an international courier delivery service operating in Italy, particularly in
Europe, in general. The purpose is to gather information and obtain a complete
description of the stakeholders’ profiles, including their needs and cost structures.

* Uniform. The knowledge of the system must be assessed in a standard way
to obtain a shared vision of the MACS. In this phase, we apply the Business
Model Canvas to describe the governance and business models [45]. It is a
graphical tool used to understand how the proposed solutions enable the creation
of value for the involved stakeholders. It can simply and holistically present how
integrating traditional transportation modes, and green delivery options can fulfill
different operators' needs and benefit their gain. Besides, a SWOT analysis is used
to identify the opportunities and threats of this integration.

* Evaluate. We propose a deep analysis and comparison to identify the key
factors linking the business and operational models. Moreover, we explicitly
describe the entire structure of the costs and revenues for each transportation
option. Finally, the main variables that affect last-mile logistics in urban areas
(e.g., travel distance and delivery time) are used to conduct a performance
analysis of the traditional and green delivery options, supporting the integration of
business and operational models.

* Solve. A simulation-optimization approach is conducted to obtain a
comprehensive vision of the overall complex system based on the managerial
analyses undertaken in the previous phases.

» Test. The results of the Monte Carlo simulation are analyzed and discussed
to deduce mixed-fleet policies.

As highlighted by the authors in [40, 48], many benchmark instances for
testing city logistics solitons do not come from actual or realistic settings. Still,
they are generated based on the classical instances or artificial data, making
difficulties and inaccuracy of assessing new models. In this work, we use three
streams of realistic data concerning the business models, the cost structures, and
the operations of all the stakeholders. These data are obtained from a major
international parcel delivery company operating on all continents and involved in
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the URBan Electronic LOGistics (URBeLOG) project and the stakeholders
involved in the Synchro-NET H2020 project [47, 49, 50]. In addition, the
information and data concerning the business models and cost structures are
collected from interviews with the Chief Executive Officer (CEO), Chief
Operating Officer (COO), and the company's marketing directors.

3.2 Managerial analysis of the urban parcel delivery

Multiple actors with conflicting goals and objectives are involved in the city
logistics and parcel delivery system. We list the five main actors as follow:

* International courier. The company operates the delivery services at
international and national levels, particularly the long-haul shipments.

* Traditional subcontractor. Once the freights arrive at the urban distribution
centers from the long-haul shipments, the traditional subcontractor operates their
deliveries service in the last-mile segment. It is usually a small or medium-sized
company, generally organized as a legal form of cooperatives with limited
financial and fleet capacity.

* Green subcontractor. It is a small firm with a business model similar to the
traditional subcontractor. However, a vital component of its value proposition
relies on the low environmental impact of the delivery activity, taking advantage
of adopting green vehicles.

* Customer. This category refers to the final receiver of parcel delivery
services. There are different customer segments: business-to-business (B2B),
business-to-consumer (B2C), consumer-to-business (C2B), consumer-to-
consumer (C2C), and intra-business.

* Authority. It represents the local public administration designing policies for
freight transportation in urban areas. It mitigates the negative externalities in
transportation activities and the related social costs.

This section presents the analysis of the leading industry-driven operators,
analyzing their business profiles and interactions. In particular, we use a business
development approach based on the Business Model Canvas, which has not
received relevant interest in the literature.

3.2.1 Business model of international couriers

Figure 3.1 depicts the Business Model Canvas of the international courier. Its
main customers are listed in the following segments, each with different behaviors
and goals. The B2B segment consists of firms that employ couriers to deliver
products in their logistic chain towards other companies. It includes e-commerce,
involving freights flows between e-retailers and producers. The B2C segment
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consists of companies that sell products directly to customers, bypassing supply
chains, such as e-stores and online platforms.

On the contrary, the C2B segment represents returning goods in reverse
logistics for different reasons, including waste collection, products recycling,
customer rejections, or requests mismatches. The delivery services provided for
personal needs between individuals who require to send goods or documents are
parts of the C2C segment. Finally, intra-business companies employ couriers to
move products among their different plants and warehouses. The international
courier provides time-sensitive transportation services as one of its value
propositions, pushed by the strict and short time windows. They also consider the
flexibility and reliability of the delivery to deal with the increasing customer
requests in the on-demand economy. Another value proposition component is a
superior customer experience, taking advantage of shipment efficiency, speed,
reliability, and security. Besides, consumers benefit from customized delivery
services for different products (e.g., fragile or perishable products) in last-mile
delivery. The international courier provides two types of value (i.e., cost
optimization service and sales market extension) to small and medium-sized
business customers.

On the one hand, express deliveries allow firms to reduce the inventory level
in a Just-In-Time orientation and optimize production processes and costs. On the
other hand, the sales market extension is strictly related to the customer strategy.
Value propositions are delivered to customers through different channels (e.g.,
direct and indirect channels). Website and mobile applications are used as the first
contact points with customers, raising the awareness of services and helping them
understand the added wvalues. Physical structures, such as retail stores and
shopping malls, provide physical contact and interaction for customers. As one of
the marketing strategies, brand identity is related to another type of channel.
International carriers show their brand through personalized vehicles or digital
advertising to increase public notice. The indirect channels are mainly available
on partner-owned websites in e-commerce. The availability of websites, help
desks, and call centers is used to foster customer relationships. These services
provide customers with support and assistance in any phase of the delivery
process, offering a high level of customer experience and increasing customer
stickiness. As highlighted in the value chain analysis conducted by LUISS
Business School and Associazione Italiana Corrieri Aerei Internazionali (AICAI)
[51], the main activities that represent the core business of the international
couriers are operations management and customer care. Operations management
involves normal activities including route planning, intermodal transportation,
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pickups, and deliveries, checking the overall process) while customer care
consists of customer relationship management related to every step in the delivery
process: pre- and after-sales support, tracking and tracing of parcels, proof of
delivery. To maintain its business model, the international courier creates
partnerships and alliances with high strategic value. The key partners, such as
suppliers, subcontractors for outsourcing activities in the last mile, cargo operators
and handling agents, logistics, and commercial joint ventures, are all considered to
make the business more efficient and develop new models. Finally, other
partnerships are generated with local administrations to fulfill government
regulations and ensure the sustainability of parcel delivery in urban areas (e.g., the
URBeLOG project [50]). The international courier pays for critical resources to
support the business model. These resources include materials (e.g., fuel costs,
packages, consumables, etc.), staff costs, inventory costs, handling fees,
acquisition and maintenance of vehicles, equipment, ICT systems and facilities,
operation costs, and subcontractor fees in outsourcing parts. Other costs include
marketing and advertising expenditure and those related to risk management.

Key Partners Key Activities Value Pr C Relationshi Cust S
* Suppliers * Process and operations +  Time-sensitive * Retail stores * Business-to-Business
*  Subcontractors management transportation services *  Web site (B2B)

*  Cargo operator and +  Customer care Express deliveries *  Help desk * Business-to-Consumer

handling agent
*  Joint Venture
* Local administration

*  Superior customer

* Costs optimization

+ Sales market extension

experience

*  Call center
*  Locker
*  Community

(B2C)

¢ Consumer-to-Business

(C2B)

* Consumer-to Consumer

(C2C)
* Intra-Business

Key Resources Channels

*  Direct channels
Web site and mobile apps
Retail stores

¢ Physical assets
Vehicle flects
Warehouses and retail

stores Brand identity

* Intangible assets * Indirect channels
ICT Partner web sites
Licenses
Partnerships

* Human resources

Revenue Streams
* Revenues from time-sensitive delivery services

Cost Structure

* Costs of materials (e.g., fuel costs, packaging, consumables)

*  Personnel costs

* Assets costs (e.g., vehicles, equipment, structure and warehouses, software)
+ Handling fees

* Subcontractors fees

* Marketing & advertising

* Risk management

*  Other operative costs (auditor and governmental)

Figure 3.1 Business Model Canvas of an international courier

3.2.2 Business model of traditional subcontractors
As described previously, international couriers outsource delivery services in
the last-mile segment of the supply chain to subcontractor couriers (see Figure 3.2
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for the BMC), increasing operational efficiency and customer stickiness.
Outsourcing offers value for customers by several benefits in terms of cheap, fast,
and flexible delivery. It takes advantage of good management of activities in
urban areas concerning peak demand and temporal constraints forced by time-
sensitive deliveries (e.g., prime customers, disaster relief [52]). The traditional
subcontractor reaches their customers through commercial agreements and tenders.
The relationship between subcontractors and customers is thus established and
maintained by a constant negotiation and information exchange along with all
delivery activities (e.g., tracking services and feedback), ensuring the co-creation
of value for the final user. The coordination with international courier customers
plays a key role, fundamental for the success of multimodality and the well-
functioning of the on-demand logistics, with the consecutive satisfaction of final
users. Other critical activities for the traditional subcontractors are the optimal
management of delivery services and the scheduling of dispatchers to achieve
high efficiency and reliability. It is coping with the challenges such as timeline
constraints, the risk of delivery failure (approximately 12% of all deliveries) [53],
and the last-mile split delivery problem [54].

Key Partners Key Activities Value Propositions C Relationshi Custi S
*  Suppliers of strategic assets |* Operations and dispatchers [+ Last mile parcel deliveries |* Information exchange ¢ International courier
(vehicles) management ( ground * Efficiency and flexibility process (tracking and
« Drivers operations) *  Geographical coverage feedback)
*  Anomalies management *  Costs reduction
= Coordination with ¢ Focus on core business
international express activities
courier ¢ Access to specialized

resources and know-how

Key Resources Channels

* Physical assets * Commercial agreements and
Vehicle fleets (van) tenders
‘Warehouses *  Website

* Human resources

Cost Structure Revenue Streams

¢ Costs of materials (e.g., fuel costs, consumables) ¢ Revenues from last mile parcel delivery services
*  Personnel costs

*  Assets costs (e.g., vehicles, equipment, structure and warehouses)

*  Penalties

Figure 3.2 Business Model Canvas of a traditional subcontractor
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3.2.3 Business model of green subcontractor

The increasing attention on environmental issues forces the logistics
companies to develop innovative business models that guarantee the sustainability
and efficiency of urban transportation, particularly the last-mile parcel deliveries.
These companies apply business models similar to traditional subcontractors
while considering their activities' environmental issues, often using bikes and
cargo bikes as the green delivery options. Figure 3.3 depicts the BMC related to
the green subcontractor. The international courier is the primary customer
segment of the green subcontractor that outsources the last-mile operations and
includes the B2B and B2C components for intercity and intracity postal services.
The green subcontractors provide the value proposition by cycle-logistics services
capable of overcoming the difficulties and complexities of parcel deliveries in
urban areas. Indeed, there are different City Logistics regulation measures,
including mobility restrictions (e.g., low traffic zones (LTZ) and low emission
areas), inadequate or insufficient infrastructure (e.g., unavailability of
loading/unloading zones). In addition, cycle logistics provide customers with
different gain creators and pain relievers, such as speed, punctuality, and flexible
service.

The better operation of bikes in city traffic and the integration between
traditional vans and bikes decrease the operation cost reductions (e.g., fuel,
insurance, parking fine, etc.) and maintain high service quality. The size of parcels
delivered by green subcontractors is reduced dramatically into small-sized
packages, between 0 to 3 kg, or up to 6 kg. Finally, the last value proposition for
customer segments is offered by the green image and credentials needed to
generate a sustainable supply chain. Green subcontractors use websites as the first
channel to reach their customers. Information and advertising can be put on
websites to increase awareness and knowledge of their services. Other channels
(e.g., media and interviews in magazines) are used to specialize in transportation
and environmental issues. Traditional and green subcontractors establish and
maintain relationships with customer segments by constant information exchange
among delivery activities such as tracking services, feedback, and information
about CO2 savings. The main revenue stream for green subcontractors is the
income they earn from customers for the last-mile parcel delivery services sale
and cycle logistics, revenue from CO2 savings and the carbon credit trading, and
fees and royalties from affiliates. Physical assets (i.e., bikes and cargo bikes,
warehouses) and human resources (i.e., bikers) are the critical resources used to
ensure the operation of the business model. In this model, the performance of
bikers, external factors (e.g., weather condition, fatigue, and workload scheduling)
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can significantly influence the service quality and functioning. Other critical
resources contain intangible assets, including partnerships that can reduce the
repeatability of the model by competitors, the ICT tools and software applied to
optimize operations management [55].

Key Partners Key Activities Value Propositions Customer Relationships Customer Segments

« Technological partners * Operations and dispatchers |+  Cycle-logistics services + Information exchange * International courier

* Investors management * Costs optimization process (tracking, feedback, |+ B2B and B2C for intercity
*  Partner *  Anomalies management *  Small sized parcel delivery CO2  savings) and intracity postal

* DBikers *  Fund raising (0-3 kg and 3-6 kg) services

¢ Local administration *  Green image and green

credentials

Key Resources Channels

¢ Physical assets *  Website
Vehicle fleets (bikes and * Media and interviews
cargo bikes)

Warchouses
¢ Human resources (bikers)
* Intangibles assets

Partnership
IcT
Cost Structure Revenue Streams
»  Costs of materials (e.g., consumables, bags) * Revenues from last mile parcel delivery services
*  Personnel costs * Revenues from CO2 savings and carbon credits trading

*  Assets costs (e.g., vehicles, equipment, structure and warehouses, ICT tools)
*  Marketing & advertising

Figure 3.3 Business Model Canvas of a green subcontractor

From the analysis of BMCs, all operators provide their customer segments
with a value proposition consisting of time-sensitive transportation services and
express delivery. However, the inherent dynamic factors in transportation and
parcel delivery services affect the performance of this complex system. Indeed,
the major international couriers in the industry do not operate the entire process,
while they outsource the deliveries in the last-mile segment to traditional and
green subcontractors. This process enables better operational performance and
economic efficiency, mitigating the issues caused by the diffusion of
subcontracting and the partial autonomy of fleet managers, leading to customer
proximity.

The SWOT analysis (Figure 3.4 and Figure 3.5) and the Business Model
Canvas demonstrate that, for traditional subcontractors, the main weaknesses and
threats are their influence on the environment and the critical issues affecting
European regions, including traffic and congestion, LTZ, and the unavailability of
loading and unloading zones. These factors compromise the management of
deliveries, such as adverse conditions for couriers with traditional vehicles. On the
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contrary, green subcontractors have strengths on these same points, as they apply
low-emission vehicles (e.g., bikes) with a low environmental impact in last-mile
parcel deliveries. Green subcontractors are thus able to earn additional income
from CO2 savings and carbon credit trading, as highlighted in the revenue streams
block of the BMCs (Figure 3.3). However, the capacity limitation of bikes is one
of the main drawbacks in the operational model of green subcontractors. This
limitation is partially overcome using next-generation cargo bikes, which have a
maximum payload of around 100-150 kg per bike, based on the estimation in
Europe by [56]. The SWOT analysis highlights a threat related to the competition
between traditional and green subcontractors. The strategy of the international
courier can also affect the competition, as they can guide subcontractors using a
financial lever. The pure cost competition between traditional and green
subcontractors in the same geographical area originates a price war, which
decreases their profitability or differentiation in terms of service quality for the
final customer.

Moreover, as highlighted in [42], a similar situation might happen when a fleet
is owned internally by an international courier. Besides, the partial organizational
independence of local depot fleet managers and their strategic objectives in cost
reductions might have similar effects to those of a price war between traditional
and green subcontractors. From the analysis of the financial structure of each
business model, the costs related to the vehicles and the social costs associated
with the negative externalities have considerable relevance. To further analyze the
relevance, we investigate these costs through quantitative research in Section 3.3.
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STRENGHTS

Availability of ICTs and innovation

Tools based on Operational Research
methods and models for the optimization
of routes and loads

Availability of vehicles with high loading
capacity to delivery large-sized parcels

OPPORTUNITIES

Urbanization and demographic growth
Intermodality and integration with green
vehicles

Intelligent Transportation Systems
Impact of Just-In-Time, e-Commerce,
on-Demand economy

WEAKNESS

* Negative externalities and associated
social costs (e.g., traffic and congestion,
emissions)

THREATS

« Climate change and environmental
impact of vehicles

» Complexities of the last-mile segment
(e.g., mobility restrictions in urban areas)

« Competition with new business models
based on very low environmental impact
and flexibility

+ Pressure for fast and cheap deliveries

Figure 3.4 SWOT analysis for

the traditional subcontractor

STRENGHTS

Availability of ICTs and innovation

Tools based on Operational Research
methods and models for the optimization
of routes and loads

Availability of simple vehicle

OPPORTUNITIES

Urbanization and demographic growth
Awareness on sustainable transportation
Complexities of the last-mile segment
that affect the performance of traditional
vehicles (vans)

Intelligent Transportation Systems
Impact of Just-In-Time, e-Commerce,
on-Demand economy

WEAKNESS

* Vehicle with limited load capacity
+ Biker performance subjected to physical
fatigue

THREATS

« Complexities related to the impact of
climate conditions on performance

+ Competitors with higher load capacity
and low environmental impact (e.g.,
electric vans)

» Pressure for fast and cheap deliveries

Figure 3.5 SWOT analysis for the green subcontractor
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3.3 Operational model analysis in parcel delivery

As shown in the previous analysis of BMCs, combining traditional and green
subcontractors might have benefits in terms of efficient last-mile delivery. In the
meantime, it may cause a price war, decreasing the service quality. It is thus
critical to further understand the cost and performance structure of the system. We
mainly focus on operating cost and environmental costs as follow.
3.3.1 Operating costs analysis

We consider four types of vehicles: gasoline-fueled, diesel-fueled and electric
vans, and cargo bikes reflecting the transition occurring in the industry and the
standard vehicles composing the fleets of the large portion of delivery couriers. In
addition, we consider the electric vehicle e-NV200 adopted in the partnership
between Nissan Motor Co. Ltd. and DHL Express within the “GoGreen" program
[57]. We estimate the operating and environmental costs for each class of vehicles
as well as the different environmental and economic impacts, including
investment, fleet management, and maintenance requirements, emissions. The
Operating Costs per Kilometer (OCK) related to each type of vehicle are
estimated and compared to identify the most cost-efficient, considering the
operative performance. According to [58], the OCK includes both variable costs
(e.g., gasoline) and the total cost of ownership, which are expressed in Euro per
kilometers traveled in the last-mile segment [e/km]. This cost is composed of
variable costs and fixed costs. The latter is not proportional to the distance, and
the courier incurs regardless of the vehicle’s usage degree. The OCK function is:
FC+VC (w+tx+i+p)+(f+t+mr)

TK TK
Where, FC, VC, and TK represent the total annual fixed costs, variable costs, and
traveled kilometers, respectively. The entity of each item has been estimated
through primary data from market research on the commercial practices applied
by the different stakeholders. Besides, it has been supported by formulating

OCK =

specific assumptions on the use conditions of the vehicles benchmark. These
items and assumptions are listed in Table 3.1:
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Table 3.1 Item description and estimated values

Item description Estimated Values
Total annual traveled kilometers 25000 km\year
Total annual hours to reach customer destination

. . 2000 hour\year
and to do delivery operations
Commercial speed of vehicles in urban areas 35 km\h
Completed deliveries of each driver 80 deliveries per day

Average time of all operations including parking of the

4.5 mi li
vehicle and collecting the proof of delivery 5 min\delivery

Each component of cost has charged in refers to the

technical life cycle of the vehicle 5 years

The components of fixed and variable costs are briefly presented as follows.

* Purchase cost of the vehicle (v). It is estimated based on the realization by
the fleet manager section of several car dealers. It is referred to as a leasing
agreement of 5 years, considering both the interest and principal payments on the
loans. The company operating for transportation and parcel delivery activities will
manage the asset’s depreciation and amortization schedule during this time
horizon. A straight-line depreciation method is used to represent the simplest and
most applied depreciation method in the market. We refer to the term as the so-
called “useful life” based on the number of years the vehicle is expected to be a
valuable asset for the logistics company. In our case, we adopt a life cycle of 5
years for both vehicles and batteries.

* Vehicle taxes (tx). It considers the vehicles' expenditures and taxes based on
the current regulations (i.e., the ownership tax).

* Insurance (i). It is the total cost of the truck liability insurance accounting
for the vehicle capacity and the third-party cargo insurance, excluding the theft
and fire insurances. Several insurance companies offer the average value of the
prices, according to secondary research.

* Personnel costs (p). It is the total salary payable to a driver, including taxes
and employees’ social security contributions, based on the National Collective
Labour Agreement prescribed for the category to which they belong.

* Fuel (f). The total cost contains both fuel supply (fossil and diesel) and
power supply. Their values are estimated by the consumption derived from the
technical specifications offered by the manufacturer. The average monthly
domestic prices are used to measure the cost of petrol and diesel fuel, according to
the statistical data elaborated by the Italian Ministry of Economic Development
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for 2018. Besides, the electricity price is calculated as an average cost from the
fees charged to the business customers by major energy industry suppliers.

» Tire costs (t). They are based on the list prices charged by the leading
manufacturers, considering a 15% discount by a corrective factor to purchase high
quantities for the whole fleet. In addition, the average usage is about 50000
km/year (data estimated and given by fleet managers).

» Maintenance and repair costs (mr). They are estimated based on data from
the Automobile Club Italia (ACI) [59] and related to the expenditures for the
activities needed to keep the vehicle's performance during its life cycle. These
activities are grouped in time or condition-based maintenance to prevent adverse
events and maintain the standard use conditions. Otherwise, it is considered as
breakdown maintenance or repair after a failure occurrence.

Tables 3.2-3.4 show the different cost items for the fossil-fueled, diesel-fueled,
and electric vehicles.

Table 3.2 Operating Costs per Kilometre related to the fossil-fuelled vehicle

Cost item Benchmark value  Technical life cycle  Annual cost ~ Commercial Speed  Total km OCK
[€] [years] [€] [km/h] [km] [€/km]
Purchasing cost of vehicle
Advance payment 5000.00 5 1000.00 35 25000 0.0400
Lease fees and other insurance 11820.00 5 2364.00 35 25000 0.0946
Stamp duty 16.00 5 3.20 35 25000 0.0001
VAT 22% 3703.92 5 740.78 35 25000 0.0296
Total purchasing cost of vehicle 20539.92 4107.98 0.1643
Vehicle taxes
IPT 319.00 5 63.80 35 25000 0.0026
DMV costs and PRA 100.00 5 20.00 35 25000 0.0008
Stamp duty 208.98 208.98 35 25000 0.0084
Total vehicle taxes 627.98 29278 0.0117
Insurance
Average truck liability insurance costs 2680.33 35 25000 0.1072
Total insurance cost 0.1072
Maintenance and repair costs
Maintenance and repair costs 0.0573
Total maintenance and repair costs 0.0573
Tyres costs
Average tyres costs 311.15 35 25000 0.0124
Average tyres costs 0.0124
Personnel costs
Personnel costs 56000.00 35 25000 2.2400
Total personnel costs 2.2400
Vehicle fuelling
Price per litre Consumption Commercial Speed Totalkm  Cost per Kilometre
[€/1 [€/100km] [km/h] [km] [€/km]
Average manufacturing price 0.5375 0.072 35 25000 0.0387
Average production tax 1.0069 0.072 35 25000 0.0725
Total vehicle fuelling costs 0.0112
TOTAL OCK €/km 2.7042

35



3-A managerial analysis of urban parcel delivery

Table 3.3 Operating Costs per Kilometre related to the diesel-fuelled vehicle

Cost item Benchmark value  Technical life cycle  Annualcost  Commercial Speed  Total km OCK
[€] [years] €1 [km/h] [km] [€/km]
Purchasing cost of vehicle
Advance payment 5000.00 5 1000.00 35 25000 0.0400
Lease fees and other insurance 13740.00 5 2748.00 35 25000 0.1099
Stamp duty 16.00 5 3.20 35 25000 0.0001
VAT 22% 4126.32 5 825.26 35 25000 0.0330
Total purchasing cost of vehicle 22882.32 4575.46 0.1831
Vehicle taxes
IPT 319.00 5 63.80 35 25000 0.0026
DMV costs and PRA 100.00 5 20.00 35 25000 0.0008
Stamp duty 170.28 170.28 35 25000 0.0017
Total vehicle taxes 627.98 29278 0.0102
Insurance
Average truck liability insurance costs 2680.33 35 25000 0.1072
Total insurance cost 0.1072
Maintenance and repair costs
Maintenance and repair costs 0.0625
Total maintenance and repair costs 0.0625
Tyres costs
Average tyres costs 311.15 35 25000 0.0124
Average tyres costs 0.0124
Personnel costs
Personnel costs 56000.00 35 25000 2.2400
Total personnel costs 2.2400
Vehicle fuelling
Price per litre Consumption Commercial Speed Totalkm  Cost per Kilometre
[€/1] [€/100km] [km/h] [km] [€/km]
Average manufacturing price 0.5593 0.048 35 25000 0.0268
Average production tax 0.8763 0.048 35 25000 0.0421
Total vehicle fuelling costs 0.0689
TOTAL OCK €/km 2.6843
Table 3.4 Operating Costs per Kilometer related to the electric vehicle
Cost item Benchmark value Technical life cycle Annual cost  Commercial Speed  Total km OCK
€] [years] [€] [km/h] [km] [€/km]
Purchasing cost of vehicle
Advance payment 5000.00 5 1000.00 35 25000 0.0400
Lease fees and other insurance 21756.00 5 4351.20 35 25000 0.1740
Battery rental fee 4320.00 5 864.00 35 25000 0.0346
Stamp duty 16.00 5 3.20 35 25000 0.0001
VAT 22% 6840.24 5 1368.05 35 25000 0.0547
Total purchasing cost of vehicle 37932.24 7586.45 0.3035
Vehicle taxes
IPT 319.00 5 63.80 35 25000 0.0026
DMV costs and PRA 100.00 5 20.00 35 25000 0.0008
Stamp duty - - -
Total vehicle taxes 419.00 83.80 0.0034
Insurance
Average truck liability insurance costs 932.50 35 25000 0.0373
Total insurance cost 0.0373
Maintenance and repair costs
Maintenance and repair costs 0.0540
Total maintenance and repair costs 0.0540
Tyres costs
Average tyres costs 230.92 35 25000 0.0092
Average tyres costs 0.0092
Personnel costs
Personnel costs 56000.00 35 25000 2.2400
Total personnel costs 2.2400
Vehicle fuelling
Average price of electricity Consumption Commercial Speed Total km  Cost per Kilometre
[€/kWh] [kWh/km] [km/h] [km] [€/km]
Average price of electricity 0.0672 0.1650 35 25000 0.0111
Total vehicle fuelling costs 0.0111
TOTAL OCK €/km 2.6584
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3.3.2 Environmental costs analysis

The carbon footprint is defined as the total amount of greenhouses gas emitted
directly or indirectly by an activity, a product, a company, or an individual,
according to the technical specification ISO/TS 14067:2013 “Greenhouse gases —
Carbon footprint of product - Requirements and guidelines for quantification and
communication.” We thus calculate the emissions for the last-mile delivery
process that is in line with the technical specification. We consider the emissions
derived directly from fuel combustion, the indirect emissions generated by the
production process of fossil fuel, and the consumption of energy related to the
charging of batteries. As our study focuses on the last-mile segment, we ignore
the emissions generated from long-haul transportation and vehicles' production
and disposal process. We also consider other pollutants originated by the
transportation process, such as nitrogen oxides (NO,) which are transferred into
CO2, using a relevant factor of 4.7 kg per liter of fuel consumed [60]. To
investigate how the cost efficiency of the courier is affected by environmental
impacts, we denote the carbon footprint in economic terms by using the Pigouvian
tax, known as the carbon tax, according to the price paid for CO2 emissions in the
atmosphere (see Table 3.5). This price mechanism aims to reduce emissions by
making it cost-effective to switch to innovative technologies, mitigating non-
green behaviors and environmental impacts. We conduct a scenario analysis
imposing different values of the carbon tax, according to the tariffs adopted in

some countries (e.g., 17 % in France[61] and 150 % in Sweden[62]).

Table 3.5 Cost analysis results

Costs Tariffs Carbon Tax [€/tons]  Fossil fuel vehicle Diesel fuel vehicle Electric vehicle Bike
TCK [€/km]
Annual kilometer cost 2.70 2.68 2.66 1.50
Environmental costs [€]
Direct CO2 Emissions [tons] 415 3.38
Indirect CO2 Emissions [tons] 415 3.38
Equivalent CO2 Emissions [tons] 8.46 5.52
Total Emissions [tons] 16.76 12.28
Carbon Tax [€] 17.00 284.92 208.63
30.00 502.80 368.18
90.00 1508.40 1104.53
150.00 2514.00 1840.88
Electric Battery Emissions [tons] 3.08
Carbon Tax [€] 17.00 52.31
30.00 92.31
90.00 276.94
150.00 461.56
Direct CO2 Emissions [tons] 0.00

As presented in BMCs, all operators have to pay for using vehicles, including
the operational and social costs. The traditional subcontractors using fossil-fuel
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vehicles incur a higher price than the green subcontractors. Electric vehicles
achieve better cost savings due to the lower insurance tariff and the exemption
from the ownership tax payment. However, few electric vehicles are also applied
in the market because of the high running costs concerning the total purchase cost.
On the other hand, bike couriers permit an economic efficiency derived from
lower vehicle management costs and lower personnel costs related to riders' skills.
Besides, the green subcontract benefits from the additional revenue earned from
CO2 savings and carbon credit trading. Compared with traditional vehicles (petrol
and diesel), assuming that carbon credit prices are 30% lower than the carbon tax
tariffs, applying bike subcontractors may earn average revenue of about 0.02 €
per stop [42]. This estimate assumes greater relevance when we consider the high
volumes of parcels delivered in urban areas.

3.4 Simulation

The findings obtained in the costs analysis are used as input in a decision-
support system proposed for developing and managing mixed-fleet policies in a
specified urban area. The overall system contains several modules, including the
simulation-optimization approach integrating a Monte Carlo simulation, a last-
mile optimization meta-heuristic, and data aggregation and analytic module. We
use 11, 12, and I3 in the computational experiments, ranging from 1000 to 4000
parcels. These instances are originated from accurate analytics collected during
three weeks at the end of 2014 by a medium-sized courier. As shown in Table 3.6,
this data set contains three types of parcels in terms of their composition, based on
the classification by the European Commission. We thus assort packages as
“mailer” (0-3 kg), “small parcels” (3—6 kg), and “large deliveries” (larger than 6
kg). Mailers account for the most significant portion of the parcels, owing to the
increasing impact of e-commerce. These parcels are easy to operate and move by
the green subcontractors. Mailers are thus more profitable for both subcontractors,
counting a significant part of their critical mass to make their business models
sustainable. The large parcels account for almost 30% of all parcels, but their
destinations are in semi-central or suburban areas, where the green courier cannot
deliver. The courier operates from a central depot outside the city, while a
secondary depot is located near the urban area for the cargo bikes.

Table 3.6 Classes of parcels and delivery locations

Parcel delivery features n. delivery %
In center 3395 22.51
Out of center 11688 77.49
0-3 kg 8577 56.87
3-6 kg 1915 12.7
>6kg 4590 30.43
Total deliveries 15083 100
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To simulate the operational context, we define five operational scenarios
combining the two geographical areas managed by the green subcontractors the
three classes of parcels that each subcontractor can operate. The scenarios are
listed as follows:

* Scenario S_0. Only the traditional subcontractor operates in this area.

* Scenario S 3 C. The green subcontractor manages the mailer parcels in the
central area, while the traditional subcontractor delivers all remaining packages.

* Scenario S_3 S. The green subcontractor delivers mailer parcels in both the
central and semi-central areas. The traditional subcontractor delivers all remaining
packages.

* Scenario S_5_C. The green subcontractor delivers mailers and small parcels (up
to 5 kg) in the central area. The traditional subcontractor delivers all remaining
parcels.

* Scenario S_5_S. The green subcontractor delivers mailers and small parcels (up
to 5 kg) in central and semi-central areas. The traditional subcontractor delivers
all remaining parcels.

To evaluate the integration of traditional vehicles and green delivery options (i.e.,
cargo bikes) with low emission, we measured three key performance indicators
(KPIs) as follows:

Equivalent vehicle (Veh Eq). We compute the number of equivalent vehicles
used by the subcontractors. To compare traditional and green subcontractors, we
implement a conversion from bikes to vans. The conversion considers a full-time
work shift of a traditional subcontractor, which, based on European regulations, is
six-and-a-half hours.

* CO2 savings. We calculate the kilograms of CO2 not emitted in the scenarios
with cargo bikes.

* Number of parcels delivered (nD/h). To investigate to what extent the
integration of cargo bikes influences the operative performance and the efficiency
of the traditional courier, we calculate the number of parcels delivered per hour
(nD/h), which is a common practice to define the efficiency of a courier.

Table 3.7 shows the results of the experiments. Applying cargo bikes to
deliver the mailers and small parcels decreases the total emissions of around 14
tons per year, with an amount of CO2 savings larger than 40%. The value of CO2
savings in each scenario is emissions reduction compared with the scenario S 0.
Another valuable outcome is that the service area of cargo bikes plays a massive
role in that result. Indeed, the scenarios in which the green subcontractors access
the central and the semi-central regions (i.e., S 3 Sand S 5 S) have higher CO2
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savings than scenarios S 3 C and S 5 C. The reason is that the traditional
subcontractors no longer serve these areas, reducing 25% travel distance of vans,
with substantial benefits in emissions and costs.

Moreover, outsourcing mailers and small parcels to one or more green
subcontracts decrease the traditional subcontractor's operational efficiency and
profitability. For instance, in scenarios S 5 C and S 5 S, the traditional
subcontractor operates only large parcels, which generally require much time to
handle and deliver. As a result, it reduces the needed vehicles (e.g., in Set 12, the
value of VehEq decreases from 9.89 to less more than 3 or 4), increases the total
service time, and reduces the number of deliveries fulfilled in a day. Furthermore,
this number is diminished by the rapid saturation of van capacity (because of the
large parcels) that imposes on the traditional subcontractors' frequent returns to
the depots. Indeed, Table 3.7 highlights a decrease of up to 5 deliveries per hour
transferring from scenario S 0 to the other scenarios applying bikes. This
reduction is related to a loss of efficiency of about 15% when mailers are
managed by cargo bikes. Besides, it is more than 30% when small parcels are
outsourced.

Moreover, given that the existing contractual schemes imply revenues based
on the operational performance and penalties on the failed deliveries, the new
contract should consider increasing the number of deliveries required for the
cargo bikes to balance the loss of efficiency for the traditional subcontractor
without reducing the service quality. Indeed, if the traditional subcontractor
manages its fleet, it should outsource only the mailers in central and semi-central
areas and small parcels downtown, avoiding a significant reduction of efficiency
while improving the service quality for customers. In the case of an internal fleet,
the green subcontractor must deliver all the demand of dispatched mailers and
small parcels in the traffic and congestion areas. In the case of the external fleet,
the traditional subcontract should internalize the green fleet or outsource mailers
in central and semi-central regions. At the same time, the outsourcing of small
parcels (3-5 kg) requires changing the contractual scheme, decreasing the margins
of the green subcontractor.
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Table 3.7 Results of Monte Carlo simulation

KPI Instances Traditional subcontractor Green subcontractor
S0 S3C S3S S5C S5S5 50 S3C S35 S55C S558
11 15.65 12.82 12.98 10.44 1038 NA 11.94 11.24 12.47 11.94
nD/h 12 16.18  13.79 13.77 10.92 10.73 NA  12.03 11.36 12.51 12.06
13 1547  13.29 13.01 10.50 1021 NA  11.82 11.16 12.56 12.04
11 749 2.16 3.53 2.28 3.62 NA 3.70 6.55 3.88 6.88
VehEq 12 9.89 3.03 4.86 3.07 4.98 NA 4.96 8.39 545 9.02
13 8.40 2.54 4.18 2.70 4.41 NA 3.85 6.89 4.12 7.14
11 NA 22% 34% 27% 45%
CO2Sav 12 NA 16% 34% 26% 44%
13 NA 16% 41% 20% 48%

Note that the green subcontractor has no value in S_0 since it is not included in this scenario.
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Chapter 4

On-demand parcel delivery in
sharing economy

4.1 Last mile logistics and crowdsourcing

Last-mile logistics is the least efficient stage of the supply chain and
comprises up to 28% of the total delivery cost [63]. The efficiency of last-mile
logistics is influenced by customer density and time windows, congestion,
fragmentation of deliveries, and shipment size [64]. Besides, last-mile logistics
generate different externalities, especially greenhouse gas emissions, air pollution,
noise, and congestion. Therefore, it is crucial to find efficient and innovative
solutions to improve the last-mile logistics. As a result, new last-mile delivery
solutions have emerged in the last decade. For example, Melo and Baptista [65]
reported that integrating cargo bikes with traditional vans improves traffic
performance.

Moreover, the evolution of automation technology enables logistics firms to
apply innovative business applications in last-mile logistics. In particular,
automated goods delivery is forecasted to offer an appropriate solution for up to
80 percent of all Business-to-Customers (B2C) deliveries [66]. Many leading
companies, including DHL, SF Express, Google, and Amazon, use unmanned
aerial vehicles (UAVs) in real-world applications [67]. The trend of developing
innovative technology in last-mile logistics is unstoppable as it can potentially
reduce operational costs and pollutions in the long term. However, it doesn’t
indicate the innovative technologies will be applied as it has many difficulties for
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real-world application. For example, UAVs have some drawbacks in the
application of last mile delivery such as high capital investments, low-carrying
capability, and flying range limitation and legislation restrictions in urban areas. It
cannot perform the delivery in certain conditions.

Consequently, some compromise solutions are currently widely considered
and applied in the last mile delivery applications. One of these solutions is crowd
shipping or known as crowdsourced delivery. The main idea behind crowdsourced
delivery is to reorganize existing resources such as human resources, facilities,
and other delivery capacities to complete the last leg of the distribution process. In
particular, crowdsourcing or the so-called “Uberization of the last mile” is an
emerging application for parcel delivery that outsources the parcels to crowd
drivers [68, 69]. They are a group of local and non-professional drivers who are
willing to temporarily work for delivery companies and provide their assets (e.g.,
the vehicle) to perform the parcel delivery [70]. A certain amount of money,
named compensation, is rewarded after completing the pickup or delivery tasks
[71].

Crowdsourced delivery has several definitions. One of them is:

A goods delivery service that is outsourced to occasional carriers drawn from
the public of private travelers and is coordinated by a technical platform to obtain
benefits for the involved stakeholders [72].

Kafle et al. [73] reported that they consider cyclists and pedestrians as
crowdsources interested in transferring parcels with a truck carrier and
undertaking jobs for the last-leg parcel delivery. Experiments show that replacing
trucking with local crowdsources for the last leg reduces total operational cost
compared to pure-truck delivery. In addition, Guo et al. [74] propose to build a
hybrid city logistics system where crowdsourced delivery and the traditional
delivery networks are closely integrated. Results show that applying
crowdsourced delivery as a supplement to the conventional delivery network can
reduce the last-mile logistic costs. Another idea is to use cargo bikes or electric
bicycles to reduce distribution externalities and improve the performance of last-
mile delivery. These bicycles are ideal for inner-city transportation since they are
emission-free, quiet, and less disturbing for the residents [75]. Nocerino et al. [76]
analyze the performance of electric bicycles and electric scooters for goods
delivery in city areas and test the use of these vehicles in 7 European countries
with 39 companies. They demonstrate that light electric cars can replace
traditional combustion engines, mitigating logistic impacts in city areas.

The advantages of crowdsourcing are lower operation costs, higher flexibility,
and lower emissions than traditional delivery options [72]. Indeed, it is a digital-
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driver business model with its asset (i.e., the crowd drivers bring their vehicles
and provide for their maintenance). Paperless operations reduce overall costs and
make the service attractive to online customers. Besides, in real-world parcel
delivery applications, customer demand, locations, and other attributes are usually
unknown beforehand or known only probabilistically. Therefore, the stochastic
information on customers’ attributes becomes increasingly important, given its
impact on the activities at the operational level. Addressing the dynamic or
stochastic contexts in parcel delivery has potential benefits in increasing solution
quality and reducing operating cost and travel distance [77, 78]. In this direction,
we thus investigate the dynamic and stochastic features of parcel delivery,
considering multiple delivery options and crowd drivers as sources of delivery
capacity.

The highlight of this work is following:

e We formulate a multi-stage stochastic model to capture the stochastic
elements that arise in parcel delivery, namely the Dynamic and Stochastic
Vehicle Routing Problem with Time Windows (DS-VRPTW). We thus
address the uncertainty of some attributes and the possibility that some
requests appear during the day, requiring adjustments in the delivery plan.

e We propose a simulation-optimization framework to solve the DS-
VRPTW. The simulation can create realistic instances from real data,
guiding to simulate various policies and scenarios. We solve the DS-
VRPTW through a Large Neighborhood Search (LNS) metaheuristic
integrating several solution improvement procedures because of its
complexity and the large-size instances.

® As described before, we involve multiple and integrated transportation
modes and delivery options, i.e., vans, cargo bikes, and crowd drivers. We
also investigate the impact of varying customer demand. A case study in
the medium-sized city of Turin (Italy) is conducted to analyze the
potential influence of using multiple delivery options and crowd drivers in
parcel delivery on operational cost, environmental cost, and delivery
efficiency. The resulting managerial insights expressed in a set of policies
are part of the outcomes of the Logistics and Mobility Plan 2019-2021 led
by the Regional Council of Piedmont (ICELab@Polito, the general
confederation of Italian industry Confindustria, Piedmont Region, and
LINKS Foundation).

Our model attempts to reduce transportation by vans favoring cargo bikes and

other delivery options and synchronizing the transport flow. It would aid planners
in reacting to disruptions or new requests while improving the service's quality
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and sustainability through the efficient utilization of available resources [79].
4.2 Literature review

In this section, we review the literature on crowdsourcing and DS-VRPTW.
Crowdsourcing is also known as crowd shipping [80] and crowdsourced delivery
[81]. In addition, many researches in the literature have investigated the impact of
using crowd-resources to operate deliveries.

Alnaggar et al. [82] present an extensive review of crowdsourced delivery
from current industry and academic literature. They propose a taxonomy of
available platforms according to their matching mechanisms, target markets, and
compensation schemes. They classify four decisions that belongs to operational
(e.g., matching and routing) and factical levels (e.g., scheduling and compensation)
to improve the crowdsourced delivery. Zhen et al. [83] propose six mathematical
models to evaluate different operation modes of the crowdsourced delivery. The
authors consider several realistic factors, including the latest service time for each
task, task cancellation rate, and range distribution of tasks. Extensive experiments
validate the effectiveness of the proposed models, and some managerial
implications are outlined to help crowdsourced companies make scientific
decisions. Yildiz [84] proposes a “courier friendly” crowd-shipping (CS) model to
carry out express package deliveries in an urban area. This model uses
transshipment points to enhance operational efficiency and a company-controlled
backup delivery capacity to account for the uncertainty in the crowd-provided
delivery capacity. The Monte-Carlo simulation approach is used to determine
“shadow costs” of capacity utilization and make the assignment (matching)
decisions. Le et al. [85] develop and evaluate four different pricing and
compensation schemes for CS systems under additional demand and supply
scenarios. The platform provider’s profits are more sensitive to the increase of
willingness to pay than the rise of expected to be paid. The insights are helpful for
CS firms to attract and retain customers and couriers in the system by setting up
optimal prices and optimal compensations based on demand and supply levels as
well as the firms’ expected profits and platform users’ presuming surplus. Devari
et al. [71] investigate the potential of engaging friends or acquaintances in parcel
delivery. They demonstrate that this strategy decreases total emissions and
delivery costs. Dayarian and Savelsbergh [86] investigate a form of crowd
shipping in which in-store customers supplement company drivers to serve online
orders for a same-day delivery problem. They solve the static and dynamic
variants of this problem by using myopic and sample-scenario planning
approaches, respectively. Archetti et al. [87] consider occasional drivers as
additional couriers to manage delivery. They develop a multi-start heuristic to
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generate the near-optimal solution. The extensive computational study
demonstrates the potential advantages of employing occasional drivers for cost-
saving. Dahle et al. [88] consider a pickup and delivery problem with time
windows and occasional drivers that applys crowd drivers to take a detour to
manage one or more customer requests. They model the problem through both
load and flow formulation, and solve it to optimality for up to 70 requests. Their
experiments demonstrate an average cost savings of 10-15% by engaging crowd
drivers. Though good results have been proved in several papers, these research
do not capture parcel delivery's stochastic and dynamic features. In the real-world
operations, many online requests from customers are appeared dynamically. The
requests information, including demand, location, and time windows are revealed
over time when changing planned routes or rescheduling during the execution
process.

As highlighted by Ritzinger et al. [89], exploring dynamic and stochastic
information in VRPs achieves the benefits mainly up to 20% of cost-saving,
carbon emissions reduction, and efficiency improvement. Various papers have
been investigated on DS-VRPTW [90, 91]. For instance, bent and Van
Hentenryck [92] consider a dynamic VRPTW with stochastic customers, where
the objective function is to maximize the number of served customers. They
develop a multiple scenario approach (MSA) to continuously obtain the routing
plans for scenarios, considering known and future customer orders. The
computational experiments demonstrate that MSA has significant improvements
over approaches not exploiting stochastic information.

Florio et al. [93] propse a branch-price-and-cut algorithm for VRP with
stochastic demands. Instances with up to 76 nodes are solved up to five hours.
Furthermore, they prove that the solution to the stochastic problem is up to 10%
less costly than the deterministic variant.

Subramanyam et al. [94] develop a robust optimization approach to address a
wide class of heterogeneous VRPs under demand uncertainty. To evaluate and
present this uncertain demand, they generate a robust solution that remains
feasible for all expected demand realizations. Heuristic and exact methods are
applied to enhance robust solutions. However, the trade-off between robustness
and cost is highly dependent on the selection of the uncertainty set.

Hvattum et al. [95] apply a dynamic stochastic hedging heuristic (DSHH) to
address a DS-VRP. Customer locations and demands are set to be unknown.
Besides, the Poisson distribution is used to represent the number of customers
revealed at each time period. A multi-stage stochastic model, extending the two-
stage one, is applied to record the stochastic and dynamic elements of the real-
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world case. When the customers’ information are revealed, two recourse actions
are applied to rearrange the routing plans or start the new route. Compared to a
myopic dynamic heuristic (MDH) that does not exploit future events, the DSHH
can obtain more than 15% travel distances saving.

Sarasola et al. [96] propose an extended variable neighborhood search (VNS)
algorithm to investigate a VRP with stochastic demand and dynamic requests. By
using sampling-based VNS, they obtain improvements by 4.4% on average.

The previous research highlight how exploiting stochastic information
generates many benefits for the routing plan in real-world applications. However,
to the best of our knowledge, there is no research combining crowdsourcing with
DS-VRPTW.

The main idea behind this combination is to investigate the potential benefits
of considering crowd drivers in parcel delivery with stochastic and dynamic
customer requests. In this paper, we model this problem as a multi-stage
programming problem with recourse. The first recourse action allows crowd
drivers to collect the demand of stochastic customers. Then, the second recourse
action relocates the customers in planned routes. We develop a simulation-
optimization-based multi-stage heuristic that gradually constructs routes by
exploiting statistical information on future customer demand.

4.3 Problem description and mathematic model

In this section, we describe the problem setting and the mathematical model.

Different research and projects on urban logistics highlighted that freight
networks should rely on the interoperability of several business models,
stakeholders, and modes of transportation for managing the parcel delivery in the
last mile [42, 97, 98]. This concept of urban synchromodality refers to the
optimization and synchronization of both the transport modes and the parcel flows
created from online shopping and reverse logistics. It would be beneficial for
improving the economic and environmental sustainability and resilience of
multimodal networks. In particular, we consider a decision-maker of a traditional
courier company (i.e., using vans) that manages a set of customer deliveries with a
limited and heterogeneous fleet of vehicles within one day. In doing so efficiently,
it outsources the operation of some parcels to a green courier company (i.e., using
cargo bikes) and crowd-sourced drivers.

Assuming that the traditional courier and the green courier start their
operations from a satellite center (generally located in existing urban areas) and a
mobile depot in the city center, respectively, where the parcels are consolidated.
While the crowd drivers start the journey to pick up and deliver packages in urban
areas from their original place (e.g., their home). The crowd operators earn
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compensation after completing the parcel delivery services. There are different
ways to calculate payment depending on the exact commercial contract. Note that
a crowd driver may not be available in certain timeslots or even only in a specific
timeslot.

To reflect the real-world practices of the last-mile delivery, we assume that a
significant part of customer orders arises the day before the decision-making
process. Thus, they are known to the couriers at the beginning of the working day.
In contrast, some other customer requests appear dynamically during the day.
Furthermore, these requests are operated based on real-time routing decisions,
making quantifying a priori of time and costs tricky. The investigated problem is
an extended variant of vehicle routing problems (VRPs) [99] that aims to provide
a fleet of vehicle routes to serve customers with minimum costs.

The DS-VRPTW problem contains features of both the Dynamic VRP and
Stochastic VRP. The number of stochastic customers, their reveal time, and other
attributes (e.g., time window, demand, and location) is only known by their
probability distributions. The problem can be firstly solved as the deterministic
VRPTW, generating an initial plan for these requests. When the stochastic
customers reveal dynamically, some recourse actions must be taken. We permit
that the dynamic customers can be inserted into the initial routes or reassigned to a
crowd driver who manages the service. If none of the two actions are feasible, the
customer requests are thus rejected. Note that if a vehicle has already moved to a
new customer, then this customer must be served by that vehicle, i.e., the
preemption of customers is not allowed.

4.3.1 Model formulation

We formulate the problem as a new variant of the DSVRPTW. In particular, a
two-stage stochastic model with recourse that extends the deterministic VRPTW
model is proposed. We list the symbols used in the model in Table 4.1.

We define some assumptions in this model. Firstly, the depot {0} is operating
during a given time horizon [ey, [y], and there is a single known moment t €
[eo, lo] at which all stochastic information are revealed. At this moment, several
recourse actions can be applied so that new customers are served. Let the set of
initial locations be denoted by N = C U {0}, where C = {1, 2, ...,n } denotes the
initially known customers.
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Table 4.1 Notation

Symbol Definition

cct Initially known customers and stochastic customers
Qi @y  Maximum capacity of vehicles and crowd drivers
N,N' Set of initial and total locations

K,V Set of heterogeneous vehicles and crowd drivers

C*,D* Random variable vector of customer location and demand
EY L* Random variable vector of earliest and latest arrival time
Cijtijk Travel cost and travel time from i toj by vehicle k&

ey l; Earliest and latest arrival time of customer 7 or depot 0

Xijike Binary variable on whether vehicel £ moves from i toj

e Binary variable on whether vehicle £ moves fromi to; in
ijk

second-stage recourse action but not in the first-stage solution
Binary variable on whether vehicle £ moves from i to; in the

Yijk first-stage solution but not after recourse action

Yiv Binary variable on whether i is served by a crowd driver v
pj Binary variable on whether customer ; is rejected

Sik The time at which the service of i is exactly completed by &
sk The time at which the service of i has completed by £ based

N on the second-stage recourse actions
h, a Time interval and its corresponding op erational decision
$Ez Random variable distribution and expected value of travel cost

Let the set of stochastic customers revealed at time t be denoted by C* =
{n+1,n+ 2,..,n+ n* }. We can then represent the set of all locations as N' =
C' U {0}, where C' = C U C*. Every pair of locations i,j € N' is associated with
the travel time t;j, and the travel cost ¢;j for the vehicle k, where the service
time is included in t; ;. Each customer i € C' has a demand d; and a time window
[e;, l;]. The service of a customer i must be started after e; and before [;. Waiting
at a customer i is allowed while violating the latest time window [; would incur a
penalty. A set of heterogeneous vehicles K = {1,2,...,k}, each of maximum
capacity Q , starts at and returns depot between time horizon [ey,l,] after
finishing all the services. Moreover, a set of crowd drivers V = {1, 2, ...,v }, each
of handling capacity Q,, starts at their original place O, to serve the dispatched
customers. Let K’ = K U V denotes all the available delivery options. The crowd
drivers with a limited service radius are employed to collect the demand of
stochastic customers and consolidate it at one of the customers' locations. Let £ =
(C*, D*, E*,L*) be the random variable vector and & = (C*,D*,E*,L*) is one
of its particular realizations with probabilities pg.

The two-stage stochastic programming problem can be defined as follows:

minZZZcijk Xijk +ZP§Q(9€,P,S' $) (4.1)

iEN jEN k€K &eg
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Q(x,p,s,§) = Z Z Z Cijk (xijk + xi}k) + H; ZZ Yiv T+ PZ pj (4.2)

ieEN' jeN'kek' iec' vev jec’
s.t

ZZx”kzl vjec (43)

iEN kEK

Zxojk -1 Vkek (4.4)
JEN

inhk —th,-k —0 VheCvkeKk (4.5)
ieEN JEN

mek =1 Vkek (4.6)
iEN _

Z Z (e + 2,7 ) =1 vjec (4.7)
iEN k€K _

Z (xojk + x(if(""") =1 VkeK (4.8)
jEN' ~

Z (xihk + xii;l),i"h") - Z (xhjk + x:;{hjk) =0 VhecC,VkeK’ (4.9
ieEN JEN

Z (xiok + %) =1 Vke K’ (4.10)
ieN’
Z dinijk <Q, VkEK (4.11)
ieC JEN _
Z d; Z (v +x07) < Qe VK EK (4.12)
ieC  jeN
X5 < Xy Vi,j€N,Vk €K (4.13)
X5, =0 Vij€eC,VkeK (4.14)
txijx < sy Vi,j EN,Vk €K (4.15)
sic +tij—Mi(1—xi) <sjx VECVieEN,VkeK (4.16)
e, <sy <l VieN,VkeK (4.17)
Sie F tio — Mig(1 — xy00) < 1y Vi€EC,VKkEK (4.18)
s+t — M (1 — xije — xf + xij) < sik Vj€C,VieN,VkeK (4.19)
e;<sp <l ViEN,VkeK’ (4.20)
S+ tio — Mig(1 — Xjor — X + Xig) < 1o VieC,Vk €K (4.21)
Sok =€ VkEK (4.22)
Sor = e + (t —eg)xgor Vk EK’ (4.23)
Xie =0 VieC,Vk €K (4.24)
xt, =0 VieC,vkeK (4.25)
xijx €{0,1} Vi,jEN,Vk €K (4.26)
X xi €{0,1} Vi,j EN,Vk €K (4.27)
vy €{0,1} Vv EV,Vie(C (4.28)
p; €{0,1} Vj€J (4.29)
sik€leg, ly] VieC,Vk €K (4.30)
si€leg, ly] VieC,VkeK’ (4.31)

The objective function (4.1) minimizes the first stage routing cost as well as
the cost of the recourse. Co. The random quantity Q(x, p, s, §) is the expected cost
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at the second stage, which includes adjusting the routing, employing crowd
drivers, and a penalty P paid for the customer rejection. We set a very high value
of P so that the minimization of the objective function would result in minimizing
the number of rejected customers as well. Note that a high value of P would make
the rejection of a customer request unaffordable. Thus, in some cases, a suitable
value of P should be considered.

Constraints (4.3) -(4.6) are similar to (4.7) -(4.10), ensuring that all customers
are visited once, and any vehicle must start and end at one depot, respectively.
Constraints (4.5) and (4.9) guarantee flow conservation. Constraints (4.11) and
(4.12) ensure that the vehicle capacities are not violated in both first and second
stage solutions. Constraints (4.13)-(4.15) ensure that a tour between the customer
i and j in the first-stage solution cannot be skipped in second stage solution
recourse if the service in departure location is finished before time t
where Ctdenotes the customers revealed at time t. Constraints (4.16)-(4.18)
ensure that the time windows of both customers and depot are not violated, where
M;;
(4.21) are used to track when service is completed in the second-stage solution.
Constraints (4.22) and (4.23) guarantee that vehicle k cannot leave the depot
before time t in the second stage decision if it does not leave the depot in the first
stage. Finally, constraints (4.26)-(4.31) express the domain of decision variables.

The crowd drivers are considered as sources of special delivery capacity that
move within the city who are employed to pick up the demand from customers.

is a sufficiently large constant, e.g., M;; = [; + t;; — e;. Constraints (4.19)-

They have to follow traditional drivers' constraints, including capacity, time
windows, start and return at the original place. Note that the crowd drivers have a
limited service distance. The stochastic requests are dispatched to crowd drivers
by checking the service distance and feasibility of capacity and time windows
constraints. We assume that crowd drivers should consolidate the parcels to a
traditional van at the nearest customer location or a mobile depot. Both vans and
crowd drivers have very tight schedules. Waiting for consolidation would incur
the violation of time window constraints. It is thus crucial to synchronize the
actions of crowd drivers and traditional vans, i.e., they should arrive at a selected
customer location or mobile depot at the same time to operate the consolidation.
We assume that the operational context of parcel delivery can be separated into a
predefined number of time intervals h. The problem is modified with information
revealed during each interval. A multi-stage model can thus be extended from a
two-stage stochastic model into an h-stage model for any given h by adding
additional variables and constraints for each stage [95].
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4.4 Methodology description

The exact approach for multi-stage stochastic VRPs currently fails to solve the
problems with a significant number of customers. The evaluation of recourse cost
function (4.2) can become extremely difficult, depending on the distribution of
random variables. Developing a practical heuristic is thus one of the promising
approaches to solve this complex and large-size problem. Instead of assuming
particular distributions of stochastic variables, we propose a simulation-
optimization based multi-stage heuristic based on sample information. Sample
scenarios are first obtained using a Monte Carlo simulation and then guide a
heuristic approach that generates a routing plan for each time interval in turn. We
assume that the time horizon can be divided into h intervals Hy, ..., H, which is
related to stages in the multi-stage model. At the beginning of each interval, the
algorithm generates a routing plan that minimizes the expected travel cost of
serving both known and stochastic customers. At each time interval h € [Hy, Hy],
an action a™ must be decided. Each action a® contains two parts: first, for each
customer i € C' revealed at a time interval h, the action a” must accept or reject
the customer based on the given constraints. Second, the action a” must provide
the operational decisions for traditional vehicles or crowd drivers at time interval
h (i.e., service a customer, travel to the next customer, or wait at the current
position). Before the online execution, the first action al at time interval H, is
obtained based on a set of known offline customers. A solution is a sequence of
actions al" that covers the whole operational horizon. On the one hand, we
apply the rescheduling and adoption of the crowd drivers as two recourse actions
to cope with the dynamic feature of the problem. On the other hand, using
stochastic information during the planning is to capture the stochastic elements.
The key idea is to solve each sample scenario as a deterministic VRPTW and
select the distinguished plan from the solutions [92]. A post-optimization
procedure is finally applied to compute additional key performance indicators
(KPIs).

Figure 4.1 illustrates the framework, and the remaining part of this section

describes the details of this algorithm.
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Figure 4.1 Simulation-Optimization Framework

4.4.1 Operational context generation

The operational context is obtained by collecting different sources of
information, e.g., city network, vehicle fleet and travel time, customer attributes,
and the company’s objective and constraints. The city network is generated
considering: 1) the city map provided by the local government; ii) geographical
coordinates and empirical distributions of customers and depots by courier
companies.

Courier companies offer the specific attributes of a vehicle's fleet (i.e.,
capacity, speed, fuel consumption). Furthermore, we collect customer attributes,
i.e., locations, demand, and time windows, and measure the travel times through
the sensors spread in the city. Stochastic information is known as the probability
distribution (e.g., demand and service time). Finally, the objectives and
constraints are defined based on the specific optimization problem.

Some data may be stochastic since the uncertainty of some components in the
operational context is involved. These data can be described by random variables,
including service or travel time, customer demand, etc.

As some components of the operational context involve uncertainty, these data
can be described by random variables and typically generated from the historical
data of delivery companies. In other words, these data illustrate the structure of
the problem, which would be solved in the subsequent few phases. The original

data for generating the operational context is provided in the work [40].
4.4.2 Scenarios generation and simulation
We apply the Monte Carlo simulation or multi-scenario approach to calculate

the expected (or recourse) costs. An approximation algorithm for deterministic
VRPTW is thus used to evaluate a solution on a set of scenarios. Furthermore,
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metaheuristics such as LNS and tabu search can be efficiently engaged with
sampling approaches to implement a simulation-based multi-stage stochastic
optimization approach.

The scenarios are obtained according to the well-defined operational context
and the knowledge about the probability distributions of the stochastic variables.
Each scenario is related to a specific realization of all the random variables in an
operational context. The distributions of demand, reveal time, time windows, and
locations are applied to create possible future customer requests. Monte Carlo
sampling is used to obtain a set of instances. Each instance includes both the
known customers and the stochastic ones drawn from the given distributions.
These sample instances show that likely events are associated with a high
probability. For any given time interval h, solutions of these sample instances are
generated by simple local search algorithms such as insertion heuristic and regret
heuristic. The implementation starts with the routes which are already executed.
Each start depot matches the vehicles’ current position, while the capacity of each
vehicle is calculated by reducing the weight of goods collected up to the current
time. The end depot remains the same, and time windows are appropriately
modified. We check the feasibility of dispatching the customers to crowd drivers
based on service distance and other constraints. In addition, we identify the
frequently visited customers among the sample instances and decide to serve these
customers during h in the final plan. We generate more accurate travel time
matrices by implementing the Google Earth application programming interfaces
(APIs) through a georeference module.

4.4.3 Optimization

The optimization algorithm is an extended meta-heuristic that combines the
ruin and recreate principle and a group of general heuristics proposed by [100]
and [101]. It aims to obtain and enhance the routing plans for multiple scenarios.
We first assume that an initial solution s has been generated by a simple insertion
heuristic. Then, a quantity q of customers is removed from the solution. We
conduct the ruin and recreate operations on the current solution s,,,,, to diversify
the search space and enhance the solution. The algorithm ends when it reaches a
certain number of iterations (i.e., 5000 iterations). Since the parameter g
determines the neighborhood size, we select an appropriate value g that balances
the computational efforts and solution quality. In our case, we set g equal to 10%
of the maximum customers for each instance. The performance and robustness of
LNS are dependent on the selected ruin and recreate operations. Note that in each
ruin and recreate operation process, only one heuristic is chosen and applied based
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on the well-known roulette wheel selections. More details about the whole process
are described as follow:
Construct an initial solution.

For the given scenario, the algorithm starts with an initial solution generated
by the basic greedy heuristic. This heuristic aims to repeatedly insert a request at
the best position (i.e., cheapest possible position), which means that the request is
always inserted into a position with a minimum insertion cost in each iteration. In
particular, let U be the set of unserved customers and Af;, be the change of
objective value incurred by inserting request i € U at the cheapest position in the
vehicle k, if request i fails to insert in the vehicle k, the value Afj; is set to infinite.
We thus compute all the potential insertion and insert request i in vehicle k at its
minimum cost position as follows:

(i, k) = argminiey kex (Afix) (4.32)

In each iteration, we only change one route and terminate the process until all
requests are inserted, or no feasible requests exist. As a simple construction
heuristic, the basic greedy heuristic has the potential problem of postponing the
placement of expensive customers (i.e., with larger Af;;) to the last iterations. The
expensive customers are thus difficult to be served. Indeed, many routes might
have no space at the last iterations, leading to creating new routes or rejecting
customers. Therefore, repair operations are considered as an alternative approach
to overcome this potential issue.

Ruin operations.

After generating the initial solution for each scenario, we use four ruin
strategies (i.e., random removal, worst removal, related removal, and cluster
removal) to ruin the initial solution. These heuristics take a given solution s as
input and then output a partial solution with g removed requests.

Random removal is the most straightforward heuristic that selects g requests
randomly and removes them from the current solution. It aims to diversify the
search space.

Worst removal chooses some requests that have high costs in their current
position. Given a solution s and a request i, we denote f(s,i) as the objective
value that request i has been removed from solution s. The change of objective
value Af_; is defined as Af_; = f(s) — f(s,i). The worst removal repeatedly
selects a new request i with the highest cost of Af_; until q requests are removed.
The function of the worst removal heuristic is to remove the requests at the worst
positions and insert them at other positions to obtain better objective value in the
recreate process. However, to avoid the same customers with expensive costs
being removed repeatedly, it is crucial to keep the randomization of this heuristic.
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It can be achieved by applying a parameter p > 1 that controls the selection
process. A less expensive customer associated with a high value of p, may be
selected. This probability decreases with the value Af_;. It means that if the value
of p is small, then the most expensive customer is selected.

The related removal aims to remove the requests that are similar to each other
in some sense. The motivation of this heuristic is that we may not gain any
improvement when reinserting the removed requests in the case they are very
similar to each other. The similarity of request i and request j is defined as
relatedness R(i,j). The main idea is to measure the similarity by computing the
difference value in terms of capacity, service-starting time, and distance between
requests i and j, as indicated in the equation (4.33).

R(,j) = pcy; + o(|si — s;]) + 7(|a: — q;]) (4.33)

Note that all terms in this equation are normalized in the range [0,1]. The
related removal procedure removes a random customer, and in the successive
iterations, it chooses customers similar to the already removed customers. The
parameter p is again used to control the selection process as we do in the worst
removal. We refer to [102, 103] for further details of the heuristic.

The last heuristic, namely cluster removal, is a variant of the related removal.
It is used to remove clusters of related requests from a few routes, which removes
the groups of requests entirely from different routes if the single removed request
is inserted back into the route.

Repair operations.

After applying the ruin operation, a group of repair operations is used to
generate new solutions for each scenario. The operation is conducted in parallel
since there are different scenarios. The basic greedy heuristic is used again to
recreate the new solutions. However, this simple heuristic may insert some
requests back in their previous position. The regret heuristics are then used to
mitigate this problem by using a kind of look-ahead information. Let A fiq be the
change of objective value incurred by inserting customer i at its best position in
the qth cheapest route for customer i. The value of Af? is thus the change of
objective value by inserting customer i into the route where the customer could be
inserted second-cheapest. In each iteration, the customer i is chosen according to
the equation i := arg max;ey (Af;? — Af;*) his operation aims to maximize the
difference in the cost of inserting customer i at its best route and second-best route.
This process is repeated until no customers can be inserted. Instead of using a
simple acceptance criterion that only accepts the solution with a better objective
value, the simulated annealing strategy is applied to choose the solutions based on
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a varying probability. The detail of this strategy can be found in the study by
[100].

The abovementioned steps are repeated until the given termination criterion is
met, i.e., reach the maximum running time or have no improvement for
continuous iterations. As the optimization process continues, a set of routing plans
is maintained at each interval. We use a natural operation to decide which
customers should be fixed in the routes for the current interval. In particular, it is
applied to exploit the common features among the maintained routing plans, i.e.,
select the customer that is most frequently visited in the current time interval in
the multiple sample scenarios. Once identifying these customers, the action a® is
then fixed to visit these customers during the current time interval h in the final
plan. At the end of the last time interval, we conduct a post-optimization and
compute the related KPIs.

4.5 Case Study

We analyze the potential impact of crowdsourcing and multiple delivery
options in terms of economic, environmental, and operational sustainability for
on-demand parcel delivery. In doing so, a real case study is conducted related to
urban logistics in Turin (Italy). We first present the description of the case study
and the corresponding operational context. Then, we discuss the computational
results to provide valuable insights for decision-makers.

4.5.1 Description of the operational context

Last-mile presents severe challenges to the operations of the supply chain
network. Thus, alternative distribution systems architectures have been proposed
to tackle these challenges and improve the efficiency of last-mile delivery. We
consider a promising solution as the adoption of a two-tier system [104]. In the
first level, vans perform deliveries from distribution centers located in a strategic
node of the city to Urban Consolidation Centers named satellite. They are
generally transshipment points near the city center. At the second level, orders are
consolidated to city freighters, i.e., small vehicles that can move quickly and
efficiently along any street in the city center area operated even partially with
crowdsourcing contracts [105].

In this case study, we conduct four benchmarks integrating van, bike, and
crowdsourcing:

e Benchmark 1 (B1): only traditional vans (fossil-fueled) are applied to

operate the parcel delivery.

e Benchmark 2 (B2): green carriers, such as drivers using cargo bikes or

bicycles with the messenger bag, are used as an environment-friendly
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delivery option, providing economic and operational benefits for parcel
delivery. In B2, we consider both van and bike as transportation modes.

e Benchmark 3 (B3): crowdsourcing is considered as a flexible delivery
option. The crowd driver plays the role of additional capacity to fulfill the
on-demand requests. In practice, the delivery tasks are dispatched according
to the distance between crowd drivers and customers.

e Benchmark 4 (B4): all the above delivery options are applied.

The urban distribution setting and data used in this chapter are inspired from
the analysis of a real case study of the city Turin conducted by the CARS@Polito
[106] and the ICELab@Polito [107], with the collaboration of the Torino Living
Lab project [108] and the Amazon Innovation Award. The managerial insights
coming from this work will be part of the new Logistics and Mobility Plan to be
activated in 2022 in the Piedmont region.

To generate specific operational contexts, we have fused the parameters and
data coming from the following sources:

e URBeLOG project for the distribution of customers and real (and
anonymized) information about their location [37];

e Municipality of Turin for what concerns the satellite location, city map, and
data on the road network from sensors in the city;

e the study by [40] regarding vehicle characteristics, costs, and revenue
structure of parcel delivery companies.

In particular, the city network presented in Figure 4.2 is generated using a
2.805 x 2.447 km? area in Turin that includes both the center of the city and a
semi-central area. We consider that area because, according to [7], it is the area in
which the different modes can coexist sustainably (from economic, environmental,
social, and operational perspectives) and is also the most populated area of the
city, covering more than the 80% of the total population. We consider a
distribution center located on the city's outskirts to serve the traditional carriers,
while a mobile depot in the city center is a satellite facility for the green carrier
and crowd drivers. Two sequential connected points denote road segments of this
network. The roads’ information is extracted from the shapefiles provided by the
local public authority in Turin. The average speed on each road segment is
monitored by the speed sensors around the city area. Each point on this network is
associated with a unique ID number and real GPS coordinates.
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Figure 4.2 City network in the case study

Note that the red square represents the mobile, while the blue circles are the offline customers.

Table 4.2 shows the values of the capacity, speed, and service time for each
delivery option. As an international parcel delivery company offers these
parameters in Turin, their values are supposed to be fixed, and thus, we use them
as input in our case study. As the crowd drivers move within the city, we thus
randomly generate the location of crowd drivers on this graph. We conduct some
preliminary experiments to obtain a suitable number of available crowd drivers.
The aim is to analyze and test the impact of the different numbers of available
crowd drivers for B4. The detailed results are shown in subsection 4.5.2. We
classify the parcels according to their weights as mailers (0-3kg), small parcels (3-
6kg), and large parcels (over 6kg). In particular, the percentage of total parcels for
each type is defined as 57%, 13%, and 30%, respectively, according to section 3.4.

Table 4.2 Input parameters

Delivery Maximum - Coverage Speed Service time(min)
Options Parcel Capacity (km) (km/h) Mailers small large
size(kg) parcels parcels
Van 70 700kg NA 40 4 4 5
Cargo Bike 15 70kg NA 20 2 2 —
Crowd Driver 6 4 Parcels 2 15 2 — —

In the operational context, we divide the eight working hours as four time
buckets with the same length based on the current standard for timeslots in time-
sensitive urban delivery (e.g., Amazon Prime Now, Uber Freight). Each bucket is
split into 1 minute time unit. For each potential customer, the demand is generated
based on its parcel type, while the time window is specified for the time bucket by
the simulator. In our simulation, we consider instances with 550, 350, and 150
potential customers, respectively. For each context, 70% of offline requests are
known before scheduling, while 30% of potential customers are assigned as prime
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members with a priority that restricts their time window to the first two buckets.
The expected behavior of each potential customer for the investigated problem is
described. For each potential customer location i and each time unit t of the time
horizon, a probability is associated with an online request (i.e., picking up a parcel)
that may reveal at a time ¢ for location i.

Once all the locations are defined, the mutual distances between these
customers and depots are generated. Instead of using Euclidean distance, the
distance matrix among the points is computed by Dijkstra’s shortest path method.
Finally, the travel time matrixes are generated based on these distance matrixes
and the original speed among the road segments in the input data.

We consider three different degrees of dynamism (DOD) to address dynamic
online requests, i.e., 15%, 30%, and 45%. For example, DOD-15% means that
there are 15% of dynamic requests in total customers. For each operational
context, we thus generate three different sub-contexts, which are applied to
measure the impact of DOD. We develop ten independent scenarios with ten sets
of dynamic online requests for each sub-context, obtained by sampling their
probability distributions. Each online request is associated with its location,
demand, time windows, and when they appear in the time horizon. We generate a
total of 360 instances. They are available on the Github repository at the following
link: https://github.com/gcmswm/Benchmarks.

The objective function minimizes first the total travel cost (expected) of parcel
delivery and second the number of rejected requests.
4.5.2 Numerical analysis

In this section, we measure the impact of adopting crow drivers and
multimodality on the sustainability of parcel delivery.

Experiments are conducted based on some randomly generated test problems.
For each benchmark and operational context, we conduct ten independent tests.
Therefore, we solve the 360 instances independently by the optimization
procedure. To analyze the experimental results, we compute different KPIs that
reflect the mix of economic, environmental, and operational facets of the service:

e FEconomic sustainability. Based on the current real practices, the delivery cost
is associated with the number of parcels served by different delivery options
since different options have additional contract costs. We define the KPI as
cost per delivery for each option:

o cost per delivery (van), the unit cost of each parcel delivered by
traditional van;
o cost per delivery (bike), the unit cost of each parcel served by bike.
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We consider the operating costs related to the vans and cargo bikes. These
costs are computed per kilometer traveled in the last mile segment of the
supply chain. They include variable costs (e.g., gasoline) and the total cost of
vehicle ownership [7]. In particular, we consider both costs directly related to
the vehicles (e.g., purchase cost, taxes, insurance, fuelling, and maintenance
costs) and personnel costs (e.g., drivers/bikers salaries and related taxes). The
typical contract scheme in the parcel delivery industry imposes the
conversion from a cost per kilometer to a cost per stop.

In crowdsourcing, we consider the compensation per delivery that reflects
the unit paid by the company to crowd driver for each delivered parcel. The
exact compensation is dependent on many factors, including distance, weight,
and the local market. However, we follow the investigation from [72] for the
medium distance, inter-city market and adopt an average value (i.e., 1.8€ per
delivery) as compensation for crowd drivers.

o Environmental sustainability. We consider the emissions and costs of the
overall last-mile chain. In particular, we consider three types of emissions:
direct emissions from the fuel combustion process, indirect emissions emitted
by the fuel production process, and the long-haul shipment of the fuel, CO2
equivalent to including pollutants, such as nitrogen oxide. We thus compute
the CO» emission saved in B2, B3, and B4, based on the lower travel distance
by using green delivery options (i.e., bike and crowdsourcing).

e Operational sustainability. The operating efficiency of the delivery system is

typically evaluated in terms of completed deliveries. We apply the total

S . o
number of parcels served per hour (%) to measure operational sustainability.

Preliminary analysis for crowdsourcing

This section conducts a preliminary experiment to test the suitable number of
crowd drivers in our case study. The average distance traveled by vans and the
total average economic cost are computed for comparison. In this experiment, the
number of crowd drivers is set equal to 5, 10, 15, 20, and 25, while their locations
are randomly generated spreading within the urban area. The experiment is
analyzed by using benchmark B4 with 350 potential customers.

In general, there are some limitations to the number of crowd drivers in real-
world applications because of different reasons, including the customers’ requests,
the availability and motivation of crowd drivers, and suitable compensation
strategies.

To find a decent number of crowd drivers in our case study, we analyze the
results shown in Figure 4.3 and Figure 4.4. In particular, the values in Figure 4.3
highlight that when the number of available crowd drivers is low (i.e., five
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drivers), and the degree of dynamism is low (i.e., 15%), these drivers are used to
manage the online requests given their flexibility. Besides, vans remain a good
choice when the degree of dynamism increases while the number of available
crowd drivers is still low and thus, insufficient to cope with the high online
requests.

Increasing the number of crow drivers manages a more significant part of the
requests than the previous scenario, although the degree of dynamism increases. It
reduces the distances traveled by vans (e.g., when DOD is 45%, increasing the
number of crowd drivers from 5 to 25, the average van distance decreases by
20%). Moreover, when the number of crowd workers is equal to 20, we reduce the
average van distance for all the DODs. In particular, for DOD equals 15%, we
reach the lowest value of the distance traveled using vans. It is reflected in the
lowest value of the economic costs faced by the traditional courier company
(Figure 4.4). While the economic cost for DOD-30% and DOD-45% has no
significant variation for the different crowd drivers.

We thus decide to use 20 as the baseline number for crowd drivers for our
case study. This choice is based on two reasons in the real-world application. First,
when the number of crowd drivers is too large, some of the crowd drivers cannot
receive enough delivery tasks during the execution, which will decrease their
motivation for participating in the parcel delivery. Second, if the number of crowd
drivers is too small, there can be a lack of available crowd drivers in some local
areas, impacting the expected service quality.

However, the optimal capacity planning of crowd drivers is a complex
problem due to many factors, including the compensation of delivery, the
motivation of crowd drivers, and the available customer requests. The interested
readers are referred for more details to [109].
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Figure 4.4 Comparison of economic cost

Performance comparison for benchmarks
We compute the percentage of each KPI compared with benchmark B1 to

demonstrate the performance of using different options for parcel delivery. Figure
4.5 presents the performance of the traditional vans in B2, B3, and B4. The
statistics are computed as a percentage variation of each KPI to the value of the
same KPI in Bl. The operating and environmental cost savings generated by
using cargo bikes and crowdsourcing are denoted as AOC and AEC respectively.
While AEf ficiency denotes the reduction of efficiency incurred by the reduced
number of services (We referred to [42] for a detailed description of the
computation of the KPIs).

Figure 4.5 shows the improvement of economic and environmental
sustainability when applying different delivery options (vans, cargo bikes, and
crowdsourcing) for parcel delivery. As shown in Figure 4.5, the adoption of cargo
bikes (B2), crowdsourcing (B3), and their combination (B4) lead to the reduction
of economic and environmental costs. These reductions are obtained by reducing
the number of vans and their total travel distance, which leads to a 25%, 21%, and
44% decrease in average economic cost for B2, B3, and B4, respectively. Besides,
the average reductions of CO> emissions for B2, B3, and B4 are 116.68kg,
115.01kg, and 297.05kg, contributing to 17%, 16%, and 46% total average
reductions of the environmental cost, respectively. In particular, when the degree
of dynamism is equal to 45%, the AEC values are larger than the other two
counterparts, i.e., DOD-15% and DOD-30%. According to the results, the
potential benefits of using cargo bikes and crowdsourcing as green carriers are
demonstrated for investigated three benchmarks. The most significant finding is
that combining both cargo bikes and crowdsourcing into traditional van delivery
reaches the highest reduction of economic and environmental costs. In addition,
the loss of efficiency for B2, B3, and B4 is 25%,11%, and 33% on average,
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respectively. B3 reaches the minimum loss of efficiency for parcel delivery, while
the economic and environmental cost saving is promising, i.e., 21% and 16% on
average. Though the B4 reaches the maximum average loss of efficiency at 33%,
the maximum economic and environmental cost savings (44% and 46%) are
reached. In practice, when crowd drivers and cargo bikes are involved with
traditional vans, there should be a balance between the increase in profits and
service quality. The integration of different delivery options should be managed
wisely to balance the workload, working conditions, efficiency, and service
quality.
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Figure 4.5 Performance comparison of different benchmarks

In this work, we consider two strategies to deal with the high demand for
dynamic requests. The first one is to dispatch the online requests to the spreading
crowd drivers based on the available recourse actions proposed by the
optimization solver. The second is to accommodate the online requests to the
existing vehicles with spare capacity.

To demonstrate the impact of crowd drivers for on-demand parcel delivery,
we compare the rejected customer requests for each benchmark. Figure 4.6
presents a boxplot of the results for the four benchmarks. This figure represents
the case with 550 potential customers, as there are no rejected requests in
instances with 150 and 350 customers. Three different DODs are considered since
the different number of dynamic requests may have different influences on the
number of rejected requests. As shown in Figure 4.6, the number of rejected
requests in B1 is the largest independently by the DOD. When the DOD increases,
the number of rejected requests increases significantly. This result shows that only
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using traditional vans as the delivery option would cause more rejected requests
when the dynamic requests are higher. When the cargo bikes are integrated, as
shown in B2, the number of rejected requests decreases while the result has the
same trend with Bl since the number of rejected requests is also increased with
DOD. However, the trend in B3 and B4 is different. The number of rejected
requests in both B3 and B4 remains stable for different DODs. Note that the
results of B4 are better than B3 for each DOD since they have a lower minimum,
average and maximum number of rejected requests according to the boxplot.
Besides, there are only a few numbers of rejected requests in both B3 and B4.
This result indicates that introducing crowd drivers as a delivery option can
significantly reduce the number of rejected requests for our investigated instances.
Therefore, considering these results, we conclude that green carriers and crowd
drivers are promising delivery options to deal with online customer requests in the
context of stochastic and dynamic parcel delivery.
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Influence of different customer demand

To analyze the influence of varying customer demand on sustainability
performance (i.e., operational cost, environmental cost, and efficiency), we
conduct a group of experiments on B4 by changing customer demand.
Furthermore, we decide to conduct a sensitivity analysis on this parameter as the
uncertainty on the composition of the demand will affect the congestion and the
development of urban areas [42, 110].

In doing so, we generate three new groups of customer demand varying the
composition of the demand as follows:

e reduction of 20% resulting in a market downturn;

e increase of 20% and 40% to suppose a market expansion.
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The results are represented in Table 4.3 concerning the current situation of
demand.

Table 4.3 Impact of different customer demand

Demand instancesize AOC AEC  AfEfficiency

150 13.9% 9.4% 10.0%
80% 350 5.3% 13.8% 29.1%
550 3.9% 12.5% 36.7%
150 -7.8% -9.7% -6.3%
120% 350 -141%  -17.3% -0.2%
550 -8.2% -14.8% -2.6%
150 -171%  -35.6% -18.7%
140% 350 -182%  -347% -11.7%
550 -14.6%  -282% -8.1%

The values of AO0C , AEC and AEfficiency represent the percentage
variations of operational cost, environmental cost, and efficiency, respectively,
between the normal customer demand and three other different groups of demand.
Table 4.3 shows that when the customer demand decreases to 80%, the
operational cost, environmental cost, and delivery efficiency of the delivery
system decrease for all investigated instances. When the customer demand
increases to 120%, the operational cost increases from 7.8%-14.1% for the
investigated cases. The environmental cost increases by 9.7%, 17.3%, and 14.8%
for three different instance sizes. The efficiency of parcel delivery is witnessed to
a few increases ranging from 0.2%-6.3%. Moreover, the demand expansion of 40%
has the most significant change among other instances. For example, the
operational cost increases by 17.1%, 18.2%, and 14.6%, respectively, while the
environmental cost increases by 35.6%, 34.7%, and 28.2%, respectively.

The delivery efficiency has a significant increase in all instances. The results
show that customer demand has a significant impact on operational cost as well as
environmental cost. When the customer demand decreases/increases, operational
and environmental cost decreases/increases. The potential reason for this
phenomenon is the total required delivery capacity is changed. However, it is not
a linear function between customer demand and costs since many other factors
must be considered. Thus, it is difficult for companies to decide how many
vehicles should be prepared for varying customer demand. To solve this issue, one
of the potential solutions, we believe, is to introduce more flexible delivery
options like cargo bikes from a third-party or crowd drivers from the social

66



4.5 Case Study

community. Both options are suitable for the on-demand market and would not
cause much more fixed costs for delivery companies.
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Chapter 5

Time-dependent green  vehicle
routing  problem  with time
windows

5.1 Introduction

The ever-growing concern over environmental issues has led many countries
to reduce emissions and fuel consumption. As the world’s biggest greenhouse gas
emitter, China has announced to cut its CO> emissions per unit of gross domestic
product, or carbon intensity, by more than 65% from 2005 levels by 2030 and
achieve carbon neutrality by 2060. In addition, the European Union (EU) has put
in place legislation to reduce emissions by at least 40% by 2030 — as part of the
EU's 2030 climate and energy framework and current contribution to the Paris
Agreement. The importance of environmental protection is continuously translated
into regulations that have a tangible influence on logistics and supply chain
management. The contribution of logistics activities in terms of emissions cannot
be ignored. According to the annual report for Inventory of U.S. Greenhouse Gas
Emissions and Sinks, the transportation sector generates the largest share of
greenhouse gas emissions, i.e., 28.2% in total.

Given that road freight transportation accounts for a large portion of CO>
emissions, reducing emission and fuel consumption is inevitable in transportation
management. There is an increasing number of studies on the interface between
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logistics and environmental issues in this direction. Sbihi and Eglese [111]
investigate some combinatorial optimization problems existing in reverse logistics,
waste management, and vehicle routing and scheduling in the context of green
logistics. Lin et al. [112] reviewed many environmental management applications
in sustainable supply chain management. Demir et al. [113] discuss the fuel
estimation models to reduce CO> emissions in green road freight transportation.
Ericsson et al. [114] mention that CO,, directly related to carbon-based fuel
consumption, is regarded as one of the most severe environmental threats through
the greenhouse effect.

This chapter incorporates CO»-related considerations in city logistics,
specifically in the Vehicle Routing Problem (VRP) framework. The CO; emission
and fuel consumption are influenced by vehicle speed, vehicle load, and travel
time [115]. Assuming constant vehicle speed is unrealistic for most logistics
applications due to traffic congestion or cannot calculate precise fuel consumption
and CO; emissions. Thus, the time-dependent travel times are considered in the
calculation of fuel consumption. Time dependency is usually modeled by
partitioning the planning horizon into a series of short time intervals, in which the
constant speed is assumed. The investigated problem is relevant to Time-
Dependent Green Vehicle Routing Problem with Time Windows (TDGVRPTW)),
accounting for time-dependent travel times, fuel consumption, and CO2 emissions
costs. There have been many studies for solving TDGVRP based on different
solution methods. Xiao and Konak [116] applied a hybrid algorithm of MIP and
iterated neighborhood search to solve a GVRP under traffic congestion. Soysal
and Cimen [117] propose a simulation based on a restricted dynamic
programming approach for the TDGVRP. Kazemian et al. [118] investigate a
GTDVRPTW by presenting a graph transformation approach to reduce the
problem complexity.

However, many previous studies conducted their experiments based on the
simple customer graph instead of the real road network (geographical graph). In
the customer graph, travel distances or expected travel time are typically
calculated based on the Euclidean distance. It is an approximate approach to
measure fuel consumption and time dependency. Another main drawback of
testing on a customer graph is that it ignores path selection decisions since there
are typically multiple road segments connecting two customers. According to
[119], considering path selection decisions in a real road network results in
significant savings in cost and fuel consumption compared to traditional TDVRP.
Besides, in the previous studies, the time-dependent travel speed is assumed by the
different proportions of a constant speed, resulting in the so-called fast, normal,
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and slow speed profiles. This assumption cannot truly reflect the real-time travel
times and traffic congestion in a real road network. In this paper, the time-
dependent travel time is measured using real-time GPS trajectory data of floating
vehicles in Chengdu, a megacity in western China. In addition, all experiments are
conducted on Chengdu's real road network to consider path selection decisions in
TDVRP explicitly. We propose three different path selection decisions with the
objective function accounts for total travel distance, travel duration, and fuel
consumption, respectively. For any given two customers in a real road network,
we can then generate three different paths, namely shortest distance path (SDP),
time-dependent quickest time path (TDQTP), and time-dependent lowest
consumption path (TDLCP), respectively. Incorporating routing and path selection
decisions has potential benefits for cost and fuel consumption savings since it
considers the temporal and spatial differences of congestion in a real road network.

This work has three main contributions to the literature.

e We propose an efficient branch and price algorithm for solving the time-
dependent green vehicle routing problem based on real-time travel speed in
the road network of Chengdu, a megacity in western China. This algorithm
is proved to be efficient for solving the investigated TDGVRPTW up to 40
customers in the large road network with 1502 nodes and 4641 road
segments.

e We demonstrate the benefits of incorporating time-dependent lowest
consumption path into vehicle routing compared to the traditional shortest
distance and quickest time path selection decisions. The saving of COz
emission and travel time is up to 4.79% and 6.91% for investigated
instances. It is also demonstrated that the benefits would be more
significant in the larger size of the real road network.

e The proposed TDLCP algorithm can be used as a fundamental technique
for fuel-optimized navigation systems in real road networks. In addition,
the branch and price algorithm for solving TDGVRPTW can also be
applied in the operation of logistics companies to minimize fuel
consumption and CO> emission.

This Chapter is organized as follows. Section 5.2 reviews the relevant
literature. Section 5.3 describes the TDGVRPTW model. The exact solution
method is discussed in Section 5.4. The experimental settings and results are
presented in Section 5.5.

5.2 Literature review

This chapter considers the time-dependent travel time, time windows, carbon
emission, and fuel consumption in vehicle routing. To provide a clear review of
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previous research, we briefly summarize the literature related to TDVRPs, GVRPs,
and TDGVRPs.

Time-dependent vehicle routing. The TDVRP is first formulated as a mixed-
integer linear programming formulation by [120] to measure the traffic congestion
effects on vehicle routing. A greedy nearest-neighbor heuristic and a branch and
cut algorithm are proposed to solve the TDVRP. Ichoua et al. [121] introduce a
travel speed model with a First In—First Out (FIFO) property for TDVRP. The
FIFO property guarantees that if a vehicle travels from a customer i to a customer
j at time t, any identical vehicle leaving customer i to customer j at time t + s,
where s > 0, would always arrive later. They propose a tabu search method to
solve TDVRP and test it using modified Solomon instances with three time
periods and three types of time-dependent arcs. The experiment results show that
the time-dependent speed model significantly improves over the traditional
vehicle routing model with fixed travel times. Donati et al. [122] introduce a multi
ant colony optimization algorithm (MACO) to solve TDVRP. The results show
that the proposed MACO can solve TDVRP by using Solomon instances and real-
network data. Kok et al. [123] employ a modified Dijkstra algorithm and a
restricted dynamic programming heuristic to solve TDVRP. Several strategies to
avoid traffic congestion are investigated, including selecting alternative routes,
changing the customer visit sequences, and changing the vehicle-customer
assignments. Gendreau et al. [124] present a comprehensive review of the travel
speed model, application, and solution method for TDVRP. Gmira et al. [125]
propose a tabu search heuristic for TDVRPTW on a road network. They
emphasize the importance of considering the travel speed variations on road
segments for realistic delivery routing. Computational tests show that the tabu
search heuristic can obtain high-quality solutions in very reasonable computation
times on recent benchmark instances in the literature.

Green vehicle routing. There have been increasing and various studies focusing
on the GVRP in recent years. Bektas and Laporte [115] present a variant of GVRP,
named Pollution-Routing Problem (PRP), with a comprehensive objective
function that accounts for the total travel distance and the fuel consumption, travel
times, and their costs. The computational results show that, contrary to the VRP,
the PRP is significantly more difficult to solve to optimality but has the potential
of total cost savings. Erdogan and Miller-Hooks [126] formulate a GVRP that
minimizes total distance while incorporating stops at alternative fueling stations in
routing plans. Demir et al. [127] present an adaptive large neighborhood search
algorithm (ALNS) and a speed optimization procedure to solve a bi-objective PRP
that accounts for CO; emissions and driving time. However, their model cannot
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consider traffic congestion since the complete traffic data are not available at the
planning stage. Dabia et al. [128] propose a branch and price algorithm for a
variant of PRP. The master problem is a set partitioning problem and is solved
using column generation. The pricing problem is a speed- and start-time
elementary shortest path problem with resource constraints and solved by a
tailored labeling algorithm. Extensive computational experiments show the good
performance of the proposed algorithm. Moghdani et al. [129] propose an
extensive structure compromising various aspects, including variants of GVRPs,
objective functions, uncertainty, and solutions approach for GVRPs.

Time-dependent green vehicle routing. In recent years, TDGVRP has received
increasing attention in both the academic and industry community since traffic
congestion can significantly affect fuel consumption and CO; emission. Jabali et
al. [130] propose an Emissions-based Time-Dependent Vehicle Routing Problem
(E-TDVRP) for calculating CO; emissions in a TDVRP context. Based on the
optimal VRP solutions in the literature, they construct an upper and lower bound
for CO2 emissions. Experiments show the results of the E-TDVRP were relatively
close to the lower bound, with a CO; emissions reduction of 4.3% on average.
Ehmke et al. [131] present a tabu search algorithm to solve TDVRP to minimize
CO> emissions. The test is conducted on instances from a real road network
dataset and 230 million speed observations. Experiments show that significant
savings in emissions can occur mainly in the suburbs, with heavier vehicles, and
with heterogeneous pickup quantities compared with routes created with more
traditional objectives. Huang et al. [119] investigate a time-dependent vehicle
routing problem with path flexibility (TDVRP-PF) and formulate it under
deterministic and stochastic travel speed. Compared to VRP, the TDVRP-PF
generates significant savings in terms of cost and fuel consumption. Franceschetti
et al. [132] propose a metaheuristic for the TDPRP consisting of routing several
vehicles to serve a set of customers and determining their speed on each route
segment with minimizing the cost of driver’s wage and carbon emissions. An
ALNS heuristic and several new removal and insertion operators significantly
improve the solution quality. Soysal and Cimen [117] address a TDGVRP that
accounts for transportation emissions. The problem is formulated and solved by
simulation-based restricted dynamic programming. The results reveal that 2.3%
benefit on total emissions and 0.9% benefit on total routing cost could be obtained
if vehicles start delivery after the heavily congested period is passed. Xu et al.
[133] investigate a GVRPTW with time-varying vehicle speed. An improved non-
dominated sorting genetic algorithm (NSGA-II) with adaptive and greedy
strategies is developed to solve the GVRP. Sung and Nielsen [134] address a
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speed optimization problem under time-dependent travel conditions to minimize
fuel consumption. An exact approach with approximation schemes is proposed to
solve this problem. Experiments verify the performance of the proposed method
in terms of finding near-optimal solutions within a short computation time. Fan et
al. [135] investigate a multi-depot TDGVRP with minimizing the fixed costs of
vehicles, penalty costs, and fuel costs. A hybrid genetic algorithm with variable
neighborhood search is proposed to solve this problem. Cai et al. [136] investigate
a GVRP with carbon emissions minimization. The differentiation in speed limits
in each time period and each type of road is considered. A hybrid particle swarm
optimization is proposed to solve this problem.

5.3 Problem description

We first summarize the symbols and their definitions in Table 5.1 and then
describe the mathematical model of the investigated TDGVRPTW.

Table 5.1 Notation

Symbol Definition
N,N, Set of intersections; Subset of N consisting of a set of customer nodes C and a depot {0}
a, A A, Indexofroad segment; Set of road segments; Arc set of customers
K,Q,u A fleet of identical vehicles; Capacity of vehicles; Curb-weight of vehicles
S, W; Service time and demand of node i
e,l; Earliest and latest time at which collection can start at the customer
w,v,T Carrying weight, travel speed and travel time of vehicle on any given road segment respectively
0,,0;,0; Parameters of the engine, speed, and weight modules used in FCEM to estimate the fuel consumption

T,H,h

p_ ¢ D P
P” ={aj,a,,...}

Time horizon; Time intervals; Index of time interval
A path that contains a sequence of road segments traveling fromnode i to node j

Py ={P},P},..} Setofpossible paths traveling fromnode i to node j
d;; Total distance fromnode i to node j
TZ. @® Travel time through path Plf’ when departing fromnode i at time ¢
fif ® Fuel consumption of a vehicle traveling on a path Pl.?at time ¢
r,Q,Q Index of feasible route; Set of all feasible routes; A relatively small subset of route in the LP relaxation
[T Fuel consumption of route ; Dual variables
Y/ Binary variable that specifies whether customer i is visited on a route r
Yr Binary variable that specifies whether a route r is included in the solution
x

ij

Binary variable that is associated with two branching decisions

Let G(N,A) be

a road network, where N denotes the set of interactions and A

denotes the set of road segments. Figure 5.1 shows an example of a real road
network. Let N, be a subset of N, which consists of a set of customer nodes C and
the depot o (i.e., N, = C U {0} ¢). Let A, be the arc set of customers. There is a
fleet of identical vehicles K, each with capacity Q, starting at depot o to collect
freight from customers C scattered in G(N,A). Let a node i € C be associated
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with its service time s;, demand w; and time window [e;,[;], with e;(l;) the
earliest (latest) time at which collection can start at the customer. We set the depot
demand to zero, and the time window of the depot is set to be [e,, [,] = [0, T] by
given a finite time horizon T. The objective is to minimize the overall operational
cost, including vehicle drivers’ cost and fuel consumption cost. The vehicle
drivers’ cost is paid by the fixed monthly salary and is thus considered as a
constant. The objective is thus to minimize the total fuel consumption cost. We
adapt a widely used Fuel Consumption Estimation Model (FCEM) to calculate the
fuel consumption. This model can be simplified as a function of carrying weight
w, travel speed v and travel duration I' of vehicle on any given road segment as
follow:

F(w,v,t) = 0;t + 0,v3t + 05(u + w)vt) (5.1)
where u is the curb-weight of vehicles, and 8, 8, and 05 are parameters of the
engine, speed, and weight modules, respectively. The detailed description of
FCEM can be found in Appendix A.

L] Customers
Depot

FEiT

Figure 5.1 An example of real road network

-4

5.3.1 Time-dependent travel time

Similar to [121, 137], we associate each road segment a € A with a speed
profile that divides the time horizon [0, T] into H time intervals. In this profile, the
travel speeds are assumed to be constant in any time interval h € H but may vary
from one interval to the next. With this setting, the corresponding travel time
function is a continuous piecewise linear function that satisfies the FIFO property,
meaning that the travel time functions are all strictly increasing. We define a path
Pi? = {af, ag, } as a sequence of road segments traveling from node i to node j.
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There are normally multiple paths connecting node i and node j in the real road
network. We thus define P;; = {Pilj,Pizj, } as the set of possible paths traveling
from node i to node j. Let ‘L'l-pj(t) be the travel time through path Pf; when
departing from node i at time t € h = [ty, t,] where t, and tj, are the lower and
upper boundary of time interval h.

Algorithm 1 describes the procedure for calculating the total travel time Tlpj (t)

from node i to node j for any departing time t according to [121]. Suppose that
the vehicle leaves node i at time t € h to travel an arc(i, j) with total distance d; is
the travel time it travels at speed vy, is denoted by Tlpjh (t). We have:

HAGEDI A (5.2)
heH
which is the sum of travel time spent at speed v, for related time interval h.

This function has a finite set of break points that denote the change of speed
(hence the travel time). Figure 5.2 presents an example of the travel time and
travel speed function for an arc of distance 1. Besides, let t. and t’ denote the
current time and arrival time respectively. According to equation (5.1), the fuel
consumption of a vehicle traveling on a path Plzf at time ¢t can be calculated as

PO =0, ) O +0, ) @)D +0; ) (Wt wntl'(©D) (53)

heH heH heH

Algorithml Travel time calculation
Step 1. Initialization

1.1 t.=1

1.2 d ==d;

1.3 t':=t.+ (d/vy)
Step 2. While (t'>t,)do

21 d=d—v,(t,—t.)

22 t, =¢,
23 t'=t,+ (d/vy)
24 h:=h+1

Step 3. Return (¢’ — t)
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Figure 5.2 An example of travel time and travel speed function

The investigated TDGVRPTW is clearly a complex problem, as in addition to
the complexity of TDVRP, it also considers the real time travel speed. The
complexity of the problem is O(|N|?-|A|-|H|), where |[N| is the number of
served customers, |A| is the number of network road-links and |H| is the number
of time intervals. The carrier company needs to allocate customers to vehicles,
determine the exact order in which are visited, and make the path selection
decisions based on time-dependent travel speed. The time-dependent travel speed
influences not only the resulting travel time function of each road segment, and in
return, affects the departure time vehicles leave at the depot, but also path
selection between customers due to the temporal and spatial differences of
congestion.

5.3.2 Time-dependent lowest fuel consumption path (TDLFCP)

A modified Dijkstra’s algorithm is proposed to find the time-dependent lowest
fuel consumption path from node i to node j efficiently for any given departure
time t, carrying load w and speed profile. The pseudo-code of this algorithm is
present in Algorithm 2. In step 1, all the parameters are first initialized. In
particular, each node is labeled by the departure time, predecessor node, fuel
consumption and current load. The label is then updated from the original node i
based on the dynamic programming principle in step 2. The step 3 aims to find the
unvisited node with lowest fuel consumption and mark it as ‘visited’. The
algorithm is terminated if node j is visited, otherwise it goes to step 2.
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Algorithm 2 Modified Dijkstra's algorithm for time dependent lowest fuel consumption path fromnode 7 toj

Step 1. Initialize graph G(N,A4) , departure time ¢, load w, and speed profile.
1.1. Label the original node i as [0, —, 0, w], where [ti, nfre, FC;, Wi]represents the departure time,
the predecessor node nfre, fuel consumption and current load ofnode
1.2. Label all other nodes as [0, —, o0, w,]
1.3. Set node i as "visited"
Step 2. Label update.
2.1. Denote the last visited node as n'
2.2. For any not visited node n € N and arc(n’,n) € A do
a)Calculate F,, = Ft + f1,(£,1), where Futn (tn1) represents the fuel consumption on
arc (n',n) € Awhen the truck travels fromnode n' to node 7 at time t,,¢ with load w,l
b)If F,, < FC,, ,update the label of node n with [tnl + Tnln(tnl), nt, F,w + Wn] where
T, (t,0) is the travel time on arc(n!,n) € A
Step 3. Scan a node.
Find the unvisited node with the lowest fuel consumption F,and mark it as "visited"
Step 4. Termination.
Ifnode is visited, stop.
Else, go to step 2.

5.4 Set partitioning formulation and column generation

Let Q) be the set of all feasible routes that satisfy vehicle capacity and time
windows. A binary variable Y] specifies whether customer i € C is visited on a
route 7 € Q. For each route r € (), define a binary parameter y,., which equals to 1
if route 7 is included in the solution and O otherwise. The TDGVRPTW can be
formulated as the following set partitioning model:

Minz vy (5.4)
reQ
subject to
Z Yy, =1, Viec (5.5)
TEQ
y, € {0,1}, ViecC (5.6)

The objective function (5.4) aims to minimize the total fuel consumption
where f, is the fuel consumption of route r. Constraint (5.5) guarantees that each
customer is visited exactly once, while constraint (5.6) defines the range of the
variables. A column generation (CG) method is used to solve a restricted master
problem (RMP) by replacing Q with a relatively small subset Q' € Q in the linear
programming (LP) relaxation of (5.4)-(5.6). At each iteration of CG process, an
optimal primal solution for this RMP is obtained by solving a pricing subproblem
that searches for variables with negative reduced cost. The reduced cost of a
variable (route) can be calculated as

ﬁzfr—z\({ni, Viec (5.7)

Treq
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where m;, i € C are the dual variables associated with constraint (5.5). When

negative reduced cost routes are found, they are added to subset Q' before starting
next iteration. Otherwise, the CG process is terminated with an optimal solution to
the MP.
5.4.1 Branching

To derive integer solutions, branching is the ultimate operation to conduct in a
branch and price algorithm. We adapt a robust branching scheme based on flow
variables x;; = Y,eqr ¥y, (i,j) € Ac, where Y is the (fractional) optimal solution
of the LP relaxation of RMP. It is one of the most common branching rules
introduced by Desrosiers et al. [138] for VRPTW. x;; is a binary and is associated
with two branching decisions (i.e., x;; = 0 and x;; = 1). The former decision
indicates that the arc (i,j) will be removed from the arc set when solving the
pricing problem. On the contrary, the arc (i, ) must be included in a solution if
x;j = 1. To enforce this, we first identify two type of arcs (i.e., arc(i, k), k # j,i €
C and arc(k, j),k # i,j € C) in all route variables in current RMP. All these arcs
are then removed from arc set A, to enforce that node j will always be visited
immediately after node i in any route generated by the pricing problem. We select
branching variables by using Strong branching [139]. Strong branching aims to
quickly evaluate the impact of branching on several candidates. For each branch
candidate, the lower bound of two children nodes is estimated by solving the
associated LP relaxation. In particular, for any given arc branching node, a subset
of arcs A, c A, that are candidates for branching is selected. The lower bounds
bz and lb} of both children nodes can then be calculated if arc a ¢ A}, was
chosen for branching. After calculating all these lower bounds, one can select the
branch that maximizes the lower bound in the weakest of the two children nodes.
The number of nodes to explore in the search tree can be reduced significantly by
using Strong branching, while it would increase the time to select the branching
candidate at each node. Consequently, the common practice is to limit the size of
candidates to evaluate and to calculate approximate lower bounds in the strong
branching selection process.
5.4.2 Pricing problem

We solve the pricing problem by using bidirectional labeling that consists of
extending labels in both directions (from node 0 to its successors and from node
n + 1 to its predecessors). The forward labels and backward labels are merged to
obtain the complete feasible routes.
The forward labeling algorithm
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In this algorithm, labels are extended from the start depot to its successors. We
assume the vehicle leaves depot at time 0. We record the following information to
a label Ly:

v(Lf) Last node visited on the partial path p(Lf).
F (Lf) Total fuel consumption used on the partial path p(Lf).
W(Lf) Total load delivered along the partial path p(Lf).
o, . (t) The ready time function at v(Lf).
S (Lf) Set of nodes visited along the partial path p(Lf).
The partial path p(Lf) can be deduced from iteratively
Given a label L, its extension label Ly along arc(v(L)}, j) to a node j can then
be created based on following equations:

5Lf(t) = max {ej + s, 6er(t) + rv(L})j <6L}(t)> + s }, (5.8)
S(Lg) = S(L;)Ug3, (5.9)
F(Ls) = F(LF) + mj, (5.10)
w(Ls) = w(Lf) +w, (5.11)

The new label Lf is feasible if it simultaneously satisfies the following three

conditions:
S_(L_fA) )+ t_v(L_fNN)j(6_(L_f*)(0)) +s_j <min{t_m,l_j+
sj} A jeN\{0} (5.12)
w(lL_fM)+w_j<Q A je€N\{0} (5.13)
S(L_fAHYNGI=0 A jeN\{0} (5.14)

Condition (5.12) ensures that the node j can be arrived within its time window
and do not exceed the fixed time t,,. Condition (5.13) ensures that the total load
W(Lf) of label Ly do not exceed the vehicle’s capacity. Condition (5.14) avoids

the repetitive label extension.

In the labeling algorithm, there are typically very large number of labels
needed to be derived and stored. To reduce the number of labels and accelerate
the label extension process, several dominance rules proposed by Dabia et al. [137]
are used to eliminate the unpromising labels. Let E (Lf) be the set of feasible

extensions of the label L; to node n + 1. More formally, the set E (Lf) contains all

partial paths that can leave node v(Lf) at time 6, p (0) or later and arrive node n +

1 within time windows, which has total load less than Q — W(Lf) and that do not
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visit nodes from S (Lf). For any label L € E (Lf), we define Lgg, as the label
generated from extending Ly by L. In forward labeling algorithm, dominance is

defined as following:
DEFINITION 1. Label lec is dominated by label L} if

Lo(L}) = v(i2)
2.E(L%) € E(Lf)
3. F(L;®") < F(12%"), vL e E(L}).
Condition 2 indicates that any feasible extension of label L]% must be feasible
for label L}. In addition, condition 3 ensures that extending label lec should always

generate a better route with lower fuel consumption. However, it is difficult to
verify all the conditions of definition 1 without evaluating all feasible extensions
of both label L} and Lj%. Instead, more sufficient dominance rules are introduced in

proposition 1 to further reduce the computational efforts.
PROPOSITION 1. Label szc is dominated by label lec if

a.v(1}) = v(L3),
b. F(Lp) < F(L%),

. S(L}) € s(13),

d. dom(L%) < dom(L}),

e. 5L}(t) < 5Lfc(t),Vt € dom(L]Zc),

fw(ty) <w(i3).

Conditions c¢, e, and f enforce that any feasible extension of label Lj% is feasible
for label L}. Conditions b, d, and f ensure that for any feasible extension L of label
L]%, the fuel consumption of the path p(lec@L) is less than or equal to the fuel
consumption of the path p(L]Zc@L )

The backward labeling algorithm.

In the backward labeling algorithm, labels are extended from the depot (i.e.,
node n+ 1) to its predecessors. For a label L, , we record the following
information:

v(Lp) First node visited on the partial path p(Ly).

F(Lp) Total fuel consumption used on the partial path p(Lp).

w(L,) Total load delivered along the partial path p(L}).

0., (t) Ready time at node n + 1 along the partial path p(L,) when
leaving node v(L;) at time t.

S(Lp) Set of nodes visited along the partial path p(Ly).
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Let t;(Lp) denote the latest possible ready time at node v(Lp). The set of
feasible extensions E (L) of L, is the set of partial paths such that when leaving
at the depot and reaching node v(L,) at some time t < t;(L,) within time
windows. The basic operation in the backward labelling algorithm is quite similar
to the forward labelling algorithm which aims to extend a label L}, along an
arc(j,v(L}y) ) to a node j to generate a new label L. The ready time function of a
new label L, can be calculated as follows:

6Lb (t) = 6% (max {e”(L;J) + Sv(L;,)' t+ ij(L;,)(t) + Sv(L;,) }), (5.15)
In addition, we can update other information of label by
S(Ly) = SLUL), (5.16)
F(Lp) = F(Ly) + m;, (5.17)
w(Lp) = w(Lp) +wj, (5.18)
The extension of Ly, of L, is feasible respect to the following three conditions
w(llbM)+wj<Q A jeN\{n+1}, (5.19)
tl(Lb)=max(t.m,e_j+sj) A jeEN\{n+1} (5.20)
S(LbMHYNGI=0 A jeN\{n+1}, (5.21)

Condition (5.19) ensures the capacity feasibility while the condition (5.20)
ensures that node j can be arrived within its time windows and the extension will
be terminated before t,,,. To avoid redundancy, we omit the dominance rules as
they can be applied in the same way as in forward labelling algorithm.

Merging forward and backward labels.

After all the forward and backward labels are generated, they are merged to obtain
the complete feasible routes with negative reduced cost. The resulting label L =
LygL ; is feasible if it satisfies the condition (5.22).

v(Lp) =v(L;) A SUpNS(Ly) ={v(Ls)} A w(ly) +w(Ls) —
Wy(L,) < 0, (5.22)
Furthermore, it has the following attributes:
e v(l)=n+1,
o F(L)=F(Ly)+F(Lp) = myp),
e w(L)=w(ly)+ W(Lf) ~ Wy(1)s
o S()=SLyUS(Ly)
The new labels L with negative reduced cost are then added to the RMP as new
columns. Otherwise, the CG process is terminated for current iteration.
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5.5 Computational results

This section presents the results of computational experiments using the
mixed-integer formulation of TDGVRPTW described in section 5.3 and the
branch and price algorithm presented in section 5.4. All tests are conducted using
a different set of instances with respectively 10, 20, 30, and 40 customers. These
instances are that are stored in a Github repository
(https://github.com/gecmswm/InstancesForTDGVRP). All experiments are tested
by using CPLEX 12.10 on an Intel(R) Core(TM) i9-10850K computer with 3.60
GHz and 16 Gb RAM.

To compare the potential difference in the size of a real-road network, we
generate three different sizes of real road networks based on the map of Chengdu.
Table 5.2 lists the number of nodes and road segments for small, medium, and
large road network cases, respectively, while Figure 5.3 shows the image of each
road network.

Table 5.2 Information of three different road network

Road network  # Road segments # Nodes
Small 1250 408
Medium 2233 835
Large 4641 1502
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Figure 5.3 Three road network cases with different network sizes

Instead of assuming the equal demand and service time of each customer, we
generate the customer demand based on the random samples from normal
(Gaussian) distribution. After generating the customer demand, the service time is
generated based on an adequate proportion of customer demand. The main point
is that more customer demand needs more time to load or unload. The customer
locations are generated by randomly selecting from the nodes of each road
network, and time windows of each customer are also randomly generated based
on some reasonable rules. For each road network, we generate 80 instances with
four different numbers of total customers. For example, the instance name ‘S1-10’
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means the first instance of the small road network with ten customers, while the
instance name ‘L.5-30° means the fifth instance of the large road network with 30
customers. Customers are served by a fleet of homogeneous light-duty vehicles,
each with a capacity of 4995 kg. Other parameters of the vehicles are presented in
Table A.1 in Appendix A. According to [140], the burning of a liter of diesel
produces around 2.65 kg of CO» (based on the calorific value of diesel with a
density of 0.835 kg dm™3). We apply the 2.65 kg as a diesel emission factor of
COs-emissions per liter. The CO, emission can thus be calculated by the product
of fuel consumption and emission factor.

We generate the speed profile by using real time travel speed obtained by GPS
data of taxis in the city of Chengdu, China. The details of generation of speed
profile are present in Appendix B.

Figure 5.4 presents two examples of speed profiles for 40 randomly chosen
road segments in the large road network. The time horizon starts at 8:00 am and
ends at 18:00 pm. We divide the total 10 hours into 30 time intervals. Each
interval has 20 minutes with a constant speed.

60 60 4

50 4 50
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30 30 4

Travel speed (Km\h)
Travel speed (Km\h)

2014 s
20 4

10

! ! . : : ! ! . -
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Figure 5.4 Two examples of speed profiles for 40 randomly chosen road segments

5.5.1 Performance of branch and price algorithm

To provide a clear graph view of the solution for TDGVRPTW, we first
generate detailed paths of solving three instances in Figure 5.5. In Figure 5.5,
different colored lines indicate different vehicle routes. For example, in Figure 5.5
(b), 20 customers are served by four vehicles in different routes. Next, Table 5.3
presents the detailed solution of instance L18-20, including vehicle routes, travel
distance, fuel consumption, CO; emission, and travel times.
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o Customers — o Customers = * Customers

(a) Detailed path of instance L15-10 (b) Detailed path of instance L18-20 (c) Detailed path of instance L16-30

Figure 5.5 Detailed paths of three instances in a large road network

Table 5.3 Detailed solution of instance L18-20

. Distance Fuel CO, Emissions Travel Times

Vehicle Routes . .

(km) (Liter) (kg) (min)
0-13-17-3-18-0 9.48 0.56 1.47 21.5
0-5-10-16-1-9-20-0 2143 1.16 3.08 43.8
0-2-14-6-19-12-0 25.66 1.51 4.00 57.9
0-8-15-11-4-7-0 40.09 2.14 5.67 79.1
Total 96.65 5.37 14.23 202.3

To review the performance efficiency of the proposed branch and price
algorithm, we summarize the minimum, average and maximum CPU time and the
gap of solving these instances in Table 5.4. It is clear that the branch and price
algorithm is fully efficient for the instances with 10 and 20 customers as all of
these instances can be solved optimally within a few seconds or minutes. On the
other hand, the computational efforts for solving the instances with 30 customers
increase to about 50 minutes on average while optimality is still guaranteed. In
addition, the CPU time increases significantly for almost all the cases with 40
customers, i.e., 4.3 hours on average. This is because our procedure is only
terminated when the gap is reached to 0.0% or the CPU time is reached to 18000s.
The gap between lower bound and upper bound is about 2.5% on average, which
is typically acceptable for many real-world industrial problems.
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Table 5.4 Time consumption and gap of solving different instances

PU Ti 9
Problem Size Road Network — Py .Jme(s) — Ga;.J(A)
Minimum Maximum  Average Mmimum  Maximum Average

10 Small 0.3 1.2 0.6 0.0 0.0 0.0
customers Medium 0.5 7.5 22 0.0 0.0 0.0
Large 1.5 20.5 5.5 0.0 0.0 0.0
20 Small 12.7 375.8 96.9 0.0 0.0 0.0
customers Medium 31.6 3824 110.6 0.0 0.0 0.0
Large 442 677.8 196.4 0.0 0.0 0.0
30 Small 553 31983 991.2 0.0 0.0 0.0
Medium 85.5 5845.1 1613.7 0.0 0.0 0.0

customers
Large 179.0 18000.0 5158.1 0.0 0.0 0.0
40 Small 772.6 18000.0 14051.3 0.0 6.9 1.6
Medium 5098.8 18000.0 16483.2 0.0 6.6 2.5

customers
Large 7582.8 18000.0 16398.2 0.0 7.7 2.5

5.5.2 Comparison of three different path selection decisions

To demonstrate the potential difference of the proposed different path
selection decisions in the real road network, i.e., TDLEP, SDP, and TDQTP, we
generate the shortest distance path, quickest time path, and lowest consumption
path for six given origin-destination (OD) pairs, respectively. Figure 5.6 presents
the detailed paths for a vehicle traveling from the origin to its destination at
departure time 10:00 am with a load of 4000 kg. To make a clear comparison, we
also list all the information including travel distance, travel time, and fuel
consumption for the three paths in Table 5.5. In Figure 5.6, there are distinctive
paths for traveling each OD pair. Most notable is shown in Figure 5.6(f), where
the three paths are almost totally different. In Figure 5.6(b), (c), (e), and (f), the
SDP starts from the origin and then across the city center to its destination, while
the TDQTP detours through the outmost ring road. From our common sense, this
is usually a good decision when the road segments of the city center have heavy
traffic. However, it is worth stating that the TDLCP should be considered a
practical choice since it has the lowest consumption while the values of travel
distance and travel time are all between the counterpart values in SDP and
TDQTP in the given six cases. Take the OD pair ‘641—771’ in Figure 5.6(c) as
an example. Its travel distance through SDP, TDQTP and TDLCP is 16.332 km,
20913 km, and 16.779 km, respectively. The travel distance with TDQTP
increases 28.05% compared to the counterpart in SDP, while the distance through
TDLCP only increases 2.66%. The situation is similar for travel time, while the
TDLCP decreases the consumption by 11.63% and 6.57% compared to SDP and
TDQTP, respectively. Note that this is not a coincidence since our experiments on
all investigated 240 instances further prove this interesting finding.
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Start: 515 5 Start: 596 5 Start: 641
W End: 764 m End: 419 W End: 771
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W End: 80 <y v W End: 914 S T W End: 305

== [owest Consumption Path == Shortest Distance Path == Quickest Time Path

Figure 5.6 Detailed paths for three different path selections in a large road network

Table 5.5 Detailed information of different path selections for six OD pairs

Orderi ; - -
OD Pairs r erin Model Distance COI’ISL?I’I]pthl’l Trave? Time
Figure 7 (km) (Liter) (min)
SDP 9.717 0.581 22.25
515—764 (a) TDQTP 12.492 0.595 18.67
TDLCP 10.319 0.558 20.77
SDP 16.848 0.996 37.58
596—419 (b) TDQTP 20.287 0.959 30.17
TDLCP 18.485 0.904 31.84
SDP 16.332 1.036 40.15
641—771 (©) TDQTP 20913 0.989 3441
TDLCP 16.779 0.928 34.73
SDP 14415 0.951 37.25
363—80 ) TDQTP 16.805 0.841 30.62
TDLCP 14919 0.824 31.33
SDP 14.182 0.925 36.23
1027—914 (e) TDQTP 21.110 0.988 31.85
TDLCP 14.353 0.876 33.75
SDP 15.371 0.946 36.25
598—305 ® TDQTP 19.778 0.940 32.65
TDLCP 15.919 0.936 35.67

To further verify the potential benefits of incorporating TDLCP into time-
dependent vehicle routing in real road networks, we conducted the experiments
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based on all investigated 240 instances. Table 5.6 lists the results of average travel
distance, consumption, emissions, and travel times. The column ‘Problem Size’
indicates the number of customers in the group of instances. The column ‘Road
Network’ and ‘Model’ identify the road network size and path selection decision,
respectively. The column ‘Average Distance’ lists the average travel distance
based on 20 instances for each road network and problem size. The gap is
calculated by comparing the value of TDQTP and TDLCP with the value of SDP,
respectively. As the CO> emission is calculated by multiplying a factor with fuel
consumption, the gap of CO: emission is thus the same as the gap of fuel
consumption. Besides, the average travel times and their gap are listed in the last
two columns. Let us start looking at the average travel distance. The average
travel distance of TDLCP is always less than the counterpart of TDQTP for all
instances. This result indicates that TDLCP is a better choice than TDQTP in the
case of saving travel distance. Besides, the savings of average consumption and
emissions for TDLCP and TDQTP range from 2.75% to 4.79% and from 2.72% to
4.33%, respectively. The value of TDLCP is for sure less than the value of
TDQTP for all instances, but there is no significant difference between them. This
is because the TDLCP and TDQTP have the same paths for some OD pairs. Take
the extreme case as an example. For any two connected nodes, the TDQTP, SDP,
and TDLCP are for sure the same no matter how heavy traffic on the road
segment since there is only one way to travel from the origin to its destination. In
addition, the saving of average travel time for TDLCP and TDQTP is up to 6.91%
and 7.40%, respectively.

In summary, compared to SDP, incorporating TDLCP into time-dependent
vehicle routing would result in up to 4.79% consumption and emission savings
and 6.91% travel time savings, while the travel distance increases up to 2.90%.
On the contrary, the TDQTP witnesses emission savings and travel time savings
up to 4.33% and 7.40% respectively while the travel distance increases up to
4.94%. Another interesting finding is that when the size of the real road network
increases, the value of the gap also increases relatively. The potential reason is
that the larger the road network is involved, the more different paths could travel
between OD pairs. This finding indicates that the benefits of considering TDLCP
in time-dependent vehicle routing would be more significant in the larger and
more complex road network.
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5-Time-dependent green vehicle routing problem with time windows

Table 5.6 Comparison of three different path selection models.

Problem Road Model Average Distance  Average Consumption and Emissions  Average Travel Time
. ode
Size Network (km)  Gap(%) (Liter) Kg) Gap(%) (min)  Gap(%)
SDP 28.585 - 1.825 4.84 - 71.26 -
Small TDQTP  29.549 3.37 1.758 4.66 -3.70 67.74 -4.93
TDLCP  29.380 2.78 1.757 4.65 -3.77 67.77 -4.89
10 SDP 35212 - 2.154 5.71 - 83.20 -
Cu Medium TDQTP  36.291 3.06 2.078 5.51 -3.52 79.17 -4.84
stomers
TDLCP  35.955 2.11 2.076 5.50 -3.63 79.25 -4.75
SDP 55.477 - 3.307 8.76 - 126.21 -
Large TDQTP 58214 4,94 3.164 8.38 -4.33 116.86 -7.40
TDLCP  57.088 2.90 3.148 8.34 -4.79 117.48 -6.91
SDP 39.904 - 2.536 6.72 - 98.91 -
Small TDQTP  40.923 2.56 2.448 6.49 -3.48 94.40 -4.56
TDLCP  40.711 2.02 2.447 6.48 -3.52 94.47 -4.48
20 SDP 57.099 - 3451 9.15 - 133.12 -
Cu Medium TDQTP  58.666 2.74 3.334 8.83 -3.42 126.80 -4.75
stomers
TDLCP 58216 1.96 3.331 8.83 -3.50 126.94 -4.64
SDP 87.522 - 5.189 13.75 - 197.99 -
Large TDQTP 91.177 4.18 4.994 13.23 -3.76 186.10 -6.01
TDLCP  89.782 2.58 4.982 13.20 -3.98 186.70 -5.70
SDP 65.172 - 4.121 10.92 - 160.71 -
Small  TDQTP  66.550 2.12 4.009 10.63 272 155.04 -3.53
TDLCP  66.192 1.57 4.008 10.62 275 155.15 -345
30 SDP 87.681 - 5.355 14.19 - 207.14 -
Cu Medium TDQTP  89.954 2.59 5.165 13.69 -3.54 197.29 -4.75
stomers
TDLCP  89.350 1.90 5.162 13.68 -3.60 197.45 -4.68
SDP 125.460 - 7.534 19.97 - 289.13 -
Large TDQTP 130.745 421 7.208 19.10 -4.32 269.66 -6.73
TDLCP  129.020 2.84 7.188 19.05 -4.60 270.51 -6.44
SDP 84.284 - 5.317 14.09 - 207.23 -
Small TDQTP 86.164 2.23 5.171 13.70 -2.76 199.75 -3.61
TDLCP  85.859 1.87 5.168 13.70 -2.80 199.79 -3.59
40 SDP 112.179 - 6.857 18.17 - 265.34 -
Cust Medium TDQTP 115264 275 6.617 17.53 -3.51 252.68 -4.77
stomers TDLCP 114435 201 6.611 17.52 358 25290  -4.69
SDP 172.011 - 10.285 27.26 - 394.67 -
Large  TDQTP 178.156 3.57 9.867 26.15 -4.07 370.60 -6.10
TDLCP 176.433 2.57 9.849 26.10 -4.24 371.29 -5.92
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Chapter 6

Conclusions

This thesis investigates urban freight transportation and logistics problems
arising in the City Logistics from both managerial and application points of view.

Nowadays, the urban freight transportation and logistics system must be more
competitive and well-functioning, pushed by many factors such as the undergoing
fierce competition, increasing demand from e-commerce, and high expectations of
customers. It requires the commitment and cooperation of multiple stakeholders
and actors and the integration of different business and operational models. In
doing so, a holistic representation of this complex and hyper-connected system is
needed. It means that the system should be managed in a modular manner that
integrates, on the one hand of existing logistics subsystems such as single and
multi-echelon structures, multimodal and intermodal delivery options (i.e., cargo
bikes and crowd drivers). On the other hand, a macro-level of interconnections
among actors, stakeholders, and subsystems should be considered in the top-level
design of the system.

This integration considers the behavioral, technological, and optimization
components of urban freight transportation, enabling decision-makers to cope
with the various issues arising in urban areas and decisional levels. In particular, it
requires a multi-disciplinary approach from different research communities (e.g.,
Operational Research, Computer Science, Data Science, Transportation Science)
to model the overall system.
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6-Conclusions

The previous study has demonstrated the effectiveness of using a multi-
disciplinary approach to cope with emerging critical problems in City Logistics.
These problems include the integration of traditional transportation modes (i.e.,
vans) and, low-emission vehicle (i.e., cargo bikes) and new delivery options (i.e.,
crowd drivers), the dynamic and stochastic vehicle routing problem in the form of
stochastic demand and location, and time-dependent vehicle routing problem in
the real road network.

We have investigated these new applications to overcome a noteworthy
portion of a gap in the literature considering the integration of different logistics
and transportation business and operational models and the mixing of managerial
and operational perspectives to provide public and private policies and jointly
optimize the parcel delivery process. Furthermore, after analyzing the state-of-the-
art research on smart city projects, we found that the current trend of partnership,
infrastructure financing, and financial resources for SCPs is mixed, which can
benefit and encourage all public and private actors to collaborative business
models. Besides, there is a need for innovative business models, methods, and
software to represent the entire transportation system, including public
governance, individuals, and freight movement.

To develop and demonstrate the effectiveness of an innovative business model,
we applied the multi-disciplinary approach to deal with the current practice in
last-mile delivery. We consider substituting traditional single-echelon routing
structures with two-echelon ones involving satellites centers and low emission
delivery options. Indeed, outsourcing the last-mile delivery tasks to third-party
companies with lower operational cost or flexible delivery options (e.g., crowd
drivers) is current practice.

First, we identified the main actors involved in the City Logistics system from
both business and operational perspectives and explicitly investigated these actors'
behaviors, costs, and revenues structures. The operational and economic
performance of the traditional and green delivery options are also analyzed based
on the main variables in last-mile delivery (e.g., distance, delivery time, personnel
cost, etc.). This managerial analysis supports the operational actions and their
implementation in practice.

Second, we addressed a DSVRPTW problem with crowdsourcing for on-
demand parcel delivery. Multiple delivery options are considered into this
problem together with crowd drivers. A new simulation-optimization framework
is proposed and applied for the last-mile delivery system, enabling decision-
makers to combine different sources of data, conduct simulation and optimization
on various realistic instance sets, and analyze the KPIs.
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We conducted a case study in the medium-sized city of Turin (Italy) to measure
the potential impact of using cargo bikes, crowdsourcing in parcel delivery. Our
results show that combining crowd drivers and green carriers into traditional van
delivery is beneficial to economic and environmental cost-saving, while the
delivery efficiency decreases. In particular, the total travel distance and CO
emissions are reduced in our investigated instances. In addition, green carriers and
crowdsourcing are promising and flexible solutions when dealing with many
online requests. We varied the customer demand investigating its potential
impacts on the system. The results show that operational and environmental costs
are sensitive to customer demand variations.

Finally, we investigated a time-dependent green vehicle routing problem based
on real-time travel speeds in the road network of Chengdu, a megacity in western
China. A branch and price algorithm is proposed to solve this problem. Three
different path selection decisions are considered to incorporate into vehicle
routing. Extensive experiments show that the proposed branch and price algorithm
efficiently solves the problem of up to 40 customers in the large road network
with 1502 nodes and 4641 road segments. In addition, the comparison of three
different path selection decisions demonstrates that the time-dependent lowest
consumption path is a promising choice for carrier companies in terms of fuel
consumption and travel-time saving.

Future directions will consider the optimal workforce capacity planning in
crowdsourcing applications and their compensation strategies, i.e., hourly
compensation, per-delivery compensation, and driver-determined compensation
[82]. Besides, it is also a promising research direction to use the emerging
techniques (e.g., deep reinforcement learning) from deep learning areas to solve
combinatorial optimization problems in urban freight transportation and logistics
systems.
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Appendix

A. Fuel Consumption Estimation Model

A widely used comprehensive model by [141] and [142] is adopted to estimate
fuel consumption. For a vehicle carrying weight w(kg) and traveling distance
d(m) with a constant speed v (?) in travel duration I', the fuel consumption
F(w,v,T) can be estimated as

F(w,v,T) = A(kN,VT + yBv3T + ya(u + w)d) (A.1)
where contains three different modules, namely engine, speed, and weight
module, respectively. The engine module kN, VT is linear in travel duration I',
while the speed module yBv°T is cubic in speed. The last term ya(u + w)d is
called weight module that is linear in the total weight (u + w). Note that u is the

3 a=9g sin(¢) + gC, C05(¢): and f =

vehicle curb-weight, 1 = Y=
0.5C4Afp. For simplicity, we denote the constant parameter 6,, 6, and 83 as the

P 1000ew’
parameter of engine, speed, and weight module respectively. It thus simplifies the
original equation A.1 to a simple version in equation 5.1. Table A.1 presents all
the parameters based on a light vehicle (type: BJIOSOVEJDA-A2) and other
constants adapted from [142].
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Table A.1 Parameters in the FCEM model

Type Notation Desciption Value
Truck-dependent k Engine friction factor (kJ/rev/liter) 0.2
N, Engine speed (rev/s) 33
1% Engine displacement (liter) 5
u Curb-weight (kg) 2850
Q Truck Capacity(kg) 4995
Ay Front surface area(m?) 3.912
£ Truck drive train efficiency 0.4
w Efficiency parameters for diesel engines 0.9
Road-dependent ¢ Road angle 0
C, Coefficient of rolling resistance 0.01
Emission parameters K Heating value of a typical diesel fuel (kJ/g) 44
P Conversion factor (g/liter) 737
'3 Fuel-to-air mass ratio 1
P Air density (kg/m?) 1.2041
g Gravitational constant (m/s %) 9.81
C, Coefficient of acrodynamic drag 0.7
B. Road segment speed

We generate the speed profiles by using a link travel speed dataset. This
dataset is obtained by first collecting real-time GPS trajectory data of floating
vehicles in Chengdu, a megacity in western China, from March 1* to June 30,
2017. Then, a map matching technique is used to output the projected paths of the
trajectories on the map and estimate the travel speeds on each link in different
time periods. The detailed steps to obtain the dataset are referred to [143].

C. Complete results of branch and price algorithm

In Tables A.2-A.5, we present the results of investigated 240 instances for
solving the TDGVRPTW. The column ‘Instance’ contains the information about
the size of the road network and the number of customers for each instance. The
columns denoted as ‘LB’ and ‘UB’ show the best lower and upper bounds found
all over a branching tree. In the column “Gap”, we calculate the difference
between lower bound and upper bound. The computational time (in seconds)
spent to solve an instance is listed in the column ‘Time’. Table A.2 Instances with 10
customers shows that the proposed algorithm is fully efficient for small instances
with ten customers. Almost all small instances can be solved to optimality within
a few seconds. Table A.3 shows that when the number of customers increases to
20, the instances can also be solved to optimality with a relatively longer CPU
time. Besides, the size of road network does not have a significant impact on
solving instances with ten customers and 20 customers. When the customer
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Appendix

number increases to 30, even though all the instances can be solved to optimality,

it takes much more computation effort, as shown in Table A.4. However, when
the customer number increases to 40, only a few instances can be solved to
optimality within a reasonable computation time (a predefined time limit:18000s).
According to Table A.5, there are six instances, three instances, and four instances
solved to optimality for small, medium, and large road networks, respectively,
within 18000 seconds. Besides, the gap between lower bound and upper bound for
instances in the small road network ranges from 0.0% to 6.9%, while the
counterpart values in the medium and large road networks range from 0.0% to 6.6%
and from 0.0% to 7.7% respectively.

Table A.2 Instances with 10 customers

Instance LB UB Gap(%) Time(s) Instance LB UB Gap(%) Time(s) Instance LB UB Gap(%) Time(s)

S1-10 1.87 1.87 0 1.1 MI1-10 2.06 2.06 0 1.6 L1-10 272 272 0 5.5
S2-10 1.85 1.85 0 1.2 M2-10 2.17 217 0 0.5 L[2-10 342 342 0 5.9
S3-10 1.58 1.58 0 0.6 M3-10 1.99 1.99 0 1.3 L3-10 3.56 3.56 0 6.5
S4-10 2.08 2.08 0 0.7 M4-10 2.09 2.09 0 0.6 L4-10 247 247 0 2.5
S5-10 1.67 1.67 0 0.6 M5-10 223 223 0 0.5 L5-10 3.19 3.19 0 20.5
S6-10 1.81 1.81 0 0.8 M6-10 194 1.94 0 0.8 Le-10 2.58 2.58 0 7.2
S7-10 1.80 1.80 0 0.6 M7-10 1.67 1.67 0 0.7 L7-10 335 335 0 34
S8-10 1.70 1.70 0 0.4 MS-10 2.03 2.03 0 0.8 L8-10 272 272 0 3.8
S9-10 1.72 1.72 0 0.6 MO9-10 1.81 1.81 0 0.9 L9-10 339 339 0 6.1
S10-10  1.75 1.75 0 0.4 MI10-10 1.82 1.82 0 48 L10-10 2.51 251 0 25
S11-10  1.72 1.72 0 0.3 MI11-10 234 234 0 3.8 L11-10  3.50 3.50 0 1.5
S12-10  1.62 1.62 0 0.6 MI2-10 1.92 1.92 0 0.8 L12-10 322 3.22 0 53
S13-10  1.66 1.66 0 0.8 M13-10 1.99 1.99 0 1.6 L13-10 345 345 0 6.5
S14-10  1.56 1.56 0 0.5 M14-10 245 2.45 0 0.8 L14-10 3.72 3.72 0 6.1
S15-10  1.88 1.88 0 0.4 MI15-10 2.53 2.53 0 7.5 L15-10  3.65 3.65 0 6.9
S16-10  1.63 1.63 0 0.7 Ml16-10 1.95 1.95 0 0.6 Lle-10 293 293 0 3.6
S17-10 192 1.92 0 0.9 M17-10 1.92 1.92 0 5.7 L17-10 3.19 3.19 0 23
S18-10  1.80 1.80 0 0.4 MI18-10 2.61 2.61 0 2.8 L1810 323 3.23 0 9.7
S19-10  1.59 1.59 0 0.3 M19-10 2.10 2.10 0 1.3 L19-10 325 3.25 0 22
S20-10  1.92 1.92 0 1.1 M20-10 1.89 1.89 0 7.1 L[20-10 291 291 0 1.9
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Table A.3 Instances with 20 customers

Instance LB  UB Gap(%) Time(s) Instance LB UB Gap(%) Time(s) Instance LB UB Gap(%) Time(s)
S1-20 233 233 0 26.4 M1-20 311 3.11 0 117.9 L1-20 5.18 5.18 0 206.8

S2-20  2.56 2.56 0 19.8 M2-20 328 3.28 0 33.1 L2-20 5.61 5.61 0 86.5

S3-20  2.66 2.66 0 72.1 M3-20 322 322 0 48.7 L3-20 4.79 4.79 0 44.2

S4-20 244 244 0 44.4 M4-20 343 3.43 0 160.5 L4-20 5.50 5.50 0 92.8

S5-20 237 237 0 146.1 M5-20 3.69 3.69 0 66.5 L5-20 4.86 4.86 0 677.8

S6-20 238 238 0 1692 M6-20 3.10 3.10 0 382.4 L6-20 455 455 0 539.8

S7-20 244 244 0 55.2 M7-20 3.18 3.18 0 59.1 L7-20 471 4.71 0 105.5

S8-20 236 236 0 232 MS8-20 321 3.21 0 192.8 L8-20 3.86 3.86 0 284.6

S9-20 244 244 0 159.0 M9-20 320 3.20 0 31.6 L9-20 5.70 5.70 0 154.8

S10-20 2.70 2.70 0 2964  M10-20 329 329 0 125.4 L1020 5.07 5.07 0 193.2

S11-20 2.67 2.67 0 16.7 MI11-20 295 295 0 305.9 LI11-20 5.12 5.12 0 63.5

S12-20 252 252 0 63.3 M12-20 334 334 0 34.1 LI12-20 4.86 4.86 0 106.1

S13-20 2.73 2.73 0 46.9 M13-20 3.04 3.04 0 325 L1320 5.11 5.11 0 298.2

S14-20 2.13 2.13 0 12.7 M14-20 3.93 3.93 0 56.6 L1420 566 5.66 0 190.1

S15-20 224 224 0 452 M15-20 322 322 0 151.7 L1520 462 462 0 123.1

S16-20 222 222 0 15.6 M16-20 341 341 0 33.0 L16-20 4.89 4.89 0 44.2

S17-20  2.09 2.09 0 3758 M17-20 3.80 3.80 0 139.0 L17-20 424 424 0 62.0

S18-20 2.61 2.61 0 70.0 M18-20 2.88 2.88 0 88.5 L1820 537 537 0 91.7

S19-20 2.68 2.68 0 1404  MI19-20 339 3.39 0 100.0 L19-20 5.05 5.05 0 306.8

S20-20 2.68 2.68 0 138.7 M20-20 3.09 3.09 0 51.9 120-20 490 4.90 0 256.2

Table A.4 Instances with 30 customers

Instance LB UB Gap(%) Time(s) Instance LB UB Gap(%) Time(s) Instance LB UB Gap(%) Time(s)
S1-30 420 4.20 0 546.4  MI1-30 530 5.30 0 4174 L1-30 6.90 6.90 0 7258.8
S2-30 4.01 4.01 0 4285 M2-30 4.60 4.60 0 929.5 12-30 7.65 7.65 0 3462.9
S3-30 391 391 0 1019.0 M3-30 5.00 5.00 0 2514.2 L3-30 6.87 6.87 0 301.6
S4-30  3.88 3.88 0 663.6 M4-30 525 525 0 398.0 L4-30 7.10 7.10 0 18000.0
S5-30  4.03 4.03 0 1143  M5-30 487 4.87 0 5845.1 L5-30 7.04 7.04 0 819.6
S6-30 431 431 0 2052  M6-30  5.01 5.01 0 1767.2 L6-30 742 742 0 22954
S7-30 417 4.17 0 1546  M7-30 5.68 5.68 0 651.8 L7-30 7.43 17.43 0 4290.9
S830 399 3.99 0 1781.7 M8-30 5.04 5.04 0 1853.7 L8-30 712 7.12 0 13139.3
S9-30 393 393 0 588.4  M9-30 548 548 0 482.1 19-30 6.85 6.85 0 37322
S10-30  3.65 3.65 0 506.0 MI10-30 4.83 4.83 0 3977.6 L10-30 728 7.28 0 12841.2
S11-30 3.56 3.56 0 1559  MI11-30 4.87 4.87 0 340.5 L11-30  7.39 7.39 0 249.9
S12-30  4.18 4.18 0 31983 MI12-30 547 547 0 2813.7 L12-30 722 722 0 13046.2
S13-30  3.83 3.83 0 14755 M13-30 5.04 5.04 0 988.7 L13-30 7.01 7.01 0 2395.7
S14-30 4.14 4.14 0 2480.1 M14-30 5.07 5.07 0 255.4 L1430 7.52 7.52 0 1404.0
S15-30 447 447 0 25333  M15-30 5.08 5.08 0 490.5 L15-30 6.85 6.85 0 2381.2
S16-30  4.02 4.02 0 73.8 M16-30 5.10 5.10 0 85.5 L16-30 792 7.92 0 404.5
S17-30 423 4.23 0 55.3 M17-30 5.78 5.78 0 3156.3 L17-30  6.73 6.73 0 179.0
S18-30  3.97 3.97 0 780.1  MI18-30 521 5.21 0 4962.6 LI8-30 6.97 697 0 3103.5
S19-30  3.55 3.55 0 15262  M19-30 522 522 0 234.2 L19-30 691 691 0 13375.5
S20-30  4.11 4.11 0 1537.1  M20-30 5.32 5.32 0 110.6 L20-30 7.57 7.57 0 481.1
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Table A.5 Instances with 40 customers

Instance 1B UB Gap(%) Time(s) Instance LB UB Gap(%) Time(s) Instance LB UB  Gap(%) Time(s)

S1-40 541 548 1.3 18000.0 M1-40 693 7.22 4.0 18000.0 L1-40 9.38 9.67 3.0 18000.0
S2-40 530 5.30 0.0 8559.2 M2-40 697 697 0.0 5098.8 12-40 9.11 9.87 7.7 18000.0
S3-40 544 5.50 1.2 18000.0 M3-40 6.71 7.18 6.6 18000.0 L3-40 10.36 10.52 1.6 18000.0
S4-40 499 5.14 3.0 18000.0 M4-40 6.77 6.83 0.8 18000.0 L4-40 11.17 11.70 4.6 18000.0
S5-40 551 5.58 1.3 18000.0 M5-40 6.69 6.94 3.6 18000.0 L5-40 10.88 11.36 4.2 18000.0
S6-40 5.09 5.30 4.0 18000.0 M6-40 6.72 6.86 1.9 18000.0 L6-40 10.18 10.79 5.6 18000.0
S7-40 525 5.34 1.6 18000.0 M7-40 6.68 6.75 1.0 18000.0 L7-40 9.55 9.63 0.9 18000.0
S8-40 554 5.95 6.9 18000.0 MS8-40 6.89 7.18 4.1 18000.0 18-40 9.44 9.61 1.8 18000.0
S9-40 524 524 0.0 33523 M9-40 6.63 6.63 0.0 11175.4 19-40 10.68 10.68 0.0 12243.2
S10-40 5.26 5.26 0.0 11095.6 M10-40 6.92 7.04 1.7 18000.0 L10-40 927 9.67 4.1 18000.0
S11-40 4.88 4.93 0.9 18000.0 M11-40 622 648 4.0 18000.0 L11-40 991 991 0.0 9310.4
S12-40 512 5.12 0.0 3112.0 MI12-40 6.86 6.86 0.0 7361.6 L12-40 10.46 10.64 1.8 18000.0
S13-40 527 542 2.8 18000.0 MI13-40 697 7.21 34 18000.0 L13-40 10.90 11.04 1.3 18000.0
S14-40 539 5.52 2.5 18000.0 M14-40 7.07 7.13 0.9 18000.0 L14-40 996 9.96 0.0 10828.1
S15-40 4.96 5.00 0.8 18000.0 M15-40 7.03 7.42 53 18000.0 L15-40 10.00 10.00 0.0 7582.8
S16-40 5.44 554 1.8 18000.0 M16-40 6.60 6.80 3.0 18029.0 L16-40 9.09 9.29 2.1 18000.0
S17-40 5.19 5.28 1.7 18000.0 M17-40 6.64 6.87 34 18000.0 L17-40 10.10 10.62 5.0 18000.0
S18-40 5.55 5.71 29 18000.0 M18-40 6.54 6.70 24 18000.0 L18-40 10.43 10.72 2.7 18000.0
S19-40 535 535 0.0 2183.6 M19-40 6.37 6.62 3.7 18000.0 L19-40 10.70 10.90 1.8 18000.0
S20-40  5.57 5.57 0.0 722.6 M20-40 6.44 6.48 0.6 18000.0 L2040  9.05 9.14 1.0 18000.0
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