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Executive Summary

The transportation sector is currently facing four interrelated challenges: climate change,
urbanization, the expansion of e-commerce, and changing urban mobility needs. Climate
change, fueled by escalating greenhouse gas emissions, has triggered extreme weather
events and rising sea levels, posing a global threat. At the same time, urbanization has
skyrocketed as people migrate to cities in search of better economic prospects, leading to
denser urban populations and increased traffic. The e-commerce boom is another notable
development, with online shopping and home delivery contributing significantly to green-
house gas emissions, particularly in the area of last-mile delivery. This surge in e-commerce
inevitably translates into increased urban freight activity, exacerbating traffic congestion,
road accidents, and adverse public health impacts. As urbanization and e-commerce con-
tinue their upward trajectory, the need for a paradigm shift in urban mobility becomes in-
creasingly urgent. The current transportation system, dominated by private cars and trucks,
is unsustainable and poses significant environmental, economic, and social challenges. Ad-
dressing these challenges requires a multifaceted approach that combines policy initiatives,
technological advances, and behavioral changes. Emerging technologies, such as vehicle
electrification and the digitalization of mobility services, hold great promise for promoting
sustainability, especially in urban environments where people and transportation systems
are closely intertwined. Meanwhile, behavioral changes, including increased reliance on
public transit, carpooling, cycling, and walking, offer opportunities to reduce the prevalence
of single-occupancy vehicles on the road. In summary, climate change, urbanization, the
growth of e-commerce, and evolving urban mobility demands form a complex web of chal-
lenges that require a comprehensive strategy to address their significant environmental and
societal impacts.

In recent years, a very interesting branch of research has developed in the field of pas-
senger and freight transportation. This involves the combination of passenger and freight
trips, especially in urban areas where space is a scarce commodity and transport exter-
nalities have a direct impact on residents. The most sustainable approaches aim to use
existing passenger trips for additional freight transport within the city. This is a promising
approach not only from an environmental but also from an economic point of view, as the
last mile accounts for 30-40% of the cost of a parcel shipment.

First, this research analyzes the state of integrated transportation systems for passengers
and freight in research and practice. This thesis extends the current state of research by
introducing a novel urban mobility service, hereafter referred to as Ride Parcel Pooling. It
then explores the possibilities and best practices for evaluating urban mobility vehicle fleets
in a holistic manner, taking into account the entire life cycle of mobility services. Second,
this thesis defines the envisioned Ride Parcel Pooling service by evaluating the state of the
art and defining the most promising combination of passenger and freight transportation.



Third, the resulting on-demand ride-pooling service is modeled in a simulation case study
for Munich, Germany, and evaluated by a custom-built fleet evaluation tool using a life-
cycle sustainability assessment approach. Finally, the mobility service was tested under
real-world conditions in a one-week field test in Munich.

The modeling approach incorporates real-world demand data, introduces different opera-
tional scenarios, assignment strategies for parcel-to-passenger assignment, parcel demand
penetration rates, and three different vehicle types that make up the Mobility on Demand
fleet. The results of the case study show that the Combined Decoupled Parcel Assignment
(CDPA) strategy best reflects the goal of integrating freight transportation into a ride-pooling
provider’s system, resulting in the lowest number of miles traveled. The simulations show
that the integration of logistics services into a ride-pooling service is possible and can utilize
unused system capacity without degrading passenger service. Depending on the chosen
assignment strategy and vehicle category, almost all parcels can be served up to a parcel to
passenger demand ratio of 1:10, while the total fleet kilometers can be reduced compared
to the status quo, i.e. two separate fleets for passenger and parcel transport. In order to
assess the impact of Ride Parcel Pooling in a holistic way, the presented fleet evaluation
tool aims at a new way of evaluating vehicle fleets in urban environments over their en-
tire life cycle, taking into account environmental, economic and social impacts. The case
study shows significant savings in global warming potential, fleet operating costs, and so-
cial impacts compared to the status quo. Electric vehicles have an advantage over internal
combustion engine vehicles, especially in the environmental and economic dimensions, but
also in the social dimension. The real-world test of Ride Parcel Pooling introduces a web
application consisting of front-end, back-end, and fleet control, and serves as a digital plat-
form for integrated transportation services for passengers and freight. Ride Parcel Pooling
was shown to be ready for real-world applications and demonstrated the need for sufficient
demand from both passengers and freight to produce pooled trips.

This dissertation addresses the pressing challenges of climate change, urbanization,
e-commerce growth, and evolving urban mobility patterns, emphasizing the need for a
comprehensive strategy to mitigate their environmental and societal impacts. It introduces
Ride Parcel Pooling, an on-demand mobility service that integrates passenger ride-pooling
and urban parcel transportation to deliver environmental, economic, and social benefits.
Through thorough analysis, simulation, and real-world testing, the thesis demonstrates the
feasibility and benefits of Ride Parcel Pooling, highlighting its potential to transform urban
mobility into a more sustainable system.
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Chapter 1

Introduction

,—(Chapter Essentials} \

Today's transportation systems face the challenges of climate change,
urbanization, the growth of e-commerce, and changing urban mobility
patterns.

The transportation sector accounts for 27% of the world's climate relevant
emissions (global warming potential), of which 60% is caused by passenger
transport and 40% by freight transport.

Three different forms of passenger transport, i.e. public transport, individual
transport and mobility on demand, as well as three different forms of urban
freight transport, i.e. courier, (express) parcel and cargo logistics are

identi ed.

Technological and societal trends affecting urban passenger and freight
transport and their integration are digitalization, automation, electri cation,
and the expansion of new mobility services.

The overall research objective of the thesis is to investigate and explore if
and how the integration of urban passenger and freight transport ows can
lead to a more sustainable urban transport system.

Climate change, urbanization, the growth of e-commerce, and changing urban mobil-
ity patterns are four interrelated issues that have received signi cant attention in scienti ¢
research and public discourse in recent years [IPCC, 2022; RotemMindali & Weltevreden
2013; Zhangyuart al., 2022]. Climate change, caused by the increase in Green House Gas
(GHG) emissions, does already today lead to extreme weather events and rising sea levels,
threatening humanity worldwide [Portner et al., 2022]. Urbanization, on the other hand,
has increased rapidly as more people move to cities in search of better economic oppor-
tunities, leading to the growth of urban areas and an increase in urban population density
and traf ¢ [Z hangyuaret al., 2022]. Urban transportation plays a critical role in shaping the
functionality, livability, and sustainability of cities. Ef cient and sustainable transportation
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systems are essential to support economic growth, improve access to goods and services,
and minimize GHG emissions and air pollution. The development of e-commerce is another
phenomenon having seen rapid growth in recent years. With the rise of online shopping
and home deliveries, e-commerce has been identi ed as a signi cant contributor to the in-

crease in GHG emissions, especially caused by last-mile deliveries [Laghaekt al., 2016].
The growing demand for e-commerce also creates an increase in urban freight traf c, lead-
ing to congestion, traf c accidents, and adverse effects on human health [K rzyzanowsket
al., 2005; Retfallack & Ostendorf, 2019]. As urbanization and e-commerce continue to grow,
while transportation infrastructure is hard to change, there is an urgent need for change
in urban mobility behavior and strategies. Especially, the current road-based transporta-
tion system, dominated by private cars and trucks, is unsustainable and leads to signi cant
environmental, economic, and social challenges. A shift in urban mobility is needed to re-
duce the negative impacts of transport, to improve air quality, to reduce congestion, and
to provide equitable access to transport. The transition to more sustainable road-based
urban mobility or rail-based systems requires a combination of policies, technologies and
behavioral changes [Vergragt & Brown, 2007]. New technologies such as vehicle electri-
cation, digitization of mobility services, or completely new mobility services could enable
sustainable change, especially in the urban context where citizens and transport are in
close proximity. Behavioral changes such as increased use of Public Transportation (PuT),
car-pooling, cycling, and walking could help to reduce the number vehicles on the road.
All in all, climate change, urbanization, the growth of e-commerce, and changing demands
for urban mobility are interrelated issues that require a holistic approach to address the
signi cant environmental and social challenges they pose.

Figure 1.1 shows a customized visualization of the results obtained by the Crippaet al.
[2020], EuropeanCommissiof2013], and Oranisation for EconomicCo-Operation andDevelop
menf2023], showing the shares of transport-related CO,e emissions from passenger (60%)
and freight (40%) transport in the European Union, combined with the total share (27%) of
the transportation sector in the total European Global Warming Potential (GWP). It shows
that an essential part of the transport-related CO,e emissions is generated by urban trans-
port for passenger (17%) and freight (6%) transport respectively. Furthermore, local air
pollutants, land use, and congestion effects are particularly relevant in the urban context.
These facts imply that innovative and environmentally friendly solutions for urban transport
are urgently needed. This is especially true when existing solutions, such as expanding
public transport networks, are expensive and dif cult to implement (e.g. due to land use
conicts). The need for innovative, road-based, and high occupancy mobility solutions is
further supported when considering the economic consequences of high traf ¢ volumes
and land use, which are also particularly relevant in an urban context [Bull & Thomson
2002; Krzyzanowsket al., 2005; Schroder et al., 2023]. To achieve the highest possible uti-
lization of existing transport modes, especially within urban areas where multiple forms of
mobility and solutions are available, the question is whether the traditionally separate ows
of passenger and freight transport could be combined and integrated.

The idea of transporting freight along with passengers is not a new one. As early as in
the year 1610, the rst recorded stagecoach traveled between Edinburgh and Leith, car-
rying passengers as well as small parcels [Maxwell G., 1992]. Nowadays, it is also not



Figure 1.1: Share of CO,e emissions related to transport in the European Union (PRIMES
and TREMOVE Transport Models) EuropeanCommissiof2013], EuropeanEnvi
ronmentAgency[2022], and Joint ResearchCenter EuropeanCommissiof2023].

uncommon for passengers and freight to be transported together. Passenger planes typi-
cally carry cargo as well. Combined transportation of people and goods is also common in
ocean shipping and ferry services. However, there are far fewer combined transportation
services in an urban context. However, this is where intelligent solutions are needed, as
urban phenomena such as increased travel times, scarcity of space, noise emissions and
poor air quality have worsened considerably in recent years, according to the German Min-
istry of the Environment [Federal Ministry for the EnvironmentNature Conservation Nuclear
Safety andConsumerProtection, 2022; Pishue 2021]. This leads to the need for ef cient
and combined passenger and freight transportation in urban areas to make better use of
existing transportation resources. The aim of this dissertation is to examine the current
concepts of integrated passenger and freight transport and to evaluate existing simulation
studies.

Rodrigue[2020] classi es urban transport into three different categories, namely PuT, In-
dividual Transportation (InT) and Freight Transportation (FrT). As a form of collective trans-
portation, PuT provides mobility to people in specic areas of a city and is accessible to
anyone who pays the fare. PuT systems are particularly successful where a large number
of passengers need to be transported and their trips have similar Origin-Destination (OD)
relationships. PuT includes modes such as trams, buses, trains, subways, and ferries. By
contrast, InT is the result of a personal route choice and includes modes such as automo-
bile, walking, bicycling, or motorcycling. In addition to the main categories of passenger
transport, FrT plays an important role in urban transport. Traditionally, Fr'T movements are
carried out by large delivery vehicles that transport freight to and from distribution centers
and major terminals such as ports, railroad stations, and airports. However, with the growth
of e-commerce, new delivery solutions are emerging and beginning to replace traditional
delivery vehicles. In the urban context, freight mobility belongs to the emerging eld of
urban logistics. This doctoral thesis applies the categories of Rodrigue[2020] to structure
the assessment of the state of the art in urban passenger and freight transportation, and
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provides a deeper understanding of the categories in the following sections.

1.1 Forms of Urban Transportation

The de nition of R odrigue[2020] is further differentiated in the following. The existing urban
passenger transportation infrastructure includes a variety of transportation modes, including
PuT (road and rail), motorized and micro-mobility InT, Mobility On Demand (MoD) (station-
based and free- oating), and urban freight transportation FrT, including letter, courier, ex-
press, parcel, and cargo logistics. In the following, this research examines different forms of
urban passenger and freight transport, investigates their characteristics, and nally groups
them according to scienti ¢ de nitions and passenger and freight transport markets.

Urban Passenger Transportation

This dissertation introduces urban passenger transport referring to two main categories.
InT, such as private cars and bicycles, serves the mobility needs of a single or a small
group of passengers with the same origin and destination, while PuT provide services to
many passengers with different origins and destinations. In recent years, both InT and PuT
have been subject to a variety of service concepts, which will be analyzed in more detail
in the next parts of this section. To do so, this work focuses on the urban transport modes
identi ed by S chroder and Gotzler [2021].

Public Transportation

Traditional PuT consists of road-based bus and boat services, as well as rail-based metro,
train, and tram services. Rail-based services rely heavily on their underlying infrastructure,
which allows them to operate only on xed schedules and itineraries. Buses and boats
can operate more exible and can adapt routing in between of stations, however they also
follow a de ned schedule. Traditionally, all PuT services operate on xed routes with xed
schedules [Ceder, 2002]. To paint a complete picture, there are several variations of road-
based PuT that loosen either the ties to timetables or the ties to routes and stops to match
demand, however they are not of high relevance in the further course of this thesis and
therefore not introduced in detail.

Individual Transportation

A mode of transportation must meet two criteria to be called InT. First, it must satisfy the
mobility demand of a single or small group of passengers with the same origin and destina-
tion. Second, the mobility demand is satis ed by one and the same vehicle and the trip is
not shared among members of different passenger groups. In this context, this research in-
troduces two main subcategories of InT, namely micro mobility and motorized InT [Brunner
et al., 2018]. Here, micro mobility refers to all modes of transportation with relatively low
speeds, operating over short distances. This includes walking, bicycles, scooters, and
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pedelecs [Yanocha& Allan, 2019]. Motorized InT includes powered two-wheelers such as
mopeds and motorcycles, as well as private cars. In recent years, vehicle sharing concepts
such as scooters, bicycles and car sharing have been introduced in urban areas. In this
research, these concepts are included in the individual transport domain, as the vehicles
and modes of use are very similar. In general, sharing concepts are either free- oating or
station-based [Eren & Uz, 2020; Hardt & Bogenberger 2020; Zardiniet al., 2022; F. Zhou&
Zhang 2020], meaning that vehicles can be rented and left in a particular service area or at
particular stations.

Mobility-on-Demand Transportation

In addition to the PuT and InT mentioned above, this research considers a third category
of urban transportation services. These are called MoD services and are characterized by
users requesting rides on-demand, either through a smartphone app, a phone call, or by
hailing them on the street [Conwayet al., 2018]. This includes traditional taxi operations, but
also ride-sourcing services, matching riders with drivers of private vehicles, or eet opera-
tors that centrally match incoming requests with drivers [Shaheeret al., 2016]. MoD provides
a convenient service, due to short pick-up times and (nearly) door-to-door transportation.
As a result, MoD providers such as Uber, Lyft, and Didi have experienced strong growth in
recent years. For example, in 2016, 15% of all intra-city car trips within San Francisco (USA)
were made with MoD [Feigon& Murphy, 2016]. Centrally managed ride-pooling services,
where multiple users are dynamically pooled into the same vehicle to share the ride, have
not yet achieved the same market penetration as taxi, i.e. ride-hailing, services. However,
the number of services [Foljanty, 2022] as well as the number of research studies [Zwick
Kuehne] & Axhausen2022] is increasing steadily.

The left part of Figure 1.2 shows the different forms of urban passenger transport consid-
ered in this work. This research distinguishes between individual, public, and on-demand
transport forms, and their respective dynamic and static characteristics. In the case of pas-
senger transport, the term dynamic refers to a exible availability of the transport service,
both in temporal and spatial dimensions. For this reason, station-based and scheduled PuT
services are referred to as static, and individual forms of transport, as well as MoD services
are referred to as dynamic.

Urban Freight Transportation

This research categorizes freight transportation through an analysis of spatial, temporal,
weight, and size dimensions. Speci cally, the spatial focus of this work is on the urban con-
text and therefore includes the concepts of urban logistics, urban freight distribution, and
last-mile logistics. City logistics refers to the movement and delivery of goods and materials
within cities and other urban areas. It encompasses a wide range of activities, includ-
ing transportation, warehousing, inventory management, and supply chain coordination.
Savelsberghand VanWoensel[2016] discuss a variety of current and anticipated challenges
and opportunities of urban logistics, including alternative modes of transportation, such as
electric vehicles and cargo bikes, and the implementation of urban consolidation centers,
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as well as congestion, air pollution, noise, and safety. There are several different forms of
urban logistics, each of which plays a critical role in ensuring the ef cient and timely deliv-
ery of goods and services to businesses and consumers in urban areas. Roseet al. [2017]
identify three distinct stakeholder groups in urban logistics: community citizens, business
and industry, and government of cials. In their literature review, the authors distinguish be-
tween intra-regional ows and inbound and outbound logistics ows. In addition, the freight

ows can be classi ed according to size, weight and priority. In Germany, one can dif-

ferentiate between mail logistics [Bundesverban@riefdienste 2023], Courier, Express, and
Parcel (CEP) services [Bundesverbanaket undExpresslogistik e V., 2023] and cargo lo-
gistics [Bundesverban&pedition und.ogistik, 2023], represented by the respective national
logistics associations. This thesis categorizes the temporal dimensions of urban logistics
according to the time constraints for pickup and delivery, i.e. the urgency of the service.
In this work, dynamic logistics includes any service booked less than a day in advance,
while static logistics is booked in advance or takes several days to ful ll. In this case, the
logistics trips are known to the logistics services at the beginning of each day. In the dy-
namic case, the trip requests come spontaneously during the day and can be classi ed as
on-demand courier or express parcel deliveries. The weight and size dimensions of urban
freight range from classic postal parcels to heavy and over-sized cargo deliveries. Looking
at the speci cs of urban logistics, one can additionally identify shipments that need to be
kept warm or cold (e.g. food and grocery delivery) and shipments that rely on special ve-
hicles or containers (e.g. waste disposal), however this research does not focus on these
due to the high complexity of the entire supply chain.

In the following, further insights into three derived forms of urban logistics, namely courier,
parcel, and cargo services are provided. To this end, this research focuses on the organi-
zation of logistics prevailing in Central Europe and therefore divides the forms of logistics
on the basis of German logistics interest groups [BundesverbanBaket undExpresslogistik e
V., 2023; Bundesverban8pedition und.ogistik 2023]. The right part of Figure 1.2 shows the
different attributes of urban logistics services considered in this work.

Courier Logistics

Courier shipments are delivered the same day (dynamic) or according to special arrange-
ments (static) and picked-up and delivered by the same parcel carrier. They have binding
delivery times, guarantee fast delivery [Bundesverban&aket undExpresslogistik e V., 2023]
and include the concepts of crowd-sourced (i.e. platforms connecting logistics providers
and individuals who act as couriers [Tu et al., 2020]) and same-day (i.e. customer order is
ful lled the same day it is issued [M. U Imer, 2017]) delivery. The concept of crowd-sourced
delivery comprises food delivery (e.g. Just Eat Takeaway, Uber Eats), as well as classi-
cal courier or grocery delivery services (e.g. Flink, MAX, DoorDash). This work assumes
courier and express shipments being delivered directly and without any intermediate stops
in logistics hubs. It considers food and grocery deliveries to be express logistics services,
due to the similar time and space requirements.
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(Express) Parcel Logistics

Parcel shipments do not have xed delivery times, however, the pickup or delivery times are
speci ed day-accurate [B undesverban®aket undexpresslogistik e V., 2023]. The time, size
and weight constraints of parcel logistics reach from classic parcels, with a process time of
several days to same-day (express) delivery, typical dimensions between 35x25x10 cm to
120x60x60 cm, and weight between 2 kg and 31.5 kg [DeutschePost AG, 2023]. Parcels
usually refer to inter-city deliveries and therefore are trip chains. Since this work focuses
on urban logistics, only the rst- and last-mile legs are of special interest. Here, the last-
mile leg is a static logistic service, as the delivery of the parcel is known ahead due to
preceding transport steps. In Germany, 87% of online shoppers prefer home delivery as
their privileged delivery place [DPDgroup, 2017]. Even though, a delivery to a consolidated
pickup point would be possible as well. The rst-mile leg is also considered a static logistic
service similar to the last-mile leg. However, in Germany, most private senders bring their
shipments to a central collection point (e.g. parcel shop, post of ce, retailer store, parcel
locker station) [DPDgroup, 2017].

Cargo Logistics

Cargo logistics refers to all kinds of large, bulky, and heavy weight deliveries, including euro-
pallets, furniture, large electronic devices, construction materials or waste [Bundesverband
Spedition und.ogistik, 2023]. Waste logistics includes all kinds of household and commer-
cial waste, container waste or bulky waste [Abfallwirtschaftsbetrieb Munchen2023]. Cargo
logistics often requires specialized providers which use special vehicles, e.g., waste trucks
or vehicles with large loading area and lifting platforms, to transport goods. Due to its size,
cargo is usually planned many days ahead to delivery and thus is considered as a static
logistic service.

1.2 Technological and Social Trends

In recent years, urban passenger and freight transportation has undergone a transforma-
tive evolution, driven by social and technological trends. Increasing urbanization leads
to enhanced demands on transportation systems, requiring innovative solutions to reduce
congestion, environmental impact, and improve overall ef ciency. At the same time, techno-
logical advances, including the rise of autonomous vehicles, the integration of smart tech-
nologies (e.g. articial intelligence), and the emergence of sustainable energy sources,
are reshaping the landscape of urban mobility. This intersection of societal imperatives and
technological advances is fostering a dynamic environment where the future of urban trans-
portation promises to be more connected, accessible, and environmentally sustainable.

Trends in Urban Passenger Transport

As elaborated earlier, PuT critically contributes to urban mobility by offering affordable and
accessible transportation to a vast number of passengers. Many cities commonly utilize
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Figure 1.2: Different forms of urban passenger and freight mobility services considered in
this work.

road-based PuT, such as buses and minibuses, while larger cities additionally feature ralil
based PuT, including subways, trams, and light rail systems. Motorized individual trans-
port, such as cars and motorcycles, is prevalent in urban areas, with private cars being
the most commonly used mode of transport. Despite providing convenience, motorized
individual transport is a signi cant contributor to GHG emissions [J oint ResearchCenter Eu-
ropeanCommissior2023], air pollution [Krzyzanowsket al., 2005; Laumbacl& Kipen 2012],
and congestion [Retallack & Ostendorf, 2019]. Micro-mobility options, such as bicycles,
motorcycles, and e-scooters, have emerged as alternatives to individual motorized trans-
portation, providing last-mile mobility in urban areas. On-demand mobility options, including
station-based and free- oating sharing services (e.g. bikes, scooters, cars) provide conve-

nient and exible transportation options for (often irregular) short trips in urban areas. van
Audenhovet al. [2018] assume that the demand for urban passenger transport will increase
by more than a third by 2030 and double by 2050 They base their ndings on data from the

United Nations Department of Economic and Social Affairs, the International Transport Fo-
rum of the Organization for Economic Cooperation and Development, and their own data.
The above-mentioned negative impacts of increasing transport volumes and the expected
developments lead to an urgent need for action, especially in the urban context. More
sustainable vehicles, new mobility solutions and improvements in the ef ciency of existing

transport modes could help to improve the situation and offset the expected increase in
demand for passenger and freight transport.

Automation of transportation systems is rapidly transforming urban transport, with au-
tonomous vehicles and drones offering the potential for safer, more resilient, and more ef -
cient transportation systems [Haet al., 2020]. Many experts expect autonomous vehicles to
be safer [Fagnant& Kockelman2015], cheaper [Boschet al., 2018], and to increase accessi-
bility [Meyeret al., 2017] in cities. PuT services will most probably pro t from autonomous
driving because it eliminates their largest cost factor, the driver [Negro et al., 2021; Othman
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2020]. In this context, especially automated MoD services gain a lot of attention [Pavone
2015; Salazaret al., 2018; Zardiniet al., 2022]. Large scale applications of these automated
MoD services show huge bene ts for transportation systems, and are currently tested un-
der real-world conditions with back-up drivers [mobileye tn2023]. The eet size within a city
decreases by a factor of up to nine if private vehicle trips are replaced by higher vehicle
utilization [Alonso-Mora et al., 2017; Fagnant& Kockelman2015]) and traf ¢ ow improves

even further, if passengers share trips [Engelhardtet al., 2019; Fiedler et al., 2018]. Electri -
cation is also gaining momentum, with electric vehicles becoming increasingly popular and
many cities setting targets for the electri cation of their transportation systems to reduce
GHG and improve air quality [Requiaet al., 2018]. Ride-pooling services such as "Uber
Pool" and "Lyft" have the potential to disrupt traditional taxi services, offering on-demand,
app-based transportation services that are often cheaper and more convenient than tradi-
tional options [Rayle et al., 2016]. Sharing concepts, such as car-sharing and bike-sharing
schemes, have become popular in many urban areas and offer a more sustainable and
cost-effective alternative to owning a private vehicle. Micro-mobility options, including bicy-
cles and electric scooters, have also emerged as a popular option for short trips in urban
areas. However, there are challenges to overcome, including safety concerns, regulatory
frameworks, public acceptance, and infrastructure requirements. Overcoming these chal-
lenges will require collaboration between policy makers, technology providers and transport
operators to ensure that urban transportation systems are sustainable, ef cient and acces-
sible to all.

Trends in Urban Freight Transport

Urban logistics is a critical component of the economy and transportation system, delivering
goods to businesses and consumers in urban areas. vanAudenhovest al. [2018] estimate
that urban logistics volume will increase even more than passenger transportation. They
predict growth of about 80% by 2030 and triple by 2050 of urban freight transport. Inter-
nal combustion engine and electric trucks and vans are the most common forms of urban
delivery vehicles, providing the ability to ef ciently deliver large volumes of goods [M elo
& Baptista 2017]. However, the use of diesel vehicles is becoming increasingly critical
due to their negative impact on air quality and CO,e emissions. As a result, many logis-
tics providers are exploring the use of electric vehicles, which offer a more environmental
friendly alternative [Juanet al., 2016]. Urban logistics hubs, located outside city centers,
allow for the consolidation of goods and the use of larger delivery vehicles, reducing the
number of vehicles on the road and minimizing traf ¢ congestion [J acyna 2013]. Consoli-
dation hubs, which allow multiple logistics providers to share a single hub, offer additional
bene ts in terms of reducing delivery costs and improving ef ciency [C heonget al., 2007].
Small zero-emission vehicles, such as cargo bikes, have emerged as a promising solution
for last-mile delivery in urban areas, particularly for smaller deliveries [Juanet al., 2016].
These vehicles are nimble, environmentally friendly, and can easily navigate narrow streets
and congested areas.

In 2021, more than 4.5 billion shipments have been delivered in Germany, more than
ever before [BundesverbanBaket undexpresslogistik eV., 2022]. This is due to the growth of
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e-commerce, which has been ampli ed by the COVID-19 pandemic, but can be seen to still
increasing after the pandemic. This enormous growth in logistics volume poses challenges
not only for logistics companies, but also for the transportation sector and cities. According
to an international study with 23,450 participants, 87% of German customers expect their
parcels to be delivered directly to their door within a few days [DPDgroup, 2017]. In other
countries, alternative delivery points such as parcel lockers or shops are more common
delivery destinations. As urban logistics grows in importance, it is critical that logistics
providers and policymakers work together to develop sustainable transportation solutions
that balance the need for ef cient freight delivery with the need to reduce environmental
impact and reduce urban traf c.

Urban logistics is a rapidly evolving industry facing social challenges such as increasing
consumer demand for fast and reliable delivery, the growth of e-commerce, and the im-
pact of delivery vehicles on urban congestion phenomena and air quality [Juanet al., 2016;
Requiaet al., 2018]. Same- or next-day delivery have become an expectation for many
European consumers, leading to increased pressure on logistics providers to offer faster
and more ef cient delivery services [M. W. U Imer, 2020]. Crowd logistics, which uses the
unused capacity of private vehicles to deliver goods, has emerged as a potential solution
to the challenges of last-mile delivery [S. Li et al., 2019; Tu et al., 2020; Upadhyayet al.,
2022]. The growth of e-commerce has led to increased demand for logistics services in
urban areas, and many logistics companies are developing new strategies to meet this de-
mand. However, downtown retailers are facing challenges as consumers shift to online
shopping, resulting in reduced foot traf c and lower sales [W orzala et al., 2002]. To address
these challenges, many retailers are exploring new strategies such as click-and-collect ser-
vices and pop-up stores. The growing volume of e-commerce shipments some times leads
to multiple delivery vehicles servicing on one street at the same time, leading to confusion
and annoyance among consumers [BundesverbanBaket undExpresslogistik e V., 2017]. For
this reason, the installation of parcel boxes is increasingly required in German development
plans for residential areas. Overall, the existing urban transport infrastructure consists of a
mix of different transport modes, each with its own advantages and challenges. As cities
face increasing environmental and social challenges, the need for a shift towards sustain-
able urban mobility is becoming more urgent. The integration of new technologies, the
promotion of active mobility options, and the adoption of innovative business models are
necessary to create a sustainable, integrated, and ef cient urban transportation system.

Trends towards Integrated Transport Solutions

In summary, today's urban passenger and freight transport often leads to congestion, in-
creased local and global emissions, and large land consumption [Gossling 2016]. Local
emissions such as carbon oxides, particulate matter, nitrogen oxides, sulfur dioxide and
noise pollute the environment and have a direct impact on the health of citizens [Krzyzanowski
et al., 2005; Laumback. Kipen 2012], and on a global scale, passenger and freight trans-
port related CO,e emissions accelerate climate change and occur in urban, interurban and
intercontinental settings (see Figure 1.1). In addition, urban space is reserved for vehicles
instead of being used for housing or open space, and congestion not only affects the quality
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of life but also causes economic problems [Thomson1998]. Therefore, public awareness
and acceptance of integrating passenger and freight transportation is likely to be higher in
cities than in rural areas where these problems are less pronounced.

In recent years, digitalization has disrupted the transportation landscape. In the mobil-
ity sector, dynamic bookings via smartphone apps have enabled the rise of the sharing
economy [Mouratidis et al., 2021]. But the logistics sector is also undergoing transforma-
tion: digitalization has enabled fast paced food and grocery delivery services, and parcels
can be tracked in real time [Petrovic et al., 2013]. The resulting data availability enables
the organization and planning of integrated services for both mobility and logistics: Free
capacities in mobility services can be detected, matching logistics ows can be identi ed
and, if necessary, routes can be dynamically adopted to serve both passenger trips and
logistics deliveries [Dohrmanret al., 2022]. This leads to an increasing amount of research
attempting to develop models, test new services in eld trials, and quantify the bene ts
of such integrated services [Cavallaro & Nocera, 2022]. Integrated transportation solutions
can offer many bene ts, including reduced driven distances, emissions, and space con-
sumption, as well as higher utilization rates and greater accessibility [Cavallaro & Nocera,
2022; Noceraet al., 2021]. These solutions can often offer lower prices [He, 2023], greater
exibility, and more customer-focused service. However, the complexity of these solutions
can be a challenge and they may require convertible and exible vehicle concepts or lead
to monopolistic structures [Kucharski& Cats, 2022; Le et al., 2019].

In conclusion, the integration of passenger and freight transportation could be a solution
to many of the presented problems, especially in an urban context. Furthermore, the in-
troduced technological trends (i.e. autonomous driving, digitalization, electri cation), hand
in hand with the social trends (i.e. mobility sharing, growing e-commerce, environmen-
tal awareness), foster the possibilities and chances of reintegrating passenger and freight
transport. The history of integrated transport is long and storied, dating back to the days
when stagecoaches and ferries were the primary means of transportation. A few hundred
years ago, transportation was limited primarily by the number of vehicles available. At that
time, it was common for passengers and freight to be transported in the same vehicle. Over
time, the transportation industry has evolved with the introduction of aircraft and rail net-
works. With technological and social progress and the expansion of road infrastructure,
more and more people could afford their own vehicle. Gradually, the limiting factor was
no longer the number of vehicles, but the availability of infrastructure such as roads and
parking spaces. Today, this development can be seen especially in large cities, which are
increasingly suffering from lack of space and increased traf c.

1.3 Thesis Objective and Outline

The overall research objective of this doctoral thesis is to explore and investigate whether
the integration of urban passenger and freight transportation streams can lead to more sus-
tainable urban transportation systems and will be speci ed further in Chapter 2 by providing
detailed research questions.

The remainder of this doctoral thesis is divided into two main parts, i.e. service concep-
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tualization and service modeling and testing, see Figure 1.3. First, this thesis proposes and
conceptualizes a promising integrated transportation service, including a detailed literature
review on integrated urban passenger and freight transportation solutions (Chapter 2), the
Ride Parcel Pooling (RPP) service de nition and speci cation of the RPP idea through ex-

pert workshops, a survey of potential customers (Chapter 3), and the de nition of possible
RPP operation scenarios. In the further course of this dissertation, the selected scenarios
are modeled and quanti ed in an agent-based simulation environment (Chapter 4) before
evaluating them in terms of the environmental, economic, and social components of sus-
tainability using a novel Life Cycle Sustainability Assessment (LCSA) evaluation approach
for urban vehicle eets (Chapter 5). Subsequently, the RPP service is tested in the real
world by a eld trial (Chapter 6). This trial is additionally used to calibrate the simulation
environment. Finally, all elements of this research are brought together in a conclusion
(Chapter 7) (Figure 1.3b).

(a) Service conceptualization (b) Modeling and testing

Figure 1.3: High-level structure of the dissertation.
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Chapter 2

State of the Art in Integrated Urban
Transportation

,—(Chapter Essentials} \

The scope of the literature review is de ned on the introduced passenger
(public, individual, and mobility-on-demand) and freight (courier, parcel, and
cargo) transport forms and consists of the combination of all forms.

The examined research reveals different models and methodologies for
integrating passenger and freight transport, including case studies,
mathematical modeling, and simulation.

Practical applications of integrated passenger and freight transport exist
mainly in mobility-on demand systems or individual transport (crowd-sourced
logistics), however the focus is rarely on minimizing driven distances, but
rather on maximizing pro ts.

Of the assessment methods examined, only life cycle assessment offers the
possibility to examine a transport service over its entire life cycle and to
include upstream processes, which is of particular interest when vehicles
are no longer needed due to the integration of transport ows.

Life cycle assessment is a well suited and valid methodology for evaluating
urban vehicle eets, but existing research rarely focuses on vehicle eets
and innovative and integrated mobility concepts, but rather on comparative
vehicle evaluations.

The research questions open the eld for an innovative transport service
that combines urban passenger and freight transportation with the aim of
minimizing adverse effects on humanity.
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CHAPTER 2. STATE OF THE ART IN INTEGRATED URBAN TRANSPORTATION

2.1 Integrated Urban Mobility Services in Research and
Practice

This chapter explores existing solution approaches for integrating passenger and freight
transportation with a focus on urban environments in research and practice. Thereby, the
state of the art is analyzed according to the previously introduced transportation services in
passenger and freight mobility, resulting in the possible combinations displayed in Table 2.4.

2.1.1 Modeling of Integrated Transport Services in Research

Scienti c research on the integration of passenger and freight ows in the city can be found
mainly in the eld of Operations Research (OR), a multidisciplinary eld that uses mathe-
matical modeling, statistical analysis, and optimization techniques to analyze and improve
complex systems and decision-making processes [Brown & Easterfield, 1951]. In addition
to that, literature reviews, like Alnaggar et al. [2021], Cavallaro and Nocera [2022], Nocera
et al. [2021], and Zhangyuaret al. [2022] aim to present the current state of research and
to derive current trends in operations and strategic planning. In general, many strategic
planning models have been developed to support decision making in urban passenger and
freight transport. To this end, this literature research distinguishes between line-based (Fig-
ure 2.1a) and road-network-based (Figure 2.1b) integration of passenger and freight ows.
In line-based systems (i.e. bus, tram, subway, cable car), freight can travel along the lines
and be loaded or unloaded at the stations. From there, a subsystem has to take over the
last mile delivery or the recipients must collect their shipments at a local delivery point. This
also works the other way around, where parcels are collected for the shipping to their desti-
nations. In road-based systems (i.e. InT, MoD), the freight can be collected at or delivered
to any point located on the road network.

The following review examines the literature in particular with regard to the used mode
of transportation, the speci ¢ characteristics of the freight service (i.e. courier, parcel, and
cargo), the integration approach (i.e. existing or new infrastructure/resources), and the
testing of the proposed solution in a case study with synthetic or real-world data.

Public Transportation

This section provides an overview of recent OR advancements on the integrated trans-
portation of passengers and freight on PuT systems, and provides insight into several in-
ternational case studies illustrating different approaches to integrated forms of transporta-
tion. Review papers investigate recent advances in the theory and practice of collaborative
forms of urban transportation involving the cooperation of multiple stakeholders in urban
areas [Cleophaset al., 2019; Cochraneet al., 2016; vanDuinet al., 2019]. The papers also
present practical examples of collaborative transportation initiatives, such as urban con-
solidation centers, crowd-sourced solutions, and shared mobility services emphasizing the
importance of a supportive policy and regulatory environment to foster its development.
The following paragraph analyzes studies from the OR eld and categorizes them in Ta-
ble 2.1. The review structures existing research by the mode of transportation considered,
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(a) Line-based integration. (b) Road-network-based integration.

Figure 2.1: Forms for integration of logistics into existing passenger transport modes.

the speci ¢ characteristics of the integrated freight service, the integration approach, and
the existence of a case study.

Integrated transportation of passengers and freightin rail based PuT systems (Figure 2.1a)
can use trains, metros, trams, buses, and boats, all of which run on predetermined routes
and mostly on a ( xed) schedule. The approaches to integrate freight transport into exist-
ing passenger transport schemes can be distinguished by the fact that the integration of
freight transport takes place on existing vehicles that would be used for passenger trans-
port anyway, or including additional vehicles, which are sharing only the same infrastructure
(i.e. rail network or stations) [Alessandriniet al., 2012; Dampie& Marinoy, 2015; Fatnassiet
al., 2015]. Thirdly, there exist approaches incorporating both, existing and additional ve-
hicles [De Langheet al., 2019; Z. Li et al., 2021; F. Zhou & Zhang 2020]. All of the PuT
modes studied have in common that they can, at least theoretically, carry large freight in
addition to passengers, as their doors and vehicles tend to be large. Unless specied in
the studies, this literature review assumes that trains, metros and trams can carry large
freight and buses can carry at least medium freight. The temporal exibility of the inte-
grated freight service is rather limited, since the schedule of the lines must be respected.
Therefore, only static freight demand, i.e. transport requests revealed before the day, can
be integrated into PuT. The spatial constraints of the integrated transport approaches are
very similar for this group of transport modes and rely either on a subsystem for collection
and distribution starting and ending at the stations or on a logistics hub located at them. In
terms of modeling approaches for integrating the freight transport into the exiting schemes
of passenger transport, a couple of different solutions exist with most of them relying on
macroscopic modeling [Dampie& Marinoy, 2015; Fatnassiet al., 2015]. One can distinguish
between mathematical models [Behiri et al., 2018; Galkin et al., 2019; Z. Li et al., 2021]
and solution heuristics [Ghilaset al., 2016; Larrodé & Muerzg 2020; Ozturk & Patrick, 2018;
Ye et al., 2022], whereby mathematical models aim for optimal and exact solutions based

15



CHAPTER 2. STATE OF THE ART IN INTEGRATED URBAN TRANSPORTATION

on precise mathematical representations and computations, while heuristics provide good
approximate solutions to complex problems ef ciently, often sacri cing precision for speed.
In their case studies, the investigated research assess economic aspects of the integra-
tion of passenger and freight ows [D ampie& Marinoy, 2015; De Langheet al., 2019; Z. Li
et al., 2021; Yeet al., 2022], as well as the environmental implications [Alessandriniet al.,
2012; Behiriet al., 2018; Kikutaet al., 2012; Larrodé & Muerza 2020; F. Zhou& Zhang 2020]
besides the operational conditions.

The road-bound integration of PuT and FrT, i.e. bus and boat, (Figure 2.1a) is very similar
to rail based PuT literature, as these services also travel predetermined routes and stop at
xed stations. In bus and boat systems, only existing resources (vehicle capacities) are
used, i.e. no additional vehicles are used for freight integration. The temporal and spatial
service constraints are consistent with rail based PuT systems. Similar to rail based PuT,
there are mathematical [Ghilas et al., 2018; T. Wanget al., 2023; Zeng & Qu, 2022] and
heuristic [Massonet al., 2017; Trentini et al., 2012] modeling approaches, and the case
studies examine operational [Bruzzoneet al., 2021; Ghilas et al., 2018; Jansen 2014; Zeng
& Qu, 2022], economic [Bruzzoneet al., 2021; Machadoet al., 2023; Tiannuoet al., 2023;
Zhangyuaret al., 2022] and environmental [Bruzzoneet al., 2021; Machadoet al., 2023,
Massonet al., 2017; Pimentel& Alvelos, 2018] viability of the integration.
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Integration Approach

Reference Transportation existing additional Freight Service Case
Mode Study
resources | resources

Alessandriniet al. [2012] Train - X Cargo, Parcel X
Kikutaet al. [2012] Metro X - Cargo, Parcel X
Trentini et al. [2012] Bus X - Parcel X
Jansen2014] Bus X - Parcel X
Dampieand Marinov[2015] Metro - X Cargo, Parcel X
Fatnassiet al. [2015] Train - X Cargo, Parcel X
Ghilaset al. [2016] Metro X - Cargo, Parcel X
Massonet al. [2017] Bus X - Parcel X
Behiriet al. [2018] Metro X - Cargo, Parcel X
Galkinet al. [2019] Tram X - Cargo, Parcel X
Ghilaset al. [2018] Bus X - Parcel X
Ozturk and Patrick [2018] Train - X Cargo, Parcel -
Pimenteland Alvelos [2018] Bus X - Parcel -
De Langheet al. [2019] Tram X X Cargo, Parcel X
Larrodé and Muerza[2020] Train X - Parcel X
Bruzzoneet al. [2021] Bus, Boat X - Parcel X
Z. Lietal. [2021] Train X X Cargo, Parcel X
Yeet al. [2022] Metro X - Cargo, Parcel X
F. Zhouand Zhang[2020] Metro X X Cargo, Parcel X
Zengand Qu [2022] Bus X - Parcel X
Machadcet al. [2023] Bus X - Parcel X
He[2023] Bus X - Parcel X
T. Wanget al. [2023] Bus X - Cargo, Parcel X
Tiannucet al. [2023] Bus X - Cargo, Parcel X

Table 2.1: Existing Models in PuT literature and assorted research characteristics (i.e. transportation mode, integration approach,
freight service, and case study). The existing and additional attributes of the integration approach refer to whether the
integration of freight takes place on vehicles that would be used for passenger transport anyway, or induced additional
trips/vehicles). The freight service (i.e. Courier, Parcel, and Cargo) refers to item size, temporal (schedule: static,

dynamic), and spatial delivery constraints of the freight service.
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Overall, this literature review on integrated transport of passengers and freight on PuT
systems reveals that the comparably large PuT vehicles have the potential to integrate even
cargo logistics services and can improve the ef ciency and sustainability of urban trans-
portation. However, the PuT service constraints limit the possibilities for logistics operation.
For example, door-to-door delivery is not possible due to the xed lines and stops, and time
exibility is also very limited to the lines' schedules. The integration approach of FrT can rely
on existing or additional infrastructure or vehicles, meaning that existing capacity is utilized
and by that occupancy is increased or additional vehicles are employed. The review re-
veals that most approaches set their focus on existing infrastructure and vehicles [Bruzzone
et al., 2021; Ghilas et al., 2018; He, 2023], however some also deploy additional vehicles
(e.g. additional train on the same rail system) [Alessandriniet al., 2012; Dampie& Marinoy,
2015; Ozturk & Patrick, 2018]. The studies employ various methodologies such as case
studies, mathematical modeling, and simulation to evaluate the potential bene ts of multi
modal transportation systems in terms of environmental, energy, and economic savings.
The proposed systems involve the use of different transportation modes such as metro,
buses, trams, and railways for transporting freight from distribution centers to nal desti-
nations in urban areas. The studies collectively demonstrate the substantial potential for
integrating passenger and freight transportation systems in urban areas to achieve a range
of benets. These include signi cant environmental advantages, such as reduced CO,
emissions [Tiannucet al., 2023], lower energy consumption [Bruzzoneet al., 2021; T. Wang
et al., 2023], and fewer traf ¢ accidents [Y e et al., 2022]. Operational bene ts encompass
improved ef ciency [G hilas et al., 2018; He, 2023], reduced congestion [Larrodé & Muerzg
2020], and minimized delivery delays [Kikutaet al., 2012], particularly in challenging weather
conditions [Ye et al., 2022]. Additionally, integrated systems have been shown to be eco-
nomically viable [De Langheet al., 2019], offering cost savings and enhanced resource uti-
lization [Behiri et al., 2018]. The studies underscore that by combining existing passenger
transit networks with innovative logistics solutions, cities can create sustainable and ef -
cient urban transportation systems that simultaneously address environmental concerns,
alleviate traf ¢ congestion, and enhance overall urban mobility and logistics. However, the
studies also reveal some challenges, such as the need for effective planning and control
of passenger and goods ows [T rentini & Malhene 2012], appropriate sizing of delivery vol-
umes, and dealing with time constraints for parcel delivery [Trentini et al., 2012] that can
increase vehicle kilometers traveled. The literature review suggests that the integration of
PuT with urban logistics can be a promising approach to address the challenges of urban
freight transportation. However, further research is needed to address the challenges as-
sociated with integrating these two types of transport, i.e. mainly the spatio and temporal
exibility, and to develop effective solutions that can be implemented in the real world and
in a variety of urban contexts.

Individual Transportation

This section presents a review of recent research on the integrated transport of passengers
and freight in InT, i.e. private vehicle trips, and gives an overview on several case studies,
illustrating different approaches. Similar to the procedure in the last section, this research
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investigates the OR literature in the eld and takes literature reviews into account. Con-
sidering the combination of InT and FrT the term crowd-sourced transportation services is
very prominent. These services rely on the participation of individuals or groups of people,
often facilitated by digital platforms, to provide transportation services [Alnaggaret al., 2021,
Misra et al., 2014]. Although crowd-sourced transportation services are not exclusively lim-
ited to InT systems, they can also occur in PuT services, i.e. passengers carry shipments,
crowd-sourced delivery is mostly found in InT, e.g. "New Dada", "Instacart”, "Deliveroo”,
"DoorDash", "Deliv", "Fetchr", and "Postmates".

Doanet al. [2011] and Sampaiet al. [2019] de ne crowd sourcing as a distributed problem
solving process that involves the combination of a large number of people via the internet
and discuss several forms. The authors state that crowd sourcing can be applied to a wide
variety of problems and expect that it will be applied more and more in the future. BuldeoRai
et al. [2017] discuss the challenges associated with the implementation of crowd-sourced
logistics, such as the need for appropriate regulations and policies, the management of the
multiple stakeholders, and the need for effective online platforms to facilitate coordination
and tracking. Upadhyayet al. [2022] nd that trust and reliability are key components to
achieve successful and sustainable last mile delivery in crowd-sourced delivery.

The literature review of this section is again structured by the mode of transportation con-
sidered, the type of integration, the integration approach and the freight service constraints
considered, as well as the (non-)existence of a case study, see Table 2.2. In their literature
review on crowd shipping, SinaMohri et al. [2023] classify research from the eld of OR and
present promising areas of applications, operations, and management. The considered
modes of transportation of crowd shippers range from classical passenger car, over bicycle
transport and walking. For this part of the literature review, the integration approach into
anyways existing passenger trips plays a very important role, as InT crowd-sourced solu-
tions tend to induce transport trips and by that increase driven distance [Tapiaet al., 2023;
Upadhyagt al., 2022]. In this regard, existing integration refers to trips that would have taken
place anyway, whereas additional integration refers to induced trips. Mostly, crowd-sourced
approaches combine both, existing and additional trips to guarantee a certain level of ser-
vice [Archetti et al., 2016; Dayarian& Savelsbergh 2020; Voigt & Kuhn 2022]. The temporal
constraints of freight transport are very interesting in InT crowd-sourced approaches, as dy-
namic service constraints [B. Li et al., 2014] allow for real time transport requests, whereas
static [Mousaviet al., 2022; Tapiaet al., 2023; Voigt & Kuhn 2022; F. Wanget al., 2018; Z.
Zhouet al., 2021] refers to parcel requests revealed on the previous day. Most InT solutions
can transport freight door-to-door, however one investigated study relied on logistics hubs
instead [Ghaderiet al., 2022]. The OR modeling approaches can again be divided in math-
ematical [Yildiz & Savelsbergh2019] and heuristic approaches [Arslan et al., 2016; Gdowska
et al., 2018; Macrinaet al., 2017; Mousaviet al., 2022; Silva et al., 2022]. The case studies
investigate operational [Dayarian& Savelsbergh 2020; Ghaderiet al., 2022; Guoet al., 2019;
S. Li et al., 2019; Mousaviet al., 2022; Tao et al., 2023; F. Wanget al., 2018], economi-
cal [Archetti et al., 2016; Cebeciet al., 2023; Devariet al., 2017; Ermagun& Stathopoulos
2018; S. Liet al., 2019; F Wanget al., 2018; Zou & Kafle, 2022], and environmental [Devari
et al., 2017; Tapiaet al., 2023] aspects of integrating freight transport into InT by applying
crowd-sourced solution approaches.
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_ Integration Approach
Reference Transportation existing additional Freight Service Case
Mode Study
resources | resources
L. Li et al. [2014] Any X X Courier -
Archetti et al. [2016] Car X X Courier X
Arslan et al. [2016] Car - X Courier X
Devariet al. [2017] Any X X Courier X
Macrinaet al. [2017] Any - X Courier X
Kafle et al. [2017] Walk, Bike X X Courier X
Ermagunand Stathopoulos[2018] Any X X Courier X
Gdowskeet al. [2018] Car - X Courier X
F. Wanget al. [2018] Car X X Courier X
Guoet al. [2019] Car X X Courier, Parcel X
S. Lietal. [2019] Any X X Courier X
Yildiz and Savelsbergh2019] Any X X Courier X
vanDuinet al. [2019] Any X X Courier X
Dayarianand Savelsbergh2020] Car X X Courier X
Ghaderiet al. [2022] Car X X Courier X
Mousaviet al. [2022] Any X X Parcel X
Voigt and Kuhn[2022] Any X X Parcel X
Zou and Kafle [2022] Any X X Parcel X
Silva et al. [2022] Any X X Courier X
Tapiaet al. [2023] Car, Walk, Bike X X Parcel X
Cebeciet al. [2023] Any - X Courier X
Taoet al. [2023] Car X X Courier X

Table 2.2: Existing Models in InT (crowd-sourced delivery) literature and assorted research characteristics (i.e. transportation
mode, integration approach, freight service, and case study). The existing and additional attributes of the integration
approach refer to whether the integration of freight takes place on vehicles that would be used for passenger transport
anyway, or induced additional trips/vehicles). The freight service (i.e. Courier, Parcel, and Cargo) refers to item size,
temporal (schedule: static, dynamic), and spatial delivery constraints of the freight service.
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2.1. INTEGRATED URBAN MOBILITY SERVICES IN RESEARCH AND PRACTICE

The investigated literature on the integration of InT and FrT discusses different approaches
to solving last-mile delivery problems using crowd sourcing and stand by drivers. The stud-
ies cover a variety of topics, such as cooperative intermodal freight transportation planning,
dynamic pick-up and delivery with ad-hoc drivers, leveraging social networks for last-mile
delivery, vehicle routing with stand by drivers, and using cyclists and pedestrians as crowd
sources. The studies also explore the bene ts of using stand by drivers, such as reducing
delivery costs and overall emissions while ensuring fast and reliable delivery.

The research demonstrates that integrating stand by drivers can signi cantly reduce de-
livery costs [Guo et al., 2019; Zou & Kafle, 2022] and enhance ef ciency in last-mile lo-
gistics [Kafle et al., 2017], with various models and mechanisms proposed to achieve cost
advantages [Gdowskaet al., 2018; Macrinaet al., 2017]. Additionally, the studies highlight
the importance of leveraging social networks [Devariet al., 2017] and the willingness of in-
dividuals to participate in crowd based delivery, which ensures fast (courier) delivery [Devari
et al., 2017; Taoet al., 2023]. Furthermore, computational studies and optimization models
showcased the ability to produce near-optimal solutions [Arslan et al., 2016]. Overall, the
literature review suggests that crowd-sourced logistics has the potential to improve oper-
ations in the last-mile delivery process [Kafle et al., 2017]. However, implementing crowd
sourcing presents various challenges, such as the need for appropriate policies and regu-
lations [Tapiaet al., 2023], effective coordination and online platforms, and management of
multiple stakeholders. Furthermore, the literature review reveals that crowd-sourced deliv-
ery solutions are seen critically when it comes to trust in the crowd shippers and system
reliability from a user and an operator point of view [Upadhyaget al., 2022]. In some cases
crowd-sourced delivery was even found to increase congestion and GHG transport related
emissions [Tapiaet al., 2023]. On top of that, a big dif culty with crowd-sourced deliv-
ery options is the dynamic component in the system. With stand by drivers, a decision
must always be made for each time step, introducing a high degree of decision-making
complexity [Macrinaet al., 2017; Upadhyaget al., 2022]. The above literature review of last-
mile, crowd-sourced delivery shows that, in all cases, a backup eet is needed to ensure
reliable transport of the parcels (i.e. punctual and safe transport of all considered ship-
ments) [Archetti et al., 2016; Gdowskaet al., 2018; Silva et al., 2022]. It therefore seems
like that it is not possible to build a functioning logistics system with a pure crowd-sourcing
solution, since the stand by drivers are not purely committed to the logistics service.

Mobility-on-Demand Transportation

This section comprises a literature review on research aiming to integrate MoD solutions
and FrT. Table 2.3 gives an overview of the analyzed research and categorizes it accord-
ing to the tables before, in terms of integration approach and freight service characteris-
tics. Mouradet al. [2019] provide a comprehensive review of the literature on models and
algorithms for optimizing shared mobility and review various solution methods, including
heuristic algorithms, mathematical programming, simulation-based methods, and machine
learning techniques. The author nds that the optimization of shared mobility systems can
improve utilization of vehicles, reduce travel time and cost for users, and increase the avail-
ability of transportation options.
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In order to provide a comparison of the different OR approaches and to compare the re-
sults of different case studies, this paragraph provides an overview of the existing research
papers in the eld of integration of MoD and freight logistics. Accordingly to the literature
review of PuUT and InT integration with FrT, this paragraph investigates the integration ap-
proaches, distinguishing between existing [Beirigo et al., 2018; L. Li et al., 2014; Romano
Alho et al., 2021; Soto Setzkeet al., 2017; Staritz et al., 2023] and additional [Bosseet al.,
2023; Y. Chenet al., 2020; Liu & Li, 2023; Manchellaet al., 2020; Schlenther et al., 2020; van
der Tholenet al., 2021] resource utilization. As all reviewed MoD integration approaches
relied on passenger cars or vans, the size constraints for freight transport was assumed to
be at least medium, if not further speci ed in the studies. The temporal constraints were
de ned in line with Tables 2.1 and 2.2 and refer to dynamic [B. Li et al., 2014; Ronaldet al.,
2016; Schlenther et al., 2020; Z. Zhouet al., 2021] or static (i.e. revealed pre-day) [Bosse
et al., 2023; Fehnet al., 2021, Liu & Li, 2023; RomandAlho et al., 2021; Soto Setzkeet al.,
2017] transport requests for freight. Similar to InT crowd-sourced solutions, MoD services
can offer door-to-door delivery of freight and do not necessarily rely on logistics hubs. The
modeling approaches in MoD services also reach from exact mathematical solutions [Zhang
et al., 2022] to heuristics, trying to approach optimal solutions as close as possible [L. Li
et al., 2014; Mourad 2019; Nguyenet al., 2015]. The ndings of the case studies can again
be grouped into operational [C. Chen& Pan 2016; C. Chenet al., 2017; Y. Chenet al., 2020;
Ronaldet al., 2016; Schlenther et al., 2020; Soto Setzkeet al., 2017; Staritz et al., 2023; van
der Tholenet al., 2021; Z. Zhouet al., 2021], economic [Beirigo et al., 2018; Bosseet al.,
2023; Meinhardtet al., 2022; Nguyenet al., 2015], and environmental [Fehnet al., 2021;
Manchellaet al., 2020; Najaf Abadj 2019] considerations.
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Integration Approach

Reference Transportation existing additional Freight Service Case
Mode Study
resources | resources

B. Li et al. [2014] pooling X - Courier X
Nguyenet al. [2015] pooling X - Courier X
C. Chenand Pan[2016] hailing X - Courier -
Ronaldet al. [2016] hailing X - Courier X
Soto Setzkeet al. [2017] hailing X - Parcel X
C. Chenet al. [2017] pooling X - Courier X
Beirigoet al. [2018] pooling X - Courier -
Mourad[2019] pooling X - Courier -
Najaf Abadi[2019] hailing X - Courier X
Y. Chenet al. [2020] pooling X X Courier X
Manchellaet al. [2020] pooling X X Courier X
Schlenther et al. [2020] hailing X X Courier X
van derTholenet al. [2021] pooling X X Courier -
Romandlho et al. [2021] hailing/ pooling X - Parcel X
Fehnet al. [2021] pooling X - Parcel X
Meinhardtet al. [2022] pooling X - Courier X
Zhanget al. [2022] pooling X - Courier X
Z. Zhouet al. [2021] hailing X - Courier X
Bosseet al. [2023] pooling X X Courier X
Liuand Li[2023] hailing - X Parcel X
Staritz et al. [2023] pooling X - Courier X

1z

€c

Table 2.3: Existing Models MoD literature and assorted research characteristics (i.e. transportation mode, integration approach,
freight service, and case study). The existing and additional attributes of the integration approach refer to whether the
integration of freight takes place on vehicles that would be used for passenger transport anyway, or induced additional
trips/vehicles). The freight service (i.e. Courier, Parcel, and Cargo) refers to item size, temporal (schedule: static,
dynamic), and spatial delivery constraints of the freight service.
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CHAPTER 2. STATE OF THE ART IN INTEGRATED URBAN TRANSPORTATION

The above literature review reveals that several studies have investigated the integration
of MoD and FrT. The studies have proposed different models and algorithms to handle the
transportation of both passengers and parcels using taxis, shared mobility, and connected
vehicles. Many studies have used real-world data from major cities, and simulations to
evaluate their models' feasibility and ef cacy.

They demonstrate that leveraging taxis and ride-sharing services for parcel delivery can
signi cantly enhance the ef ciency of last-mile logistics [M anchellaet al., 2020; Mourad,
2019; Z. Zhouet al., 2021], achieving high successful delivery rates and substantial eet
distance savings [Fehnet al., 2021; Meinhardtet al., 2022]. Moreover, the research high-
lights the feasibility and bene ts of combining passenger and freight transport, with mod-
els showing improved experiences for both operators and customers [Ronald et al., 2016].
Deep reinforcement learning algorithms, optimization approaches, and simulation tools
have been applied to better understand the complex dynamics of integrated transporta-
tion systems. The studies reveal that such integration has the potential to reduce traf c
congestion [Najaf Abadj2019; Nguyernet al., 2015; Romandlho et al., 2021], environmental
impact [Fehnet al., 2021], and overall transportation costs [Beirigo et al., 2018; C. Chen&
Pan 2016] while providing a robust solution for the modern demands of e-commerce and
urban mobility. However, they also highlight the importance of careful planning and antici-
patory policies [Schlenther et al., 2020] to maximize the advantages of integration and avoid
sub-optimal utilization of vehicle eets. Most studies suggest that co-modality approaches,
which allow passengers and parcels to share vehicles, provide improved experiences for
both operators and customers, are more resilient to uneven or unexpected demands, and
provide more options for travel compared to single-purpose eets [L iu& Li, 2023; Schlenther
et al., 2020; Z. Zhouet al., 2021]. However, some studies found that shared mobility is not
as scalable as conventional truck based logistics systems in terms of operating costs [Bosse
et al., 2023; Nguyenet al., 2015]. Results show that this form of integration has the poten-
tial to save vehicle kilometers compared to traditional delivery systems [Fehnet al., 2021;
Meinhardtet al., 2022; Najaf Abadj 2019].

2.1.2 Existing Services in Practice

Analogous to the previous chapter, which looked at the different integration forms of pas-
senger transport and freight transport in research, this chapter gives insight into existing
concepts and eld tests in practice. To analyze existing real-world applications in parallel to
the research activities of the previous section, this review investigates existing integration
approaches of FrT into PuT, InT, and MoD.

Public Transport

This subsection provides an overview of real-world examples of integrating the transport
of passengers and freight on existing PuT infrastructure. Several cities around the world
have implemented various concepts to combine the transport of passengers and freight.
Examples include the Amsterdam "City Cargo Tram" [Mobilitat der Zukunft, 2007], a freight
tram in Brussels [Strale , 2014], the "cargo- and e-tram™ in Zurich [City of Zurich, 2022], the
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"amazon prime now" service on New York metro [Crow, 2023], the "CarGoTram" in Dres-
den [Oelmann2022], the "LastMileTram" in Frankfurt [Schockeet al., 2020], the "Logiktram"
in Karlsruhe [Karlsruhe Institut f ir Technologie- Forschungszentruninformatik 2022] (Fig-
ure 2.2b), the automated TaBuLaShuttle project in Lauenburg [Kucharski& Cats, 2022], the
"Cargo Tram" in Brussels [Strale, 2014], the "TramFret" project in Saint Etienne [Ozturk &
Patrick, 2018], and the "Freight*Bus" concept in London [Frost, 2008]. In Vienna, the "Of -
Packerl" [Hayek 2022; WienerLinien 2022], and the "KEP-Train" [Fraunhofer Austria, 2022],
are examples of running initiatives, while the "GuterBim" [Fochler, 2022] in Vienna has been
discontinued. Maesand Vanelslander[2011] investigate new logistics concepts involving rail
transport as part of the supply chain in an urban context. They focus on two research
subjects, namely the economic and ecological viability and capacity utilization of urban rail
transport and refer mainly to the Monoprix (France) and Proctor and Gamble (Belgium)
eld tests [M aes& Vanelslander 2011]. Maesand Vanelslander[2011] show that, especially
the delivery tram in Paris shows great potential, replacing 12,000 trucks in the city center,
saving 70,000 liters of fuel, resulting in a decline of 340,000 tonnes of CO, and 25 tonnes of
NOy. They conclude that that the use of rail transport for city distribution purposes should
be possible and shows a clear pro t for society, as noise emissions, air pollution and con-
gestion are pushed back. However, the integration is limited to the rail infrastructure and not
an integration of passenger and freight inside the vehicles. Furthermore, the authors state
that current supply chains, now dominated by road transport, will have to be rethought and
reorganized. Strale [2014] state that for the discontinued project in Brussels, there is only
poor knowledge about urban freight ows and high competition with passenger services
on light rail networks and that only small-scale or private initiatives can survive. The New
York City test comprised two delivery workers pushing large trolleys of Amazon parcels on
the subway. The project was using regular underground trains for Prime Now deliveries
because traf c on Manhattan's gridlocked streets made it impossible to ful Il a 60-minute

delivery guarantee. The Amsterdam solution was one of the largest freight tram projects in
Europe. The goal was to shift the traf ¢ load from trucks to streetcars to distribute goods
between stores and restaurants in the city. During a test phase in March 2007, the street-
cars transported beer loads for the city's pubs, clothing for a fashion store, and waste paper.
The operation was limited to the hours of 07:00 to 23:00 to avoid noise pollution. Accord-
ing to calculations, the tram would have had the potential to avoid 2.500 truck movements
within the city per year and reduce the city's pollution by 15% [Mobilitat der Zukunft, 2007].
However, after the successful pilot test, the company was unable to raise suf cient funds.
By November 2008, the company was declared insolvent. The integrated tram systems in
Zurich are still existing and use the existing rail infrastructure to deploy special trains for
collecting old appliances and e-waste in dedicated trailers. The tram solution in Dresden
also makes use of the existing tram rail network, delivering parts to a "Volkswagen" pro-
duction site with dedicated trams. The timetable for the delivery trams used to "swim" in
the traf ¢ of passenger trams, however the integrated operation has been discontinued.
The Saint Etienne service uses old trams to transport cargo in the city's network, moving
supermarket goods from a warehouse on the outskirts of the city to the busy downtown
area [Ozturk & Patrick, 2018]. The examples from Frankfurt and Karlsruhe are similar in
their logistic concepts and aim for an environmentally friendly transport system making use
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of overshoot capacities in times of low passenger demand. However, Schockeet al. [2020]
state that the simultaneous transport of passengers and freight in the same vehicle is not
legally solid at the moment and needs further policy making. A historically grown idea is
the "Dabbawala" system in Mumbai, India (Figure 2.2a) [Roncaglia 2013]. The couriers, i.e.
Dabbawalas, deliver lunch boxes by public transit and a sub-system with bicycles all over
the city of Mumbai. OnomotiorGmit [2022] and RiemanfR022] released concept studies for
the combination of tram and cargo bikes. Their solutions builds on standardized containers,
which can easily be mounted on bikes and trains. The bus concept of Frost [2008] was
never implemented, but aims for carrying passengers and parcels simultaneously and was
planned to operate within the London PuT system. The Vienna KEP-Train system aims for
bringing the concept of crowd sourcing to rail. The project team estimates that around 20%
of the GHG emissions currently generated by parcel transport could be saved if the deliv-
eries were made by PuT rather than by delivery truck. For the future, the project shall be
extended to other, more rural regions in Austria. In the sub-urban area DeutschePost AG
[2020] and Sylvester [2019] started two demonstrator projects within the initiative "LandL-
ogistik", a bus system in "Uckemark", and a train system in "Hessen", both combining the
transport of passengers and freight on already existing passenger transportation systems,
which are not used to capacity. The projects include digital mapping of the supply chain
with the overall aim to reduce transport related emissions.

(a) Dabbawallas [Parkin & Rodrigues 2020]. (b) LoglKTram [Has 2023].

Figure 2.2: Service visualizations of PuT and FrT integration.

It can be concluded that the current supply chains, nowadays dominated by road trans-
port, will have to be rethought and reorganized in many cities around the globe. This offers
various solution opportunities for the integration of passenger and freight transport on al-
ready existing PuT infrastructure. The success of these initiatives, however, depends on
various factors, including existing infrastructure, regulation, and public acceptance.

Individual Transport

Quite in contrast to the multitude of practical tests for the integration of PuT and FrT, there
are very few practical examples in the eld of InT which rely on an integration of the two
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traf c ows. H itch Delivery Limited2023] is a so called “on-the-way” delivery service in Ire-
land that allows shippers to get in touch with drivers sharing the same or a similar route with
their parcel's route (Figure 2.3a). The service promises that one can send, receive, or even
transport parcels in a fast, exible, and cost-ef cient way and consider themselves to be the
largest local same-day delivery service in the country. Another well established service is
the Nigerian MAX.ng [2022]. The service comprises a platform for crowd-sourced delivery
and aims for transporting passengers and goods with all kinds of vehicles (Figure 2.3b).
However, it is not clear from the service de nition whether the goal of the service is to ac-
tively pool trips between passengers and logistics goods in order to create an ef cient and
sustainable service, or simply to offer all types of transportation.

(a) Hitch Delivery [Hitch Delivery Limited 2023]. (b) MAX [Burn Media 2019].

Figure 2.3: Service visualizations of InT and FrT integration.

Mobility-on-Demand

In the area of integrated transport of MoD and FrT, the situation is similar to the previ-
ous section. Again, the number of use cases is severely limited compared to PuT inte-
gration. Real-world applications and concept studies comprise the Turkish "Dolmus" ser-
vices [Brosnahan 2022], which offer on-demand rides on more or less xed routes (Fig-

ure 2.4a). The service transports mainly passengers, but also freight can be loaded into
the vehicles. The world famous "TukTuk" services in Philippines, Indonesia and India can
be seen similar. The focus lies on the transport of passengers, however from time to time
also integrated transport happens, but more by chance than by organized planning. "Buss-
gods" [Bussgods Norr AB, 2022] is a logistics company from Sweden. The company trans-
ports goods for both private individuals and companies. Many of the tours go by regular
on-demand bus, which means that passengers and parcels are driven in the same vehi-
cle (Figure 2.4b). The company claims to offer an environmentally friendly and punctual
service. In Munich, a local taxi provider recently extended its offer and aims for combining
the classical taxi service for passengers with a dedicated premium courier service [IsarFunk
Kurier, 2022]. However, similar to the example of "MAX" in Nigeria, it is not fully clear from
the service de nition whether the trips are actually intended to be pooled, or whether it is an

additional demand that will be served separately during periods of low passenger demand.
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(a) Dolmus [Roving 2013]. (b) Bussgods [Salomonsson2016].

Figure 2.4: Service visualizations of MoD and FrT integration.

2.1.3 Interim Conclusion and Implications

In conclusion, the comprehensive literature review on passenger and freight integration
provides a nuanced understanding of the potential and challenges associated with this ap-
proach in both research and practice. The review highlights the ability of large PuT vehicles
to seamlessly integrate freight logistics services, contributing to improved ef ciency and
sustainability in urban transport. However, the inherent constraints of PuT services, such
as xed routes and limited time exibility, pose challenges for logistics operations and limit

capabilities such as door-to-door delivery. The integration strategies for FrT can utilize
existing or additional infrastructure and vehicles, with a predominant focus on leveraging
existing resources. The methodologies employed in the reviewed studies, including case
studies, mathematical modeling, and simulation, demonstrate the multiple bene ts of inte-
grating passenger and freight transportation. These bene ts include positive environmen-
tal advances, energy savings, congestion reduction, operational ef ciency, and economic
viability. However, challenges such as effective planning, appropriate sizing of delivery
volumes, and time constraints on parcel delivery must be addressed for successful inte-
gration. Crowd-sourced logistics in last-mile delivery processes offer potential cost bene ts
and ef ciency improvements. However, these often add additional miles to the system, and
standby drivers are typically required to make the system reliable. In addition, challenges
related to policy implementation, coordination, and trust issues require careful consider-
ation. The integration of MoD and FrT presents promising models and algorithms using
taxis, ride-sharing services, and connected vehicles, demonstrating potential ef ciencies in
last-mile logistics. The studies reviewed advocate a rethinking and reorganization of ex-
isting road-dominated supply chains, suggesting a shift towards integrated passenger and
freight transportation. Practical examples of real-world applications highlight the potential
of combined passenger and freight transport. However, challenges in public acceptance,
regulation, and infrastructure compatibility highlight the need for further research and imple-
mentation efforts to fully realize the bene ts of integrated urban transport systems. Collec-
tively, the literature reviewed highlights the transformative potential of integrating passenger
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and freight systems and provides a blueprint for cities to create sustainable, ef cient, and
resilient urban mobility solutions that meet the evolving needs of modern society.

The following Table 2.4 aims to provide an overview of the found existing approaches
in the research area of integrated urban mobility services for passengers and freight in
an urban and suburban context. Table 2.4 covers both the current state of research and
practice. It provides a overview of existing solutions by creating a matrix of the urban forms
of passenger and freight transport identi ed previously.

PuT InT MoD
Courier Reseqrch X X X
Practice X ? X
Parcel Resegrch X X X
Practice ? ? X
Cargo Resegrch X X X
Practice ? ? ?

Table 2.4: Existing solutions integrating freight transport (rows) into urban passenger trans-
portation (columns) in research and practice.
Legend: X: existent, ?: unknown or not fully compliant, and X: non existent

The focus of the subsequent work is on the urban context, as there are usually a vari-
ety of passenger transport modes available for possible integration [Schroder & Gotzler,
2021], as well as comparably higher demand, which fosters the possibilities of integrating
freight transport in anyway existing passenger trips, by creating pooled trips. Furthermore,
the logistics chain loses its high ef ciency on the last mile, which is usually achieved by
bundling similar logistics ows, which are becoming more disperse on the rst and last
mile [Blosl, 2022]. Therefore, a higher integration potential can be expected in the urban
and suburban context, not only on the passenger side, but also on the logistics side. Note
that this research considers integration only in one direction, i.e. the integration of
urban logistics into existing passenger transportation systems, and not the other
way around. This means that this dissertation assumes that passenger transport
has priority over freight transport. For this reason, time critical shipments, are later
on excluded from consideration in this research. Existing passenger transport solu-
tions, on the one hand, offer a high integration potential due to their design for peak loads
(services of general interest), which leads to free capacities in off-peak times. On the other
hand, the dimensioning of logistics transport is usually planned for the entire operating pe-
riod and region, which reduces free capacities for passenger transport. In addition, in most
cases, freight vehicle concepts would have to be signi cantly modi ed to allow passenger
transport. For these reasons, the integration of passengers into existing logistic transport is
less common and mostly limited to applications in very remote areas and special vehicles
(e.g. ferries, airplanes, helicopters, or snowmobiles).

Overall, this work investigates the basic forms of integration of courier, parcel, and cargo
logistics in PuT, InT, and MoD, resulting in nine possible integration scenarios: (1) PuT +
Courier, (2) PuT+ Parcel, (3) PuT + Cargo, (4) MoD + Courier, (5) MoD + Parcel, (6) MoD +
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Cargo, (7) InT + Courier, (8) InT + Parcel, and (9) InT + Cargo. The resulting Table 2.4 will
be addressed again in Chapter 3 for the de nition of the envisioned RPP service.

2.2 Evaluation of Urban Transportation Systems

With the pressing challenges of climate change, urbanization, the growth of e-commerce,
and the need for sustainable mobility solutions, the evaluation of urban transportation sys-
tems is becoming increasingly important in urban planning and development. Compre-
hensive evaluation methods are needed to assess new transportation systems in terms of
economic viability, environmental impact, safety, and user satisfaction. In their literature
review, Karjalainenand Juhola[2021] identify Multi-Criteria Analysis as the most commonly
used assessment method when it comes to evaluating transportation systems. Jeonet al.
[2013] emphasize that all three dimensions of sustainability, i.e. economic, environmen-
tal and social dimensions, need to be considered in addition to performance measures of
system effectiveness. Overall, three main evaluation methods for the transport sector can
be derived from the literature: Cost-Bene t Analysis, Multi-Criteria Analysis, and Balanc-
ing, Ranking and Discussion Methods [Karjalainen& Juhola 2021; LeeJr, 2000; Sun et
al., 2020]. Cost-benet analysis is a quantitative method that belongs to the category of
economic evaluation. It involves comparing the costs and bene ts associated with trans-
portation projects to determine their overall economic viability. Multi-criteria analysis in
European transportation involves assessing the availability, accessibility, information, time,
customer satisfaction, comfort, safety, and environmental consequences of transportation
systems [EN 13816:2002, 2002]. Balancing, ranking and discussion methods often build
on the rst two assessment methods and enrich them with input from expert panels or
public opinion for weighting against a speci ¢ project context. In the German context, the
evaluation of transportation systems is build upon guidelines and standardized assessment
procedures (e.g. Standardized evaluation of transport infrastructure investments in pub-
lic transport [Arbeitsgemeinschafntraplan Consult Gmlid / Verkehrswissenschaftlichekstitut
Stuttgart Gmlid, 2023]), which often consider the above mentioned methods. When award-
ing contracts for new transportation systems, public tenders with prede ned quality criteria
are de ned and used to evaluate the bids.

In the case of the integration of passenger and freight transport in an urban context,
the elimination of delivery vehicles means that not only the distance saved during the use
phase, but also the upstream processes based on the reduction of vehicle prices play a
decisive role. For this reason, it is advisable at this point to take a closer look at the concept
of Life Cycle Assessment (LCA) as an evaluation method.

All integrated transportation solutions have in common that capacity is to be allocated
more ef ciently, i.e. utilization increases, compared to the status quo, which is not consid-
ering integration of passenger and freight ows. As a result, a smaller number of vehicles is
needed in the rst place, but also have to be replaced earlier due to the increased utilization.
To investigate integrated transportation systems properly, conventional macroscopic evalu-
ation approaches, i.e. pure kilometers driven, are not suf cient, but a life cycle approach,
taking into account vehicle production, becomes necessary. This assessment extends the
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scope of investigation beyond the use phase of transportation services. It is required to
investigate integrated transportation solutions with a LCA approach because it provides a
comprehensive analysis of the environmental impacts associated with the entire life cycle of
the transportation service. LCA is a widely accepted methodology that evaluates the envi-
ronmental impacts of a product or service from cradle to grave, including all stages of Raw
Material Extraction (RME), Production (PRO), Use (USE), and End of Life (EOL). By con-
ducting a LCSA, one can even identify the environmental, economical, and social effects
of the above reviewed integrated transportation solutions. In the case of RPP, a LCA ap-
proach can help to assess the potential reduction in GHG emissions, energy consumption,
and other environmental impacts compared to traditional parcel delivery services.

The literature relevant for creating a LCA model comprises on the one hand technical re-
ports, like the ISO 1040 [ISO Norm 14040.2006, 2016] and 14044 [ISO Norm 14044.2006,
2016] or handbooks, like the "Life cycle assessment handbook: a guide for environmen-
tally sustainable products" of Curran [2012], offering guidance and policies for conducting
proper and comparable LCA studies. On the other hand, there are research papers that
apply these guidelines to case studies, collect data for life cycle inventories and open up
new elds of application. In addition, there is a number of software and databases that
can assist in the creation of a comprehensive LCA and the modeling of complex product
systems. All of the above areas will be considered in the course of this literature review
and the aspects relevant to the evaluation chapter of this dissertation will be addressed in
detail.

2.2.1 Theory and Components of Life Cycle Assessment Studies

A LCA study provides a systematic approach to evaluating the environmental impact of
a product, process or service throughout its life cycle. The Life Cycle Cost Assessment
(LCCA) and Social Life Cycle Assessment (SLCA) methods were invented to quantify the
economic and social impact of a product or process over its life cycle. All three approaches
together form a so-called LCSA and cover all dimensions of a sustainability assessment.
A LCSA is a powerful tool for identifying areas for improvement and making informed de-
cisions that minimize adverse environmental, economic and social impacts. Potential ap-
plications include product development and improvement, strategic planning, public policy
making, marketing, and many others.

A LCA is a comprehensive method to evaluate the environmental impact of a product,
process, or service throughout its entire life cycle, from the extraction of raw materials to
the disposal or recycling of waste materials [Hauschildet al., 2018; Rebitzeret al., 2004].
According to ISO Norm 14040.2006 [2016], the four main components (see Figure 2.5) of a
LCA study are:

=

. Goal and Scope De nition
. Life Cycle Inventory (LCI)

. Life Cycle Impact Assessment (LCIA)

A WDN

. Interpretation of Results
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Figure 2.5: Stages and applications of an LCA according to ISO Norm 14040.2006 [2016].

In addition to the identi ed main components of a LCA, the data base, LCA methodolo-
gies, and modeling software play a critical role in obtaining reliable and comparable results.
For this reason, this study rst discusses the components target and scope de nition, LCI,
LCIA, and interpretation of results of a LCA in detail. Subsequently, the existing databases,
the LCA methods, and the software relevant for the modeling of mobility services in Ger-
many is presented.

Goal and Scope De nition

The goal and scope de nition is the rst and most important step of a LCA study, as it
de nes the basis of the analysis. It involves specifying the goal and scope of the analysis,
which means determining the purpose of the research, the product system to be evaluated,
and the impact categories to be considered. De ning the goal and scope also includes
setting system boundaries, identifying data sources, determining the functional unit, and
selecting the appropriate LCA methodology.

According to ISO Norm14040.2006 [2016], the goal and scope de nition includes the ap-
plication of the study, the reason for initiating the investigation, and the intended audience
of the study. The product system, i.e. all the activities required to produce, use, and dispose
the product, must be de ned. Therefore, it's the functional unit, i.e. the quanti ed perfor-
mance of a product system, or the unit to which each ow is referred and its respective ref-
erence ow , typically expressed in terms of mass, volume, units, or energy. The next step is
to clarify the study's allocation procedures, de ned as "the allocation of input and/or output
ows of a process to the product system under study” [ISO N orm 14040.2006, 2016], and
relate them to the impact types, i.e. environmental, economic, or social impact categories
(e.g. climate change, resource depletion or human health impacts). The system boundary
for a LCA study is usually drawn around the core components of the product or service, en-
compassing all life cycle phases from raw material extraction, through production and use,
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to end-of-life treatment. However, it may also exclude certain phases or components, e.g.
road infrastructure, when evaluating the life cycle processes of a passenger car. Finally, the
term cut-off criteria is used to describe criteria that lead to the (dis)consideration of certain
inputs or outputs. These are usually applied as a relative proportion to the categories of
mass, energy and environmental, economic or social signi cance.

The goal and scope of a LCSA consider a broader set of sustainability objectives com-
pared to a conventional LCA and must also consider the temporal and geographical system
boundaries of the assessment and identify the stakeholders and their needs [Alejandrino
et al., 2021; Zamagni2012]. It is also possible to assume different goal and scope de -
nitions for the LCCA, SLCA and LCA. However, the comparability of the LCA, LCCA, and
SLCA could suffer from this because the adopted system boundaries differ and thus may
no longer be directly comparable.

Life Cycle Inventory Assessment

The LCI involves the collection and quanti cation of data on energy and material inputs and
outputs of the product or process under evaluation and is speci ed in ISO N orm14044.2006
[2016]. This includes all activities involved in the life cycle of the product system, such as
extraction and transportation of raw materials, manufacturing, distribution, use and end-
of-life treatment. The data are collected using primary data (i.e. direct measurements) or
secondary data (i.e. published data from various sources). The LCI data are then used to
calculate the environmental impact indicators for the product or process being evaluated.
The relevant inputs and outputs include rst hand or generic material lists for the different
products and all associated processes, i.e. all inputs and outputs of each process within
the value chain of the product. The data quality should be monitored by the publishers and
checked for consistency (i.e. temporal, geographical and technological coverage, precision,
completeness, representativeness and reproducibility) by the authors of the study. In ad-
dition, the comparability between all the systems studied, e.g. the different product types,
should be checked for equivalent assumptions; this should also be ensured by the scope
de nition of the study. The data classi cation includes energy inputs, raw material inputs,
auxiliary inputs and other physical inputs, as well as products, co-products and wastes, re-
leases to air, water and soil and other environmental aspects. The allocation of all relevant
ows and releases involving by-products and recycling systems are related to the reference
ow of the study and should be included in the calculation where appropriate. In addition
to the environmental aspects, social and economic aspects shall be considered in a LCSA.
This includes the quanti cation of social and economic indicators (e.g. human health and
safety, as well as service costs and revenues).

Life Cycle Impact Assessment

LCIA is the phase in which the environmental impact of a product system or process is
assessed. The data collected in the LCI stage is translated into impact indicators using
LCIA methods. There are many LCIA methods that represent different scienti ¢ perspec-
tives, value judgments, and stakeholder preferences. They focus on different environmental
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impact categories, such as climate change, human toxicity, and ecosystem quality, and
use different indicators, models, and assumptions to quantify potential impacts [Hauschild
et al., 2018]. The choice of LCIA method depends on the purpose and scope of the LCA
study, and the availability and quality of LCI data [Curran, 2012]. Generally, LCIA methods
can be distinguished in midpoint and endpoint indicators. Midpoint indicators represent
a more intermediate stage in the cause-effect chain of environmental impacts. They are
generally closer to the actual emissions associated with a product or process (e.g. GWP,
eutrophication potential, or human toxicity potential). Endpoint indicators provide a more
comprehensive view of the ultimate or nal environmental impacts. They are typically more

user-oriented and are often used to communicate results to non-specialists and policymak-
ers (e.g. ecosystem quality impact or resource depletion impact). The most common LCIA
methods are presented in Table 2.5.

The LCIA in a LCSA integrates the social, economic and environmental indicators to
assess the overall sustainability of the product or process being assessed [Alejandrino et
al., 2021; Zamagni2012]. The LCIA methods used in a LCSA must be able to capture the
interrelationships between the different dimensions of sustainability. LCCA describes its
impact in monetary terms, whereas SLCA relies usually on impact categories related to
human well-being.

Interpretation of Results

The interpretation of results in a LCA involves analysis and communication of the study
results to stakeholders and decision makers. This last step includes a consistency check
of the data analysis and assessment, taking into account data quality and uncertainty. It
should also examine the key issues, i.e. impacts and hot spots, include a sensitivity anal-
ysis (i.e. varying assumptions and parameters on the results and identifying critical areas
for improvement), and include a comparative analysis of similar studies. Finally, this last
step must communicate the results using appropriate and transparent methods and include
recommendations for system and process improvements. [ISO Norm 14040.2006, 2016].

The interpretation of the results in a LCSA considers environmental, social and economic
aspects and identi es potential trade-offs and synergies between the different dimensions
of sustainability [Alejandrinoet al., 2021; Zamagni2012].

Life Cycle Assessment Data, Modeling Approaches, and Software

The data, modeling approaches, and software used in LCA studies are critical to ensuring
the accuracy and reliability of the results. Modeling approaches help translate this data
into meaningful insights that can inform decision making and policy development. LCA
software simpli es data management, enables the use of different LCA methodologies,
provides impact assessment tools, supports scenario analysis, and generates reports and
visualizations. Table 2.6 summarizes LCA databases of particular interest for transportation
modeling.

The data requirements for LCA studies include the material list of the products and their
respective life cycle emissions. This usually requires a number of assumptions to be made,

34



2.2. EVALUATION OF URBAN TRANSPORTATION SYSTEMS

Method Description

The IPCC (Intergovernmental Panel on Climate Change) GWP
methodology serves as a widely accepted LCA midpoint approach
IPCC GWP recognized for providing a comprehensive examination of environ-
mental consequences. It is widely recognized as the standard LCIA
method for assessing GWP.

The ReCiPe (Recourse Environmental and Impact Assessment)
methodology is a widely used LCA that provides a comprehensive
ReCiPe analysis of environmental impacts. It covers a wide range of impact
categories, including climate change, human toxicity, and ecosystem
damage, and uses a midpoint approach to impact assessment.

The Centre of Environmental Science, Leiden University (CML)
method is another widely used LCA method that focuses on im-
CML pact categories related to energy and resource use, such as cli-
mate change, acidi cation and eutrophication. It uses a midpoint
approach to impact assessment.

The Tool for the Reduction and Assessment of Chemical and Other
Environmental Impacts (TRACI) is a LCA methodology developed
TRACI by the U.S. Environmental Protection Agency. It focuses on a wide
range of environmental impact categories, including human health,
ecosystem quality, and resource depletion.

The Eco-Indicator 99 methodology is a LCA developed by the Dutch
research institute PRé Consultants. It focuses on environmental im-
Eco-Indicator 99 | pact categories related to human health, ecosystem quality and re-
source depletion, and uses a midpoint approach to impact assess-
ment.

The IMPACT 2002+ methodology is a LCA methodology developed
by the U.S. National Institute of Standards and Technology (NIST). It
covers a wide range of environmental impact categories and uses a
midpoint approach to impact assessment.

IMPACT 2002+

The EPS 2000 (Environmental Priority Strategies in Product Design)
methodology is a LCA developed by the Swedish Environmental Pro-
EPS 2000 tection Agency. It uses an intermediate approach to impact assess-
ment and focuses on endpoint environmental impact categories re-
lated to human health, ecosystem quality and resource depletion.

The International Life Cycle Data System (ILCD) is a LCA method-
ology developed by the European Commission. It is designed to be
ILCD a standardized framework for LCA studies and covers a wide range
of environmental impact categories, including mid- and endpoint in-
dicators.

Table 2.5: Most relevant LCIA methodologies for transportation models.
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Database Description

The world's most widely used LCA database, containing interna-
tional industrial life cycle inventory data on energy supply, resource
ecoinvent extraction, materials supply, chemicals, metals, agriculture, waste
management services, and transportation services, with more than
18,000 reliable records.

The Greenhouse Gases, Regulated Emissions, and Energy Use in
Transportation (GREET) model is developed and maintained by the
U.S. Argonne National Laboratory. It includes more than 100 fuel
production pathways and more than 70 vehicle/fuel systems.

Hybrid inventory database that contains both statistical and process-
IDEA based data. It comprehensively covers almost all economic activities
in Japan and contains about 3,800 processes.

Compilation of LCI data designed to meet the needs of designers,
engineers and architects in the manufacturing and construction in-
IDEMAT dustries. The data is based on peer-reviewed scienti ¢ papers and
additional LCI produced by Delft University of Technology and Plas-
tics Europe.

Free database of 9,200 LCA data sets collected and developed by
various U.S. government agencies.

Database created by "New Energy Externalities Developments for
NEEDS Sustainability” project, which includes industrial life cycle inventory
data on future transport services, electricity and materials supply.
Data set library originally provided by the German Federal Environ-
mental Agency and freely available for academic use. It includes unit
and aggregated processes for the following topics: Energy, materials
and products, transportation services, and waste.

GREET

LCA Commons

ProBas

Table 2.6: Databases for LCA relevant for transportation models, adapted from GreerDela
Gmlt [2023].
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such as the location and energy mix for production, the associated transport processes,
the exact material composition and characteristics of the product system and process cat-
egories under consideration, or the disposal processes. The limitations of a LCA study are
mainly related to the mentioned assumptions, but also comprise uncertainties in the use
and operation pattern of the product systems.

Regarding modeling software for LCA, there are many different commercial solutions,
such as "SimaPro", "GaBi", "Umberto", or "Altermaker". However, "OpenLCA" is the only
open source solution that offers a professional environment for ecological, economic, and
social LCA that guarantees the reproducibility of the results obtained [GreerDelta Gmi,
2023]. In general, all software offers similar features, including data management compo-
nents for managing, as well as organizing data on materials, processes, emissions, and
energy consumption, LCA methodologies that allow users to evaluate the environmental
impact of products and processes. These methodologies can range from simple to com-
plex and the choice depends on the level of detail required for the LCA study. For impact
assessment, all of the software mentioned above provide tools for quantifying the impact of
a product system or process. This includes the ability to assess the impact of emissions on
various environmental categories such as climate change, water use and loss of biodiver-
sity. Most software also provides tools for scenario analysis, which involves assessing the
impact of different options for a product system or process. Finally, most software solutions
also include tools for generating reports, graphs, and other visualizations of LCA results.

In terms of data, modeling approaches, and software, a LCSA requires additional infor-
mation beyond what is typically required for a LCA. In particular, a LCSA requires data
on social and economic indicators as well as environmental indicators. In addition, the
modeling approach for a LCSA must take into account the interrelationships and trade-offs
between social, economic, and environmental indicators [Alejandrino et al., 2021]. Finally,
software for LCSA must be able to handle the additional data and complexity of the model-
ing approach, which may require more advanced functionality and user interface design.

2.2.2 Existing Research in Life Cycle Assessment of Mobility Services

LCA is an important tool for decision making in the context of evaluating new forms of trans-
portation in comparison to the status quo [Zamagni2012]. With the increasing demand for
sustainable transportation solutions, LCA can provide valuable insights into the environ-
mental performance of different transportation options, including their energy use, GHG
emissions, and resource consumption. By assessing the LCIA results of new transporta-
tion options and comparing them to the impacts of existing modes, LCA can help to identify
opportunities for improvement and to inform decision makers about the environmental im-
plications of their choices [Alejandrino et al., 2021; ISO Norm 14040.2006, 2016]. Overall,
LCA provides a comprehensive approach to evaluating the sustainability of transportation
options and can help guide the transition to more sustainable and ef cient transportation
systems. The LCA methodology can be applied to shared mobility eets by considering
the life cycle impacts of vehicles. This analysis can help to identify opportunities to reduce
the environmental impact of shared mobility services, such as the use of electric or hybrid
vehicles, optimizing vehicle routing and utilization, and to compare them to the status quo
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of the transportation system. In addition, the use of shared mobility eets can also have an
impact on the GHG emissions of a transportation service. For example, a shared mobility
service that replaces private vehicle ownership can reduce the total number of vehicles on
the road [Boschet al., 2018; Engelhardt et al., 2019], leading to a reduction in GHG emis-
sions and other environmental impacts. In addition, a well-designed shared mobility service
can encourage the use of sustainable modes of transportation, such as walking, cycling,
or public transit, which can further reduce the environmental impact of the transportation
system [Schroder et al., 2023].

In the following, this literature review presents case studies that apply LCA approaches
to the evaluation of vehicle eets, mostly in an urban context. The studies investigate envi-
ronmental sustainability in the transportation sector, with a particular focus on the life cycle
assessment of different vehicle types and mobility strategies. A recurring theme across
several studies is the critical importance of considering the entire life cycle of vehicles and
transport systems to gain a holistic understanding of their environmental impacts [Bartolozzi
et al., 2013; Gawronet al., 2019; Gonzlez Palenciaet al., 2012; Severengizt al., 2020]. In
particular, Hawkinget al. [2012] emphasizes that the emissions of electric vehicles are highly
dependent on factors such as battery production and the source of electricity used for charg-
ing, revealing that coal-powered electric vehicles can have emissions comparable to those
of conventional internal combustion engine vehicles. Meanwhile, other studies highlight the
importance of eet penetration rates, electricity sources, and vehicle weight reduction in
electri cation pathways [B urchart-Korol et al., 2018; Garcia& Freire, 2017; Gonzlez Palen
ciaet al., 2012]. Gawronet al. [2019] provide a framework for evaluating autonomous taxis,
revealing the potential for signi cant GHG emissions reductions in electric autonomous
eets and highlighting pathways for further improvement. Their case study of the Austin,
Texas, eet shows that strategic deployment of an electri ed taxi eet can reduce cumula-
tive energy and GHG emissions by 60%. In addition to urban passenger eets, there are
also LCA studies on urban freight transport [Lemarded et al., 2023; Marmiroli et al., 2020],
showing that electric vehicles combined with smart delivery strategies can signi cantly re-
duce CO, emissions. Taken together, the studies reviewed underscore the complexity of
assessing the environmental impacts of transportation and urge consideration of multiple
variables, including energy sources, vehicle types, and logistics approaches, to navigate
the path toward reducing GHG emissions and promoting sustainability in urban passenger
mobility and goods transportation.

Overall, LCA provides a valuable tool for evaluating the environmental performance of
transportation services, including emerging shared mobility services. However, to the best
of the author's knowledge, there is no LCA framework for evaluating the integration of pas-
senger and freight transportation into one common vehicle eet. By considering the LCIA
results of integrated transportation options and promoting sustainable modes, LCA can help
guide the transition to a more sustainable and ef cient transportation system for both ur-
ban passenger and freight transportation. On the one hand, there is no simple, modular
approach to calculating the life cycle emissions of a vehicle eet that is also open to the
introduction of new vehicle models and concepts for comparative LCA. On the other hand,
the approach of using existing passenger trips for the transport of parcels has not yet been
investigated with a LCA approach. This creates a very interesting research gap, because
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the integration of an entire vehicle eet into another and thus its replacement can only be
analyzed holistically with a LCA approach.

2.3 Methodological Research Approach and Research
Questions

As the present literature review on applications of integrated transport solutions for pas-
senger and freight in research and practice shows, the range of possible combinations of
passenger and freight transportation is very wide. It includes different modes of transporta-
tion, such as rail- and road-based PuT services, individual crowd-sourced approaches, or
the idea of centralized assignment of passengers and parcels to a eet of vehicles, as in
the case of MoD services.

Existing studies in the area of MoD have mostly focused on the integration of passenger
and freight on the same means of transportation at different times, i.e. passengers and
freight do not share the ride. In addition, studies often assume time windows for parcel
pick-up and drop-off, which simpli es allocation but does not fully exploit the integration
potential of existing passenger trips. This thesis will focus on the integration of freight trans-
portation into the operation of a MoD ride-pooling service, i.e. passengers and freight share
rides. Thereby, special emphasis is placed on the simultaneous transportation of passen-
gers and freight (i.e. passengers and parcels can be on board the same vehicle at the
same time). This approach aligns with the growing need for innovative and sustainable ur-
ban transportation solutions. As the literature review revealed, the traditional separation of
passenger and freight transport has led to inef ciencies, increased congestion, and envi-
ronmental concerns. By integrating both modes, the thesis aims to explore a more holistic
and resource-ef cient approach that maximizes the use of existing transportation infras-
tructure. The focus of this thesis on the integration of freight transportation into the
operation of a MoD ride-pooling service is driven by the high degree of spatial ex-
ibility that ride-pooling services offer, making it even possible to display doorstep
deliveries. Furthermore, the temporal exibility allows for an approach which incor-
porates parcels into the existing schemes of a ride-pooling provider by addressing
the core idea of RPP, minimizing adverse effects on humanity, like increased traf ¢
volumes, environmental effects, or air pollution. A detailed service de nition of the
envisioned RPP service follows in Chapter 3 of this doctoral thesis.

The existing literature on the evaluation of urban transport systems has shown that there
is a wide variety of assessment methods for the evaluation of transport systems, but only
LCA and especially LCSA take into account the long-term effects that transport systems
create and include upstream effects, which become particularly interesting when vehicles
can be saved by integrating passenger and freight ows. By reducing both the number
of trips and the number of vehicles needed, integrated transportation solutions have the
potential to signi cantly reduce the negative impacts of transportation systems, but this re-
quires looking not only at the use phase of transportation systems, but at their entire life
cycle. Chapter 5 of this dissertation aims to provide an assessment methodology for evalu-
ating urban transportation eets over their entire life cycle, including all three dimensions of
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sustainability, i.e. the economic, environmental, and social dimensions.

The methodological research approach and the research questions of this doctoral the-
sis are derived from the state of the art ndings presented here. Both, the methodology
and the research questions follow the basic scheme presented in Figure 1.3. First, the
envisioned RPP is conceptualized in Chapter 3, by conducting a market analysis based on
expert workshops and a potential customer survey, resulting in potential RPP use-cases
and nally simulation scenarios. In Chapter 4, this thesis proposes a simulation environ-
ment, where decisions to serve passengers and parcels must be made online to allow for
online decisions on how the demand (passengers and parcels) can be served in a realistic
environment. When introducing parcels into the ride-pooling service, special attention is
given to making the best use of existing passenger trips. To do this, it is necessary to not
offer an immediate service, or to guarantee time windows, but to "wait" for a passenger trip
that is as "suitable" as possible. While recent studies focused on exploiting the idle
time of MoD eets explicitly for logistics services and modeled the logistics service
as an "as soon as possible" delivery service (i.e. using strict time constraints on par-
cel pickup and delivery), the goal of this work is to actively integrate parcel pickup
and delivery into vehicle routes. No explicit time constraints on parcel pickup and
delivery are enforced, but the goal is to integrate parcel pickup and delivery into the
scheduled vehicle routes resulting from the underlying ride-pooling service in order
to minimize the additional vehicle kilometers driven. The ef ciency of this integration
and the developed assignment approaches are evaluated in terms of their impact on op-
erator, customer, and traf ¢ effects based on real logistics demand within a case study for
Munich, Germany. Furthermore, recent studies did not quantify the bene ts that occur over
the complete life cycle of such an integration. To achieve this, Chapter 5 of this dissertation
evaluates the results obtained from the case study in a LCSA tool, which is customized for
shared mobility eets and incorporates all three dimension of sustainability assessment by
including ecological, cost and social analysis. Finally, this research tests the concept of
RPP in Chapter 5, which describes a real-world eld test in the city of Munich, Germany.

The research questions of this doctoral thesis are oriented on the dissertation outline
and are accordingly related to the main Chapters 3 "Service and Scenario De nition" (i.e.
Conceptualization), Chapter 4 "Modeling and Simulation” (i.e. Modeling), and Chapter 5
"Life Cycle Evaluation” (i.e. Evaluation). In order to de ne the RPP service, this dissertation
will answer the following research questions:

Conceptualization:

" Which service characteristics and use cases contribute to a sustainable change of the
existing transportation system by integrating urban passenger and freight transport?

Modeling:

" How could an on-demand Ride Parcel Pooling service look like and what are suitable
control strategies?
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" How could a holistic life cycle assessment for urban vehicle eets look like and which
parameters should be included?
Evaluation:

" Is a Ride Parcel Pooling service economically competitive compared to the status quo
(separate state of the art ride-pooling and last mile freight transport)?

" Can Ride Parcel Pooling cause a sustainable change of urban mobility-on-demand
vehicle eets?
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Chapter 3

Service and Scenario De nition

,—(Chapter Essentials}

De nition of the Ride Parcel Pooling scope by analyzing existing passenger
(public, individual, and mobility-on-demand) and freight (courier, parcel,
cargo) transportation systems and applying physical, temporal, and spatial
service requirements for evaluating feasible integration combinations.

The resulting solution space reveals that only the combination of parcel
logistics and mobility-on-demand passenger transport ful lls all
requirements.

Expert workshops applying the scenario technigue found four promising
Ride Parcel Pooling use cases, namely "Prioritized Ride Parcel Pooling",
"Parcel Hopping", "Mobile Parcel Lockers", and "In-Vehicle Delivery".

The customer survey for potential market analysis revealed that idea of Ride
Parcel Pooling is perceived very positive and provided insight into accepted
service parameters, such as waiting times, delays, detours, and pricing
policies, which are later on implemented in the simulation.

The "Prioritized Ride Parcel Pooling" use case was chosen for further
in-depth analysis in the agent-based simulation due to the positive feedback
in the expert workshops and the potential customer survey.

As the research methodology and research questions formulated at the end of Chapter 2
indicate, this work focuses on the integration of freight ows into existing MoD passenger
transport structures in order to utilize free capacity without signi cantly degrading passen-
ger traf c. In this context, the MoD solutions seem very promising due to their high ex-
ibility in terms of spatio-temporal network coverage and relatively low capacity utilization.
Although there is much to be learned from the crowd-sourced approaches and their inte-
gration into dynamic systems with reliable central decision making, the proposed solutions
are mostly not in line with the idea of using existing passenger trips for additional freight
transport, but rather induce trips or require a backup eet to guarantee a reliable service. In
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the following this dissertation will develop the idea of Ride Parcel Pooling into a real world
applicable mobility service, including different use cases and scenario de nitions.

3.1 Ride Parcel Pooling Scope

Up to this point, the literature review has shown that the integration of existing means of
passenger transport with urban logistics is very promising. However, it also highlighted
some obstacles and the need for further research. In order to nd the most promising
combination for the integration of PuT, InT, MoD and FrT and to de ne the RPP niche for
further research, this thesis proposes evaluation criteria to de ne the solution space for
the following chapters of this dissertation. The goal of the Ride Parcel Pooling idea is to
use existing passenger trips to integrate freight ows. Thereby, the overarching aim is to
increase vehicle occupancy, reduce travel distance, and conserve resources.

3.1.1 Analysis of Existing Integration Solutions

In order to determine whether integrating a freight logistics service into a passenger trans-
port service appears feasible, this research introduces three evaluation criteria. Each of
these criteria covers a different aspect of the transport service that is deemed necessary
for the successful integration of a logistics service into the respective passenger transporta-
tion system. In the following, this thesis describes each of the three evaluation criteria.

Physical:

Each unit of the passenger transportation system needs to have the physical capacity to
at least theoretically transport passengers and freight at the same time. Depending on the
logistics requirements (size, weight, count) of the freight, passenger transportation systems
will be chosen as suitable or not suitable for integration.

Temporal:

For the temporal evaluation, the passenger transportation service needs to be able to per-
form the logistic service in the required time frame while still maintaining its role as a pas-
senger transportation service. The temporal requirements for each logistic service were
de ned in Chapter 2.

Spatial:

The passenger transportation services need to be able to ful Il any spatial dependencies of
the logistic service. The spatial requirements for each logistic service are de ned in Chap-
ter 2.

To evaluate the feasibility of integrated transportation systems, this work rst presents the
integrated systems in a systematic approach. To do this, it combines all high-level urban
passenger transportation systems with all logistics systems presented in Chapter 1 and 2,
respectively. This creates Table 2.4 and opens a solution space for integrated systems com-
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bining urban passenger transportation and urban logistics services. Each logistic service
is further divided into three rows corresponding to the evaluation criteria introduced in the
previous paragraphs forming Table 3.1. For each combination, the resulting assessment
of the criteria is then given one of the following symbols: a green check mark, a yellow
qguestion mark, or a red cross. A green checkmark indicates no restrictions on the criteria,
a yellow question mark indicates some restrictions on the criteria but possible niche cases,
and a red cross indicates that the criteria are unlikely to be met. If any of the criteria for
an integrated system are deemed not to be met, the system is not considered for further
evaluation. In the following, the evaluation of the criteria for each form of urban passenger
transport is detailed.

Public Transportation

PuT commonly uses large vehicles to transport a great amount of passengers, which makes
them suitable to carry any form of freight. Therefore, the physical criterion is ful lled in
all combination cases. Temporal and spatial spread of PuT services are both regulated
by a schedule. Accordingly, door-to-door or time sensitive services (courier and express
logistics) are not compatible with PuT services. For cargo and standard parcels this gives
some constraints but functional service is still possible if a solution for the nal transport leg
from a PuT station can be found. Furthermore, if performed well, the integration of freight
transport into the system is not an inconvenience for passengers. Ultimately, they might
bene t from it by getting reduced transportation fees. For safety and insurance reasons,
the required space to store the parcels should not be accessible for other passengers.
Altogether, integration in PuT is, according to these criteria, possible in combination with a
cargo and parcel service, although with some restriction in temporal and spatial aspects.

Individual Transportation

For InT services, temporal and spatial restrictions depend on the private drivers, however
as the literature review (Chapter 2) revealed, the acceptance of larger detours and travel
time increases is very limited. Furthermore, the crowd-sourced solutions cannot guarantee
a smooth logistics operation without a fall back logistics eet in the background. Therefore,
the temporal and spatial criteria in InT are marked as compliant with restrictions. The phys-
ical constraint depends on the respective vehicle, however the transport of large and heavy
cargo will, for most private vehicles, cause problems. Therefore, the physical criterion is
marked as unful lled. In addition, integrating logistic services into InT would cause greater
inconveniences than in any of the previous transportation services as the passenger would
be directly responsible for any freight that needs to be collected over the course of their
trip. Moreover, the nancial incentive to perform this logistic service might in many cases
not outweigh the costs. Only at larger scales the nancial incentive could outweigh the
additional effort.
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Mobility-on-Demand Transportation

MoD services are exible in terms of the temporal and spatial criteria. This allows for
door-to-door services and time sensitive services. Separation of customer and freight is
possible as current, non-specialized vehicles already provide this option. However, this
holds only true for small and medium sized freight as there is limited physical capacity
in the individual vehicles. Accordingly, the physical criterion in cargo is not ful lled. The
integration of a logistics service into MoD affects passengers more than the previous two
forms of transportation. This is especially true for the combination of courier services and
MoD. Courier services have been de ned as trips from origin to destination without any
consolidation, vehicle change, or storage in between, and may have strict time windows for
pickup and delivery. This accounts for the two orange question marks in the table 3.1 for the
temporal and spatial criteria. Still, the only inconveniences faced by the passenger are small
detours and a few additional stops [Fehnet al., 2023]. However, these can be compensated
by a reduced transportation fee. Concluding, MoD services allow for an integration of all
logistic services but cargo due to constraints in the physical capacity.

3.1.2 Solution Space

From an organizational point of view and taking into account the de ned evaluation crite-
ria physical, temporal, and spatial, the combinations with a red cross in Table 3.1 can be
excluded, because the combinations PuT + courier, InT + Cargo, and MoD + Cargo do
not comply with at least one of the three evaluation criteria. In addition, the evaluation
matrix contains many question marks indicating evaluation criteria that are only partially
satis ed. The combinations with InT are questionable in terms of temporal and spatial con-
straints, because especially in the case of InT the literature suggests that a systematic, fair,
and reliable integration is dif cult to achieve on crowd-sourced service based approaches.
Furthermore, the literature review showed that crowd-sourced solutions can only act as a
supplement to proper logistics networks, as their reliability is very limited. The remaining
PuT combinations may not be compatible in time and space constraints, as loading and
unloading must be done at the stations during a limited dwell time. Additionally, until now
there is no clear legislative basis for integrated transport of passengers and freight on PuT
in Germany [Bammerlin2021]. Only the combination MoD + Parcel is fully compliant for
physical, temporal and spatial constraints. Therefore, this is the combination that will be
investigated in the remainder of the service de nition.

In the further course of this dissertation, PuT and InT solutions are discarded from the
analysis. PuT cannot cope with the temporal and spatial complexity of doorstep delivery,
which 87% of all Germans prefer as a delivery option [DPDgroup, 2017], and crowd-based
delivery solutions do not yet offer a robust solution in terms of legal, reliable and safe han-
dling of additional freight transport [Bammerlin2021; Upadhyayet al., 2022]. Furthermore,
many solutions are not in line with the idea of RPP, which is to use mostly already existing
passenger trips for additional freight transport and to induce as few trips as possible for
additional freight transport.
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Criteria PuT
Physical
Courier Temporal
Spatial
Physical
Parcel Temporal
Spatial
Physical
Cargo Temporal
Spatial
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Table 3.1: Solution space of the integration of freight transport (rows) into urban passenger
transportation (columns).
Legend: X: fully compliant, ?: compliant with some restrictions and X: not com-
pliant.

3.2 ldea of Ride Parcel Pooling

Based on the de ned solution space for integrated passenger and freight transport in an
urban context in Germany, this thesis elaborates the idea of RPP using the tools of expert
workshops and survey of potential customers to analyze the potential RPP market. In
the course of the expert workshops, problems, requirements, trends, solution approaches,
and stakeholders in urban passenger and freight transport are de ned with the help of
the scenario technigue and an impact analysis is elaborated. The survey of potential
customers of RPP explores the opinions of the respondents with regard to basic
attitudes towards pooled services, certain characteristics of RPP, and acceptable
waiting and detour times, which are later used in the agent-based simulation setup.
Overall, the expert workshops and the potential customer survey aim at investigating

and de ning a potential market for the RPP idea.

3.2.1 Expert Workshops

The scienti ¢ expert workshops on the topic of integrated urban passenger and freight
transport aimed to bring together researchers, practitioners, and policymakers to discuss
the latest advances and challenges in this area. RPP is a novel concept that involves
the sharing of MoD services with parcel delivery, in order to increase transport ef ciency
and reduce the number of vehicles on the road. The workshop formats covered various
topics, such as a structured investigation for the identi cation of problems in urban traf c,

the development of innovative solution approaches, and the discussion of potential impacts
of RPP on traf ¢ congestion, the environmental bene ts of this approach, and the potential

social and economic impacts. Participants had the opportunity to exchange ideas, share
their experiences, and collaborate on future research and development initiatives in this
eld. The workshop provided a platform for the scienti c community to discuss the latest

research ndings and explore innovative solutions for sustainable urban mobility.
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The expert workshops brought together practitioners from the automotive sector, PuT
operators, representatives of urban institutions, technical transport infrastructure providers,
experts from the logistics sector, transportation engineers, and researchers. In order to
analyze the realities that will drive the RPP service and to de ne the service fundamen-
tally, a variation of methods, including Delphi Study, Nominal Group Technique, Scenario
Technique, and brainstorming and group discussion approaches, are available.

This thesis makes use of the scenario technique, which is one of the most popular fore-
casting methods and an important element of futurology [Albers & Broux, 1999]. It was
especially suitable for the de nition of a RPP service, as it includes a consecutive ve step
approach taking into consideration:

1. Problem Analysis

2. Impact Analysis

3. Descriptor Analysis

4. Scenario Development
5. Strategies and Measures

These ve steps were used for an initial in detail analysis of problems, impacts, and de-
scriptors in uencing the integrated transport of passengers and freight (see Figure 3.1 and
Figure 3.2). In the next step, the scenario technique was used to develop scenarios of the
future, derive potential use cases and challenge these use cases based on their contribu-
tion to solve the initially identi ed problems of current transportation systems. Overall, the
scenario technique was chosen as it allows for integrating various aspects and perspectives
in uencing the idea of RPP and is very suitable to be applied in expert workshop formats.
The rst step of the scenario technique includes the problem analysis and description
of the current situation. The focus was on questions such as what is "last mile" mobility
(passengers and freight), are there problems associated with it, how exactly does the prob-
lem manifest, how can it be recognized, what causes the problem, what makes it worse,
what are the social, economic, or environmental consequences if the problem persists, and
what could be solutions? The goal was to achieve the broadest possible understanding of
the subject matter and a detailed description of the current situation from multiple perspec-
tives. The result was clusters of problem areas, possible solutions, requirements, trends
and stakeholders involved. Subsequently, a vote was taken among the experts to deter-
mine the main in uencing factors from the clusters, which will be taken into the next step
of the scenario technique process. In the following step, the participants analyzed in u-
encing factors and developed a basic impact analysis before trends and key parameters
were worked out in the descriptor analysis. The aim was to create a model of the system
with effects and interrelationships and to consider their possible development over a period
of time. The result of this is captured in Figure 3.1 and Figure 3.1 and provides a basic
understanding of the cosmos in which a potential RPP service would operate and how it
might relate to other relevant in uencing variables. It shows that the de ned main in uenc-
ing factors include Livability, Transportation Offers, Accessibility, Traf ¢ Volumes , Flexibility,
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Effectiveness, Quality of Service, and Sustainability. RPP was perceived to have a positive
impact on all of them. These factors were later on used to de ne the investigated indicators
in the agent-based simulation in Chapter 4 and found application in the development of the
LCSA Fleet Evaluation Tool of Chapter 5.

The further one looks into the future, the greater the number of possible future states.
Figure 3.3 illustrates the so called scenario funnel, describing potential solution spaces in
the future, including future scenarios.

Figure 3.3: Scenario funnel, visualizing potential solutions space in the future and one spe-
ci ¢ future scenario.

The theory behind the funnel illustration is that the further one looks into the future, the
less accurate the prediction will be, i.e. the funnel of possible solution spaces opens to-
wards later stages of the future [Kosow& Gassner 2008]. This means that we can accurately
describe the here and now and thus are able to predict the near future with relative preci-
sion. However, the further in the future the prediction lies, the larger the potential solution
space becomes and the number of possible scenarios increases with it. Therefore, it was
decided, that the expert committee should focus on a potential solution space in the near
future and develop respective future use cases for the general RPP idea. In the next step,
the scenario technique provides an overview of the problem and the multiple interactions,
extrapolating the identi ed trends into the future assuming one trend scenario and two ex-
treme scenarios, resulting in the scenario funnel and a potential solution space in the future.
The scenarios should be free of contradictions, comprehensible and comprehensive, and it
should be determined in advance how far one wants to look into the future [Albers & Broux,
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Figure 3.1: Impact analysis of a potential RPP service derived from expert workshops (left).
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Figure 3.2: Impact analysis of a potential RPP service derived from expert workshops
(right).
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1999]. The goal of the workshop was to nd four fully formulated near future use cases,
additionally to the status quo. The status quo describes the unaf liated delivery of parcels
by a logistics provider and the independent transport of passengers by a MoD provider. The
two services operate completely independently of each other and optimize the respective
eets independently and according to purely economic aspects.

The use cases de ned in the expert workshops are presented in the following list:

1. Prioritized Ride Parcel Pooling:  This scenario describes the combined transport
of passengers and parcels according to de ned prioritization rules, i.e. passengers
have priority, in a RPP service. The routes for passenger and parcel transport are
combined in the best possible way, under certain optimization conditions.

2. Parcel Hopping: This scenario also describes the combined transport of passengers
and parcels according to de ned prioritization rules in a RPP service. However, in
contrast to the previous prioritized RPP scenario, the parcels can "transfer" to other
(more suitable) vehicles at certain nodes in the network.

3. Mobile Parcel Lockers: This scenario describes a RPP service that collects parcels
during the day and provides a mobile parcel locker service during off-peak hours. This
means that the parcels are driven to the vicinity of the delivery addresses and can be
picked up there by the recipients in the car trunks. In addition, parcels could also be
deposited to the mobile parcel lockers.

4. In-Vehicle Delivery: This scenario describes a RPP service that delivers parcels
(e.g. groceries, e-commerce parcels) to the passengers of a ride-pooling provider
during the ride. Parcels are "pooled” in pre-reserved MoD rides and handed over to
the recipients during the ride. As it is common in ride-pooling operations, additional
passengers and parcels can be picked up at any time during the ride. Subsequently,
the vehicle serves the next passengers and parcels. This scenario has the potential
to even reduce total passenger trips, this concept could make shopping trips obsolete.

Subsequently, the scenario technique aims at interpreting the derived scenarios, includ-
ing a transparency and coherence check. Therefore, the use cases were discussed in the
expert group with the aim to derive tailored recommendations, aims, and strategies for the
respective stakeholders. Lastly, the ndings were concluded and feedback was incorpo-
rated into the obtained results. The Prioritized Ride Parcel Pooling use case forms the
basis for most of the other use cases and re ects the idea of integrating freight trips into
already existing passenger trips by minimizing distance traveled and vehicle usage. There-
fore, the expert group voted to prioritize the study and implementation of this use case. In
conclusion, the prioritized RPP scenario was found to offer the most bene ts and
therefore will be implemented in the following agent-based simulation.

3.2.2 Empirical Survey of Potential Users

This section focuses on an empirical survey of potential users of the RPP service to inves-
tigate what requirements and preferences customers might have. It consists in substantial
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parts of the publication "Ride-Parcel-Pooling: Insights to Integrated Passenger and Freight
Transportation through a Customer Survey" published at the 10th hEART Symposium of
the European Association for Research in Transportation [Fehnet al., 2022] and re ects the
results in the overall context for this dissertation.

The survey was divided into four main categories: participant socio-demographics and
socio-economics, attitudes toward ride-pooling services, parameters for ride-pooling sim-
ulations, and acceptance of RPP scenarios. The detailed research topics and question
categories are shown in Figure 3.4.

The survey was conducted online via a web browser and participants were approached
with an information yer in the city of Munich from September to October 2021. The sur-
vey took approximately 10 to 15 minutes to complete and a total of 102 respondents were
recruited. The relatively small sample size and the strong bias towards young, highly edu-
cated, high earners do not allow for a detailed regression analysis, so the statements are
limited to purely descriptive statistics, which, however, allow for some interesting statements
about the potential market and input variables for the simulation of RPP.

Figure 3.4: Research topics and categories of survey questions.

For a rst market analysis of the envisioned RPP service, this section presents results
from the survey, addressing the research topics and question categories stated in Fig-
ure 3.4. The socio-demographic and socio-economic analysis of the respondents shows
that 51% of the participants are male and 49% are female. Most of them live in or near the
city center. The sample is highly educated: 6% have a Ph.D. or equivalent as their highest
degree, and 54% have a university degree. In terms of economic status, most respondents
(30%) receive a net salary between 2,000 ¢, and 3,000 ¢. Figure 3.5 shows the average
net salary of the respondents * compared to the Munich average salaries [AverageSalary

1Survey salaries do not add up to 100%, as some respondents did not disclose salary information.
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Figure 3.5: Survey net salaries compared to the Munich average net salaries for the year
2022 [AverageSalary Survey, 2023].

Survey, 2023]. Income classes between 1,000 and 2,000 ¢, are over represented. At this
point, it is already clear that the sample shows a bias towards high levels of education and
relatively low (student and young professional) incomes. However, this could be in line with
the characteristics of early adopters of new mobility services [KawgarKagan 2015].

The respondents’ attitudes towards ride-pooling services were sought by rst asking them
about their personal experience with ride-pooling services. Approximately 36% of the sam-
ple reported having used ride-pooling services, and approximately 82% have a positive
attitude toward ride-pooling. There is no signi cant difference in positive attitudes between
people who had used ride-pooling and people who had not. In the next step, the survey
asked about the attitude towards the idea of RPP. Again, the majority (87%) expresses
a positive attitude and there is no signi cant difference between respondents with ride-
pooling experience and the others. It was found that the idea of RPP is evaluated even
more positively than the pure passenger ride-pooling idea.

The next part of the survey was aimed at de ning service parameters as input parameters
for simulations. The goal was to determine the in uence of travel time, waiting time, and de-
tours options on customer satisfaction. The impact of travel time increase due to additional
parcel transportation in RPP is estimated by asking respondents about their willingness to
share a ride if the parcel added 0%, 10%, 25%, or 50% travel time to their respective trip.
Figure 3.6 shows the evolution of customer satisfaction on a scale from "yes, de nitely" to
"no, never" regarding willingness to share a ride.
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(a) 0% additional travel time (b) 10% additional travel time

(c) 25% additional travel time (d) 50% additional travel time

Figure 3.6: Willingness to share a trip in RPP under the assumption that parcels increase
travel time.

It is noticeable that as the travel time increases, the willingness of customers to share a
ride with parcels decreases. The high number of negative responses to a 50% increase
in travel time also indicates that customers are unlikely to be willing to accept a higher
increase in travel time. In general, it can be said that an increase in travel time has a direct
impact on the acceptance of RPP among potential customers; however, survey questions
using percentages can be confusing and need to be evaluated carefully as respondents
may interpret them differently.

The in uence of waiting and detour times of a RPP service was also considered in this
survey. Respondents indicate the acceptable waiting time before the driver arrives after the
request and the maximum detour time for a pooled trip as shown in Figure 3.7a and 3.7b,
respectively. Most respondents indicate an acceptable waiting time of up to ten minutes
and a detour time of up to ve minutes for a representative trip of seven km length and
fteen minutes travel time. The obtained results were used in the parameterization of the
simulation of the RPP service in Chapter 4.
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(a) Acceptable waiting time (b) Acceptable detour time

Figure 3.7: Acceptable maximum waiting and detour time for a pooled trip with 15 minutes
of direct travel time.

In the process of designing a RPP service in Chapter 3, this research came up with
several use cases that a provider could offer. To test the acceptance of the use cases
among potential RPP users, this survey presented them to the participants and asked for
their opinions and preferences.

The rst scenario is called "in-vehicle delivery" and describes the combination of a pre-
booked trip with an integrated in-vehicle parcel delivery for a speci ¢ customer. The parcel
(e.g. groceries, e-commerce parcel) has been pre-ordered and is now delivered en route
rather than to the customer's home. The survey results show that 83% of the respondents
like the idea, 12% are not sure and 5% do not like the idea.

In the second scenario, the RPP vehicle acts as a "mobile parcel locker," where cus-
tomers can pick up or drop off parcels near their homes during speci ¢ time windows. The
survey found that three out of four people liked the idea of mobile parcel lockers and could
see themselves using such a service, 19% answered "don't know" and only 6% of respon-
dents did not like the idea. Regarding the maximum acceptable distance of the mobile
parcel locker, the most chosen answer was 0.25 to 0.5 kilometers.

Finally, the survey investigated the participants' attitudes towards their preferred vehicle
for RPP services. This question is particularly interesting in view of the fact that a possible
prototype for a RPP vehicle was to be developed and used in eld trials of Chapter 6. Re-
spondents could choose from four vehicle categories, namely city bus, minivan, passenger
car, and rickshaw. About 40% of the participants liked the classic bus as an RPP vehi-
cle, 65% chose a minivan, 58% chose the passenger car, and 37% voted for the rickshaw.
Please note that multiple choices were possible. A rickshaw is a very sustainable, space-
saving, and affordable mode of transportation and for these reasons was used in the RPP
eld test in Chapter 6. Therefore, this survey aimed at gaining a deeper understanding
of the respondents’ attitudes towards this type of vehicle. The survey asked the potential
users how they felt about a rickshaw as a mode of transport for RPP services (Figure 3.8).
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Figure 3.8: Attitude towards (“would you like") a rickshaw as a RPP vehicle.

The answers reveal that the rickshaw as a means of transportation is not universally
viewed positively. However, some people have a purely positive attitude towards rickshaws.
In addition, the survey asked the participants to justify their choice. From the answers, the
following positive and negative statement categories stood out:

Positive
" Environmentally friendly (lower CO,-footprint, local emissions, noise).
" Solves space problems in cities and is more exible during rush hours.
" Great means of transportation for short distances, little luggage, crowded streets.
" Fresh air/ see more riding experience in urban space.
" Attractive appearance.
Negative
" The effort of the driver (smell, discomfort, pity, etc.).
" Con ned space (especially when pooling), limited pooling capacity.
" Insuf cient weather protection.
" Unfamiliar, one feels observed, safety concerns (accidents, luggage, parcels).

" Unattractive appearance.

The results suggest that a rickshaw is perceived as a very sustainable, space-saving,
and environmentally friendly means of transportation. Some see it as a great opportu-
nity for short trips, offering a nice riding experience. However, many participants may feel
uncomfortable, because of the exertion of the driver, the con ned space, and the lack of
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weather protection. Some respondents also mentioned the feeling of being watched and
general safety concerns.

Based on the positive feedback from the survey of potential users and the associated
sustainable appearance of the rickshaw in conjunction with a reasonable price and the
possibility of easy conversions, the choice fell on an electri ed bicycle rickshaw as the
vehicle for the eld test. A more detailed description of the modi cations and design for the
prototype is given in Chapter 6.

Since user acceptance of ride-pooling has been well studied in the scienti c literature,
this study focused on perceptions of RPP in particular. The positive and negative aspects
associated with RPP, show a similar structure to those found for ride-pooling [Kostorz et
al., 2021]. However, many respondents mention the "green" image of RPP in terms of
emissions, space savings, and less road traf c. Some also state that it could be cheaper
than other modes of transportation. On the negative side, many respondents could imagine
problems associated with the additional transportation of parcels, such as lack of space,
damage to the parcels and unknown contents, and inconvenient delays or detours.

Although the survey has a rather small sample size and a strong bias, some interesting
correlations could be established. The following dependencies stood out:

Older respondents appear to be less supportive of ride-pooling and RPP than younger
respondents.

Respondents who live in or near the city center are more likely to have used ride-
pooling.

Younger respondents and respondents with higher incomes are more likely to accept
less detour and wait time.

Younger respondents are more open to RPP scenarios (in-vehicle delivery, parcel
station) than older respondents.

People who live further away from the city center are willing to accept longer distances
to a parcel station.

Female respondents would like the mobile parcel stations to be closer than male
respondents.

The dependencies found are in line with expectations, especially regarding the value of
time for busy people, and the phenomenon that young people in particular could be early
adopters of a future RPP service.

In conclusion, the idea of RPP is perceived as very positive and the service scenar-
ios presented are well received. The survey provides insight into service parameters
such as waiting times, delays, and detours, which are incorporated into the setup of
the agent-based simulation in Chapter 4.
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3.3 Concept De nition and Scenarios

The overarching concept of RPP is to integrate parcel transportation into the existing schemes
of an on-demand ride-pooling operator without signi cantly degrading passenger trans-
portation by integrating parcels traveling in the same general direction. This approach
aims to reduce the number of individual vehicles on the road and optimize the use

of existing transportation resources [  Fehnet al., 2023]. The passenger requests are
received dynamically in the sense of an on-demand mobility service, whereas the
parcel demand is available for the entire day, i.e. static, as it is usually the case for
parcel delivery. This makes it possible to check for each time step whether one or

more parcels t onto an existing passenger trip with minimal detours. A detailed de-
scription of the design and the assignment strategies can be found in Chapter 4 of

this dissertation.  As ride-pooling exists mainly in urban environments, this is because of
the offers to function meaningfully a high density of demand and supply is required [MOIA,
2023], the research of this thesis will also focus on an urban setting. RPP could address
the problems of congestion and the environmental, economic, and social impacts of trans-
portation. It could reduce transportation costs for individuals and businesses, increase the
ef ciency of delivery operations, and improve the overall accessibility and convenience of
transportation services [Fehnet al., 2023]. At this point, it should be mentioned that MoD
services, if used on a large scale, will require dedicated infrastructure for boarding and dis-
embarking passengers and loading parcels, in order to avoid negative impacts on traf ¢
ow and the safety of all road users.

Based on the solution space derived from literature and real-world applications of in-
tegrated transportation solutions, the expert workshops, and the survey of potential cus-
tomers, the RPP service in this thesis develops a concept that incorporates the premise
that freight transportation is integrated with existing passenger transportation and that pas-
sengers have priority over parcels, i.e. the additional transportation of parcels must not
signi cantly degrade passenger transportation. The concept of RPP is based on combin-
ing the ef ciency of ride-sharing services with parcel delivery to utilize unused capacity on
existing trips, creating a more ef cient and sustainable transportation system. The goal
is to create a symbiotic ecosystem where passengers and freight can coexist and thrive
while using the same eet of vehicles and combining trips. The concept of RPP offers
signi cant opportunities for various stakeholders. For ride-sourcing providers, expanding
their services to include parcel delivery opens up new revenue streams and improves the
utilization of their existing infrastructure. For parcel delivery companies, RPP offers an al-
ternative and potentially more (cost-)ef cient means of last-mile delivery, creating savings
potential on the costly last-mile leg, which accounts for approximately 30% of total delivery
costs [Blosl, 2022]. The four resulting simulation scenarios for Chapter 4 are presented
below and visualized with generic drawings in Figure 3.9.

3.3.1 Status Quo Scenario De nition

The Status Quo scenario shows two completely separate transportation services, one used
for parcel delivery and the other for MoD passenger transportation. This scenario repre-
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sents the typical delivery scheme in Germany, where a CEP provider's eet of vehicles
collects parcels at a depot, from where the various vehicles deliver the parcels to the
doorsteps of the recipients, here characterized by the truck |; transporting the parcels p
from their origin in (the depot) to their destinations dip. The parcels are distributed as ef -
ciently as possible to as few carriers as possible and delivered over the course of a day. For
the passenger transportation service, this scenario involves a ride-pooling service that aims
to combine incoming transportation requests as ef ciently as possible, while also trying to
guarantee certain customer requirements. In this illustration, vehicle v, picks up customer
c, at origin of and transports it to destination df before picking up the next customer and
transport it to its destination (Figure 3.9a). In a ride-pooling scheme, the two passenger
requests could potentially be combined and the customers would be transported simulta-
neously in the same vehicle, if appropriate (i.e. waiting and travel time, as well as distance
constraints are ful lled). The blue lines symbolize passenger only routes, whereas the yel-
low lines represent parcel only trips. The red lines indicate that passengers and parcels are
on board of the vehicle simultaneously 2.

3.3.2 Light Ride Parcel Pooling Integration

The Light RPP Integration scenario incorporates the parcel delivery service into the MoD
passenger transportation operations. The rule set applied for the integration is that the
vehicles v; are assigned to nearby parcel OD pairs and use exclusively their idle times
for the additional logistics services. In the example illustrated in Figure 3.9b vehicle v; is
assigned to the three parcels, after dropping customer c; at its destination d; and before
picking up the next customer at its origin 05. With Light RPP Integration, as with the status
quo, customers and parcels are not transported simultaneously at any time but have the
vehicle exclusively. The Light RPP Integration was implemented and tested in Fehnet al.
[2021]. Results showed no substantial differences towards the Moderate RPP Integration,
neither in the investigated passenger, nor in parcel transportation indicators. The Light
RPP Integration scenario is therefore not considered further in the simulations of

this dissertation

3.3.3 Moderate Ride Parcel Pooling Integration

The Moderate RPP Integration scenario removes the paradigm that customers and parcels
are never simultaneously in the same vehicle. However, it retains the restriction that the
passenger must not notice the integration of parcel services. Therefore, parcels can only
be integrated in passenger trips during the approach, the departure or idle times of the
MoD vehicle. In the illustration, presented in Figure 3.9c the vehicle v; rst collects the
three parcels at the depot, before picking up the rst customer c;. On the approach to the
next customer's origin o5 the one parcel is delivered to its destinations df. However, there
is never any pickup or delivery of parcels as long as there are still customers on board.
Finally, the customer c, gets picked up and is driven to its destination dS. After that, the

2A table of color codes used in this work can be found in the Appendix in Table 1.

60



3.3. CONCEPT DEFINITION AND SCENARIOS

remaining two parcels are transported to their destinations db, and dg . The three red arrows
symbolize a pooled trip of one or multiple passenger(s) and one or multiple parcel(s), which
are simultaneously in the same vehicle.

3.3.4 Full Ride Parcel Pooling Integration

The scenario Full RPP Integration describes a service, which transports customers and
parcels and both can take notice of each other. It represents the most integrated of the
presented scenarios and allows the collection or delivery of parcels while passengers are
on board. However, certain maximum detour times and travel time increases must always
be observed in order to avoid a lasting deterioration in passenger transport. In the example
represented in Figure 3.9d the vehicle v; rst collects the three parcels at the depot, then
picks up customer ¢; at of and drives her to df. Subsequently, it delivers the rst parcel at
df on the approach to the origin of the second customer at og. On the way form og to df, the
RPP service integrates a parcel delivery at d?, before dropping the second customer at dg.
In the end the third parcel is delivered at dg. Further explanations of the chosen constraints
will be given in the modeling Chapter 4.
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(a) Status Quo (b) Light RPP Integration

(c) Moderate RPP Integration (d) Full RPP Integration

Figure 3.9: Integration Scenarios for urban passenger and freight transportation.
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Chapter 4

Modeling and Simulation of Ride Parcel
Pooling

,—(Chapter Essentials}

strategies into a ride-pooling eet control algorithm.

the Status Quo scenario.

The ndings suggest that the "Combined Decoupled Parcel Assignment

distances.

status quo consisting of separate eets for passenger and parcel
transportation.

The results indicate that the integration of logistics services into a

without deteriorating passenger transportation.

Depending on the chosen assignment strategies and vehicle categories,

status quo.

The agent-based simulation framework "FleetPy" is adapted for simulating a
Ride Parcel Pooling service and integrates three heuristic parcel assignment

Two integration scenarios (Moderate and Full RPP Integration) together with
three parcel assignment strategies (CDPA, SDPA, SCPA) are compared to

(CDPA)" strategy re ects best the aim of integrating freight transportation
into the schemes of a ride-pooling provider, as it leads to lowest traveled

Three different vehicle categories (rickshaw, car, and van) with different eet
sizes, capacities and driving constraints are introduced and compared to the

ride-pooling service is possible and can exploit unused system capacities

nearly all parcels can be served until a parcel to passenger demand ratio of
1:10 while the overall eet kilometers can be decreased compared to the

J

To simulate the RPP service de ned in Chapter 3, one needs the functionalities of an
agent-based simulation framework to represent the decision-making processes that take
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place on the operator and customer sides. In transportation engineering, there are several
agent-based simulation tools that provide these functionalities, like "SUMO and JADE" [Soares
et al., 2014], "Simmobility" [Adnanet al., 2016], "POLARIS" [Auld et al., 2016], "MATSIim"
[Horni et al., 2016], and "MaaSSim" [Kucharski& Cats, 2022], however the extension of
existing frameworks from pure ride-pooling to the additional transport of parcels exploiting
unused capacity was best possible in the "FleetPy" simulator [Chair of Traffic Engineering
and Control, 2023; Engelhardt et al., 2022]. This is due to its modular structure, which
enables transferability of existing eet control strategies, used for ride-pooling simulations,
to the shared use of a MoD vehicle eet for the transportation of passengers and freight.
While FleetPy can be used for a variety of mobility simulations, it offers several features that
make it particularly suitable for RPP simulations.

4.1 FleetPy Simulator

The FleetPy simulation environment is an open source simulation tool for mobility on de-
mand services developed by the Chair of Traf ¢ Engineering and Control at the Technical
University of Munich. The published source code can be accessed via the research group's
GitHub page [Chair of Traffic Engineering an€ontrol, 2023]. The remainder of this sub-
chapter gives an overview of the existing use cases and modules and a short description of
the software, including the main modeling components and the simulation ow. For a more
detailed description of the simulation framework, the interested reader is referred to the
FleetPy launch paper of Engelhardt et al. [2022] and for the latest software developments
to the GitHub repository [Chair of Traffic Engineering an@€ontrol , 2023].

4.1.1 Introduction to the Simulation Framework

FleetPy was developed as a research-oriented simulation framework to answer research
guestions related to MoD from an operational viewpoint. The focus was mostly on how
a future MoD system could best complement the existing transportation system or make
parts of it more ef cient. Compared to the other reviewed simulation frameworks, FleetPy
is able to display real-world interactions between customers and the MoD operator. This
means that on the one hand, customers send requests via a mobile-phone application and
receive real-time information from the MoD operator. The MoD operator on the other hand,
receives the customer requests and makes decisions based on all information revealed for
the respective time-step. In addition, FleetPy is able to facilitate broker-based systems,
i.e. scenarios with multiple operators, integration of public transit and MoD systems or,
which is of special importance for this work, the integration of secondary demands like
freight transport into realistic MoD operator schemes. The transferability of existing models
for new application areas and the possibility to select an appropriate level of detail are
additional features of FleetPy that make it the best choice for modeling the integration of
freight transportation into a MoD system.
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4.1.2 Software Description

The structure of simulating scenarios in FleetPy is depicted in Figure 4.1. The required input
data can be categorized into two types: input parameters and data les. Input parameters
describe the modules and con guration used in the FleetPy simulation and are handled
by scenario de nition les. Since FleetPy relies on multiple parameters, with only a few
typically varying across simulations, two input les are used. The rst le contains constant
parameters, while the second le includes the parameters that vary among simulations,
making it easier for analysts to compare and understand the differences between different
scenarios. Together with speci ¢ modules, those are loaded into the simulation environ-
ment, initialize the eet simulation class, and return the simulation class. Necessary input
data for the initialization of a FleetPy simulation are network information (graph of nodes
and edges), traveler demand (request with start and end location and request time), vehicle
types (e.g. capacity, range, costs). Optionally, vehicle infrastructure, like depots, park-
ing, or charging stations. Output data comprise user statistics (i.e. acceptance/rejection,
pick-up/drop-off time and location, offer parameters and operator, service vehicle), operator
statistics (i.e. time, vehicle ID, location, and order), time-dependent statistics, and log- les.
[Engelhardtet al., 2022] The input parameters control the execution of speci ¢ modules and
parts of the code, while the data les provide structured inputs. These data les are essen-
tial for describing networks, zones, customer demand, vehicles, and infrastructure. During
the simulation initialization, the data les are loaded along with the modules. The selected
simulation modules speci ed in the input parameters determine the code that is executed
during the simulation ow, as shown in Figure 4.1. The simulation generates disaggre-
gated records for vehicles, users, and, if applicable, infrastructure [Engelhardtet al., 2022].
However, since analysts are usually interested in the bigger picture, automatic evaluation
functions are used to generate aggregated outputs from these records.

Figure 4.1: Flowchart of the main components of a FleetPy simulation scenario.
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4.1.3 General De nitions of the Simulation Environment

The FleetPy simulation environment comprises a street network represented as a directed
graph G = (N;E), consisting of nodes N and edges E connecting these nodes . Each
edge is associated with a travel time and a distance. A customer request r° = (of; d; t°) is
represented by its origin location o° 2 N, the destination location d° 2 N and the respective
request time t7. [Engelhardtet al., 2022]

The goal of the eet operator is to assign schedules to its vehicles v 2 V to serve cus-
tomer (and parcel) requests. A schedule describes the sequence of pick-up and drop-off
stops assigned to a vehicle. Stops are connected via the fastest network route, i.e. an or-
dered list of connected nodes minimizing the overall travel time. A schedule is considered

feasible, if:

~

the drop-off succeeds the pick-up for each request.

at no point during the schedule the maximum passenger capacity ¢, exceeded by on
board passengers.

for each customer request rf, the waiting time (time between request time t° and
expected pick-up) does not exceed t"at

the in-vehicle time of each customer rf does not exceed tfa%e = (1+ )tt¥"ect, with the

direct travel time from its origin to destination ttidireCI and a detour factor

A feasible vehicle schedule (v; R )is de ned as the k-th feasible permutation of stops of
vehicle vto serve the set of customer requests R within the schedule. Stops are associated
with the location, boarding and alighting customers (or parcels) and the time needed for
boarding or alighting t,. In between stops, vehicles travel along the fastest route in the
network G. [Engelhardtet al., 2022]

Schedules are rated by an objective function ( ¢(v;R )). The goal of the eet operator
is to assign schedules minimizing the aggregated objective function for all of its vehicles.

4.1.4 Framework Adaptions from Ride Pooling to Ride Parcel Pooling

Compared to the core functionalities of FleetPy, displaying a passenger ride-pooling ser-
vice, the RPP service needs the introduction of a secondary demand, i.e. parcel transport
demand and its corresponding attributes, like parcel sizes. It is assumed that the parcel de-
livery request was submitted at least the day before and is therefore known in advance for
the whole simulation period. Thus, a parcel request r” = (of; d’; s") is represented only by
the corresponding origin (pick-up) location oip, destination (drop-off) location dip, and parcel
size gp without a speci ¢ pick-up or delivery time during the day. Secondly, the RPP service
requires vehicles with a parcel capacity attribute (e.g. space in the trunk). Therefore, it has
to be guaranteed that for feasible schedules the current load of parcels never exceeds the
vehicles' parcel capacity c,. Thirdly, the objective of the operator needs to be adapted

to the additional transport of parcels within the schemes of ride-pooling operations. Lastly,

1A list of symbols used in this chapter can be found in the Appendix in Table 2.
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new assignment algorithms for the parcels, which are revealed day-ahead, need to be de-
veloped. Thereby, it is important to incorporate the new parcel time constraints and vehicle
capacity constraints into the assignment strategies. FleetPy is particularly suitable for
RPP integration, due to its modular structure, which was designed explicitly to al-

low the integration of novel mobility services. Detailed descriptions of the FleetPy
framework adaptions are presented in the following sections.

4.2 Modeling of Ride Parcel Pooling

The following section contains all adaptions to the existing FleetPy infrastructure and con-
sists in substantial parts of the publication "Integrating parcel deliveries into a ride-pooling
service — An agent-based simulation study” [Fehnet al., 2023] published in Transportation
Research Part A: Policy and Practice in 2023 and re ects the introduced principles and
results in the overall context for this dissertation.

The service consists of a MoD ride-pooling vehicle eet and a central operator taking
decisions, i.e. vehicle assignment and routing. In the envisioned RPP service, passenger
transport has priority over parcel transport requests, as the service to passengers should
not be degraded. The service assumes that parcels are transported from urban logistics
hubs to customers. It is further assumed that it is possible to pick up or drop off the parcels
at the customer's premises at any time, which in reality could be realized by small parcel
lockers. Therefore, no explicit business hours are modeled for the logistics service. How-
ever, parcel pick-ups and deliveries are integrated with passenger trips, so most parcel
pick-ups and deliveries will occur during the day, when passenger demand is highest. The
size and weight characteristics of the parcels are assumed to be boxes that can be carried
by one person and t into the trunk of a conventional passenger car. Passenger comfort
is not compromised while the parcels are on board the vehicle, as it is assumed that the
parcels are transported spatially separated in the trunks of the vehicles, leaving enough
space for passengers' luggage. In addition, the service provides a typical parcel logistics
service and does not guarantee a speci ¢ delivery time during the day. The operator's goal
is to provide an additional service without compromising too much on the additional vehicle
kilometers traveled by the eet and customer satisfaction, i.e. waiting times, travel times,
and detours. It also allows the eet operator to achieve higher utilization and occupancy
rates for the eet and to maintain the service even during periods of low passenger demand,
which in turn could lead to higher customer satisfaction through more extensive operation.
In addition, the RPP service aims at contributing to the goal of a "livable city", since two
vehicle eets (i.e. the logistics eet and the MoD eet) become one, and occupation urban
space and emissions can be reduced by pooling passengers and parcels. The main as-
sumptions in uencing the functioning of the combination of passenger and parcel trips are
shown in Table 4.1.

In addition to the assumptions from Table 4.1, other simulation inputs also play a decisive
role in determining whether and if so how many trips can be pooled. These include in
particular the underlying road network, the demand pattern for passengers and parcels
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Assumption \ Parameter
De-)B [
(_ e-)Boarding 30s
Time Passenger
(De-)Boarding
Time Parcel 60s
DeFour Factor for 40%
Pooling Passengers
Detogr Factor for 10%
Pooling Parcels

Table 4.1: Constant simulation parameters in uencing the pooling of passenger and parcel,
as well as boarding and deboarding times.

and the varying travel times in the network over the course of the day. These factors are
therefore of course very important when it comes to projecting the simulation results from
the case study to other cities or related use cases.

4.2.1 Simulation Scenarios and Methodology

All four scenarios developed in Chapter 3 were tested in day-ahead simulations, i.e. all in-
formation and inputs are revealed, of Fehnet al. [2021]. The Light RPP did not show any
advantages compared to the Moderate RPP approach, neither in customer, nor in op-
erator Key Performance Indicators (KPI). Therefore, it was excluded for further con-
sideration in the online simulation cases. The rst scenario represented in online sim-
ulations depicts the current Status Quo, where passenger and parcel requests are served
by two independent vehicle eets, one specialized in a ride-pooling MoD service and the
other in a typical urban pick-up and delivery parcel logistics use case applying respective
specialized vehicle eets. In the second scenario, denoted by Moderate RPP integration,
the logistics service is integrated with the MoD service, and both passenger and parcel re-
guests are served by the same MoD eet. However, there is a requirement that no parcels
are picked up or delivered during a passenger trip, so that passengers do not experience
parcel pick up and drop off or detours due to additional parcel transportation. The third
scenario, Full RPP integration, relaxes this requirement, allowing a parcel to be picked up
or dropped off during a passenger trip. In this scenario, a passenger's trip may be extended
or a detour may be required to accommodate the additional parcel transport. Figures 4.2a,
4.2b, and 4.2c illustrate the respective simulation scenarios and give a schematic overview
of the possible assignments of requests to vehicles and the resulting routes. It is important
to note that a passenger request always consists of a OD pair and a parcel request always
starts at a parcel depot and ends at the consignee. It would also be possible to operate
the service from sender to depot, i.e. the rst mile. This would only slightly change the
modeling of the RPP service. However, as stated in Chapter 2, parcels sent in Germany
are primarily delivered to postal shops, while recipients prefer doorstep delivery [DPDgroup,
2017].

To model the integration of logistics in a MoD ride-pooling service, the agent-based sim-
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(a) Status Quo (b) Moderate RPP integration (c) Full RPP integration

Figure 4.2: Simulation Scenarios implemented in the simulation environment FleetPy.

ulation framework 'FleetPy' [Engelhardt et al., 2022] is extended for this use case. The
framework consists of four main agents:

1. Customers requesting trips from the eet operator.
2. Parcels that need to be transported by the service.

3. A eet operator offering the service and assigning schedules for its eet of vehicles
to pick-up and drop-off customers and parcels.

4. Vehicles traveling along these assigned schedules within a street network and ful lling
the corresponding pick-up and drop-off tasks.

The overall methodology behind the RPP simulation study includes a demand data set
for passengers and parcels, the already introduced constant simulation parameters from
Table 4.1, as well as the variation of parcel penetration rates, the detour factor for integrat-
ing parcels into the existing MoD ride-pooling service, and the in uence of different eet
sizes, parcel capacities, and different vehicle types. The main changes compared to a pure
passenger ride-pooling simulation comprise of new vehicle types and assignment principles
for integrating the parcel transport service into the existing passenger transport schemes.
The overall system is rst evaluated on the basis of customer (i.e. waiting time, travel time,
and detour) and operator (distance traveled, number of passengers and parcels served,
and revenue) KPIs in Chapter 4. In the following Chapter 5 the RPP service is investigated
using a life cycle assessment approach with respect to all dimensions of sustainability, i.e.
economic, environmental and social aspects. A more detailed description of the input pa-
rameters and the simulation methodology, and the evaluation of the results follows in the
next chapters.

4.2.2 Simulation Environment and Fleet Control Strategies

Let now (v;R ;P ) be the vehicle schedule that additionally to the set of passenger re-
guests R , serves the set of parcel requests P . Then for this study the objective function
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was de ned as:
( ;R ;P))=d( «(v;R;P)) P(Rj+]Pj): (4.1)

d( «(v;R ;P )) refers to the distance to drive to complete the schedule. |R jand jP j are
the number of customers and parcels to be served with the schedule, respectively. P is a
large assignment reward of 100,000 meters to prioritize serving customers and parcels over
minimizing the driven distance. Based on the tight time constraints on passenger pick-up
and drop-off it is assumed, that passengers always accept the service if those constraints
are ful lled. Therefore, minimizing passenger waiting and travel time is not incorporated in
Equation 4.1. Additionally, Equation 4.1 does not control the prioritization of passengers
over parcels. This prioritization is incorporated in the heuristic algorithms described in the
following. The actual optimization is handled by assigning the smallest possible value for
the objective function of the to be assigned vehicle schedule ( ¢), see Equation 4.2.

The high-level simulation ow is shown in Figure 4.3. The demand for the simulation is
divided into a set of passenger requests and a set of parcel requests. It is assumed that
the operator has access to all parcel requests for the entire simulation period and is free to
decide when to serve which parcel. Passenger requests, on the other hand, are dynamically
revealed to the eet operator during the course of the simulation. Within each time step,
the operator rst tries to accommodate new customer requests by inserting them into the
current vehicle schedules. In a next step, rebalancing trips are computed to distribute idle
vehicles according to expected demand. Based on the new vehicle assignments, decisions
are made to serve speci c parcels. Finally, vehicle movements and boarding operations
are performed. Details on customer insertion, rebalancing, and the parcel delivery decision
process are provided in the following subsections. Since the applied control strategy of
ride-pooling eets is studied in several other research papers, the focus of this chapter is
to describe the methodology for integrating parcel pick-up and delivery into the existing
ride-pooling control strategy.

Figure 4.3: Flowchart of the simulation framework with different proposed parcel assign-
ment strategies.
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Passenger Assignment and Rebalancing

The passenger assignment and rebalancing strategies applied in this work are standard
modules from the FleetPy repository [Chair of Traffic Engineering an@€ontrol , 2023; En-
gelhardt et al., 2022] and display the state of the art in ride-pooling operation schemes.
To assign new customer requests to vehicles and corresponding schedules, an insertion
heuristic is used to solve the customer assignment problem. Given the currently assigned
schedule (v;R ;P ) of vehicle v, the pick-up and drop-off operations for a new customer
request r’ are inserted at all possible positions within the currently existing sequence of
stops (the drop-off must follow the pick-up stop). The new set of feasible schedules can be
enumerated again and results in schedules (v;R [f rfg P ) if a feasible insertion can be
found. The selected vehicle v, and schedule | for serving the customer request is then
determined:

Vo; 1=argmin ( g((v;R [frigP)) ( «(v;R;P)) 8v; i; (4.2)

Vi k

i.e., the vehicle schedule is assigned, which reduces the change in objective value the
most when the new request is served. Each time a new customer requests a trip, the
schedules are updated iteratively. If no solution is found by the insertion heuristic, i.e. no
vehicle can serve the customer within the given time constraints, the customer leaves the
system unserved. Figure 4.4 and Algorithm 1 outline the described algorithm. The method
insert( (v; R ;P );rf) returns the best possible insertion of rf into (v, R ; P ) with respect
to the objective function

While more sophisticated algorithms for solving the ride-pooling assignment can
be found in the literature (e.g.,[ Alonso-Mora etal., 2017; Engelhardtetal., 2020]), using
this simple insertion heuristic has the advantage that the assignment of customer
and parcel requests can be decoupled into different decision processes, reducing
overall complexity and thus computation time.

To dynamically distribute idle vehicles according to the expected demand in the network,
the reactive rebalancing algorithm proposed by Alonso-Mora et al. [2017], which is available
in the FleetPy repository [Chair of Traffic Engineering an€ontrol , 2023], is applied in this
dissertation. Each time a customer remains unserved, the origin location of the requested
trip is marked as a rebalancing target. After each simulation time step, an idle vehicle is
assigned to each rebalancing target by solving an assignment problem that minimizes the
total distance traveled. If there are fewer idle vehicles than rebalancing targets, each idle
vehicle must travel to one rebalancing target.

Parcel Assignment

Since there are no explicit time constraints on parcel pick-up and delivery in this work,
different assignment strategies (compared to the presented passenger assignment) were
developed to assign parcels to vehicle schedules. While parcels could be served during
periods of low customer demand to increase the temporal utilization of the vehicles, the
goal of this study is to evaluate whether parcel pick-up and delivery can be performed
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Figure 4.4: Functional owchart of the customer assignment algorithm in FleetPy.

when vehicles pass by occasionally to minimize the need for additional vehicle kilometers
traveled. Three different parcel assignment strategies are developed and described below.

To achieve this in a dynamic setting with online decision making about whether or not to
assign a parcel to a requested passenger trip, different assignment strategies and a detour
parameter , were introduced:

__dtw
d( «[frf9
If  approaches 1 less detour is accepted to serve the parcel, for both, Moderate (Fig-
ure 4.5a) and Full RPP integration (Figure 4.5b).

th (4.3)

Combined Decoupled Parcel Assignment (CDPA) In the rst assignment strategy, both
the origin as well as the destination of a parcel are assigned at once. An assignment of a
parcel request rip to vehicle v is only made if the detour to add the pick-up and the drop-off
into the currently assigned schedule (v;R ;P ) is small compared to the distance of the
direct parcel route d(oip; dip). The detour is measured by comparing the distance that has
to be driven to complete the schedule, including the new parcel request |(v;R ;P [f rip@,
with the distance not considering the parcel, i.e. «(v;R ;P )). A possible assignment is
identi ed if:

d( (VR P [frf@) d(( «R;P))<(L wnd(;d); (4.4)
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with a threshold parameter , 2 fO; 1gindicating the amount of detour relative to a direct
route to be accepted to serve the parcel rip. If  approaches 1 no detour is accepted to
serve the parcel, for both, Moderate (Figure 4.5a) and Full RPP integration (Figure 4.5b).

(&) thin Moderate RPP integration (b) th in Full RPP integration

Figure 4.5: Visualization of the threshold parameter 4, for detour(s), which is accepted for
the integration of parcel transport in Moderate and Full RPP.

Figure 4.6 and Algorithm 2 sketch the procedure of assigning parcels with the CDPA
strategy. Let P, be the set of currently unassigned parcels and V¢ the set of vehicles
with schedules, that have been updated in the current simulation time step. The method
insert( «(v; R ;P );rl) returns the best feasible insertion of r’ in  (v; R ;P ) with respect
to the objective function . For each unassigned parcel, an insertion is checked for each
vehicle with an updated schedule (an insertion in other vehicles would have already been
checked in previous time steps). If a new schedule ful lls the constraint of Equation 4.4, a
candidate insertion is found. In the end, the candidate schedule with the minimum objective
value is picked to be assigned. If no candidate is found, the parcel is tried to be assigned
again at a later time step. 2

Subsequent Decoupled Parcel Assignment (SDPA) The idea of the second assign-
ment strategy is that, because no time constraints are imposed on the parcel drop-off, the
decision on when to drop-off the parcel does not have to be made when the decision of the
parcel pick-up is made. This assumption can be made under the condition that the loaded
parcels do not signi cantly affect the energy consumption of the vehicles. Therefore, the
decision to pick-up a parcel is separated from the decision to drop-off a parcel. The decision
to pick-up a parcel is taken similar to the CDPA strategy and summarized in Algorithm 3.
The differences to Algorithm 2 can be summarized as follows: rst, only the insertion of the
origin in is tested for parcel request rip by the method insertOrigin, second, the possible
assignment is identi ed if:

2All algorithms are presented in concise pseudo-code in Appendix 2.2.
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Figure 4.6: Functional owchart of the CDPA algorithm.

d( (vR;P [foPd) d(( kv;R;P)))<(@ wd©f;d)=2 (4.5)

Note that the threshold is divided by 2 (compared to CDPA) to account for an even split

of the overall detour for parcel pick-up and drop-off. The time horizon in which passenger
requests are revealed does not allow for a more elaborate distribution of detours than split-
ting the detour factor for parcels, , evenly between origin and destination. An attempt
could be made to predict future passenger requests and thus achieve a more sophisticated
distribution of the parcel detours, however this is beyond the scope of this work. If a feasible
insertion of the origin of r” is assigned to vehicle v, r” is added to the set P2 to keep track
of assigned parcel pick-ups for each vehicle.
A similar approach is chosen to assign the parcel drop-off in any later simulation time step
and is sketched in Algorithm 4. For all vehicles with scheduled pick-ups or on-board parcels,
the insertions of drop-offs for all parcels rip 2 P2 is checked. A possible assignment is con-
sidered if:

d( «(vR:P [frfd) d(( «(v;R;P [fofd))<(l w)d(of;d)=2 (4.6)

Thereby, (v;R ;P [f rPg refers to the schedule including origin o’ and destination d”
of parcel r’.

The simulation rst tests possible drop-off locations for vehicles with an updated sched-
ule, and then creates possible pick-up locations for parcel pick-ups, similar to the com-
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prehensive parcel assignment strategy. The disadvantage of this strategy is that there is
no guarantee that a drop-off will be found for every parcel by the end of the simulation.
However, parcels should not remain on the vehicles until the end. Therefore, when a cer-
tain simulation time T™®*is exceeded, all remaining parcels on board are scheduled to be
dropped off by iteratively inserting them into the current vehicle schedule.

Subsequent Coupled Parcel Assignment (SCPA) In the last assignment strategy, the
decision to assign the drop-off of a parcel is again made independently of the decision to
assign the pick-up. While the pick-up assignment decision remains the same compared to
the following independent parcel assignment strategy (algorithm 3), the drop-off assignment
decision is linked to the passenger assignment. The idea is to assign passengers, and
thus new vehicle schedules, that pass by the drop-off location of on-board parcels. This
increases the possible solution space for parcel drop-off assignments. For this purpose,
the formulation of the passenger assignment is revised.

Let RP®" be the set of new customer requests in time step t. In the rst step, the best
possible solution for just serving a new customer request r° 2 R'*"is calculated using the
same insertion heuristic as for the passenger assignment. The resulting schedule (v,) =

((v;R [frfgP ) is used as a benchmark for the decision to assign a parcel drop-off. In
a second step, instead of inserting a parcel drop-off into the overall best solution (v,), an
insertion of each on-board parcel requests r” is tried for feasible schedules in combination
with the new request r¢, resulting in the schedules (v;R [frigP [fr’g8v 2 Vie. A
possible assignment of the parcel is found if:

d( (R [frigP [frfg) d( (vaR [frigP))<(l w)d(of;d’)=2 (4.7)

i.e. the driven distance of the best possible solution without parcel delivery is only increased
by at most a threshold factor compared to the direct distance of the inserted parcels. If mul-
tiple of these options exist, the vehicle schedule minimizing the objective is assigned. If
none of these options exist, only the best schedule for serving the customer is assigned.
The corresponding logic is sketched in Algorithm 5. For reasons of clarity and comprehensi-
bility, not the computationally most ef cient version of the algorithm is depicted in Algorithm
5. For example, all solutions from the rst customer insertion can be stored in a list, which
makes the re-computation of the insertion in the second loop over vehicles redundant.

4.2.3 Simulation Case Study for Munich, Germany

The proposed framework is applied and evaluated for a case study in Munich, Germany.
The considered service area of the MoD operator extends almost to the freeway ring, which
surrounds the city center. The research design of the case study is based on a street
network G = (N; E) with edge travel times for each hour of a usual working day, as well as
passenger demand is extracted from a calibrated microscopic traf ¢ simulation described in
[Dandlet al., 2017]. The street network and operating area are shown in Figure 4.7. Parcel
demand is based on a real-world data set of a worldwide leading logistics company. The im-
pact of additional parcel transportation within the running ride-pooling service is evaluated
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using customer (waiting and travel times) and operator (served customers, parcels, eet
kilometers, and revenue) KPIs. The simulation was carried out with different detour factors
for the integration of parcels ( ), parcel penetration rates and vehicle types. The simula-
tion parameters in uencing the pooling of passengers and parcels, as well as boarding and
deboarding times from Table 4.1 were kept constant. These parameters were set to proven
and accepted values, fostered by the potential customer survey of Chapter 3. The variation
of these are subject of investigation in a couple of ride-pooling simulations [Engelhardt &
Bogenberger 2021; Zwick Kuehne] & Horl , 2022] and considered to be out of scope and of
minor insight for this study.

Input Data, Simulation Settings and Preprocessing

Since, to the best of the authors' knowledge, no real-world data exists regarding the op-
eration and usage of a RPP service, an arti cial passenger demand is created for this

Figure 4.7: Street network, operating area and depots for the modeled RPP service in the
case study of Munich, Germany.
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research. Customers for the MoD service are created by sampling from private vehicle trip
OD matrices extracted from the same microscopic traf ¢ simulation from which the network
is extracted. There are 24 matrices, one for each hour of the day, containing approximately
one million trips originating and terminating within the service area. Poisson processes are
used to sample requests for the MoD service, with Poisson rates de ned by the correspond-
ing OD entries times a penetration factor. In this study, a penetration factor of 5% is used,
which can be interpreted as the MoD service displacing 5% of the private vehicle trips within
the service area, resulting in approximately 50,000 trips per day. The origin and destination
nodes for the sampled requests are randomly matched to intersection nodes within the as-
sociated zones de ned by the OD matrices. Using different random seeds for the sampling
process, three different sets of requests are generated and used for the simulations to ac-
count for stochastic variations while maintaining an acceptable overall computational time
to run all scenarios.

One month of real-world parcel delivery data from a leading logistics provider was avail-
able to create parcel demand for the RPP service. The data includes the delivery date, the
local depot from which the parcel was delivered, and a destination address. In the rst step,
the destination address is converted to coordinates using the open source geocoding API
'‘Nominatim', which relies on publicly available OpenStreetMap data. All deliveries outside
the MoD service coverage area are removed, resulting in 56,000 parcels within the cover-
age area. Using the coordinates, parcel delivery destinations are matched to the nearest
intersection node in the network. A maximum of ¢ parcels with the same origin-destination
relationship are aggregated into the same parcel request. Since there is no information
about the size of the parcels in the data, the size of a parcel request s{’ is determined by the
number of aggregated parcels. The parcels in the real-world data set were shipped from
two depots, both located outside the MoD operating area (north and east of Munich). It is
assumed that if a RPP service such as the one presented in this study is implemented, cor-
responding depots will need to be established within the service area. Therefore, two new
depots in the northern and eastern part of the city are de ned and shown in Figure 4.7.
Parcels shipped from the original northern (eastern) depot will be assigned to the newly
implemented northern (eastern) downtown depot. A goal of the study is to observe the sys-
tem limits, i.e. how much parcel demand can be served with a given passenger demand.
Therefore, the parcel demand data for the whole month is used as input for the simulations.
To vary the ratio of passenger to parcel demand, the total parcel demand is sub-sampled
into proportions ranging from 1% to 50%. In the base scenario, a 10% sub-sample of parcel
demand is used, resulting in a ratio of approximately 1 parcel to 10 passenger requests, to
represent a service that prioritizes serving passenger demand. Analogous to the passenger
demand, three different sets of parcel requests are created using different random seeds
within the sub-sampling process.

In contrast to the simulations modeling the RPP service, the Status Quo is modeled with
two independent vehicle eets that serve as a baseline to evaluate the ef ciency of inte-
grating parcel delivery into the MoD service. The rst eet corresponds to the MoD service
without parcel delivery. The simulations described here are performed without any parcel
demand. The second eet corresponds to the pure logistics service. Here, vehicles are ini-
tially placed at each of the two depots. Parcels for the corresponding demand scenario are
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iteratively inserted into their schedules, minimizing the driven distance including the return
to the depot at the end of the route. The aggregated driven distance within these schedules
is used by the logistics service to approximate the eet vehicle kilometers.

Within the simulation, the service parameters describing the maximum customer wait
time t"a% are set to 10 min, while the maximum detour factor is set to 40%. These as-
sumptions represent a behavior where customers will always accept a service as long as
these maximum wait time and detour time constraints are met, otherwise the service will
not be used. Similar assumptions are made in other studies with MoD services and in the
absence of data to calibrate more detailed mode choice models (e.g. [Alonso-Mora et al.,
2017; Engelhardtet al., 2019; Santi et al., 2014; Simonettoet al., 2019]). The MoD car eet
is operated with a capacity of ¢ = 4 passengers and ¢ = 8 parcels. In the Status Quo sce-
nario, it is assumed that the logistics provider operates delivery vehicles with a capacity of
100 parcels [DHL Global, 2019]. The eet size of the RPP operator for the following simula-
tions is determined by rst running several simulations with no parcel demand and varying
the eet size. Finally, a eet size of 600 vehicles is chosen, which allows a service rate of
approximately 90% of customers served. It is assumed that vehicles take 30 seconds to
complete the passenger boarding process. If a parcel is to be delivered, this boarding time
increases to 60 seconds. However, parcel lockers and a high degree of automation may
be required to achieve this delivery time, which is relatively low compared to a conventional
average delivery speed of 12 parcels per hour [BundesverbanBaket undexpresslogistik eV.,
2021]. This includes the assumption that at every node within the graph network, the pick-
up and drop-off of passengers and parcels is possible, either by stopping second row or
using dedicated infrastructure.

Parcels that have been picked up but have not reached their destination by Tg‘ax = 10pm
are actively assigned for delivery. In some cases, parcels will not be picked up at all if
the parcel assignment strategies do not nd suitable insertions. These parcels are left
undelivered in the simulations to explore the limits of the RPP system. It is assumed that
the undeliverable parcels are either returned to the system the next day or delivered by a
conventional logistics service. In the life cycle assessment evaluation of the RPP service
in Chapter 5, the remaining parcels are delivered by a eet of logistics vehicles that is
comparatively smaller than that required in the Status Quo scenario in order to have fully
comparable scenarios.

To estimate the fare an operator has to take for transporting a parcel, the following calcu-
lations to quantify the prot Prpp of @ RPP operator are made:

X _ X
Prpp = didlrethr + fp dtieeCy (4.8)

i2Rserved jZPserved

The rstterm sums to revenue of all served MoD customer Rsereqbased on their direct travel
distance dioIirECt and a distance dependent fare f,. The second term calculates the revenue
from served parcels Pgsereg Similarly to incumbent logistics pricing schemes a constant fare
fo is assumed for shipping a parcel, thereby dseet is the overall driven distance of the eet
and c, a distance-based operating cost. Negro et al. [Negro et al., 2021] calculated c, that
comprises acquisition, vehicle ownership, driver, staff, of ce and facilities, cleaning, vehicle
maintenance and wear, and energy/fuel costs for MoD operators. The value ¢, = 1:06 @ /km
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is used for driver-operated eet vehicles and ¢, = 0:45 @ /km for automated vehicles. To
estimate fares, this study assumes the following break-even calculation. The break-even
fare for customers frbe is calculated for the Status Quo (no parcel delivery, i.e. Pserved= ;)
setting: X
F)FsutaaliusQuo= didirect frbe OieetCy = 0 (4.9)
i2Rserved
When also parcels are transported by the service, fewer customers are going to be served
with the same number of eet vehicles. The loss in revenue from fewer served customers
has to be compensated by parcel fares which determines the break-even of parcel fares
be.
foe: X | X
Prpp = dytrectfPe + fé’e fleelCy = 0 (4.10)

i2Rserved J2Pserved

Investigation of Different Assignment Strategies

First, simulations are performed for all parcel assignment strategies (CDPA, SCPA, SDPA),
as well as for Status Quo and Moderate and Full RPP) integration. Within these simulations,
the in uence of the assignment threshold parameter  on different KPIs is evaluated. In
a second step, simulations are performed with varying parcel demand penetration ranging
from 0% to 50% of the total parcel demand data-set, while keeping  constant, to evaluate
the number of parcels that can be accommodated by the RPP service, holding passenger
demand constant.

Investigation of Different Vehicle Types

The RPP vehicle types implemented include a passenger rickshaw, a passenger car, and
a passenger van. In addition, a delivery vehicle has been implemented to represent the
current status quo, where two independent eets serve passenger and parcel demand. The
vehicle types differ in terms of passenger capacity, parcel capacity, and speed (Table 4.2).
In addition, there are different propulsion technologies for all of the above vehicle types,
which will play an important role in the LCA part of this thesis in Section 5.

4.3 Simulation Results

In the following, the results of the simulation of the presented case study for Munich, Ger-
many are presented. All calculations are implemented in Python and run on an Intel Xeon
Silver processor with 2:10GHz and up to 192GB RAM. The simulation times for one scenario
range from 10:2 to 13:8 hours. Therefore, the algorithms presented would be applicable to
real-world applications. For additional speed-up, the parcel insertion test could also be run
in parallel.

In the next three subsections, rst, the impact on customer and operator KPI is evaluated
based on the different proposed RPP service integration and parcel assignment strategies
with a varying threshold parameter . Second, the effects of different parcel demand
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levels are evaluated and compared to the status quo. Third, different RPP vehicle types
with different characteristics are introduced and the effects on the proposed RPP service
are studied. Subsequently, the obtained results are evaluated holistically by applying a LCA
approach for the different vehicle eets in Chapter 5.

4.3.1 Customer and Operator Key Performance Indicators

A crucial question for the success of the proposed RPP service will be whether the ride-
pooling eet can still ensure suf cient service quality for passengers despite the additional
transport of parcels. In this research, it is assumed that logistics services are subordinate to
passenger needs. In this context, for the scenario Moderate RPP integration, the collection
or delivery of parcels is only allowed when there are no passengers on board, while this
restriction is lifted for the scenario Full RPP integration. However, in both scenarios, the
time constraints on passenger pick-up and maximum detour described at the beginning of
this chapter must be met to ensure a good quality of service.

The quality of the mobility service from the customer's perspective is evaluated by the
average customer waiting and travel times. The simulation results show that customer
waiting and travel times are hardly affected by the integration of freight transport into the
MoD service. The customer waiting times for all simulation scenarios and the different
assignment thresholds ( ,) are maximally increased by less than 0.5%. The customer's
travel times are also only marginally affected by the additional transport of freight in the
MoD system. For the CDPA strategy, the increase in travel time is constantly between 0.1%
and 0.5% for the examined assignment thresholds ( ). Overall, the change in travel time
is limited to 1.5%, which is only about 12 seconds and not statistically signi cant.

Figure 4.8a and Figure 4.8b show the absolute waiting and travel time distribution of
customers for the different RPP scenarios and the assignment strategies with xed ,. The
waiting time distribution shows that the customer assignment tends to add new passengers
with waiting times close to the maximum allowed waiting time of 10 minutes. In general,
it is clear that the difference in waiting and travel times between the Status Quo and RPP
scenarios is relatively small, and their distribution is rarely affected. This means that RPP
has little negative impact on the service quality of the represented MoD provider.

Taking a closer look at the difference between the Full RPP integration and Moderate RPP
integration scenarios, we can see that from the customer's point of view, i.e. waiting and
travel time, there is no big advantage in limiting parcel pick-up and drop-off to times when
no customer is on board. The detours for parcel pick-up and drop-off, which passengers
have to accept, seem to be compensated by the additional freedom in vehicle scheduling.
In addition, the maximum waiting time and detours are still limited by the constraints t"al
and ta¥el also for parcel pick-ups and deliveries.
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(a) Absolute Waiting Time

(b) Absolute Travel Time

Figure 4.8: Waiting and travel time distribution of served customers within different RPP
assignment strategies. = 0:80 is considered in all scenarios shown ( eet
size = 600).

In addition to the attractiveness of a mobility service for the customer, the operator's per-
spective plays a crucial role in its success. For the provider of a MoD ride-pooling service, it
is important that the vehicle eet can be operated ef ciently even after the logistics service
has been integrated. Each value presented in the results section refers to the average of the
three simulations with different random seeds. Since the stochastic variations between the
results computed with different seeds are small, error bars are only visible in some gures.
Figure 4.9a shows the number of parcels served for assignment thresholds ( ) between
0.6 and 1.0. It can be seen that the number of parcels served generally decreases as the
assignment threshold increases, due to stricter pick-up or drop-off constraints for a parcel in
a given schedule. However, the CDPA strategy is more sensitive to higher thresholds than
the SDPA and SCPA strategies, both of which are able to serve 100% of all parcels for all
examined for the Full RPP integration. Looking at Figure 4.9b, one can see the number of
customers served for different assignment thresholds. It shows that there is no signi cant
decrease in the number of persons served for any of the strategies. Figure 4.9c shows
the total eet kilometers traveled throughout the day. It can be seen that the comprehen-
sive (CDPA) strategy even produces a lower traveled distance than the Status Quo without
integrated parcel delivery. Compared to the eet kilometers to deliver only the parcels in
the Status Quo (2;614 km on average), this corresponds to a 48% reduction in traveled
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distance for ¢ = 0:8. This means that only 1; 252 additional kilometers were needed in the
integrated transport approach compared to the ride-pooling eet in the Status Quo. How-
ever, the slightly lower number of customers and parcels served compared to the Status
Quo must be taken into account. However, the SCPA strategy and especially the SDPA
approach lead to signi cantly higher driven distances compared to the Status Quo. An-
other interesting aspect in Figure 4.9a is that the following strategies (SDPA and SCPA)
can serve almost all parcels with all thresholds for the Full RPP integration. This means
that all parcels will be picked up, because even with a high threshold, the depots are very
often on the route of the eet. However, at the end of the day, those parcels that have
been picked up but not yet dropped off are delivered, which also contributes to the signi -
cant increase in vehicle kilometers traveled by the eet using these strategies. Both SDPA
and SCPA do not take into account the destination of the parcels when picking them up,
which can be a big disadvantage when it comes to nal delivery, as the destinations of the
parcels can be spread all over the network. For the Moderate RPP integration, the SDPA
and SCPA approaches produce less eet distance with higher ¢, values, corresponding to
the decreasing number of customers served and parcels. 3

Figure 4.9d shows the break-even fare f['?e that the operator must charge to compensate
for the loss of revenue from unserved customers. Based on Equation 4.9, the fare for
customers is set to 0:90 ¢/km for driver-operated and 0:38 ¢;/km automated vehicles. The
minimum break-even fare, about 0.70 ¢/parcel, can be achieved with the CDPA strategy
in the Full RPP integration scenario. This is mainly due to the low additional distance for
parcel transport compared to the other two strategies. Assuming a rate of 7 ¢ [Deutsche
Post AG, 2023] for a parcel shipped in Germany and applying the assumption that the last
mile accounts for 30% of the total rate [Blosl, 2022], a traditional parcel in the Status Quo
would incur last mile delivery costs of approximately 2 ¢. However, this ignores the fact
that parcels sometimes require multiple delivery attempts, which increases the cost and
is already included in the 30% assumption but does not happen in the simulation. It can
be seen that the minimum fares for the Full RPP integration scenarios do not change much
when varying , but the fares for the Moderate RPP integration increase with increasing .
As noted on the ordinate of Figure 4.9d, the break-even rate for an automated RPP service
would decrease further (by a factor of 2:36 according to the assumed costs described in the
case study section).

The evaluations have shown that the Moderate RPP integration consistently performs
worse than the Full RPP integration: Signi cantly fewer parcels can be served, while the
passenger experience is not much worse when using the Full RPP integration. Therefore,
from here on only Full RPP integration is considered for further analysis. Addition-
ally, the threshold parameter is set to th = 0:8, the value at which the CDPA strategy
begins to show a noticeable decrease in the number of parcels served.

Figure 4.10 shows the temporal distribution of pick-ups and drop-offs for passengers and
parcels and the different assignment strategies. Most of the passenger demand starts in
the morning around 6 am and lasts until late in the evening around 8pm. It can be observed
that only parcel deliveries take place while there is passenger demand to use the existing
passenger trips for parcel deliveries. Strategies using off-peak deliveries from other studies

3A table of color codes used in this work can be found in the Appendix in Table 1
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