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Extended Abstract

Summary. Autonomous and integrated passenger and freight transport (APFIT) is a promising
approach to tackle both, traffic and last-mile-related issues such as environmental emissions,
social and spatial conflicts or operational inefficiencies. By conducting an agent-based simulation,
we shed light on this widely unexplored research topic and provide first indications regarding
influential target figures of such a system in the rural area of Sarstedt, Germany. Our results
show that larger fleets entail inefficiencies due to suboptimal utilization of monetary and material
resources and increase traffic volume while higher amounts of unused vehicles may exacerbate
spatial conflicts. Nevertheless, to fit the given demand within our study area, a comparatively
large fleet of about 25 vehicles is necessary to provide reliable service, assuming maximum
passenger waiting times of six minutes to the expense of higher standby times, rebalancing
effort, and higher costs for vehicle acquisition and maintenance.

Keywords. integrated passenger and freight transport, rural transport simulation, sustaina-
bility, key performance indicators, agent-based simulation
1. Introduction

Within rural areas, points of interests and supply are generally located far away from the
inhabitant’s residences, thus travel distances are comparatively long (e.g. Poltimée et al. 2022).
Due to the low local population density, rural transport operators struggle to establish
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economically feasible transport services that satisfy the local mobility needs (e.g. Cavallaro and
Nocera 2023). Therefore, transportation service coverage is low, which is why inhabitants have
to rely on privately-owned cars for their mobility needs (Mounce et al. 2020; Poltimde et al.
2022). However, this transportation mode is related to negative effects such as high emissions
as well as social and spatial conflicts (Nieuwenhuijsen and Khreis 2016; Urry 2004). Making
transport more sustainable is high on the agenda for transportation planners and has become a
relevant concern for policy makers across the globe (e.g. Bauchinger et al. 2021). Additionally,
the first and the last leg of freight transport movements is also a highly challenging aspect
(Macioszek 2018). Over the last years, reinforced by the expansion of e-commerce and the
COVID-19 pandemic, the number of parcel deliveries has continuously risen (e.g. Romano Alho
et al. 2021). This has led to smaller and spatially as well as temporally more fragmented
shipments that involve a wide range of interacting users, resulting in multiple and sporadic
exchanges (Bruzzone et al. 2021; Romano Alho et al. 2021). Moreover, the provision of express
and return services contributes to operational inefficiencies and potentially increases negative
traffic-related externalities (Bruzzone et al. 2021; Cavallaro and Nocera 2023; Romano Alho et
al. 2021).

To tackle both, mobility- and last-mile-delivery-related problems, the integration of passenger
and freight flows in a single transport service fleet is a promising approach (Cavallaro and Nocera
2023). Emerging technologies such as autonomous and electrified driving further increase the
potential to minimize negative externalities and operational costs, e.g. by reducing personnel
requirements (Bucchiarone et al. 2021). Combining their benefits with the operational benefits
of integrated transportation systems for passengers and freight may be suitable to increase the
efficiency of last mile deliveries but also to reduce negative traffic-related impacts on economic,
environmental, and social performance metrics (Sun et al. 2020). However, research on inte-
grated passenger and freight transport using autonomous vehicle is scarce and lacks approaches
that compare different specifications and parameter constellations to find environmentally,
socially and economically valuable scenarios of APFIT under given demand structures within rural
areas. To close this gap and to shed first light on tradeoffs between influential target figures, we
apply an agent-based simulation using the software AnyLogic. This method is suitable to illus-
trate and analyze highly complex systems with a large degree of non-linear interdependencies
and components (Auf der Landwehr et al. 2020). Furthermore, simulation helps to mimic and
analyze systems with highly intricate interrelationships, various design variants, and operational
properties that have not yet been piloted in practice (e.g. APFIT; Wenzel 2018). In doing so, we
aim to compare the performance of different scenario variations of APFIT regarding relevant key
performance indicators (KPIs) within the rural area of Sarstedt, Germany. Hereby, we shed light
on this widely unexplored research topic and provide valuable information for future research.
By providing details of parameter variations and their effects and tradeoffs, we additionally
contribute a conceptual decision base for future implementations of APFIT in practice.

2. Related Work

In order to evaluate potential improvements of integrated passenger and freight flows, compared
to the current (separate) transport schemes, Bruzzone et al. (2021) propose a set of operational,
environmental and social key performance indicators (KPIs). They defined the variation in
average daily traffic, in distance covered, and in load factors to be critical performance measures.
Furthermore, they emphasize freight service frequency, used energy, air pollution and external
as well as labor costs to be important benchmarks. Additionally, the results of two case studies
indicate that integrated passenger and freight transport is particularly effective in cases where

132 2023 International Scientific Symposium on Logistics



Passenger and Freight Transportation using Autonomous Shuttles

reduced freight volumes, limited freight pickup/delivery locations and comparatively low
elasticity of travel demand reduce the constraints to the adoption of this integrated scheme.
Cavallaro and Nocera (2022) provide a sound overview about research in the field of integrated
passenger and freight transport. They identified 69 relevant contributions to this topic and
provide insights about applied approaches, means of transport, and the territorial scale of the
studies reviewed. They revealed that a vast majority of research focuses on urban areas while
rural areas are widely unexplored. Furthermore, they identified only two studies, considering
autonomous vehicles for the integration of passenger and freight transport. The first, a study
conducted by Schlenther et al. (2020) proposes a methodology to simulate the behavior of
privately-owned autonomous vehicles that are hired for parcel delivery by the service provider.
Using the software MATSim, they investigated the impacts of resignation from fleet ownership
by a transport service company operating on a city-wide scale in Berlin, Germany. They revealed
promising cost reductions of the operator due to resignation from fleet ownership and the
lowering of driver costs to the expense of an increase of vehicle miles travelled and of en-route
vehicles throughout the day. The second study that was identified by the literature review of
Cavallaro and Nocera (2022) was conducted by Manchella et al. (2021). They propose a
distributed model-free algorithm for joint ride-sharing of passengers and goods that uses deep
neural networks and reinforcement learning. The results show that the introduced algorithm
paired with multi-hop transfer of goods is able to achieve significantly higher operational
efficiency as well as a lower environmental footprint compared to a case where goods are
delivered directly from pick-up to drop-off locations without transit (no hoptrips) or a case where
passengers and freight are transported in separate vehicles, respectively. Sun et al. (2020)
explored an integrated public transport system deploying the Toyota e-palette or an
exchangeable capsule design as described in Ulrich et al. (2019). They introduced an illustrative
example of the system, summarize its technical challenges, and describe typology and
components to model such an integrated mobility system for urban areas. Furthermore, the
issues concerning business model and governance intervention to promote such an urban
integration were explicitly discussed. Beirigo et al. (2018) researched autonomous shuttles with
compartments for simultaneously moving passengers and parcels and formulated a
mathematical routing problem for this mode of transport. They implemented a mixed-integer
linear programming formulation and compared the performance of single-purpose and
mixed-purpose fleets on 216 transportation scenarios. They revealed that mixed-purpose fleets
perform in average 11% better than single-purpose fleets and found that the performance of
the mixed-purpose fleet improves as logistic demand increases.

Yet, to the best of our knowledge, there is a dearth of research that explores operational
trade-offs of APFITs in rural areas, particularly when it comes to sustainability-related KPIs. This
study is a first attempt to generate meaningful insights on the operational implications of such
systems and opts to pave the ground for additional research in this emerging and promising
domain.

3. Methodology

In order to compare the performance of different scenario variations of APFIT regarding relevant
KPIs, we develop an agent-based simulation model for the exemplary rural area of Sarstedt in
Germany. This study area is located between the cities of Hanover and Hildesheim in Lower
Saxony and is characterized by high commuter traffic into bordering regions. Nevertheless, for
their daily traffic, inhabitants of this region highly depend on privately owned vehicles as public
transport coverage is comparatively weak. Thus, using the multimethod software AnyLogic
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(Version 8.8.1), we illustrate and evaluate the concept of APFIT for this area by applying 27
different parameter variations in order to reveal tradeoffs between influential target figures (see
Figure 1). We thereby measure total fleet kilometers driven, average customer waiting time, and
the vehicle utilization related KPIs mean vehicle time at service, mean vehicle time in standby,
and total vehicle time spend rebalancing. Additionally, we explore the number of cancelled mo-
bility requests due to exceeded maximum passenger waiting time. These KPIs provide insights
about related sustainability metrics such as energy and space consumption, the use of material
and financial resources, as well as the service reliability, vehicle utilization, and related abrasion.

We simulate and compare the results of the scenarios on a daily basis (from 00:00 a.m. to
12:00 p.m.). For our concept of APFIT, parcel deliveries, thus the actual simultaneous transport
of passenger and freight takes place only between 08:00 a.m. and 07:00 p.m. During that time,
mixed routes occur where the delivery of parcels to households and the fulfilment of mobility
demand at the stopping points alternate. To achieve a preferably realistic mobility demand
scenario, a list of mobility requests is generated based on traffic-flow information that have been
extracted from mobile communication traffic data and secondary studies on penetration rates
for on-demand transports in rural areas. Traffic flows are mapped based on a total of 50 mobility
clusters within the area of investigation with a maximum size of 800x800 meters. Based on the
resulting list of mobility requests, a pick-up-and-delivery problem is defined and subsequently
solved by means of Google OR Tools. The objective function of this mathematical problem is to
minimize the total distance driven. Regarding the start to destination relationships, the only
constraint of the problem is that the destination point must be located after the starting point.
As APFIT includes shared rides, the destination point does not have to follow directly after the
starting point. Instead, several starting points may be lined up before the destination points
follow. From the simulation model, a distance matrix with linear distances (beeline) and start to
destination relationships is overhanded to Google OR Tools.

For each vehicle, the necessary detour to serve a request is determined. A mobility request is
assigned to the vehicle that has the shortest detour. To enhance vehicle utilization, ride-sharing
is applied and empty vehicles are prioritized. The vehicle, a request has been assigned to, always
moves directly towards the stopping point which is ranked first in its mobility order list. This list
is vehicle-specific and contains only the orders that were assigned to the vehicle. After the
vehicle has arrived, it will be checked, which mobility requests belong to the given stopping point
and passengers embark or disembark the vehicle. Subsequently, the vehicle consults its mobility
order list again for further requests. If further requests exist, the vehicle moves directly towards
the next stopping point on the list. Otherwise, the vehicle will be redistributed to areas where
demand is expected. To predict the total number of journeys from a specific mobility cluster into
another at a specific weekday at a specific time, we implemented a machine learning model
(ML-model) into the agent-based simulation that was trained using the aforementioned mobile
communication data. Vehicles are initially loaded with parcels. We assume the delivery order list
to be known in advance and do not apply any parcel reloading to vehicles during the day. Based
on the order list, a capacitated-vehicle-routing problem is formulated, whose constrain is the
maximum capacity. The assignment of routes to vehicles is also conducted using Google OR
Tools. In order to deliver parcels, the vehicle always moves to the receiving household which is
ranked first on the delivery order list and unloads/delivers the designated parcels. A vehicle
conducting a delivery order while a new mobility request occurs will finish the delivery order and
subsequently serve the new mobility request. Upcoming mobility requests are always prioritized
over outstanding delivery orders and will be served first to reduce customer waiting times. Upon
arrival at a destination of a current order or request, vehicles iterate over their list of mobility
requests and delivery orders to check which request is assigned to this stopping point or which
order belongs to this household.
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4. Results and Discussion

To assess APFIT regarding relevant KPIs within the area of Sarstedt, Germany, the proposed
simulation model has been employed for 27 different simulation experiments. For each
experiment, the input parameters fleet size, parcel capacity per vehicle and maximum passenger
waiting time were set in varying constellations, which were determined based on state-of-the-art
literature and expert feedback from local mobility and logistics providers (see Figure 1 and
Figure 2). Assuming 2% of all mobility requests (419 in total) and 25% of all delivery requests
(192 in total) to be fulfilled by the fleets, we determined mean kilometers per vehicle driven and
mean vehicle time at service, standby, or rebalancing. Furthermore, we assessed the number of
canceled mobility requests, the average customer waiting time, and total fleet kilometers driven.
Those KPIs are representative for ecological, economic and social performance metrics such as
consumption of energy and space, or the use of material and financial resources. Furthermore,
they provide insights about reliability of the provided service, vehicle utilization and related
abrasion.

Our results show that larger fleets lead to higher mean vehicle times in standby and accordingly
to lower mean vehicle times at service. This indicates that larger fleets may imply inefficiencies
due to suboptimal utilization of monetary and material resources. Furthermore, unused vehicles
may exacerbate spatial conflicts due to increased parking demand. While a higher number of
employed vehicles slightly decreases the mean vehicle time spend rebalancing, the total time
for rebalancing increases and potentially leads to higher overall traffic volume. In line with lower
vehicle utilization when employing a larger fleet, the mean kilometers per vehicle driven
decrease with an increase of fleet size (see Figure 1). This relives single vehicles from work load,
potentially minimizes material abrasion, and may facilitate time windows for maintenance and
repair.
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Figure 1. Vehicle utilization KPIs and mean kilometers driven
per parameter variation

Nevertheless, the total fleet kilometers driven do not increase with the number of vehicles
employed as less vehicles need to drive longer distances to serve a given demand (see Figure 2).
Thus, larger fleets seem to have no direct influence on traffic volume per se. Instead, negative
traffic-related effects of larger fleets seem to be caused by higher vehicle times in standby and
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total time spend for vehicles rebalancing resulting in increased consumption of parking space,
congestion, accidents and energy consumption. We found that the maximum passenger waiting
time is less influential to the number of unserved (cancelled) request compared to the fleet size.
This suggests that in terms of reliable service provision, the time sensitivity of passengers is less
important than the number of employed vehicles. Thus, future research may focus on optimizing
fleet sizes rather than on in-depth analyses of passenger time sensitivity. The number of
cancelled requests reliably reaches zero when a fleet of 25 vehicles is employed. This suggest
that under the given demand structures in the area of Sarstedt, Germany a fleet of about
25 vehicles fits the demand. This number of vehicles enables reliable service provision assuming
comparatively sensitive maximum passenger waiting times of six minutes to the expense of
higher standby times, traffic volume due to rebalancing, and higher costs for vehicle acquisition
and maintenance. Additionally, we found indications that even slightly higher parcel carrying
capacities significantly decrease the total fleet kilometers driven. Thus, future research may
focus on the expansion of vehicle parcel capacities from a conceptional and design point of view
to further enhance vehicle utilization and to contribute to the reduction of resource requirements.
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Figure 2. Total fleet kilometers driven and number of unserved requests
per parameter variation

Our proposed simulation approach provides first insights on the widely unexplored research topic
of integrated passenger and freight transport using autonomous shuttles. By conducting
27 simulation experiments we provide first details about parameter variations and their effects
on specific target figures. Our approach supports future (simulation) studies by providing a
sound model for application of APFIT in rural areas. Furthermore, we contribute a conceptual
decision base for future implementations of the concept in practice. Nevertheless, and similar to
the insights of Beirigo et al. (2018), the results are still highly dependent on the parameters
assumed and further research is needed to find an equilibrium between the most influential
factors (tradeoffs) to provide sound parameter options for fleet operators. Additionally, to
simplify our approach we made several assumptions and excluded a number of aspects from our
examination, which may serve as fruitful amendments for future research. We did not consider
any environmental factors such as congestion, accidents or other traffic-related disorders.
Furthermore, the process of loading parcels into vehicles was not illustrated by our simulation.
Instead, we assumed all parcels to be initially loaded to vehicles at the depot. Similarly, we
assumed that all recipients are actually encountered for delivery and did not consider varying
parcel sizes and their influence on vehicle capacities. Moreover, we did not consider a detour
factor limiting the passenger travel time and detours caused by pooling of different requests.
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Ultimately, further research is needed to expand our approach to assess the economic feasibility
by implementing monetary cost models or the environmental impact by applying models to
measure the actual amount of energy consumption of APFIT.
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