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1 Introduction

Access to public services plays an essential role in sustainable human development [1]. The European
Parliament defines public services as economic activities of general interest defined, created, and controlled
by public authorities [2]. The supply of electricity, drinking water, quality education, and healthcare are only
some examples of important public services. There are three basic principles for the provision of public
services [2]: (1) The service must be available to all under the same conditions; (2) the service must be
provided continuously; and (3) the service must be modified as the needs of the population change over time.
The African Union has established the same principles but further promotes cost-effective public service
delivery geographically close to the customer [3].

Comprehensively measuring and comparing these principles across countries and the variety of public
services is challenging [3]. The Sustainable Development Goal (SDG) framework aims to disclose a combined
indicator for a population’s satisfaction with basic public services with target 16.6.2. [4]. Only several countries
are conducting such surveys in a pilot study, and globally comparable results are yet to be reported [4, 5].

A proxy for a country’s quality of public service provision is its population’s spatial accessibility to public
services [6]. It is defined by the ease with which an individual can realize needs that are part of the public
domain [7, 8]. Spatial accessibility is influenced by three spatial features [6]: (1) The spatial distribution of a
country’s population (i.e. urbanization rate); (2) the extent and quality of available transport infrastructure
(i.e. distance to road infrastructure); and (3) the spatial integration of economic activities (i.e. distance to
economic centers).

The sub-Sahara African region ranks lowest on all three indicators. (1) With a current urbanization rate of
44%, the continent is well behind North America (83%) or Europe (75%) and below the global average of
54% [9]. (2) Only 34% of the population lives less than 2 km from an all-weather road, marking it as the most
isolated in the world [10]. (3) The average per-person travel time to economic centers defined as settlements
of more than 50,000 inhabitants is around 3.5 h in sub-Sahara Africa compared to less than 30 minutes
across Europe. [6, 11]. These numbers illustrate three main barriers the continent faces while aiming to
comply with the previously introduced principles for public service delivery by the African Union [3].

To enhance spatial accessibility, particularly to rural populations, vehicle-based facilities like a Mobile Health
Clinic (MHC) have proven to be a viable alternative to stationary facilities. In 1968, Bodenheimer [12]
published the first peer-reviewed assessment of MHCs as an alternative to stationary clinics. The basic
principle behind such a Vehicle-based Service (VbS) is to temporarily bring the point of service delivery closer
to and consequently reduce the travel burden for the customer [12—14]. The healthcare sector is deemed
particularly suitable for VbS delivery as skilled personnel and medical equipment represent high costs that
need to be offset with high utilization [15]. A MHC can have high utilization in regions with a low demand per
area while reducing customer travel times and positively impacting health indicators. Several studies prove
that utilization rates of preventive care services have been substantially increased when offered curbside to
rural communities [16—19]. Today, approximately 2,000 MHCs provide 6.5 million customer visits annually
across the United States [15]. With the expected advent of autonomous vehicle technology, self-driving clinics
could be seen as the next revolution to healthcare delivery by offering on-site test equipment paired with
remote medical consultation [20].
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Apart from its applicability for healthcare delivery, a vehicle can offer various other public services. Library
buses are still used to supply underserved communities with books and educational materials in many
European countries [21]. With close to universal internet access, mobile libraries have recently extended their
offering towards more interactive activities. Mobile maker spaces temporarily supply schools with expensive
tools to foster the creative, technical, and entrepreneurial skills of children and young people [22]. Mobile
power plants and water treatment units are used when fixed infrastructure is temporarily not functional
[23]. International emergency relief agencies operate substantial vehicle fleets to provide public service
infrastructure during all types of crises [24].

Utilizing vehicles for public service delivery has particularly proven successful in Sub-Saharan Africa (SSA).
With its scattered and rural population, stationary service facilities often can not be operated sustainably [6].
Examples range from mobile libraries [25, 26], mobile classrooms with computer terminals [27], mobile maker
spaces [28], mobile water supply [23] and mobile energy supply [29, 30]. Nevertheless, the implementation
and evaluation of MHCs represent the majority in public VbS delivery in sub-Sahara Africa due to the
importance of healthcare for human development [31-34].

Although VbS have a track record of successfully supplying public services to remote communities in SSA,
public authorities have to evaluate the cost-effectiveness of each VbS implementation individually and
compare it to alternate interventions [35]. For such an a priori project appraisal, detailed knowledge of the
intervention’s cost drivers and its social, political, and economic benefits is of paramount importance to
justify public funding [35, 36]. Despite the multitude of VbSs currently in operation, empirical data on cost-
effectiveness is barely available because private entities operate most mobile facilities without an obligation to
disclose expenditures. Only a few a posteriori studies aim to evaluate and disclose VbS cost-effectiveness of
public-funded interventions within the last five decades [12, 31, 32, 34]. Nevertheless, none of these studies
introduces a replicable approach for public service delivery based on vehicles during project appraisal to
answer the following questions: (1) What public services can be delivered on vehicles? (2) How can the cost
and benefits be measured without empirical data and a priori of the implementation? (3) How do the cost and
benefits compare to stationary service delivery?

With this thesis, | aim to support public authorities in answering the above questions, increase the objectivity
and transparency of public VbS interventions, and enhance accessibility to public services for the sub-Sahara
African population. Whereas the first question can be answered independently from geographic locations,
the latter two are context-sensitive and require a deeper analysis, presented as a case study in my thesis.

Following this introduction, | present a prestudy to identify suitable public services for VbS interventions
before selecting a case study. Based on this case study, | introduce a three-step approach to perform an
a priori cost-effectiveness analysis. | critically reflect on the validity and scalability of this approach in the
discussion section before concluding the thesis with its limitations.
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It is incumbent upon society to find consensus on what services should be made available publicly and which
should be left to the private sector [37]. Even within the European Union, member states have divergent
perspectives on public service provision. Whereas the Italian government operates a national monopoly and
strict statutory obligations on many public services, Germany has been deregulating and decentralizing many
of its public service portfolios [2]. For resource-constrained authorities in countries across SSA, providing a
unified set of public services imposes an even greater challenge [1].

Regardless of these regional differences, a basic set of public services is required to initiate the analysis of
this thesis. To maximize the generalizability of my results, | utilize the SDG framework as a source of public
service definition. This international agenda, ratified by the United Nations in 2015, consists of 17 goals and
169 target formulations that should guide global human development until 2030 [38]. Several studies have
already acknowledged the SDGs as a benchmark for public service provision and its accessibility [1, 39, 40].

In this prestudy, | convert SDG target formulations (e.g. target 3.1 "reduce global maternal mortality ratio
to less than 70 per 100,000 live births" [4]) into a conceptual service offering (e.g. "provision of maternal
healthcare services"). Based on the hypothesis that these resulting services are generally desired to be
available to the public, the appended analysis derives a set of VbSs. Additionally, the required vehicle
components for each service are derived, and a potential analysis across all SSA countries is conducted.

2.1 Summary

The publication’s contributions are twofold. First, a novel VbS framework is introduced and explained. Second,
the potential of public VbS to increase SSA countries’ SDG metrics is quantified.

The VbS framework is applied to map SDG targets onto VbS concepts. Based on this selection of SDG
targets, the SSA region is evaluated, and the target with the highest potential for a VbS intervention is
selected on a country level. Figure 2.1 illustrates the mapping process. | published the method and results in
a previous publication as a first author [41]. In the following, | will summarize the previous publication, list the
contributions of all authors, and elaborate on the selection of a suitable use case for the further part of this
thesis.

The method applies a criteria-based selection process introduced by Thacker et al. [1] to derive the implica-
tions of public service infrastructure (e.g. energy grid) on SDG targets. Until today, the method has been
successfully utilized by other authors [42, 43]. In the first step, selection criteria for which SDG targets are
screened need to be defined. Due to a lack of a general formulation of VbSs, we derive an operational
concept combining two streams of literature, service theory and vehicle concept development. We map basic
vehicle concepts, including their transport task, onto three service components representing the service
system framework published by Wirtz et al. [44]. Each service system category can be addressed with
vehicles transporting passengers, goods, fixed attached machinery, and mobile workspaces. Consequently,
the selection criteria are "people," "goods," and "function”. Their definition is explained in more detail in

3
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the attached publication. Further, the term "access" determines if an SDG target can be classified as an
accessibility challenge.

1. VbS framework development 2. Criteria-based selection 3. VbS potential analysis
\1/
@ S Service 5‘ a
[ components > 8
+ Passenger 5
583 + Goods Q g 2
o + Function m & ¢ v =
[ . &
Workspace 2 3 direct indirect
0 0O influence influence SDG target

Figure 2.1:  Mapping process of the prestudy

The criteria-based selection continues with screening the SDG target formulation (part of the publicly provided
SDG metadata [4]) for the keyword "access". The target is classified as "directly influenced" if the formulation
contains the keyword. If not, a literature review is triggered to determine whether published peer-reviewed
literature has already introduced a VbS about the specified SDG target. If positive, the SDG target is classified
as "indirectly influenced"; if negative, the target is considered "not influenced". For the directly and indirectly
influenceable targets, VbS concept formulations are developed. The final potential analysis identifies the VbS
with the most significant potential for each SSA country. The relative impact of each VbS on all SDG targets
is calculated and combined with the current achievement level per target and country.

The results show that 27 (16%) of all SDG targets can be directly influenced, and 103 (61%) indirectly
influenced by VbSs. "ICT service", offering a mobile access point to increase people’s access to information
and communication technology has the most direct and indirect relations to SDG targets. The most significant
potential regarding the country’s current SDG level is calculated for "passenger transport service". This
reflects the insufficient public transport infrastructure in many SSA countries [45, 46].

Most important for this thesis are the results for SDG 3 "good health and well-being". Its 13 targets are
addressable with VbS like "skilled health professional delivery” or "hygiene goods delivery". For 20 out of 46
SSA countries, healthcare-related VbSs yield the most significant potential for improvement.

2.2 Contributions

| initiated the idea of the paper and drafted the research proposal. | developed the overall methodology
with Emanuel D’Amico [47]. Before | wrote the paper, he conducted the literature review and criteria-based
selection of SDG targets. Korbinian Gétz and Markus Lienkamp reviewed the paper and made essential
contributions.
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Abstract: Vehicle-based services such as mobile health clinics can increase spatial accessibility in
rural areas. In contrast to stationary infrastructure, vehicle-based services are flexible and can be
less capital-intensive to initiate service supply. In particular, rural communities across sub-Saharan
Africa experience insufficient access to essential public services necessary for sustainable human
development. We consider vehicles as mobile service platforms capable of temporarily transporting
service staff, goods, and functions necessary for service delivery spatially closer to rural demand
locations. Despite these advantages, public authorities must perform a cost-benefit analysis before
allocating resources to a vehicle-based service fleet. This paper analyzes which vehicle-based services
beneficially influence the Sustainable Development Goals and quantify their potential for the sub-
Saharah African region. Based on a criteria-based selection method, we parse 169 target formulations
and extract a set of directly influential Sustainable Development Goals. The remaining goals are the
starting point for a literature review to identify existing vehicle-based service concepts addressing
the targets. Our evaluation reveals that vehicle-based services can enhance about 128 (76%) of all
targets and 16 of the 17 Sustainable Development Goals. Half of these targets require the delivery
of consumable goods, whereas 59 (35%) of the Sustainable Development Goal targets relate to the
transportation of people, and 24 (14%) require access to a broader spectrum of functionality mounted
on top of the vehicle, such as water pumps or refrigerators. In combination with publicly available
data, we can identify the SDG for each African country with the greatest potential for a vehicle-
based service intervention. Our approach enriches public project appraisals for systematical decision
support between stationary and mobile infrastructure.

Keywords: vehicle-based services; rural development; mobile infrastructure; SDG analysis; sub-Saharan
Africa

1. Introduction

Public infrastructure has profound implications for human development and pros-
perity [1]. Access to public services such as healthcare, electricity, water, or education
determines the extent to which an individual is able to develop and is therefore directly
related to the Sustainable Development Goals (SDG) [2]. Stationary infrastructure, such as
hospitals, schools, markets, sewage treatment plants, or power plants, are spatially fixed
facilities. Building such stationary infrastructure comes with a myriad of challenges: (i) In-
frastructure is expensive to build. Typically, investments have long payback periods, which
makes them unattractive for private investors seeking investments with short amortization
periods [3]. (i) Infrastructure is inflexible. Once the infrastructure has been implemented,
it imposes a technological lock-in effect since the high investment costs into the technology
need to be amortized [2]. (iii) Infrastructure investments need to be meticulously planned
and allocated. Before new sites are established, detailed preliminary work is required that
also involves political stakeholders [4]. This makes most public infrastructure projects
long-term endeavors subject to substantial political risk.

Sustainability 2023, 15, 11834. https://doi.org/10.3390/su151511834
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Condensing these three characteristics, it is not surprising that access to public services
is generally best in urban areas [2]. Here, infrastructure investments are able to address a
more significant economic and political fraction of a country’s population.

Currently, however, approximately 45% (3.4 billion individuals) of the world’s popula-
tion lives in rural areas outside such urban centers [5]. In contrast to cities, the demand
density for public services in the countryside is relatively low. To keep the price per service
unit (i.e., supply of 1 kWh of electric energy) affordable for the local population, rural infras-
tructure investments are almost always subsidized over their entire productive life cycle [6].
This fact requires responsible planning authorities to not only evaluate rural infrastructure
interventions based on their return on financial investment but their effectiveness for the
respective communities [2,7].

In this work, we consider vehicles as mobile platforms capable of rendering spatially
flexible public services on-demand. Mobile clinics [8-12], mobile energy storages [13,14],
water trucks [15], or agricultural transport services [16,17] have proven to enhance public
service delivery where appropriate stationary infrastructure is lacking. Such offerings
can substantially reduce investment costs for local authorities to initiate service cover-
age in undeveloped regions or temporarily overcome supply shortages during natural
disasters [10,11,15].

In this paper, we conduct a qualitative analysis of the theoretical potential of vehicles
to deliver public services and therefore enhance sustainable human development. We
utilize the SDG framework consisting of 17 goals and 169 referring targets to identify
relevant service propositions that can actually be supplied with vehicles. The analysis
covers sub-Saharan Africa and identifies the SDGs most likely to benefit from such inter-
ventions. We set our focus on the region because of the current state of many countries’
rural infrastructure and the resulting insufficient access to public services for many of its
rural communities [2].

Based on our findings, public authorities, non-governmental organizations, and pri-
vate service providers can offset investment costs for vehicle fleets with their projected
positive SDG impact and perform a holistic cost-benefit analysis. This analysis is essential
during public project appraisals and will be more critical in the near future [7]. In particular,
foreign development investments in Global South countries require a more diverse impact
assessment [18]. Our approach provides an opportunity to leverage existing resources to
support the SDGs while addressing the challenges of underdeveloped rural infrastructure.

2. Vehicles and the Sustainable Human Development

A public service or service of general interest is any service intended to address specific
needs pertaining to the aggregate members of a community [19]. However, the perception
and definition of public needs often depend on a country’s economic development, cultural
norms, and other aspects of public life. To now determine what public services can be
delivered by means of vehicles instead of stationary infrastructure and what aspect of
human development theoretically benefits from its offering, we utilize the SDG framework
as the minimal set of needs shared by all humans and communities globally [20]. The SDG
framework is a linguistic formulation of 17 interlinked and partly quantified objectives that
define a global standard for sustainable human development.

Matching the goal-oriented formulation of the SDGs with the technical capabilities
of road vehicles requires (i) a concept for a vehicle’s general service-oriented functional
spectrum and (ii) a qualitative, criteria-based selection method to filter the SDGs based
on this spectrum. Before reviewing the existing literature on criteria-based SDG analy-
sis and concepts for services based on vehicles, we briefly reflect on the spatial notion
of accessibility.

2.1. A Spatial Notion of Accessibility

The ease with which an individual is able to reach a desired location and participate
in certain activities at this location is defined as accessibility [21,22]. This ability is not
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only constrained by the geographic distance between the individual’s position and the
desired location but also by limitations stemming from cultural, financial, or systemic
circumstances [23]. Nevertheless, the general concept of accessibility as a geographic
impedance that needs to be overcome is referred to as spatial accessibility and reflected in
indicators such as the population-to-supply ratio [24] or the cost-of-distance [25]. In par-
ticular, the travel time to the nearest city based on an average speed calculated from the
available type of road gives a good indication of spatial accessibility, assuming that most
basic products and services are accessible there [25,26].

Zooming into sub-Saharan Africa, travel times from any point to the subsequent
settlement with more than 50,000 inhabitants vary between 90 min and 24 h. Combining
these estimates with some of the lowest penetration rates for personal means of mobility
worldwide [27], it is clear that rural communities in the region face challenges in accessing
necessary public services.

Apart from rural-to-urban population typologies, emergency situations such as armed
conflicts or natural disasters negatively influence spatial accessibility [28]. In these cases,
either the supply side (e.g., destroyed infrastructure) or the demand side (e.g., displacement
of the population) influences spatial accessibility negatively [29]. Due to the unpredictability
of such events, flexible infrastructure is needed.

2.2. Vehicles Enhance Spatial Accessibility

Vehicles can potentially enhance spatial accessibility. They transport individuals more
effectively from their disadvantageous location to a desired supply center or visit under-
served regions to deliver a service value directly. Especially in healthcare, vehicles have
proven to be effective [9,10,30-32]. Such mobile clinics directly address the three challenges
of stationary infrastructure mentioned in Section 1 by (i) covering a broader geographic
region [8,33], (ii) offering flexible service stations [8,11,33], and (iii) providing demand-
based operations [8,34-36]. In the US, more than 2000 mobile health clinics are operated to
alleviate health disparities in vulnerable, primarily rural populations [37]. Especially in
emergency situations, United Nations organizations (i.e., World Food Programme, United
Nations High Commissioner for Refugees) deploy vehicles to render necessary services to
displaced people [15].

2.3. Functional Spectrum of Vehicles

From a conceptual perspective, vehicles consist of a chassis, a drive train, and a use-
case-specific superstructure [38] (see Figure 1). Whereas the drive unit always comprises
similar components to perform the vehicle’s driving function (engine, transmission, etc.),
there is a great variety of non-driving related components, depending on the intended
use case for the vehicle [39]. For passenger transport, vehicle superstructures basically
contain seating and entertainment functions [38]. Depending on the cargo to be transported
(liquid, bulk, etc.), utility vehicles come with various required components (winch, rack,
tank, etc.) [40]. Mobile working machines are more complex road vehicles, with auxiliary
machines operating energy-intensive functions such as street sweeping or mobile concrete
pumps [41]. Mobile workspaces such as mobile health units or libraries utilize the available
installation space to offer fully equipped service facilities [42,43]. The design of such
mobile workspaces can be similar to their stationary counterparts. Figure 2. illustrates the
four categories.

In a modern service economy, Grieger et al. [44] summarizes that the physical vehicle
and its components are embedded into a service system. Customers can access services
on demand and within a defined service scheme. Utilizing a parked vehicle as a parcel
drop-off station is an illustrative example of such a service system [44]. With the advent of
autonomous vehicles, the literature on such non-driving related functions has only recently
emerged, and only a few concepts are available [45,46].
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Figure 2. Main categories of vehicle types.

2.4. Criteria-Based SDG Selection Methods

The SDG framework aims to act as a global reference for sustainable human develop-
ment. The implementation of the 17 goals is monitored through the definition of 169 targets.
Progress towards these targets is agreed to be tracked by 232 unique indicators [47]. Since its
inception, several publications have introduced methods to utilize the goals, targets, and in-
dicators for the analysis of specific industries or assessment of investment interventions
(Table 1). We introduce a selection of the most important publications for our endeavor.

Fuso Nerini et al. [48] found that 65% of targets are interconnected to SDG 7 (affordable
and clean energy). An individual’s improved access to energy, therefore, increases not
only SDG 7 but a whole range of other targets. To arrive at this statement, the authors
first extracted all targets directly related to energy-based activities. In the second step,
the benefits and drawbacks of improved energy systems were identified based on the
published, peer-reviewed literature for each target. In a more recent publication, the authors
examined the impact of climate change on achieving the SDG. Through expert elicitation
and surveys, they found that 72 targets are influenced by climate change [49].

In a more industry-related analysis, Lisowski et al. [20] examined which indicators
are suitable for measuring the automotive industry’s positive and negative environmental
impact. Their criteria-based approach reduced the initial indicators to the 32 most relevant
ones. The three filter steps include ecology-based indicators, indicators that directly impact
the environment, and those under the direct influence of the automotive industry.

Allen et al. [50] gave an example of utilizing the targets for a country-specific analysis.
They applied three different filter criteria to 43 selected targets. Targets were assigned a
score and combined by a multi-criteria analysis decision framework. They found from their
analysis that four targets are of paramount urgency, and the other four are of systematic
impact on the Arab region. Political measures need to be taken from there.

Fuldauer et al. [51] focused on targeting climate adaptation and progress on SDGs,
whereas Thacker et al. [2] zoomed in on infrastructure and its implication on the SDG level.
Both publications use a two-step iterative approach that divides the targets into directly
influenced, indirectly influenced, or not influenced by any of the initially introduced
infrastructure categories. The authors examined if the target can be improved directly by
progress in one or more infrastructure sectors. If yes, the target is classified accordingly.
Otherwise, an expert survey approach provides indications of whether there is an indirect
influence of the infrastructure on the target. This process allows an understanding of which
infrastructure categories provide better results for the SDGs. The interdependence among
sectors is given if more than one category can influence a single target. The obtained results
indicate the importance of improving infrastructure in the achievement of SDGs [2].
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The reviewed literature points to the diversity of aspects derived from the SDG agenda.
For analyzing vehicles and their influence on different targets at once, we consider the
methodology by Thacker et al. [2] as a valuable starting point. Table 1 gives an overview of

the reviewed literature.

Table 1. Overview of criteria-based SDG selection methods and their findings.

Author

Focus

Method

Finding

Nerini et al. (2018) [48]

Relationship between energy
infrastructure (SDG7) and
other SDGs

Qualitative content analysis +
expert elicitation process

113 SDG targets are
influenced by the quality of
the energy system. 143 SDG

targets represent either
trade-off or yield synergies in
pursuit of SDG 7

Fuldauer et al. (2022) [51]

Framework to mediate
between climatic impact
drivers and SDG target
achievement

Content analyses and
evidence mapping

Wetlands, rivers, cropland,
construction, water, electricity,
and housing is required to
safeguard achievement of 68%
of SDG targets from near-term
climate risk

Thacker et al. (2019) [2]

Relationship between
infrastructure (i.e., energy,
water, etc.) and SDG targets

Iterative expert elicitation
process

Infrastructure either directly
or indirectly influences the
attainment of all the SDGs,

including 72% of the targets.

Lisowski et al. (2020) [20]

Identification of relevant
ecological SDG targets that are
directly affected by the
automotive industry

Qualitative selection process
based on three defined criteria

31 SDG indicators are directly
influenced by the
automobile industry

Allen et al. (2018) [50]

Multi-criteria analysis
decision framework which
assesses and prioritizes SDG
targets based upon their ‘level
of urgency’, ‘systemic impact’,
and “policy gap’

Prioritizing SDG targets on a
country level

A general approach is
introduced, no specific results

2.5. Research Question

We postulate that spatial accessibility to public services has profound implications
for achieving the SDGs [2,48]. Existing projects and the literature indicate that vehicles
can positively enhance spatial accessibility to public services [8,12,13,16]. However, there
are no publications that (i) thoroughly identify public services that can be offered based
on vehicles and (ii) clearly identify the SDG targets that are influenceable with vehicles.
This information is critical for authorities to perform a cost-benefit analysis during project
appraisal of public service infrastructure investments [3]. Consequently, we formulate the
research question: “Which SDG targets can be addressed with vehicle-based services?”
In broader terms, the result of our analysis transforms socioeconomic requirements into
product-oriented, technical requirements (Figure 3). Similar to Lisowski et al. [20], we
consider the transfer of SDG targets as a reference framework to a particular industry as
highly relevant and, in the case of mobile public service interventions, unprecedented in
the peer-reviewed literature.

To make our contribution more practical for authorities across sub-Saharan Africa and
directly apply our analysis results, we aim to identify the VbS for each sub-Saharan country
with the most significant upside potential. Based on available data on a country’s current
SDG target level, we answer the question, which VbS yields the most significant potential
to enhance the national SDG target values?
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Service analysis

Figure 3. Illustration of the research gap between the socioeconomic target formulation based on
the SDG framework and technical requirements for vehicle concept design and the subsequent
cost-benefit analysis.

3. Materials and Methods

To identify all targets that can be enhanced with the application of vehicles, the analysis
focuses on the relationship between physical components that are part of the vehicle system
and the linguistic formulation of the SDG targets, similar to Thacker et al. [2]. Following this
approach, we are able to categorize each target into directly influenced, indirectly influenced,
or not influenced by vehicles. Hence, we propose the following process:

1.  To understand which services vehicles can offer, we define selection criteria for the
SDG targets based on vehicle concept development theory.

2. Next, we select SDG targets addressable by vehicle-based services based on the
selection criteria.

3. At the last step, we identify vehicle-based services across the sub-Saharan African
region that yield the highest potential.

3.1. Criteria to Select SDG Targets

In Section 2.3, we outline four different vehicle types and their intended functions.
These functions can be offered as a service to the customer [44,52,53]. Such services
are tangible services for people and possessions or intangible services in the form of an
information-based process [54]. For tangible services, the person or possession needs to
access a physical location, the service factory, to receive the service [54]. Nevertheless,
intangible services also require an information access point (i.e., a smartphone with an
internet connection). In Figure 4, we categorize vehicle types according to the process-
oriented service framework by Writz et al. [54]. Consequently, VbS aims to bridge the
spatial distance between a customer/possession and the service factory.

Following this argumentation, we distinguish three types of physical service compo-
nents that can be arranged on the vehicle platform to perform vehicle-based services. These
components represent our selection criteria for the SDG target analysis.

*  People: The vehicle has the capability to transport passengers. Public transport
services (passenger = customer) or mobile health services (passenger = medical staff)
represent examples involving passenger transport.

¢ Goods: The product is on- or off-loaded from the vehicle during service delivery and
therefore represents a cargo item. This includes goods such as food, medical items,
books, etc.

¢  Functions: The function of a physical product is part of the service value and is time-
limited by the vehicle’s presence. Machines such as mobile cranes, portable borehole
drills, or mobile generators represent use- or result-oriented services that are part of
the vehicle’s superstructure and are not unloaded during service provision.
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Figure 4. Translation of the service system framework by Wirtz et al. [54] to the vehicle system,
including customer and service supplier spatial location.

3.2. Criteria-Based Selection Process of SDG Targets

The United Nations Statistics Division provides metadata for all SDG targets, including
definitions and calculation methodologies [55]. Based on this data and the definition of the
selection criteria in the previous section, we conduct a qualitative analysis of each target’s
formulation. We screen the formulation qualitatively and classify the target according to
the following categories:

Direct influences on an SDG target include cases in which the target formulation
contains the keyword access, which refers to a geographic impedance, and the formulation of
the target includes a person, good, or function as part of the desired provision. For example,
target 6.1 (“By 2030, achieve universal and equitable access to safe and affordable drinking
water for all”), contains the words access to and safe and affordable drinking water. Water is
a physical good that must be accessed physically to consume it. Either the person or the
water itself can be transported to enhance this target.

The influence on an SDG target is considered indirect if the target formulation does not
contain any of the keywords (access, person, good, function), but peer-reviewed literature
indicates their importance. In this case, one published source is sufficient to demonstrate
the indirect influence on the target. Target 4.1 (“By 2030, ensure that all girls and boys
complete free, equitable and quality primary and secondary education leading to relevant
and effective learning outcomes”) underlines the necessity of students to receive basic
education. According to the literature, schools must provide basic services, which include
access to electricity, information, and communication technologies, learning materials,
water, and hygiene goods [56,57]. These items qualify as goods and functions that can be
delivered with vehicles. Thus, VbS have an indirect influence on target 4.1.

If there is no direct or indirect influence identified, the target cannot be addressed
with VbS. Target 2.b (“Correct and prevent trade restrictions and distortions in world
agricultural markets, including through the parallel elimination of all forms of agricultural
export subsidies and all export measures with equivalent effect, in accordance with the
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mandate of the Doha Development Round”) cannot be influenced by VbS. Such targets are
excluded from further analysis.

The following procedure describes the criteria-based selection. We repeat the process
for all 169 targets:

*  Analyze SDG target for the need to access services:

—  Does the target formulation contain the term access in combination with a selection
criteria as defined in Section 3.1 (person, good, or function)?

+  If “Yes”, classify the SDG target as directly influenced and proceed to the
next target.

+  If “No”, does any peer-reviewed research indicate a possible vehicle-based
service that influences the target?

If “Yes”, classify the SDG target as indirectly influenced and proceed to
the next target.
If “No”, the target is considered as not influenced.

7

—  Ifinfluenced, assign the necessary service to “good,” “person,” and/or “function”
7
according to the given definition.

*  Repeat for all targets.
3.3. Potential Analysis for Sub-Saharan Africa

As the continuous monitoring of targets for individual countries is at the core of the
international SDG agenda, disaggregated data for each SDG is available online for almost
all countries [47]. We utilize this data to develop a VbS score on the country level. With this
score, we can identify the VbS that hypothetically has the highest impact on the country’s
overall SDG score. In the first step, we calculate the relative direct impact of VbS on a given
target (i) for all 17 SDGs and all sub-Saharan African countries (j).

amount of directly influenced SDG;

direct VbS impact (SDG;;) =
amount of targets

Each country’s national SDG scores are inverted to have the least performing ones

with the highest absolute value. The obtained values are multiplied with the direct VbS

impact to arrive at the direct VbS score. This consequently represents a country’s SDG with

the lowest degree of fulfillment but with the highest potential for direct VbS interventions.

direct VbS score (SDG; ;) = (100 — SDG;; score) * direct VbS impact (SDG;))

We repeat this process for indirectly influenced targets and combine the results to
achieve an overall VbS score.

VbS score (SDG; ;) = direct VbS score (SDGi,j) + indirect VbS score (SDG; )

4. Results

The performed analysis describes the relationship between VbS and targets. We
present our results in four categories: (i) type of influence, (ii) the identified service com-
ponents, (iii) possible vehicle-based service concepts, and (iv) the vehicle-based service
potential for sub-Saharan Africa.

4.1. Type of Influence

Of 169 targets, 39 (23%) cannot be influenced by a VbS. The remaining targets describe
an access problem that can be approached directly or indirectly by a VbS, as Figure 5
shows. The number of targets directly affected is 27 (16%), thus primarily posing a spatial
access problem. These targets can be achieved by transporting people, goods, and/or
functions (Section 3.1). Figure 5 shows that the SDGs with the most direct impact are SDG 2
(no hunger), SDG 3 (health and well-being), SDG 4 (quality education), SDG 9 (industry,
innovation, and infrastructure), and SDG 11 (sustainable cities and communities).
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Further, 103 (61%) of the SDG targets can be indirectly influenced by a VbS. They have
the most significant indirect impact on SDG 3 (good health and well-being). In this case, ten
of its targets can be addressed indirectly with VbS. It is vital to emphasize that in addition,
targets of SDG 3, SDG 6 (clean water and sanitation), and SDG 7 (affordable and clean
energy) can be improved.

The SDGs with no directly influenced targets are SDG 10 (reduce inequalities), SDG 12
(responsible consumption and production), SDG 13 (climate action), and SDG 17 (partner-
ships for the goals).

VbS influence on SDG targets

Il Direct influence
1 Indirect influence
16 1 EEE No influence

SDG targets
=
o

1 2 3 45 6 7 8 9 1011 12 13 14 15 16 17
SDGs

Figure 5. Vehicle-based service influence on targets.

4.2. Identified Service Components

The transport of goods can directly influence 86 (51%), whereas the transport of people
enhances 59 (35%) of the targets. Functions made available to the customer by means of
the vehicle account for 24 (14%) of all targets. For the case of indirectly influenced targets,
goods represent 66 (39%), people 44 (26%), and functions 59 (35%) of all targets. Of the
130 indirectly and directly influenced targets, 25 are addressed through a single service
component, 52 with two, and 53 with a combination of three components. The most needed
goods to directly influence SDG targets are water (SDG 7) and medications (SDG 3).

4.3. Vehicle-Based Service Concepts

The VbS with the most relations to targets is ICT service, addressing all 17 SDGs and
63 (37%) of all targets (Figure 6). This service provides a digital access point based on
vehicles that enable customers to obtain relevant information for private and commercial
activities [58], improve education quality [59], and widen job opportunities [43]. In fact,
access to communication technology services is a pivotal aspect of development and
economic growth in any modern economy [60]. The specific components of this service can
include electronic devices (e.g., computers) and internet access points.

Further, energy delivery addresses 16 SDGs and 59 (35%) of all targets. It contains means
to offer electricity for commercial (e.g., farming) and private (i.e., study at night) activities
as a service. Energy can both be delivered as a good, in cases of fuel or batteries, or as a
function, for example, as on output of the vehicle’s battery. The importance of access to
energy and the influence on SDGs has been repeatedly underlined in the literature [48].

Our analysis further finds that water delivery is relevant to achieve 16 SDGs and 54
(32%) of all targets. Similar to energy, drinking water can either be transported as a liquid
good or additional functionality to drill boreholes or purify existing water sources can be
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mounted on the vehicle. This strong influence between access to clean water and the SDGs
has been confirmed by the United Nations [15].

Offering Rural transport services with vehicles contributes to 10 SDGs and 35 (21%)
of all targets. This VbS concept is straightforward and can be implemented with standard
passenger vehicles such as cars or buses. The importance of accessible rural transport

services has been highlighted in several publications [13,17,61].

Vehicle-based Service

Influenced SDG

Agriculture goods delivery
Books delivery

Energy delivery

Food delivery

Genetic resources delivery
Good delivery

Hygiene goods delivery
ICT service

Information service
Marine goods delivery
Medication delivery

Protective goods delivery

Skilled agriculture professional
delivery

Skilled counseling professional
delivery

Skilled education professional
delivery

Skilled financial professional
delivery

Skilled health professional
delivery

Skilled legal professional
delivery

11 12

Skilled plumber delivery

Skilled repairing technician
delivery

Survey distribution
Transportation service 10 1
Waste containers delivery
Waste oil collection service

Water delivery

Water quality control service

Figure 6. VbSformulations and related SDGs.

4.4. Vehicle-Based Service Potential

14 3

12 13 14 15

11 12 13 14

16

15

16

16

The SDGs with the most significant potential for VbS interventions are depicted in
Figure 7 for all sub-Saharan countries. SDG 1 (no poverty), SDG 9 (industry, innovation,
and infrastructure), and SDG 10 (reduce inequalities) yield the highest potential for direct
VbS impact. Combining the direct and indirect VbS impact scores, SDG 3 (good health and
well-being), SDG 6 (clean water and sanitation), and SDG 7 (affordable and clean energy)
are most prominent across sub-Saharan Africa. Although Figure 7 does not intend to place
health as the main challenge in sub-Saharan Africa, many of its metrics (e.g., vaccination
rates, child mortality, etc.) must be improved.
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Figure 7. (Left): SDG per country that yields the highest direct VbS impact based on the country’s
current SDG scores. (Right): SDG per country that yields the highest overall VbS impact based on
the country’s current SDG scores. SDG 1 (no poverty), SDG 3 (good health and well-being), SDG 4
(quality education), SDG 6 (clean water and sanitation), SDG 7 (affordable and clean energy), SDG 9
(industry, innovation, and infrastructure), SDG 10 (reduce inequalities), SDG 11 (sustainable cities
and communities).

5. Discussion

The applied method and derived results are used to identify SDG targets that can be
addressed with vehicle-based services (VbS). The focus of the work is the sub-Saharan
African region, but the results can be extended globally. In particular, authorities in sub-
Saharan Africa can utilize the results during a cost-benefit analysis as part of a public
service infrastructure appraisal. The projected investments can be directly set in relation
to the influenceable SDG targets. By including all possible VbS in our analysis, we extend
the current state of the art that only focuses on stationary infrastructure projects [2,62].
Additionally, we perform a potential analysis across all sub-Saharan countries to identify
VbS that yield the highest benefit. This is beyond the existing assessment focusing on
healthcare interventions across the continent only [63].

5.1. Interpretation of the Results

We first introduce the vehicle-based service concept to map linguistically formulated
objectives with physical service components that can be part of a vehicle concept design.
This concept synthesizes existing frameworks in vehicle concept design optimization
into three practical building blocks (passenger transport, goods delivery, and function
deployment). Vehicle-based services increase spatial accessibility to public services by
supplying customers with one or a combination of these building blocks. Compared to
the Automotive Service System introduced by Grieger et al. [44], we focus on the physical
component of the service and vehicle concept. Therefore, the VbS framework can be
applied easily and outside the public service domain. Current state concept development
tools similar to Nicoletti et al. [38] or Pizzinini et al. [39] can directly implement service
components into the concept design.

The identified targets reflect the importance of spatial accessibility to public services
for sustainable human development. Our rigorous analysis shows similar results for all
infrastructure-related targets previously identified by Thacker et al. [2]. Most additionally
influenceable targets mainly comprise access to skilled personnel in the healthcare and
educational sectors. Here, the advantage of VbS systems is the option to temporarily
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distribute mostly scarce skilled personnel across geographies. In particular, mobile health
units operating like this have proven to be a viable option [8,37,64]. Nevertheless, we agree
with Thacker et al. [2] about the importance of stationary infrastructure services (healthcare,
electricity, water, and roads) with implications for many targets.

While the formulated VbS were sufficient to illustrate their impact on the targets,
enlarging this initial set to a more detailed list of viable service concepts could spark
interest from service suppliers to offer VbS in addition to or as a substitute for their current
stationery offering. Enabling service suppliers to make an informed decision requires more
interdisciplinary research combining existing tools and methods to combine demand data
with detailed vehicle cost models. Similar to Pizzinini et al. [46], there is a need for a design
framework to start vehicle concept design from a service-dominant logic [38].

Our potential analysis shows two different results for direct and indirect VbS interven-
tions (Figure 7). We assume the first assessment to approximately reflect each country’s
overall social and economic development. Whereas basic SDG 1-related VbS yield the
highest impact in countries such as DRC, Uganda, or the Central African Republic, more
advanced interventions addressing SDG 10 (reduce inequalities) or SDG 11 (sustainable
cities and communities) could have the most significant positive impact in South Africa,
Nigeria, or Namibia. On the other hand, the assessment of indirect VbS underlines the
general importance of healthcare, water, and electricity interventions. In line with the
literature, these infrastructure services are today underdeveloped in most rural regions
across the continent [2,63,65,66].

5.2. Interpretation of the Method

The VbS definition is a novel concept catering to the increasing importance of vehicles
as service delivery platforms. Initial ideas about this concept have already been published
by Pizzinini et al. [39,46]. In this paper, we extended this definition to operationalize it for
this SDG analysis and interface with existing vehicle concept development methods [38,67].

Based on the physical service components, we screened all SDG targets in a two-step
process. We follow the approach applied by several previous publications that have proven
to produce valid results [2,20,48]. We take the fundamental assumption that if the SDG
target is of a spatial nature as defined by Hansen et al. [21], the linguistic formulation of
the target contains either the solution (access to medicine) or the problem (lack of drinking
water). But there are differences across targets. The UN utilizes a tier system known as the
classification system to categorize individual indicators into three levels. Tier 1 represents
indicators that are clear in methodology and concept, with data regularly produced for
more than 50% of countries. Tier 2 indicates indicators that are also methodologically and
conceptually clear but lack regular data production. Tier 3 encompasses indicators for
which no methodology is currently available and they are still in the process of development
or testing. Each year, the tier classification is updated to assess progress towards the goal of
exclusively having tier 1 indicators [68]. During our linguistic analysis, it has been seen that
tier 2 and tier 3 targets contain less explicit information about physical service components
or reference to spatial accessibility than tier 1 targets. Nevertheless, based on the secondary
literature review for each non-direct target, our approach aims to triangulate categorization.

We illustrate the question of prioritization of VbS interventions with an example.
According to our results, target 2.2 (By 2030, end all forms of malnutrition, including
achieving, by 2025, the internationally agreed targets on stunting and wasting in children
under five years of age, and address the nutritional needs of adolescent girls, pregnant and
lactating women, and older persons) can be addressed both with the delivery of food and
medication. Which intervention should be preferred from a resource planner’s perspective?
There is a high interdependency between all SDGs, and decisions on which intervention
to prioritize above others leave many open questions [69]. We have addressed this issue
by simply counting VbS-to-SDG relations and prioritizing the VbS with the highest count.
Still, this approach might need to reflect the real implications sufficiently.
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5.3. Agenda for Research

Overall, our presented research has several limitations. First, the conducted analysis
on SDG targets was carried out rather qualitatively based on the service components
essential for Vbs. Second, we have yet to execute a direct comparative analysis between
stationary and mobile public services. The question remains, to what extent and in what
context might mobile infrastructure be more viable from a socioeconomic perspective than
fixed access points? This aspect of our work also refers to the last limitation, namely, the
investment period considered. Further research should therefore shed more light on the
actual quantification of the cost-benefit of VbS compared to stationary infrastructure. This
analysis should also enable a more regional appraisal of such interventions. Whereas our
analysis has a clear macroeconomic focus, a more regional assessment might produce more
tangible results for fleet operators and public authorities.

The findings of this paper lay the groundwork for future research. The identified
VbS-relevant SDG indicators qualitatively demonstrate which indicators can be influenced.
To now establish a consistent measure of influence for all indicators, quantitative anal-
yses per target are necessary. To do so, an extensive database of globally existing VbS
systems marks the starting point. Based on this database, an economic assessment method
shall be developed to compare the cost-benefit of stationary and mobile interventions for
public services.

Further, digital communication technologies continue to decrease the importance of
spatial access. Whereas mental treatment as part of healthcare infrastructure used to require
the patient to travel to skilled medical personnel, online meetings are now used to perform
such treatments. A further assessment of all SDG targets on the potential for such interven-
tions would increase the focus on physical services that can not be substituted digitally.

5.4. Agenda for Practice

In order to achieve the SDGs, the United Nations emphasizes the importance of accu-
rate, timely, relevant, accessible, and easily utilizable data [18]. This data is mainly obtained
through private actors and private—public cooperation. In order to fully understand the
impact of VbS on the SDGs, we require more data from practitioners already operating
VbS systems in the field. Operators such as OX Delivery (Rwanda, agricultural goods
transport) [16], Riders for Health (Uganda, medication delivery) [70], or PowWater (Kenya,
water delivery) [71] generate valuable insights that might be translated into more sophis-
ticated tools to enhance spatial accessibility for rural populations. Additionally, United
Nations agencies such as the World Food Programme or the United Nations High Commis-
sioner for Refugees maintain extensive vehicle fleets and respective operation data. Making
such information open-source might unlock further research activities across academia.

With more empirical data on existing VbS projects, public authorities can include such
interventions in scenario analysis and options appraisals [2]. In particular, including VbS
systems during appraisals of large-scale infrastructure projects can increase the overall
economic and social welfare of covered communities by immediately increasing spatial
accessibility. It must be considered that linear stationary infrastructure, such as electricity,
water, or to some extent, ICT, implies a marginal cost for every household connected to
these public services [72]. For remote, scattered communities, the marginal cost makes a
stationary connection economically unsustainable or requires a stepwise implementation
over a specific time span. In particular, public authorities can temporarily implement VbS
systems for such communities to increase access. Examples of organizations that might
apply the results of this study to identify a set of viable VbS for their service portfolio
range from international UN agencies (WHO, UNHCR, UNICEF, and UNIDO) to private
development companies (GIZ, AFD, or SNL) but also financial institutions that allocate
credits to countries in sub-Saharan Africa are able to relate VbS interventions to SDG
target impact.
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Nevertheless, as reported by Wildman et al. [15], VbS can act as a short-term inter-
vention until stationary services are implemented. Considering a water delivery project in
Ethiopia, Somalia, and Kenya, the authors describe two main problems: (i) The case study
in Kenya demonstrates that the price of delivered water can be three times higher than for
the fuel needed to power a generator-driven borehole pump. (ii) These high service unit
costs directly feed into the challenge of avoiding a population’s service dependency. There
must be indicators regarding the optimal time frame to operate such a VbS. According to the
authors, water delivery may seem like an easy solution; however, it should be considered a
“last-resort option” due to its difficulties. This demonstrates a possible limitation of VbS
apart from its usefulness during short-term emergency situations.

6. Conclusions

The importance of access to public services for human development is well reflected
in the targets of the SDGs [2,73]. For this reason, the impact of VbS on the SDG targets has
been studied in this research. The obtained results underline the possibility of positively
influencing all 17 Goals with flexible services based on vehicles. Only 23% of all SDG
targets can not be related to a spatial access problem and therefore be influenced by VbS.
Nevertheless, only 16% of the SDG targets are directly influenced by VbS, meaning that
the linguistic formulation of the target contains the physical service component explicitly.
About 61% can be influenced indirectly. For these targets, the secondary peer-reviewed
literature agrees that spatial access to certain goods, persons, or functions would enhance a
community’s livelihood. We conducted a potential analysis across all sub-Saharan African
countries to identify SDG 1 (no poverty), SDG 3 (good health and well-being), SDG 4
(quality education), SDG 6 (clean water and sanitation), SDG 7 (affordable and clean
energy), SDG 9 (industry, innovation, and infrastructure), SDG 10 (reduce inequalities),
and SDG 11 (sustainable cities and communities) as the most promising directions for VbS
interventions. Our work marks a starting point for further research into the capabilities of
vehicle-based services to drive sustainable development in rural sub-Saharan Africa.
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2 Prestudy

2.3 Design of a case study

To apply and evaluate the to-be-developed cost-effectiveness analysis for vehicle-based public services,
a case study needs to be defined. This case study consists of the selection of a geographic target area,
a specific service offering, and an appropriate vehicle platform for the service delivery. My selection of an
appropriate case study is influenced by several preconditions:

Target area selection

With my work being part of the aCar Mobility Research Project [46, 48, 49], the existing project sites in Bekoji
(Ethiopia) and Zatta (C6te d’'lvoire) were most accessible for my studies. Zatta is located 15 km outside of the
capital Yamoussoukro and Bekoji is 136 km south of Adama, a major national hub. As a scientific project
manager, | visited both sites frequently and conducted field research in collaboration with colleagues and
students. The selection of Bekoji is due to three reasons:

Service demand: The initial analysis of Nils Justen [50] showed that the absolute demand for accessible
public services is higher in Bekoji than in Zatta.

Data availability: Significantly more open-source data on existing service supply and population characteris-
tics was available for Bekoji during the time of investigation [50].

Communication with project stakeholders: In contrast to the francophone Céte d’lvoire, in Ethiopia basic
English is spoken by the literate population making communication with project stakeholders easier.

| initiated and supervised several student theses that conducted qualitative primary research on accessibility
needs in the target area around Bekoji that are cited in this work [51-53].

Service selection

The selection of a suitable public service for my cost-effectiveness analysis on VbS delivery in Ethiopia is
based on the following aspects.

Concentration on female recipients: The project’s funding agency, the German Federal Ministry for
Economic Cooperation and Development, aims to promote innovation that primarily enhances female farmers’
economic development.

Existing research on healthcare: Although the previously introduced prestudy finds that several goods
delivery services (battery packs, hygiene goods, or water) would yield the highest direct impact on the SDGs
[14], their economic assessment seems relatively straightforward. Delivering healthcare services, on the other
hand, generates the highest indirect impact and has already sparked interest from the scientific community
as a viable alternative to stationary service delivery [15, 54, 55].

Antenatal care services: Access to healthcare services during pregnancy substantially influences female
farmers’ lives [34, 56]. Contrary to Cote d'lvoire, Ethiopia’s current utilization of Antenatal Care (ANC) is lower
than recommended by the World Health Organization [57]. Only 43% of pregnant women receive the four
recommended ANC checkups [58]. Further, significant disparities in ANC utilization between urban and rural
areas are reported. Around 70% of women in rural areas had at least one ANC checkup with skilled health
personnel; however, only 37.4% received all four [58]. Based on these numbers, we conducted interviews
with health staff at Bekoji hospital. A lack of public transport and the overall limited number of health facilities
in the region around Bekoji were stated as major challenges by nine and eleven out of 13 respondents,
respectively [51].
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Vehicle selection

The aCar Mobility Research Project aims to evaluate the potential of electric mobility for rural agricultural
communities [49]. The fundamental hypothesis that transport services with electric vehicles can reduce the
total system costs stems from the fact that in contrast to fossil fuels, electricity can be produced locally and
more cost-effectively. Either the solar radiation is collected with photovoltaic systems or electricity is already
available at a relatively lower price than fuel. In Ethiopia, electricity prices are currently below 1 USD cent per
kWh due to a high share of national hydroelectric power [59].

To validate this fundamental hypothesis, a light battery-electric utility vehicle with 1,000 kg of payload and
100 km driving range on one battery charge was selected for the research project [60]. Together with my
colleagues, | evaluated and published the technical and economic feasibility of this vehicle [49]. In this
thesis, | use this vehicle’s characteristics (range, payload, installation space, etc.) as input parameters for all
subsequent simulations.

Combining the research projects’ conditions and the empirical data from Ethiopia, | select the delivery of
vehicle-based ANC services by battery-electric vehicles as a case study for further analysis of this thesis.
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In this work, | develop a novel method for the cost-effectiveness calculation of vehicle-based ANC services
that public authorities or private operators can apply during project appraisal. The following section will give a
general overview of ANC services and more details on their scope before introducing existing literature on
healthcare-related VbS interventions with a focus on SSA. An in-depth analysis of existing evaluation methods
for public service interventions follows. Information on these broad topics was collected and analyzed in
collaboration with Domanitska [51], Wettig [61], GraBmann [62], and Jansen [63]. The last section concludes
with my research question.

3.1 Antenatal care

About 15% of pregnant women develop a potentially life-threatening complication during pregnancy [64]. To
reduce the risk of maternal and neonatal mortality, the World Health Organization recommends four ANC
checkups during pregnancy [65]. These checkups are the care provided by skilled healthcare professionals
to ensure the best health conditions for both mother and fetus during pregnancy [65]. Checkups are
especially crucial in preventing health complications for mother and child since it enables early identification
of pregnancy-related risks and presumes regular contact of a pregnant woman with skilled professionals. The
checkup consists of blood pressure measurement, blood and urine analysis, and nutritional counseling [58].
Published research indicates that every additional ANC checkup further reduces the risk of complications for
pregnant women and consequently overall maternal mortality [66].

3.1.1 Status quo and potential of antenatal care in Ethiopia

Ethiopia reports 401 maternal deaths per 100,000 live births per year [67], peaking at 10,000 estimated
maternal deaths in 2017 [68]. Ethiopia remains one of the countries with the highest maternal mortality in
the world [68]. To reduce the number of maternal deaths, the government aims to increase maternal health
coverage and utilization of maternal health services, especially ANC [67].

The number of women seeking professional care during pregnancy in Ethiopia has grown between 2005 and
2019 from 28% to 74% [58]. However, only 43% of women had at least 4 ANC checkups during pregnancy.
ANC utilization rates are even lower in rural areas than in urban settlements [58]. With its low urbanization
rate, the underutilization of ANC and the resulting maternal mortality in Ethiopia remains critical.

3.1.2 Current service delivery system

The Ethiopian healthcare service delivery system is represented by a hierarchical structure with three levels
— primary, secondary, and tertiary [67]. Primary Health Care Facilitys (PHCFs) are the lowest-level health
institutions that provide community-based care. PHCF are established in rural areas and serve a population
of 3,000 - 5,000 by providing basic and essential healthcare services [58]. Due to limited funding, the service
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spectrum of PHCFs is limited on medicine, equipment, and skilled health personnel, especially for child care
[69]. Apart from supply-related limitations, spatial accessibility to PHCF is reported to be a significant limiting
factor for ANC utilization. A 2017 survey found that 21% of women do not attend any ANC checkup due to a
lack of transportation [70]. Tegegne et al. [71] demonstrate the significant influence of spatial availability on
utilization of ANC. In their study, every additional kilometer of distance to the nearest facility was associated
with a five-fold decrease in the likelihood of women attending one or more ANC checkups.

3.1.3 Physical service components

Several service components must be available to perform an ANC checkup. The components can be classified
according to the following categories [72].

* Treatment room (e.g. examination table, light source, etc.)
* Hand washing (e.g. clean water supply, soap, etc)

*  Waste disposal (e.g. container for sharp disposal, etc.)

e Sterilization (e.g. instrument sterilizer, etc.)

* Medical equipment (e.g. blood pressure machine, etc.)

* Supplies (e.g. gloves, syringes, antiseptic solution, etc.)

* Test kits (e.g. syphilis, HIV, etc.)

e Drugs (e.g. Oxytocin, Diazepam, etc.)

3.2 Potential of vehicle-based health services

The first comprehensive study on MHCs dates back to 1967. Bodenheimer [12] introduces MHCs as a viable
option for delivering health services in rural areas with a low density of health professionals per unit of surface
area, resulting in long distances between patient and service. He concludes with three considerations for
resource planners to decide between mobile and stationary service delivery: (1) The geographic-demographic
layout; (2) the type of health service desired; (3) the cost-benefit ratio of both interventions.

In a study from 2014, Gibson et al. [73] mapped utilization patterns of MHCs to vulnerable populations in
Connecticut, United States. Their research indicates that clients visited the MHCs due to their demand for
specialized healthcare services provided within an accommodating setting in their vicinity. The results of this
study show the importance of such health interventions, especially for vulnerable populations. The authors
appeal to the coexistence of both mobile and stationary healthcare services.

Similarly, Scheel et al. [74] conducted a study on patient preferences when seeking specialized treatments.
The patient’'s perception of a MHC was measured before and after the visit. The initial skepticism about
the service quality and comfort was significantly reduced after experiencing the MHC. The authors suggest
community education before implementing MHCs.

In their 2017 literature review, Yu et al. [15] evaluate 51 articles with evidence on the strengths and weak-
nesses of MHCs in the United States. The authors agree that this service delivery addresses patient needs
on multiple levels (e.g. vicinity, privacy, cost, etc.). Further, they attest MHCs to have the potential to combat
some of the biggest challenges in the American health delivery system.
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The Mobile Health Map Project further explores this potential identified by Yu et al. [15]. This web-based
tool enables MHC operators to upload their operational data (e.g. geographic reach, service scope, or value
of service provided) and derive insights to further optimize operations [18]. Currently, the platform has over
1200 MHCs registered [75].

While Bodenheimer initially regarded MHCs as a universal solution for regions with low supply density [12],
current literature indicates that countries in the Global South, especially in sub-Sahara Africa and Asia, align
well with his three considerations. From 2008 to 2011, Kojima et al. [56] implemented a MHC to deliver
health education and antenatal care in Mysore, India. In their evaluation, the authors conclude that MHCs
are a feasible delivery system to provide quality healthcare to pregnant women in rural and hard-to-reach
settings. Their study results show significant numbers of pregnant women attending the MHC, proving their
acceptance and utilization.

In Ethiopia’s Somali region, the limited number of health facilities results in more than 60% of the population
living more than 5 km from the nearest health facilities [76]. According to Oladeji et al. [76], deploying MHCs
with nutrition teams has played a critical role in providing essential health and nutrition services for the
population.

Founded in the 1980s by Catholic missionaries, a public-private partnership operates a fleet of MHC and
provides ANC services at 28 village locations in Ngorongoro District, Tanzania [77]. A 2016 analysis of
service utilization found that accessibility to ANC is significantly enhanced compared to other regions, with
an average of 1.7 ANC visits per woman.

3.3 Design of mobile health clinic fleets

From an operational perspective, a vehicle-based health service comprises service stops for vehicles, a fleet
of MHCs, and a strategy for the availability of a vehicle at each stop.[78, 79]. Before the costs of such a
system can be evaluated, (1) vehicle service stops need to be allocated based on spatial demand distribution;
(2) vehicles need to be designed based on functional requirements; (3) the routes of these vehicles have to
be determined for a daily schedule. In the following, | introduce existing literature on these three building
blocks. A more in-depth analysis can be found in the attached publications in section 4.1 - 4.3.

Veh@cle BN  \/chicle [
design portfolio Service
schedule
Service N Veh[cle
demand routing
MHC
N > fleet
e |ce_sop BN Service [m——=
allocation stops

Figure 3.1:  VbS building blocks

Vehicle service stop allocation

The literature on healthcare facility location-allocation is extensive, with many studies commonly aiming to
achieve equitable accessibility, focusing primarily on spatial access [80—83]. Consequently, the authors aim
to enhance equitable access to services by developing methods for locating new service facilities closer to
patients who reside far from existing services or face extended travel times to reach them [81, 82]. Schuurman
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et al. [82] identify rural populations residing beyond specific catchment areas for hospitals as underserved.
The study suggests that providers establish new health services in these underserved areas.

Many papers primarily assess the fairness of service locations based on distance measurements [80—83].
However, the choice of distance measures varies depending on the study’s context. For instance, distance-
based access equity has been gauged by metrics like the maximum distance to potential patients for hospital
services [82], the distance between service points themselves [81], and the average distance of consolidation
centers to local farmers [84].

Methodologically, most studies on allocation predominantly rely on Geographic Information System (GIS),
employing software tools to identify suitable locations for services [84, 85]. A study in North Carolina locates
optimal consolidation center sites by determining the midpoint between farms using the "mean coordinates"
analysis tool. A buffer is created around a midpoint, and all vacant warehouses within the buffer area are
considered potential optimal consolidation centers. The best warehouse is selected based on its proximity to
a highway and the interest of wholesalers [86].

Sharmin et al. [84] similarly identify the best locations for constructing new hospitals in Dhaka, Bangladesh,
using an exclusion method that primarily employs GIS buffer and erase tools. This method identifies unsuitable
areas by surrounding them with buffer zones excluded from potential hospital construction sites.

Such studies demonstrate that a GlS-based allocation approach is practical when the suitability of the
location can be directly inferred from geographical data layers covering candidate sites. This is particularly
useful when specific infrastructure or topographical conditions are required at the service location and can be
represented as geographic data layers. Previous studies have shown that manipulating these data layers with
GIS tools helps narrow the list of suitable service locations to those that meet infrastructure or topological
constraints [84—86]. For instance, the buffer tool can identify the population residing within a maximum
distance from the road network, which is a critical factor in service location decisions.

Additionally, some studies have incorporated the supply capacity at existing service stations as a metric to
assess unequal service access, leading to prioritization of service locations based on distance and service
supply considerations [80, 83, 87]. Tao et al. [87] and Wang et al. [80] considered facility capacity and service
demand in addition to travel times to achieve equitable access to healthcare and residential care. These
studies relied on more extensive data about the surrounding population, such as population numbers and
demand ratios, rather than focusing solely on environmental or infrastructural characteristics.

However, all publications on health facility allocation focus on stationary facilities. In contrast, compared to
MHCs, these facilities are geographically and temporally inflexible [15, 88]. Due to the autonomy of MHCs,
such as having an onboard power supply, vehicle service stops can be situated independently of existing
infrastructure, like energy supply networks. Further, the setup or relocation efforts are limited as no physical
facility must be constructed [23]. To my knowledge, no publication solely focuses on allocating vehicle service
stops.

Service-oriented vehicle design

Only limited information can be found on the MHC'’s functional requirements and design. Muolavie at al. [89]
issued a guideline for the MHC purchase, including technical requirements and steps for project evaluation.
From their research, it is apparent that a MHC comprises a variety of non-driving-related functionalities
concerning aspects of the onboard energy system, internet connectivity, or structural body design. A
particular emphasis is given to a comprehensive cost analysis before project implementation as investment
and operating costs for MHC often exceed the initially planned budget.
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Bosman et al. [90] redesigned a MHC for health services in rural South Africa. Based on their analysis,
existing vehicle layouts aim to provide as much functionality as possible, reducing the available working
space. Based on a user-centered design approach, the authors developed a modular design of a MHC to
reduce unnecessary functionality and enhance the workspace.

Vehicle fleet design and routing

Hodgson et al. [91] consider vehicle stop locations as given and introduce a mobile facility routing problem to
address increasing complexity in economically operating fleets of MHCs. The authors consider MHCs as
continuously operating infrastructure and concede their applicability to emergencies during natural disasters
when a population’s accessibility to healthcare is significantly reduced. The author’s model demonstrates that
99% of the population in Ghana’s Suhum District can theoretically be reached with MHCs.

Similarly, Doerner at al. [78] takes a given set of population nodes with demand quantities as an input to
benchmark three different optimization algorithms to size a fleet of MHCs. They assume a catchment area of
8 km around each population node. Their case study in Senegal resulted in a fleet of four MHCs covering 85%
of the demand for medical services. Although the calculated personnel overhead costs are significantly high,
the authors empathize with the usefulness of such an intervention in resource-constrained environments.

Introduced by Halper et al. [88], the Mobile Facility Routing Problem takes routing decisions for several MHCs
while maximizing the number of patients treated at predefined vehicle service stops. In their model, vehicles
are available at a central depot and depart at and return to the depot node. The objective functions of the
optimization integrate factors such as the effectiveness of workforce employment, average accessibility and
coverage. Their model further differs from previously mentioned approaches as it models a continuous time
planning horizon, which is reflected in a rate for user demand.

Building on Halper et al. [88], Lei et al. [92] extend the Mobile Facility Routing Problem to include a fleet
sizing decision and uncertain demand. The authors acknowledge the interdependence of decisions made
at different planning levels, thus incorporating both low- and high-level decisions in their problem definition:
(1) the strategic level fleet sizing problem, (2) the tactical level routing and scheduling, (3) the operational
level allocation problem. Besides, the authors consider uncertainties in demand, mainly due to the long-term
decisions made in their model. They formulate the model as a two-stage problem and derive a two-stage
robust optimization technique.

3.4 Cost-effectiveness analysis

In the previous section, the building blocks of a vehicle-based health service were introduced as a system
of vehicle service stops, MHCs, and their operating strategy. Implementing such a system represents a
health intervention provided to the population to enhance their health or health-related circumstances [93].
Health interventions have been subject to different economic evaluation methods aiming to map their costs
on associated outcome metrics. This enables public authorities and resource planners to make informed
decisions about optimal budget allocation [94]. This is particularly crucial in low-resource environments
across Global South countries [95].

3.4.1 Measuring outcomes

Numerous approaches exist for measuring the health outcomes of interventions. These can be categorized
into three levels of detail, which can be determined from a top-down perspective, provided that the requisite
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data is available. The first set of metrics are regarding mortality, expressed as the reduction of Mortality
Rates (MRs) or in absolute terms: the Lives Saved (LS) or Deaths Averted (DA) [96].

The second layer factors in the longevity of the patients’ lives. This is reported in Life Years Saved (LYS) and
Years of Life Lost (YLL) averted, which are also often used interchangeably [97].

The third layer also accounts for the utility, or in general the Quality of Life (QoL). This can be expressed
in Healthy Life Years (HLYs) [98], but are reported most often in Quality-Adjusted Life Years (QALY) and
Disability-Adjusted Life Years (DALY) averted [99], which are either calculated with statistical values and
individually selected weights or derived from Patient-reported Outcome measurements (PROMs) [100].

A different approach to quantifying health outcomes are PROMs. PROMs are utilizing questionnaires about
self-reported satisfaction and individual perception of health, shifting the focus of outcomes on the patient’s
experience during the entirety of the process [101]. The most frequently used PROM questionnaires, which
are also often used as a stand-alone metric for health outcomes (not as a part of QALY/DALY), are the
EuroQol Divisons Health-related Quality of Life questionnaires [102] with different dimensions and levels of
health [103].

Together with Jansen [61], | developed eight evaluation criteria for health outcome metrics. Here’s a detailed
description of each assessment criterion:

Intuitiveness: This criterion evaluates how straightforward and easily understandable the metric is. A metric
is considered intuitive if its underlying meaning or significance can be grasped without extensive technical
knowledge. This characteristic is important for ensuring that the metric can be widely used and interpreted
correctly by a diverse range of individuals, including those without specialized training in the field.

Comparability: This assessment focuses on the metric’s ability to provide meaningful and conclusive
comparisons between different health interventions. A good metric should be able to clearly demonstrate
differences or similarities in outcomes across various health domains. This is crucial for informing decision-
making, particularly in policy and healthcare settings where choosing between different interventions is
necessary.

Sensitivity: Sensitivity refers to the metric’s responsiveness to small changes in health outcomes. A sensitive
metric can detect even minor improvements or deteriorations, making it valuable for monitoring and evaluating
the impact of health interventions over time.

Versatility: This criterion assesses the extent to which the metric is applicable across a range of different
interventions. A versatile metric can be used in various contexts, making it more useful for generalizing
findings and applying them in diverse settings. This is especially important in public health, where interventions
may vary widely.

Transparency: Transparency is about how clearly the method for obtaining the metric’s values is communi-
cated and understood. This includes the clarity of the methodology and the ease with which the results can
be replicated or verified. High transparency is essential for fostering trust in the metric’s reliability and for
facilitating peer review and critique.

a priori Suitability: This assesses the likelihood of being able to derive the metric from available data
before an intervention is implemented. It is a measure of the metric’s feasibility and practicality in real-world
scenarios. A metric with high a priori suitability is valuable in planning stages and can help in choosing
appropriate interventions.

Inclusivity: Inclusivity refers to the metric’s applicability to all patient groups, including those who may be
non-verbal or have other communication challenges. An inclusive metric ensures that no patient group is
overlooked or misrepresented in health outcomes assessments. This is crucial for equitable healthcare and
research.
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Age-standardization: This criterion evaluates whether the metric accounts for the age range of the population
involved in the study. Age-standardization is important for ensuring that the metric’s results are relevant
and applicable across different age groups, allowing for more accurate comparisons and generalizations in
diverse populations.

Each of these criteria plays a vital role in determining the utility and effectiveness of health interventions.
Table 3.1 displays our assessment of each metric’s strengths and weaknesses based on the introduced
criteria and literature.

Table 3.1: Health outcome metrics assessment based on [61]. O= Non existent ®Poor (DSatisfactory @Good
@Excellent Xnot relevant/applicable

MR LS/DA LYS/YLL QALY/DALY ISM PROM

Intuitiveness [ [ 9 D [ D
Comparability o o 9 9 o 9
Sensitivity ® ® D 9 [ o
Versatility @ ® D 9 O o
Transparency o o 9 D o o
A priori Suitability 9 9 9 D ® ®
Inclusivity [ o L [ [ ®
Age-standardization O O o o X X

3.4.2 Measuring costs

Although concerns have been voiced, that one should not put a price on measures enhancing health, |
introduced some basic assessment economic approaches to map intervention cost on outcome measures in
the following.

Cost parameters

In comparative economic evaluations, the costs of health interventions are primarily reported in Average
Cost-Effectiveness Ratio (ACER) and Incremental Cost-Effectiveness Ratio (ICER). The ICER is usually
calculated by directly comparing two different interventions (a, b) [104]. C represents the overall cost for an
intervention and E is the respective outcome measure.

ce—cbh

ICER@P) =
Ea —Eb

(3.1)

It is common practice to always include an ICER value for each proposed intervention, comparing it to "doing
nothing" [95]. This is referred to as the ACER [104]. The cost and effect of "doing nothing" is valued at 0, and
simplifies the formula to the following:
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cr—cY e

ACER® = ICER®0) = — =
Ea— EO Ea

(3.2)

In the majority of cases, a Cost-Effectiveness Analysis (CEA) is built upon collected data from randomized
control trials, effectiveness-implementation trials, or before and after studies [105]. This is primarily due
to the uncertainty around the effectiveness of a novel health intervention. The costs and effects must be
discounted if the analysis is to be performed a priori to the actual implementation. To calculate the total
cost, the annualized cost over the proposed time horizon t is accumulated and discounted using the annual
discount rate r [106, 107].

T

a_ C(k)
c(0,r)" = kzz(; arrF (3.3)

To ensure transparency and comparability across countries, all costs should be reported in USD for a
specified year [94]. The year in which the costs are to be reported is defined as the report year, usually
referring to the current year, the year of implementation, or the most recent year with available data. If the
costs are from a foreign market and therefore reported in a foreign currency, the cost must be converted
utilizing the currency exchange rate [104]. Further, costs must be adjusted for domestic inflation by multiplying
the costs with an accumulated inflation rate [107]. This rate is calculated by multiplying the annual inflation
rates of every year between the base and the reporting year.

T
1(0,r)% = l_[Ia(k) (3.4)

k=0

Evaluation

To map costs on the health outcomes, different evaluation methods enable public authorities to compare
interventions. An in-depth elaboration of each would exceed the scope of this thesis, therefore Table 3.2
gives an overview of the definitions and differences of the most common methods. They depend heavily on
the scope and perspective, so it is vital to outline them in detail and transparently to allow for comparisons.

Figure 3.2 presents a typical example of a CEA outcome based on Murray et al. [108]. It illustrates six
different interventions, labeled a; to ag, each represented at a unique point in the diagram. On this chart, the
vertical y-axis quantifies the cost of each intervention, while the horizontal x-axis represents their respective
health benefits. In this example, each intervention is available at its respective point as shown in the figure.
For instance, if a resource planner initially selects intervention a;, the CEA allows for an evaluation of
the relative cost-effectiveness of the remaining interventions (a, to ag) based on this starting choice. The
cost-effectiveness ratio for each subsequent intervention, compared to the initially chosen one, is determined
by the gradient of the line connecting each point to a;.

For example, the cost-effectiveness of moving from intervention a; to a, is indicated by the slope labeled as
a; — a,. Similarly, if considering a shift from a, to a4, the incremental cost-effectiveness of this change is
represented by the slope a, — ay. This graphical representation not only compares the cost-effectiveness of
each intervention individually but also allows for the construction of a cost-effectiveness trajectory, providing
a comprehensive view of the available options
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Figure 3.2: Costs and benefits of six mutually exclusive interventions [108]

In the past decades, CEA has been applied to a variety of healthcare interventions. To make the results
accessible for decision-makers and public authorities, the Johns Hopkins Bloomberg School of Public Health
created the Lives Saved Tool (LiST) [109]. This online tool calculates the costs and effects of multiple
interventions and enables the user to compare interventions against each other. Figure 3.3 depicts data
retrieved from the LiST comparing a variety of health interventions for maternal, newborn, and child health.

3.5 Research gap

In searching for literature performing CEA of MHCs, eight publications were identified as comparable. Table
3.3 provides a detailed overview of these studies, including their unique characteristics and limitations. In the
following, | systematically outline these limitations and culminate in the identification of the specific research
gap for my work.

Scope of existing economic evaluation

* Limited studies: Over the last 30 years, only five publications have performed comparative
economic evaluations of MHCs, focusing on their health outcomes [34, 110-113].

 Comparisons with stationary facilities: Two studies specifically compared MHCs with
stationary health facilities, aiming to guide decision-making between these two service
delivery systems [110, 113].

* Focus on ANC in SSA: Notably, only one study from 1996 by Fox-Rushby et al. [34] has
concentrated on the use of MHCs for providing ANC in SSA. This highlights a significant
research gap in understanding the economic evaluation of MHCs for ANC in this region.

Characteristics of applied economic evaluation

* Post-implementation studies: Most studies in this domain have been conducted post-
implementation, focusing on deriving cost and health outcome parameters after the projects
were already in place [34, 110, 111, 113, 114]. This methodological approach overlooks the
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Post abortion case management
Folic acid supplementation
Antibiotics for preterm premature rupture of membranes.
Safe abortion services
Management of eclampsia with Magnesium-Sulphate
Antibiotics for treatment of dysentery
DPT vaccine
Management of maternal sepsis
Daily iron and folic acid supplementation
Hypertensive disease case management in pregnancy
Management of pre-eclampsia (mild and severe)
Full supportive care for premature babies
Skilled delivery + management of complications
Intermittent presumptive treatment of malaria
Promotion of complementary feeding
Balanced energy-protein supplementation
Pneumococcal vaccine
Skilled assistance for normal delivery
Comprehensive antenatal care
Rotavirus vaccine
Clean cord care (clean birth practices)
Promotion of breastfeeding
Syphilis detection and treatment in pregnancy
Pentavalent vaccine (DPT + Hep B + Hib)
Management of diarrhea through Oral Rehydration Solution and Zinc
Kangaroo mother care (KMC)
Routine EPI + Rotavirus, Pneumococcal
Tetanus toxoid vaccination
H. influenzae b vaccine
Management of children with severe acute malnutrition
Case management of newborn complications at referral level
Routine EPI
Community based newborn and child care
Primary level integrated management of the sick child
Infant and young child feeding
Skilled delivery + management of complications + family planning
Measles vaccine
Facility based management of neonatal infection
Home visits for clean postnatal practices
Vitamin A supplementation (0-4 years)
Skilled assistance for normal delivery + family planning
Facility based management of pneumonia
Preventing and managing unplanned pregnancy
Case management of severe neonatal infection
Community based management of pneumonia
Family planning

Neonatal resuscitation

3014
301,3
300,0
296,9
263,4
259,1
237,3
188,8
166,0
148,5
1114
90,7
90,3
89,7
78,3
76,4
75,6
71,8
69,0
58,2
58,2
53,9
52,0
50,6
46,1
43,9
43,4
40,4
37,1
35,8
32,1
28,3
26,6
24,4
23,9
15,0
133
10,2
8,1
7,9
6,5
3,9
28

570,4
565,9
484,5
433,7

Figure 3.3: Comparison of interventions’ cost-effectiveness (ACER) to enhance maternal health stated in USD [109]
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crucial phase of a priori assessment, which is vital for understanding the potential impact and
cost-effectiveness of health interventions before they are launched [115].

Scalability and adaptation to different regions: The highly contextual nature of input data
in these studies has limited their scalability and adaptability to other geographic regions [34,
96, 110, 111, 113, 114, 116]. This constraint impedes the application of these methods in
different contexts, particularly in diverse regions of SSA [50, 63].

Incorporating costs for patients and health providers: Most studies do not comprehen-
sively include the costs incurred by both patients and health service providers [96, 98, 113].
This lack of a societal perspective in evaluating the costs of health interventions limits the
understanding of the true economic burden and benefits of such services [95, 117].

Inconsistencies in findings and need for further research

The objective of my research extends beyond a standard CEA. | aim to develop a simulative model comparing
stationary and vehicle-based ANC services. This model, utilizing publicly available data, is specifically crafted
to be adaptable across various SSA regions, ensuring relevance and applicability to a broad range of settings.
The approach must be comprehensive and incorporate costs from multiple perspectives, including patients
and healthcare providers. This holistic view is crucial for a nuanced understanding of economic impacts.
The goal is to generate insights that could guide healthcare policy and resource allocation in regions where
access to healthcare is challenging. Therefore, my research question is defined as: "How to calculate the

Cost-effectiveness of MHCs: The existing literature on MHCs shows indecisive findings
regarding their cost-effectiveness. While some authors have found that MHCs incur higher
overall costs compared to stationary facilities [34, 55, 118], others have argued for their lower
cost implications [15].

Varied health outcomes: Similarly, the impact of MHC interventions on health outcomes has
been inconsistent. Some studies report minimal or no positive effects [118], whereas others
have documented improvements in health metrics [34].

Recognized importance of MHCs: Despite these varied findings, there is a consensus
on the importance of MHCs in enhancing healthcare services for remote and vulnerable
communities. The need for further research in this area is unanimously supported [15, 34, 55,
118, 119].

cost-effectiveness ratio of MHCs administering ANC during project appraisal”.
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4 Method and results

| propose a four-step method, as shown in Figure 4.1, to calculate the cost-effectiveness of a vehicle-based
antenatal care service. This method can be applied during project appraisal and is capable of utilizing various
types of publicly available data relevant to SSA. While this thesis focuses on ANC services, the first three
steps of the method have been applied to other public services, including water delivery, energy delivery,
and education services. The published papers included provide more detailed information on these service
scenarios.

1. Vehicle stop locations 2. Vehicle design 3. Vehicle fleet sizing 4. Cost-effectiveness anaylsis
W PHCF
M MHC

Fleet size
Distance in km

ANC demand
Coverage in %
ACER in USD/LYS

Coverage in % ==, Coverage in %

—— Vehicle stop N\ Service capacity/cost N\ ”
® S ®

Figure 4.1: Proposed cost-effectiveness analysis of vehicle-based ANC services in SSA

In step 1, the service demand quantities are defined, and vehicle stop locations are localized. This answers
how much demand can be anticipated in a region and where the optimal service delivery locations should be
located. To do so, open geospatial data on population density and healthcare facilities is combined with the
population’s healthcare utilization rates. This allows for mapping an accessibility factor onto georeferenced
demand points. The underserved population is then clustered and centroids are localized. These cluster
centroids represent the vehicle service stops with a defined catchment area.

In step 2, the cost and respective service capacity of the required vehicles are calculated. Scalable component
models are derived using online marketplace data for each component necessary for a vehicle-based ANC
service. Subsequently, a placement algorithm outputs several optimal vehicle layouts, including cost and
capacity.

In step 3, the results of steps 1 and 2 are combined into a vehicle routing problem to size the optimal feet
and derive the operational cost. The non-linear optimization problem aims to reduce the overall system cost
by the number of employed vehicles and their respective daily travel distance between vehicle stop locations.

Although the allocation of vehicle service stops (Step 1) and fleet sizing and routing (Step 2) have obvious
interactions, separating them offers several advantages:

* Distinct objectives: The allocation of service stops primarily focuses on accessibility and
coverage, ensuring that the MHCs are capable of best meeting the healthcare needs of the
target population. This involves considering demographic factors, healthcare demands, and
geographical barriers. On the other hand, route planning and fleet optimization primarily
aim to enhance operational efficiency, focusing on minimizing travel times, reducing costs,

and optimizing resource utilization. Separating these evaluations allows for a more targeted
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approach to each objective, ensuring both community needs and operational efficiency are
adequately addressed.

* Complexity reduction: Both objectives require complex calculations and involve different
socio-economic, technical and geographical input parameters. Separating these two decisions
allows for a more manageable and focused analysis in each area.

* Resource allocation efficiency: Independent evaluation ensures that resources are allocated
efficiently. By first identifying where ANC services are most needed, resources can be directed
to areas with the greatest impact. Subsequent route optimization then ensures that these
resources are delivered in the most efficient manner possible.

» Adaptability to change: Population distributions can change over time. Evaluating vehicle ser-
vice stop locations separately from vehicle routing allows for easier adaptation to changes. As
community needs evolve, service stops can be re-evaluated and adjusted without overhauling
the entire operational model.

Step 4 condenses all preliminary results in a cost-effectiveness analysis of a vehicle-based ANC service in
the target region in Bekoji, Ethiopia. The result is compared to the cost-effectiveness of (1) stationary PHCF
allocated following the same methodology (Section 3.4), (2) vehicle-based ANC services from secondary
literature in SSA [34] and (3) other ANC interventions [115, 120].

4.1 Step 1: Vehicle stop locations

In the first step, demand for ANC services in the target region is estimated, and optimal vehicle stop locations
are localized. In collaboration with Justen [50], | published the method and results as a first author [121]. In
the following, | summarize the publication and list the contributions of all authors.

4.1.1 Summary of the vehicle service stop location method

Any public service project appraisal requires an assessment of the demand to be addressed. This publication
presents a scalable approach to quantify unmet demand for four public service types and localize vehicle
service stops in its vicinity to reduce the travel distance to a recommended average of 5 km [122]. To ensure
scalability across SSA countries, the method only utilizes open datasets in the highest resolution.

1. Demand analysis 2. Demand clustering 3. Origin-destination matrix
Di PHCF ;L Skm 2 \

Nane = pi .

max

Figure 4.2: Vehicle service stop location-allocation

Four public service types were selected to investigate a case study within a 50 km Euclidian radius around
Bekoji, Ethiopia. Considering the overall scope of this thesis, | focus this summary on the provision of ANC
services. As a data input, the WorldPop dataset delivers gridded population counts for women of childbearing
age [1283]. These data points are multiplied by an accessibility factor prioritizing women furthest away from a
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population center. This factor is calculated based on the friction layer introduced by Nelson et al. [11]. The
resulting demand points of potential patients living in remote areas are combined with current PHCF locations
[124]. Around each location, a 5 km catchment area is defined, and all patients within the catchment are
excluded from the demand point set.

Once the actual demand points are established, a k-means clustering algorithm is applied. K-means clustering
offers a straightforward and computationally efficient approach, ideal for managing the extensive geographic
and population data involved. Its results are easily interpretable, with each cluster centroid suggesting
an optimal location for a service stop, thereby simplifying the decision-making process and aiding clear
communication with stakeholders. Lastly, the flexibility of k-means specifying the number of clusters aligns
well with resource allocation, allowing for strategic planning based on the needs of the population.

By iteratively increasing the number of clusters, this algorithm groups demand points and locates a centroid
as the vehicle service stop. The iteration is stopped once the average distance from each demand point
within a cluster to its respective centroid is equal to or below 5 km. Figure 4.3 shows a diminishing return
phenomenon of the clusters sorted over absolute and relative demand for the target region in Bekoji.

A total of 45 clusters resulted in an average straight-line travel distance to the cluster centroid of 3.97 km,
well below the defined maximum of 5 km. Out of the total population in this region, 77% live within a 5 km
distance from a traversable road, representing an upper bound for VbS delivery in the region. This proportion
of the population encompasses 39% of the unmet demand for ANC services, which can be addressed with
MHCs. This equates to 20,536 annual ANC checkups. Figure 4.3 shows the demand per cluster for ANC
services and the relative coverage.

We first compare the total coverage value achieved with the result of randomly selected clusters to validate
the position and number of clusters. All random results generate significantly lower total coverage with an
equal amount of clusters, supporting our allocation algorithm. Second, reducing the radial target area by
5 km (= 19% area covered) results in fewer clusters with only 2% less coverage. Both results indicate the
method’s robustness against input variations.

The output is an origin-destination matrix for 45 vehicle service stops, including demand quantities per stop.
This result is forwarded to step 3.

4.1.2 Contributions

| initiated the idea of the paper and drafted the research concept. Further, | conducted the literature review
and wrote the paper. Nils Justen [50] implemented the methodology proposed in the paper and derived the
results. David Ziegler and Nils Justen accompanied the paper’s fieldwork in Bekoji, Ethiopia, and Zatta, Cote
d’lvoire. Both of them reviewed and formatted the paper. Markus Lienkamp made essential contributions to
the conception of the research proposal. He critically revised the paper for its essential intellectual content
and approved it.
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Abstract

Improving access to essential public services like healthcare and education is
crucial for human development, particularly in rural Sub-Saharan Africa. How-
ever, limited reliable transportation and sparse public facilities present significant
challenges. Mobile facilities like mobile clinics offer a cost-effective solution to
enhance spatial accessibility for the rural population. Public authorities require
detailed demand distribution data to allocate resources efficiently and maximize
the impact of mobile facilities. This includes determining optimal vehicle service
stop locations and estimating operational costs. Our integrated approach utilizes
GIS data and an accessibility scaling factor to assess spatial accessibility for rural
populations. We tailor demand structures to account for remote and underserved
populations. To reduce average travel distances to 5 km, we apply a clustering
algorithm and optimize vehicle service stop locations. In a case study in rural
Ethiopia, focusing on four key public services, our analysis demonstrates that
mobile facilities can address 39-62% of unmet demand, even in areas with widely
dispersed populations. This approach aids decision-makers, including fleet opera-
tors, policymakers, and public authorities in Sub-Saharan Africa, during project
evaluation and planning for mobile facilities. By enhancing spatial accessibility
and optimizing resource allocation, our methodology contributes to the effective
delivery of essential public services to underserved populations.

Keywords: Rural Accessibility, Vehicle-based Services, Location-Allocation, Mobile
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1 Introduction

Mobile facilities play a crucial role in enhancing access to a variety of public services
that are integral to leading healthy, meaningful, and fulfilling lives [1-3]. The concept
of vehicle-based services (VbS) combines this variety of services that can be delivered
utilizing vehicles (Figure 1.)[4]. Prominent international organizations have previously
advocated for the effective deployment of VbS to provide essential public services
in rural areas, with a particular focus on vulnerable populations in Sub-Saharan
Africa (SSA). Numerous studies have highlighted successful VbS projects encompass-
ing healthcare, vaccinations, and dental hygiene [5-9]. While it may be reasonable to
question whether VbS can offer the full spectrum of services comparable to large hos-
pitals or shopping centers, many of these interventions are relatively straightforward
yet hold the promise of significant enhancements over the existing status quo [10].

In the process of project evaluation, public authorities face the challenge of com-
paring investment and operating costs against effectiveness when considering both
stationary and mobile facilities [11]. This necessitates the determination of potential
service locations. While location-allocation models for stationary infrastructure have
been extensively explored in the literature [12-14], the selection of optimal vehicle ser-
vice stop locations for VbS has received limited attention in research until the present
day. Identifying these locations is critical for making strategic, tactical, and operational
decisions regarding fleet size, vehicle types, and vehicle routing. This information is
essential for conducting a-priori cost-benefit analyses [2, 3, 15].

Fig. 1 Basic principle of a vehicle-based service (VbS) system

This paper contributes to the body of literature in two ways. First, it addresses a
gap in existing research on location-allocation models, where the assumption of fixed
candidate locations for both stationary and mobile facilities is prevalent [1, 3, 12, 15].
Such an assumption implies the existence of explicit regulations, well-defined property
rights, and known infrastructure restrictions, which are often not the case in rural SSA
[12, 13]. This holds explicitly true for the location-allocation of hospitals. Existing
healthcare-focused approaches take zoning regulations, local ordinances and infras-
tructure access as their initial input [12, 16, 17]. Applying these approaches for other
public services would hinder an optimal placement in rural SSA regions. To address



this, we propose a demand clustering algorithm based on population distribution data
only. In this way, we can establish vehicle service stops in undeveloped areas.

Second, only considering the inhabited regions, many SSA countries have relatively
evenly distributed populations [18] but existing approaches tend to focus on locating
facilities close to population centers to maximize cost-effectiveness [19, 20]. However,
this utilitarian perspective may overlook the most vulnerable individuals who are often
scattered across vast areas. Our algorithm incorporates an Egalitarianism Principle,
aiming to ensure equitable outcomes for these neglected populations [21].

In the following sections, we outline a step-by-step approach to selecting and pri-
oritizing vehicle service stop locations for VbS, including a comprehensive analysis of
healthcare, education, energy, and water access in our target region in Ethiopia. This
paper is organized as follows: the second section briefly discusses general spatial acces-
sibility measures and introduces existing efforts to locate public facilities. Next, we
present our proposed methodology followed by an outline of our study in Bekoji. The
results section presents the analysis of vehicle service stops for the case study, includ-
ing a sensitivity analysis and robustness check. We conclude with a critical discussion
of the method’s applicability and potential limitations.

2 Related work

2.1 Measuring spatial access

Various measures can be deployed to understand a population’s access level. The
more parameters associated with a given model, the more difficult it is to implement,
and the less transferable it is across regions with potentially less available data. The
following excerpt of popular models briefly explains the methodology and analysis
their shortcomings for our application.

2.1.1 Gravity model

Gravity models assume that the spatial accessibility of a population to service loca-
tions declines with increased distance [22]. These models have been used in various
accessibility analyses and assess the spatial interaction between any population point
and all service points by discounting the potential of a given service with increased
distance or increased travel impedance [22-24]. The accessibility of a given service is
assumed to improve if the quantity of service locations increases, the service capac-
ity at any one location is increased, the travel distance to a facility is reduced, or the
corresponding travel friction decreases [23].

Yao et al. [17] use a gravity-based model to assessed access to sexual and repro-
ductive health care for women in rural SSA. In their two-step process, a measure for
the service quality of a health facility is calculated and incorporated into a gravity-
based model to understand the likelihood that inhabitants would travel to a respective
health facility.

Nelson et al. [25] apply a cost-distance algorithm that accounts for landscape
characteristics and transport infrastructure to compute travel times. This allows a
comparison of different modes of transport and shortest-path considerations. Based on



this procedure, the Global Accessibility Map computes a population gradient around
large cities of 50,000 or more people. Following this approach, Weiss et al. [16] derive
travel times to the nearest hospitals. They utilized data from Google Maps combined
with the Global Accessibility Map and aggregated data on hospital locations. The
authors could then depict the proportional distribution of the population relative to
healthcare facilities.

There are three drawbacks to the gravity model for our objective. Because it is
necessary to discretely model population demand as points, often taken to be census
tract centroids, this method suffers from edge effects, whereby it fails to account for
the border crossing to seek service in a neighboring postal code, for instance. This
becomes especially problematic for small geographic regions [24]. In rural Ethiopia,
many of the administrative districts are over 30 km across. Even if data was widely
available at a district level, and aggregated at its respective centroid, this would likely
still be an inaccurate representation of regional demand and lead to a sub-optimal
distribution of vehicle stop locations. Secondly, the assumption of fixed supply ratios
does not incorporate variations in accessibility within an assumed access area [24]. As
a result, gravity model results can vary widely and may be unintuitive to interpret
[26]. Furthermore, calculating the friction coefficient is often tied to assumptions that
harbor inherent uncertainties [26, 27]. Lastly, because the gravity model does not
account for overlapping service area catchments, there is a tendency to overestimate
the demand for service sites, an effect that becomes greater when more sites are present
in a given region [22].

2.1.2 2-step floating catchment area approach

The 2SFCA approach is, in essence, a service-to-population ratio in the form of floating
catchment areas that are permitted to overlap [22]. This results in a more realistic
utilization of behavior modeling [28]. The approach has been used to model various
spatial access problems, focusing on healthcare applications [22]. In the first step,
an initial service-to-population ratio centered at the respective service locations is
computed [23]. Then, for every demand location’s catchment, these rations are summed
to derive a measure of accessibility with a larger value indicating greater access [23, 26].

Again, three limitations can be pinpointed here. First, the catchment areas are
defined in terms of maximum distance or travel time [28]. Under this approach, all
individuals within a catchment area are seen to have equal access to a service location,
while all locations outside of the catchment count as completely inaccessible [26, 28].
This binary classification likely does not represent impedance behavior and becomes
especially questionable for large catchments [27]. Second, regardless of distribution,
populations are assumed to reside at a single aggregated point, often the centroid of
an administrative tract [28]. While this assumption may hold in cases where data is
readily available, and census tracts are small, the assumption becomes questionable in
rural settings with a more uniform and dispersed population distribution often found
in less urbanized regions in SSA. Lastly, the model assumes that catchment sizes,
whether computed in time or distance, are identical across services and populations,
which may introduce errors based on observed behavioral patterns [28]. It is to be



expected, for instance, that individuals are likely willing to travel further for some
services - such as cancer treatment - than for others - a dentist appointment.

2.1.3 Enhanced 2-step floating catchment area approach

The enhanced 2SFCA model builds on the original by adding distance decay weights
to the previously binary accessibility classification, addressing the assumption of non-
diminishing access within a catchment area [22, 26]. As a result, access to service
now decreases with increased travel time. By adding decay weights, the approach
reveals more finely-grained accessibility classifications and mitigates the previous con-
cern of overrated accessibility for populations residing at catchment edges, which led
to demand overestimation under the 2SFCA model [26].

Despite the marginal improvement over the 2SFCA, many original shortcomings
remain. While the travel time catchment subdivisions are accurate to a point, the
model continues to assume that all those individuals within a subdivision have equal
access; in other words, no individuals in one region venture to another to seek out a
service [26, 28]. In addition, the impedance coefficient selection or calculation makes a
series of potentially problematic assumptions about the utilization behavior of different
populations, introducing further uncertainty into the model [27]. To date, there is
limited literary consensus around the appropriate method for selecting beta, with some
studies advocating calculation according to a predetermined mathematical expression,
and others positioning themselves in favor of selecting fixed values [27, 28]. Lastly, as
with the 2SFCA approach, the enhanced version continues to assume that populations
are aggregated at a single point, which may not be accurate in rural settings in SSA
[28].

2.1.4 3-step floating catchment area approach

The 3-Step Floating Catchment Area approach adjusts the original model further
by attempting to address the fact that a population’s demand for a given service is
influenced at least in part by the availability of other nearby service centers [22]. This
attempts to overcome, at least in part, the demand overestimation problem associated
with the 2SFCA approach [22]. To accomplish this, the model effectively implements
a competition scheme, adding a selection weight to the methodology, computed by
dividing each weight by the sum of all weights [22]. The approach remains otherwise
identical. In model evaluations, the 3SFCA approach was indeed found to have a
moderating effect on service demand projections, leading to a more accurate prediction
of respective shortage areas [22]. The remaining weaknesses of both the enhanced and
the original 2SFCA models remain unaddressed.

2.2 Location-allocation models

Location-allocation models aim to find optimal sites for supply facilities based on
spatial access measures. Until today, a variety of models have been suggested in the
literature. In the following, three of the most relevant methods are briefly explained.
P-median problems, location set covering problems, and maximum covering location
problems. All of these generally fall under the category of node-based approaches.



2.2.1 P-median model

The P-median model is popular among analysts and aims to minimize the weighted
distance between a requesting node and the nearest facility [29]. This is accomplished
by locating a given number of facilities over a geographic area and allocating demand
nodes to these facilities to minimize the total consumer distance or time traveled
[19, 30]. The model requires the explicit modeling of demand nodes via the selection of
candidate location sites. Like the majority of node-based approaches, the assumption
here is that users make only simple trips from their home to a respective utility; this
exposes another inherent shortcoming of not being able to accurately represent more
complex trip patterns [30].

Its application in rural areas dates back to the 1960s and the allocation of hospitals
in Guatemala [13]. The solution space for an optimal supply site selection was limited
to a discrete network or continuous space and is formulated as p-median (reduced
total travel times between demand points and a new location) [13].

2.2.2 Location set covering model

Location set covering models aim to find the lowest number of facilities such that every
demand is covered by at least one facility within a pre-specified distance or travel
time [29-33]. Despite the limited input data these models generally require, it remains
necessary to define an explicit number of discrete demand nodes [32-34]. Notably, there
are few literary references to continuous coverage problems, with most research limited
to discrete applications [20]. Consequently, a tradeoff exists between computation time
and the scale of representation, which may be problematic for sparsely populated
rural regions in SSA [20, 34]. A comprehensive literature review of facility covering
problems by Farahani and Asgari et al. [20] finds that the majority of these approaches
continue to stipulate the definition or simplification of discrete demand data; this
usually results in a summation of points, and inevitably leads to aggregation errors
and loss of information.

2.2.3 Maximal covering location model

The Maximal Covering Location Problem seeks to maximize demand coverage by
accounting for circumstances that may call for a given demand node to be covered by
more than one facility. A scenario in which the nearest ambulance to an emergency
is busy on another call, in which case the second-closest ambulance from a different
fire station should still be able to reach the location within a specified amount of time
illustrates the model [20]. The basic parameters, and drawbacks, remain unchanged
to the previously introduced location set covering problem [29, 32].

2.3 Spatial justice considerations

Spatial accessibility assessment comes with an ethical dimension. While private facili-
ties are understandably driven by profit-maximizing objectives, public services are on
their surface committed to a certain level of equity. Despite this assumption, invest-
ments of this type also tend to concentrate in central locations [21]. Given the strong



correlation between spatial accessibility and a host of quality-of-life indicators, this
concentration is essential. The first of these is the utilitarian approach. This approach
treats all individuals as equals, disregarding personal and situational differences; the
subsequent potential benefits of a given resource distribution are then evaluated as
equal among all individuals, to maximize aggregate welfare [21]. In other words, utili-
tarian approaches aim to achieve the greatest possible benefit for the most significant
number of people [21]. The Rawlsian principle looks to limit the total level of inequality
caused by a specific spatial distribution of resources. According to Rawls, inequalities
should be structured to confer the most benefit to the least well-off, thereby considering
a given individual’s varying initial conditions based on accessibility [21]. In practice,
this approach stresses the importance of focusing efforts to improve spatial accessi-
bility on those whose initial position is worst. While the utilitarian approach would
prefer to locate a service location closest to the most significant number of people,
Rawl’s Difference Principle ensures the greatest benefits for those least well-off.

2.4 Vehicle service stop allocation

VbS is a novel concept that sparks interest from practitioners and researchers to
enhance spatial accessibility to public services in rural regions [35-37]. Whereas the
quality of public service delivery with mobile facilities might be inferior (i.e., enclosed
room available for medical treatment), the characteristics of vehicle service stops yield
some advantages over stationary facilities:

® Setup time: Mobile facilities substantially reduce setup time. This is particularly
important during a time-sensitive emergency and disaster intervention [36], but also
enables irregular and on-demand service deliveries in rural communities [2].

® Relocation: Vehicle service stops can be relocated continuously according to
demand and/or supply patterns [38].

® Location flexibility: Mobile facilities for public service delivery required a high
degree of autarchy (i.e., on-board energy and water supply) [4, 35]. This renders
VDS particularly flexible to operate in regions with no existing infrastructure.

® Versatility: Vehicle service stops only represent a dedicated location for community
members to access mobile facilities. Once located, several different services can be
offered at the same location [35].

All these characteristics relate to the overall increased operational flexibility that
can be achieved with mobile facilities. Whether or not this flexibility is cost-effective
for a particular intervention area must be assessed individually [35]. However, adopt-
ing existing allocation principles might cannibalize the outlined temporal and spatial
flexibility of VbS. The introduced location-allocation models aim to find the optimal
service location for fixed demand and supply patterns. Inherently to each of their
optimization objectives (minimizing travel times [29], minimizing number of facilities
[29-33] maximize coverage [20]), these models are geared towards finding a permanent
location for a brick-and-mortar supply site with a long-term planning horizon.



2.5 Identified research gap

Despite the need for a location-allocation model that aligns with the flexibility of
vehicle service stops for VbS delivery, we find further gaps in the current literature
on facility location-allocation. Firstly, the introduced models rely on given population
thresholds for settlements or base their analysis on administrative divisions available
before the project appraisal [29]. In particular, across SSA, such inquiries are often not
available [25]. Further, demand and service candidate locations must be known before
the appraisal [29], limiting the general scalability of a potential method since data
needs to be gathered. These approaches remain critically inflexible, too expensive for
large-scale application, or incompatible with the sparse data available in rural settings.
As a result, they do not lend themselves to practical application by policymakers
and practitioners, where the ease of use and potential scalability for trans-regional
analysis is essential [1, 19, 39]. Further, no research proposes a methodology that can
cope with data of different quality covering multiple public service interventions (i.e.
water supply, electricity, education, etc.). Most of the published research applying the
models focuses on accessibility to healthcare services were data quality is comparable
between most SSA countries [12, 16, 17].

Considering these shortcomings, deriving a flexible methodology that can work
with incomplete data, does not require the specification of a limited number of pop-
ulation centers, and can draw on insights from a variety of geospatial databases has
the potential to provide a valuable new perspective on rural accessibility problems, to
highlight effective interventions.

3 Data and methods

3.1 Data sets and case study

We utilize QGIS, an open-source GIS software for all the following operations. Further,
we limit our analysis to publicly available datasets (Table 1) and always use the
highest-resolution demand data available. This setup is replicable and inexpensive for
public authorities and fleet operators in SSA.

We apply our process to a test location in Ethiopia to showcase the methodol-
ogy. The site is part of a research project with the German Agency for International
Development (GIZ) [40]. Two vehicles are stationed in Bekoji, in the state of Oromia,
and operate daily within a range of 50 km along the existing road network. The VbS
considered for this case study are healthcare, education, energy, and water service.

3.2 Service selection

While our approach is tailored for SSA and applicable throughout all public services
that can be rendered with vehicles [35], we select four public services based on their
importance for sustainable human development, their notorious undersupply in the
study area, and their diverse requirements for being delivered by vehicles (i.e., water
tank vs. mobile medical unit [47]). We combine service locations of four public services
to leverage the full potential of VbS with vehicles capable of delivering multiple service
types [47].



Table 1 Applied GIS datasets for the case study

Dataset Content Resolution Date

OpenStreetMap Base layer with road network and - 2022
location data [41]

WorldPop Population and sociodemographic 0.1x0.1km 2020
data [42] [43]

USAID DHS Sociodemographic data (literacy 5x5km 2016
rates, access to drinking water) [44]

UN OCHA Health facility data [45] - 2015

NASA Night light data on electrification 3x3km 2016
[46]

Global Accessibility Global data travel times to the 1x1km 2008

Map nearest settlement over 50,000

inhabitants[25]

Across SSA 29% of the population live more than two hours on foot from the
nearest hospital [45, 48, 49]. Maternal mortality is a dramatic indicator of inequity in
global health, and potential interventions for these services have some of the greatest
expected marginal returns [7, 19, 43]. Across Ethiopia, the average individual lives
10 km from the nearest ante-natal care (ANC) facility, and in the regional state of
Oromia where Bekoji is located, this increases to 14.5 km [50]. Previous ANC services
implemented in SSA offered in the form of mobile labs in the Gambia, have significantly
improved maternal health [7]. We, therefore, define VbS 1: ANC as one ultrasound
scan rendered by trained personnel, including an infection test.

In SSA, less than a third of people have grid access; in many rural areas, this drops
to less than 15% [51]. In Ethiopia, just 8% of rural households have access compared
to 93% of urban households [52]. Vehicles can conceivably transport upwards of 140
fully charged portable battery Kkits, returning empty batteries to a central hub for
overnight charging [51]. We define VbS 2: Energy as the delivery of one fully charged
power kit for rental.

Across SSA countries, millions of children lack basic writing, reading, and numeri-
cal skills [53-55]. In Ethiopia, only 42% of students have access to textbooks in primary
schools,and many facilities are unsuitable for year-round teaching [53]. Mobile facili-
ties offering education services [56] and scholastic material delivery [57, 58] have been
recognized to have a positive impact on educational attainment. Therefore, our VbS
3: Education delivers one textbook and basic school supplies.

According to findings by the United Nations, the use of unsafe drinking water is
four times more prevalent among rural communities, and in less accessible regions of
Ethiopia, almost 40% of the population lack access to clean water [52]. In many parts
of SSA, water trucking has become a frequent intervention to ensure the supply of
five liter of drinking water per person in drought-affected regions [36]. VbS 4: Water
is the distribution of five liter bottled drinking water.



3.3 Assumptions

Throughout this work, we follow two reasoned assumptions. First, we assume that
people in the rural target area primarily travel by foot [59, 60]. Using a commonly ref-
erenced walking speed of 5 km/h, we thus arrive at a practical upper bound of total
travel time [16, 49, 59, 61]. Simply assuming that communities have access to more
advanced means of transportation, runs the risk of overestimating existing accessibil-
ity to these services and thereby unwittingly excluding vulnerable subgroups of the
population [2, 26, 55, 62].

Second, we utilize a distance-based cut-off measure of 5 km Euclidean distance
between demand and supply points. It follows that populations within a 5 km radius,
the so called catchment area, around a supply point are deemed to have access. This
cut-off measure stems from studies by international agencies such as the World Health
Organization [63]. Notably, for this work, the wider body of literature does not unan-
imously agree on a set of criteria or cutoff points by which to differentiate accessible
from inaccessible regions [1, 59, 60, 64].

Third, we utilize the Global Accessibility Map [25] to prioritize those populations
that reside furthest from established population centers. Such centers are assumed to
have an increased supply of public services [25]. We therefore calculate a region-specific
Accessibility Scaling Factor A. By dividing the friction value d; (ease at which humans
can move through each pixel of the world’s surface) in a respective part of interest by
the maximum impedance value d,,,, (distance characterized by travel time) observed
in this same area of interest. This factor can be calculated for each pixel 7 in the region
I. The value of the Accessibility Scaling Factor increases with an increasing friction
value, increasing the weight of remote populations for the following calculations.

d; :
Accessibility Scaling Factor A; = Viel (1)

dmax

3.4 Total demand quantification

Demand for each VbS is derived from WorldPop either directly or by arithmetic oper-
ations on additional datasets. For VbS 1: ANC, we assume all women of childbearing
age (demographic) should receive three ultrasound scans during pregnancy (tempo-
ral). In this case, absolute demand can be directly derived from the WorldPop dataset.
We define p; as the annual pregnancy counts at pixel ¢ and multiply it with the
Accessibility Scaling Factor A.

The number of potential customers for VbS 2: Energy is not available off-the-shelf
and requires arithmetic operations on available GIS data. A combination of population

data and NASA Night Light Data yields a proxy for the adult population without
electricity for illumination at night. We define p; as the number of individuals and a;
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as night light intensity found at pixel i. We normalize the absolute values a from the
NASA data and scale it equally across the 100 m % 100 m resolution population data p.

VbS 2: Energy = p; ¥ —— x A; Viel 3)

a’”L(LIL‘

To determine the need for VbS 3: Education, we follow a similar approximation.
The USAID data on gender-specific literacy rates, expressed as a percentage, is aver-
aged to define an overall literacy rate L in the region. After deriving the percentage
of non-literate individuals from this distribution, the quantity is multiplied by the
absolute number of school-age children. This is accomplished by filtering population
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data, only displaying individuals between 5-19 years of age. This is shown in the for-
mula below. The result is the projected number of illiterate school-age individuals for
a given region.

VbS 3: Education = p; school * L1 * A;

. — . (4)
with L;=1; Viel

Lastly, the inverse of the USAID water access indicator W provides data for VbS
4: Water demand.

VbS 4: Water = p; * W; * A; Viel (5)

3.5 Vehicle service stop allocation

Vehicle service stop locations are derived exclusively using WorldPop regional popula-
tion data. This results in constant vehicle service stops that retain validity regardless
of the specific combination of services offered on a particular route, assuming a fixed
population distribution. To locate vehicle stop locations, we utilize a k-means clus-
tering algorithm. A cluster is characterized by a center, the cluster centroid, and the
population assigned to this center. Compared to other clustering methods like hier-
archical attribute-based clustering and density-based spatial clustering, this approach
comes with several advantages: (1) Resulting clusters are computationally straightfor-
ward to group; (2) Continually good performance on large datasets; (3) Clusters are
symmetric and spherically shaped allowing for centrally located vehicle stops. The k-
means algorithm requires the user to input the desired number of clusters, which then
correspond to the number of randomly initiated centroids; the algorithm subsequently
groups the data by assigning each population pixel to its closest respective cluster
centroid. As the algorithm progresses, the centroids of each evolving cluster are con-
tinuously updated, and the surrounding data is reassigned to the closest centroid; this
process is repeated until a stable solution is found.

Using the mean coordinate function in QGIS, we can calculate the respective cluster
center of mass for every iteration of the k-means algorithm (step 1, Figure 3). This
is an essential component of evaluating clusters based on accessibility. In principle,
each demand pixel is assigned to one cluster centroid before the mean distance of
all demand pixel to their respective centroid is calculated. We further incorporate a
demand attribute weighting factor to reduce individual travel distance to the closest
service stop. Its effect is pulling the given mean coordinates towards areas of projected
unmet demand, further from assumed service centers (step 2, Figure 3). An increasing
number of cluster centroids represents a trade-off between increasing operational costs
and spatial accessibility. Because of this trade-off, the smallest set of stop locations
that can satisfy the greatest need for a given service while minimizing the overlap
between catchment areas needs to be determined. Following our initial assumptions,
no cluster should have an average straight-line distance to the center point exceeding
5 km. We incrementally increase the total number by 10 to derive a fitting number
of clusters. Once a final number of clusters is determined, we assess whether center
points are on the existing road network (step 3, Figure 3).
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Further, all potential vehicle service stop locations must reside inside the assumed
daily vehicle range [47]. Outliers are manually removed, similar to the approach intro-
duced by Straitiff et al. [34]. More importantly, the inability to accurately project
travel time and distances between vehicle service stops that do not lie on established
transport routes would significantly hinder the ability to conduct subsequent routing
optimizations and may lie on terrain that is not traversable. Using this set of adjusted
vehicle service stops, we utilize the buffer tool in QGIS to calculate the absolute
demand inside each location‘s catchment area. Thereby, four service demand values
per pixel inside the 5 km catchments are summed up. We employ Voronoi polygons
to divide intersecting catchment areas to avoid double-counting populations living in
the overlapping regions of two buffer zones. This ensures that each demand value is
attributed only to its closest cluster center point. The result is the summed service
demand per cluster, which can be displayed in an attribute table for every service
under analysis. This grouping of service-specific demand data by vehicle stop location
allows local authorities and fleet operators to effectively prioritize areas where the
population is least likely to access public services, thus targeting the highest share of
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unmet demand. To derive a coverage value for each service, we divide the total cov-
ered service demand that is equal to the sum of all pixels inside the 5 km catchments
by the total demand value that was calculated for all pixels in section 3.4.

4 Case study results

4.1 Unmet and addressable demand

The case study area yields a total population of 1,919,790 individuals. Applying our
methodology in Bekoji results in 163,346 discrete raster cells. Each cell is coupled with
demand data for the four introduced public services. Figure 4 illustrates the demand
distribution of the four public services as a gradient from red (= high demand) to
yellow (= low demand) with Bekoji at its center point. It is important to consider
our demand quantification process again, where absolute demand for each service is
multiplied by the Accessibility Scaling Factor. This generally balances results for high-
demand and high-accessibility relative to low-demand and low-accessibility regions.
For three of the depicted distributions, it is clear that service demand is low along the
main north-south road connecting Bekoji to the capital Addis Ababa. Although the
area around this road network is populated, communities along such infrastructure
have relatively well-established access to water, education, and electricity supply. This
holds for all buffer zones along the other sub-county roads connecting Bekoji to the
west and east of the Oromia region. In between, demand for these services increases as
accessibility decreases. Following our analysis, about 409,335 individuals lack access to
electricity, 234,375 individuals experience insufficient access to clean drinking water,
and 117,343 school-aged children lack the required education materials. Only demand
from about 52,743 women for ANC is relatively homogeneously distributed across the
target area (see table 2). This can be attributed to two factors. First, in absolute
numbers, demand for ANC is lower than for the other three services. Second, primary
healthcare facilities can be found in many of the remote communities [45]. This only
renders a few scattered population hotspots inaccessible, as Figure 4 illustrates.

Because vehicle service stop locations must be located on existing road infras-
tructure, we consider the population living further than 5 km from a traversal road
inaccessible and excluded from further analysis. Our analysis shows that over 77% of
the total population lives within 1 kilometer of the nearest road, and 94% within 5 km.
We consider these demand points as adressable demand. Table 2 gives an overview of
the adressable demand per service. The high share of population with proximity to
traversal roads is a first indication that VbS can be a viable intervention for public
service delivery.

4.2 Vehicle stop locations
4.2.1 Cluster definition

After undergoing the requisite iterations to ensure that the maximum average cluster
distance remained below 5 km, we computed centroid locations following the proce-
dures outlined. The resulting vehicle service stops, are depicted in Figure 5. ClusterID
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Fig. 4 Results for the demand analysis with red = high demand and yellow = low demand. Upper
left: education, upper right: water, lower left: energy, lower right: ANC

100 designates the origin point at Bekoji. Coordinates for all locations are provided
in the Appendix.

Two factors influence the absolute count and distribution of destinations. Firstly,
the population distribution determines the number of iterations necessary to meet
the minimum cluster distance. As in Ethiopia, regions with a more even population
distribution would inherently require fewer clusters. Secondly, the service range, con-
tingent on factors such as the vehicle model, local road networks, and regional terrain,
dictates the realistic accessibility of derived destinations within the area of interest.
Considering these boundary conditions, the final destination sets for Bekoji were cur-
tailed to 45 vehicle service stops with an average straight-line travel distance to the
cluster centroid of 3.97 km, well below the defined maximum of 5 km.
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Fig. 5 The resulting 45 final vehicle service stops (= red points with yellow 5 km catchment area)
for the case study in Bekoji

More interestingly, this case study demonstrates an apparent diminishing returns
phenomenon over the number of vehicle service stop locations (Figure 6). As the
number of clusters increases, the additional service coverage attained per additional
vehicle service stop decreases. With iteration increments of 10 clusters, 60 clusters
represent the minimal number of locations to satisfy a 5 km maximum travel distance
threshold. This effect is inherent to the applied k-means algorithm. The clustering
algorithm aims to minimize the sum of squared distances between population points
and their assigned cluster centroids. As the number of clusters increases, the distance
decrease. However, beyond a certain point, the reduction becomes marginal.

It is crucial to emphasize that this diminishing returns phenomenon has practical
implications for optimizing service coverage. The findings suggest that there exists
an optimal balance between the number of vehicle service stop locations and the
associated achieved accessibility. Beyond this optimal point, the marginal benefits of
introducing additional stops diminish, potentially highlighting the need for a more
nuanced approach to the placement of vehicle service stops in order to further optimize
the trade-off between coverage and efficiency.

Critical indicators for our study’s outcomes are the average, minimal, and maximal
mean cluster distances, as illustrated in Figure 7. As the number of clusters increases
incrementally from 10 to 20 a substantial reduction in the average travel distance is
noted. This reduction, however, exhibits a diminishing effect with successive iterations.
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Fig. 6 Overview of mean distance to cluster center of different cluster sets

Conventionally, the optimal number of clusters in a k-means algorithm tends to
converge towards demand hotspots, aligning clusters with prominent population cen-
ters. However, in the context of a relatively evenly distributed demand structure within
the target area, the algorithm deviates from this norm. Instead of converging towards
an optimal k that reflects inherent demand structures, it exhaustively disperses vehicle
stop locations across the entire geographical expanse.

This departure from the conventional clustering behavior highlights the influence
of the demand distribution on the algorithm’s output. The drastic reduction in average
travel distance suggests an initial clustering response to evenly distributed demand,
emphasizing the algorithm’s adaptability to varied demand scenarios. However, as
iterations progress, the diminishing returns observed in the average travel distance
underscore the need for a nuanced understanding of the interplay between demand
distribution and clustering outcomes.

4.2.2 Postprocessing

In the last step, we evaluated whether the initial set of vehicle service stops is located
on the road network (step 3, Figure 3). If not, the centroid is put manually on the
next road. The distance of this adjustment is, thus, at least in part, a function of
local road network coverage, the regional population distribution, and the selected
clustering algorithm. The median of these adjustments in Bekoji amounts to 571 m.
While these modifications will slightly impact the coverage projections when compared
to the original destinations, this discrepancy was accounted for by only summing the
actual demand around the final destination set after the adjustment had been carried
out. Future work on additional methods to minimize this would be valuable.
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Fig. 7 Mean cluster distance decreases with increasing amount of clusters.

During the computation of the centroids, a demand attribute weighting factor was
introduced. This factor guides a given mean coordinate towards regions with antic-
ipated unmet demand. We conducted a comparative analysis, considering scenarios
with and without the weighting factor. It revealed that the inclusion of this factor
resulted in a further 2.14% reduction in the average Euclidean distance to the nearest
centroid. Incorporating a demand-based weighting factor thus contributes to a more
refined clustering outcome.

4.2.3 Demand coverage

Table 2 Results of the demand analysis performed for Bekoji. Total demand = total number of
service customers within a 50 km radius around Bekoji; addressable demand = fraction of the total
demand within 5 km of a traversal road; covered demand = demand within a 5 km Euclidean
catchment of a vehicle service stop
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water [41-44] proxy 234,375 231,159 152.095 62.49%



Out of this subset of addressable demand, the located vehicle service stops cover
varying demand for each service (Figure 8 and Table 2). The average vehicle service
stop with its 5 km catchment area and four service offerings serve 10,496 demand
points which comprise of 27% water, 50% energy, 15% education, and 8% ANC. It is
important here to notice, that one individual can represent up to four demand points.

Further, demand points for each service have different demand frequencies.
Whereas the supply of 5 | drinking water reoccurs daily, ANC checkups are recom-
mended three times during a nine month pregnancy [65]. Operational considerations
about how often and at what time a vehicle service stop needs to be visited by the
mobile facility are subject of the VbS fleet design.

covered service demand M total service demand

1

400,000 -

300,000

|
T

200,000

T

absolute demand

T

100,000 +

0L 1 .
water electricity education ANC

public service type

Fig. 8 Total and covered demand per public service type

4.2.4 Priorization

Deriving the final vehicle service stop location set is an important step, however, under
the assumption of limited resources, it will likely be the case that not all of these
locations can be visited with the same regularity, if at all. This could result from any
number of reasons; it is for example conceivable that limited funding only allows for
a certain number of vehicles, which in turn limits the capacity to provide a greater
quantity of a given service. Or it could be that personnel restrictions restrict the
number of possible locations due to staffing shortages. In any case, it becomes apparent
that a way to prioritize these vehicle stop locations is needed. It follows that of the
total number of destinations required to satisfy the 5 km threshold, those with the
greatest projected number of inaccessible individuals in need of a given service should
be visited first. By summing the estimated demand for all services in all catchments it
becomes possible to rank destinations according to the specific service coverage. This is
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illustrated in Figure 9. While a similar trajectory can be observed for all services, it is
interesting to note that there are variations. These variations are a function of regional
population distribution and are a manifestation of the tailored vehicle service stop
that make this approach applicable to rural environments with sparse information.
In the case of ANC for instance, it becomes apparent that from the 32nd destination
onwards, no additional gains in coverage are realized. Alternatively, it can be observed
that a greater projected demand for drinking water is satisfied with fewer destinations
compared to other services.

When it comes to determining the prioritization of destinations, again Figure 9 is
key. In general, two different ways present themselves along which to interpret these
results. (1) From the x-axis; Assuming that the project has enough resources for a
limited number of destinations, this plot yields a corresponding maximum achievable
service demand coverage. The figure reveals which destinations should make up this
limited number, and in what order they should be prioritized. (2) From the y-axis; A
desired service demand coverage is stipulated in line with project objectives; in this
case, this figure yields the number and the ID of the destinations which need to be
visited to achieve this level of coverage most efficiently. To clarify then, while it is true
that the stop locations are drawn from the same total pool of possible destinations,
determined based on the region’s population distribution, the exact IDs, as well as the
order in which these destinations are visited, will vary by the specific service under
consideration.
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Fig. 9 Accumulated relative demand coverage over prioritized vehicle stops for the region around
Bekoji with 100% referring to the addressable demand
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4.2.5 OD matrice

To create an actionable output, we apply the matrix-from-layers function available
through the Open Route Service plugin in QGIS. Open Route Service is a crowd-
sourced, open-source planning tool that provides the possibility of calculating time
or distance matrices between many different predefined destinations, so-called origin-
destination matrices. In such a matrix, the travel times and real distances between
all point combinations are computed (Table 3). The matrix starts at ID=0, and first
computes all times and distances from this ID to all other set IDs, before moving on to
ID=1 and again computing the time and distance to all other set IDs. This results in
2,116 different destination-to-destination combinations for our case study in the area
around Bekoji.

Table 3 Example of the resulting OD matrice

from ID to ID travel time (h)  distance (km)
1 0 0 0 0
2 0 4 1.059 54.558
3 0 5 0.767 29.260
4 0 8 1.606 99.493
5 0 9 0.846 32.836
3481 100 89 0.388 13.114

4.3 Analytical Validation

Any work attempting to model complex sociodemographic interactions using sim-
plifying assumptions inherently risks misrepresenting local situations. The question
becomes whether the simplifications made in this context prove useful in pursuit
of the overarching goal of enhancing rural accessibility. We perform two evaluation
approaches. First, we compare the resulting total coverage of 73% to results stem-
ming from randomized vehicle stop locations. Under four varying conditions, the same
number of vehicle stop locations (= 45) is located, and the population residing within
the 5 km catchment areas is summed. The results for the total coverage (% of total
demand) of randomized distributed stops are listed here: (1) completely random dis-
tribution (41.25%); (2) distance between service stops > 5 km (58.69%); (3) distance
between service stops > 7.5 km (63.47%); (4) distance between service stops > 10
km (42.94%); (5) k-means (72.84%). Our approach covers 9% more demand than any
random selection with the same number of destinations, demonstrating the validity of
this targeted approach (see Figure 10, left).

Secondly, we assess the result’s sensitivity by adjusting the area of interest. While
100-250 iterations performed by k-means naturally converge to the same set of clusters
- holding all parameters constant - this is largely attributable to the fact that the
same population distribution was used for each run. Therefore, we decreased the 50
km Euclidean radius around Bekoji to 45 km, reducing the total area by 19% and
subsequently changing the total population distribution in our area of consideration
(see Figure 10, right). Despite this reduction, leading to 10 fewer clusters achieving
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the same individual level of accessibility as before, an absolute population coverage
difference of just 2% is recorded. This is not to say that the same population covered
previously is also covered by this new destination set; instead, it says that of the total
population encompassed in this region of interest, a difference of less than 2% in the
overall number of people who live within 5 km of a cluster centroid was observed. Thus,
while exact locations will inevitably vary depending on how a point set is cropped to a
relevant area of interest, it appears that the resulting service coverage is comparatively
insensitive to these changes and that this approach is robust to boundary variations.

Fig. 10 Left: Results for randomized distributed vehicle service stops. Right: Reducing area of
investigation

4.4 Agenda for Action

To support authorities and decision-makers during VbS project appraisal, we introduce
some additional perspectives for consideration. The United Nations views geospatial
data as a crucial component to guide Sustainable Development Goals related inter-
ventions, and it is estimated that approximately 20% of all Sustainable Development
Goals can be measured, directly or indirectly, through geospatial data [66]. Neverthe-
less, the potential of utilizing a data-driven location-allocation models may not always
be apparent to regional authorities. The approach introduced in this work, in connec-
tion with the implementation of VbS, proves that regional accessibility challenges can
be overcome in part through the effective utilization of such data.

Plots such as Figure 9 showing the effectivity-to-resource trade off as it pertains to
the number of vehicle stop locations, can serve as valuable tools for decision-makers.
Some, for instance, may deem a level of service coverage lower than 100% as regionally
acceptable and dedicate remaining resources to other interventions such as upgrading
the quality of service provided at given destinations [31]. In any case, the utilization of
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geospatial information as it is outlined here makes these tradeoffs explicit and removes
some of the uncertainty frequently associated with service allocation decisions.

Lastly, the underlying ethical allocation principle can be adapted to local per-
ceptions of spatial justice. Whereas we combine an Egalitarianism perspective (equal
access) with a threshold service accessibility value (5 km accepted walking dis-
tance), authorities can adjust these assumptions within our methodological framework
according to different interpretations of equality and spatial justice.

5 Discussion & Conclusion

Spatial accessibility - the ease with which individuals can move between different
places - serves as a common denominator for many daily activities. In many cases,
it is deceivingly simple to focus narrowly on a single intervention, when a lack of
basic accessibility can cause even projects with the best of intentions to fail. From
affordability and availability to acceptance and accommodation, accessibility has many
dimensions; this work by no means does justice to all of them [24]. Instead, it builds
on a premise that VbS harbors significant potential in bridging the accessibility gap
which exists in so many rural communities, and looks to build on this framework.
Specifically, this paper proposes a methodology that optimizes vehicle stop locations
based on geospatial data for a variety of services and demonstrates the merits of
this approach through a case study in Ethiopia. In contrast to other approaches, this
work explicitly focuses on rural communities, where a lack of applicable solutions to
addressing spatial access problems perpetuates a cycle of isolation. In contributing to
the body of knowledge on this matter, this work suggests an alternative approach that
has the potential to address the unique needs of these vulnerable populations more
constructively.

The most notable limitation in existing literature was the requirement to prede-
termine a number of facility destinations; this runs the risk of perpetuating the very
rural accessibility problems this work sets out to address. The clustering approach
used here does not require this. Instead, it leverages the increasing functionality of
GIS software to derive service-specific demand maps which build on existing regional
population distributions and can incorporate primary data from a wide variety of
sources; this allows for hundreds of thousands of granular population locations to flow
into an analysis. Not only does this approach not require the selection of specific can-
didate destinations, but it also provides decision-makers with valuable information
which visualizes this coverage data and makes explicit the trade-off between invested
resources and regional service coverage. This lays the groundwork for more informed
decisions that are tailored to regional characteristics and automatically account for
factors such as local population distribution and existing service coverage. Further-
more, this research specifically addresses the problem of rural isolation; by scaling
projected service demand with travel times, in line with the Rawlsian principle of spa-
tial justice, the project thereby ensures that the approaches outlined here benefit the
most vulnerable populations of a given region.

Building on the framework presented here, there are several promising directions
through which future research could add to this work. One way would be to incorporate
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mobile phones more effectively, a technology that is widely utilized even in some of the
most remote regions of the planet [53, 67]. Current projections of service demand in
this work are inherently static and operate on the basis of predictable vehicle schedules.
Finding a way of meaningfully incorporating time-sensitive, demand-specific informa-
tion through mobile alerts, notifications, or similar mechanisms, could thereby more
effectively address urgent needs otherwise left unattended; in addition, such features
give community stakeholders a louder voice which may increase overall acceptance.
Some programs incorporating such functionalities are already being implemented [53].
By providing access to more granular population-specific information, this technology
opens the possibility of further tailoring offerings to local needs, something which is
highly relevant for the delivery of various services. Conducting surveys is notoriously
time-consuming and expensive, while mobile phones yield significant information with
little effort. For example, data may show that the majority of a given target popu-
lation spends their day in a field far outside their village. This would mean that the
assumed population distribution for a region is shifted during these times; taking this
into account when deriving vehicle stop locations may further increase accessibility. It
may well be the case that the ultimate challenge here lies not in accessing this data,
but in dealing with, and parsing through, an information overload that may follow its
implementation [68].

In this research, various services such as drinking water and electricity are
addressed independently of each other; however, using the same population base layer
to estimate service demand, means that the final destination sets are drawn from an
identical pool of potential stops for a given region. This opens the door for combi-
nations of compatible services to be delivered simultaneously. It may be possible, for
instance, to offer a service that provides ANC while also administering vaccinations.
This would not only reduce costs but increase the reach of life-saving interventions.
Exploring such possible combinations in greater detail through additional research
would be valuable.

When it comes to addressing some assumptions made in this work, there is promis-
ing potential to more accurately model the travel dynamics to various vehicle stops.
While incorporating any generalizable insights about multi-modal transportation to
these hubs would likely prove quite difficult, replacing an overarching 5 km radius
assumption with a time or distance-based isochrone may further improve accuracy.
Specifically, such an approach could more accurately account for local geography,
thereby yielding more realistic service coverage maps, and subsequently influencing
clustering iterations. The central assumption that our vehicle must always return to
a central hub to replenish whatever service it has distributed, could also be examined
through further research. It is possible that some services such as water or health-
care, for instance, do not require the vehicle to return to its start location, as multiple
points exist at which a service can be refilled. This would in turn affect the assumed
vehicle range as well as routing optimizations and may show that a single vehicle can
access a wider area than previously assumed.

The problem of addressing the rural accessibility gap is a complex one. The research
presented here, along with the improvements outlined above, are a small part of a
continuously expanding body of knowledge, and with a constantly moving target, it
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is unlikely that research will ever converge on one optimal solution. It is the pursuit
of this optimum that matters, however. From infant mortality to education, from
economic well-being to food security, lowering the transaction costs of accessibility is
the bedrock of many other interventions, and its ripple effects extend far beyond any
single service or community [69]. In this spirit, it is important to continue to facilitate
this iterative learning. By coupling the implementation of a methodology like the
one outlined here to objective impact assessments that evaluate its performance and
continue to challenge its assumptions, it is possible to collectively ensure that the work
being done in this space continues to improve the lives of those that need it most.
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Table A1 QGIS SQL requests for service-specific demand retrieval

VbS

SQL Command

ANC

energy

education

water

n/a

[No. of individuals per pixel * (night light data intensity per pixel /
maximum registered light intensity in the area of interest)] * (travel
time to the nearest large settlement per pixel (min) / maximum travel
time in the area of interest (min))

[No. of school-age children (5-19 yrs) per pixel * (1 - avg. literacy rate
(%) per pixel) +No.of women of childbearing age (15-49 yrs) per pixel
* unmet need for family planning (%) per pixel] * (travel time to the
nearest large settlement per pixel (min) / maximum travel time in the
area of interest (min))

1 - access to an improved water source % per pixel* No. of individuals
per pixel * (travel time to the nearest large settlement per pixel (min)
/ maximum travel time in the area of interest (min))
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Table A2 Overview of vehicle service stops including location and demand quantities for Bekoji, Ethiopia

Clusterld ‘ Latitude

Longitude

Demand
Water

Demand
energy

Demand
Education

Demand
ANC

719.357.615

3.919.800.918

2.806.157.477

684.100.195

1.637.105.397

4.037.666.044

7.542.189.312

392.626.937

1.501.658.731

2.221.451.024

5.656.702.209

3.392.385.783

7.871.920.597

3.904.199.972

7.607.570.588

366.222.699

106.060.763

1.107.927.395

2
4
7
9

740.329.651

3.940.438.618

1.121.911.949

1.256.986.931

3.408.343.443

3.449.471.743

10

7.531.603.651

3.896.287.785

1.302.979.209

2.365.583.034

7.390.624.885

4.267.857.499

11

7.644.799.018

3.921.524.847

5.491.227.201

9.570.692.997

252.703.409

5.840.723.317

12

7.358.613.872

3.929.409.679

1.368.525.571

2.223.905.649

5.329.803.271

5.447.677.252

13

7.638.917.643

394.503.673

3.902.569.111

5.809.323.272

1.599.323.931

853.928.566

14

771.242.491

3.902.382.663

3.138.069.886

7.852.956.087

237.261.554

482.532.547

15

7.354.071.508

3.902.307.439

3.405.779.024

5.154.554.459

1.746.422.288

6.768.498.843

16

7.585.656.721

3.953.341.402

2.042.401.477

4.525.902.236

1.230.913.799

1.523.025.413

20

718.012.535

3.930.369.663

2.845.119.135

9.383.972.105

1.997.922.526

5.761.372.023

21

7.833.223.867

3.917.304.322

6.057.323.486

1.584.239.852

4.338.749.503

1.268.921.306

22

7.494.035.284

3.913.308.587

7.324.498.321

8.008.003.186

2.482.714.537

6.012.996.078

24

755.535.878

3.914.770.253

3.749.602.426

4.580.504.314

1.408.766.219

6.372.848.544

25

730.864.236

3.936.398.278

4.262.913.102

6.495.105.964

1.513.104.378

1.191.780.672

27

7.492.393.522

3.939.913.513

5.568.744.156

6.493.052.869

1.842.178.712

3.579.568.887

28

7.746.275.263

3.931.328.325

2.746.902.945

3.528.353.258

1.066.394.386

4.529.773.936

29

7.652.760.097

3.961.469.598

1.808.746.963

3.479.295.913

1.223.666.708

2.480.473.206

30

7.454.407.261

3.930.231.665

1.838.621.175

2.405.647.029

6.540.371.698

743.424.474

32

7.658.427.453

392.902.543

5.991.470.312

6.453.787.241

2.013.948.055

4.714.262.786

33

7.619.070.631

3.899.265.643

8.242.540.054

1.607.291.665

4.990.880.126

2.725.706.654

34

7.741.532.054

3.923.955.076

5.807.872.619

1.160.196.411

3.069.265.386

5.973.722.534

35

7.422.414.024

3.948.108.577

3.342.460.004

5.216.584.738

1.434.572.317

2.878.248.606

36

770.783.907

3.947.583.151

4.148.466.617

5.973.483.052

173.401.241

1.127.982.719

37

7.323.888.987

3.945.679.268

1.380.173.565

3.531.742.045

7.719.377.544

3.519.675.949

38

7.273.688.439

3.910.606.907

1.028.567.049

2.280.175.833

6.239.093.513

3.517.398.181

40

7.656.705.237

3.954.640.115

795.446.064

2.138.907.309

5.707.700.886

6.475.863.698

41

7.507.574.238

3.949.246.547

4.861.384.368

7.078.213.058

2.026.038.053

7.674.514.227

42

7.834.341.919

3.927.338.236

1.701.227.193

2.967.424.742

940.222.289

257.568.809

43

7.727.638.487

389.612.126

1.704.386.406

4.551.086.465

1.395.399.449

3.654.071.345

44

7.731.269.846

3.914.955.448

3.846.342.953

1.294.350.953

3.308.517.504

1.274.380.684

45

7.572.672.427

3.961.153.132

4.972.059.791

8.930.473.123

2.795.604.506

1.945.092.669

46

7.263.373.898

3.928.117.376

9.838.671.679

2.394.041.036

4.853.873.786

3.626.810.284

48

7.539.673.136

3.905.824.918

9.928.507.674

127.444.781

4.136.047.148

1.272.771.472

49

7.476.322.742

3.900.092.321

1.096.172.895

1.316.552.972

4.700.482.302

5.573.847.828

50

7.787.526.954

3.907.013.146

1.579.846.146

4.796.461.151

1.438.457.269

3.061.558.647

51

7.569.104.895

3.942.397.284

1.881.092.641

284.962.643

741.809.371

3.583.143.539

52

74.624.653

3.959.739.957

7.030.766.587

1.224.239.054

4.430.942.026

2.250.652.648

54

7.629.308.606

3.910.934.985

2.390.813.394

3.897.283.948

1.195.646.107

5.536.028.574

55

7.924.779.741

3.913.005.088

5.950.921.792

4.401.178.772

1.309.926.281

4.494.864.321

56

7.429.214.553

3.922.761.869

1.385.308.106

2.098.836.118

5.350.968.867

1.260.800.812

57

720.572.303

3.940.510.518

2.625.737.573

1.848.879.168

3.473.675.794

2.358.834.633

58

7.431.651.542

3.907.762.908

1.010.324.671

1.152.486.248

3.976.930.953

5.229.565.833

59

7.310.637.264

3.920.400.159

8.079.042.132

1.539.794.875

3.765.460.855

3.695.632.083

100

7.538.002.472

392.580.316
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4 Method and results

4.2 Step 2: Vehicle cost and capacity

Once demand quantities and vehicle stop locations are estimated, the question arises of how a vehicle
must be equipped to deliver the desired public services. Together with Langer [125], Froissart [126], and
Segarra [127], | developed and published a vehicle concept development method to automate the design of
service-oriented vehicles and derive service capacity and cost in a previous study [128]. | will summarize the
publication and specify my contributions in the following.

4.2.1 Summary of the published vehicle concept development tool

Due to the increasing amount of non-driving related functions, vehicle superstructure configurations are
becoming increasingly complex [129, 130]. Our publication proposes a package design optimization algorithm
for vehicle superstructures. The method consists of an initial component model that generates the input for a
heuristic initial placement.

1. Component models 2. Packing heuristic 3. Genetic optimization

- M Random
2

> g I BRKGA
= 5
£ =
= -
Ke)
(®]

Volumeinl  Component vector Layout gene Generations

Figure 4.4: Vehicle concept design optimization

To initiate a package design, parametric component models are constructed to enable the algorithm to find
an optimal arrangement [131]. In the publication, we introduce the concept of scalable containers that consist
of a parametric component model and information about installation requirements (e.g. a patient bed requires
enough installation space, can not be vertically oriented; can not be stacked; does not require a power
connection.) To scale a container, it can be continuously resized (e.g. power range of an electric water pump)
or discretely resized (e.g. standard passenger seat). Component information on all required containers is
obtained via a linear regression analysis [132] based on data retrieved from Amazon and Alibaba [127].
Using these data sources ensures a high degree of replicability, although component prices may vary when
sourced in bulk or from specialized commercial suppliers.

The initial phase of the design optimization involves the packing heuristic. Drawing on the work of Goncalves
et al. [133], this process entails sequentially positioning containers as near as possible to the vehicle’s center
of gravity. This is done while simultaneously aiming to optimize five specific positioning objectives. Iteratively,
each container is carefully fitted into the designated installation space. Following this, the found placement of
the container is evaluated against seven predefined constraints. Only if these constraints are adequately met,
the process proceeds with positioning the next container.

In the second step, the resulting package designs are tuned by a genetic algorithm (Biased Random Key
Genetic Algorithm). The algorithm’s adaptability to handle multiple constraints and objectives, such as
installation space optimization and payload minimization, makes it particularly useful. Its ability to tune input
parameters of the packing heuristic based on a predefined fithess function allows for a more nuanced and
targeted optimization approach.

Three chromosomes describe the packing sequence, the size and quantity of a container, and its orientation.
The Biased Random Key Genetic Algorithm, like other genetic algorithms, starts with a diverse set of potential
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4 Method and results

solutions (initial population) and iteratively improves these solutions. Running the algorithm for a large number
of generations ensures that the algorithm has sufficient time to explore a wide range of the solution space
and avoid local optima.

In a case study, the algorithm is applied to two public services, and the results are used to demonstrate the
suitability for vehicle package design. Three vehicle configurations are derived for healthcare (ANC service),
energy (transport of portable battery packs), and a combination of both. The two-step optimization proved
capable of continuously increasing the fitness function over generations. For healthcare and energy, the
packing heuristic already produced nearly optional results. The genetic algorithm only increases the fitness
value significantly for the more complex combined healthcare-energy configuration.

We compare our results to 100 random solutions generated by the same genetic algorithm with constant
input parameters to validate them. For the combined case study, our algorithm produces significantly better
results compared to the randomly generated ones. For single services healthcare and energy, no significant
difference can be testified. This again emphasizes the suitability for more complex package design problems.

Key findings of this thesis include the cost and capacity analysis for the ANC vehicle configuration. The
superstructure for an ANC unit can be constructed on a vehicle at a cost of 5,500 USD. Given that ANC
checkups require only lightweight and compact supplementary equipment, the service capacity of the vehicle
is estimated at 823 ANC visits per day tour. These findings provide a foundation for the subsequent section
on fleet sizing and routing.

4.2.2 Contributions

| devised the idea for this paper, drafted the research concept, and wrote the manuscript. In collaboration with
Leonhard Langer [125] and Irénée Froissart [126], | drafted the concept for the two-step design optimization to
solve the three-dimensional packing problem. While working together with Javier Segarra [127], | developed
the component models. Leonhard Langer, Irénée Froissart, and Ahmed Elsayed executed the implementation
of the optimization algorithm. Markus Lienkamp contributed valuable feedback and gave final approval for the
published version.
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Abstract

Future vehicles are connected, autonomous and shared platforms that render a multitude of services in our everyday lives. The vehicle’s driving
function will ultimately converge to a commodity sourced by superstructure manufactures that develop service-oriented functionality. For the early
stage vehicle concept design, this new functionality imposes a new complexity for superstructure engineers. Novel service offerings translate into
new functional requirements and technical components that need to be optimally sized and positioned inside the vehicle package to increase the
amount of service units that can be supplied to the customer. Today, vehicle concept design optimization only focuses on powertrain components. In
this paper, we introduce a novel two-step package design optimization for vehicle superstructures. First, functional requirements are derived from
service units, the smallest unit of value to the vehicle-based service customer. We then develop component weight and size regression models from
data retrieved from online warehouses. Components and their installation constrains are represented by scalable containers. A combined packing
heuristic and parameter optimization arranges the containers within the vehicle’s available installation space and created layout alternatives. We
apply this procedure to a real case study based on the aCar, a light electric utility vehicle for rural sub-Saharan Africa. This is a first step to enable

superstructure manufactures to design and optimize vehicle concept designs based on service capacity.
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1. Introduction

In system design, a system is defined as an assemblage of
sub-systems, hardware and software components, and humans
arranged to perform a set of tasks to satisfy predefined func-
tional requirements and constraints [1]. Vehicles have always
been amongst the most complex systems surrounding us in our
everyday lives, while their functional spectrum mainly address
passenger and goods transportation. Current industry mega-
trends will inevitably increase the vehicle’s functional spec-
trum [2]. While electrification of the vehicle’s powertrain al-
ready leads to more design freedom in the superstructure [3],
connectivity, autonomy and sharing will ultimately amplify the
vehicle’s utilization as a mobile, interactive, physical interface
between the customer and a ubiquitous service economy [4, 5].

There is no unified view on a general definition of services
[6]. For vehicle-based service (VbS), we consequently only
add the requirement of the involvement of the vehicle’s func-
tional spectrum during service value delivery [7]. VbS cover a

2212-8271 © 2023 The Authors. Published by Elsevier B.V.

wide spectrum, from autonomous vending machines [8], mo-
bile health units [9], mobile libraries, and many more. Com-
plementary to the omnipresent accessibility of digital services
through mobile communication systems, we imagine that VbS
will ultimately increase accessibility to physical services at any
geographic location. In this scenario, implications on the vehi-
cle concept development process that has historically focused
on passenger or cargo transportation requirements is profound.
Based on this premises, table 1. introduces novel requirements
for the four phases of the vehicle concept design process for
service-oriented vehicles [3].

The paper is structured as follows: We first categorize ex-
isting approaches to vehicle package design and identify the
missing link to the increasing service economy. To then initiate
the design process, we introduce component models as the fun-
damental building blocks. Next, we outline a two-step design
optimization algorithm for vehicle package design and apply it
to areal-world case study. We conclude with a critical reflection
and limitations to the overall process.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
Peer review under the responsibility of the scientific committee of the 33rd CIRP Design Conference.
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Table 1: Requirements for a service-oriented vehicle concept design process

Trends Process requirements

1 New business models based on ve-  Interchangeability of service type
hicles [5, 4]. and vehicle platform.

11 Increase of non-driving related =~ Component models for vehicle con-

functional requirements [2, 4, 3].
11 Highly context-adapted vehicle
concepts [10].
v Increasing commercial operation of
vehicles[5, 4, 2, 11].

cept optimization.

Portfolio generation of feasible ve-
hicle concepts.

Optimization of vehicle’s service
capacity.

2. Existing concept design tools

A vehicle concept can be seen in three gradations [12]. First,
the overall vehicle’s outer dimensions constitute the dimen-
sional concept. The arrangement of all relevant components
inside these boundaries represents the vehicle’s architecture.
Once the remaining installation space is filled with all non
driving-relevant components, the final vehicle package design
is developed. Concept design optimization tools support auto-
motive engineers during this complex process [13]. For pas-
senger cars, Matz [14], Nicoletti [3] and Kuchenbuch [13] de-
veloped holistic tools that optimize customer-relevant proper-
ties like consumption, longitudinal and lateral dynamics or pur-
chase price which is in line with requirements II and III. Ex-
cept for the cell configuration, the architecture of conventional
passenger vehicles is predefined by standard dimensions and
component selection (e.g. motorization, gearbox type). [15, 12].
Only in the advent of autonomous vehicles, Schockenhoff [2]
partly addressed requirement I. They first introduce non-driving
related functions and the required components inside the ve-
hicle’s interior to be considered in the package design opti-
mization process [16]. For commercial vehicles, concept design
optimization tools aim to handle chassis complexity stemming
from different industries and transport requirements by reduc-
ing the manufacturer’s variant diversity (in line with require-
ment III and IV) [10]. Apart from providing load capacity, in-
stallation space and the necessary standardized interfaces, the
vehicle’s superstructure is not considered. In Germany, man-
ual design and small scale production of custom superstructures
is done by over 1500 small and medium-sized companies that
typically specialize in certain applications [17]. Interestingly,
in early stage service vessel design similar concept design op-
timization tools are used (requirement III, IV) [18]. Neverthe-
less, none of the existing concept design optimization tools ad-
dresses all four introduced requirements.

3. Component modeling

In passenger vehicle concept design, components are repre-
sented by static or parametric models. The latter allows iden-
tifying a component’s optimal performance with respect to
changes in its weight or dimensions and therefore impact on
the vehicle package. For the identified customer relevant prop-
erties (e.g. maximum speed), components are sized, and a vehi-
cle concept design is developed [2, 15, 12].

mass (kg)
mass (kg)

Container

-------------- service cap. pumping at 0.5 l/s

! 1 Container mass: M(SU) = ty + mySU
Component L ! Installation space: V(M) = ty + myM
water pum : N N Purchase cost: C(M) = tc+ meM
M= EESkZ 1 O 1 Orientation: standing
V = 0 250x155x190 mm ! 1 Connection to power:  yes
C=034USD ! 1 Connection to container: 10

! ! Stacking: no

! 1

1 [

1

i - ®

1

! 1

! 1

1 1

! 1

! 1

# components service cap. (1/s)

Fig. 1: Example of a container

3.1. Scalable containers

For service-oriented vehicles, non-driving-relevant compo-
nents are key for service delivery. Selection, sizing and place-
ment of such components within the vehicle package depends
on the intended service to be offered. The service unit (SU)
describes all functional requirements stemming from the in-
tended VbS [7]. For a vehicle that e.g. offers mobile ante-natal
care services, the service unit is the delivery of one pregnancy
check up. The refrigerated transport of medications is a func-
tional requirement of that service unit. We categorize three dis-
tinct component types that individually or in combination ad-
dress a service unit’s functional requirements. (1) Components
for passenger transport (e.g. passenger seat), (2) components
for goods transport (e.g. water tank) and (3) functional compo-
nents. Whereas (1) and (2) are commonly used in passenger and
commercial vehicle design respectively, (3) relates to a compo-
nent mounted to or part of the vehicle that delivers a working
process (e.g. water pump) [19]. For this early-stage package de-
velopment, containers are represented with cuboids only.

To allow an algorithm to arrange components of all three
types into the limited vehicle installation space and to optimize
the vehicle’s service capacity, we introduce scalable contain-
ers. Such a container is a parametric model that correlates the
service capacity with its gravimetric and volumetric implica-
tions (figure 1). In other terms, we match a component’s per-
formance (e.g. net capacity of a fridge (1)) with the total weight
and volume its installation requires. Additionally, the container
holds information about its placement constraints inside the ve-
hicle package in terms of orientation, stacking and reachabil-
ity. Further, any required connection lines (e.g. power supply)
are stated [10]. From a vehicle perspective, the arrangement of
containers should not exceed the vehicle’s total weight, volume
limitation [15] with a minimal moment of inertia around all
three axis.

3.2. Multiplying or resizing containers

To scale a container’s service capacity, it can either be multi-
plied or resized. A container for passenger transport (including
seat and passenger space) is multiplied to increase the amount
of passengers transported. Contrary, a container for refrigerated
transport of medications can be resized to accommodate more
supplies. This differentiation must be set by the engineer, as it
is not clear across all container categories and use case specific.



C. Pizzinini et al. / Procedia CIRP 00 (2023) 000-000 3

We follow the approach outlined by Felgenhauer et al. [12] to
develop container regression models based on empirical data.
To populate the regression model, we retrieved datasets of com-
ponent information (mass, volume, price and performance indi-
cators) from online warehouses Alibaba and Amazon. First, we
correlate service capacity with volume to know how much in-
stallation space is required per service unit. Volume is then cor-
related with container mass and container purchase price. Per
component, we have a minimal sample size of 30 data points.

4. Two-step design optimization

Placing three-dimensional items in a limited space while
optimizing multiple objectives and fulfilling inter-component
spatial constraints is defined as the three-dimensional packing
problem [20] and the 3D component layout problem [21]. In
most applications, the problem’s solution space (position and
orientation of the items) is discontinued due to several posi-
tioning constraints for the items. Stochastic methods, such as
Genetic Algorithms (GAs) are most suited for such problems
[21]. However, they introduce a some degree of randomness
that may reduce its effectiveness if the solution space is large.
Therefore, we combine a GA with a deterministic placement
heuristic, to reduce the search space for feasible layout alterna-
tives only. Such hybrid approaches have proven to be effective
in solving 3D packing problems [20]. First, the user inserts a
prioritized list of minimum service unit quantities. Then, the
placement heuristic performs a first iteration while complying
with all packing constraints (table 2). For the second iteration,
the GA starts tuning the heuristic’s input parameters, includ-
ing packing order, orientation, and container size / quantity to
optimize service capacity (o)), weight distribution (0,), cable
length (03), container family (proximity requirements between
two or more containers) (04) and reachability (o0s). The result is
evaluated, and a next generation is created.

Table 2: Constraint and objectives

No.  Constrain Description

c Weight The total weight must not exceed the load capacity

(&) Orientation Containers must be placed according to their required
orientation

c3 Stacking No container shall be placed on top of a container

4

Completeness

marked as non-stackable
All containers must be placed

cs Stability No overhang between containers is allowed

&3 Overlap No overlap between containers is allowed

c7 Volume The available installation space can not be exceeded
No.  Objective Description

01
02

03

04

05

Service capacity
Weight distribution

Cable length
Container family

Reachability

Maximum container size and quantities

Minimum Euclidean distance between the vehicle’s
centers of gravity and all containers

Minimum Manhattan distance between container and
power supply to reduce connection costs

Minimum Manhattan distance between connected
container’s closest corners to reduce connection costs
Minimum overall Euclidean distance between vehi-
cle’s outer dimensions and container (outer reacha-
bility) or between containers (inner reachability)
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Fig. 2: Example of a chromosome consisting of packing sequence, container
size and quantity and container orientation

w
G; =0,82; BOs =[1,2,3,4,5,6]
orientation = BOs[ceil(G,v * len(BOs))] -5

4.1. Packing heuristic

The applied packing heuristic is based on a placement ap-
proach developed by Gongalves et al. [22]. It sequentially
places containers in a position that is furthest away from a
predefined point in the installation space. To reduce the off-
set between the vehicle’s force application point and its center
of gravity and therefore minimize the vehicle’s roll and pitch
angle, we aim to place containers closer to the center of grav-
ity. For most vehicle classes, this point is in the lower middle
of the chassis. Therefore, the heuristic aims to maximize pack-
ing density furthest away from a point in the top middle of the
available installation space. Further, the heuristic works with
an iteratively updated list of empty installation spaces. For each
container, all sufficiently large installation spaces are evaluated.
The container will then be placed in the one, maximizing the
straight line distance to the predefined point, complying with all
constrains introduced in table 2. Prior to the first iteration, we
define the minimum required container set and sizes to guaran-
tee minimum service capacity.

4.2. Design optimization

The role of the optimization algorithm is to tune the input
parameters of the packing heuristic. The goal is to find those pa-
rameters for which the packing heuristic generates the optimal
configuration according to the objectives. The GA codes the
input parameters of one layout alternative into a chromosome.
Each chromosome is associated with a fitness that is calculated
for the solution it encodes according to the objective function.
The genetic algorithm creates a set of individuals, a so-called
population. At each generation a new population is formed by
keeping good individuals (elitism), by combining individuals
of the current population to create offsprings (crossover) and
by randomly changing alleles to be able to escape local min-
ima (mutation). In random key genetic algorithms, the chromo-
some consists of a vector with values between 0 and 1. The
first generation is created randomly. A decoder associates the
chromosome’s values with a solution. In our case, the decoder
translates the chromosomes into input parameters for the pack-
ing heuristic and executes the packing heuristic to retrieve a
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solution. Figure 2. explains this process. There are three types
of genes representing the container packing sequence, the size
and quantity, and its orientation. The packing order of a con-
tainer set is defined by sorting the corresponding alleles in as-
cending order. To describe the container’s orientation, the cor-
responding genes can take up to six different values. For a con-
tainer that must be placed upright, the vector is [1, 3] (see figure
2). Furthermore, each chromosome contains one gene per VbS
defining the factor of resizing or multiplication. For resizing,
we simply scale the container by a factor that is defined by the
corresponding allele and a maximum factor calculated consid-
ering the dimensions of the installation space. For the multipli-
cation of a container, we generate a vector with possible multi-
plication factors (figure 2) by dividing the available installation
space by the containers’ volume. The decoder then selects one
value according to the respective allele. After the execution of
the packing heuristic, the solution is evaluated. This is then re-
peated for every individual in the population. To form the next
generation, elitism, crossover and mutation are applied. This is
where we see an advantage to utilize the Biased Random Key
Genetic Algorithm (BRKGA) [22]. It uses parameterized uni-
form crossovers for the mating process. By forcing one parent
to be of the elite group and introducing a probability > 0.5 that
the offspring inherits the allele of its elite parent, a bias is im-
plemented.

5. Case Study

To demonstrate our approach, we introduce the aCar, a light
electric utility vehicle that has been designed as a modular plat-
form to deliver VbS in remote areas across Sub-Saharan Africa
[7, 23]. The loading bay in the rear part of the vehicle is cer-
tified for a maximum payload of 1,000 kg. Further, we con-
sider an available installation space of 4.6 m> complying with
width and height regulations on German roads. In an ongoing
research project, we aim to address private service interventions
in healthcare and electric energy supply. In particular, the vehi-
cle is used for the delivery of ante natal care (ANC) services and
to transport portable batteries with a capacity of 1,900 Wh (EL).
In this case study, we analyze the results for three vehicle con-
figurations (ANC, EL and a combination of both) and compare
them to understand advantages and limitations of the selected
two-step approach. Table 3 provides data on the required con-
tainers. The components for ANC were selected based on inter-
views with medical practitioners and represent a minimal con-
figuration to provide such service. The applicable constraints
and objectives for all containers resulted from an a priori anal-
ysis of their physical properties (e.g. non-stackability of patient
bed). For each service, the minimum requirement is equal to
one service unit. For the combined ANC + EC configuration,
the optimization prioritizes ANC capacity.

5.1. Utilization of installation space and payload

For 20 iterations of the two-step design optimization, figures
3a, 3b and 3c plot the evolution of unused installation space and

Table 3: Container definition for case study.

Container V(SU) M(V) C(V) Scale Con. C./Obj.

1 seat ANC 240;0 76,0 70,0 - - 2,05

2 bed ANC 730;0 40;0 40;0 - - 2,05

3 battery ANC 42:0 39;0 20000 - 6 €2,C3,03,04
4 working space 520:0 1.2;0 2;0 - - 2,05
ANC

5 plastic storage 1;0.29 0.88;0.11 31;0.17 resize - 3,05
ANC

6 Unit ANC 400;0 4350 3300;0 - 3 ¢2,03,04,05
7 battery EL 0;0.21 0;0 2000;0 multi. - 3,05

Values #;m are given for correlation function V(SU) = ty + my * SU. Con. refers to
a required connection to another container. C./Obj. references constrains and objectives
related to the container.

payload capacity for feasible package solutions. The number of
service units stepwise increases, leading to better usage of the
available installation space and payload capacity, until either is
exhausted. For the combined configuration (figure 3b), more
generations are needed to converge to an optimum, but also
higher optimization yields are achieved compared to the initial
package design of generation 0. This marginal enhancement for
both single-service configurations (figure 3a and 3c) indicates
the optimization potential of the genetic algorithm with more
complex designs. For simpler concepts, the placement heuristic
might already produce sufficient results. Nevertheless, the ge-
netic algorithm shows general applicability to both simple and
complex problems.

5.2. Package design variation

To visually compare different package designs, we gener-
ate 3D vehicle plots for every configuration (figure 3d, 3e and
3f). The ANC+EC configuration yields most interesting results.
Most ANC containers are non-stackable and multipliable. Only
the plastic storage is resizable. The installation space remaining
after one ANC service unit has been placed is then optimally
split between multipliable EC battery containers and resizable
storage. The relatively heavy batteries are located close to the
vehicle’s center of gravity. This arrangement might be simple
for this case study, but increasingly complex for other service-
vehicle configurations with more scalable container types. Ta-
ble 4 summarizes the achieved key performance indicators for
all three configurations.

5.3. Objective fitness function

To provide evidence that our problem at hand is suited
for utilizing a genetic algorithm and actual improvements are
achieved, we compare the results calculated by the Biased Ran-
dom Key Genetic Algorithm (BRKGA) with an iterative gen-
erated set of 100 random solutions. We follow the same pro-
cedure as in BRKGA, but with input parameters set to elites
= 1 and mutants = 100. By doing so, the results are purely
random, the best solution is stored in the elite individual and
no crossover is performed. Figures 3g, 3h and 3i show the
evolution of these two populations generated. In the case of
ANC+EC, the BRKGA converges to an optimum already after
300 generations. After 1000 generations, the random approach



C. Pizzinini et al. / Procedia CIRP 00 (2023) 000-000 5

100 100 100
F‘E === mean available installation space g === mean available installation space % === mean available installation space
= === mean available payload = === mean available payload = === mean available payload
< < I
a. 80 - o, 80 Q. 80
- - -
Q (53 Q
Q Q Q
< < <
% 60 % 60 % 60
= = =
g 2 g
E E E
= 40 o T 40 S T 40 1
7] ] Z
g g g
£ 2 2
g 20 == g 20 g 207
< < <
0 T T T T T 0 T T T T T 0 T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300 0 50 100 150 200 250 300
Generations Generations Generations
(a) Evolution of available installation space and payload (b) Evolution of available installation space and payload (c) Evolution of available installation space and payload
capacity over generations for ANC configuration. capacity over generations for ANC+EC configuration. capacity over generations for EC configuration.

0
600
0
0 400 500 1200 400 5. 1200 400 5.
1200 1200
12001600 1800 4600 1800 4600 1800
(d) Mlustration of package design for ANC configura- (e) Mlustration of package design for ANC+EC configu- () Mlustration of package design for EC configuration.
tion. X, y, z scale in millimeters. ration. X, y, z scale in millimeters. X, ¥, z scale in millimeters.
40
= BRKGA = BRKGA = BRKGA
995 - w— random 980 = random 35 w— random
g g g
= = 970 = 30
> > >
§ 990 7 § 960 E 25
k3] 31 k3]
E £ 950 5 20 1
o 985 5 o
] 5 940 E 151
2 -2 2
3 980 8 930 g5
975 0
T T T T T T T T T T T T T T
0 200 400 600 800 1000 0 200 400 600 800 1000 0 50 100 150 200 250 300
Generations Generations Generations
(g) Comparison of random and optimized objective fit- (h) Comparison of random and optimized objective fit- (i) Comparison of random and optimized objective fit-
ness function over generations for ANC configuration. ness function over generations for ANC+EC configura- ness function over generations for EC configuration.
tion.
Fig. 3: Results for case study
only converges to a local optimum. We consider this as an indi- 6. Limitations and discussion
cation for the BRKGA optimality. In our case study, the single-
service layouts converge faster than the combined layout. For our case study, we have shown that all four requirements
(table 1) can be addressed, but there are several limitations that
Table 4: Optimization results for three layout alternatives. should be addressed in further research on package design opti-
mization for vehicle-based service. At the moment, we are only
ANC ANC+EC EC able to consider cuboid containers and installation spaces. Ca-
container mass [kg] 226.5 596.5 999.0 .
cost [USD] 51697 254677 54000.0 gan gt al. [2.1] have shown that'other shapes can be considered
service capacity [su] 823.0 823.0,2000.0  5400.0 with increasing model complexity. Further, duplicates of a mul-

tipliable containers are always placed consecutively, therefore
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preventing any other possible layouts. Most importantly, the op-
timization is limited by the packing heuristic’s potential to cre-
ate varieties of feasible layouts. With the optimizer being able
to vary the fixed point to which the distance of containers is
maximized, a greater set of feasible layouts could be generated.

Nevertheless, we consider our contribution to the field of ve-
hicle package design optimization twofold. First, the idea of
vehicle service capacity as a design objective. Second, the in-
troduction of a two-step design optimization that can be applied
across services and vehicle platforms during an early design
stage. In the light of the automotive megatrends, we expect to
see more research focusing on the vehicle as a service platform.
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4 Method and results

4.3 Step 3: Vehicle fleet sizing

This step joins the results of the two previous sections to size the optimal vehicle fleet. Based on the
origin-destination matrix with demand quantities from section 4.1 and the vehicle configurations, including
calculated vehicle costs and vehicle capacity following section 4.2, we establish a vehicle routing algorithm
for public service delivery together with Wettig [61]. The method was published in a conference paper [134].
| will summarize the publication, specify my contributions, and explain additions to the publication that are
necessary for this thesis.

4.3.1 Summary of the vehicle routing algorithm

The publication presents a vehicle routing algorithm designed for public service delivery based on a fleet of
vehicles. The result is an optimal fleet size and configuration with the related cost to establish and operate
such a fleet. Figure 4.5 gives an overview of the method inputs (results from step 1 (origin-destination-matrix)
and step 2 (vehicle layouts)) and the expected system design (depot, stops, and routes).

Step 1: OD - matrix Vehicle Routing
Fleet and route selection

Optimization parameters ¢

Strategic Fleet size

N Fleet mix

Step 2: Vehicle layout portfolio Tactical Schedule
Operational Routes
— . .

' ‘ Deliveries

Figure 4.5:  Vehicle routing method

We formulated this problem based on an initial evaluation of possible strategic, tactical, and operational
planning decisions. The number of decision variables should be kept reasonably small to be able to determine
solutions for larger problem sizes [61]. Fleet size, fleet mix, the delivered service quantities, delivery schedule,
and the visited vehicle stops are deemed detrimental to the optimization.

Following the argumentation of section 2.3, we utilize a battery electric vehicle for our analysis. The vehicles
start their daily tour at a central depot and must reach the same depot at the end of the working day or before
the vehicle battery is empty. At the depot, charging infrastructure is available. A set of constraints guarantees
that the demand at each stop is satisfied without exceeding the vehicle service capacity. Depending on
the amount of public services under investigation, the algorithm can choose from a portfolio of vehicle
configurations during fleet sizing.

To solve the optimization problem, we applied the Gorobi Solver which is known for its efficiency and
robustness [135]. To reduce computation times, we relaxed the model by allowing sub-tours [136, 137] and
valid inequalities regarding the assignment of vehicle configurations [138].
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4 Method and results

We applied the algorithm to the same case study and its service types that was utilized in step 2 and 3. The
three public services are ANC, energy, and education. The transport of water in the target region has been
investigated and deemed unsuitable for the execution by the selected vehicle due to its limited payload [61].
Similar to the procedure of the previous case study in section 4.2, we consider a portfolio of single-service
and multi-service vehicles. The latter can perform a combination of services at the same time. To analyze
the evolution of fleet size and total fleet distance in response to increasing demand coverage, we divided
the radial target area around Bekoji into 15 ring-shaped demand zones centered on the fleet depot. Each
demand zone accounts for approximately 7% of the total service demand and includes a varying number
of vehicle service stops. Consequently, the radius of each demand zone is individually tailored rather than
uniformly increased in a linear fashion. Per iteration, one zone is added to the problem instance. Figure 4.6
illustrates this procedure in more detail.

Demand zones

A B C
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i
i
i
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i
i
i

Coverage (%)

Demand zone ID

Figure 4.6: Iteratively expanding demand zones

With an increasing amount of service demand, computation times exponentially increase and exceeds our
resources at approximately 42% demand coverage. The simulation covers 35 of 45 vehicle service stops
with 225,000 assigned customers across three services. For a fleet of single-service vehicles, the fleet sizes
consist of six ANC, six education, and twelve energy vehicles. A closer look reveals that the trips for delivering
ANC and educational services are time-constrained. After eight hours of operation (allowed working time [61])
, the allowed working hours for the staff (driver and skilled health personnel) are reached, and the vehicles
need to return to the depot. For energy, the results differ: Here, the available payload of the vehicle limits its
tour length, and the vehicle returns after distributing all available items (personal power banks) before eight
hours of operation. This is considered a capacity constrained operation.

For a fleet of the multi-service vehicles, education and ANC show lower costs than aggregated costs for
single-service vehicles. Where a combined delivery is possible, fleet sizes tend to be smaller or equal to
the total fleet observed for single-service scenarios. The same holds true for covered distance and the
corresponding variable costs, where the difference becomes more pronounced with a growing target area.
For 42% demand coverage, more than 670 km (15% reduction) travel distance can be saved weekly. This is
valid for any other combination of services. The fleet’s performance is generally better if the algorithm can
integrate multi-service vehicles into the potential fleet.
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4 Method and results

4.3.2 Contributions

| established the idea for this paper, drafted the research concept, and wrote the manuscript. Collaborating
with Theresa Wettig [61], we developed the routing algorithm and designed the case study. Theresa Wettig
implemented and executed the routing algorithm in her final thesis [61]. David Ziegler continuously reviewed
the advancements of this publication and gave valuable feedback.
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Abstract—Vehicles can be considered as mobile platforms that
enable the provision of public services like education, healthcare,
or energy without stationary infrastructure. In particular, rural
regions across sub-Saharan Africa demand for such flexible
solutions as demand is scattered across vast regions, making in-
vestments in fixed facilities economically infeasible. Nevertheless,
before entering a new region, vehicle fleet operators require an
estimate of the costs in relation to the addressable demand to
validate the investment case. This paper introduces a novel cost
model for heterogeneous vehicle-based service systems. The pro-
posed mixed integer programming problem considers strategic,
tactical, and operational planning decisions that determine the
cost of supplying a target area with a set of services provided
by a fleet of vehicles. To test the proposed model, we apply it to
a case study in Ethiopia for three public services. Based on the
results, fleet operators gain insights into the fleet size, fleet mix,
and associated operating costs.

Index Terms—yvehicle-based services, product-service-systems,
vehicle routing problem, fleet cost model

I. INTRODUCTION

Spatial access to public services like healthcare or water
supply is a fundamental condition for human well-being and
is closely related to the economic and social development of
communities [1], [2]. Public services often require stationary
infrastructure for physical service delivery [3], [4]. Patients
need to access a hospital to get the necessary treatment. The
availability of such service points within an accessible distance
is too often non-existent or deficient [4]. On a global scale,
these shortcomings mainly affect rural regions due to their
innate spatial properties: (i) distances, which are typically
longer for the covered routes in rural regions, (ii) population,
which is smaller compared to urban regions, and (iii) low
population density as a result of the small population and
long distances [1], [5]. These characteristics of rural areas can
render service provision with stationary infrastructure cost-
ineffective and thus prohibit adequate access to public services,
inducing a vicious cycle of economic downturn [1], [6], [7].

Vehicle-based services (VbS) are a viable alternative to
stationary service points [8]. The vehicle operates as a mobile
service point, flexible to change its location based on the antic-
ipated demand and equipped with all required functionality to
enable the provision of services [8], [9]. Vehicles can also be
designed to deliver multiple services on the same platform
(i.e., delivery of medical products and electric batteries).
Although, for specific use cases, it has been shown that such
VbS can be operated cost-effective [10]-[12], the calculation
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Technical University of Munich
Garching, Germany
theresa.wettig@tum.de
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Technical University of Munich
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Fig. 1: Relevant planning decisions on different decision-making
levels related to VbS operations. Our selection of decision variables
is marked.

of the relevant performance indicators (in particular the cost
per delivered service unit) remains a complex challenge [13].
In particular, during infrastructure project appraisals, public
authorities are required to perform a Cost-Benefit-Analysis
[14]. Prior to available empirical data, capital and operational
expenditures for VbS systems need to be estimated [15].
Today, no strategic and conceptual fleet sizing approach for
VbS systems is available.

In this paper, we aim to assess the costs of a VbS system in
relation to its effectiveness by introducing a new variation of
the vehicle routing problem (VRP). Based on this optimization
model, we are able to quantify key performance indicators for
single- and multiservice vehicle fleets. The model serves as
a decision support tool for public authorities to compare the
overall economic welfare between VbS and stationary service
points.

II. STATE OF THE ART

In previous research on VRP, there are several modeling ap-
proaches that address some characteristics of VbS operations.
Among the vast compendium of VRPs, mostly variants of the
Covering Tour Problem (CTP) studied the specific scenario
of using mobile facilities to provide access to services for
remote areas of developing countries [11], [16]. Halper et al.



[13] present the Mobile Facility Routing Problem (MFRP),
modeling routing operations within a continuous-time plan-
ning horizon. However, these neglect basic features integral to
the VRP, such as the ability to provide multiple services on one
single platform. By contrast, the Multi-compartment Vehicle
Routing Problem (MC-VRP) describes a fleet of homogeneous
vehicles, with each vehicle exhibiting various compartments
that can accommodate one or multiple product types [17].
The Periodic Multi-compartment Vehicle Routing Problem
(PMCVRP) addresses the question of how to simultaneously
determine delivery schedules and vehicle routes with multiple
compartments. The number and sizes of the compartments are
a part of the decision [18]. Table I shows more VRP variants
that include some important features of VbS operations.

To comprehensively detail our assessment of the existing
VRP’s applicability for VbS systems, we structured relevant
planning decisions for VbS from an operator perspective
(figure 1).

Vehicle fleet operators face four types of cost categories
[19]: (i) distance-related costs, (ii) personal costs, (iii) fixed
costs, and (iv) overhead costs. All these cost categories derive
their values from decisions concerning fleet size, fleet mix
(strategic), and vehicle routing (operational). The selection of
customers and their assignment to spatially allocated service
points is part of the operator’s prior market analysis and is con-
sidered as an input for our optimization model, as well as the
customer demand for each service point that needs to be met.
To quantify the full potential of VbS, the VRP formulation
should assign different configurations to vehicles, leading to
vehicle-specific delivery conditions. Further, the model should
account for the temporal distribution of deliveries within a
given planning period such as a week or a month. Within
this period, the model should in principle allow for maximum
flexibility in the temporal distribution of delivery dates and
thus not require the operator to specify the delivery pattern in
beforehand.

Table I shows how existing variants of VRPs integrate the
relevant decision variables. No publication jointly addresses
the specific combination of relevant planning decisions for an
operator aiming to introduce VbS to a target area. Therefore,
we introduce the Vehicle-based Service Routing Problem
(VBS-VRP), that models key features of VbS operations and
adequately assesses their costs.

III. MODEL FORMULATION OF THE VBS-VRP

Determining the optimal set of decision variables is es-
sential during the formulation of VRP models. The number
of variables should be kept reasonably small, as determining
solutions for larger instances is, in practice, otherwise often
impossible due to the resulting excessive problem size. We
focus the VBS-VRB on the highlighted variables introduced
in Figure 1 according to the following argumentation: (i) Our
modeling approach should impose an equitable distribution of
resources and therefore fully meet the demand quantities for
every customer. (ii) Subsequently, we aim to address demand
from every settlement that has been assigned to the catchment

TABLE I: Types of VRP and their classification according to the
set of relevant planning variables. The presented models are divided
into general types (GT) and subtypes (ST). The relevant decisions
address the fleet size (1) fleet mix (2), selection of customers (3),
settlement-to-stop-assignment (4), identification of schedules for the
operating period (5), routing (6), operational-level timetable design
(7), and a determination of service delivery quantities for one type
of product/service (8) or multiple goods (9).

Type Model Source 1 2 3 4 5 6 7 8 9
GT VRP [20] X X
PVRP [21], [22] X X
MC-VRP [17], [23] X X
FSMVRP [24] X X X X
OP /TOP [25] X X
m-CTP [26] X X
MFRP [13] X X X X
ST FPVRP [27] X X X
MCVRP- [17] X X X
FCS
PMCVRP [18] X X X X
MPPC-VRP [28] X X
MFFSRP [29] X X X X X

area of a certain delivery point prior to this work. (iii) For
this very early planning stage, granular scheduling decisions
(i.e., timetable design on a hourly level) have a minor impact
on the cost structure compared to other planning decisions.
We, therefore, include the following decision variables in the
model:

o fleet size

o fleet mix

¢ routing

o delivery of multiple quantities

« schedule of the operating period (time planning on a daily
level)

A. Formulation

We formulate the VRP-VBS for an undirected network G =
(N,E). N = {0,1,...,n} denotes a set of nodes, divided
into the depot node {0} and customer nodes C' = {1,...,n},
which correspond to service delivery points. A is the edge set
defined as A = {(¢,7) : ¢,7, € N i # j}, hence specifying, all
available edges that vehicles can use to travel from one node
i to another node j. To each edge (¢,5) € A is a cost ¢;;
attached, indicating the travel distance between nodes ¢ and j.

The set of services offered is denoted as s € S. Also,
we assume that ¢ € T specifies the single time units of
the considered operational period. We apply the convention
of each unit ¢ corresponding to a day, but other time units
might be used. A further set is given by k € K as the set
of potentially available vehicles that can, but not have to, be
included in the fleet.

Set h € H is given as a set of possible vehicle configu-
rations, such that h relates to a particular configuration of a
vehicle for which the corresponding capacities for all service
types s € S and the estimated fixed costs are known.

The required parameters are the following: First, each cus-
tomer ¢ € C' is expected to express a value w;, indicating the
maximum quantity receivable of service s in a single time unit



t. Besides, parameter W’ defines the total demand of customer
i for service type s, considering the entire planning horizon.
Notably, the delivery quantity per time unit ¢ has to lie within
[0, w§], implying w; to be an important controllable parameter
for the minimum number of required visits across all time units
t € T approximating w; to W7, Vi € I,Vs € S means that
the number of required visits can hypothetically approach one
while decreasing the values increases the required frequency.
Further, Q"* defines the capacity integer variable indicating
the maximum number of service units of type s (volume or
weight capacity) that a vehicle of type h can provide. Further,
let Qsﬁ maxyc{Q"*} describe an upper bound per service
type, taking the maximum possible capacity value. What is
more, purchasing a vehicle of type h entails the fixed costs

.

The VRP-VBS aims to find the solution values for many
decision variables concurrently: First, we want to find the cost-
optimal size of the fleet. As fixed costs f" occur for each
additional vehicle with configuration h, the number of vehicles
in the fleet should be as small as possible. This decision
is made simultaneously with finding the cost-optimal vehicle
configurations.

Further, the goal is to construct routes for each purchased
vehicle £ € K and for all time units ¢ € T'. For every single
route performed by vehicle k on day ¢, the model further inte-
grates decisions about the set of visited customers, the delivery
quantities per service type, and the visiting sequence (i,e.,
the order of customers). This yields the following decision
variables:

o 2 binary decision variable equal to 1 if vehicle k visits
customer ¢ at time unit ¢, 0 otherwise,

. yfjt: binary decision variable equal to 1 if vehicle k& uses
link (4, 7) at time unit ¢, O otherwise,

o q'*: integer variable describing the quantity of service
units of type s that customer 7 receives at ¢ by vehicle &,

o u*": binary decision variable equal to 1 if vehicle k uses

configuration h, 0 otherwise.

The basic version of the VRP-VBS is:

min 353 MM S 3 ey g

heH keEK tET kEK (ij)€A
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It is the objective function (1) to minimize the total costs
caused by vehicles traveling along the network edges to
perform the required customer visits and the sum of fixed
costs for every used vehicle configuration. The constraints
(2) ensure that the customers at a node do not receive more
services per visit than allowed. Constraints (3) guarantee that
the total transported service quantity on a vehicle is according
to the selected configuration of that vehicle, implying that the
capacity of a vehicle for this service cannot be exceeded.
Additionally, the constraints (4) ensure that the delivered
service quantities on a given day take positive values only if
the assigned vehicle is operating on that day. While the RHS
takes value O if the vehicle is inactive, Qsﬁ maxpe{Qhns}
serves as a big M providing a bound to the RHS in case a
vehicle is in use.

Constraints (5) connect decision variables y and z. Fur-
ther, equations (6) represent the flow conservation constraints,
guaranteeing for each time unit and vehicle that the number
of used inbound links to a node matches the number of used
outbound links. Constraints (7) prohibit the generation of sub-
tours in the solution. Further, constraints (8) ensure that every
customer node has received the total demanded quantity of
each service type by the end of the operational period. When
activating a vehicle from the fleet, as indicated by a vehicle
visiting the depot, a configuration for this vehicle needs to be
selected (Constraints (9)). Constraints (10) ensure that each
vehicle is allowed to take only one particular configuration at
maximum. Finally, Constraints (11) — (14) define the variable
domains.



B. Additional Constraints

We introduce three optional constraints for the model pre-
sented, which address additional conditions that can arise for
applications of VbS systems.

VbS may be implemented on battery-electric vehicles. Find-
ing vehicle routes that respect given limitations due to the
battery range is, therefore, a useful extension to the model.
Let A denote the allowed maximum distance of a tour of a
single vehicle. Then, constraints (15) limit the total distance
covered by one vehicle to the specified maximum range.

Another requirement concerns the total allowed time of a
vehicle tour. One example is the duration of a work shift that
limits the allowed usage time of a vehicle at a time unit . We
define 7 as the total time limit (including traveling time and
time for service provision) of a tour, ¢;; as the travel time per
link (i,7) € A. Parameters 6°, Vs € S are the time needed
per service. We propose constraint (16) for restricting the total
travel time a vehicle needs to perform a route and to provide
services at all visited customer nodes.

Another practically functional constraint (17) addresses the
allowed number of stops (¢) included in a tour. This permits
limiting the total trip length if required parameters for con-
straining the full travel time or range are unavailable.

> ocijylf <X VkeKVteT (15)

(ij)€A
ST oty +> . 8t <7t VkeK\VteT (16)
(ij)EA i€C s€S

doat<it VkeKVteT
iEN

an

IV. SOLVING METHOD

We use an exact solver to implement the previously formu-
lated VRP-VBS. Such solvers provide a robust, readily avail-
able solution procedure that allows us to determine reliable
results for the formulated problem [30]. To reduce computation
times, we adjust the model with two methods. First, we
remove constraints (7) to allow sub-tours during optimization.
This problem relaxation has already shown promising results
[17], [28]. Second, we adopt a symmetry-breaking constraint
inspired by approaches from Munoz [31] (inequality I1 and
12), Henke at al. [17] (inequality (25)), and Lahyani et al. [28]
(inequality (17)) regarding the assignment of configurations
to vehicles. We compare both model adoptions through a
parameter study using three different problem classes (III).
For every problem class, 20 instances with randomly generated
origin-destination matrices and demand levels have been used.

Using callbacks for instances with ten customers does not
improve the time-to-solution and solution quality compared to
the unmodified method. But as soon as the set of considered
customers increases (i.e., for |[N| = 12), callback functions
must be applied for obtaining solutions. A clear advantage
results from combining callbacks with valid inequalities, de-
termining a solution within the set time limit significantly more
often. Also, the method clearly reduces the computation time.

A second study has been carried out to explore the impact
of different parameters on computation times. Among the
examined parameters, the number of considered services (|.S])
is a significant driver of computation times.

V. CASE STUDY ETHIOPIA

For a case study, we use Python 3.8, and gurobipy for
implementing the mathematical model, and used the callback
functionality jointly with the presented valid inequalities to
improve computation time. The focus of this case study is a
battery-electric commercial vehicle, the aCar [32] in different
service configurations (prenatal care check (PNC), delivery
of scholastic materials (ED) and delivery of battery packs
(ELEC)). The vehicle has a max. range of 200 km and
payload of 1,000 kg. We previously calculated all service
combinations S (e.g. [ED, PNC],[ELEC, PNC], etc.) and
the resulting service capacity per vehicle type [15]. Further, we
have analyzed the demand structure in Bekoji and identified
45 potential service points [33]. To understand the evolution
of the key performance indicators fleet size and total distance
over demand coverage, we assign service points to ten ring-
shaped demand zones around a central depot. Per iteration, one
zone is added to the optimization model to gradually increase
the complexity. For PNC specifically, we compare the VbS
system to a stationary base case under the assumption that
pregnant women otherwise travel to a hospital at the central
node for receiving prenatal care. Table II summarizes the
offered services and their implications for the optimization
problem.

TABLE II: Types of services analyzed in the case study and the
associated parameter values

Service Type PNC ED ELEC
Description Conduction of a Delivery of one Usage of a
of one prenatal checkup educational portable battery

service unit

including an

material package

pack for one

ultrasound scan (textbook and smartphone
school material) recharging
per client (student)
Specification Ultrasound Package of school One portable
of equipment machine, materials battery pack for
laboratory tests, (textbooks, serving up to 200
and infection tests, stationery) users
medical personnel
Weight per 0 kg 0.25 kg 0.185 kg (37 kg p.
service unit 200 users)
One-time 100 kg 0 kg 0 kg
setup weight
Duration 025 h 0.016 h 0.000083 h

A. Single Service Vehicle

For single-service vehicles, solution values for demand
zones 1-6 were calculated within a reasonable computation
time. The result considers 35/45 service points with approxi-
mately 225,000 assigned customers. Figure 2a and 2b illustrate
the evolution of the key performance indicators. With a fleet
of 6 vehicles each, 45% of the total demand for PNC and
ED services can be covered. For ELEC, 12 single-service
vehicles can cover the total demand within zone 1-6. Traveled
kilometers steadily increase for all three VbS with the growing
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size of the target area. In the case of PNC, values range
between 550 km and, 3400 km for the entire planning horizon.
Providing ED services requires traveling distances between
110 km and 3024 km and ELEC between about 220 km and
5616 km. Further, PNC and ED are mainly time-constrained,
whereas ELEC delivery hits the vehicle’s maximum payload.
We also compare the traveled distance between a fixed, central
facility setup and a VbS system for PNC in Figure 2c. From
a population’s welfare perspective, the VbS system requires
substantially fewer kilometers to be covered to satisfy the same
amount of demand.

B. Multi Service Vehicle

Our case study demonstrates considerable cost savings when
exploiting the possibility to offer more than one service on a
vehicle. While increasing the demand zones, we observe a
growing gap between single-service and multiple-service, in
which the fleet may contain multiservice vehicles. This clearly
demonstrates economic benefits, yielding lower variable and
fixed costs than fleets with single-service vehicles only. For the
largest instance tested, the total fleet size is 10 units smaller for
multiservice vehicles (see Figure 2e). The difference regarding
traveled kilometers is approximately 4400 km (see Figure
2d). With three services considered, 11 vehicle configurations
are possible for composing the fleet. Figure 2f illustrates
the optimal fleet mix over six iterations with a majority of
multiservice vehicle types.

VI. DISCUSSION

With the introduced VRP-VBS, we aim to contribute to
the evolving stream of literature focusing on optimization
models to estimate the implementation costs of VbS in a
specific demand region. Future work should address additional
cost components to more adequately describe operations.
Specifically, the objective function may be refined to include
other costs, such as staff costs. Besides, service delivery times
are currently modeled as subsequent processes. Using the
VRP-VBS in its current design could result in the modeled
time constraints being more severe than they might be in
reality. While this assumption is valid in a setting where the
VbS personnel carries out the single services in a sequence,
alternative situations might allow for a parallel provision of
services.

VII. CONCLUSION

Mobile facilities like mobile health units [10], [11], [13],
[16], but also other types of mobile units [8], [17], [24] can
be a viable, temporary option for public authorities, NGOs or
the private sector to increase accessibility to public services.
We have introduced a new VRP to estimate the implementation
costs for such a system in relation to the covered population
and applied it to a case study in Ethiopia. We have also
shown, that such systems yield substantial cost saving while
combining multiple public services. Our approach can be used
for a Cost-Benefit-Analysis during project appraisal.
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APPENDIX

TABLE III: Numerical results for solution method comparison. The
three solution methods are the standard method, the use of a callback
function and a callback with valid inequalities (’vld. ineqult.”). For
each problem class, the table shows the number of tested instances
(#Instc.), amount of services (—S—), amount of customer nodes
(—N—), percentage of solved instances within the given time limit
(%Solved), average the computing time (Comp.T.) in seconds, aver-
age optimization gap (Gap) and average objective values (ObjVal).
As a MIP Gap, we select the value of 25% and a time limit 2000
seconds for the problem instances where —S— = 2 and 4000 seconds
for those in which —S— = 3.

Solution #Instc. —S— —N— %.Solved Comp.T. Gap ObjVal
Method

standard 20 2 10 100.0%  674.803 0.173 62753.518
standard 20 2 12 0.0% - - -
standard 20 3 10 85.0%  3648.960 0.258 107387.092
callback 20 2 10 100.0%  1227.674 0.228 94424.221
callback 20 2 12 52.6% 1796.935 0.253 115344.484
callback 20 3 10 42.1%  3391.395 0.203 150704.846
callback, 20 2 10 100.0%  448.273 0.179 99639.859
vld. ineqult.

callback, 20 2 12 100.0% 1133870 0.174 117848.292
vld. ineqult.

callback, 20 3 10 90.0% 1973.638 0.209 157116.666
vld. ineqult.

TABLE IV: Numerical results of the parameter study. For each
problem class resulting from combining the structure of demand
quantity (Qnt.), the level of demand (Dem.), and the number of
services —S—, the table shows the number of customers (—N—),
demand average (Avg.), the standard deviation of the demand quanti-
ties (Std.Dev.), the selected capacity size (Cap.), the computing time
in seconds (Comp.T.), optimization gap (Gap) and objective values
(ObjVal).

Qnt. Dem. —S— —N— Avg. Std.Dev. Comp.T. Gap ObjVal
HOM HIGH 2 20 63.875  7.833 36.808 0.393  168916.4
HOM HIGH 3 20 64.433  8.297 2389.727 0.397 257295.4
HOM HIGH 4 20 65.275  8.538  30000.120 - -
HOM LOW 2 20 43875  17.833 6.700 0.374  112653.1
HOM LOW 3 20 44433 8297 6.902 0.445  192968.9
HOM LOW 4 20 45275  8.538 12.392 0.497 289279.9
HET HIGH 2 20 66.675 22483 7.118 0.457 197087.2
HET HIGH 3 20 63.833  20.909 1449807 0.476 293355.6
HET HIGH 4 20 64.5 23.668  30000.060 - -
HET LOW 2 20 46.675  22.483 7.171 0.467 140778.5
HET LOW 3 20 43.833 20909 2762762 0.251 140946.9
HET LOW 4 20 44500  23.668  30126.150 - -
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4 Method and results

4.3.3 Updated results

Due to initial computational limitations, only 35 of 45 vehicle service stops could be considered for three
VbSs in the previous section. For this thesis‘s case study, the optimization problem is reduced to only ANC
services without the other two public services energy and education. This relaxation of the problem results in
a reduced computation time and updated results for 100 % ANC demand coverage. Following the results
from section 4.1, demand for ANC accumulates to 20,536 ANC checkups across all 45 vehicle service
stops. Figure 4.7 illustrates the development of fleet size and total traveled distance over demand coverage.
Starting with one vehicle for the first demand zone, the fleet size stepwise increases with increasing demand
coverage over 15 simulated iterations. The travel distance per vehicle slightly increases with a larger fleet.
With more vehicles available for dispatch, the optimization algorithm can enhance single-vehicle utilization
over a growing network of routes. Due to this effect, the number of vehicles drops by one unit at approximately
53 % coverage.
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Figure 4.7: Updated simulation results for ANC services based on [61, 63]

At 100% coverage, the resulting fleet size of eight vehicles covers 11,850 km to deliver four ANC services to
20,536 women in a 50 km radial target region around Bekoji. In the last step, this result is the input for the
cost-effectiveness analysis.

4.4 Step 4: Cost-effectiveness analysis

This last step combines the previous results to quantify the cost-effectiveness of vehicle-based ANC services
and compare it to a network of stationary facilities. In the following, | outline the evaluation model, define the

input values stemming from the case study in Ethiopia, and introduce the analysis results. The results are
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4 Method and results

checked for plausibility based on published values for similar interventions. This section was developed in
cooperation with Jansen [63].

4.4.1 Model setup

A model setup including a selected outcome measure, a fundamental cost model, and the respective
evaluation method is defined. This model is applied to two types of interventions, MHCs and PHCFs. Figure
4.8 summarizes the conceptual layout of both interventions.

Originating from a central depot, a fleet of MHCs provides ANC services at predetermined vehicle service
stops, each with a demand catchment area of 5 km. This distance is established by the World Health
Organization as a benchmark for the accessibility of health facilities [139]. Each vehicle requires one driver
and one health personnel. The driver supports the health worker during ANC checkups, setting up the vehicle,
registering patients, and other administrative tasks. At the central depot, a fleet manager oversees the overall
operations. The selection of a suitable electric vehicle was already introduced in section 2.3.

To achieve the same effect for pregnant women with PHCF, each vehicle service stop is considered a
potential candidate location for PHCF allocation. Each iteration of the simulation adds a new demand zone
with stop locations. At these locations, PHCFs, comprised of one health personnel and one building manager,
are set up. The building manager is required to oversee local operations and support the health worker with
administrative tasks.

MHC fleet depot
e i ‘ o \\
<_

—————

Vehicle service
stops

/
1

/
1

D

Y
\
1
1]

Figure 4.8: Service concepts for a comparative cost-effectiveness analysis. Left: model setup for vehicle-based MHC.
Right: model setup for stationary PHCF

Outcome measure

As shown in section 3.4, different outcome measures can be found for ANC interventions. | decided to report
intervention effects in LYS for the following reasons [63]: (1) Using an Intervention Specific Metric (ISM) like
low birth weight or stillbirth rate limits the comparability across health domains. (2) Since the effects on both
neonates and mothers are taken into account, age standardization was necessary so that Deaths Averted
(DA) and Intervention Specific Metric (ISM) have no bearing. (3) Due to the lack of available patient data,
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using Patient-reported Outcome measurement (PROM) was deemed unsuitable for a prior study. Further,
newborns are not able to report satisfaction with intervention quality. (4) To calculate the Disability-Adjusted
Life Years (DALY) averted, all diseases prevented in both newborns and mothers by each component that a
full ANC checkup is comprised of needs to be summed up. This exceeds the scope of this thesis and most
available data sources.

To derive the neonatal and maternal Deaths Averted per year (DA(t)), the number of covered patients (p)
is multiplied by the expected Reduction in Mortality Rates (RMR) achieved by ANC [120]. This is done
individually for the mothers and newborns, as the mortality rates differ (see 4.4.2).

DA(t) = p(t) *RMR (4.1)

To calculate the annual Life Years Saved (LY S(t)) by the ANC intervention, the annual Deaths Averted
(DA(t)) value is multiplied by the average Life Expectancy (LE) that is left at the average age of mothers or
the newborns [34, 96].

LYS(t) = DA(t)* LE (4.2)

To calculate the number of Life Years Saved (LY S) for the time horizon without discounting them, the
annual number of Life Years Saved (LY S,) is multiplied by the number of years of the time horizon of the
investigation (T).

LYS(0)=LYS(t)*T (4.3)

It is common practice to discount future health benefits. This is done for all the metrics that factor in the
longevity of health benefits using exponential discounting [95, 100]. For notational simplicity, LY S(0, ) is
used for the value of life years saved in the presents (0) with a discount rate (r).

T

LYS(0,r) ="

t=0

LYS(t)
(1+r)

(4.4)

Depending on the effect that is supposed to be reported, an intervention’s effects can be substituted with
either of the effect units portrayed in section 3.4.

Cost model

Comparing two interventions with two different service delivery platforms (vehicle and stationary facility),
the general ICER that directly compares both interventions only has a "dominant" result if one of the two
interventions is cheaper and has a more significant effect [140]. Based on the model setup, both interventions
create the same benefit for the target population at each simulated iteration. Therefore, the cost of demand
coverage is the decisive factor when comparing the two interventions. Thus, it is reasonable to compare the
ACERs of both interventions instead of their incremental costs over one benefit unit.
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Further, the cost model is based on the results from the previously introduced vehicle routing simulation (see
section 4.3). Let p represent the number of patients that received an ANC check-up. For MHC, d stands for
the total traveled distance by the fleet of vehicles. For MHC and PHCF, y represents the number of vehicles
or facilities respectively.

The annualized costs (C(t)) for either intervention X € (MHC, PHCF) over a defined time horizon (T) are
comprised of annualized costs related to the service provided (Cs,,), and annualized costs associated to the
delivery platform (Cp;,;) [113].

X X
C(tY =C(o)%,, +C(O%. (4.5)
The service costs can be divided into the Capital Expenditures (CAPEX) and Operational Expenditures
(OPEX). CAPEX are the costs for medical equipment (Cy,g). OPEX consist of personnel costs for the skilled
health personnel (Cp) and costs for drugs and consumables (Cp) [96].

Caor = COMye + C(0, ¥ )5 + C(P)5c (4.6)

Both delivery platforms must be equipped with the same medical equipment to facilitate the provision of ANC.
Therefore, the costs depend on the number of MHCs or PHCFs. The personnel costs are a product of wage
and labor time. Both interventions assume a working day of eight hours and that one skilled health worker
requires 15 minutes for one ANC checkup [61]. Drugs and consumables are required for each check-up and
therefore scale with the number of ANC checkups.

For MHCs, the platform costs (C};/'¢) can be again split into CAPEX and the OPEXs [141].

Coial = COYHC + Cly, e +C(y, d)g ¢ (4.7)
The annualized CAPEX are the costs for the vehicle and infrastructure (Cy,) and scale with the number of
checkups delivered. The annualized OPEX are yearly costs, consisting of personnel costs (Cp) for drivers
and fleet managers and vehicle-related expenses that also scale with the number of vehicles needed and
total traveled distance of the fleet (Cp) [141].

For PHCFs, the annualized platform costs (C;7¢¥) are split into the annualized CAPEX representing the

facility setup costs (Cr) and the annualized OPEX representing all overhead costs (C;)[142].

Cplac. = CONE"" +C(p)"" (4.8)

Table 4.1 visualizes all cost drivers for the proposed interventions. These stem from transportation research

[141], previous student theses [51, 63, 143], and the US Department of Transportation guide to fleet cost
calculation [144].
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Table 4.1: Main cost drivers [63]

Service ANC CAPEX Medical equipment Ultrasound device*
Microscope*
Blood centrifuge*
Blood pressure machine*
Electrocardiograph (ECG)*
Glucometer*

Bed
Drugs and consumables  Basic medicine, nutritional supplementation, etc.
OPEX Personnel Skilled health care professional
Delivery platform  MHC CAPEX Acquisitions Vehicle
Battery
OPEX Personnel Driver

Vehicle fleet manager
Vehicle related expenses  Insurance
Tires™™
Autofuel™*
Maintenance and repair
PHCF CAPEX Acquisitions Building
OPEX****  Personnel Building manager

*may be subject to country-specific taxes or certification fees. Imports especially affected.

**Whether tires fall under CAPEX or OPEX is not consistent in the literature.

***the aCar is an electric vehicle, therefore, the auto fuel cost driver is made up of consumption and the price of electricity.
****running costs (water, electricity, AC/heating) are disregarded because these are not provided in MHCs either.

Evaluation model

CEA in contrast to other economic evaluation methods like Return on Investment (ROI), Social Return on
Investment (SROI), or Cost-Benefit Analysis (CBA), stands out for not quantifying a life’s value in monetary
terms [50]. This aspect is crucial, especially in the context of healthcare in SSA, where the ethical implications
of assigning monetary value to life are particularly sensitive [62]. The ability of CEA to circumvent these
ethical issues and avoid exacerbating social inequality is a significant advantage [34].

Moreover, CEA allows for the reporting of one aggregated value rather than multiple disaggregated ones, as
in Cost-Consequence Analysis (CCA) [50]. This simplicity is beneficial in making the results more accessible
and understandable to policymakers and stakeholders, who may not have specialized knowledge in health
economics. The use of a single metric (like cost per life saved or cost per disease case prevented) simplifies
decision-making processes, particularly in environments where healthcare decisions need to be made rapidly
and efficiently.

In addition to these benefits, CEA’s relevance in policy decisions, where health impacts are the primary
concern, is particularly pronounced in SSA. By focusing on the cost per health outcome, CEA helps prioritize
interventions that provide the most significant health benefits per unit of cost, a crucial consideration in
resource-limited settings [145, 146].

CEA’s flexibility and adaptability to varying health contexts are also crucial advantages. In SSA, with its
diverse healthcare challenges, CEA can evaluate a wide range of health interventions, tailoring its approach
to the specific health priorities and conditions of different regions or populations [115, 120, 146]. This ensures
that the unique healthcare landscapes of SSA are adequately considered in the evaluation process.

Furthermore, the use of CEA is supported by its commonality and comparability across health domains [104].
Being a widely used and accepted method in health economics, CEA enables comparison with other similar
projects and interventions, offering a benchmark for assessing the effectiveness of mobile health units in
various contexts [115, 120].
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4.4.2 Case study input

The following sections introduce relevant model inputs for Bekoji. Data was derived from a systematic
literature review and summarized in the Appendix A.1. The time horizon for the analysis is set to six years,
mapping the cost-effectiveness of the interventions from 2024 to 2030. This period represents the remaining
time for achieving the current SDG framework.

The current mortality rates in Ethiopia for mothers are 0.353% [147] for and neonates 3.3% [58]. Previous
studies have found a significant correlation between the reduction in maternal mortality and a full ANC
check-up [96, 148—151]. Friberg et al. [150] report a reduction of 1-6%. This case study assumes a reduction
of 3%. For neonatal mortality, a significant impact of ANC has been testified [152, 153] and quantified with a
34% reduction [153]. It is assumed that MHCs and PHCFs can provide the same quality of ANC.

The average childbearing age in SSA is currently at 29.1 years [154], with a remaining life expectancy for
women of 44.73 years [155]. Mathematically, the age of neonates at birth is set to 0, with a life expectancy of
66 years for both sexes [155].

4.4.3 Results

In the following section, | present the results of the case study. This includes the disaggregated costs for both
MHC and PHCF as well as the ICER and a comprehensive cost breakdown. The results will be discussed in
the context of the study’s objectives, highlighting how they contribute to our understanding of the subject
matter.

Disaggregated costs

Disaggregated costs are reported separately from the achieved health outcome and are discounted at 3%
annually [107]. Figure 4.9 represents the cost for each intervention over increasing demand coverage (a) for
the selected time horizon.

The cost graphs for MHCs and PHCFs exhibit distinct patterns, with costs for PHCFs increasing more rapidly,
showing a linear trend. This difference can be attributed to the design principles governing these two models
in this case study. As introduced in Step 3 (section 4.3), the target area, centered around Bekaoji, is divided
into radial demand zones. For each iteration, vehicle service stops and PHCFs are added to the simulation
to enhance coverage. With increasing distance from Bekoji, the demand per service location decreases,
subsequently worsening the cost-demand ratio. This trend is represented visually through a step graph,
where each step signifies the construction of an additional PHCF. As the number of PHCFs increases, the
steps in the graph become progressively shorter, reflecting diminishing marginal gains in demand coverage
with each new PHCF.

In contrast, for MHCs, the introduction of each new vehicle is marked with a rectangle on the graph. While
the initial costs to cover the first demand zones around Bekoji are comparable to those of PHCFs, the costs
for MHCs increase at a slower rate with growing distance and diminishing demand. The increased travel
distances and reduced available time for antenatal care ANC checkups are offset by the decreasing demand
in the outer zones. Unlike PHCFs, MHCs serve the region in a radial manner, starting from the center and
extending outward, without specific consideration of cluster-specific demand.
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Figure 4.9: Comparison of interventions’ cost based on [63]

For this pilot region, achieving 100% coverage of the addressable demand (i.e. population living closer than
5 km to a traversable road, see Step 1 in section 4.1) would require eight MHCs compared to 45 new PHCFs.
Each stationary facility would see 456 live births a year and, on average, 3.7 checkups per day, seven days a
week. Whereas these numbers appear low at first sight, comparing them to a current live-birth per hospital
ratio of 385 in Germany might give a better relation. To reach the same utilization, 58 PHCFs are needed.
Further, based on our assumption of a 15 minute checkup duration [134], each PHCF has a utilization rate of
11.56% (i.e. daily required time for ANC checkups divided by eight hour working day).

On the contrary, all eight MHCs deliver an average of 21 checkups per day with a utilization rate per vehicle
of 65.62%. Since the vehicles are required to transfer between vehicle service stops, the utilization rate at
100% demand coverage for MHC has an upper limit. With an average daily travel distance of 38.66 km, the
fleet's maximum utilization rate is capped at 77.77%.

Cost-effectivness

The Average Cost-Effectiveness Ratio (ACER) indicates the monetary expenditure required to achieve a
singular unit of effect, notably one Life Year Saved (LYS).

Notably, the ACER for MHCs converges against 38.60 USD/LYS. In contrast, the ACER curve for PHCFs
reveals a linearly increasing trajectory. This lower ACER marks MHCs more cost-effective than PHCFs for
the case study.

The initial outliers in the ACER value for MHCs are attributed to the first vehicle service stop from the available

set. Only 339 patients are located inside the catchment area leading to a high initial investment to preserve a
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relatively meager number of LYS, resulting in an elevated ACER. This data point is retained for transparency
and illustrates the minimum service threshold required to render the initial MHC investment cost-effective.
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Figure 4.10: Development of ACER for MHC and PHCF over an increasing demand coverage [63]

As mentioned in section 3.1.2, the central barrier to the uptake and utilization of ANC for rural women is the
distance to the nearest health facility, often combined with the associated time and price of transportation
[71]. Bringing ANC services closer to the patients through either concept implies a considerable lift of the
economic burden for pregnant women. A woman with the status-quo average distance to a PHCF of 14.5
km will spend 8.19 USD on travel costs (transportation and opportunity costs) for the uptake of four ANC
checkups [71]. In this case study, the average travel distance is reduced to 3.97 km [121]. Considering the
same costs for transportation and opportunity in the region, the individual cost for women to access ANC
checkups is reduced to 1.41 USD by either intervention.

Cost categories

To understand the cost dynamics underlying both interventions, examining the cost categories and their
respective contributions to the overall costs as a function of demand coverage becomes crucial. The average
operating costs of 11.85 USD [96]. for drugs and consumables are a reference for comparison since they
occur during each ANC checkup and are equal for both interventions. The following two charts represent the
discounted costs of both interventions at 100% demand coverage over six years. At this point, 45 PHCFs
and eight MHCs deliver about 61,000 ANC checkups per year.
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Figure 4.11: Cost split of PHCF (left) and MHC (right) at 100% demand coverage

For PHCFs, the major cost drivers are drugs and consumables, buildings, and administrative personnel
(Figure 4.11). To supply one PHCF with the necessary medical equipment, 6,040 USD over six years of
CAPEX are required. OPEX for administrative personnel are significantly higher than for skilled health
workers. As explained in section 4.4.1, the latter’s salaries scale with the number of delivered ANC checkups.
With 3.7 checkups per day and PHCF, the utilization rate and cost of skilled health personnel are relatively
low compared to salaries of administrative personnel that scale with each newly erected PHCF. Further, even
after six years of operations, the CAPEX for 45 facilities weigh heavily on the overall cost split. Figure 4.11
illustrates the six-year discounted cost categories.

Drugs and consumables are the most significant cost driver for MHC interventions, followed by skilled health
personnel. The rest of the cost drivers represent less then 8% of the overall cost. Platform costs (purchase of
additional vehicles) are overall lower compared to PHCFs and relatively lower than the other cost drivers.
Compared to a 29% share for PHCF, the low price for electricity in Ethiopia (>0.01 USD [59]) sets OPEX for
the delivery of ANC checkups with electric vehicles at only 1% of the total costs. Further, with a maximum
fleet size of eight vehicles, expenditures for medical equipment remain relatively low. Nevertheless, since the
vehicles are not delivering services during transfer between service stops, health personnel costs represent
a relatively high share of the overall cost drivers. These findings underline the cost-effectiveness of MHCs in
delivering ANC services, even to the most spatially disadvantaged regions.

Figure 4.12 depicts the evolution of cost drivers for PHCFs over increasing demand coverage. The financial
implications of reaching out to increasingly remote and less populated areas are apparent in the chart.
As mentioned, the costs for drugs and consumables remain constant for each ANC checkup. Serving an
increasingly remote and less populated area subsequently reduces the share of these costs per simulation
iteration (i.e. adding one demand zone) by 3.7%. On the other hand, overhead costs that are not directly
proportional to the amount of ANC checkups significantly increase. Expenses for administrative personnel
and buildings (newly erected PHCFs) grow at a rate of 6.1% and 6.0%, respectively. CAPEX for medical
equipment remains insignificant at 1.4% of the total costs but also grows at 6% over each simulation iteration.

Analyzing the cost drivers for MHCs shows a different picture (Figure 4.13). Similar, to PHCFs, the operating
expenses for drugs and consumables represent the most significant cost driver over demand coverage
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rates. After an initial decrease between 20% and 30% coverage, this share remains rather constant with
increasingly more scattered and less dense rural demand structures.
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Figure 4.12: Cost drivers over increasing demand coverage for PHCF

4.4.4 Plausibilization

Although the aCar Mobility Research Project procured two vehicles for implementation in Bekoji, performing
ANC services would have exceeded the project’s scope. Without ground truth data from a pilot project, the
prospects for comprehensive model validation are notably constrained. To mitigate this limitation, together
with Jansen [63], | establish plausibility through a quantitative assessment by contrasting the findings with
previously documented values in the scientific literature.

Direct comparison

For a direct comparison, only the previously introduced analysis by Fox-Rushby et al. [34] from 1996 is
deemed suitable. The authors perform a CEA for MHC in Gambia. The pilot region consisted of 22 villages
that were served ANC checkups. Notably, the publication reports the ACER of the intervention. To ensure
comparability between the two studies, given that Fox-Rushby et al. [34] cover a two-year timeframe and
did not apply cost discounting, we recalculated the ACER for a one-year time horizon, thus neutralizing the
impact of cost discounting. Based on these adjustments, Fox-Rushby et al. results translate to a best-case
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scenario valued at 26.70 USD per LYS and a worst-case scenario at 141.00 USD per LYS [34]. With 38.60
USD per LYS, our results are within both scenarios.
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Figure 4.13: Cost drivers over increasing demand coverage for MHC

As elucidated in Section 3.2, the literature investigating MHCs’ cost-effectiveness for ANC remains scarce.
Many of the available studies do not serve as suitable comparators. For instance, Neke et al. [111] exclusively
reported the ICER in relation to the treatment of outcomes rather than an ICER comparing it to a "do-nothing”
scenario. Haneef et al. [110] did report neither an ICER nor an ACER. Therefore, the direct comparison to
Fox-Rushby et al. [34] is currently the only option when considering peer-reviewed scientific literature.

Indirect comparison

Another point of plausibilization involves juxtaposing the findings of this thesis with the Lives Saved Tool
(LiST) [120] for intervention effects and the One Health Tool for cost estimations [156]. Stenberg et al. [98]
harnessed this data to assess the expansion of health interventions within the domain of maternal, newborn,
and child health, concurrently computing the ACER for comprehensive ANC. Since the ACER is reported in
Healthy Life Years (HLY), the previously calculated Deaths Averted (DA) is multiplied by the Health-Adjusted
Life Expectancy (HALE) circumventing the complexities of calculating Disability-Adjusted Life Years (DALY).

HLY(t) = DA(t) * HALE (4.9)
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The following plot gives an overview of how the results for vehicle-based ANC and stationary PHCF calculated
in this thesis compare to other interventions to reduce maternal and neonatal mortality.
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The results of this thesis are quantitatively in the right order of magnitude compared to the listed interventions.
In particular, the reported ACER for comprehensive ANC of 78.30 USD per HLY can be considered a good
enough benchmark from a different approach to estimate cost-effectiveness. Whereas my thesis utilized a
bottom-up approach, the values presented in Figure 4.14 are based on top-down estimations [115, 120].
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Today, more than 170 million people in Sub-Saharan Africa (SSA) have to travel more than 2 h to reach the
next Primary Health Care Facility (PHCF) for basic health services [145]. In Ethiopia, more than 30 % of the
total population is excluded from accessible healthcare services [145]. With this staggering number in mind, |
started my thesis with the hypothesis that Vehicle-based Service (VbS) can cost-effectively enhance public
service delivery in rural communities. | conducted a prestudy with the following conclusions:

* Vehicles can act as mobile platforms that deliver public services requiring citizens’ physical
access to goods, people, and functions.

*  Such VbSs can directly or indirectly influence 16% or 61% of the Sustainable Development
Goal (SDG) targets, respectively. In particular, healthcare services have a significant potential
across SSA countries.

Encouraged by these results, | identified Antenatal Care (ANC) services as a specific case study in the target
region of Bekoji in Ethiopia. Based on this case study, | developed a four-stage process to calculate the
Average Cost-Effectiveness Ratio (ACER) for ANC services with Mobile Health Clinics (MHC) a priori of the
intervention. The process involves the following steps:

1. Vehicle stop locations: Based on open data, the demand for a certain VbS is calculated and
spatially represented. The demand locations are then clustered, and optimal vehicle service
stops are located.

2. Vehicle cost and capacity: To derive the vehicles’ initial cost and service capacity, an auto-
mated concept development places necessary components within the available installation
space.

3. Vehicle fleet sizing: Combining steps 1 and 2, a vehicle routing algorithm sizes the fleet and
derives optimal routes to minimize costs.

4. Cost-effectiveness analysis: The resulting costs are linked to the expected benefit for the
local population to compare the cost-effectiveness of this intervention with alternatives.

The presented method supports public authorities, policymakers, and resource planners during project
appraisal of VbS for public service delivery. With open data, the four-step method delivers a Cost-Effectiveness
Analysis (CEA) for VbS required for public fund allocation [36]. It complements existing empirical assessments
that conduct a CEA after project implementation [34, 110, 111]. Due to its holistic perspective, the method is
deemed scalable across SSA regions. First, the location-allocation of vehicle service stops does not depend
on an a priori set of candidate locations. This is particularly challenging due to the lack of property rights and
homogeneous settlement structures [11, 50]. Secondly, all four steps are public service type agnostic and
can be operated for multi-service scenarios where the same vehicle delivers multiple public services (e.g.
energy and healthcare [61]) as we have shown in a publication [134]. To the best of my knowledge, existing
literature on public VbSs has not yet explored an in-depth analysis of such possibilities. For the case study in
Bekoji, | calculated the following results:
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* Inthe target region, 20,536 women representing 39% of the unmet demand can be addressed
with vehicle-based ANC services. A total of 45 vehicle service stops reduce the average travel
distance for these women from 14.5 km [71] to 3.97 km.

* For 5,500 USD, a MHC can be built on top of the EVUM aCar with a maximum service
capacity of 823 ANC checkups per day tour.

* Afleet of eight MHC is sufficient to cover 100% of the identified demand. The vehicles travel
11,850 km per year within a 50 km radial target area around Bekoji.

* The ACER for ANC services based on MHCs for the case study is 26.70 USD per LYS and
therefore more cost-effective than the construction of PHCFs at 71.30 USD per LYS.

* Inregards to other maternal healthcare interventions, the ACER of MHC compares to standard
vaccination campaigns (e.g. Influenzza, Hepatitis B, etc.) and should be considered by public
authorities to enhance SDG target 3.1.

These results suggest that in SSA countries with limited rural public transport and low rates of private motor-
ization, it can be more cost-effective for public authorities to invest in MHCs than PHCFs to ensure accessible
healthcare services. The results of my case study align with a previous analysis on cost-effectiveness of
MHC in Gambia [34] and compare similarly to other maternal healthcare interventions [98].

Nevertheless, the fleet of MHCs was never implemented within our research project. Therefore, a full
validation of the calculated ACER with empirical field data was not possible. Additionally, the available source
to compare the calculated ACER for MHCs faces several shortcomings. The cited study by Fox-Rushby et al.
[34] entails a relatively small target area for assessing the effect size, consequently introducing a notable
degree of uncertainty. Further, the authors included expenses for training traditional birth attendants in each
village, which differs from the VbS approach where skilled personnel travel to the vehicle service stops.
This substantially increased personnel costs in their analysis [34]. Unfortunately, the effects stemming from
this component remain unclear, rendering it challenging to definitively ascertain how this particular facet of
the intervention impacts their final ACER. Further, it is noteworthy that the baseline maternal and neonatal
mortality rates were considerably more severe 32 years ago when the study was conducted. Consequently,
the potential impact attainable during that period was considerably greater than today.

Due to this uncertainty, | will critically reflect on the overall methodology in the following. Steps 1 to 3 have
been published and already include a critical discussion.

Data sensitivity and submodel interdependency

Like other simulation models, the quality of the input data determines the result’s accuracy. Three venues of
inaccuracy should be highlighted for this thesis:

* As the analysis focuses on SSA where data is relatively scarce, much of the utilized data
already represents an extrapolation between fragmented data points provided in varying
quality by different national and subnational organizations [124]. This particularly holds for
healthcare-related services. Only 55% of the stationary healthcare locations across SSA
provide public location data at all [124]. Information about a facility’s service portfolio is mostly
not available.

* Anincreasing system of MHCs introduces operational and logistical complexities, which may
entail hidden costs that cannot be precisely estimated in advance [157]. Further, it is unclear
how this complexity scales with more vehicles. Introducing a vehicle fleet manager at the
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central depot should accommodate these efforts in the cost model, but no further evaluation
was taken.

* The cost and capacity analysis of the vehicles utilizes retail market prices and retail component
specifications. In an industrialized automotive production process, these numbers would
significantly change, and overall results for step 2 might vary.

The mentioned consecutiveness of the methodology reduces model- and computational complexity but might
not yield optimal results. Further research shall, in particular, consider steps 1 and 3 as iterative optimization
since the location and amount of the vehicle service stops highly influence the fleet size and routing. For the
course of my research, | decided to accept this shortcoming in favor of self-contained submodels that deliver
value to the scientific community.

Model setup

The setup of the model to compare MHCs and PHCFs has certain shortcomings. To achieve the same
benefit from a female patient perspective, a PHCF is built at every vehicle service stop. Therefore, the travel
distances for women remain the same at every location. Nevertheless, the feasibility of such a model setup
for PHCFs is at least questionable and deemed extremely expensive. In the case study, this intervention
requires 45 PHCFs with health personnel stationed at each location (see section 4.4.3). There are several
more realistic alternatives to this setup that shall be the subject of further research:

* Enhanced public transport with a central PHCF: In this setup, public transport enables
women to travel to a central facility. This transport service can be on-demand or scheduled.
The central PHCF benefits from economies of scale as the available financial resources for
the intervention are focused and overhead costs are reduced. Nevertheless, this alternative
increases individual travel times of female patients which was identified as the main barrier to
the uptake of ANC services [70].

* PHCEF at existing population centers: In the introduced model setup, PHCFs and vehicle
service stops are located at optimal locations based on the analysis in step 1. Positioning
PHCFs at existing villages is more realistic as the necessary infrastructure (i.e. electric power
supply and water).

* Combined service delivery: Both compared interventions have limitations. Therefore, a
combination of their advantages might yield the highest cost-effectiveness. In this setup,
PHCFs are located at large enough population centers as stationary facilities and depots for
MHCs for rural outreach. This concept was already introduced by Mbuagbaw et al. [158] but
has not yet been implemented.

Further, the assumption that demand for ANC service increases linearly can be considered questionable.
In a real-world scenario, demand would decrease with an increasing amount of checkups [159]. The more
uncritical checkups a woman receives, the less likely she is to request the next checkup [159]. On the
other hand, the World Health Organization has recently introduced a new standard for ANC including the
recommendation to perform up to eight checkups per pregnancy [72].

In light of these critical reflections, | consider this thesis a cornerstone in the assessment of vehicle-based
public services. By making all findings and data available, | hope to enable other researchers to work further
on universal access to public services for equal opportunities across sub-Sahara Africa.
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