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Abstract
Transportations are paramount for a well-functioning society and necessary to se-
cure essential products and maintain our standard of living. These are operations
and activities related to distributing packages and goods and providing services by
society such as waste collection, postal services, health care, or emergency response.
Transports thus affect all of us – companies, the public sector, and individuals – in
our daily lives. However, the transportation sector is also one of the most polluting
sectors, and in recent years the number distributed goods has increased significantly.
Based on the importance of transportation and logistics services and their impact on
the economy, environment, and people’s lives, it is in everyone’s interest that these
transports are as efficient as possible.

The supply chain’s underlying infrastructure affects the efficiency and design of dis-
tribution routes. As such infrastructure is associated with substantial capital in-
vestments, it is crucial to consider the network design and the location of various
facilities. The supply chain network design in this context encompasses two major
problem classes; the vehicle routing problem aiming to find optimal routes to serve a
set of customers by a fleet of vehicles from a central facility, and the facility location
problem aiming to find the optimal location for various facilities. Moreover, these
problems are interconnected as the facilities affect the demand fulfillment and the
vehicle routing. Such problems are often solved with optimization techniques within
the field of Operations Research, which is concerned with the mathematical modeling
and algorithmic solution of decision-making problems.

The objective of this thesis is to contribute to the advancement of the field of supply
chain network design, by;

I. exploring and identifying opportunities and needs for modeling and solution
approaches that cope with the increased complexity of real-life industrial ap-
plications in facility location and distribution systems of goods, and

II. to propose new modeling approaches and solution methods that cope with such
opportunities and needs.

The thesis is based on three appended papers. Paper A presents a network design
modeling approach for a reverse supply chain of a newly introduced product with
difficulties in demand estimations. Paper B is a literature review covering multi-
objective location-routing problems; these are strategic models aiming to determine
the location of facilities considering aspects of tour planning and multi-stop routes.
An annotated review is presented based on the application area of the various models,
and an analysis of objectives and solution approaches used. Paper C introduces the
Hierarchical Multi-Switch Multi-Echelon VRP, which is a new variant of the vehicle
routing problem based on a real-life operational problem originating from the policies
of a Nordic distribution company. A mixed-integer formulation of the problem is
proposed, and its relations to other previously stated VRP variants are analyzed and
discussed.
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1 Introduction

This chapter provides a problem discussion of the research area followed by the ob-
jective and aims of the thesis. Finally, the appended papers are presented along with
the authors’ contributions.

1.1 Problem Discussion

In a globalized world, transports are necessary to secure essential products and main-
tain our standard of living. In recent years the number of parcels delivered has in-
creased significantly. According to Statista (2019), 87 billion parcels were delivered
in 2018, which constitutes an increase of 104 percent since 2014. In addition, the
transportation sector is one of the most significant contributors to greenhouse gas
emissions as it consumes 60 percent of the oil produced worldwide and 23 percent
of the energy-based CO2 (IEA, 2012). Only between 2016 and 2017 greenhouse gas
emissions caused by transportation in the EU increased by 2.2 percent (European
Environment Agency, 2019). As greenhouse gas contributes to climate change, it is in
everyone’s interest to perform these transportations as resource-efficient as possible.
Governments and municipalities constantly try to improve urban infrastructure and
pass regulations to improve environmental, economic, and social conditions (de Jong
et al., 2015). In addition, transportation companies must maintain the highest possi-
ble service levels at a minimum cost due to the fierce competition that characterizes
the industry (Gansterer & Hartl, 2018). The efficiency and design of distribution
routes are affected by the underlying infrastructure of the supply chain, and as such,
infrastructure is associated with substantial capital investments. It is thus important
to consider the network design and the location of various facilities such as plants,
warehouses, or depots.

Transportation and logistics constitute major economic sectors and concern com-
panies, the public sector, and individuals as it is not only operations and activities
related to the distribution of packages and goods but also the provision of services
by society. Such services, commonly referred to as city logistics, include waste col-
lection, snow shoveling, postal services, reparation services, health care, home care,
and emergency response. Therefore, it is not difficult to see the importance of trans-
portation and logistic services, both for the provision of goods and services and their
impact on the economy, environment, and people’s lives. Network design problems
related to such services as the processes of determining the vehicle fleet mixture,
scheduling and routing the vehicles to satisfy customer demands, and determining
the location of service facilities are typically formulated as optimization problems.
These are often solved with optimization techniques within the realm of Operations
Research (OR), a branch of Applied Mathematics that is concerned with the math-
ematical modeling and algorithmic solution of decision-making problems.

The subject of network design in this context is mainly composed of two major
and well-studied problem classes, namely the Vehicle Routing Problem (VRP) and
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1 INTRODUCTION

the Facility Location Problem (FLP). These problems address different aspects of
the supply chain, but are, however, interdependent. While the focus of the VRP is
on tactical level, aiming to design and optimize delivery routes, FLPs are strategic
models with the aim of finding the optimal location for various facilities. The classi-
cal VRP first formulated by Dantzig and Ramser (1959) consists of a set of deliveries
to be made to the customers by a vehicle fleet from a central facility. The traveling
distances between each pair of customers and from and to the central facility are
given. Each customer’s demand is also assumed known, and the capacity of a vehi-
cle is known and fixed. The objective is to minimize the total distance traveled by
the vehicles while satisfying all customers’ demands. There are several varieties of
this basic problem, extending it with additional constraints such as time windows in
which deliveries can be made, non-homogeneity of vehicles, uncertainties in demands
and/or travel times, etc. (see, e.g., Golden et al. (2008) and Toth and Vigo (2002)).

The Facility Location Problem (FLP) determines the number, geographical posi-
tion, equipment, and capacity of facilities. In logistics, facilities support the flow
of goods from suppliers to demand points and constitute a considerable cost. They
are typically acquired for medium or long-term use, and a location decision cannot
be reversed in a short time without severe economic impact (Daskin et al., 2005).
Several variants of the problem have been defined previously and studied (see, e.g.,
Ghiani et al. (2013) and Watson (2012)). The facilities’ location and their respective
capacity affect the demand fulfillment and, therefore, vehicle routing, which trans-
ports goods (or services) to customers. Hence, routing aspects must be considered
to determine costs to derive FLP models for optimal facility locations.

Traditionally, for such optimization problems, the cost has been used as the objective
of the models. Optimizing the cost has the benefit of indirectly also optimizing other
factors, such as distance, and thereby also fuel consumption and environmental im-
pact. As previously stated, these activities affect all stakeholders of society differently,
and what might be an optimal solution for one stakeholder might not be optimal for
another. Governments and municipalities worldwide constantly aim for better eco-
nomic, social, and environmental conditions. Companies want to stay competitive
and reduce costs while customers want a smooth and seamless distribution, which
might cause conflicting interests. To cope with conflicting interests, multi-objective
models might be used. In addition, scholars have over the years extended and in-
troduced new variants of both the VRP and the FLP in order to cope with real-life
characteristics of the transportation system (Braekers et al., 2016). Such character-
istics might, for example, be regulations prohibiting certain vehicles or fuels within
specific areas, limited maneuvering space, or time-dependency. An area that has
received increased attention over the last decade is VRP models considering alter-
native modes of traction, such as electrical, hydrogen fuel-cells, or bio-fuel powered
vehicles (Breunig et al., 2019). Among the earliest examples, Conrad and Figliozzi
(2011) considered optimization techniques for electric vehicles with recharging stops
at customer locations associated with an extra cost. Other studies have focused on
environmentally friendly VRPs. Erdoğan and Miller-Hooks (2012) proposed a VRP
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1 INTRODUCTION

model for battery-powered vehicles where en-route charging is a possibility at pre-
determined stations; the authors then evaluated the implications of such stations’
availability and distribution.

However, considering and incorporating such aspects affects not only the parame-
ter side of the optimization models but also the formation of the objectives and, in
some cases, requires new modeling structures. Such modifications result in increased
complexity of operational constraints, making them harder to solve to optimality.
Based on the relevance of location and vehicle routing problems to real-life applica-
tions, it is crucial to develop new models and more efficient solution methods that
can cope with increased complexity to better mimic real-world aspects of the trans-
portation system and improve its efficiency.

1.2 Research Objective and Aims
As previously stated, the relevance of the field and its impact on the economy, envi-
ronment, and people’s lives makes it interesting both from an academic and practical
perspective. The field must continuously adapt to changes of underlying conditions
and real-life aspects, which further adds to the optimization models’ complexity and
makes them harder to solve. The objective of this thesis is to contribute to the
advancement of the field of supply chain network design, by aiming to;

I. explore and identify opportunities and needs in modeling and solution ap-
proaches that cope with the increased complexity of real-life industrial ap-
plications in facility location and distribution systems of goods, and

II. to propose new modeling approaches and solution methods that cope with such
opportunities and needs.

1.3 Appended Papers and Authors’ Contributions
Paper A: Tadaros, M., Migdalas, A., Samuelsson, B., Segerstedt, A.
(2020). Location of Facilities and Network Design for Reverse Logis-
tics of Lithium-ion Batteries in Sweden, Operational Research, 1-21., doi:
10.1007/s12351-020-00586-2

Paper A relates to aim I and II, to identify and propose new modeling approaches
or solution methods for problems with high complexity. The paper discusses the
difficulties in estimating the demand in a reverse supply chain for a newly introduced
product and dealing with such uncertainties to make location decisions. Such un-
certainties and product specifications increase the optimization model’s complexity,
especially if one wishes to site facilities over a specific time frame (multi-period). Re-
lated to spent lithium-ion batteries, this is a highly practical problem that Sweden
and all other industrial world countries will face in the near future or are already
facing. As the volume increases over time, so does the criticality of the problem.
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1 INTRODUCTION

A modeling approach is presented, called backward time-period optimization, where
each time period for each demand scenario is optimized separately but influenced by
the optimization of the other time periods. A case study based on discarded lithium-
ion batteries in Sweden is discussed.

Authors’ contributions: Marduch Tadaros developed the mathematical model
and the solution approach under the guidance of Björn Samuelsson and Athanasios
Migdalas. Marduch Tadaros conducted the situation analysis of the use and expected
future volumes of spent lithium-ion batteries in Sweden, estimations of other param-
eters, implemented all scripts, and wrote the first draft of the paper. All authors
were involved in the process of improving the paper and the discussions leading up
to the results.

Paper B: Bi- and Multi-Objective Location Routing Problems: Classifi-
cation and Literature Review. Tadaros, M., Migdalas, A.

Paper B relates to aim I and studies the field of the combined problems of VRP
and FLP, i.e., location-routing problems (LRP), where the optimizations account for
at least two objectives (multi-objective). As both VRP and FLP belongs to the class
of NP-hard problems (Nagy & Salhi, 2007), naturally so do the LRPs. This means
that only small instances of such problems can be solved to optimality. For larger in-
stances, heuristics have to be used to obtain a satisfactory result. 80 papers published
between 2014 and 2020 are reviewed and classified. Since operations research is an
highly application-based field, an annotated review based on the application area is
presented in the paper and an analysis on modeling approaches and solution methods.

Authors’ contributions: Marduch Tadaros developed the classification sheet, read
and classified all the literature under the guidance of Athanasios Migdalas. Both au-
thors participated in the analysis, and Marduch Tadaros wrote the first draft of the
paper, which both authors then improved.

Paper C: A Note on the Hierarchical Multi-Switch Multi-Echelon Ve-
hicle Routing Problem. Tadaros, M., Migdalas, A., Samuelsson, B.

Paper C relates to aim II and introduces the Hierarchical Multi-Switch Multi-Echelon
VRP (HMSME-VRP), a new variant of the VRP that includes features from two
other VRP variants and their extensions. The problem is described thoroughly, a
mixed-integer formulation of the problem is proposed, and an illustrative instance is
solved in order to demonstrate the solution concept for the problem. Moreover, in
a short bibliographic review, relations, shared characteristics, and differences of the
proposed variant and several known VRP variants are analyzed and discussed.

4
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Authors’ contributions: All authors were involved in defining the problem, Mar-
duch Tadaros formulated the first draft of mathematical model with guidance from
the other authors. Marduch Tadaros developed and implemented the scripts and was
responsible for the optimization process. Marduch Tadaros wrote the first draft of
the paper, which Marduch Tadaros and Athanasios Migdalas then improved.
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2 Research Method
This chapter discusses general research methods within operations research and math-
ematical modeling and optimization, and methods used in the appended papers are de-
scribed. The chapter ends with a summarizing table of methods used in the appended
papers.

2.1 Operations Research and Mathematical Modeling
Operations research is a branch of applied mathematics, where mathematical meth-
ods and models are used in decision-making situations to solve complex operational
problems and find the optimal solution or solutions. Sometimes the term Man-
agement Science is used synonymously. The research conducted within this thesis
follows the traditional Operations Research method for quantitative mathematical
modeling. Such a method can be described as the optimization process divided into
several stages, the most central ones being; problem identification, problem formu-
lation, mathematical model formulation and derivation of solution method, testing,
evaluation, and analysis of results. Figure 1 depicts a complete optimization process
adapted from Lundgren et al. (2003).

Real Problem
Simplified

Problem

Optimization

Model
Solution Result

Verification

Identification,

Limitations,

Simplifications

Formulation Optimization Method

Validation

Figure 1: The optimization process

Applied operational problems are often complex and require simplifications. Accord-
ing to Lundgren et al. (2003), the problem identification phase seeks to assess which
factors are significant and should therefore be included in the problem. A prerequi-
site for mathematical optimization is that all factors are quantifiable. The first phase
thus, also aims to determine whether the problem is suitable for mathematical op-
timization along with appropriate demarcations and simplifications of the problem,
which results in a simplified problem. To obtain a mathematical model, the problem
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2 RESEARCH METHOD

has to be formulated as variables, objective function or functions, and constraints – in
other words, a set of rules and restrictions which define the problem. The complexity
and how hard the problem is to solve are determined by its size and the structure of
how it is modeled, and the mathematical properties of the solution space, see, e.g.,
Papadimitriou (1982) for a more comprehensive discussion. Therefore, the model for-
mulation phase may also involve simplifications as a trade-off between an adequate
representation of the problem and its complexity and the degree to how easily it can
be solved (Lundgren et al., 2003).

There are different ways to solve an optimization model based on its complexity
and size. For some problems, commercial programs can be used, while others may
require specially developed algorithms to accommodate any special characteristics of
the particular problem. Problems that are hard to solve, either due to the size of the
problem or its structure, may require heuristics to obtain an approximate solution of
good quality or an optimal solution, however, without proof of its optimality. Even if
the process may seem linear, it is better described as iterative. All phases are interre-
lated, and often steps backward are required to make modifications and adjustments.
That is, the verification of the solution compared to the optimization model and the
simplified problem, and the optimization model compared to the simplified problem.
The solution does also needs to be validated based on the actual problem.

2.2 Methods used in Appended Papers

The following subsections describe the methods used in the appended papers, respec-
tively.

2.2.1 Paper A

Paper A deals with the recovery of spent lithium-ion batteries in Sweden with the
purpose of determining how such a supply chain should be developed. Previous liter-
ature on the subjects of primarily reverse supply chain, supply chain network design,
and operations research was studied to get an accurate overview of the problem. In
addition, a thorough situation analysis was conducted covering the Swedish market
for electrically powered vehicles and studies on the composition, function, and char-
acteristics of lithium-ion batteries. The situation analysis also provided insight into
expected future volumes to be recycled.

The data collection included both primary and secondary data. Primary data was
collected through two unstructured interviews. The interviews were conducted to
provide input on the current recycling process and the functionality and complexity
of lithium-ion batteries. Björn Hall (Stena Recycling1) and Christoph Futter (Ein-
ride2) were chosen selectively and interviewed since they were considered well-versed
in the current situation and experts in the fields of battery recycling and battery

1https://www.stenarecycling.se/en/about-us/
2https://www.einride.tech/about
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2 RESEARCH METHOD

technology respectively. Secondary data included journal papers, research reports,
articles, and statistics on supply chain network design, facility location, reverse lo-
gistics, lithium-ion batteries, and statistics and characteristics regarding the use of
electrically powered vehicles in Sweden and related markets. Journal papers were
retrieved from databases such as Google Scholar, Scopus, and Emerald Insight using
the keywords reverse logistics, network design, supply chain network design, facility
location, supply chain optimization, and network optimization. To better understand
the subject, cited articles within the retrieved articles were studied when necessary.
The collection of statistics where primarily retrieved from Statistic Sweden (Statistic
Sweden, 2019), or the database ELIS V2.0.3 provided by Power Circle (Power Circle,
2022).

Apart from the literature study and the situation analysis, the research resulting
in paper A followed the optimization process described above. The studied literature
and the situation analysis served as a basis in the phases of problem identification
and formulation of the optimization model. A mixed-integer programming (MIP)
model was developed and programmed as a Python script. During the process, some
modifications had to be made due to the complexity of the problem and to better
mirror the actual problem. The MIP model was solved using the Gurobi v8.1.1 solver
on a laptop with a 1,7 GHz Intel Core i7 processor. The verification and validation
were conducted based on actual sales data until 2019 from Statistic Sweden and
predicted sales data until 2030. Parameters for the predicted data were retrieved
from Statistic Sweden and ELIS V2.0.3. In addition, Python scripts were used in
combination with Microsoft Excel to algebraically calculate and analyze parameters
and render graphical visualizations of the results.

2.2.2 Paper B

Paper B is related to exploring and identifying opportunities in modeling and solution
methods in the field of the combined problems of VRP and FLP, i.e., location-routing
problems (LRP). In addition, the optimizations should account for at least two ob-
jectives (multi-objective). To understand the underlying structure of such problems,
summarize what has already been established in the field, and to identify gaps and
new opportunities in the field, a literature review was conducted.

The Web of Science and Scopus database was used to collect papers published be-
tween 2014-2020. As the studied problems can be classified using a variety of key-
words, both the search strings "location routing" and location-routing were used.
Multi-objective problems can be expressed in many ways, besides multi-objective ex-
amples include multi- or bi-criteria. To ensure the characteristic of multi-objective
in the obtained papers, the following search string was used:

"location routing" OR "location-routing" AND ("multi objective" OR
"multiobjective" OR "multi-objective" OR "multi criteria" OR "multi-
criteria" OR " multi-criteria" OR "bi-criteria" OR " bi criteria" OR
"bicriteria" OR "bi-objective" OR "biobjective" OR "bi objective")

9



2 RESEARCH METHOD

The following inclusion criteria were used to narrow the sample when examining each
abstract.

1. Examines or analyzes the combined and integrated problem of facility location
and vehicle routing.

2. The model is optimized based on at least two objectives.

3. The paper is published in a scientific journal

If a paper could not be included or excluded based on the abstract alone, the entire
paper was read. Additional papers could then be excluded based on the criteria
above. The final sample included 80 papers from an initial sample of 116 papers.
The 80 papers were read according to a pre-determined classification sheet covering
the number of objectives, types of objectives, model characteristics, solution method
or methods, and application area. The results of the classification were stored in a
Microsoft Access database. Furthermore, an analysis of any relationships and inter-
dependence’s of the models, objectives, and solution methods in the classified papers
was conducted using Microsoft Excel.

2.2.3 Paper C

Paper C introduces the Hierarchical Multi-Switch Multi-Echelon VRP (HMSME-
VRP), a new problem class incorporating some features of previously well-studied
problems within operations research and transportation science. It is a real-life op-
erational problem originating from the policies of a Nordic distribution company.
By studying previously published papers on related problems, it could be concluded
that the problem was not previously described in the literature. However, it shared
some independent similarities to the problem classes of two-echelon VRP (2E-VRP),
the Truck and Trailer Routing Problem (TTRP), and their extensions. Therefore a
review covering such problems was conducted.

The research conducted in paper C is a good example of the optimization process. A
real operational problem is identified, which is complex and hard to solve. Delimita-
tions and simplifications were made from that real problem, resulting in a simplified
problem with the same characteristics. Two different mathematical models were de-
veloped and assessed from the simplified problem by their structure and solvability.
After initial tests, it was decided we would only proceed with one of the models,
which was developed further. This was a highly iterative process where the model
was tested and verified against the simplified problem in each step. During these
iterations, constraints were added and modified until it incorporated all operational
constraints of the problem and produced a feasible solution. The model was pro-
grammed as a Pyomo script and solved using the IBM ILOG CPLEX 12.9 and the
Gurobi 9.5 solver. Lastly, the solutions were validated by different constructed data
sets.

10



2 RESEARCH METHOD

2.3 Summary of Methods used in Appended Papers

Table 1: Summary of the methods used in the appended papers

Paper A Paper B Paper C
Aim I, II I II

Type of paper Original paper Literature Review
Target audience

Data collection Constructed

Data analysis MILP MILP

Software used

Short Communication
Researches,

Practitioners,
Policy makers

Researchers,
Practitioners

Researchers,
Practitioners

Statistic Sweden,
Interviews,
OpenMap

Scopus,
Web of Science

Sequential screening
and classification

Python,
Gurobi,
Excel

Access,
Excel,
Jabref

Pyomo,
Python,
CPLEX,
Gurobi
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3 Theoretical Framework

This chapter presents literature to form a theoretical framework on the subjects of
supply chain network design, facility location, vehicle routing, and location-routing.
The chapter aims to describe the context of this thesis and serve as a base for the
individual papers.

3.1 Supply Chain Network Design

According to Christopher (1999), a supply chain integrates several interrelated ac-
tivities through a network. Supply chain network design (SCND) can be considered
the first, and to some extent, the most critical step for either decreasing the total
cost or increasing the total profit of a supply chain (Simchi-Levi et al., 2004). It is
further one of the most crucial problems regarding planning in supply chain man-
agement (Govindan et al., 2017). This process aims to engineer an efficient network
structure to increase its total value (Farahani et al., 2014). Several decisions have
to be made, categorized as strategic, tactical, or operational. Strategical decisions
typically address questions regarding the characteristics of the facilities such as num-
ber, size, type, capacity, type of technology, quality, and location (Farahani et al.,
2014). According to Simchi-Levi et al. (2004), strategic decisions have a considerable
impact on the return on investment for the supply chain. Decisions on transporta-
tion, inventory, procurement, information technology, or knowledge management are
tactical. Operational decisions could concern which service level or prices should be
offered (Farahani et al., 2014).

Strategical decisions require significant capital investments and can be hard to change;
therefore, they are seen as long-term investments (Melo et al., 2009). What consti-
tutes long-term may vary in different situations, but usually, strategic decisions are
considered three to five years. These decisions, made at the beginning of the planning
horizon, are hard to change when the network is up and running (Govindan et al.,
2017). Over time, specific parameters considered when making a decision can change,
such as demand or transportation cost. When designing a supply chain network it is,
therefore, crucial that uncertainties are taken into account, as well as how to man-
age risk. Supply chains are typically complex systems which include several actors
and activities, making design and optimization complex. A challenge regarding the
design of a network is that in many cases, decisions have to be made according to
specific required processes (Govindan et al., 2017); a given product may need special
processing, which adds further complexity to the design process.

A rich body of literature covers different models applied to various network design
scenarios. SCND models are all affected by underlying structures such as network
type, i.e., open or closed-loop, network structure, flow assumption, planning horizon,
and demand and supply modeling. Network structures are often described in terms of
stages and echelons. A stage is a group of nodes that perform activities with the same
purposes. In contrast, a echelon is a set of arcs connecting two consecutive stages.

13



3 THEORETICAL FRAMEWORK

Flow assumptions consider if single or multiple items flow through the network, but
more importantly if single-sourcing or multiple sourcing is applied. Single-sourcing
means that the demand at a location within a certain stage can only be met from one
location at its previous stage (Govindan et al., 2017). For example, a retailer can only
be served from one warehouse, or a plant can only receive the raw material from one
supplier. Multiple-sourcing consequently means that a location within a stage can
have an inflow from one or more locations of the previous stage. Whether demand
and supply are considered deterministic or stochastic directly impact how the design
is modeled and solved (Akçalı et al., 2009). According to Beamon (1998), models
that include multiple stages can be characterized based on their approach: determin-
istic models in which all parameters are known and have an exact value or stochastic
models. In stochastic models, at least one parameter is uncertain and assumed to
follow a specific probability distribution. Such parameters could, for example, be
demand, service levels, or capacities, to name a few. The incorporation of stochas-
ticity naturally adds to the complexity of the models and makes them harder to solve.

Figure 2: Illustration of supply chain structures

3.2 Facility Location

As part of operations research, facility location addresses the challenges of locating
or positioning new facilities to optimize at least one given objective. Therefore, it
could be seen as a critical part of supply chain network design (Melo et al., 2009).
The objective could be to minimize costs, travel distance, or waiting time, maximize
profit, revenues, or service level. However, it is not only the question of where to
locate various facilities that is addressed by such problems, but also the number,
equipment needed in each facility, and the size of new facilities. In addition, facility
location problems are also used for divestment, downsizing, or displacement of exist-
ing facilities (Ghiani et al., 2013).
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One of the earliest works in modern location theory is believed to be Weber (1909),
and the problem of locating a single facility in order to minimize the distance between
the facility and its customers. Another example is Hotelling (1929) who considered
two facilities and studied their location on a line. He presented a model in which
vendors sought a location to maximize their market share. Based on uniformly dis-
tributed customers along the line, he showed that the optimal location for both
facilities is in the middle of the line. In that way, both the vendors capture precisely
half of the market, given that customers choose a vendor based on proximity.

Location models have been studied for a long time in various forms (Revelle et al.,
2008). Even if their context is different, the main elements are the same, namely:
a set of customers which have a demand and are already located, a set of facilities
whose location are to be determined, space or area that contain both customers and
facilities, and a metric that indicates the distances between customers and facili-
ties (ReVelle & Eiselt, 2005). These could, but are not limited to, answer questions
such as: which facilities should be opened and which customers should be served
from which facility or facilities in case of multiple sourcing. Given the nature of the
context, various constraints will arise (Melo et al., 2009), for example production
capacity restrictions for the facilities.

There are many ways to classify various facility location problems. Daskin (2008) di-
vides such models, based on their solution space, into analytic, continuous, network,
and discrete models. The simplest form of models are the analytic models, which are
based on several simplifying assumptions (Revelle et al., 2008), such that the demand
is based on a specific distribution and that facilities can be located anywhere in the
solution space. Furthermore, the cost of transportation per unit and the fixed cost
for locating a facility is the same, regardless of where it is located. Revelle et al.
(2008) argue that even if such models provide some valuable insights, such as the re-
lationship between the number of facilities and the total cost, they have limited value
as practical location problems due to the simplifying assumptions. Network models
contain nodes and arcs, where demand usually arises in the nodes, but facilities can
be located anywhere on the network (Daskin, 2008). Researchers have traditionally
focused on finding algorithms that can find solutions in polynomial time for network
models (Daskin, 2008; Revelle et al., 2008).

In continuous models, facilities can be located at any point within the solution space.
However, demand arises only at discrete points. As such, actual distances cannot be
used in any continuous models, and therefore distances are measured in other forms,
for example, the Manhattan distance, Euclidean distance, or lp-distance. In order
to determine the location of any facility, their coordinates need to be determined
in a way that minimizes the total distances between the given demand points and
the facility (Klose & Drexl, 2005). One of the simplest forms of such problem is
the classical Weber problem of locating a single facility to serve I customers with
coordinates (xi,yi) and demand di, i = 1,2,3,..I. The objective of the Weber problem
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is to find the coordinates of the facility (X,Y) that minimizes the demand-weighted
total distance between the facility and the demand points, i.e.,

Min f(X,Y ) =

I∑

i=1

di
√
(xi −X)2 + (yi − Y )2

Even if the practical use of such model might be limited, Ghiani et al. (2013) ar-
gues that it can be helpful in situations where data is not available to perform more
sophisticated models, or as a first screening to find a suitable geographical area in
which locations can be obtained.

For discrete location models, demand is allocated to discrete points, and possible
locations that could be selected for a facility are restricted to a finite set of candi-
dates. This further means that a pre-processing phase is required for such models in
which candidate locations are selected (ReVelle & Eiselt, 2005). Since both demand
locations and possible facility locations are known beforehand, transportation costs
or distances between two nodes can be determined. Discrete models can further
be classified based on their characteristics where the two main groups are covering-
based models and median-based models. Covering-based models aim to meet, or
partly meet, a predetermined service level or levels. Essentially, they assume that
there is a critical time or distance that the demand points need to be served within
(Daskin, 2008). However, the aim of covering-based models can be achieved with dif-
ferent modeling approaches and objectives in mind. Typical covering-based models
include set covering models in which the aim is to determine the minimum number
of facilities required to cover the demand, max covering models where the maximum
number of covered demand points is determined given a predetermined number of
facilities, and the P-center models for which the minimum coverage distance is de-
termined to cover all demand points and given a predetermined number of facilities P .

On the other hand, median-based models seek to minimize the demand weighted
total distance between demand points and the facility each demand point has been
assigned. Such models include, for example, the P-Median problem and the Fixed
Charge Facility Location Problem. While the P-Median Problem seeks to minimize
the average distance between demand points and the nearest of a predetermined
number of facilities, the Fixed Charge Facility Location Problem minimizes fixed
facility costs and variable transportation costs. For a more comprehensive review of
different location problems and mathematical formulations, the interested reader is
referred to Daskin (2013) and Laporte et al. (2015)

Aside from the the solution space, several factors affect the structure and charac-
teristics of location models. Regardless of model type, a location decision can affect
the volume of demand. In the case of opening a new facility, the total demand can
increase as new customers, which previously were inaccessible, now can be served –
or the case of downsizing may lead to lesser total demand as fewer customers can be
served. In addition to whats mentioned above, Ghiani et al. (2013) highlight several
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criteria in which models can be classified based on such as the number of facilities, ho-
mogeneity of material flow, facility typology, interaction among facilities, and flows of
commodities or services. Each assumption made on such characteristics of the model
either increases or decreases the complexity of the problem. For example, a location
decision regarding one facility is easier to solve than one with multiple facilities, as,
in the single facility problem, one does not have to consider additional factors such
as demand allocation (Ghiani et al., 2013).

Another factor highly affecting location models is the flows of commodities or services
and their economic importance. If either the inbound or outbound flow significantly
exceeds the other in cost or volume, a single-echelon model can be appropriate as
the non-dominated flow can be omitted. A two- or multi-echelon model is better
suited if both the inbound and outbound flows are equally significant. In such a
case, constraints ensuring the balance between inbound and outbound flows must be
considered. In case of multiple commodities one does also need to consider if the
distribution should be consolidated or not, which directly affects the possible num-
ber of flows, both inbound and outbound, from various facilities and demand points
and thereby, the complexity. Furthermore, routing aspects and assumptions heavily
affects the costs, serving as an input to the models and hence the solution. Consider
for example if shipments are assumed to be less than truckload and that customers
are served on multi-stop routes compared to full truckload shipments and that each
customers is served independently. Generally, as more assumptions are added to the
model, like multiple items, shipping patterns, capacities, or interaction between fa-
cilities in the same stage, so does the complexity of the model.

As previously mentioned, facility location has a decisive role in supply chain net-
work design and planning. Melo et al. (2009) argue that the importance of its role
will grow further as the need for more comprehensive models, which simultaneously
can cope with many aspects, will increase. It is, therefore, necessary for sophisticated
models to determine the best structure of a supply chain. As these decisions require
significant capital investments and are expected to be in operations for a long time,
they could be seen as the core of strategical decisions (Klose & Drexl, 2005; Melo
et al., 2009).

In contrast to tactical or operational decisions, which can be re-optimized on rel-
atively short notice, facility locations are fixed. They cannot be changed easily due
to underlying changes of the conditions for the supply chain (Daskin et al., 2005).
These underlying changes of the condition during the facility’s lifetime may turn a
good location today into a bad in the future (Melo et al., 2009). Daskin et al. (2005)
argue that regardless of how well tactical and operational decisions are optimized in
response to changes in the supply chain, an inefficient location for a facility redun-
dant costs will arise during its lifetime. When making these decisions, it is, therefore,
vital to recognize all intrinsic uncertainties linked to future conditions.
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3.3 Vehicle Routing

The vehicle routing problem (VRP) is one of the most important combinatorial op-
timization problems; it determines the optimal set of routes performed by a fleet of
vehicles to serve a predetermined set of customers (Toth & Vigo, 2002). The various
VRP models and algorithms can be used in a wide range of applications to solve prob-
lems concerning the delivery or collection of goods and any other problem originating
in the transportation system. Examples of such problems could be street cleaning
and snow shoveling, waste collection, bus routing, dial-a-ride systems, scheduling and
transportation of personnel, elderly or disabled persons. The VRP originates from
the well-known Travelling Salesman Problem (TSP), which dates back to the 1800s
(Applegate et al., 2006). In short, the TSP can be described as given a set of cities
and the cost or time of travel between each pair. The aim is to find the cheapest
way to visit each city before returning to the city the tour started. If one does not
consider any cost, the problem reduces to a Hamiltonian problem, aiming to find a
circuit passing through all predetermined points.

Dantzig and Ramser (1959) was the first to introduce the basic VRP, then as the
"Truck Dispatching Problem," which modeled how a fleet of homogeneous trucks
could serve the demand of oil for a predetermined set of gas stations. The gas sta-
tions were assumed to be served from a central hub to minimize the total distance
traveled. Clarke and Wright (1964) later generalized the problem as a linear opti-
mization problem. The basic VRP is very central in the domain of transportation
and logistics systems and one of the most studied problems within operations re-
search (Braekers et al., 2016).

However, today’s VRP models are very unlike the one first presented by Dantzig
and Ramser (1959). Over the years, different formulations and mathematical models
of the basic VRP have been introduced by scholars. Such as compact vehicle flow
formulations which have a polynomial number of variables and an exponential num-
ber of constraints (Toth & Vigo, 2002). Laporte et al. (1986) introduced the directed
capacitated VRP while Laporte et al. (1985) introduced the undirected counterpart.
Toth and Vigo (2002) state that an advantage of the solution of the two mentioned
formulations is the fact that they are non-redundant. It is, however, not possible
to know which vehicle traverses which arc as both formulations implicitly model the
underlying vehicle fleet. Golden et al. (1977) proposed a three-index model, where
one index is the specific vehicle. The formulation is based on a directed graph and
contains an additional binary variable to indicate if a specific vehicle traverses an arc
or not.

Like the facility location problem, the VRP is NP-Hard, and due to the increased
computational complexity, only small instances can be solved to optimality in many
cases. Therefore a wide range of heuristics has been introduced in the last decades.
These do not provide the optimal solution but rather a near-optimal one. As the num-
ber of solutions methods introduced by scholars has increased over the last decades,
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the VRP models have been extended in various ways to cope with real-life character-
istics and aspects (Braekers et al., 2016). This has given rise to many sub-classes of
the classical VRP, such as the Time-dependent VRP, Multi-depot VRP, Stochastic
VRP, VRP with Backhauls, Multi-echelon VRP, and Dynamic VRP, among others.

Time-dependent VRP models assume that the travel time between two given points
depends either on the distance between those two points or on the conditions the
day the route is performed, for example, rush hour, traffic congestion, or weather
conditions (Lin et al., 2014). Lin et al. (2014) argue that these models describe more
realistic network problems and thus make it possible to study, for example, green
transportation issues, due to that factors such as fuel consumption and emissions are
closely associated with the time-varying real-time speed in urban areas. A related
problem class is the dynamic VRP which considers that not all information is known
with certainty before the routing is performed. In such problems, at least one pa-
rameter becomes known or changes during the routing process and can be expressed
as a function of time. This could, for example, be dynamic customer requests, i.e.,
change in demand, time-dependent or dynamic travel times like traffic congestion or
controls, or vehicle availability. When such parameters become known or change,
additional decisions arise and have to be made in real-time.

Multi-depot VRP concerns problems where the network includes more than one depot
and where every customer’s delivery is assigned from one of those depots. However,
every vehicle has to start and later return to the same depot at the end of the route.
While transportation systems, when freight transportation is not possible from the
origin directly to the customer for various reasons, have to be delivered through an
intermediate depot, it is called a multi-echelon distribution system. However, most
supply chains are not only operating a forward flow but also a reverse flow. Therefore,
from a practical perspective, there is a need for VRP models which simultaneously
consider both pick-ups and deliveries. Deif and Bodin (1984) formulated the VRP
with Backhauls, where customers are divided into linehaul (delivery points) and back-
hauls (pick-up points). First, the linehaul customers are visited, and later on, the
backhaul customers. As all deliveries are loaded at the assigned depot, all pick-ups
have to be returned to the same depot (Koç & Laporte, 2018). There is a rich body
of literature concerning the pick-up and delivery VRP, and models can further be
classified as many-to-many, one-to-many-to-one, and one-to-one, depending on the
number of possible origins and destinations.

Two problem classes of the VRP with a strong connection to practical applications
are the VRP with time windows and the stochastic VRP. The VRP with time win-
dows assumes that the service at customers must start and end at a given time
interval; such intervals could also be applied to the depot or depots. Furthermore,
time windows could be described as hard, when a vehicle arrives early to a demand
point, and has to wait before any service can be performed, or soft where the time
window can be violated, entailing an additional cost. Stochastic VRPs consider the
uncertainties regarding the problem parameters. In stochastic models, at least one
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parameter is unsure, and their value is usually following specific probability distribu-
tion. This could, for example, concern demand in terms of volume or demand points,
i.e., which customers should be included in the routes or probabilistic travel times.

Further modeling extensions of the basic VRP include the Truck and Trailer Routing
Problem (TTRP) and the Two-Echelon VRP (2E-VRP). The TTRP, first introduced
by Chao (2002), consists of trucks and complete vehicles, where complete vehicles
are trucks pulling a trailer. Due to real-life constraints, such as limited maneuvering
space, inaccessible locations, or regulations prohibiting large vehicles at the customer
location, some customers can only be visited by trucks (truck customers). In contrast,
others can be served by either a truck or a complete vehicle (vehicle customers). To
cope with such constraints, a complete vehicle can detach its trailer at a temporarily
parking space, often that of a customer. The possibility of detaching a trailer from
complete vehicles results in that three different routes can form a feasible solution
for the TTRP, referred to by Chao (2002) as pure truck routes, pure vehicle routes,
and complete vehicle routes.

Pure truck and vehicle routes are routes only serving truck and vehicle customers,
respectively, and as such, these can be seen as regular routes of the basic VRP. How-
ever, a complete vehicle route consists of the main tour, which starts and ends at
the central depot and at least one sub-tour. The sub-tour originates from a location
visited within the main tour, in which the trailer is detached from the vehicle and
temporarily parked. Such location is referred to as the root of the sub-tour. The
remaining truck then visits a set of truck customers before returning to the root,
reattaching its trailer, and continuing the main tour. The objective of TTRPs is to
minimize costs incurred while determining the optimal set of routes, thus ensuring
that each customer is served a suitable vehicle.

In 2E-VRP, two levels are considered, and the delivery to customers is managed
through satellites (intermediate facilities). A fleet of primary vehicles is located at
the depot, while the satellites share a set of secondary vehicles. Split deliveries are
allowed on the first level, connecting satellites. Split delivery is not allowed on the
second level, connecting satellites to customers. This means that secondary vehicles
are loaded at the satellites and visit one or more customers before returning to the
same or another satellite and that each customer is only visited once. In addition,
a handling cost is incurred each time a satellite is used to load or unload. Further-
more, if each satellite has a corresponding capacity, the problems transform to the
2E-CVRP.

3.4 Location-Routing

Scholars have argued that if the determination of the network design, i.e., depot lo-
cation and the vehicle routing, is separated, it leads to sub-optimal solutions (Nagy
& Salhi, 2007). This motivates the development of combined problems such as the
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location-routing problem (LRP). In LRPs, the decision on where to locate depots is
made simultaneously with the design of several routes for each opened depot. This
is done concerning the costs of opening a depot and the cost of the routes, i.e., the
system’s total cost. Nagy and Salhi (2007) describe such models as "Location deci-
sions with tour planning aspects considered". This means that the emphasis of LRPs
is on the location decision, and they should therefore be considered strategic models.
However, the tour planning aspects should not be ignored, and therefore, the routing
part of LRPs should include multi-stop tours.

The capacitated LRP is by Prodhon and Prins (2014) described as a complete,
weighted, and undirected network consisting of potential facilities to be located and
customers to be served. Furthermore, the facilities share a homogeneous vehicle fleet,
and the traveling cost for using an edge satisfies the triangle inequality. A solution
is obtained by determining which facilities should be opened, from which depot each
customer should be served, and by designing routes serving all customers. At the
same time, several constraints must be upheld: facilities and vehicles are capacitated,
which means that the total demand of the customers assigned to a facility cannot
exceed the capacity of the facility, and the total demand of the customers serviced by
a vehicle cannot exceed the capacity of the vehicle. Each vehicle performs at most
one route, no split deliveries are allowed, and each vehicle starts and ends their route
at the same facility.

It is a known fact that LRPs are NP-hard since they incorporate two NP-hard
problems (Prodhon & Prins, 2014). Traditionally, the approach of treating these
two problems separately by deciding the location first and then designing routes
has been challenged by scholars and gradually replaced by the integrated approach
(Lopes et al., 2013). Salhi and Rand (1989) argue that they should not be optimized
separately since they are so strongly linked. However, even if the inter-dependency
is a known fact, it is often ignored by researchers and practitioners (Lopes et al.,
2013). Nagy and Salhi (2007) highlights three possible reasons for this; the first one
is that it might not be required to consider routing aspects in practical situations,
researchers object to an integrated approach based on the different levels of decisions
(where facility location being strategic decisions and thereby have a longer planning
horizon than the tactical decisions of routing). Lastly, the LRP is harder to solve
conceptually, making the location problem easier. Several such arguments have been
impugned previously in the literature. Especially that the FLP is a strategic problem
and the VRP a tactical one where routes can be re-designed and re-calculated, and
that it therefore is inappropriate to combine these was challenged by Salhi and Nagy
(1999). They showed that a separate approach could lead to sub-optimal decisions
compared to LRP for long planning horizons. In addition, Lopes et al. (2013) argue
that in some situations, it is even more essential to utilize an LRP approach rather
than a separate one. Such situations arise when the cost or characteristics of the
transported products have a significant impact, the authors exemplify a situation
where hazardous material is being transported. Another instance could, for exam-
ple, be when planning a disaster relief network where the routing has a considerable
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impact on the evaluation of the system.

Over the years, LRPs have gained increased attention, and there is a wide range
of extensions and variants applied in various areas. Beside the capacitated and de-
terministic LRP, there are examples of model formulations such as stochastic LRP,
Dynamic LRP, many-to-many LRPs, LRPs considering mixed fleets or non-linear
costs. The wide range of application areas also demonstrates their relevance. Even
if most papers focus on goods distribution, there are examples of telecommunication
and support services, such as waste collection, disaster relief, or blood bank loca-
tions. For a more detailed description of model formulations and solution methods,
the interested reader is referred to Nagy and Salhi (2007) and Prodhon and Prins
(2014) and references therein.
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This chapter presents and discusses the contributions of the appended papers. The
contributions are organized in relation to the aims and, therefore, do not follow the
order of the appended papers. The individual papers are found in full length as ap-
pendices to this thesis.

4.1 Location-Routing

As previously stated, the LRP combines the FLP and VRP, where the optimization
of facilities locations is made simultaneously with the routing of vehicles from those
facilities. If the location decision is relaxed, the LRP transforms to a VRP, and if
the routing decision is relaxed, the LRP becomes an FLP model. As both the FLP
and VRP are NP-hard, so is the LRP. There are several definitions proposed by
scholars as to what constitutes an LRP. Many of them are similar to each other, with
only small differences. However, as previously stated, the definition used in paper B,
which served as an inclusion criterion, puts considerable emphasis on the tour plan-
ning aspect and, therefore, the consideration of multi-stop tours. There are many
publications that consider both location and routing, which have been omitted from
the review (paper B) based on that condition. Examples of such papers are when
the routing part has been relaxed to the degree better described as a transportation
problem than a VRP. There are also examples of papers where the siting of facilities
is the primary purpose, but the results of a VRP serve as input to the FLP model.
In other words, there is no integrated solution approach, and the two problems are
optimized separately.

Previous reviews on the subject have focused both on classifying various LRP mod-
els and solution methods (see, e.g., Nagy and Salhi (2007) and Prodhon and Prins
(2014)). However, with increased attention to LRP models, no review is conducted
on multi-objective LRPs (MO-LRP). The included papers are classified in paper B on
the models’ characteristics, solution approaches, objectives used, model assumptions,
and application areas. Furthermore, the objectives used in the individual papers are
analyzed and categorized based on their holistic aim. As such, one can both identify
the most used objective combinations in the field in general, and where the focus of
different application areas has been directed towards. Figure 3 shows all the factors
on which the included papers have been classified based on while figure 4 illustrates
the breakdown of the papers based on modeling assumptions and solution approach.

The most basic MO-LRP is deterministic and static; a third level of abstraction could
also be applied, diffracting between discrete or continuous models; however, all pa-
pers in the final sample included only discrete models. Most papers are bi-objective
and deterministic, only a few papers consider stochasticity, and even in that case,
static models are the largest part. The fact that the addition of objectives leads to
increased complexity may explain the fewer multi-objective papers, especially since
the majority of those are deterministic and static. Only 7 of 80 papers considered
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LRP Classifications

Objective function

Number of objectives

Bi-objective
Multi-objective

Objectives

Cost
Coverage
Risk
Social
Environmental
Profit

Application Area

Waste Management

Disaster Relief

Perishable Supply Chain

Inventory

Other Applications

Model Characteristics

Model Type

MIP
IP
Linear
Nonlinear

Environment

Deterministic
Stochastic

Planning Period

Static
Dynamic

Validation Method

Case study
Numerical experiment

Solution Approach

Exact

Heuristic

Exact & Heuristic

Figure 3: Classification factors

both multi-objective models in combination with stochasticity. Regarding the solu-
tion methods, and as previously mentioned, heuristics are needed to solve realistically
sized instances due to complexity and the NP-hard nature of the problems. This can
also explain the small number of exact methods used in multi-objective or stochastic
models. Exact methods, where the ϵ-constraint (see e.g. Toro et al. (2017)) is the
most popular, are primarily used with case studies and real-life data to validate the
proposed model. There are also a few examples of papers that utilize both exact
and heuristic solution approaches; most of such papers use the exact method for
validating the model and evaluating the performance of the heuristic method. Most
papers utilizes a heuristic solution approach. However, in several papers, more than
one algorithm is proposed, and the effectiveness and efficiency are evaluated based on
several matrices. Among the proposed heuristics, genetic algorithms, and especially
the NSGA-II algorithm (see e.g. Martinez-Salazar et al. (2014)), is the most popular.

Used objectives have been analyzed and classified based on the holistic aim of the
objective. In addition to cost, we were able to find examples of; coverage, such as
minimizing makespan or maximizing demand served, environmental factors such as
minimizing fuel consumption or emissions, risks such as minimizing transportation
risks which are commonly used in, for example, hazmat cases, and social factors,
including maximizing job creation or minimizing the facility’s undesirability in a
community. Many objective types are related and different objectives could easily
fit within several groups. For example, the objective to minimize fuel consump-
tion could be considered as a cost. Simultaneously, risk could belong to the group
of environmental factors if that risk was, for example, the risk of pollution during
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Bi-objective

Deterministic

Static

Exact 7 papers

Exact & Heuristic 4 papers

Heuristic 22 papers

Dynamic

Exact: 3 papers

Exact & Heuristic: 3 papers

Heuristic: 5 papers

Stochastic

Static

Exact: 2 papers

Exact & Heuristic: 1 paper

Heuristic: 5 papers

Dynamic
Exact: 3 papers

Heuristic: 2 papers

Multi-
objective

Deterministic

Static
Exact 2 papers

Heuristic 9 papers

Dynamic
Exact: 1 paper

Heuristic: 3 papers

Stochastic

Static
Exact: 1 paper

Heuristic: 3 papers

Dynamic
Exact: 1 paper

Heuristic: 2 papers

Figure 4: Breakdown of classified papers

transportation. Paper B includes all objectives and how they are classified. Table 2
describe the use of different objective combinations for bi- and multi-objective LRPs,
respectively.

Table 2: Objective combinations used

(a) Bi-Objective papers

Cost Coverage Environmental Risk Social Total

Cost 1 29 14 8 3 55
Coverage 3 3

Total 1 32 14 8 3 58

(b) Multi-Objective papers

Cost Coverage Environmental Risk Total

Cost
Coverage 1 6 1 1 9
Environmental 4 4
Risk 4 4
Social 2 2

Coverage
Coverage 1 1 2

Profit 1
Social 1 1

Total 1 11 3 7 22

Several conclusions can be drawn from the review conducted in paper B. As can be
seen in table 2 almost all cited papers consider some cost; only a few papers did not
consider cost at all. The most used combination of objectives was cost and coverage.
These can be considered as traditional objectives from a business perspective. Even
if objectives regarding environmental factors have picked up some attention lately,
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they are still lacking, especially in multi-objective cases. It is, however, reasonable
to assume that decision-makers will have to consider such factors to a larger extent
in the future due to increased customer awareness and imposed regulations. Many of
the included papers are case studies of some sort, using real-world data to validate the
model, demonstrating the practical importance of the problem. However, the field is
somewhat unexplored as standard models are primarily used. Even if there are many
contributions considering time windows and some variation of model characteristics
such as demand assumptions, few innovative modeling approaches have been pre-
sented and discussed. Moreover, in the case of multiple echelons, routing is mainly
conducted in the last echelon. Therefore, possible directions for future research could
be, for example, multi-level LRPs or LRPs with synchronization constraints.

Additionally, many papers have focused on applying and developing heuristics and
meta-heuristics, especially nature-inspired algorithmic approaches where the NSGA-
II is the most popular, followed by particle swarm optimization. The focus of algorith-
mic development and the limited scope of exact solution methods used in cited papers
underline the presented problems’ complexity. Lastly, as there is a lack of generally
accepted benchmark instances, it is hard to draw any conclusions regarding different
solution approaches. Instead, instances used are usually randomly generated to fit
the specific problem discussed. This means that various solution methods are hard
to compare and are instead evaluated based on other metrics, such as CPU-time,
spread, diversification, and the number of Pareto solutions. Even though, several
contributions do not only propose one solution method or approach, but several. Al-
though in such cases, the performance of the proposed methods can be compared,
on a general level, no conclusion can be drawn.

4.2 Backward Time-Period Optimization

Paper A studies discarded lithium-ion batteries in Sweden and the design of a fu-
ture supply chain to recover them. Future demand (generated volume) affects the
problem significantly, and the amount of accessible discarded lithium-ion batteries in
the future is unsure. Several attempts have been made to estimate this amount
through different perspectives such as what the sales of battery electric vehicles
(BEVs) should be for the European Union to reach their carbon dioxide emissions
objective (Berggren & Kågeson, 2017). Other examples assume a relatively similar
size of the total vehicle fleet over time and then increases the market shares of BEVs
at a certain pace such as ELIS (Power Circle, 2022). The difficulty in estimating
this study’s demand is derived from mainly two unsure parameters: the number of
newly registered BEVs and their expected lifespan. The first, newly registered BEVs,
is over time affected by several aspects such as how the price of other fuels develop
over time, infrastructure and how it evolves, the access to charging points, and tech-
nical specifications of the vehicles such as range, opportunity cost, and legislative
incentives. The proprieties and the scarcity of past data make it difficult to fit into
traditional forecasting methods, such as exponential smoothing, Holt-Winthers, or
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ARIMA-like models, nor is the data sufficient for machine learning algorithms such
as neural networks or support vector regression (Cichosz, 2014; Metcalfe & Cow-
pertwait, 2009). Neither models for demand prediction of new products, such as
the Bass-model (Bass, 1969), can be applied in this case. Regarding the expected
lifespan of lithium-ion batteries, they have not been in use in such application for a
sufficient time to determine their expected lifespan with confidence.

Due to uncertain future volumes, actual sales data was used for the years between
2010 and 2018. To forecast sales of new BEVs from 2019 to 2030, the projected
market shares were collected from the database ELIS V2.0.3 and used as a base-case.
From this base-case, both an optimistic and a pessimistic scenario were computed.
In the optimistic case, the market shares develop at a 20 percent higher pace, while
in the pessimistic case, they develop 20 percent slower. To estimate the number of
sold BEVs each year, the respective market share has been multiplied by 366 000,
the average of the last five years. Eventually, another uncertain factor affects the
generated demand for replaced lithium-ion batteries in need of recycling: namely,
the proportion of batteries being reused. Different scenarios have been applied to the
parameter to deal with the uncertainty of the proportion of reused batteries. The
first scenario assumes that no reuse takes place, the second scenario assumes that 30
percent will be reused, and the third scenario assumes that 60 percent will be reused.

Problems of this sort are usually subject to stochastic optimization. However, stochas-
tic optimization requires a probability for each scenario which can not be provided
in this instance. The backward time-period optimization procedure, in combina-
tion with the different scenarios, can be used as a substitute in those cases when
stochastic optimization can not be utilized, as well as to reduce the complexity of
the problem. In the study of paper A, a mixed-integer program for 20 periods (rep-
resenting years) was developed to minimize total cost, i.e., both fixed cost, as well as
handling, and varying transportation costs. The model has to ensure all operational
constraints and find the combination of the decision variables (locations of various
facilities) that minimizes the total cost. In doing so, the model will be able to answer
questions such as: how many inspection sites should be established, which demand
zone should each inspection site serve, from which inspection site should each open
recycling facility receive batteries each year, what is the total cost, and what is the
cost for each period to maintain such a supply chain. However, the multi-period
optimization model should also be able to describe how the supply chain should be
established over time. This is accomplished by the backward time-period optimiza-
tion procedure, where the sets of potential facilities in the present period are affected
by the optimal solution for the subsequent period. The model first optimizes the last
period of the time frame. Assume that T = 2045 is that period and that Pj ∈ J(t) is
the decision variables for opened inspection sites and Qr ∈ R(t) for recycling facilities
where t ∈ {1, 2, ..., T}. In the first optimization, all possible locations are available,
which determines the number of facilities needed to satisfy the highest demand, and
their location since the period 2045 corresponds to the highest demand. These lo-
cations, Pj , and Qr, which are opened in 2045, are the only locations allowed to be
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opened in 2044 if necessary. This can further be described mathematically as follows:

j ∈ J (T ) = {1, 2, ..., n}
j ∈ J (t− 1) = J (t) \ {j | Pj (t) = 0},∀t = T, T − 1, ..., 2

and,

r ∈ R (T ) = {1, 2, ...,m}
r ∈ R (t− 1) = R (t) \ {r | Qr (t) = 0},∀t = T, T − 1, ..., 2.

To enable the backward time-period optimization, the cost of capital, i.e., the cost
of establishing and maintaining a facility, has been calculated as the assumed initial
investment multiplied with an interest rate and then divided by the years of depre-
ciation. In order to find the best objective mathematical programming has been
applied with code developed in python and solved with the Gurobi solver v.8.1.1
(Gurobi Optimization, LLC, 2021).

4.3 Hierarchical Multi-Switch Multi-Echelon VRP
The Hierarchical Multi-Switch Multi-Echelon VRP (HMSME-VRP), introduced in
paper C, is a new way of modeling network design problems in distribution, which
to the best of knowledge, has not been presented in the literature previously. In the
HMSME-VRP additionally to a central depot, there is a non-predetermined hierar-
chy of intermediate facilities, called switch points, and commodities are loaded in
swap-bodies which are carried by vehicles originating at the central depot. A swap-
body is a type of carrier which can be detached from a vehicle and stand on fold-out
support legs, at the same height as the vehicle, or be loaded on a railway carriage.
Switch points are predetermined locations, with enough space for a swap body to
be detached from one vehicle and attached to another. Furthermore, instead of one
fleet, fleets of vehicles of two kinds are considered: original vehicles belonging to the
central depot and local vehicles belonging to the switch points.

The problem can formally be defined on a network graph G = (N,A), where N
represents the set nodes, and A represents the set of arcs. The set of nodes consists
of three subsets; a singleton central depot (O = {o}), the set of switch points (S), and
the set of customers (C). Thus, N = O∪S ∪C. We further define the subsets of the
upper level, W = O∪S, and that of the lower-level K = S ∪C. In terms of capacity,
a fleet of homogeneous vehicles is associated with the central depot. These vehicles,
referred to as original vehicles, can pull up to three swap-bodies, all of which have
the same loading capacity. The switch points share the second fleet of homogeneous
vehicles, the local vehicles. Compared to the original vehicles, local vehicles can only
pull one swap-body at a time. Each customer is associated with a corresponding
demand and can only be visited by exactly one vehicle pulling exactly one attached
swap-body. A local vehicle can serve customers only if an original vehicle transfers
one of the swap-bodies it pulls, at the switch point from which the local vehicle de-
parts.
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All customer routes start and end at the same point, which may be the depot or
a switch point. All swap-bodies are returned to the central depot by the same orig-
inal vehicle by which they left the depot in the first place. An original vehicle can
serve customers directly from the central depot, if and only if, it pulls exactly one
swap-body. Otherwise, if it pulls two or three swap-bodies, it has to visit at least
one switch point to transfer swap-bodies to local vehicles. In the case of three swap-
bodies, two can be transferred to two local vehicles either at one switch point or two
consecutive switch points.

Figure 5 depicts possible routes that may arise in an HMSME-VRP solution. Note
that possible partial travel paths are {(o, s), (s, c)}, o ∈ O, s ∈ S, c ∈ C, or
{(o, s), (s, s′), (s, c)}, o ∈ O, s, s′ ∈ S, c ∈ C and, {(o, c)}, o ∈ O, c ∈ C.
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Figure 5: Possible HMSME-VRP distribution routes

The HMSME-VRP bears a resemblance to, and shares some common characteristics
with, other problem classes in the literature concerning a central depot and inter-
mediate facilities, such as the previously mentioned TTRP and 2E-VRP. However,
it is a new problem distinct in several aspects. In the TTRP, only one echelon is
considered since the temporarily parking spaces are at customer locations. Admit-
tedly, some extensions of the TTRP consider such locations independent of customer
locations but without the hierarchical dimension. Furthermore, it considers only one
vehicle fleet, and there is no possibility to transfer swap-bodies from one vehicle to
another. The 2E-VRP does not allow vehicles on the upper level to perform routes on
the lower level. Additionally, a two-echelon supply chain with intermediate facilities,
upper-level routes with split deliveries, and lower-level routes with single sourcing,
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such as the 2E-VRP, is considered. However, in 2E-VRP, the hierarchical structure
is predetermined, as opposed to the HMSME-VRP, where when an original vehicle
has detached swap-bodies at a switch point, it can continue and perform a route at
the second echelon. Furthermore, customers can be served directly from the central
depot, unlike the 2E-VRP. Figure 6 depict solutions for the HMSME-VRP, 2E-VRP,
and the TTRP for a similar dataset.
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Figure 6: Comparative solutions of the HMSME-VRP, 2E-VRP, and TTRP

Figure 6(a) depicts the solution of the HMSME-VRP and requires two original vehi-
cles, two local vehicles and four swap-bodies. One original vehicle OV1, departs from
the central depot with only one attached swap-body to directly serve customers c3,
c1, and c2 before returning to the central depot. Simultaneously, another original
vehicle OV2, leaves the central depot with three swap-bodies attached. First, one
swap-body is dropped-off at switch point s1 and then the vehicle continues to switch
point s2. At s2 another swap-body is detached before the vehicle continues to serve
customers c8, c9, and c7. When swap-bodies have been dropped of at s1 and s2 a lo-
cal vehicle, LV1, departs from s1 to serve customers c6, c5, and c4 while local vehicle,
LV2, departs from s2 to serve customers c10, c11, and c12. When OV1 has finished
its customer tour, it first returns to s2 and then to s1 to re-attach the previously
detached swap-bodies before returning to the central depot.

The solution of the HMSME-VRP enables it to cover all customers in a more time-
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efficient manner than the 2E-VRP and the TTRP. The 2E-VRP does not allow
customers to be served directly from the central depot. Therefore, in such a solu-
tion, customers c1, c2, and c3 would need to first be assigned to a satellite before
being served (see figure 6(b)). As customers close to the central depot can be served
directly, in the HMSME-VRP, commodities do not have to be unloaded from upper-
level vehicles and then loaded to lower-level vehicles at the intermediate facilities.
Compared to the TTRP, see figure 6(c), the HMSME-VRP allows swap-bodies to be
transferred from one vehicle to another. As such, a larger number of customers can
be served within the same time interval. However, in the case of the HMSME-VRP
solution, more vehicles may be needed than those of the TTRP. Although after trans-
ferring swap-bodies to local vehicles in the HMSME-VRP solution, original vehicles
continue to serve customers, which, compared to the case of 2E-VRP, may decrease
the number of vehicles required. In addition, there are differences in vehicle and cus-
tomer categorizations and the characteristics of intermediate facilities, which results
in fundamental differences between the problem classes. Being a real-world problem,
the HMSME-VRP allows distribution companies to serve customers dispersed in a
large geographical area from a central depot without large investments in infrastruc-
ture.

The VRP is known to be NP-hard (Toth & Vigo, 2002) and the HMSME-VRP,
as an extension of the VRP, adds further to the complexity, rendering it compu-
tationally hard to solve. To verify and test the solvability of the model, several
instances were constructed. The model was implemented in Pyomo (Bynum et al.,
2021; Hart et al., 2011) and solved with the Gurobi 9.5 solver (Gurobi Optimization,
LLC, 2021) on a laptop with a 2.3 GHz Quad-Core Intel Core i7 processor. For a
instance, including twelve customers and three switch points, the solver could obtain
the optimal solution within a reasonable time interval not exceeding 300 seconds.
However, larger instances required significantly more time. An instance consisting of
20 customers and 6 switch points was timed out exceeding 498 000 seconds without
verifying the optimal solution. Therefore, it is evident that there is a need to develop
heuristic approaches or metaheuristics to solve instances of realistic size or real-world
instances.
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5 Implications and Future Research

This chapter discusses the implications of the contributions from the appended pa-
pers. Furthermore, new ideas for future research are presented and discussed.

The problem studied in Paper A is of great practical importance. As stated ear-
lier, it is a problem that Sweden and every country in the industrial world face or
will face in the near future. Simultaneously, as volumes increase, even faster than first
anticipated, the more critical the problem becomes. To the best of knowledge, this
is the first study in designing a reverse supply chain for spent lithium-ion batteries
from an optimization perspective. Even if the case study focuses on Sweden, it can
be applied to other countries, or regions, with minor modifications. Furthermore, the
paper highlights several important factors that policymakers need to consider when
designing such a supply chain.

The solution method of backward time-period optimization can be helpful in facility
location problems when conventional stochastic methods are not applicable or when
there is no foreseeable end of demand. Stochastic methods require that each uncer-
tain parameter be assigned a probability; when this is not possible from a practical
point of view, different scenarios can be applied in combination with the backward
time-period optimization procedure. The approach can be used in any location or
allocation problems with fluctuating demand characteristics from period to period or
when the demand is assumed to progress slowly until it has reached a steady-state.
The robustness of the model has, however, not been tested. Further studies should
try to convert the model to a linked multi-period mixed-integer problem to determine
the robustness of the backward time-period optimization method.

The need for HMSME-VRP originates from a Nordic distribution company that has
to cover large geographical areas and where the cost of establishing facilities is high.
Today customers are allocated to switch points, and after that, routes are generated.
To optimize such a procedure is very time-consuming. In this case, there is a practical
need to formulate an optimization model and develop an efficient solution method
that can be of practical use. Furthermore, from a theoretical point of view, it is an
opportunity to formulate a distribution network where intermediate facilities (switch
points) are simultaneously described as both sources and sinks of the network. Such
mathematical modeling may add value to distribution optimization and supply chain
and network optimization, and related fields.

From a practical point of view, an advantage of the HMSME-VRP is the combined
use of different vehicle fleets. In terms of loading capacity, large vehicles are being
used for longer distances, whereas smaller vehicles are used for shorter distances.
The combined use of vehicles can, in some cases, result in fewer vehicles used and
thereby total distance traveled. Furthermore, large geographical areas can be cov-
ered without significant investments in infrastructure. On the other hand, vehicle
and swap-body capacity utilization might be lower than, for example, the 2E-VRP,
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where commodities are first sent to the intermediate facility to be unloaded, consol-
idated and then loaded to other vehicles. In such a system, vehicles of the upper
level do not have to be loaded considering a specific customer route. At, however,
the expense of more significant investments in infrastructure.

The presented model in paper C has a tactical or operational focus as the VRP,
optimizing the routes in a specific instance. As a part of the optimization is to
determine from which node, switch point, or the central depot each customer tour
should start, one could argue that an implicit decision is being made on which switch
points should be used and not. However, there is neither any cost of using any switch
point, nor is there any capacity restrictions imposed on them. This means that the
determination of switch points is based on the cost of transportation. Extending the
model to include locations’ decisions, i.e., transforming the model to an LRP, would
shift the focus to a more strategic perspective. In an LRP model, a binary variable
would be added, incurring a cost for using a specific switch point. Such a model
would thereby optimize the distribution network structure, considering the delivery
routes instead of only optimizing their design. In addition, for the model to better
cope with real-life characteristics, aspects such as time windows, service times, and
stochastic demand could be considered. All of the factors mentioned above increase
the complexity of the model. As the HMSME-VRP is computationally hard to solve,
there is an obvious need to develop efficient solution methods which can solve realis-
tic instances of the standard problem and its possible extensions, incorporating more
real-life aspects.

The HMSME-VRP is with minor modifications suitable to use in connection with
sustainable routing policies. The current version of the model considers the economic
dimension of sustainability. As previously discussed, companies have to maintain the
highest possible service levels at a minimum cost. In recent years, much focus of
global vehicle manufacturers has been directed towards developing competitive al-
ternatives to fossil-fuel vehicles. Such vehicles are often referred to as Alternative
Fuel Vehicles (AFV) and include different electric, hybrid, natural gas, hydrogen,
and multiple fuel vehicles. AFVs’ unique characteristics, such as range limit, load
capacity, charging infrastructure, must be considered in routing and network design
problems. The hierarchical dimension of the HMSME-VRP and the fact that two dif-
fering vehicle fleets are used, enables the natural incorporation of AVFs’. As original
vehicles may require conventional fuel vehicles, local vehicles travel shorter distances
carrying a lesser load and may not require conventional vehicles. In addition, such
a formulation will permit the optimization of fleet composition and different types
of vehicles for various tours. Furthermore, the extension would enable the inclusion
of additional objectives, such as environmental impact. The environmental impact
caused by transportation depends on several factors such as weight, speed, fuel, etc.
However, it is not linear to all such factors (Demir et al., 2014). The incorporation
of such objectives results in a more accurate representation of real-life characteristics
and also considers the environmental dimension of sustainability.
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