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This thesis explores the multimodal muttbormmodity hub location problem, inspired by
realworld hub networks. This research aims to optimally design the hub network in Finland
where different transportation modes, including trucks, trailers, full trucks,raimg,tare
utilized, focusing on locatieallocation decisions. This research integrates transportation
and handling costs in the network into a single framework and forms the objective function
based on these two parameters. The model permits multipkptidation modes between
nodes and hubs, as well as between hubs. Demands are considered deterministic and
asymmetric. A mixednteger linear programming model is developed to select the optimal
location of hubs and allocation strategy, coupled with deteéng the best transportation

mode in each connection route. Computational tests using real data from a case company
reveal that a skhub configuration is the most cesffective among various network
structures. The final results provide guidance to 8BMnpanies, shippers, logistics service
providers (LSPs), and infrastructure owners (e.g., governments) on optimizing distribution
networks and reducing transportation costs while handling diverse products and vehicles. It
also provides policymakers wittrategic advice on facility and infrastructure planning
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1 Introduction

It is an indisputable fact that in the exggowing competitive era, companies consistently
strive to enhance customsatisfaction. While attempting to provide a satisfactory delivery

in terms of promptness and service level, companies place a premium on declining the total
cost s. Hub Location Problems (HLP) not on
also triesto decrease the total costs in the supply chain net@ey#i and Shirinbayan,

2023)

HLPs are used in transportation, telecommunications, aviation, postal services, and freight,
and their concept stems from developing a network structure in which certain nodes (discrete
case) or pointsvithin a plane (continuous case) function as hubs. The remaining nodes in
the network, referred to as spokes, can be connected to one or more hubs. Within this
framework, all flows between pairs of nodes must pass through the hubs. The primary
objective ofsuch a system is to consolidate traffic along-tasbub connections, thereby
achieving economies of scale through reduced costs per unit on these links. Take the airline
industry as an example; this approach enables the use of larger, more efficiest \plale

in the communication network context, it allows for the deployment ofteglacity fiber

optic links between hub&bery et al., 2000; Najy and Diabat, 2020)

It is worth mentioning thatreHLP concentrates on determining the optimal facility location

and assigning demand nodes to the determineddwbs to facilitate the flow of various
products from origin points to the destinations at minimal cttssbiould be notethat the

i ni tial studies on this ground wfermaated ondu

these problemgAmbrosino and Sciomachen, 2016)

Karimi and Bashiri (2019argue thathe HLP is typically studied in systems requiring the
rapid transport of goods, passengers, or information between two nodes. Directly linking
origin and destination nodes oftercreasesosts and redusefficiency. To address this,

hub networks are developed to facilitate connections through intermediary nodes.

Obviously, the main goal in such problems is to attain an optimal solution by utilizing hubs
in the network instead of direct shipment between nodes. Identifying the optimal location

for hubs plays a crucial role in determining the overall efficiencyehgtwork. Therefore,



it can be said that tHdLP serves as a valuable tool for strategic decisnaking processes
(OsorioMora et al., 2020)Hubs also can facilitatde transition between different modes
of transportationcontributing to cost efficiency and enhancing the overall flexibility of the
network(Karimi and Bashiri, 2019)

Freight transportatignon the other handgpresents one of the key applicationsHbfP
models. As mentioned, HLP serves apramary tool for making strategic decisions in
multimodal freight transport systen{®soricMora et al., 2020) Multimodal transport
involves utilizing multiple modes of transportatieg., roads, rails, sea, etto)optimize
profitability, where each mode is characterized by distinct cost structures, network
connectivity, and other specific attribut€®edehzadeh et al., 2018Yhile traditional HLP
formulations do not account for multiple transport modes, several extensions and adaptations
have incorporated multimodal frameworkEhe movement of freight can also vary
depending on the type of product being transported. Similar to multimodal scenarios,
different products may involve distinct transportation and handling costs. Additionally, the
origins and destinations of freight mbg tailored to specific product types, thereby catering

to specialized marke{®©soricMora et al., 2020)

Mathematical modelsin addition can better reflect reaborld scenarios by including
multiple product types in the network. In this vein, hakescapable of transmting one or
various products to the destinatiomsid depending o the functionality of the hubs, the

number of transported prodsaan be identifiedEydi and Shirinbayan, 2023)

All in all, HLPs aim to determine the optimal number and placement of withs a
network, as well as to allocate nodes to these hubs by selecting efficient transportation
systems for the routes. The integration of multimodal transportation enhances cost efficiency

and aligns the problem more closely with realrld conditiongKarimi et al., 2018)

1.1 Obijectives of the study and research question

The objective of this study is to evaluate the supply chain network in Finfamnlthesis
focuses on decisiemaking related to transshipment and facility locatidncording to

Khurana (2015)the transshipment problem, a specific type of transportation issue, involves



identifying the most costffective routes to transport goods from origin points to destination

points via intermediate facilities.

Due to the extraordinary growth incemmerce, the retail market, and, subsequently, the
upsurge in the need for transportation goods from one point to the destination over the last
decade, the need for an efficient system to deliver products to theatlestipoints in a

timely manner and cosffficient mode is felby many companieslherefore, this research
tends to put forward a mathematical modeddoress supply chain and material flow issues

at a national level within Finland, with close collabaatwith the LIMOWA association.

The findings of the research could be beneficial not onlBRir companiesshippers, and
logistics service providers (LSPut also for society and infrastructure owners

(government) by answering three main questions
Research question:
1- What are theptimallocatiors to establish hubs as consolidation psint

2- Which means oftransportation can be used to transport the gdmtdweenthe

optimalnodes?
3- How have the supply chain costs changed over the last decade

Ithough HLPs are not a new concept and numerous developments have been applied to these
models in terms of solution methods and algorithms such as Mixed Integer Nonlinear
Programming (MINLP), Mixed Integer Programming (MIP), Genetic Algorithm (GA),
Simulaed Annealing (SA), Tabu Search (TS), and various constraints including multiple or
single allocations, multimodality, multicommodity, and time restriction, to the best of the
aut hor 6 s , thkereaswiotesiingae mathematical research with such an sxten
domain in the national leveh Finland. Moreover, this research strives to consider
constraints and assumptions that drive the research to a realistic situation. Take a large
number of products involved in the problem, which encompasses different product types,
and consider the most palpar goods transportation types, including trucks, trailers, full

trucks, and trains, as an example; all these lead the research to apply to a real. situation



1.2 ConceptuaFramework

The conceptual framework of this study intends to make the key concepts of this study clear
and provide rational relationships between them. As the research questions indicate, the main
objective of this study is to examine the optimal location of faediind determine the best
transportation modes between nodes. This study combines theoretical analysis and empirical
investigation. The theoretical component reviews existing literature to provide a
foundational understanding of the subject, while theigosh aspect employs a quantitative
approach. This method was selected to gain detailed insights and a comprehensive
understanding of the topic through rearld data. The abovementioned explanations are
visualized inFigure 1

INPUT PROCESS OUTPUT

a =
Optimization method
Theoretical
Mathematical
background
Demand
data

Supply Chain

Network
design

Cost
structure
data

* Determining Hub location
* Determining transportation

modes

Distance
data

-

Figurel- Conceptual framework

1.3 Limitations

There exist a few limitations in this study. This study examines the subject primarily from
the perspective of a single objective, minimizing transportation and handling costs in the
network, while other sustainable objectives, such as the minimum vol@insarlmon

emissions, minimum risk of transportation, minimum equipment delivery time, minimum



bio-pollutants and noise pollutants, or maximum profit of the transportation process and
employment rate, can be incorporated into the problem.

Obviously, rail connections do not exist in the whole network in the real world; however,
this study considers fully rail connections in the network to evaluate the effects of having
rail connections in the network and its effects on the total costsvds gjood insight to
decisionmakers and encourages them to build rail infrastructure in the network if there is a
willingness to decrease the transportation costs in the network. Moreover, since almost all
existing rail connections have been built closedads, it is assumed that all real rall

connections and virtual ones have the same length as roads

1.4 Structure of the thesis

Overall, this study constitutes five chapters. The introduction chapter consists of four sub
chapters. The introductory sahapter put forward explanations regarding the subject of
the study, along with the study's objectives and research questiongcbhd sulzhapter
provides a conceptual framework. The limitation subchapter includes the technical
limitations of the study. The study's theoretical background is presented in the second
chapter, starting with preliminary explanations of the HLPs andioating in conducted

research in this scope.

In the third chapter, the research methodology is explored in greater depth. This includes
an outline of the research design in the initial-sbapter, followed by a discussion of data
collection methods and a detailed description of the problem spéoifisaThe chapter

concludes with a presentation of the mathematical formulation.

The fourth chapter focuses on presenting the model analysis, encompassing designing the
supply chain network for two dedicated periods. In the end, thecfiftpter is dedicated to
discussion and conclusion, which interprets the findings concerning the theoretical
framework and research questions, aiming to provide answers to them. In addition, it offers
a summary of the study's key findings, highlights itsttions, and proposes directions for

future research.



2 Literature Review

HLPs arean extension of tradition&acility LocationProblens(FLP) involving fixed cost
methods whicharefairly new, andheir main function is facilitating the transfer of people,
commodities, or information by creating necessary oftlgistination pairs connectisand
utilizing different heuristics model® satisfy demands and decrease transportation costs
(Farahani et al., 2013; Alumur et al., 202The main discrepancy between HLP and
conventional FLP is that in HLP, there is a demand between alggtination points, and
facilities/hubs interact with each otherand serve as terminals for shipments and
consolidation while none of the mentioned features exist in Faidbecause service is
provided at the facilities, flows begin at demand potusninating in the facilitiegAlumur,
2019; Contr er as Thaerefare, &2coKliad tdhaleghi gh@ By&i (2022)he
primary objective of the HLP is to determine the optimal location for hubs and allocate
demand points to these identified hubs in order to minimize costs or maximize the profits of

the designed network

Historically, the concept dfiLPs is notalong-lasting topi¢ and its age is just less than 40
years(Sun et al., 2017Hakimi (1964) published the first article regarding the concept of
HLPs. Although this issue remained silent until two decades later, Toh et al. (1985)
published an article in which the use of HioRthe aviation indusyrwas examined. In this
way, the 1980s is considered the first period when the concept of HLiRtrealkiced After

that O6 Kel y (1987, exteAsy@developmentian the LB mod&larahani

and Hekmatfar, 2009) Thereafter, Alumur and Kara (2008)introduced the first
mathematical solution for HLP in an airline passemggradion, which focused oasingle
allocation P-hub median problemQOther scholars such as Campbell (1994, 1996), Aykin
(1994, 1995), and Klincewicz (1991, 1992) occupied an axial roleeadvancement dhis

topic as well(Farahani and Hekmatfar, 200®)is worth mentioning thathis concepthas
differentapplications inthe movement of passengers and freight by air, on ships, in public
transit, forexpress cargo delivery, in postal services, in trucking (TL and LTL), and in
telecommunication networlarchitecture (which is called backbone/tributary network

design)and has gained enormous development over the past de@adesur and Kara,

2008; Al umur , 2019, C.olmetfotlosvingasabchaptedconStifute e | |y



different topicsaiming to provide a brief survey of the concepHLP in both applications
its classifications, modeland the previous works in this scope

2.1 Basic definitions and concepts of HLP

Hubs play a crucial rolén manyto-many distribution systems, functioning as pivotal
locations for switching, transshipmentpnnecting, consolidatingand sorting. These
facilities consolidate flow$o maximize economies of scale, as opposed to managing each
origin-destination link individually. Consolidation happens throughout the process of
moving from the origin to the hub, from the hub to the destination, and between several hubs.
In this way, flows from one origin to many destinations and flows from multiple sources to
one ckstination are combingd\lumur and Kara, 2008)n the telecommunication context,

hub nodes can be referred to as "switches," "gates,” "concentrators,” "control points,” or
"access points,"” depending on the situation or use. Similarly, "local" or "access" networks
are other names for tributary networks. Other terms, asittub-level networks," may also

be used to refer to backbone netwqkbncewicz, 1998)

HLPs, on the other hand, focus on finding thimized location(s) for the hub(s) and
assigning demand points them so as to route between origiestination pairgAlumur

and Kara, 2008)Hub networks includéhreemain typesii s i 4 ¢ |l camubhopl e
all ocandalildq c wiichtbenmain difference between them is the variation in
assigning these nodes to hubs. In a muHgblecation, receiving and delivering flows are
routed through more thamehub from every single demand point, while all input and output
streams are connected to a single hub from every point in sihgtation problemsin r-
allocation, on the other hand, every node can be linked to a maximuhub${Alumur et

al., 2021)

2.1.1 Backbone/tributary networksoncept and definitions

As was mentioned earlier, this structure is used for a communication network, which consists
of several nodes as hubs, Aoumb nodes, and links between them. Nodes are connected to
hubs by tributaries, and hubs have interconnectivity through backbones. As is evident from

Figure 2, the network below consists of four hubs, including points A, B, C, and D, and the



backbone network is represented by the thick lines that link these hub nodes. The backbone
network is a fully interconnected network, which means that all hubs are connected to each
other. On the other hand, if there are one or more unconnected hub®toethleubs, this
would be a AMesho networ k. Il n other words
via other hubs. It is worth mentioning there are more conceivable backbone configurations,
such as rings, trees, and stars. Furthermore, the netwrittudéries connected to nodes A,

B, C, and D is referred to as a "star,” "ring,"” "path,” and "tree" network, respectively
(Klincewicz, 1998)

Bas

Figure2. backbone/tributary network

According toKlincewicz (1998) in order to design such networks, various parameters,
including cost, capacity, reliability, performance, and demand pattern, configuethtak

structure, which is discussed in detail below

2.1.11 Cost ofa Network
As Alumur et al. (2021)cited Klincewicz (1998) telecommunication systems are
characterized by fixed infrastructure costs for links and hub facilities, which outweigh
variable petunit flow expenses. Therefore, models must encompass decisions regarding hub
nodes, link deployment, and network usage fl&wnetwork's cost can be influenced by a

number of factors, depending on the application or environment, which consists of the

1 Cost to establish a linkfhis cost may vary from link to link or remain the same for all
links, in which creating a connection may be the same as, say, the upfront payment made
for a lease or the cost of installation.

1 Cost to use a linkthis cost is pertinent to the amount of traffic that utilizes the link. It

can vary for a backbone and tributary or links with different capacities



91 Cost to establish a hulF:his cost includes all equipment costs and operation costs to set
up a hub.

1 Cost to use a hulsimilar to the cost of using a link, utilizing a hub can pose costs, for
instancetraffic in the backbone network going through several likibscewicz, 1998)

2.1.1.2 Capacity of éNetwork

This concept defines the maximum traffic volume that adiidmnnection can manage,
which constitutes two distinct capacities, including link capacity and hub capacity. Link
capacities refer to constraints in the traffic volume that a link can manage, while hub
capacities include two different constraints. Fiestestriction on the volume of traffic

that flows via the hub node, and second, the maximum number of tributary nodes that
can be linked to a certain hub

2.1.1.3 Reliability of aNetwork
There are reliability elements that influence the design of a network.

1 Homing to multiple hubsn some cases, there might be some-imoin points that are
connected to more than one hub. This, in turn, gives rise to minimizing the costs due to

the possibility of different routing or changing the route in case of failure in the network.

1 Alternate routing: Thi s i ssue mostly occurs in the
necessity for a backbone network that ensures there are several paths between pairs of

hubs with sufficient capacity to rearrange the route in case of link failure
2.1.1.4 Performance of aletwork

The network's performance is an important factor to consider while assessing a network
architecture. for instance, how well it can manage the many traffic demands that can be
made of it. It is worth mentioning that tiperformanceoriented models must account

for the stochastic traffic demand between node pairs in the network.

2.1.15 DemandPattern
There are two main demand cotomamgudod ad é manrs
pattern, each node in a network connects to many or all of the other nodes. In this model,

node pairs can be connected through a backbone, while hubs perform switching duties
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Il n a -tbonm@y demand pattern, on the other
central point, and through this point, it can have exchange traffic with other. nodes

2.1.2 Particular structures for the backbone and tributary networks

Based on the nature of each problearious topologie$or backbons and tributariecan

bedefined(Klincewicz, 1998) which are introduced briefly below

In a star/star networlseveralnodes are directly connected to hubs, and the concentrators
(hubs)are directly connected to a central point that has been deffimgade3 illustrates the
topology of this networkAccording toLee et al. (1993)various types of hubs in terms of
capacity and cost can be taken into consideration. In these cases, locating hubs and

determining the types are considered

Tree/star network on the other han@refeasible to build a muHliayered "tree" structure

in which hubs can be connected to other intermediate concentrators hierarchically as an
alternative to having each concentrator connect directly to the central lodatione(9.
Moreover, same as the previous network, hubs can enjoy various capacities and costs
(Klincewicz, 1998) As Alumur et al. (2021kited de Sa et al. (2013h their article, this
topology connects hubs through fiber optic links. Given their substantial setup costs, tree
topologies are typically favored to reduce the necessary links while facilitating connectivity

services among customer sites

Lastly, fully interconnected/star networks include two different problems, including-the P

hub median and uncapacitated hub location. In the context oflibhb edian problem
with a single allocation, it is inopeorfat i ve
hubs from the available nodes within the given problem. Evershobmode should be

linked to a hub in a star configuration; subsequently, comprehensive interconnection

among the hub nodes should be creétegure 5a). In the Phub median problem with a

multiple allocation, on the other hand, Alomb nodes can be connected to more than one

hub in the network.Higure 5b).

In stark contrast to the-Rub median problems, the number of hubs in the uncapacitated

HLPs is not known in advance; however, hub establishment cost should be taken into
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consideration. Similar to the former model, this model has Botgleallocation and
multiple-allocation for each nehub point.

AR AR

Figure3- A Star/Star Network Figure4- Tree/Star Network

(a) (b)
Figure5- Fully interconnectef&tar Networkwith single allocation (a), multiple allocation (b)
Other topologies have been extensively examined in other research, such as mesh/star
networks, ring/stanetworks, networks with tributary trees, star/tree networks, path/tree

networks, tree/tree networks, and ring/tree networks
2.1.3 CommonlyUsed Data Sets HLPs

There are three main data sen € {10,25,50,81}, n € {10,25,50,100}, and n € {10,15,20,25}

utilized in HLP studies by scholars, including therkish Network(TR), Australian Post

(AP), andCivil Aeronautics Board CAB) data sets. The TR dataset comprises 81 urban
centerglelineating distances and interconnectimiibin the Turkish Postal System. The AP
dataset encompasses 200 nosigaifying postcode districts along with their respective
coordinates and interconnections across Australi@ CAB dataset, on the other hand, is
founded on air travel passenger connections among 25 metropolitan areas within the United
States during the year 197the numbers of nodes are setitosefor the TR, AP, and CAB
datasets, respectivelyigure6 depicts the geographical map of the mentioned daté&ats

et al., 2017)



12

(a) TR dataset with n = 81 (b) AP dataset with » = 100 (c) CAB dataset withn = 25

Figure6- Visualization of three main data sets

2.1.4 Common Models oHLPs

The common form ofHLP obsered in literature isHub Node Location Problems!
emphasiing locating a number of hubs and assigning O/D points to these hubs. Hub Arc
LocationProblems$, on the other hand, have paid less attentichéditerature and mostly

take into consideration the positioning of a group of hub arcs, which in turn generate a series
of hub nodes, along with the allocationanigin-destinationnodes to these hub ar¢sgure

7). It is worth mentioninghat hubsmay not be entirely interconnected, either as a result of
the associated setup costs on the hub arcs or due to the imposition of additional conditions

on the network topology Cont reras and O6Kellly, 2019; Al

O Hub nodes

o) Nonhub nodes
Hub arcs

— Access arcs

"""" Bridge arcs

(A}

Figure7- Network structure of a Hub Node Location Problem (A) and a Huli_écation Problem (B)
(Contreras and O6Kelly, 2019)

According toAlumur and Kara (2008 dmost allhub location problemare summarized in

these four categories, including tRdénhubmedian problem, thelLPwi t h y xe d® cos't
hub center problem, and hub covering problermarahani and Hekmatfar (200@nd
Farahani et al. (2013htroduced HLPs in a different way in which initial properties were

defined for such problemsvhich include,

1 HNLP
2HALP
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A Solutiondomain:Net wor k (fAthe domain of candidat
nodeso) , di screte (Athe domain of can

nodeso), and continuous (Athe domain of

A Objective function: Mini-Max (minimizing the maximum transportation cost
between origirdestination pairs) and MikBum (minimizing the total costreated
by locating hub nodes and assigning the-hoh points to the established hub).

A The number of hubs tobe located: Exogenous (the number of hubs to be located is
predetermined) and Endogenous (It is decided as part of the solution how many hubs
to place, rather than having it predetermined).

A The number of hub nodes:single hub and multiple hubs.
A Hub capacity: uncapacitated (unlimited) and capacitated (limited).
A The cost of locatinghubnodesno cost, yxed cost, and var

A The allocation of a norhub node to hub nodes:To one hub (singlallocation) and

more than one hub (multipkdliocation).

A The cost of connecting nofhub nodes to hub nodesno c o st , yxed cost

cost.

The different types of HLP are describedhe subitems below

2.1.4.1 P-hubmedianlocationproblems
According toSun et al. (2017}he HLP is known as thel®ub median problem if the number
of hubs is fixed at the time of design. They also mentioned that there are five typeastof P
medi an |l ocation probl ems, i ncluding Acl a
singl abd efimalliti pl e, 6 and Aincomplete sing
overall transportation costs, including time and distance through a particular set of flows, n
demand nodes, flow between origlastination pairs, and a number of hubs (P),tlaee
objective functions of these problenisis problem consists of two various types, including
singleallocation(SA) and multipleallocation(MA) (Alumur and Kara, 2008)rhe former
refers to problems in which the ntwb nodes are assigned to just one hub, while in the
latter concept, the nemub nodes can be connected to one or more than one hub node in the
P-hubmedian problemé~arahani et al., 2013; Alumur and Kara, 2008)
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2.1.4.2 P-hubMedian Location Problem with Fixed Costs

In contrast to th&-hubmedian problems in which the fixed cost of opening facilities is not
included, in this model, a fixed cost is taken into accountdanectingall northub nodes

to hubs(Alumur and Kara, 2008; Farahani et al., 20I@d)is model has both single and
multiple allocatiors, andsincethe number of hubis not predetermined, the uncapacitated

and capacitated constraints can be considered.
2.1.4.3 P-hub Center Problems

The Mini-Max objective fuition, which minimizes the maximum cost of origiestination
pairings, is the foundation for the definition of a&hterHLP (Farahani et al., 2013)n
another definition introduced bBgampbell (1994agited in Alumur and Kara (2008}three
various types oP-hubcenter problems were presented.

1- Minimizing the maximum cost for anyrigin-destination pair
2- Minimizing the highest cost associated with movement on any individual link.
3- Minimizing the highest cost of transportation between a hub and an

origin/destination, focusing on optimizing the vertex center

The first concept imnainly used for decomposable or tisensitive products, in which time

is considered a cost. Type two, on the other hand, points out the items that necessitate
specific preservation or processing, such as heating or cooling, which can be accessed at
hubs. The last one has a similarity to the second type, acknowledging thab-hub

connections might possess unique characteristics.
2.1.4.4 Hub Covering Problems

In the context of facility covering problems, it is emphasized that a facility must cover
demand points, and their distances are to be such that a facility can meet its.demand
Campbell(1994b)proposed three different coverage criteria for hubshicth the hubsk

andm cover the origirdestinatiorpairing(i,j):

1- The cost from i to j via k and @oes not go beyond a certain amount
2- Every connection in the path from i to j through k and m has a cost that doesn't go

over a particular amount
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3- Each connection betwedhe hub and destination/origifulfills a different set of

values

As Farahani et al. (2013jited in their research,he objective of the hub sebvering

problem is to strategically position hubs in a manner that efficiently covers the entire demand

while minimizing the overall cost associated with establishing hub facilities. Conversely, the

maximal hubcovering problemaims to maximize the extent of demand coverage using a

predetermined number of hubs to be located.

From another point of viewAlumur et al. (2021pffered a different structure to categorize

a wide range of HLP models by determining the key elems&mth as problem sets, demand,

objectives, and constraintso that by defining them, the model is much closer tewedd

casesFigures8 illustrates the taxonomy of HLPs based on the elements described.

Problem Setting

* Context (Transport, Telecom, Single
Multiple transport mode)

* Singldfirm or competition
* Privateor publicsector

or

Demand
* Deterministic or uncertain
* Static or dynamic
* Splitable or not
* Time frame etc.

Objectives

* Single or multiple
* Economic

- Cost

- Profit
* Service

- Center

- Cover

- Utility
* Other

- Competition

- Reliability

- Congestion

- Robustness

- Environmental

- Equity

Constraints
* Capacities at hubs/Arcs
* Service or time
* Operational / Performance
* Network topology
* Budget, etc.

Figure8- Taxonomy of hub location model®lumur et al., 2021)

In this categorization model, the demand characteristic is a crucial factor for modeling the

HLP in different setting€Every demand element signifies a service request for an identified

origin-destination pair. For instance, it involves moving a specific quantity of freight,
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passengers, or information from a defined starting point to a designated endpoint, potentially
via strategically positioned hubs- pairs are assigned to hubs, serving as intermediary
points that offer beneficial services like consolidation or sortindpiwithe flow paths.
Moreover, the objective function deals with cost and service measures involving various
purposes such as fAmi Aiemitazinrag i bhe phohge otr
| ongest ar c i-objecive ynodelsaatsd exist thiMeuthetpioblem closer to

realworld cases

Constraints, on the other hand, determine permissible measures in the model amigeshape
general network. These constraints usually stem frorawedd requirements, for example,
restrictions in vehicles, facilities, or
capacities in hub location models hinge on existing resources suapa@s gates, roads,

sorting equipment, communication links, and vehicles. Time dimensions, reflecting resource
usage (e.g., packages processed per hour), are crucial but frequently omitted. Services are
mainly considered for customer satisfaction, suctheasnaximum or average lead time to
deliver goods to customers. Time, from another angle, can be attributed to delivery time,
delays, etc. All in all, the ultimate goal of HLP is to provide cast servicdevel-efficient

solutions by eliminating artifial assumptions and constraifédumur et al., 2021)

2.1.5 Applications ofhub location problems

This subchapterput forward various applications of HLP, including classagblications,
which have stemmed from the aviation industry, cargo delivery, and telecommunications

networks, and other additional expansions on the classical models.

2.1.5.1 Classical applications
As mentioned, it can be expressed that aislimargo delivery, and telecommunication
net wor ks ar e tHLEs. Althaugtshe geneattadbcertcapteandfremuirements for
hubs are similar among these industries, in the meantime, the most striking difference
between them is the concept of flow, which is people, freight, and data, respdeétiveltyr
et al., 2021)

In the airline industry, as people are the decisakers and most demands come from them,

a large number of airline network models in #ig@l situations have been developed based
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on multiple allocatiometworks; however, research has illustrated that in this network, non

hub points just connect a few numbers of hi#damur et al., 2021; Corberan et al., 2019)
and in some casess mentioned infaherkhani and Alumur (2019kertain airlines,
particularly lowcost ones, offer direct (nestop) flights insteadf a hubandspoke model.

In freight (cargo) delivery, on the other hand, as there is more flexibility in time and choosing
routes to deliver goods, it usually takes advantage of a single allocation model. While the
shipper and recipient prioritize timely delivery, the cargo cafoeuses on routing specifics

due to their impact on costs, service quality, and revenue. Implementing a single allocation
system enables a designated hub to handle both inbound and outbound cargo for individual
cities (spokes), enhancing flows on acceeswork links and potentially lowering costs
through economies of scale. It's noteworthy that cargo companieshifteretworks are

often sparse, making incomplete networks signifi¢atamur et al., 2021; Mokhtar etl.,

2019)

Furthermore the interpretation of hubs in telecommunication netwdrés adifferent
meaning from what was mentioned for the last two concepts because in this model no
physical goods or vehicles are availalaled hubs can be routers, switches, or concentrators
(Alumur et al., 2021; Klincewicz, 1998pverall, in this modekhere are various topoles

with their own applications. Tree/Star topolqgfpr instance is used in digital service
networls, Star/Star structure is utilized in satellite communication networks, tlaad
Ring/Star model permits twoonnectivity between pairs of node® asto mitigate
dependability issug@lumur et al., 2021)

Lastly, here are other ars@af applicatiors of hub locationthat have been pointed out in
Alumur et al. (2021work; for example the role of hub network design in liner shipping
introducedby Zheng et al. (2019applications in public transportatiechedulesespecially

in the highway network and fast transport system donéhoyng et al. (2018)

2.1.5.2 Extension applications
There are other extensions on the model, for example, in passenger airline hub problems that
mostly place a premium on high service level anddost carriersAs Alumur et al. (2021)
citedO6 Ke |l | y einhthear hrticle thig €edvibe)level led tanincrease in the price
since they had to connect certamirs of origindestination. Thefore, choosing a price for

these flights becomes a crucial extra choice.
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In the context of cargo industries, it should be noted that research has betratbioenur

et al. (2012)used multimodal transportation means (aviation and terrestrial) to offer an
effective delivery serviced new type of delivery device UAVor drone was investigated in
healthcare supply biMacias et al. (2020)vith battery life restrictionIn the other work
conducted in different researbly Real et al. (2021andde Camargo et al. (2013)ited in
Alumur et al. (2021) the concept ofhub location routing problemsas introduced
permitting multistop routes to connect hubs and-mais in the access network.

2.2 Previous studies

In this subchapter, the theoretical background of hub location problems in various
applications with different purposes is examined. Due to the many advancements and
implications in HLP, the author tries to explore the topics that are rather relevduat to t
objectives of the research. Therefore, the structure of thistsayter can be divided into
different aspects of the research. According to the literature, various assumptions and
objective functions are taken into consideration to solve the probSnte the multimodal

and multicommodities assumption is one of the main assumptions of this research, the
literature in this area is reviewed in ss#ction2.2.1 Moreover, the assumptions in the
objective function, including transportation and handling costs and hub or arc costs, have
been reviewed in suthapte 2.2.2 Finally, other aspects of sustainability and multi

objective hub location problems have been reviewed irchapter2.2.3

2.2.1 Multimodal HLPs

Giusti et al. (2023presented a new variant of the complex synchronization model in the
HLP problems, which is practical faSP< problemsandutilized in synchromodal logistics.

In the model, various modes of transportation, including truck, rail, river, and sea navigation
for long-distance shipments with synchronization of freight at facilities for storage and
transshipment operations, were considered. Miaén contributions of the research are

developing arSTHLP® modeling approach for an LS as to minimize the fixed cost

1 Unmanned aerial vehicles
2 Logistics Serice Providers
3 Synchronized multcommoditymulti-service Transshipmeitub Location Problem
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associated with contracting terminals and utilizing them, the unit cost of storage and various
kinds of services, and fines faarly or late delivery and late pickup. A neMiLP?
formulation is deployed to address the synchronization processes to manage the shipment
streamline that goes through the terminals. The second contribution represents a validated
computationally and economically over a large number of diverse cases rihdatsi
complicated networks (like the European one) for container transportation to investigate the
effects of various network topologies and stakeholder behaviors on calculation times,
terminal selection and utilization, the use of transport servicesyaialis cost categories.

This analysis assists LSPs in offering different discount plans to their clients and also
provides a roadmap for them to determine the number of terminals to contract and,
subsequently, allocate the transportation operationgttetiminals.

A multi-commodity multi-modal hierarchicalstructuredHLP under fuzzy demand was
examined in another researbii Eydi and Shirinbayan (2023Jhe main purpose of the
research is to minimize the total transportation costs in a hierarchical configuration with
three echelons (central hubs, raantral hubs, and demand nodes) arranged in -dostar

star network by selecting optimal hub locationssigning norhub nodes to hubs,
connecting ground hubs to air hubs, and determining vehicle fgpesutes. The main
contribution of this research is considering a capacity level for the hubs, including road and
air hubs, service time constraints, elisity in products (two product types), fuzzy variables

for demands, and utilizing th&P? data set for modeling the system. This research took
advantage of commercial optimizing software, GAKIBLEX Solver, to solve smadicale
problems and a GA to deal with largeale ones. Eventually, the results of both methods
werecompared in terms of the quality of results and analysis time. Noteworthy, the results
of the research can be deployed in postal services and goods delivery in large nations cost

effectively and timeoptimally.

Boutarfa and Gok (2023)roposed a hubnds pok e mo d e | based on a
transportation network (MPTN)" in the Greater London area in order to maximize the
coverage of the network. Two types of hubs, including fixed public transport networks,
which are raibased, angbublic bus networks, are taken into consideration in the model.

Transportation means constitute ATubAk, DL

1 Mixed-Integer Linear Programing
2 AustralianPostalNetwork data
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two-phase method is used, consisting of a clustering phase that uses a "spatial clustering
algorithm" to address the specific needs of municipal MPTN, followed by a mathematical
phase that utilizes a heuristic algorithm called the Growing Network Modgitimize the
problem.Consequently, the proposed structure led to an approximately 17% decrease in
travel time, a considerable decline in the number of transmissions, and the use of fewer lines

in comparison to the initial netwark

Dai et al. (2022)put forward an air/rail multimodal, multiplallocation hukandspoke
model for the "Chinese domestic passenger
make an interaction betweeniation and rail transportation in the design of the network.

The model considers travel demand as an uncertain parameter as well as other constraints,
including capacitated hubs, capacitated links, direct links betweehuimnodes, travel cost

and time and transportation costs, concurrently. The proposed model's complexity led to a
stepwise approach: initially solving without uncertain parameters to understand the
transportation network's organization, then integrating uncertainty using the HUBBI
algoiithm. Furthermore, quality enhancement of results was achieved through two strategies
MMHUBBI ! and a heuristic approach aimed at restructuring the transportation model,
referred to a#IMHUBBI -DIRECT?. Results from sensitivity analysis on two méiotors,

i ncluding the fAcosto®gefayndi éicto ed ry cleiomle c tf ol
travel time,o, ikustrate that Increasing the first parameter reduces direct [inks)oting

a hubandspoke structure. On the other hand, the higheetliee greater theensitivity to

travel time, resulting in hubs closer to densely connected nodes wittdirenelinks

Gao et al. (2021)proposed a bobjective stochastic formulation of a multimodal
multicommodity rebalancing and transportatiomodel® in huge natural catastrophe
occurrence times when relief facilities are inaccessible or connection roads are damaged.
The main objectives of the model are the maximization of equity rebalancing the
commodities and the minimization of the total transportation time in the context of
humanitarian logistics to determine the number of transportation means, inbound and
outbound transportation volume, and commodities streamlining. The model considers
uncertain parameters (including demand, supply, and road availability), two transportation

means (including vehicles and helicoptess)dfive predetermined relief centers in a circle

1 Multi-Modal HUBBI
2 Multi-Modal HUBBI with forced Direct links
3MCRT



21

shape, each of which can be supply, demand, or mixed centers, and four distinct commodities
(including water, grain, ration food, and medicines). After linearizing the model, an adaptive
a u g me nAconetrint thethod was developed, and then alifeatag of an emergency

event in the Yushu Earthquake in China was investigated to ensure the model's authenticity

OsoricMora et al. (2020¥3uggested a capacitated mufttodal multtcommodity HLP with

the special feature of allowing direct shipment between O/D pairs in the freight
transportation context in a Latin American country. The model consists of fifty origin points
and seven destinations, including four maritime ports, two border crosam@érport, six

product types, and two transportation modes, including rail and road. A new MILP algorithm

is employed to minimize the total transportation and handling costs, arc establishnsent cost
and hub opening costs by taking into consideration the capacity limitations in hubs, arcs, and
destinations. The findings delineate that only one hub generates revenue, and the elements
that influence the choice of where to locate the hub include tleird@nof cargo and the
distance between the hub and the delivery points

Mokhtar et al. (2019¢xerted an extension on the conventional HLP so that it is usable for
designing scattered networks. The proposed model utilizes three means of transportation,
including road, rail, and sea, and two types of hubs, including seaports and land terminals,
to design an intermodal hub netwdrkor distributing containers in the archipelago of
Indonesia. Hubs are not necessarily fully connected, and direct links between semud non
nodes are allowed. The model develops a (@nteymodal hub median problem in which
"poO sea port ermaaksdckxisti §he mainncbnributionst of the research are
incorporating intermodal flow transmissions within scattered networks, introducing a new
dataset, namelyCD?, and proposing a new formulation for intermodal HLP. Results
demonstrate that the creation of inland container hubseziute fixed costs and overall
congestion costs. Furthermore, by manipulating the discount factor on the rail transportation
network, flow and throughput are affectatid subsequently, road traffic volume decreases

in seaport areas

Karimi and Bashiri (2019esigned a multimodal, multiommodity, modularly capacitated
hub network to minimize the total hub network costs. The authors considered the different

periods and the ability to split goods among various transportation modes and explored the

1 IHLP: Intermodal Hub Location Problem
2 Indonesian container distribution network
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potential for constructing a transportation infrastructure. A nonlinear mathematical
formulation, utilizing the exact solution method, was proposed to ascertain the hubs'
location, assign the nemub nodes to hubs, and assign the transportation meandés. no
The results of the sensitivity analysis illustrate that considering the abovementioned
assumption for the problem gives rise to a considerable decline in the total hub network
costs

Serper and Alumur (20163uggested a singllocation multtmodal HLP for parcel
delivery systems, aiming to optimize the hub network by determining hub placements,
accommodating diverse capacities for each hub, incorporating various transportation modes,
assigning nothub nodedo hubs, and determining fleet size within the intexdal hub
framework. The model tries to minimize total costs, encompassing hub establishment,
vehicle procurement, operation, transportation, and material handling expenses. Further, it
utilizes the TRandCAB data sets to test the proposed model and deploys the MNANSid
algorithms to solve the problem. The model considers a specific structure of the partially
connected intehub networks, various transportation means (air and read)different

vehicle types (vans for nemub nodes to hub transit, plain truckad trailers for hutbo-hub
transportation), as well as distinct capacity and fuel consumption rates, leading to incurring
various transportation costs. Results put forward managerial comprehension of the location
and capacity of hubs and understandinghefvehite type and the corresponding number

of those

2.2.2 Costeffective hub location problems

In the research conducted Kim and Chung (2023 real case of a parcel service provider

in South Korea was examined. This research aims to determine the best location for a new
capacitated single hub, in addition to the five existing hubs, on adasahe area under
uncertain hub capacity so as to miize the total transportation costs. The model takes
advantage of a surrogabased optimization strategy that makes use of Monte Carlo
simulation, machine learniAgased surrogate modeling (such as maiter perceptron
(MLP)), linear programming, andesign of experiments (DoE). It also represents the

relationship between hub capacity and the total transportation cost by utilizing the Monte

1 variable neighborhood search
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Carlo simulation to perform sensitive analysis. The research constitutes four main steps to
obtain the optimal solutiorFirst, deploying DOE with two techniques, includingS* and

CCPD? to systematically explore the design area while taking into account the longitdde
latitudevariables to show the potential points for a new I8ézond, a linear programming
approach, the transportation problem algorithm, is utilized to estimate the transportation
costs. Then, a machitearning technique is employed to create a mapping of input (latitude
and longitude) to output (transportatiorstjo Utilizing the Monte Carlo simulation method

with 100,000 samples to analyze outcome distribution trends through the mapping of input
and output values and performing the sensitivity analysig ikt step of the analysis level.

As a result, there was a 14% decrease in the total transportation costs due to this analysis.
Moreover, the research reveals that the variability in hub capacity has a direct correlation

with transportation costs in sorhabs and has a trivial effect in some other hubs

Due to the high volume of shipmemisdinbound and outbound rates in hubs, which causes
congestion in some hubs and reduces delivery performidageni-Mamaghan et al. (2020)
developed a bobjective singleallocation multicommodity hubandspoke structure taking

into account a congestion factor in hubs and connection links to minimize setup and
transportation costs as well as the maximum transportation time between each pair of OD
nodes. The oscillation of demand between OD nodes creates uncertainty in product inter
arrival times, resulting in varied product service rates. The model assesses congestion of the
flow in the network, caused by this diverse demand, by prop@sgeneral GI/G/queuing
system, which is the most appropriate approach due to the stochasticitysefvice time

and interarrival time of shipments. Eventually, a shipment delivery structansidering
various shipments with distinct priorities was taken into consideration aoti/eothe model

a novel hybrid metaheuristic algorithm includinNgSGA-I1 2 and L-ILS* was proposed.
Results illustrate that transportation time is more affected by the network structure, causing

flow rate and hubds service frequency to

In order to design a profinaximizing hub networkTaherkhani et al. (2020prmulated a

CHLP® model encompassing three distinct demand categories, in which the free capacity of

1 Latin Hypercube Sampling

2 Central Composite Design

3 Non-dominatedSorting GeneticAlgorithm-I|
4 Learningbased lterated Local Search

5 Capacitated Hun Location Problem
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hubs was allocated to the demand for commodities to fulfill the diverse needstaiers

across various market sectors. The model was expected to determine the location of hubs,
the allocation of nofub nodes to hubs, and the streamlining of various demand classes
Two scenarios, including deterministic and stochastic parameters with uncertain demand,
were proposed for the modeh Benders Decomposition technique, integrated with an

Al mprovegxvagi &blrenul ati ono a nithasad algoMain t e C
wasproposed to solve the problemsthe AP dia sef respectively The results demonstrate

the effectiveness of the proposed methodologies with considerable improvement in
processing time so that it can solve the instances with 500 nodes and 750,000 commodities
and 75 nodes and approximately 17,000 commodities for ndigistic and stochastic

models, respectively.

With the aim of minimizing transportation costs, a motimmodity multimodal capacitated

HLP was developed bigarimi et al. (2018)The model adopts a stochastic demand model,
accounts for commodities' splittable features (i.e., they can be split by hubs or transportation
systems), and adopts capacity for both hubs and transportation networks in order to
approximate the reaborld scemrio. The study seeks to find the best location for hubs,
allocate the noimub points to the hubs, implement a transportation system, and decide
whether or not a transportation infrastructure is required to be built. To cope with demand
uncertainty, disete chance constraint programming is developed, and to solve the problem,
a Mixed Integer Linear Programming (MILP) model is proposed. Moreover, in order to
verify the model, various sensitivity analyses are conducted on the significant parameters in

themodel, and the results are as follows:

1 Compared to unsplittable commodities, splittable commodities have a substdmially

overall network cost.

1 With an increase in the route capacity, transportation infrastructure investmenwiévels
decrease.

1 When the overall number of permissible unsettled needs rises, the number of splittable
demands decreases.

1 The more the modes of transportation, the less the transportation costs

1 The more the number of permissible unsettled demands, the less the total network costs
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In the Lhited Statedruit and vegetable industriztemadnia et al. (201%yoposed a logistics
location structure to reduce transportation costs, facilitate the movement of locally produced
food from production locations to consumption points, establish hub infrastructures, and
determine where the existing hubs should be placeelation to transportation impedance
metrics The model utilizes two potential modalities, including terrestrial and aerial
conveyance, and considers maximum travel distance, hub capacity and capital cost, road
condition, and other transshipment castris such as gand land price as the constraint

of the problem. Noteworthihattransportation costs are determined by the distance traveled.
Eventually, mixed integer Linear programming and several simulation methods are

employed to ascertain the number and locatidmuif and vegetable hubs in theSJ

Lee and Moon (20143leveloped a mathematical model to optimize the postal logistics
structure of the Korean Post in a réfd case study. The network mentioned enjoys a hybrid
hubands poke structure consisting o0of,0220 hnMel
Processing Centers (MP@s) and an f@dAExchange Center ( E
comparative models, including the current network and arb&3ed network, were
developed. Subsequently, two mathematical models, including an ILP and MILP, which
simultaneously considelocations, allocations, and various realistic restrictions, were
deployed. The objective of thfermer is to minimize transportation networks and fixed
vehicle costs, while the latter aine emphasize the role of ECs in decismaking In

addition to the previous objectivdash e mi ni mi zati on of yxed co
added to the model

Alumur et al. (2012)leveloped a single allocation multimodal HLP and hub network design
problem in a small parcel delivery system so as to minimize the total costs, encompassing
the yxed costs of erecting the hub struct
transpotation means, including air and road, which are both allowed to be used among hubs,
but only roads are allowed for connecting fimrbs to hubs. The model seeks to locate the
optimal place for hubs, allocating ndmb nodes to the established hubs anectely the

hub links that should be created between hubs using different modes of transportation. A
mixed integer linear programming model for the standard model and a heuristic model for a

more complex model, considering the special case, were deplogelyeahe model
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A genetic algorithntombined with a local seartteuristic was put out b§unha and Silva
(2007)to address the challenge of setting up-andspoke networks with variable discount
factors on the hubo-hub links for the freight industry that provides lisantruckload

(LTL) services in Brazil. Theleveloped model encompassed identifying the quantity and
placement of hubs, along with allocating spokes to hubs, with the objective of minimizing
the total fixed and variable costs. In addition, the model's primary contributions include
taking into accouina nonlinear goal function, permitting the shipping of goods in quantities
smaller than a truckload between hubs, and introducing variable discount factors for
transportation expenses that are dependent on the overall amount of cargo moved between
hubs.The exemplary data was extracted from the CAB data set, encompassing 10, 15, 20,
and 25 cities, and the proposed GA was deployed on it. Thereafter, the algorithm was
employed for the real case mentioned earlier, and the results delineated a considerable
decline in the transportation costs of the company

Kratica et al. (2005proposed a GA algorithm approach to solve the uncapacitated multiple
allocationHLP. The goal of the problem was to minimize total transportation costs and fixed
costs, in which the hubs are endogenous and flow can be routed toraugh or t wo |
The computational opteAPdatacetiist we2 @0 conodax.t €
proved the effici ercchythe®&id afl @otr i $ & Imusticineol se0 & |

da.t a

Ebery et al. (200Q)roposed a capacitated multiple allocation HLP (CMAHLP) in the postal
delivery context to minimize the total cost in the network. The model considers capacity
only for inbound flow at hubs, the fixed cost of establishing hubs, fully-cdenected hubs,

and three components of cost, including collection, transfer, and distribution costs. Also, it
uses the Australia Post (AP) data set to test the heuristic algorithm and the CAB data set to
evaluate the solution method after adding fixed costs and capatiisslve the problem,

a new heuristic method was developed to determine the upper bounds, and then a linear
programmingbased branchndbound method was deployed by using the results of the
heuristic approach in the prior phase. The newly presentediffiation showed that it can

solve moderately sizedMAHLP.
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2.2.3 Hub location problems and sustainability

Rahmati et al. (2023)Jeveloped a bobjective stochastic model to maximize the profit of

fully interconnected, capacitated HLP, considering three aspects of sustainability. The main
contribution of the research is to maximize the profit of the transportation process (economic
facet) and simultaneously reduce the volume of carbon emissions in the whole network under
the rules of the carbon cap policy (environmental facet). Lastly, it considers the social
dimension of human health by equalizing per capita carbon emissions aegiogs and
reducing disparities between them. The proposed model utilizes -Eevelostochastic
programming method to deal with uncertainty in demand, taking advantage of'tdataR

set. Moreover, a neural network clustering algorithm is used to classify and select the
samples, and classical Benders decomposition, accelerated Benders decompositien (Pareto
optimal cut), and tshaped algorithms are deployed to solve the problesra Pesult, the

impact of carbon policy on profit, demand satisfaction, and total carbon emissions within a
hub network can be assessed by decisiank e r s . Mor eover, vari ol
preference weight for each objective function, and the maxiallowed carbon emissions

to balance economic, environmental, and social factors can be set by deaEgiens,

resulting in different results that can be achieved

Han et al. (2023)put forward a novel multimodal hub network structure to transport
HAZMAT 2in which the bypass strategy and demand under uncertain conditions are taken
into account. In contrast to the common research in the HAZMAT transportation context,
this research considers detours through the transshipment to minimize transportation costs
and risks. The model considers 15 cities
case study. In this vein, it utilizes a robust optimization method to deal with the uncertainty,
and the Lagrange relaxation algorithm and augmentaahstraint method are deployed to
reduce the complexity, locate hubs, allocate-hobsto established hubs, and finally, plan
routes for transit. The main assumption of the model consists of considering a fully
connected network between hubs, selecting terresaiaportation between ndmb nodes

and hubs, and using roads, rail, water, air, and pipelines to connect hub nodes. The findings

depict that variations in the level of demand uncertainty, the impact of implementing detour

1 Turkish Cargo Delivery
2 Hazardous material
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strategies, and alterations in the transit discount factor exert influence on the overall costs
and risks inherent in the multimodal hub network. Consequently, it impacts the decision

making processes concerning carrier placement and route selection

Rahimi et al. (2023designed the hospital equipment management systegpidemic
circumstances, i-basedwnhuitocbh; e t N"e e emm@rtiioni zati
demand uncertainty for designing an efficient logistic hub structure to facilitate the
distribution of hospital tools was proposed. The model has been structusadh a way

that hubs enjoy partial connectivjignd direct transferring products between somemdn

nodes is allowable. It aims to minimize transfer costs, reduce equipment delivery time
between hospitals without reinvestment in equipment, and natigejpollutants and noise
pollutants' impacts on transportation. Moreover, an analysis of a case study to design a
distribution system of ventilators in the 10 eastern cities of Iran is conducted in order to
assess the effectiveness of the suggested mblelresults show that the vehicle capacity
imposes a high effect on the productivity of the model

Pourghader Chobar et al. (202ioposed a bobjective HLP in the tourist industry to
provide essential perishable commodities for tourists. The model strives to pinpoint the
strategic location for distribution centers to minimize transportation costs between
manufacturing hubs and points of sale while simultasomitigating vehicular pollution

and fuel consumption. Due to the dynamic nature of demand in this industry over time, it is
considered uncertain, and the possibilities for building, remodeling, or leasing distribution
centes in these tourist areas have been developed. Moreover, the research tends to answer
the questions regarding the best time and location for setting up hubs, based on the seasonal
demand of each district and the optimum number of vehicles in the supptynataiork.

The model employs two Parebased solution methods, including NS@And NRGA, to

solve the problem, and then a Taguchi method is utilized to adjust the parameters of the
solutions. The results illustrate that the NRGA model outperforms NBGand the
sensitivity analysis shows that the higher the demand, the higher the traimpadats,

pollutants, fuel consumption, and the number of hubs

Mogale et al. (20203uggested a comprehensive sustainable food grain distribution system,

including all market sectors in India. The model proposesojective function and covers

1 Nonrdominated Ranking Genetic Algorithm
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other features such as the capacity of hubs, heterogeneous vehicles with limited capacity and
availability, multrmodal transportation means, mwdthelon level, and mulperiod time

frame. The main objectives of the problem are minimizing the totahodsmitigating CO2
emissions. A pair of Paretmased multobjective algorithms, includingdOPSO! and
NSGA-II, were suggested to address the model. The results of the sensitivity analysis depict
that a suitable number efarehouses (hubs) in both manufacturing and consuming regions
should be erected, following a balanced approach between the two goals

Hazardous materi al transportation has bec¢
Therefore, in the design bzardous material transportation networks, two significant issues
require attention: shipment risk management and routing. Given that HAZMATS pose the
most significant risk, it's crucial to plan for potential disruptions such as natural disasters,
risks asociated with processes, human intervention, or labor strikes to avoid interruptions
at transportation hubs. To manage the shipment of dangerous goods securely, it's important
to consider alternative hubs and provide a reliable network that can copenexpected
disruptions. Moreover, due to the nature of these materials, transferring them at the soonest
possible time is of paramount importankethis vein Mohammadi et al. (201 ®eveloped

a mathematical model to design a transportation system for hazardous materials in Iran. The
model takes into account supply and demand uncertainties, as well as shipment priority and
hub location topology, in order to minimize transportation casis$ reduce the risk of
accidents. Noteworthy that this multimodal maidimmodity model is aimed at creating a
reliable and safe transportation structure. The model takes into account the risks associated
with three types of hazardous materiasalth,flammable andcorrosive HAZMATS. These

risks are considered for both hub nodes and their connections. The model also considers
potential disruptions in hub operations, incomplete connections between hubs, the limited
capacity of hubs, the presence of an emergency huhstltmnnected to all O/D nodes,
prioritized shipment at arrival points, and the risk of shipment delays at hubs. A multi
priority queuing system was introduced to formulate the flow of shipment in hubs, prioritize
the shipment, and avoithe delay of shipments. Finally, mixed nlmear integer
programming, coded in GAMS, was proposed to solve the problem, and then a metaheuristic
mathematical formulation, namely the imperialist competitive algorithm (ICA), was

developed for the largecak case study presented in the research.

1 Multi-objective Particle Swarm Optimization



30

In entirely different research conducted®yn et al. (2017)ive variants of Fhub median

location problem& ncompassing Acl assical single al
all ocationo (CMA), Areliable single allo
( RMA) , and Ai ncompl e twih thsee diffeterd soltlon agorighing, o n 0

including LR, GA, and RCBSwere examined. Afterward, the performance of each
methodology in terms of solution quglitalculationtime, and main memonytilizationwas
evaluated on three standard data,setduding TR, CAB, and AP The result of the study

has been summarized Table 1

Tablel- summarization of evaluation of different solution methods of three main data sets

1 Performs the best to solve CSA, CMS, and ISA

CPLEX-LR 9 Uses more memory for larger networks.

9 Compared to GA and LR, it uses more memory

1 Gives a good solution in a reasonable time for CSA, RSA, and ISA

1 Is not a good selection for CMA and RMs#oblems

GA 1 Uses more memory for larger networks

9 Outperforms to solve SA variant. The higher the number of nodes, the
higher the processing time and memory utilization.

LR? 9 Outperforms rather than others for RMA
9 Takes a shorter time to solve g@blems compared to CPLERXP
RCBS 1 Uses more memory for larger networks

9 Compared to GA and LR, it uses more memory

At the end of thichapter Table 2summarizes the previous studies in a unified table and
compares the different assumptions, restrictions, solving methods, and software used to
solve the problemslL he | ast row identifies the curre
analysis in the previous studies, the real data available received from the LIMOWA Ry

company, real restrictions, and assumptions.

1 Lagrangian relaxatiomethod
2 Restrictectlusteringbased method



Table2- Thesummary of the literature review

31

0 %) @
o c = > 5
: S | 2 : 5| |% 8 0
= = [} =
T o o 8 2 2| & = 5 g
g 2 |2 8 gle|_[°" £
= ; @)
= . > ElZ]|38f% Solving Method @
= c = —
Z B 2 3| o S s % = ~lElZ|2 8 =
E B S Sl2 ol 8 ¢ 2 . = = ELE R %)
g 8 %8 S|E ©|la 2 2 & = S|12(=|le 2
@ o Nle 2|2 £33 § @ £ =
O & |w 3 nlT = »0 O 5=
G'?;gzg[)al' P P P - PIPI|IP]|P Mixed Integer Linear Programminy(LP) | CPLEX
Eydi and Shirinbayan, Fuzzy GAMS+
(2023 P P PP P Demand | 7 | P P GA MATLAB
Boutarfa and Gok .
(2023) P P - P Growing Network Model
Dai et al. 1 Travel Iterative Network Design Algorithm
(2022) P PP P P*]  demands P P (HUBBI) CPLEX
Gao et al. = P P p2 p3 Derlnand' dele = bi-objective stochastic CPLEX
(2021) S;Vgpl)lgl’i):’l?t;l mixed-integer nonlinear programming (BOSMINH
Osorlal\élgcr)? etal. P P P P p4 Pl P P Mixed Integer Linear Programming (MILF Gurobi
Mokhtar et al.
(2019) P1P - P CPLEX
Karimi and Bashiri 5
(2019) P P P P PIPLIP]P Exactmethods
Serper and Alumur ) mixedinteger programming formulation +
(2016) PP P P P variable neighborhood search CPLEX
7 é%%?(:,)hung P Hub capacity] P P SurrogateBased Optimization

1 link capacityin air links includinghub links, access linksnd direct links

2 Travel speeds of vehicles and helicopters

3 Loading/unloading times of vehicles and helicopters

4 Arc and Destination capacity

5 Modular hub capacity, modular link capacity




32

0 %) @
Q c c
3] g .5 % + 2 = o
£ 2 i 7 2|8 o g 5
© o o 8 = > Slal|ls|lo 3
© = 5 = o = =) cl|lSelo =
o I I ® O .% E|l 8|5 ) %‘
g El=| 2 Solving Method 7]
o = 2 Q Q = = g @ —
2le |gla = 5 °l8lzlz 3 &
o G 2 3 g S = 5 =| 3|8 8 =
£ = S 2| o o T g S| = o 5 o
E 3 5|l &|lad /8 $ 2 o S |3 o 8 =
g 2 Nl 8 ®l=& ©jla 8 2 @ = o
o 2 5l X|3 g|l=3 5 @ £ g 3
QO o C|jlw wl= |l = 0 O G =
Karimi-Mamaghan et al 1 Demand
(2020) P P P| P P P Service rate P P NSGA-Il and L-ILS
Taherkhani et al. Bender Decomposition Algorithm C#
(2020) PP P P Demand P P Monte Carlo simulatioibased algorithm | CPLEX
Karimi et al. » | Stochastic . . . GAMS
(2018) P P P P P P Demand Pl P P Mixed Integer Linear Programming (MILP (CPLEX)
Etemadnia et al. 3 . . GAMS
(2015) P P P P P P Mixed Integer Programming (CPLEX)
Lee and Moon ILOG
(2014) P P Pl P P Pl P P ILP + MILP oPL
Alu(nzqg;;)t al. P P P P P P Mixed Integer Programming Gurobi
Cunha and Silva
(2007) P P P P GA + SA C++
Kratica et al.
(2005) P P P P GA C
Ebery et al.
(2000) P P|P P P MILP CPLEX
. . Classical Benders decomposition
Rafg%a}é[g;at al. P P P SS%?::EEC P | accelerated Benders decomposition (Parf GAMS
optimal cut), and tshaped algorithms
Han et al. Lagrange Relaxation Algorithm and
(2023) P P Demand P P augmented-constraint CPLEX
Rahimi et al. . Lo GAMS
(2023) P P P P Demand P | ScenarieBased Robust Optimization Mod (CPLEX)

1 Link capacity, Numbeof servers at hubs
2 Arc capacity

3 maximum travel distance, hub capital cost, road condition, other transportation cost factors




33

0 %) o
Q c c
@ 8 5 © .| e g 2 o
% 2 e 1% = 8_ ko) 8 E
o o) o 8 c = 9 ol | o >
< =} S5 = o = o c o|lo o =
o I I & (@] .% g S |5 %'
i 1l e Solving Method
s e | z . 2 5 |8|E|ig e ’ :
% G 3 3 g § = 5 =| |28 B E
£l 5 s 2| o g S 9 S| = 2= )
E 3 >2 ¢ola 2l 3 2 o = |3 0 n
2 2 NS = ©/la & 2 @ = o 5
o 2 3]l c x| 3 £]5 £ o £ ==
QO o CLjlwu Wj= »nlT 2 n O gl =
Pourghader Chobar et a P Demand p p p NSGAIl and NRGA
(2021)
MO?Z%I;C;t o P P P P p1 plp P MOPSO and NSGAII MATLAB
Mohammadi et al. P p = plp = Demand & = = = Mixed Integer Nonlinear Programming model| GAmS+
(2017) Supply? imperialist competitive algorithm (ICA) MATLAB
GAMS
My proposed model | P P P P P P MILP (CPLEX)

1 multi-echelon level, limited vehicle availability
2 Demands are random and Supply are fuzzy numbers




34

3 Methodology

This research is carried out usiagiuantitative research methaahd his chapter aims to
present a case study of the supply chain network in Finland, focusing on a detailed analysis
of transportation and handling costs by examining the flow of various goods across regions.
The goal is to gain a comprehensive understanditigese costs within the network and to
inform future planning by identifying optimal hub locations, efficiently allocating spokes to
established hubs, and selecting appropriate toategppn methods between nodé@she

model encompassesgarious parameters, decision variables, constraints, and an objective
function Due to the discrete nature of parameters and variables defined in the problem, the
Mixed Integer Linear Programming (MILP) model is formulated to minimize the total
transportation and handling costs of the network. Further, the model proposed was
implemented in GAMS 48.3.0 andacommercial solver o€PLEX on an Intel R core (TM)

i5 CPU and3.00 GB RAM to solve the modeDbviously, ®veral assumptiornisave been

taken into consideratiaio reduce the problem size and compleagywell asapproach it to

the real situationThis chapteris organized as follows: A general explanatibthe research
design is presented subchapter3.1. The subchapter3.2 describe the nature and source

of datg and thersub-chapter3.3gives detailedexplanation®f theproblem andissumptions
consideredand thesolution method Finally, the formulation of the modeincluding all
parameters, decision variablesnstraints, and the objective functieput forwardin sub
chapter3.4.

3.1 Research Desigand case selection

The core idea of this research stems from the initial insight of the author to conduct an
optimization operation in the distribution network. To make the research more practical and
useful for industries, the author published a request on LinkedIn amteldrand encouraged
companies that were interested in the topic. Two companies announced their readiness with
real case studies, while the interest area of one of them was aligned with the research topic
to some extent. Therefore, by applying slight changése main concept of the initial topic,

from the Facility Location Problem tdLP, the first concept was updated from a small and
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specific area (a production plant point of view) to a topic associated with a national level.
So this research adopted a case study with a quantitative approach to optimize the
transportation costs in the supply chain network in Finland by determiningptimeized
locations of hubs and allocating rbab points to the selected hubs. Lastly, based on initial
assumptions, a research plan was prepared and agreed upon with the company, LIMOWA.
In the next steps, data source(s), project scheduling, and meigpdeére discussed and

agreed upon with the company, which will be described in the following.

3.2 Data Collection & Sources

The model needs four datasets. The first dataset includes the network structure, which
comprises demand nodes in the network and the distances between them. The second datase!
involves data associated with the costs, which include transportation anchbarudiis per

vehicle type. The third dataset consists of the order volume between each origin and
destination pair. This dataset describes which commodity is transferred between a pair of
nodes and in what quantity. Finally, the fourth dataset includdsstiod commodities that

need to be transported between all nodes. Almost all data is secondary data, and except for
the distance between all origidsstinations which are extracted from Google Maps, all
required data was purchased by LIMOWA Ry from thmland Statistics Officials

(Tilastokeskus) with respect to Ndisclosure Agreement rules and regulations.

Data shows the deterministic volume of almost 44 various product types transported from
various pairs of originsglestinatios in Finland through the years 2011 to 2013 and 2018 to
2020. In order to calculate the transportation costs, calculating the distance between a pair
of nodes seems to be compulsory. So this data was extracted from Google Maps. In the next
two subsubchaptes, the methodology of data cleap obtained from the company and the

way of obtaining the distance between all pair nodes aridled in detalil

3.2.1 Demand nodes, volume, and list of commodities

All data regarding the origin and destination nodes, product types, and transported volume
between all nodes was delivered through an Excel file by LIMOWA. Totally, the information

of 297 municipalities was recorded in the file. To cope with the complexity of the problem
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and get deasible solutionall these municipalities were categorized based on their relevant
regions According to the last version of the Finnish regifiskimediahankkeiden, 2004)

all municipalities can be categorized inT® subregions. The province of Aland was
excluded fromthe analysis, while the Helsinki region was divided into four distinctive
regions, namely HelsinkWest, Helsinki North, Helsinki East, and Helsinki North.
Obviously, t thed esnuamnmnda tviool nu noef o, whalrle mmaci awid @
speci fjwasr egpindhewleoleal desman d Appendix Isumemdrizes e gi 0
all regions, their pertinent capital city, and the region code considered in this research.

Furthermore, the original file constituted 45 different goods; however, in this project scope,
just those goods that can be transported by pallets or do not need special vehicle types, such
as refrigerator trucks, timber trucks, and batiented trucks, ere considered. Thus, among

them, just 24 product types remained, and they were involved in the anAlysendix 2
illustrates the list of these producBue to nordisclosure agreement rules and regulations,

the information regarding the demand betweqeairs of nodes for both periods is

confidential; however, in case of a request, it might be manageable to .deliver

3.2.2 Distance information

In order to calculate the distance between all regions, first the author considered the capital
city for each region. Due to the tirmensuming nature of calculating the distance between

all pairs of 70 capital cities through Google Maps, the steps betrey adopted.

First, the author formed a matrix of 70 rows and 70 columns in an Excel file, illustrating the
pairs of origirsand destinations. In the next step, two APIs were activated via Google Cloud,
including the Distance Matrix APl and the GeoCoding API. Then, a Python code was written
in Google Colab, using the API activated, the Numpy library, and the Excel file, tdatalc

the distance between all pair nodes automatically. Obviously, distance is a key element in

calculating the transportation costs betweenspafi nodes
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3.3 Problem Description an@ombinations

In this subchapter, detailed explanations about the problem, network structure, cost
calculation method used in this research, all assumptions and restrictions considered in the
model, thesolution model, and the software used to solve the problem are introduced

3.3.1 Problem Description

This subchapter describes a multimoaallti-commodity hub location network where the
demands are deterministic. Every node in the network, encompassing hubs and origin
destination nodes, has a level of demand for different prodlatscan bedelivered by
various means of transportation. Along the route, products are integrated at hubs and, if
necessary, transported to the destination wlith same hub om different hub and
transportation modeAll in all, asFigure 9illustrates,seventypes of transportation are
imagined in thisesearch(a) the flow of commodities fromrigin to a destination connected

by two different hubs; (b) the flow of commaodities from origin to a destination connected
by the same hubs; (c) the origin point is a hub, and the destination is-faulmarode
connected to a different hub; (d) the origimint is a norhub point, and the destination is a

hub but connected to a different hub; (e) the origin is ahuinpoint connected directly to

a hub as a destination; (f) the origin is a hub connected directly to a spoke as a destination;
and (g) a paiof origin-destination are hubs. It is worth mentioning that the supply chain
model considered in this research consists of all modes shown in Figure 9. This feature, in

turn, can increase the complexity level for solving the model
[ 0

o—o o

o o

(a) (b) (c)

o o @

(d) (e) ® (g)

Figure9- All possible ways of transportation of goods between nodes
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Hub locations on the other handire identified in advance based on the infrastructure
availability and the level of exchange products. In the first step, Helsinki, Kouvola, Oulu,
and Turku are identified gmtential hubgFigure10). Inthe next steps, Kuopidyvaskyla

and Tamperare added to the analyss the fifth hubandfinally, the combination of all

six hubs, including Oulu, Turku, Kouvola, Helsinki, Jyvoskyla, and Kuopiexanined in

the model. i will be revealed what hub combination will optimize the whole transportation
and handling cost of the network. This analysisonducted fothe period2011-2013 and
compars to the data forthe period 20182020. This comparison can set the stage for
analyzing the effect of the execution eé@nmerce over the decade.

Further, in order to achieve the utmost cost reduction in the network flow, the multiple
allocations of nodes to hubs and multimodal that make it possible to be transported by other
hubs by a different route and different transportation types are comsi@eEmands, on the

other hand, are considered fully satisfied; however, the amount of demand from a node of
origin to a node of destination or a hub does not necessarily equal demand from a node of

destination or a hub to a node of origin.

In addition utilizing vehicles with different transportation costs so as to attain economies of
scale and reduce unit transportation costs is the primary motivation for tlo¢ wesgous
vehicle types in this study. Noteworthy this research foumeans oftransportatiorare

considered, including trucksailers full trucks, and trairs.

Finally, according toEbery et al. (2000andKratica et al. (2005)Cj is the transportation

cost of a singléraffic unit directly from i to j. Since Qs often proportionate to the distance
between i and |, it is typically Euclidean. This flow cost can be cascaded into three distinct
components: collection (from origin node to hub), transfer (between hubs), and distribution
(from hub to destination noyleThe cost coefficients for each componentlkar@wn ass , U,
and U, respectively, per unit. Th-aubnodest p €
and h i s ai Ramparably, the dodidfis s t6 ICi b  whiere Iris aihub and C

j is a norhub node, while the cost of interu bt r a @, svhieeeth and kare Bath hubs.
Overall, it can be said that .0 | © | 0 . Because of the intdrub transfer
efficiencies, U < 1 often DdDnwiPhdteeThist he
dissertation utilizes this approach and consi@lars phPAT A 1.

Therefore, regardingrigure § this ruleis still dominant. The total transportation and

handling costs for all aforementioned modes can be summarized below:
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3, the average transportation cost per vehicle typs below

Table3- Average transporten per vehicle type

Trucks 0.143
Trailers 0.102
Full-trucks 0.09
Trains 0.06

The total transportation cost is calculated by multiplying the demand and distance between

@comdingital able d
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n

u

a pair of nodes by the transportation cost. Therefore, the total transportation cost per product

can be calculated by the formula below:

Transportation cost = demand (ton);*(d K m)

*

cost

(a/ ton.

Km)
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Figure10- Schematic view of the network

3.3.2 Model Combination

It is an indisputable fact that there are various characteristics in fteagkportation, such

as Atransit time, 0 fAtr ans plemizcai and Kara, 20235t , 0
In terms oftransportationmultimodal transportation entails the movement of shipments
from points of origin to destinations utilizing a combination of two or niaesportation
modes. Obviously, each mode of transportation possesses distinct advantages relative to
factors such as cost, speed, type of commodity, production scale, distan{i€anai et

al., 2018) Despite the existence of various modal combinations, the fusion of roadiland
transportation stands as one of the most extensively researched modal combmaiians,

to the seamless compatibility and integration of these m@aesizceri and Kara, 2023

the real situation, all vehicles and facilities not only have distinctive capacitigsquierct

but also can transport or store various gobfisvever, these two constraints have not been

taken into consideration in this current project scope.

Adding multiple types of products to the network, on the other hand, is another assumption

made in mathematical models to get closer to reality. In rooltimodityHLPs, proprietary
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and nonrproprietary hubs differ from one another. Proprietary hubs are limited to
transmitting a single product type, whereas-pooprietary hubs allow for the transmission
of multiple product types. Additionally, a typical example of a proprietary httbseparate
hubs for passengers and cargo is a rail systeniEyd and Shirinbayan, 2023)

Accordingly,although various combinations, limitations, and assumptions can be considered
in HLPs, in short, this dissertatioronsiders thencapacitated mukcommodity multimodal
multiple allocationHLP (UMMAHLP). In this vein,there existsa set of nodesindicating
various regions in Finland\s mentioned in subchapt&r3.13.3.1, the number of hubs is

not predetermined at the beginning of the optimization process and it is a part of the decision
making process; nonetheless, the hub candidate poeitentified in advance based on the
infrastructure availability and volume of depeeteivedgoods to/from other nodeH. is

worth mentioning thathubs are considered fully connectadhis research

Further,each norhub nodecan be assigned tonore than one hukmultiple allocation
scheme) All nodes in the network, including hubs, can send and receive different product
types tdfrom other points in the network; however direct connection between spokes is
not allowed Meaning that nofub points are not allowed to send or receive directly from
othernonthub pointswithout movement via a huln addition to that,raffic between the
origin and destination node can be routed via ona meximum of twohubs (switching
points).Figure 8illustrates a schematic view of the netwdfkked openingcoss, the cost

of building transportation infrastructug;eand connecting nofhub nodes to hub nodese

not taken intaonsideation

Last but not leastas mentioned beforall transportation modesncludingtrucks,trailers

full trucks and trainsareallowed tocommut between nodes. There might be exasting

rail connections between a pair of nadesweverthe same distance as the road connection
is consdered in the modelThis, in turn, shows us if the model selects a rail connection
between two hypothetical nodes and there are noaailections between them, we have to

plan to make rail infrastructure for connecting these nodes in the.future
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3.3.3 Solution method

Solution methods and decisiomaking processes entail three steps, including definition,
structuring the problem model, and optimization procé&ssure 11 indicates how the
decisionmaking process, utilizing different optimization models, can be created and solved.
Further, several solution methedBigure P, have been formulated to soluéLPs
(Koopialipoor and Noorbakhsh, 2020which can be categorized into two main
classifications.(a) Exact methodsthat ensure the optimality of solutions through the
convergence of upper and lower bounds, albeit typically requiring extended durations for
executionBranchandPrice, Benders Decomposition, and Lagrangian Relaxation are some
explicit examples of this methodb) Heuristics methods on the other hand, can only
determine the upper bound and are not able to guarantee an optimal solution, despite
enjoying shorter running time¥.ariable neighborhood search (VNS), genetic algorithms
(GA), Clusteringbased Methodsind Tabu Search (TS) are small samples of a large number

of heuristic methods develop€@dai et al., 2022)

Location allocation is a combinatorial optimization problem involving a plethora of possible
solutions. In other words, it means that utilizing comprehensive search strategies is no longer
feasible in order to achieve the best results in reasonable araiuithe. For this reason,
heuristic algorithms are deployed to accelerate the proéessne probleméRouzafzoon,

2023) SinceHLPs are categorized into Nfrard problemgSun et al., 2017)a metaheuristic
approach is employed to integrate these sets of solutions to generate enhanced outcomes.
Upon reaching a point where further enhancement is unattainable, the metaheuristic method
yields the optimal outcome and negtimal solutions arerpduced when these strategies

are integratedRouzafzoon, 2023)
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Furthermore, a$emizceri and Kara (2023resented in their examinations of the literature

on solution methodg-igure 13, the more challenginthe problems in largescale realife

problems, the more complex and wedlsigned solution methods are needed. According to

OsorioMora et al. (202Q)to deal with sophisticated or largeale HLPs, various exact,

heuristic, and metaheuristic algorithms such as fuzzy integer linear programming

approaches, Benders decompositions, Branch and Price with Lagrangian relaxation, genetic

algorithms, and localesrch and evolutionary algorithms are deployed.
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According toSouza (2014)multiple commodities, transporting capacity between sites,
multiple delivery types between points, multiple time periods, multiple echelons, demand
and supply unpredictability, and inverse flows (e.g., the remanufacturing and recycling of
discarded produts) are all versions of this MILP model.

Since the objective of the model is to choose a set of hubs and their locations, allocate non
hub nodes to the chosénb set efficiently, and identify the best modal combination, also
due toits simplicity, ease of implementation, good convergence speed, good problem
solving performancéEydi and Shirinbayan, 2023nd effectiveness in solving largeale
problems(Cunha and Silva, 200,/his dissertatioremploysthe exact algorithm of mixed
integer linear programming with the aimmfnimizing the total transportation and handling

costs in the network.

To attain optimal results, first, a smattale network with a combination of 14 nodes was
coded in GAMS software and solved by the MIP algorithm utilizing the CPLEX solver to
determine whether the model works well and gives rational solutions or notafteerthe

main model was developed based on the initial model. Although the main problem was well
larger than the smadicale problem, due to the linear characteristics of the problem, the main

problem was solved using the same solution method and CBoE#r.

MO0 | 20%

Simulation | 14%

Other Proposed Methods | 14%

Fuzzy Optimization | 8%

Exact Solution | 10%

Stochastic Optimization | 7%

Meta-heuristics | 11%
Robust Optimization | 6%

MCDM 5%
Scenario-based Optimization | 4%

Figure13- Solution Method¢Cunha and Silva, 2007)
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3.4 Model Formulations

This subchaptersheds more details on the model formulation, including the parameters,
decision variables, constraints, and objective func8ahlconsists of detagdexplanations

of the model parameters, which have been summariZédle 4 Table 5includes dist of

the decision variables of the mogehich is introduced ithe subchapter3.4.2 In the end,

the mathematical model is presentedhe subchapter3.4.3

3.4.1 Parameters

One way to think oHLPsis as embedded in an undirected netwdrk (I, H), where the set
of nodes, or vertices, of the netwQrk phghot8 H  correspondto potential hub locations
or origins/destinationsTherefore,hubs can only be found at a subset of the vertites
dissertation considers sets and parameters as beloah can be found ithe table below

Table4- A sort of nomenclature and parameters associated with the model

I set ofall nodesin the network including hubend spokes
( set of potential hub nodes, (H)

P set of commodities

M  set of transportation modes

S A very big number
1 The discount factor associated with the itab transportation for transport mode r

7 The flow of commodityp™ O originating at nodeEN ) and destination to nod® )
Unit transportation cost of commodipy* 0 from nodeE™ ) to hubEN ( with vehicle

# .
typel N -

4 Unit transportation cost of commodipM 0 from between huk™ ( and huld v (
with vehicle typd ~ -

4 Unit transportation cost of commodity 0 from hubi ™ ( to node B¥ *with vehicle

typel ~ -
"06  Unit handling cost at huB N (
A Distance between nod® ) andEv )
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3.4.2 Decision variables

Table5- A sort of decision variable in the model

Equals 1 if nodé™ ) is allocated to huEN (, and shipped by the modal typev - ,

8
Otherwise 0

o Equals 1 if nod& ) is allocated to hub™ (, and shipped by the modal type' - ,
Otherwise 0

8 Equals 1 if the huEN ( is located at node, iDtherwise 0

Equals 1 if origin nod& ) is allocated to hub and origin nofke ) is allocated to huk

° In ( for commodityD™ 0 usingthevehicle of typd N - , Otherwise O

- The flow rate of commodity of produpt® 0 from nodeE~ ) to hubEN ( transported
by vehicle typel ~ -

28 The total flow o’f commaodity of produg™ 0 from nodeE ) to hubEN ( transported
by vehicle typel ~ -

5 g The flow rate of commodity of produg™ 0 from hubEN ( to nodeEN ) originated
from nodeEN ) andtransported by vehicle typel ~ -

68 The total flow of commaodity of produgt™ 0 from hubEN ( to nodeEv ) transported
by vehicle typel ~ -

- The flow rate of commodity of produgt® 0 between hubEN ( andI™ ( originated
from nodeE™ ) and destinated to nodeE* ) transported by vehicle typel ~ -

- The total flow of commodity of produgb ™ O from between hubEN ( and I~ (

transported by vehicle typel n -

3.4.3 Mathematical model

The objective function is minimizing the total transportation and handling costs in the network. As
mentioned in 3.3.1 the discount factor?bf E GPAT JEDT T OEASA OA A
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The first three expressions in the objective function state the total transportation costs from
origin points to hubs, h@io hubs, and hubs to the destination point, respectively, and the
last expression denotes the total handling cost at Zdasstraint (1)and constraint (2)
guarantee that each node can be connected to activatwittuldifferent vehicle typesand

each active hub can be connected to a destination node by different vehide type
respectively.Constraint (3) indicates that the total flow of each network node should be
directed bydifferent activehubs andtransportation systesnConstraint (4) guarantedésat

a flow between each node and a hub shoul
Constraint (5) denotes that the flow rate between a pair of nodes in the network can be
transmitted through different hubs with different means of transportation. r@iongi6)
illustrates that the total flow rate between two specific nodes that go through a specific hub

with different vehicle types does not exceed the total flow between those nodes. Constraint
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(7) shows that flows are passed through active hubs. Constraint (8) indicates the total flow
between a pair of origin hubs that is conducted by different vehicle types. Constraint (9)
ensures that the flow rate to a destination node should be directed bgnditiebs and
transportation systems. Constraint (10) states that the input flows into the destination nodes
should be applied through active hubs. Constraint (11) guarantees that the flow rate to a
destination node from a specific node and hub, bigmiht vehicle types, does not exceed

the flow between nodes. Constraint (12) delineates that the flow rate into a destination point
passes through at least an active hub. Constraint (13) indicates the total flow into a
destination originating from differe nodes by various vehicle types. Constraint (14) depicts
that flow between hubs stems from an origin/destination point that is allocated to the active
hubs. Constraint (15) indicates that the inbound flow into a hub point should not exceed the
total output flow from hubs. Simply put, it points out the flow balance at hubs. Constraint
(16) delineates the total flow between two hubs, no matter if it originated from other nodes,
from hub to hub, or from hub to destination routed via another hub. Const{taihte (21)
indicate the systemic constraints of the model that illustrate the type of decision variables
As is conspicuous from thebove passage, constraint (14) is a nonlinear equhtbneeds

to be linearized and replaced by equatig@4.

" memn
0 ity mems
6 @ afap e o & @ @4
s s mem o
. S AT

Constraint 25illustrates the flow between all hubs which are connected to a node and

constraint 26 represents the systeaunstraints of the model.

In summary, once again it is noted that the model is solved by MILP for the first four hubs,
including Helsinki, Kouvola, Oulu, and Turku as the initial potential hubs in the model. Then
Tampere, Jyvaskyla, and Kuopio added to the model as the fifth hubs, and the model is

solved for a sixhub network structure. The optimal hub combination and allocation strategy

leading to the minimum transportation and handling costs is then deterrmimedame
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calculation with the same strategy is conducted for the data set related #0A&1 And the
results of this period are compared to the results of-2028.

It is worth mentioning that by conducting this analysis, the best location of hubs, the
allocation strategy, and the best vehicle type are determined; subsequently, the main goal of

the research is achieved.
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4 Analysis/Results

This chapter describes the results of the analysis conducted by the mixed integer linear
programming algorithm, which monsidered to solve the model. As mentioned, the research
first illustrates the results of considering four hubs in the network for the perioe?22Q08

Each hub is determined by a unique code, including 67, 68, 69, anepr&senting Oulu,
Turku, Kouvola, and Helsinki. In the next step, the fifth hub, including Tampere, Jy&askyl
and Kuopio, is incorporated into the model one by one. Lastly, the combination of all six
hubs, including Oulu, Turku, Kouvola, Helsinki, Zgkyld, and Kuopio, is examined the

model; the final results are compared with each other, and the best hub combination is
selected based on the minimized objective function. The aforementioned analysis is
presented in subhaptes4.1to 4.5 Similarly, this analysis is conducted for the period 2011
2013, and the whole transportation and handling costs are calculated for this period as well.
According to the companyoés advice, this re
the suppy chain network. The final results can revéaits concerning the effects of e
commerce over this decade on the supply network:cBaptes 4.6 to 4.10addresshe

issues in this scope

4.1 Results of determining four hubs in the netwfwkthe period 2012020

According toTable 5 Xinm describes the potential of connecting a node to a hub by different
vehicle types, and p illustrates the potential of connecting a hub to a node by different
vehicle types, which can differ from what it is assigned for connecting i t®hts.
information is summarized imable 6and Table 7 However, according to the objective

functionand other constraistn the modelthe best vehicle allocation will be selected.

The final results illustrate that all hubs are considered active hubs, and the total cost amounts
to 2,016,168 thousand euros. Results indicate that althotetransportatigrprovided that

the origin and destination would be hubs, is conducted by t(otks Whilst just nodes 24
(Kiuruvesi), 30 (Kokkola), and 41 (Uusikaarlepyy) transport their goods to Oulu by full
trucks(ma3), trains are used to transport goods from other nodes to thiSimgb.all possible

modes to transfer goods between nodes are showgune9, Table 8summarizeall these
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possibilities. It is noteworthy that, in this network, nodes 24, 30, and 41 have been allocated
to two different hubs, including Oulu (67) and Kouvola (69), which is showmlrne9.
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Table8- sumnary of the modal change in the a fourhub network

55

h:Oulu (67) | h:Turku (68) | h:Kouvola (69) | h:Helsinki (70)
(@) o—o m3,m4/m4/m4,  m4/m4/m4 m4/m4/m4 m4/m4/m4
(b) o m3/m4 m4/m4 m4/m4 m4/m4
() I ml/m4 ml/m4 ml/m4 ml/m4
(d o - m4/m4 m4/m4 m4/m4
(e) P m3,m4 m3,m4 m3,m4 m3,m4
) A m1 m1 m1 m1l
(99 eo—e m1,m4 m1,m4 m1l,m4 ml,m4
Table9- multiple allocatiors of some nodes in the foidnub-network
. 68 69 70
(Oulu) (Turku) (Kouvola) (Helsinki) total
vehicle allocations
— N ™ < - N (32] < - N (32] < —l [aN] (92) <
RS = = = = = = = = = = = = £ £ £ £
24
(Kiuruvesi) * * 2
30
(Kokkola) * * 2
41 * * 2

(Uusikaarlepyy)

4.2 Results of determining five hubs (four+Tampere) in the networkthe
period 20182020

For a fivehub network, the same calculations are dqrst with this difference that Tampere

is added to theetwork as the fifth huhbt this stageThe final results illustrate that all hubs

are considered active hubs, and the total cost amounts to 1,727,710 thousand euros. The

results show that by adding Tampere as the fifth hub, there is an increase in the total costs in

the network over the period.

Similar to the previousub-chapterTable 10andTablel1 represent the potential allocation

of origin nodes to hub&inm) and hubs to the destinatiof§m), respectively. As mentioned

earlier, the optimum allocation is determined after solving the problem.
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A number of @en-hub nodesincluding Varkaus, Kiuruvesi, Kokkola, and Kuopgrarsfer

their shipment to hub nodes by ftrilick (m3), andother is done utilizingrains (m4) while
theinterhubtransportation is performed by trucfal); just hub 6§ Turku) sends products

to other nodes, including Rauma, Loimaa, Sélasikaupunki, and Parainen by trailers
(m2). If the origin point and hubs are the same and transport the goods to other nodes
(including hubs), it is transported via truck#ich is shown iTable 2. Noteworthy, nodes

23, 24,30, and 65 (Varkaus, Kiuruvesi, Kokkola, and Kuopio, respectively) are allocated to
two different hubswhichareillustrated inTable B.
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Tablel1l1-Potentialy
allocationof hubs to
nodes (Xljm) in a five
hub network

M
L J m2 m4
66 25 *
26 *
27 *
28 *
29 *
30 *
31 *
32 *
33 *
34 *
35 *
36 *
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44 *
45 *
53 *
66 *
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Table12- sumnary of the modal change infare-hub network (Tampere as the fifth hub)

h:Tampere h:Oulu h:Turku h:Kouvola | h:Helsinki

(66) (67) (68) (69) (70)
(@) o—o m3,m4/m2,m4/m4
(b) ® m4/m4 m3,m4/m4 m4/m4 m4/m4 m4/m4
(c) H ml/m4 ml/m4 ml/m4 ml/m4 ml/m4
(d o= m4/m4 m4/m4 m4/m4 m4/m4 m4/m4
(e) ,/@ m4 m3,m4 m4 m4 m4
@ o * m1 m1l m2 m1 m1l
9 e—e m1 m1 m1 m1 m1

Tablel13 multiple allocatios of some nodes in the fiieub-network (Tampere as the fifth hub)
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4.3 Results of determining five hulgour hubs+ Jyvasky#) in the networkior
the period 2012020

In this step, Jyvaskyla is replaced by Tampere as a fifth hub. The final results reveal that all
hubs are considered active hubs, and the tota$ deslineto 1,699,619 thousand euros

Noteworthy that adding Jyvaskyla as the fifth hub gives rise to a considerable decrease in

the total transportation and handling costs in the network compared to other introduced

networks (four hubs, four hubs + Tampere). The potential allocation of todeds and

vice versa is presented irable 14andTable 15 respectively; however, after solving the

problem, there were no multiple allocations observed in the network, and all nodes were

allocated to their nearest hub. Trucks are utilized for the mode that origins would be hubs,
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while for other cases, trains are considered as a key means of transportation to transport
goods between all nodes. All modal changes in the network are summarizgddri6



Table 14- Potentialy
allocation of nodes to
hubs (Xihm) in a five
hubnetwork(four hubs
+ Jyvaskyd)
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Table 15-Potentially
allocation of hubs to
nodes (XIljm) in a five
hub network (four hubs
+ Jyvaskyd)
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Tablel6-summary of the modal change in a fiveb network (Jyvaskslas the fifth hub)

h: Jyvaskyla | h: Oulu h: Turku | h: Kouvola | h: Helsinki

(66) (67) (68) (69) (70)
(@ oo . m4/m1,m4/m4
(b) ® m4/m4 m4/m4 m4/m4 m4/m4 m4/m4
(c) H ’ ml/m4 ml/m4 ml/m4 ml/m4 ml/m4
(d) S m4/m1, m4 [ m4/m1l, m4| m4/ml1, m4| m4/ml, m4| m4/ml, m4
(e) «/”Q m4 m4 m4 m4 m4
(U * m1 m1l m1l m1 m1l
9) e—eo ml m1 ml ml ml

4.4 Results of determining five hubs (four hubs + Kuopio) in the netdmrthe
period 20182020

In this step, Kuopio is replaced by Jyvaskyla as a fifth Aiie analysis of the model
manifests that all hubs are considered active hubs, and there is a considerable increase of
2,157,63housand euros in the total cost the network. The potential allocation of nodes

to hubs and vice versspresented iMable 17andTable 18 respectively

The results show that depending on the location of hubs and the destination nodes, goods
transshipment from hubs to other nodes is conducted by all means of traffic (m1, m2, m3,
m4), provided that the origin point is a hub. Departing goods from hubs twotles of
destinations, on the other hand, are transported by trains. Moreover, a numbehabnon
nodes, including Kajaani, Pieksamaki, Joensuu, Varkaus, KiurSasiijarvi, Aanekoski,

and Alajarvi, are allocated to more thame hub. Among them, Alajarvi is allocated to all
hubs.Table19 summarizesll the possible transportation modes between nodes in different

connection modes:urther,Table20 summarizeshe multiple allocatiosof the nodes.



Table 17- Potentially

allocation of nodes to
hubs (Xihm) in a five

hub network (four hubs
+ Kuopio)
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Table 18 Potentially
allocation of hubs to
nodes (Xljm) in a five
hub network (four hubs

+ Kuopio)
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Hubs

vehicle

nodes
7
(Kajaani)
16
(Pieksamaki)
18
(Joensuu)
23
(Varkaus)
24
(Kiuruvesi)
25
(Alajarvi)
34
(Saarijarvi)
35
(Aanekoski)
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Tablel1l9 sumnary of the modal change infare-hub network (Kuopio as the fifth hub)

h: Kuopio h: Oulu h: Turku h: Kouvola | h: Helsinki
(66) (67) (68) (69) (70)

(&) o m3,m4/m4/m4
(b) » m3,m4/ m4 | m3,m4/m4 | m3,m4/ m4 | m3m4/m4 | m3,m4/ m4
(© H ml1,m2,m3/m4 ml/m4 m1,m2,m4/m4 ml1/m4 m1,m2,m3/m4
(d , o= m4/m4 m4/m4 m4/m4 m3,m4/m4 m4/m4
(e) ‘/Q m3,m4 m4 m3,m4 m3,m4 m3,m4
0] Q/' m1,m3 m1 m1,m2 m1 m1,m2,m3
(9) o—e m4

Table20- multiple allocatios of some nodes in the fiieub-network (Kuopio as the fifth hub)
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* 2

* * 5

* 2

* 2

4.5 Results of determining six hubs in the netwfikthe period 2012020

The last step of analysis is considering ahdidate hub nodes as potential hubs in the

network, except for Tampere. In other words, in addition to Oulu, Turku, Kouvola, and

Helsinki as the initial hub points, at this stage, Jyvoskyla and Kuopio are added to the model.

The analysis of the model shis that all hubs are considered active hubs, and there is a

considerable decrease of 1,613,799 thousand euros in the total costs of the. Stmiank
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to the previous analysis, the potenéibbcationof nodes and hubs and vice versa, as well as
the potentialvehicle types to transport goods between themmillustrated in Table 2 and
Table 2, respectivelyAs seen imable 23, all possible transportation modes between nodes
based on the network structure are preseritastly, based on th@etwork structurejust
Suonenjoki has been allocatedtaltiple hubs whichis summarized imTable 2.



Table 21- Potentially
allocation of nodes to
hubs (Xm) in asix-hub

network
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Table22-Potentially
allocationof hubs to
nodes (Xm) in a six
hub network
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Table23- sumnary of the modal change insax-hub network

h: Kuopio h:Jyvaskyla h:Oulu h:Turku h:Kouvola h:Helsinki
(65) (66) (67) (68) (69) (70)
(a) —o m3,m4/m4/m4 m4/m4/m4
() e m3, m4/ma4 m4/m4 m4/m4 m4/m4 m4/m4 m4/m4
(c) e m1,m2/m4 m1/m4 m1/m4 m1/m4 ml/m4 ml/m4
(d) o—o m4/m4 m4/m4 m4/m4 m4/m4 m4/m4 m4/m4
(e) ® m4 m4 m4 m4 m4 m4
() o * m1l m1 m1l m1,m3 ml m1,m2,m3
9 eo—e m1 m1l m1 m1 m1 m1
Table24-multiple allocatiors of some nodes in the shub-network
. 65 66 67 68 69 70
(Kuopio) (Jyvaskyla) (Oulu) (Turku) (Kouvola) (Helsinki) _ _E
vehicle % 8
- (9] ™ < i A (92} < - A (92} <t - (9N} (92} <t - A (92} <t — A (92} < = %
nodes E E E E E E E E E E E E E E E E E E E E E E £ E
22 % % )

(Suonenijoki)
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4.6 Results of determining four hubs in the netwtwkthe period 2012013

All measures taken in the previoasalysis to calculate the objective function are adopted

for this period as well. The order data for this period is given by LIMOWA Ry. Obviously,

the distance remains intact; however, the demand between noglg¢i(Megoeschange.

As mentioned, the cost structure, including transportation and handling costs, the discount
factor (U = 0.7), anstayadbrechamyjedmber of vehi cl

Similar to the prior subchaptrthe potential of connecting a node to a hub by different
vehicle typegXinm) and the potential of connecting a hub to a node by different vehicle types
(Xym) aresummarized iMable 25andTable 26

The final solution illustrates that all hubs are active and the total network cost is 2,395,955

thousand euros. Results uncover that if the origin points are hubs themselves, transporting
goods is conducted by trucks (m1), while just two nodes, includiaguesi and Alajarvi,

use full trucks for their transshipment to the hubs. Trains, on the other hand, are the common
means of transportation for transporting goods from other nodes to hubs and from hubs to

all other nodes, including intdtub connectiondMore details are available irable 27

Last but not least, results show that just nodes 24 (Kiuruvesi) and 25 (Alajarvi) have been
allocated to two different hubs, in which Kiuruvesi is connected to Oulu (67) and Kouvola
(69), and Alajarvi is connected to all hubs. The summarization of theanedtstatement

is put forwardin Table 28



Table 25 Potentially
allocation of nodes to
hubs (X%wm) in a four

hub network
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Table 26- Potentially
allocation of hubs to
nodes (X%m) in a four
hub network
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Table27- sumnary of the modal change infaur-hub network

h:Oulu (66) | h:Turku (67) | h:Kouvola (69) | h:Helsinki (70)
(@ oo m3,m4/m4/m4
(b) °4,‘:¢ m3,m4/m4 m3,m4/m4 m3,m4/m4 m3,m4/m4
(© H ’ ml/m4 ml/m4 ml/m4 ml/m4
(d o m4/m4 m4/m4 m4/m4 m4/m4
(e) ,/@ m3,mé4 m3,mé4 m3,m4 m3,m4
) Q/" m1,m2 m1 m1l m1
(9) e—eo m1,m4 m1,m4 m1,m4 m1,m4

Table28- multiple allocatios of some nodes in th@d@ir-hub network

67 68 69 70

Hubs (Oulu) (Turku) (Kouvola) (Helsinki) total
vehicle allocations

— o (s2) <t - N ™ < - N (s2) < —l N (92] <
S S S 1S 1S 1S 1S 1S 1S 1S 1S 1S 1S 1S 1S 1S
nodes

24 * %
(Kiuruvesi)
2_5 ) * * * * 4
(Alajarvi)

4.7 Results of determining five hubs (four+Tampere) in the networkthe
period 20112013

At this stage, Tampere is added to the model aifthgotential hub in the network. The
final results illustrate that all hubs are considered active hubs, and the total cost amounts to
2,070,094 thousand euros. The results show that adding Tampere as the fifth hub gives rise

to a decrease in the totalsts of the network.

Moreover, the potential allocation of origin nodes to huhs:>and hubs to the destinations

(Xyjm) areextracted from the final results, which are presente@aine 2 and Table 30.

According to the results, while goods from Helsinki to other nodes, directly or via other
hubs, are transported by trucks (m1l), trailers (m2), and full trucks (m3), products from
Tampere (66) and Kouvola (69) to other nodes (including hubs) are shippeatks (m1)

and full trucks (m3)Table 31 summarizes all possible modes of transport in the network.

More interestingly, according to the network structure and order whatween nodes
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Kiuruvesi (24), Kokkola (30), Rauma (46), Loimaa (47), Salo (48), Uusikaupunki (49),
Parainen (50 andHameenlinna (54are allocated to two different hubs, which is illustrated
in Table32.



Table 29 Potentially
allocation of nodes to
hubs (X%m) in a five

hub-network (four
hubs+Tampere)
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Table30- Potentially
allocationof hubs to
nodes (Xljm) in a five
hub network
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Table31- sumnary of the modal change imfive-hub network (Tampere as the fifth hub)

h:Tampere h:Oulu h:Turku h:Kouvola | h:Helsinki
(66) (67) (68) (69) (70)

(@) *— m4/m4/m4 | md4/m4/m4 | md/m4/m4 | m4/md4/m4 | m3,m4/md/ma
(b) # m3,m4/m4 | m3,m4/m4| m3,m4/m4| m3,m4/m4| m3,m4/m4
€©) oo m1,m3/m4 | ml/m4 m1/m4 m1/m4 m1/m4

(d ,°*—* m4/m4 m4/m4 m4/m4 m4/m4 m3,m4/m4
(e) ’/@ m4 m3,m4 - m3,m4 ml,m3,m4
() ® . ml,m4 ml,m4 ml,m4 ml,m3,m4| m2,m3,m4
(g9 o—oa ml,m3,m4 m4 ml,m4 ml,m4 m2,m3m4

Table32- multiple allocatios of some nodes in the fiieub-network (Tampere as the fifth hub)
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4.8 Results of determining five hubs (four hubs + Jyvaskyla) in the netiwork
the period 2012013

Same as the previogsibchapter, in this stage, Jyvaskyla is replaced by Tampere as a fifth
hub, and the same analysis is conducted for this hub combination. The final results represent
the total cost of 2,022,009 thousand euros. As is conspicuous from the information supplied

by the results, adding Jyvaséys the fifth hub gives rise to a considerable decrease in the
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total transportation and handling costs in the network, even compared to tHmulbour
network. The potential allocation of nodes to hubs and vice v&@masented iMable33
andTable34, respectivelylt is important to note that all nodes were assigned to the closest
hub and that nonultiple allocations were seen in the netwdfkhe origin point is a hub,
transshipment to other nodes is conducted via trucks. Trailers are used only to transport
goods from Kouvola to Jyskyld, and full trucks are used for goods transporting between
Jyvéskylda and Oulu. Similar to other analyses, trains are the mostmonmeans of
transportation in the network. This matter is summarizédhine 3.



Table 33 Potentially

allocation of nodes to
hubs (Xihm) in a five

hub network (four hubs
+ Jyvaskyd)

H
i m 66 67 68 69 70
1 m4 *
2 m3 *
m4 *
3 m4 *
4 m3 *
m4 *
5 m4 *
6 m4 *
7 m4 *
8 m4g *
9 m4 *
10 m4 *
11 m4 *
12 m3 *
m4 *
13 m4 *
14/ m3| *
m4 *
15 ml *
m4 *
16/ m3| *

17

18

19

20

21

22

23

24
25

26

27
28

29
30
31
32

33

m4
ml
m3
m4
m4
m3
m4
m4
m4
m3
m4
m3
m4
m4
m3
m4
m3
m4
m4
m3
m4
m3
m4
m4
m4
m3
m4
m3
m4

34
35

36

37

38

39

40

41

42

43

44

45

m4
m3
m4
m2
m3
m4
m3
m4
ml
m2
m3
m4
ml
m2
m3
m4
m3
m4
m4
m2
m3
m4
m3
m4
ml
m2
m3
m4
ml

46

47

48

49

50

51

52
53

54

55

m2
m4
ml
m2
m3
m4
ml
m2
m4
m2
m4
ml
m2
m4
ml
m2
m4
ml
m3
m4
m4
m2
m3
m4
ml
m2
m3
m4
m4

56

57

58

59

60
61

62

63

64

65

66

67

ml
m3
m4
ml
m2
m3
m4
ml
m2
m3
m4
ml
m2
m3
m4
m4
ml
m2
m4
m4
m4
ml
m2
m4
m3
m4
ml
m3
ml
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68

69

70

m3
m4
ml
m3
m4
ml
m2
m4
ml
m2
m4

Table 34- Potentially

allocation of hubs to

nodes (Xljm) in a five

hub network (four hubs
+ Jyvaskyd)

I
66 16
18
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
39
40
41
43

M
m4

68 37

69 15

70

17
19
51
52
56
57
62
69
36
53
54
55
58
59
60
61
63
64
70

81
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Table35 sumnary of the modal change mfive-hub network (Jyvéaskilas the fifth hub)

h:Jyvaskyla h:Oulu h:Turku h:Kouvola h:Helsinki

(66) (67) (68) (69) (70)
@) o—o m4/m4/m4
b)) ", m4/m4 m4/m4 m4/m4 m4/m4 m4/m4
(c) T ml/m4 m1,m3/m4 m1/m4 ml/m4 ml/m4
(d) o—e m4/m4 m4/m4 m4/m4 m4/m4 m4/m4
(e) @ m4 m4 m4 m4 m4
® * ml m1,m3 m1l m1l m1l

o

9) e—e m1,m3 - - - ml

4.9 Results of determining five hubs (four hubs + Kuopio) in the netfamrihe
period 20112013

Kuopio is another alternative to be placed as a fifth hub. Results show that all hubs are
considered active hubs, and there is a considerable increase of 2,157,637 thousand euros in
the total costs of the network. The potential allocation of nodes to hubs @&ndeviais

presented imable36 andTable37, respectively.

The results delineate that all means of transportation are utilized in the network depending
on the location of hubs and the destination nodes for various products. The modal
combinations are presented Tmable 3B. Further, a number of nemub nodes, including
Kajaani, Pieksamaki, Joensuu, Varkaus, Kiuruvesi, Saarijarvi, Aanekoski, Jyvaskyla, and
Alajarvi, are allocated to more thanehub, in which Alajarvi is allocated to all hubdsable

39 summartes the multiple allocati@of the nodes.



Table 36- Potentially
allocation of nodes to
hubs (Xwm) in a five
hub network (four hubs
+ Kuopio)

H
i m 66 67 68 69 70
1 m3 *
m4 *
2 m2 *
m3 *
m4 *
3 m4 *
4 'm4 *
5 m4 *
6 m4 *
7 m2 *
m3 *
m4 *
8 m2 *
m3 *
m4 *
9 ml *
m4 *
10 ml *
m2 *
m3 *
m4 *
11 m4 *

12
13

14

16

17

18

19

20

21

22

23

24

25
26

27

m4
m2
m4
m2
m3
m4
m3
m4
m3
m4
m3
m4
m2
m3
m4
m4
m4
m4
m3
m4
ml
m3
m4
m3
m4
m3
m3
m4
m3
m4

28

29

30

31

32

33

34

35

36

37

38

39

m2
m3
m4
m2
m3
m4
m3
m4
m4
m3
m4
m2
m3
m4
m2
m3
m4
m2
m3
m4
ml
m3
m4
ml
m2
m4
ml
m2
m4
ml

*

40

41

42

43

44

45

46

a7

m2
m3
m4
ml
m2
m3
m4
m3
m4
ml
m2
m3
m4
ml
m3
m4
m2
m3
m4
ml
m3
m4
ml
m2
m3
m4
ml
m2
m3
m4

48

49

50

51

52

53

54

55

56
57

ml
m2
m3
m4
ml
m3
m4
ml
m2
m3
m4
ml
m4
m3
m4
m2
m3
m4

m2
m3
m4
ml
m3
m4
m4
ml
m2
m3
m4
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58

59

60

61

62

63

64

65

66

67

68

ml
m4
ml
m3
m4
ml
m3
m4
ml
m3
m4
m3
m4
ml
m3
m4
ml
m2
m4
ml
m3
m4
ml
m2
m3
ml
m3
m4
ml
m2

69

70

m3
m4
ml
m2
m3
m4
ml
m2
m3
m4

Table 37- Potentially
allocation of hubs to
nodes (%m) in a five

hub network (four hubs

+ Kuopio)

66

67

16
17
18
19
20
21
22
23
24
34
35
65

=

10
11
12
13
14

29

M
m4

68

69

70

56
57
62
66
69
36
39
40
53
54
55
58
59
60
61
63
64
70

84



Table38- sumnary of the modal change imfive-hub network (Kuopio as the fifth hub)

h:Kuopio h:Oulu h:Turku h:Kouvola h:Helsinki
(66) (67) (68) (69) (70)

(@) o m3,m4m4/m4
(b) .';'.# m3,m4/m4 m3,m4/m4 m3,m4/m4 m3,m4/m4 m3,m4/m4
(C) o | MLM2mM3/m4  mim4 m1,m4/m4 ml/m4 ml/m4
(), *—*° m4/m4 m4/m4 m4/m4 m3,m4/m4 m4/m4
(e) ./'@ - m4 m3,m4 m3,m4 m3,m4
) @/. ml,m3 m1l mi,m?2 m1l m1,m2,m3
(9) e—e m1,m3,m4

Table39 multiple allocatios of some nodes in the fivieub-network (Kuopio as the fifth hub)

Hubs

vehicle
-
nodes €
7
(Kajaani)
16
(Pieksamaki
18
(Joensuu)
23
(Varkaus)
24
(Kiuruvesj
25
(Alajarvi)
34
(Saarijarv)
35
(Aanekoskj
65
(Jyvoéskyla)

(N
=

66

(Kuopio)

(S TS
= E| E

67
(Oulu)
<
=

[N ))
= | £

—
=

68
(Turku)

N o o
ENENE|E

69
(Kouvola)
< o
El E

N ™
=

*

70
(Helsinki)

Total
allocations

N o <
E| | E

N N N O D N N NN DN

4.10  Results of determining six hubs in the netwfankthe period 2012013

At this stage, Oulu, Turku, Kouvoldjelsinki, Jyvoskyla, and Kuopio are considered
potential hubs in the network. The results illustrate that all hubs are considered active hubs,
and there is a considerable decrease of 1,905,365 thousand euros in the total costs of the

network. Similar to the previaanalysis, the potential allocation of nodes and hubs and vice
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versa, as well as the potential vehicle types to transport goods between them, are illustrated
in Table 40 and Table 41, respectively.Table 42 delineates all possible modal changes

between nodes based on the network structure, which is presented for various product types



Table 40- Potentially
allocation of nodes to
hubs (X%m) in a sixhub
network

10

11

12

m | 65 66
m4

m2

m3| *
m4

m4

m3

m4

m4

m4

m2

m3| * | *
m4| *
ml| *
m3| *
m4

ml| *
m3| * | *

m4

m4

m3| *

H
67 68 69 70

*
*

*

13

15

16

17

18

19

20

21

22

m4
ml
m2
m3
m4
m3
m4
ml
m3
m4
m2
m3
m4
m2
m3
m4
ml
m3
m4
m3
m4
m1l
m3
m4
m3
m4
m2
m3
m4

23

24

25

26

27

28

29

30

31
32

33

34

ml
m2
m3
m4
ml
m3
m4
m2
m3
m4
m2
m3
m4
m3
m4
m3
m4
m3
m4
m3
m4
m4
m2
m3
m2
m3
m4
m2
m3

35

36

37

38

39

40

41

42

43

44

45
46

47

m4
m3
m4
m3
m4
m3
m4
m3
m4
ml
m3
m3
m4
m3
m4
ml
m2
m3
m4
m3
m4
m3
m4
m3
m3
m4
ml
m2
m3

48

49

50

51

52

53

54

55

56

57

58

59

m4
m3
m4
m2
m4
m2
m4
m3
m4
m3
m4
m2
m3
m4
ml
m3
m4
ml
m3
m4
ml
m3
m4
ml
m3
ml
m3
m4
ml
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60

61

62

63

64

65

66

67

68

m3
m4
m2
m3
m4
ml
m3
m4
m3
m4
ml
m2
m3
m4
ml
m3
m4
ml
m2
m3
ml
m2
m3
m4
ml
m2
m4
m1l
m2

69

70

m3
m4
ml
m2
m4
ml
m2
m3

m4

Table 41-
allocation of hubs to

Potentially

nodes (X%m) in a sixhub
network

|
65

66

j
18

m
m4

67

68

69

70

51
52
57
62
69
36
39
53
54
55
58
59
60
63
64
70

88



Table42-sumnary of the modal change in a gmubnetwork

h: Kuopio h:Jyvaskyla h:Oulu h:Turku h:Kouvola h:Helsinki
(65) (66) (67) (68) (69) (70)
(a) m4/m4/m4
(b) m4/m4 m4/m4 m4/m4 m4/m4 m4/m4 m4/m4
(c) m1,m2,m3/m4 | ml,m2,m3/m4 m1/m4 ml/m4 ml/m4 m1,m3,m4/m4
(d) m4/m4 m4/m4 m4/m4 m4/m4 m4/m4 m4/m4
(e) m4 m4 m4 m4 m4 m4
) m1l m1l m1l m1,m3 m1l m1,m2,m3
(9) m1,m3,m4
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To recapitulate, each hub combination has its own transportation and handling costs in the
network. The bar graph belog@Figure 14 compares all network costs in two different
periods.As is evident from the figure below, the total transportation and handling costs in
the period 2012020areless tharthe costs oftheperiod 20112013.

Comparison of transportation and handling costs in the network for
perods 20182020 and 20142013

2,395,955
2,157,637
2,016,168 2,070,094 2,022,009 1.905.365
1,814,372 R
1,727,710 1,699,61P 1.613.799
four hubs five hubs five hubs five hubs (Kuopio) Six hubs
(Tampere) (Jyvaskyla)

02018-2020 02011-2013

Figure14- Comparison of total transportation and handling costs for two dedicated periods
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5 Discussioand conclusions

This dissertation presents an empirical study of the supply chain netwakamis products

in Finland by investigating the theoretical background in this area. The main data in such
studies includes demand volume between pairs of nodes, the network’s cost structure, some
technical or operational constraints, and the distanceeleet nodes. The first three data
sources are obtained from the case company. Noteworthy, the demand data sources used in
this research are pertinent to two specific periods, and since the assumptions of the problem
are the same for both periods, the sam&yeis is conducted for both periods. The main
objective of this study is to redesign a supply chain network by redefining the optimal
location of hubs, assigning nénub nodes to the determined hubs, and allocating the proper
vehicle type in each connémh route so that it gives rise to minimum transportation costs in

the whole network.

There exist countless research and theoretical backgrounds in HLPs considering various
assumptions and solution methods, some of which are mostly good for academic
applications, while some have practical usage. While HLP models have been utilized to solve
many realworld cases, to the best of the author's knowledge, there is a lack of studies at the
national level of Finland that try to address supply chain network design issues

mathematically at this level and on this scale.

Hence, this dissertation strives to use theoretical background and utilize the achievements to
develop the appropriate model for empirical research. Therefore, this chapter puts forward a
discussion of the empirical findings obtained from the case studgnjunction with the

theoretical framework to answer the research questions.

5.1 Main findings of the study

In this subchapter, the theoretical implications of the study, a comparison of the previous
studies with the current research, and an analysis of the model are interpreted, followed by

answering the research questions
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As compared iffable 2 various studies with different assumptions have been developed in
the HLP contextEydi and Shirinbayan (2023yoposed a muktommodity multimodal
hierarchicaistructured HLP. Despite having some similarities between the current thesis and
what has been conducted in the research mentioned, in terms of objective function,
multimodality, and mulicommodity, there are considerable differenbetween these two
studies. For example, this thesis uses real data that are deterministic and asymmetric, while
the mentioned research uses an AP data set with fuzzy demands. In the current thesis, one
type of hub is consided, while Eydi (2023) uses a threehelorhierarchical configuration,
including ground hubs to air hubs. While this study utilizes MIP and CPLEX solvers to
provide solutions for the problem for both srrsthle and largscale, Eydi (2023) deploys
CPLEX and GA for smalscale and largsecale prol#ms, respectively

Gao et al. (2021)proposed a bobjective stochastic formulation of a multimodal,
multicommodity rebalancing and transportation model over natural disaster circumstances
to maximize equity rebalancing the commodities and minimize the total transportation time.
Till now, there are fundamental differences between the current thesis and the research done
in terms of the objective function type and purpose behind solving the problem. While all
pieces of data are deterministic and four terrestrial vehicle types and 24 vaoidust pypes

are used in the current thesis, demand, supply, and road availability in the research conducted
by Gao et al. (2021) are undetermined, and two vehicle types (vehicles and helicopters) and
just four product types are utilized in the researchrddeer, both research projects take

advantage of two different solution methods but use a similar solver, CPLEX

A capacitated mukimodal multtcommodity HLP with the special feature of allowing direct
shipment between O/D pairs was propose®bgricMora et al. (2020His model includes

50 origins, seven destinations (four ports, two border crossings, one airport), six product
types, and two transport modes (rail and road). A MILP algorithm minimizes transport,
handling, arc, and hub opening costs while considering cgdamits. Results show only

one hub is profitable, with cargo volume and todalelivery distance influencing its
location. It is evident that there are considerable gaps between the current thesis and the
study conducted b@sorioMora et al. (2020)n terms of the overall concept of the problem.

In the current thesis, there are 70 nodes, including hubs, from which all nhodes can send or
receive various products of 24 types, which are transported by road and rail (this study has

determined the vehiclgpe in road connections). There is a slight similarity in the objective
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function of minimizing the total transportation and handling cost between the two research

projects

Further, there are differences between the study conduct&erioyi and Bashiri (2019)

and what the author has done in this thekiagrimi and Bashiri (2019)3developed a
multimodal, multiperiod, splittable, mukcommodity, modularly capacitated hub network

to minimize the total hub network costs, while some assumptions, such agenioid,
splittable, and capacity constraint, are not taken into consideratitve current thesis. In
contrast to the current study, which uses MIP to ascertain the hubs' location, assigr the non
hub nodes to hubs, and assign the transportation modes, the aforementioned study uses a

nonlinear mathematical formulation

Serper and Alumur (2016)eveloped a singlallocation multtmodal HLP for parcel
delivery systems, addressing hub capacity constraints. The model optimizes hub locations,
node assignments, fleet size, and costs for establishment, vehicle procurement, operations,
transportation, r@d handling. Using TR and CAB datasets, it applies MIP and VNS
algorithms and incorporates partially connected ihtdy networks, multiple transport
modes (air, road), and vehicle types (vans, trucks, trailers) with distinct capacities and fuel
consumpibn. The results provide managerial insights into hub locations, capacities, vehicle
types, and fleet sizing. There are similarities and differences between the current study and
the research done by Serper. While they used a single allocation with capasiraints,

this study considers multiple allocations without hub capacities. The former may drive an
economical solution, while a lack of considering hub capacity in this thesis may affect the
optimum solution. Partially connected hubs may be morestealbut they cause more costs

in the network, while in this thesis a fully connected hub structure is considered. In terms of
modalities, there is a difference between applying modals in the model; besides, the types of

terrestrial fleets in both modedse almost the same

As is conspicuous from the comparisons, numerous assumptions can be made about the hub
location problems; each constraint or assumption can be defined based on the nature of the
problem examined. In this dissertation, the requirements and assumptiornzedatned

and agreed upon with the company, and model development and solution methods were

introduced based on them. According to the results obtained from the solution model, a

detailed discussion of the model is presented below.
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As shown inTable § Table 9 Table 26 andTable 27 in a fourhub network encompassing
Kouvola, Turku, Oulu, and Helsinki for both periods, 2@020 and 201-P013, trains play

a key role in this network and are the most common means of transportation from hub to

destination points. The results show thahd hub point would be a sender point themselves,
trucks and trains are utilized for goods transportation in both periods (depending on which
product is transported and which network structure it is), while if they are the final
destination point (not aa consolidation point), full trucks and trains (depending on the
product type) are used for goods transshipméhé results are almost similar for both
periods, except for the period 202013, when Oulu is a sender point and, at the same time,

is a hub.This hub uses trailers to transport just product types 8 (flour, sugar, coffee, etc.)

Since all products are not sent/received to/from all nodes, and demand data are different for
both periods, the multiple allocations of cities to hubs can be varied in the two periods
studied. For example, while in the period 2120, Kiuruvesi, Kokkola,and
Uusikaarlepyy have been assigned to hubs (each assigned to two hubs), in the period 2011
2013, Kiuruvesi and Alajarvi were assigned to the hubs. Interestingly, Alajarvi (node 25)
has allocated for all hukfable 43) which all allocations have beenmsmarized infable

42

Demand

i . i , Demand
Waaniy 1 1P (tigg;) @waani) T 1 P (1000 tons)

25 2 pl0 13 25 43 p10 18
25 4 pll 26 25 46 p18 20
25 10 p10 16 25 47 p11 14
25 12 p11 8 25 68 p1l 14
25 14 p4 23 25 20 plo 27
25 14 p10 18 25 32 p3 57
25 29 pl1i 9 25 33 pl0 25
25 30 p4 167 25 34 p4 11
25 41 pl0 31 25 69 34 pl0 5
25 41 pll 12 25 34 pli 10
25 26 pl6 5 25 66 p22 4
25 27 pl 135 25 69 pll 14
25 27 pa 8 25 58 p20 22
25 68 27 pll 5 25 20 61 pll 31
25 27 pl9 7 25 70 pl10 29
25 27 p22 9 25 70 pl1 30
25 27 p24 3

Table43- Allocation of one node in a sixub network to different hubs for various product types
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As Figure 14denotesadding the fifth hub does not necessarily cause a decrease in the total
costs in the network. While adding Tampere or Jyvéskyes rise to a considerable
reduction in the network's total costs, Kuopio seems to be not an optimal point to be selected
as a hub. Although the solution model in the case that Kuopio is selected as the fifth hub
takes advantage of various transportatmodes in the transshipment process as well as
using more multiple allocation connections for more points compared to the two otker five
hub networks, these measures seem to be not much effective, and the total costs still
remained higher than the cabaitt Jyvasky and Tampere are selected as hubs. The whys
and the wherefores of these results can be manifold; however, generally, it can be said that
network structure or constraints formed in the model can be the contributory factors in this

result.

In addition, based on the data available for the period-20138, the same conditions hold
for the hub analysis in the network in this time period compared to the perio€@RQ8In
other words, just as the total network cost was highest with Kuogleedtth hub in the
period 2018022, similar results, albeit with a different objective function value, were
obtained for the period 2042013

More importantly, according to the tables provided in the previous chapter, the common
means of transportation in a faeib network with Tampere for the period 2e8@&0 are

trucks and trains, whilst trailers and full trucks are very limitedly used inehgork. The

results for the period 2012013 are a little bit different, and using full trucks in some
network structure can be observed. It can be said that Jyvaskyla adopts almost the same
strategy for both periods, meaning that trucks and trainsharenbst common way of
transportation, with the difference that in the period 22013, trailers were used very
limitedly on the network in some points for transporting some products. Lastly, Kuopio takes
advantage of using all means of transportatiomértetwork to transfer various goods in

the network. The mentioned circumstances are summarized in Table 44
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Table44- Utilizing various means dfansportation in a fiaub structure with different
hub location

) _ common vehicle | limited use of a | no used of a
period Fub point type vehicle type vehicle type
Tampere ml, m4 m2, m3 -
20182020 | Jyvaskyla ml, m4 - m2, m3
Kuopio ml, m2, m3, m4 - -
Tampere m1, m3, m4 m2 -
20112013 | Jyvaskyla ml, m4 m3 m2
Kuopio m1l, m2, m3, m4 - -

It is worth mentioning that, regarding the data available, defined constraints, and the
objective function in this research, if decisiorakers intend to set ypst 5 hubs in the
network due to any economic, technical, environmental restrictions, etc., Jyvaskyla can be
the best option for this purpose. On the other hand, since this network requires huge
investment in the rail infrastructure for both Tampere andskyla and due to the fact that

the objective function has not considered this matter, the general optimality of these points

in a five-hub network is under question

Last but not least, the final results for aBixo network demonstrate the least transportation
and handling costs compared to the other hub structures for both periods in the research.
Since the hubs in this structure include Kuopio, Jyvéask@ulu, Kouvola, Turku, and
Helsinki, it seems as though the combination oféadiyla with the least total costs in the
network and Kuopio with the highest rate of using various means of transportation drives
the problem to a better solution with an optimal numbetHe objective functionAlmost

the same as the fivhub structure with Jyvaskglthis structure requires investment in rail
infrastructure as well, even though using tulicks andtrailers can be seen in some sub

structures.
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To recapitulate, according to the problem structure, including constraints, assumptions, order
volume between nodes, etc., the author can conclude thgoamthub structure is the
optimal solution for this problem with the minimum transportation andlirencost in the
network. With these explanations, the research questions can be answered as below:

Research question:
1- What are the best locations to establish hubs as consolidation points?

Due to the abovementioned results, Kuopio, Jyvé@skjlilu, Kouvola, Turku, and Helsinki
are the optimal points with the least total transportation and handling costs in the network

2- Which means of transportation can be used to transport the goods between nodes?

According to the results of the optimum solution, trucks and trains are the most common
means of transportation in the model, while trailers and full trucks are utilized in some
substructures to transport some products. It is worth noting that usingi¢ll in the period
20112013 due to the different order volume between nodes can be seen as higher than that
of 20182020

3- How the supply chain costs have changed over the last decade

As is conspicuous frorRigure 14 the total transportation and handling costs for the period
20182020 witnessed a considerable decline compared to the 2&ideP013. This can

occur due to various reasons, including

1 Decliningthe total order volume of 135,933 thousand tons for the period 2013
to 114,933 thousand tons for the period 22020.

1 Positiveimpacts of ecommerce and declining timeimber of excess transportations
in the network. Although evaluatingade assumptions requires detailed research and
considering other contributory factors, this can be one of the impactful factors in this

context.

9 Utilizing largesize vehicle types like trains more than other means of traffic in the

whole network. It is worth mentioning that if the research considered fixed costs for
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establishing hubs or the cost of building infrastructure, the combination of hubs and
their optimal location undergsconsiderable change.

5.2 Theoretical and managerial contributions

This study contributes to covering some research gaps in the previous studies. First and
foremost, it should be noticed that both economy and ecology require efficient transportation
in the system. The optimal transportation system structure should benidet, as it
significantly influences the overall efficiency and profitability of the network. Considering
various modals and vehicle types can increase the efficiency and simultaneously decrease
the total transportation costs. In addition, providingdapability of modal change at hubs

can positively affect the total costs. This study considered these assumptions in modeling
the problem, which can bring impactful insight to decisiakers about the location of
modal change and modal types in each rbated on each product.

Moreover, EU policies regarding combined transportation are under ongoing update
processes, and Finland, as a part ofdhisn, should consider this matter as one of the key
issues in the transportation sect®@q as different transportation modes have been
considered irthis study it can givepolicymakersa good insight into the transportation
combinationin Finlandbased on market demasmtd goods transshipment from node to

node

With minimizing the total transportation costs in the network, we will ensure that the shortest
routes with the minimum costs are selected. This, in turn, can positively affect the
transportation side effects, for example, the considerable decrease iotaheuel
consumption rate, fuel costs, vehicle operation costs, and other sustainability aspects such

as decreasing GHG emissions

Additionally, as mentioned, to the best of the writer's knowledge, there is no similar research
with this problembs specification in Finl:
guantitative research dfLPs at the national level by considering various assumptions that

make the problem one step closer to reality.

From a managerial perspective, this study offers valuable insights for a wide range of

stakeholders in the transportation sector, including shippers, LSPs, infrastructure owners,
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and 3PL companies. These parties often manage sophisticated distribution networks
involving a wide variety of product types, multiple transportation modes, and various fleets.
This study provides practical strategies for optimizing and managing the wutistnib
network to reduce operational inefficiencies and minimize total transportation and handling
costs. Each stakeholder can benefit from the advantages of the results of this study, which
are described in detail below.

For shippers, this research highlights the importance of understanding the entire supply chain
network, from origin to destination, and offers strategies to streamline transportation flows.
By optimizing routes, selecting -cesfficient hubs, and leveragin appropriate
transportation modes each routeshippers can achieve significant cost reductions and
improve service reliability. Furthermore, it offers insight into how to manage inventory and

delivery schedules more effectively, ensuring a smoothemamd costeffective operation.

Moreover, this study gives a good insight to LSPs and 3PL companies to delve into the
operational and strategic aspects of managing multimodal transportation netitorks.
emphasizes the importance of network optimizatisuch asbalancingflows at hubs
reducing mileage, and improving fleet utilizatiby determining the fleet combination in
routes By incorporating advanced analytics and optimization models, LSPs can improve
decisionmaking related to route planning, vehicle deployment, and infrastructure
investments. The finding®f this research prove that if LSPs or 3Pakgn their
transportation strategies with customer demand and network capabiligs;an offer

more competitive pricing while maintaining high service levels.

Infrastructure owneron the other handyre also key beneficiaries of this study, as it offers
valuable insights into the capacity planning and investment decisongedto support
efficient transportation networks. By analyzing transportation costs in relation to network
structure, this research helps infrastructure owners idamnidgrutilized facilities or areas
where additional infrastructure investments could enhance network efficiency. Additionally,
understanding the impact of hub locations and intermodal connectivity can guide decisions
on where to expand or enhance existinffastructure to better serve the needs of the

transportation sect@nd meet all stakeholdé@mxpectations.

Last but not least, this study provides a broader strategic view at the macro level for

policymakers, advising on the location and type of infrastructure needed to facilitate efficient
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transportation networks. By understanding the economic and operational implications of hub
locations and network design, policymakers can make decisions about where to invest in
transportation infrastructure and hub points and how they can reduce bétlearet
improve overall network performance. It also offers guidance on how to promote- public
private partnerships for infrastructure development, ensuring that investments align with the

needs of both commercial stakeholders and the broader public.

To recapitulatefrom a managerigdoint of view this study serves as a guide for stakeholders

to not only reduce transportation costs but also enhance the overall efficienclogfdties

and transportationin the supply chain network of Finlan@y integrating the insights
provided in this study, companies and policymakers can better align their strategic objectives
with operational realities, ensuring castective, scalable, and sustainable transportation

solutions

5.3 Limitations and suggestions for future research

This study has its assumptioasd limitations that need to be pointed out. First of all, in
contrast to the other developed models in the HLP context, this research does not consider a
capacity for hubs, routes, or vehicles. According to the case company, LIMOWA OY, 3PLs
can expand thembes in terms of facilities or vehicles; therefore, considering these

constraints in the long term is not necessary.

Demands, moreover, have different types, including stochastic, fuzzy, and deterministic.
The data nature in this study is deterministic, while in the future reselctand can be

considered fuzzy or uncertain.

Further, in mosHLPs, direct shipment between nodes is not allowed, and all nodes should
be connected to hubs; however, this assumption can be considered in a larger network with

lots of pairs of origirdestination in future research.

This research has considered utilizing various vehicle types on all routes, while other
assumptions, such as considering a specific vehicle type to use in routes or-ftlnter
connections and restricting a specific vehicle type in some routes, carsineced in future

research.
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In addition, although this research takes advantage of four various means of transport,
generally, it uses two different modals, including rail and road. Due to the prevalent use of
HLP models in all other aspects, to consider other modes, aviation ainé madals can

be added to the model in future research.

Furthermore, this research considers a cor
hub transportation for all means of transportation, while this figure can vary for each

vehicle type and also can be changed based on the transportation frequency.

Another limitation ofthis study is pertinent to the methodology and solution method. As
mentioned in the theoretical background, there are various solution methods for HLPs, such
as GA, VNS, NSGAII, SA, etc. This research utilizes MILP to solve this problem, which is
one of tle most effective and common solution methods in this context. Therefore, for future

research, other heuristic or metaheuristic methods can be used.

Last but not least, HLP models have both sirafigective and multipl®bjective models.

For future research, assumptions such as considering fixed opening costs of facilities, hub
operational costs, or infrastructure construction costs can be incorpiotatéte objective
function. Other sustainability aspects, on the other hand, are valued in these models, and
other objectives such as profit maximization, fuel rate minimization, or GHG emission

minimization can be added to the initial objective funcasmmultiobjective problems
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Appendix 1:

The table below delineates the 70 regions and relevantegidns in the research. to calculate the distance between each regions the capital
city of each regions were determined and distamce between pair of nodes was calculated based on the thesc@piiepediaprojektin
osanottajat, 2004)

sub regions Provinces codes REGION (Eng) REGION (Fin) Capital city
Kemijarvi The province of Lapland 1 Eastern Lapland region [t&-Lapin seutukunta Kemijarvi
Pelkosenniemi The province of Lapland 1 Eastern Lapland region Ité-Lapin seutukunta Kemijarvi
Posio The province of Lapland 1 Eastern Lapland region Ité-Lapin seutukunta Kemijarvi
Salla The province of Lapland 1 Eastern Lapland region Ité-Lapin seutukunta Kemijarvi
Savukoski Theprovince of Lapland 1 Eastern Lapland region Ité-Lapin seutukunta Kemijarvi
Kemi The province of Lapland 2 KemgTornio district KemgTornion seutukunta Tornio
Keminmaa The province of Lapland 2 KemgTornio district KemgTornion seutukunta Tornio
Simo The province of Lapland 2 KemgTornio district KemgTornion seutukunta Tornio
Tervola The province of Lapland 2 KemgTornio district KemgTornion seutukunta Tornio
Tornio The province of Lapland 2 KemgTornio district KemgTornion seutukunta Tornio
Inari The province of Lapland 3 North Lapland region PohjoisLapin seutukunta Inari
Sodankyla The province of Lapland 3 North Lapland region PohjoisLapin seutukunta Inari
Utsjoki Theprovince of Lapland 3 North Lapland region PohjoisLapin seutukunta Inari
Ranua The province of Lapland 4 Rovaniemi region Rovaniemen seutukunta Rovaniemi
Rovaniemi The province of Lapland 4 Rovaniemi region Rovaniemen seutukunta Rovaniemi
Pello The province of Lapland 5 Torniolaakso region Torniolaakson seutukunta Ylitornio
Ylitornio The province of Lapland 5 Torniolaakso region Torniolaakson seutukunta Ylitornio
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Enonteki®
Kittila
Kolari
Muonio
Kajaani
Paltamo
Ristijarvi
Sotkamo
Hyrynsalmi
Kuhmo
Puolanka
Suomussalmi

Kuusamo

Taivalkoski
Haapajarvi
Karsamaki
Nivala
Pyhajarvi
Reisjarvi

Il
Pudasjarvi
Utajarvi
Vaala
Pyhajoki
Raahe
Siikajoki
Haapavesi
Pyhanta

The province of Lapland
The province of Lapland
The province of Lapland
The province of Lapland

Kainuu province

Kainuu province
Kainuu province
Kainuuprovince
Kainuu province
Kainuu province
Kainuu province
Kainuu province

The province of North Ostrobothnia

Theprovince of North Ostrobothnia
The province of North Ostrobothnia
The province of Nortl®strobothnia

The province of North Ostrobothnia
The province of Nortl®strobothnia

The province of North Ostrobothnia
The province of North Ostrobothnia
The province of North Ostrobothnia
The province of North Ostrobothnia
The province of North Ostrobothnia
The province of North Ostrobothnia
The province of Nortl®strobothnia

The province of North Ostrobothnia
The province of North Ostrobothnia
The province of North Ostrobothnia
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TunturiLap region
TunturiLap region
TunturiLap region
TunturiLap region
Kajaani region
Kajaani region
Kajaani region
Kajaani region
KehysKainuu region
KehysKainuu region
KehysKainuu region
KehysKainuu region

Northeast region

Northeast region
NivalagHaapajérvi district
NivalagHaapajérvi district
NivalagHaapajarvi district
NivalagHaapajarvi district
NivalagHaapajarvi district
Oulunkaari district
Oulunkaari district
Oulunkaari district
Oulunkaari district
Raahe region

Raahe region

Raahe region

HaapavesBiikalatva district
HaapavesBiikalatva district

TunturiLapin seutukunta
TunturiLapin seutukunta
TunturiLapin seutukunta
TunturiLapin seutukunta

Kajaanin seutukunta

Kajaanin seutukunta
Kajaanin seutukunta
Kajaanin seutukunta
KehysKainuun seutukunta
KehysKainuun seutukunta
KehysKainuun seutukunta
KehysKainuun seutukunta

Koillismaan seutukunta

Koillismaan seutukunta
NivalagHaapajarven seutukunta
NivalagHaapajarven seutukunta
NivalagHaapajarven seutukunta
NivalagHaapajarven seutukunta
NivalagHaapajarven seutukunta
Oulunkaaren seutukunta
Oulunkaaren seutukunta
Oulunkaaren seutukunta
Oulunkaaren seutukunta
Raahen seutukunta

Raahen seutukunta

Raahen seutukunta
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Kittila
Kittila
Kittila
Kittila
Kajaani
Kajaani
Kajaani
Kajaani
Kuhmo
Kuhmo
Kuhmo
Kuhmo

Kuusamo

Kuusamo
Haapajarvi
Haapajarvi
Haapajarvi
Haapajarvi
Haapajarvi
Pudasjarvi
Pudasjarvi
Pudasjarvi
Pudasjarvi
Raahe
Raahe
Raahe

HaapavedesBiikalatvan seutukunta Haapavesi
HaapavedesBiikalatvan seutukunta Haapavesi
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Siikalatva
Alavieska
Kalajoki
Merijarvi
Oulainen
Sievi
Ylivieska
Hirvensalmi
Kangasniemi
Mikkeli
Méantyharju
Pertunmaa
Puumala
Juva
Pieksamaki
Enonkoski
Rantasalmi
Savonlinna
Sulkava
Heinavesi
llomantsi
Joensuu
Juuka
Kontiolahti
Liperi
Outokumpu
Polvijarvi
Kitee
Raakkyla

The province of North Ostrobothnia
The province of North Ostrobothnia
The province of North Ostrobothnia
The province of North Ostrobothnia
The province of North Ostrobothnia
Theprovince of North Ostrobothnia
The province of North Ostrobothnia
South Savo province

South Savo province

South Savo province

South Savo province

South Savo province

South Savo province

South Savo province

South Savo province

South Savo province

South Savo province

South Savo province

South Savo province

Province of North Karelia

Province of North Karelia

Province of North Karelia

Province of North Karelia

Province of North Karelia

Province of North Karelia

Province of North Karelia

Province of North Karelia

Province of North Karelia

Province of North Karelia

13
14
14
14
14
14
14
15
15
15
15
15
15
16
16
17
17
17
17
18
18
18
18
18
18
18
18
19
19

Haapavesbiikalatva district

Ylivieska region
Ylivieska region
Ylivieska region
Ylivieska region
Ylivieska region
Ylivieska region
Mikkeli region
Mikkeli region
Mikkeli region
Mikkeli region
Mikkeli region
Mikkeli region
Pieksamaki district
Pieksamaki district
Savonlinna region
Savonlinna region
Savonlinna region
Savonlinna region
Joensuu region
Joensuu region
Joensuu region
Joensuu region
Joensuu region
Joensuu region
Joensuu region
Joensuu region
Central Karelia region
Central Karelia region

HaapavederSiikalatvan seutukunta

Ylivieskan seutukunta
Ylivieskan seutukunta
Ylivieskan seutukunta
Ylivieskan seutukunta
Ylivieskan seutukunta
Ylivieskan seutukunta
Mikkelin seutukunta
Mikkelin seutukunta
Mikkelin seutukunta
Mikkelin seutukunta
Mikkelin seutukunta
Mikkelin seutukunta
Pieksdméaen seutukunta
Pieksdméaen seutukunta
Pieksdméaen seutukunta
Pieksdméaen seutukunta
Pieksdméaen seutukunta
Pieksdméaen seutukunta
Joensuun seutukunta
Joensuun seutukunta
Joensuun seutukunta
Joensuun seutukunta
Joensuun seutukunta
Joensuun seutukunta
Joensuun seutukunta
Joensuun seutukunta
KeskiKarjalan seutukunta
KeskiKarjalan seutukunta
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Haapavesi
Ylivieska
Ylivieska
Ylivieska
Ylivieska
Ylivieska
Ylivieska
Mikkeli
Mikkeli
Mikkeli
Mikkeli
Mikkeli
Mikkeli
Pieksamaki
Pieksamaki
Savonlinna
Savonlinna
Savonlinna
Savonlinna
Joensuu
Joensuu
Joensuu
Joensuu
Joensuu
Joensuu
Joensuu
Joensuu
Kitee

Kitee


https://fi.wikipedia.org/wiki/Etel%C3%A4-Savon_maakunta
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Tohmajarvi
Lieksa
Nurmes
Kaavi
Rautavaara
Tuusniemi
Rautalampi
Suonenjoki
Tervo
Vesanto
Joroinen
Leppéavirta
Varkaus
lisalmi
Keitele
Kiuruvesi
Lapinlahti
Pielavesi
Sonkajarvi
Vierema
Alajarvi
Evijarvi
Lappajarvi
Soini
Vimpeli
Alavus
Kuortane
Ahtari
IImajoki

Province of North Karelia

Province of North Karelia

Province of North Karelia

North Savo province

North Savo province

North Savo province

North Savo province

North Savo province

North Savo province

North Savo province

North Savo province

North Savo province

North Savo province

North Savo province

North Savo province

North Savo province

North Savo province

North Savo province

North Savo province

North Savo province

The province of South Ostrobothnia
Theprovince of South Ostrobothnia
The province of South Ostrobothnia
The province of South Ostrobothnia
The province of South Ostrobothnia
The province of South Ostrobothnia
Theprovince of South Ostrobothnia
The province of South Ostrobothnia
The province of South Ostrobothnia

19
20
20
21
21
21
22
22
22
22
23
23
23
24
24
24
24
24
24
24
25
25
25
25
25
26
26
26
27

Central Karelia region
Pielinen Karelia region
Pielinen Karelia region
Northeast Savo region
Northeast Savo region
Northeast Savo region
SisaSavo region
SisaSavo region
SisaSavo region
SisaSavo region
Varkaus region
Varkaus region
Varkaus region
YlaSavo region
YlaSavo region
YlaSavo region
YlaSavo region
YlaSavo region
YlaSavo region
YlaSavo region
Jarviseutu region
Jarviseutu region
Jarviseutu region
Jarviseutu region
Jarviseutu region
Kuusiokunta region
Kuusiokunta region
Kuusiokunta region
Seingjokdistrict

KeskiKarjalan seutukunta
Pielisen Karjalan seutukunta
Pielisen Karjalan seutukunta
KoillisSavon seutukunta
KoillisSavon seutukunta
KoillisSavon seutukunta
SisaSavon seutukunta
SisaSavon seutukunta
SisaSavon seutukunta
SisaSavon seutukunta
Varkauden seutukunta
Varkauden seutukunta
Varkauden seutukunta
Yl&Savon seutukunta
Yl&Savon seutukunta
Yl&Savon seutukunta
Yl&Savon seutukunta
Yl&Savon seutukunta
Yl&Savon seutukunta
Yl&Savon seutukunta
Jarviseudun seutukunta
Jarviseudun seutukunta
Jarviseudun seutukunta
Jarviseudun seutukunta
Jarviseudun seutukunta
Kuusiokuntien seutukunta
Kuusiokuntien seutukunta
Kuusiokuntien seutukunta
Seindjoen seutukunta
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Kitee
Lieksa
Lieksa
Kaavi
Kaavi
Kaavi
Suonenjoki
Suonenjoki
Suonenjoki
Suonenjoki
Varkaus
Varkaus
Varkaus
Kiuruvesi
Kiuruvesi
Kiuruvesi
Kiuruvesi
Kiuruvesi
Kiuruvesi
Kiuruvesi
Alajarvi
Alajarvi
Alajarvi
Alajarvi
Alajarvi
Alavus
Alavus
Alavus
Seingjoki


https://fi.wikipedia.org/wiki/Pohjois-Savon_maakunta
https://fi.wikipedia.org/wiki/Etel%C3%A4-Pohjanmaan_maakunta

Isokyro
Kauhava
Kurikka
Lapua
Seingjoki
Isojoki
Karijoki
Kauhajoki
Teuva
Halsua
Kaustinen
Lestijarvi
Perho
Toholampi
Veteli
Kannus
Kokkola
Joutsa
Luhanka
Jamsa
Keuruu
Multia
Kannonkoski
Karstula
Kinnula
Kivijarvi
Kyyijarvi
Pihtipudas
Saarijarvi

The province of South Ostrobothnia
The province of South Ostrobothnia
Theprovince of South Ostrobothnia
The province of South Ostrobothnia
The province of South Ostrobothnia
The province of South Ostrobothnia
The province of South Ostrobothnia
The province oSouth Ostrobothnia

The province of South Ostrobothnia

27
27
27
27
27
28
28
28
28

The province of Central Ostrobothni: 29
Theprovince of Central Ostrobothnia 29
The province of Central Ostrobothni: 29
The province of Central Ostrobothnic 29
The province of Central Ostrobothnic 29
The province of Central Ostrobothnic 29

The province o€entral Ostrobothnia

30

The province of Central Ostrobothnic 30

The province of Central Finland
The province of Centr&inland

The province of Central Finland
The province of Central Finland
The province of Centréinland

The province of Central Finland
The province of Central Finland
The province of Central Finland
The province of Central Finland
The province of Central Finland
The province of Central Finland
The province of Central Finland

31
31
32
33
33
34
34
34
34
34
34
34

Seinajoki district
Seinéjoki district
Seinajoki district
Seinéjoki district
Seinjoki district
Suupohja region
Suupohja region
Suupohja region
Suupohja region
Kaustinen region
Kaustinen region
Kaustinen region
Kaustinen region
Kaustinen region
Kaustinen region

Kokkola region

Kokkola region

Joutsa region

Joutsa region

Jamsa region

Keuruu region

Keuruu region
SaarijarvViitasaari district
SaarijarvViitasaari district
SaarijarvViitasaari district
SaarijangViitasaari district
SaarijangViitasaari district
SaarijangViitasaari district
SaarijangViitasaari district

Seindjoen seutukunta

Seindjoen seutukunta

Seindjoen seutukunta

Seindjoen seutukunta

Seindjoen seutukunta

Suupohjan seutukunta

Suupohjan seutukunta

Suupohjan seutukunta

Suupohjan seutukunta

Kaustisen seutukunta

Kaustisen seutukunta

Kaustisen seutukunta

Kaustisen seutukunta

Kaustisen seutukunta

Kaustisen seutukunta

Kokkolan seutukunta

Kokkolan seutukunta

Joutsan seutukunta

Joutsan seutukunta

Jamsan seutukunta

Keuruun seutukunta

Keuruun seutukunta
SaarijarveqViitasaaren seutukunta
SaarijarveqViitasaaren seutukunta
SaarijarveqViitasaaren seutukunta
SaarijarveqViitasaaren seutukunta
SaarijarveqViitasaaren seutukunta
SaarijarveqViitasaaren seutukunta
SaarijarveqViitasaaren seutukunta
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Seingjoki
Seingjoki
Seingjoki
Seingjoki
Seingjoki
Kauhajoki
Kauhajoki
Kauhajoki
Kauhajoki
Halsua
Halsua
Halsua
Halsua
Halsua
Halsua
Kokkola
Kokkola
Joutsa
Joutsa
Jamsa
Keuruu
Keuruu
Saarijarvi
Saarijarvi
Saarijarvi
Saarijarvi
Saarijarvi
Saarijarvi
Saarijarvi


https://fi.wikipedia.org/wiki/Keski-Pohjanmaan_maakunta
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Viitasaari The province of Central Finland 34 SaarijarviViitasaari district SaarijarveqViitasaaren seutukunta  Saarijarvi
Konnevesi The province of Central Finland 35 Aanekoski district Aanekosken seutukunta Aanekoski
Aanekoski The province of Central Finland 35 Aanekoski district Aanekosken seutukunta Aanekoski
Akaa Pirkanmaa province 36 Eteld Pirkanmaa region Etel&Pirkanmaan seutukunta Valkeakoski
Urjala Pirkanmaa province 36 Etela Pirkanmaa region EtelaPirkanmaan seutukunta Valkeakoski
Valkeakoski Pirkanmaa province 36 Eteld Pirkanmagegion Etel&Pirkanmaan seutukunta Valkeakoski
Punkalaidun Pirkanmaa province 37 Southwest Pirkanmaa region  LounaisPirkanmaan seutukunta Sastamala
Sastamala Pirkanmaa province 37 Southwest Pirkanmaa region  LounaisPirkanmaan seutukunta Sastamala
Ikaalinen Pirkanmaa province 38 Northwest Pirkanmaa region  LuoteisPirkanmaan seutukunta Parkano
Kihni6 Pirkanmaa province 38 Northwest Pirkanmaa region  LuoteisPirkanmaan seutukunta Parkano
Parkano Pirkanmaa province 38 Northwest Pirkanmaa region  LuoteisPirkanmaan seutukunta Parkano
Hameenkyro Pirkanmaa province 39 Tampere region Tampereen seutukunta Tampere
Kangasala Pirkanmaa province 39 Tampere region Tampereen seutukunta Tampere
Kuhmoinen Pirkanmaa province 39 Tampere region Tampereen seutukunta Tampere
Lempaala Pirkanmaa province 39 Tampere region Tampereen seutukunta Tampere
Nokia Pirkanmaa province 39 Tampere region Tampereen seutukunta Tampere
Orivesi Pirkanmaa province 39 Tampere region Tampereen seutukunta Tampere
Pirkkala Pirkanmaa province 39 Tampere region Tampereen seutukunta Tampere
Palkane Pirkanmaa province 39 Tampere region Tampereen seutukunta Tampere
Tampere Pirkanmaa province 39 Tampere region Tampereen seutukunta Tampere
Vesilahti Pirkanmaa province 39 Tampere region Tampereen seutukunta Tampere
Ylojarvi Pirkanmaa province 39 Tampere region Tampereen seutukunta Tampere
Juupajoki Pirkanmaa province 40 YlaPirkanmaa region YlaPirkanmaan seutukunta Virrat

Ruovesi Pirkanmaa province 40 YlaPirkanmaa region YlaPirkanmaan seutukunta Virrat
Mantta-Vilppula Pirkanmaa province 40 YlaPirkanmaa region YlaPirkanmaan seutukunta Virrat

Virrat Pirkanmaa province 40 YlaPirkanmaa region YlaPirkanmaan seutukunta Virrat
Kruunupyy Province of Ostrobothnia 41 Pietarsaari region Pietarsaaren seutukunta Uusikaarlepyy
Luoto Province of Ostrobothnia 41 Pietarsaari region Pietarsaaren seutukunta Uusikaarlepyy
Pedersoren kunta  Province of Ostrobothnia 41 Pietarsaari region Pietarsaaren seutukunta Uusikaarlepyy


https://fi.wikipedia.org/wiki/Pirkanmaan_maakunta
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Pietarsaari
Uusikaarlepyy
Kaskinen
Kristiinankaupunki
Na&rpio
Korsnas
Laihia
Maalahti
Mustasaari
Vaasa

Voyri
Jamijarvi
Kankaanpéaa
Honkajoki
Karvia
Siikainen
Harjavalta
Huittinen
Kokemaki
Merikarvia
Nakkila
Pomarkku
Pori

Ulvila

Eura
Eurajoki
Rauma
Sakyla

Aura

Province of Ostrobothnia
Province of Ostrobothnia
Province of Ostrobothnia
Province of Ostrobothnia
Province of Ostrobothnia
Province of Ostrobothnia
Province of Ostrobothnia
Province of Ostrobothnia
Province of Ostrobothnia
Province of Ostrobothnia
Province of Ostrobothnia
Satakunta province
Satakunta province
Satakunta province
Satakunta province
Satakunta province
Satakunta province
Satakunta province
Satakunta province
Satakunta province
Satakunta province
Satakunta province
Satakunta province
Satakunta province
Satakunta province
Satakunta province
Satakunta province
Satakunta province

The province of Varsinal&nland

41
41
42
42
42
43
43
43
43
43
43
44
44
44
44
44
45
45
45
45
45
45
45
45
46
46
46
46
47

Pietarsaari region
Pietarsaari region
Suupohja coastal region
Suupohja coastal region
Suupohja coastal region
Vaasa region

Vaasa region

Vaasa region

Vaasa region

Vaasa region

Vaasa region

Pohjois Satakunta region
Pohjois Satakunta region
Pohjois Satakunta region
Pohjois Satakunta region
Pohjois Satakunta region
Pori district

Poridistrict

Pori district

Pori district

Pori district

Pori district

Pori district

Pori district

Rauma region

Rauma region

Rauma region

Rauma region

Loimaa region

Pietarsaaren seutukunta
Pietarsaaren seutukunta
Suupohjan rannikkoseutu
Suupohjan rannikkoseutu
Suupohjan rannikkoseutu
Vaasan seutukunta

Vaasan seutukunta

Vaasan seutukunta

Vaasan seutukunta

Vaasan seutukunta

Vaasan seutukunta
PohjoisSatakunnan seutukunta
PohjoisSatakunnan seutukunta
PohjoisSatakunnan seutukunta
PohjoisSatakunnan seutukunta
PohjoisSatakunnan seutukunta
Porin seutukunta

Porin seutukunta

Porin seutukunta

Porin seutukunta

Porin seutukunta

Porin seutukunta

Porin seutukunta

Porin seutukunta

Rauman seutukunta

Rauman seutukunta

Rauman seutukunta

Rauman seutukunta

Loimaan seutukunta
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Uusikaarlepyy
Uusikaarlepyy
Kaskinen
Kaskinen
Kaskinen
Vaasa
Vaasa
Vaasa
Vaasa
Vaasa
Vaasa
Kankaanpaa
Kankaanpaa
Kankaanpaa
Kankaanpaa
Kankaanpéaa
Pori

Pori

Pori

Pori

Pori

Pori

Pori

Pori

Rauma
Rauma
Rauma
Rauma
Loimaa


https://fi.wikipedia.org/wiki/Satakunnan_maakunta
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Koski Tl
Loimaa
Marttila
Oripaa
Poytya

Salo
Somero
Kustavi
Laitila
Pyharanta
Taivassalo
Uusikaupunki
Vehmaa
Kemidnsaari
Parainen
Imatra
Parikkala
Rautjarvi
Ruokolahti
Lappeenranta
Lemi
Luumaki
Savitaipale
Taipalsaari
Forssa
Humppila
Jokioinen
Tammela
Ypaja

The province of Varsinaknland
The province of Varsinaknland
The province of Varsinaknland
The province o¥arsinaig-inland
The province of Varsinaknland
The province of Varsinaknland
The province o¥arsinaig-inland
The province of Varsinaknland
The province of Varsinaknland
The province of Varsinaknland
The province of Varsinaknland
The province of Varsinakinland
The province of Varsinal&nland
The province of Varsinal&nland
The province of Varsinal&nland
Province of South Karelia
Province of South Karelia
Province of South Karelia
Province of South Karelia
Province of South Karelia
Province of South Karelia
Province of South Karelia
Province of South Karelia
Province of South Karelia
KantaHame province
KantaHame province
KantaHame province
KantaHame province
KantaHame province

47
47
47
47
47
48
48
49
49
49
49
49
49
50
50
51
51
51
51
52
52
52
52
52
53
53
53
53
53

Loimaa region
Loimaa region
Loimaa region
Loimaa region
Loimaa region

Salo region

Salo region
VakkaFinland region
VakkaFinland region
VakkaFinland region
VakkaFinland region
VakkaFinland region
VakkaFinland region
Turunmaa region
Turunmaa region
Imatra region

Imatra region

Imatra region

Imatra region
Lappeenranta region
Lappeenranta region
Lappeenranta region
Lappeenranta region
Lappeenranta region
Forssa region
Forssa region
Forssa region
Forssa region
Forssa region

Loimaan seutukunta
Loimaan seutukunta
Loimaan seutukunta
Loimaan seutukunta
Loimaan seutukunta

Salon seutukunta

Salon seutukunta
VakkaSuomen seutukunta
VakkaSuomen seutukunta
VakkaSuomen seutukunta
VakkaSuomen seutukunta
VakkaSuomen seutukunta
VakkaSuomen seutukunta
Turunmaan seutukunta
Turunmaan seutukunta
Imatran seutukunta
Imatran seutukunta
Imatran seutukunta
Imatran seutukunta
Lappeenrannan seutukunta
Lappeenrannan seutukunta
Lappeenrannan seutukunta
Lappeenrannan seutukunta
Lappeenrannan seutukunta
Forssan seutukunta
Forssan seutukunta
Forssan seutukunta
Forssan seutukunta
Forssan seutukunta
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Loimaa
Loimaa
Loimaa
Loimaa
Loimaa

Salo

Salo
Uusikaupunki
Uusikaupunki
Uusikaupunki
Uusikaupunki
Uusikaupunki
Uusikaupunki
Parainen
Parainen
Imatra

Imatra

Imatra

Imatra
Lappeenranta
Lappeenranta
Lappeenranta
Lappeenranta
Lappeenranta
Forssa
Forssa
Forssa
Forssa
Forssa


https://fi.wikipedia.org/wiki/Etel%C3%A4-Karjalan_maakunta
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Hameenlinna
Hameenlinna

Hameenlinnan seutukunta
Hameenlinnan seutukunta

Hameenlinna district
Hameenlinna district

Hattula KantaHame province 54
Hameenlinna KantaH&me province 54

Janakkala KantaHame province 54 Hameenlinna district Hameenlinnan seutukunta Hameenlinna
Hausjarvi KantaHame province 55 Riihimaki district Riihimaen seutukunta Riihimaki
Loppi KantaHame province 55 Riihimaki district Riihimaen seutukunta Riihimaki
Riihimaki KantaHameprovince 55 Riihimaki district Riihim&en seutukunta Riihimaki
Hamina Kymenlaakso province 56 KotkagHamina district KotkagHaminan seutukunta Kotka
Kotka Kymenlaakso province 56 KotkagHamina district KotkagHaminan seutukunta Kotka
Miehikkala Kymenlaakso province 56 KotkagHamina district KotkagHaminan seutukunta Kotka
Pyhtaa Kymenlaakso province 56 KotkagHamina district KotkagHaminan seutukunta Kotka
Virolahti Kymenlaakso province 56 KotkagHamina district KotkagHaminan seutukunta Kotka
Asikkala PaijatHame province 57 Lahti region Lahden seutukunta Lahti
Hartola PaijatHame province 57 Lahti region Lahden seutukunta Lahti
Heinola PaijatHame province 57 Lahti region Lahden seutukunta Lahti
Hollola PaijatHame province 57 Lahti region Lahden seutukunta Lahti

litti PaijatHame province 57 Lahti region Lahden seutukunta Lahti
Karkola PaijatHame province 57 Lahti region Lahden seutukunta Lahti
Lahti PaijatHame province 57 Lahti region Lahden seutukunta Lahti
Orimattila PaijatHame province 57 Lahti region Lahden seutukunta Lahti
Padasjoki PaijatHame province 57 Lahtiregion Lahden seutukunta Lahti
Sysméa PaijatHame province 57 Lahti region Lahden seutukunta Lahti
Hyvinkaa Uusimaa province 58 Helsinki regiorN Helsingin seutukunta Nurmijarvi
Vihti Uusimaa province 58 Helsinki regiorN Helsingin seutukunta Nurmijarvi
Karkkila Uusimaa province 58 Helsinki regiorN Helsingin seutukunta Nurmijarvi
Nurmijarvi Uusimaa province 58 Helsinki regiorN Helsingin seutukunta Nurmijarvi
Jarvenpaa Uusimaa province 59 Helsinki regiorE Helsingin seutukunta Mantsala
Kerava Uusimaa province 59 Helsinki regiorE Helsingin seutukunta Mantsala
Mantsala Uusimaa province 59 Helsinki regiorE Helsingin seutukunta Mantsala
Pornainen Uusimaa province 59 Helsinki regiorE Helsingin seutukunta Mantsala


https://fi.wikipedia.org/wiki/Kymenlaakson_maakunta
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Sipoo
Tuusula
Lohja
Siuntio
Kauniainen

Kirkkonummi

Espoo
Lapinjarvi
Loviisa
Askola
Myrskyla
Porvoo
Pukkila
Hanko
Inkoo
Raasepori
Kuopio
Siilinjarvi
Hankasalmi
Jyvaskyla
Laukaa
Muurame
Petajavesi
Toivakka
Uurainen
Hailuoto
Kempele
Liminka
Lumijoki

Uusimaa province

Uusimaa province

Uusimaa province

Uusimaa province

Uusimaa province

Uusimaa province

Uusimaa province
Uusimagprovince

Uusimaa province

Uusimaa province

Uusimaa province

Uusimaa province

Uusimaa province

Uusimaa province

Uusimaa province

Uusimaa province

North Savo province

North Savrovince

The province of Central Finland
The province of Central Finland
The province of Central Finland
The province of Central Finland
The province o€entral Finland

The province of Central Finland
The province of Central Finland
The province of North Ostrobothnia
The province of North Ostrobothnia
The province of North Ostrobothnia
The province of North Ostrobothnia

59
59
60
60
61
61
61
62
62
63
63
63
63
64
64
64
65
65
66
66
66
66
66
66
66
67
67
67
67

Helsinki regiorE
Helsinki regiorE
Helsinki regioANV
Helsinki regioAV
Helsinki regioANV
Helsinki regioANV
Helsinki regioANV
Loviisa region
Loviisa region
Porvoo region
Porvoo region
Porvoo region
Porvoo region
Raasepor region
Raasepor region
Raasepor region
Kuopio region
Kuopio region
Jyvaskyla region
Jyvaskyla region
Jyvaskyla region
Jyvaskyla region
Jyvaskyla region
Jyvaskyla region
Jyvaskyla region
Oulu region
Oulu region
Ouluregion

Oulu region

Helsingin seutukunta
Helsingin seutukunta
Helsingin seutukunta
Helsingin seutukunta
Helsingin seutukunta
Helsingin seutukunta
Helsingin seutukunta
Loviisan seutukunta
Loviisan seutukunta
Porvoon seutukunta
Porvoon seutukunta
Porvoon seutukunta
Porvoon seutukunta
Raaseporin seutukunta
Raaseporin seutukunta
Raaseporin seutukunta
Kuopion seutukunta
Kuopion seutukunta
Jyvaskylan seutukunta
Jyvaskylan seutukunta
Jyvaskylan seutukunta
Jyvaskylan seutukunta
Jyvaskylan seutukunta
Jyvaskylan seutukunta
Jyvaskylan seutukunta
Oulun seutukunta
Oulun seutukunta
Oulun seutukunta
Oulun seutukunta
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Mantsala
Méantsala
Lohja
Lohja
Espoo
Espoo
Espoo
Loviisa
Loviisa
Porvoo
Porvoo
Porvoo
Porvoo
Raasepori
Raasepori
Raasepori
Kuopio
Kuopio
Jyvaskyla
Jyvaskyla
Jyvaskyla
Jyvaskyla
Jyvaskyla
Jyvaskyla
Jyvaskyla
Oulu

Oulu

Oulu

Oulu


https://fi.wikipedia.org/wiki/Uudenmaan_maakunta

Muhos
Oulu
Tyrnava
Kaarina
Lieto
Masku
Mynamaki
Naantali
Nousiainen
Paimio
Raisio
Rusko
Sauvo
Turku
Kouvola
Helsinki
Vantaa

The province of North Ostrobothnia 67
The province of North Ostrobothnia 67
The province of North Ostrobothnia 67

The province of Varsinalnland
The province of Varsinaknland
The province of Varsinaknland
The province of Varsinaknland
The province of Varsinaknland
The province of Varsinaknland
The province of Varsinaknland
The province of Varsinaknland
The province of Varsinakinland
The province of Varsinal&nland
The province of Varsinal&nland
Kymenlaakso province
Uusimaa province

Uusimaa province

68
68
68
68
68
68
68
68
68
68
68
69
70
70

Oulu region

Oulu region

Oulu region

Turku region
Turku region
Turku region
Turku region
Turku region
Turku region
Turku region
Turku region
Turku region
Turku region
Turku region

Kouvola region
Helsinki regiors
Helsinki regiors

Oulun seutukunta
Oulun seutukunta
Oulun seutukunta
Turun seutukunta
Turun seutukunta
Turun seutukunta
Turun seutukunta
Turun seutukunta
Turun seutukunta
Turun seutukunta
Turun seutukunta
Turun seutukunta
Turun seutukunta
Turun seutukunta

Kouvolan seutukunta
Helsingin seutukunta
Helsingin seutukunta
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Oulu
Oulu
Oulu
Turku
Turku
Turku
Turku
Turku
Turku
Turku
Turku
Turku
Turku
Turku
Kouvola
Helsinki
Helsinki
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Appendix 2;

List of all products involved in the research

Product type Product name (Finn/Eng)

Sokerijuurikas, perunat, juurekset, tuoreet vihannekset ja hedelmat

Pl Sugar beet, potatoes, roagetables, fresh vegetables and fruit
P2 Kukat, taimet, siemenet, 6ljykasvien siemenet, kjauehukasvit yms. puutarhatuotteet
Flowers, seedlings, seeds, oil plant seeds, fiber and fodder plants, etc. garden products
P3 Energiapuupolttopuu, kannot, risut, metséahake yms.
Energy wood, firewood, stumps, twigs, forest chips, etc.
P4 Mekaanisen metséteollisuuden tuotteet, sahattu puutavara, paneelit, levytuotteet, taloelementit puusta yms.
Products of the mechanical for@stlustry, sawn timber, panels, sheet products, house elements made of wood, etc.
P5 Paperimassa, selluloosa
Paper pulp, cellulose
P6 Paperi, kartonki, painotuotteet, muut tuotteet paperista ja kartongista
Paper, cardboard, printed producter products from paper and cardboard
Juomat, virvoitusjuomat, oluet, viinit, alkoholit
P7 . : : -
Drinks, soft drinks, beers, wines, spirits
P8 Jauhot, sokeri, kahvi, valmistetut hedelmat ja vihannekset, muut ei helposti pilaatinteatiketeollisuuden tuotteet, ruokadljyt
Flour, sugar, coffee, prepared fruits and vegetables, othgper@hable food industry products, edible oils
Pg Jalostetut elainten ruoat ja rehut
Processed animal food and feed
P10 Raakaterés, rautaharkot, metallile\yangot ja-putket yms. puolivalmisteet

Raw steel, iron ingots, metal sheets, rods and tubes etefisainéd products
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Betoni, tiilet, elementit, sementti, kalkki yms. rakennusmateriaalit

Pil Concretepricks, elements, cement, lime, etc. building materials

P12 Lannoitteet ja typpiyhdisteet
Fertilizers and nitrogen compounds

P13 Peruskemikaalit; hapot, lipea, hiilikemikaalit yms.

Basic chemicals; acids, lye, coal chemicals, etc.

P14 Laakkeet, puhdistusaineet, maalit, rajahteet ja muut kemianteollisuuden tuotteet
Medicines, cleaning agents, paints, explosives and other chemical industry products

P15 Kodin- ja konttorikoneet, elektroniikka, sahkdlaitteet ja niiden osat
Home andbffice appliances, electronics, electrical equipment and their parts

P16 Autot, ajoneuvot, kulkuvalineet seké niiden osat
Cars, vehicles, means of transport and their parts

P17 Maa ja metsatalouskoneet, muut koneet ja laitteet seka niiden osat
Agricultural and forestry machinery, other machinery and equipment and their parts

P18 Metallirakenteet, metallisailiéttyokalut, aseet, muut metallituotteet
Metal structures, metal containers, tools, weapons, other metal products
Tekstiilit, tekstiilikuidut, vaatteet, jalkineet

P19 . e ;

Textiles, textile fibers, clothing, footwear

P20 Muovi- ja kumiteollisuuden raakaineet ja tuotteet
Raw materials angroducts of the plastic and rubber industry

P21 Kierratysmateriaalit; kerayspaperi yms.

Recycling materials; waste paper etc.

P22 Tyhjat kontit, kuormalavat, rullakot, palautuspullot ja muut pakkausmateriaalit
Empty containers, pallets, rdibxes, returnable bottles and other packaging materials
Huonekalut, myymalki toimisto ja keittiokalusteet

P23 : . ; .

Furniture, shop, office and kitchen furniture

P24 Postilahetykset, paketit yms.

Postal shipments, packages, etc.
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