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ABSTRACT

LEVERAGING LARGE-SCALE DATA FOR SUPPLY
CHAIN NETWORK DESIGN: A
LOCATION-ALLOCATION MODEL FOR RWANDA

Zeynep Goze Giirkan
M.S. in Industrial Engineering
Advisor: Ayse Selin Kocaman
Co-Advisor: Pablo Duenas Martinez
August 2024

Clean cooking strategies are significant contributors to the enhancement of de-
velopment and sustainability. Regarding the lower emission levels compared to
biomass usage, we consider Liquefied Petroleum Gas (LPG) a clean cooking strat-
egy to promote, especially in developing countries. Hence, we design large-scale
supply chain operations for the LPG distribution in Rwanda. This involves ad-
dressing the location-allocation problem of facilities by utilizing a large dataset
on the location and LPG demand of each rooftop by formulating a Mixed-Integer
Linear Programming (MILP) model. In order to decrease the size of the problem,
we propose three methods. First of all, we design the system independent of time
index. Next, we use the agglomerative hierarchical clustering-based heuristic ap-
proach to cluster the rooftops and locate retailers on the distance-constrained
geomedian point of each cluster. Finally, we propose to decompose the formu-
lated MILP model to get adequate solutions in less time. For computational
analysis, we compare the system configurations with different retailer locations
obtained by the village centroid approach and agglomerative hierarchical cluster-
ing based-heuristic approach. In addition, we investigate whether the existing
system configuration can be extended when the projected increase in yearly LPG
demand is introduced. Moreover, we conduct a sensitivity analysis to show the
trade-off between the infrastructure and transportation costs due to the volatil-
ity in diesel fuel prices. Finally, we compare the results and performances of the
main model and the decomposed model.

Keywords: Energy access, clean cooking, SDG7, location-allocation, agglomera-
tive clustering.
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OZET

BUYUK OLCEKLI VERI KULLANARAK TEDARIK
ZINCIRI AGI TASARIMI: RUANDA ICIN BIR
YERLESIM-ATAMA MODELI

Zeynep Goze Giirkan
Endiistri Miithendisligi, Yiiksek Lisans
Tez Danmigmani: Ayse Selin Kocaman
Ikinci Tez Damsmant: Pablo Duenas Martinez
Agustos 2024

Temiz pigirme stratejileri, kalkinma ve siirdiiriilebilirligin iyilegtirilmesine katki
saglayan elementlerdir. Biyokiitle kullanimina kiyasla daha diigiik emisyon
seviyesine sahip olmasi nedeniyle Sivilagtirilmig Petrol Gazi (LPG) geligmeke
olan tlkelerde tegvik edilmesi gereken bir temiz pigirme stratejisi olarak
degerlendirilmektedir. Bu nedenle, bu ¢aligmada, Ruanda’da LPG dagitimi
icin biiyiik olgekli tedarik zinciri operasyonu tasarlanmigtir. Bu kapsamda
evlerin konum ve LPG talebini igeren biiylik olgekli bir veri seti kullanarak
tesislerin yerlegim-atama problemi bir Karma-Tamsayili Dogrusal Programlama
(MILP) modeli formiile ederek ¢oziilmiigtiir. Problemin boyutunu azaltmak
icin {i¢ yontem onerilmistir. Ilki, sistemi zaman indeksinden bagimsiz tasarla-
maktir. Ikinci olarak, catilar: kiimelemek ve mesafe kisith jeomedyan noktasma
perakendeciler yerlegtirmek i¢in yigisgimlhi hiyerarsik kiimeleme tabanli sezgisel
yaklagimi kullanilmigtir. Son olarak, az zamanda uygun ¢oziimler elde etmek
icin MILP modelini ayrigtirma yontemi Onerilmistir. Analiz icin, kOy merkezi
yaklagimi ve yigisitmli hiyerarsik kiimeleme tabanh sezgisel yaklagimla kurulan
sistem yapilandirmalar1 karsilagtirilmigtir.  Ayrica, yilik LPG talebindeki pro-
jeksiyon artigi dikkate alindiginda mevcut sistem yapilandirmasinin genisletilip
genigletilemeyecegi arastirilmistir. Aym zamada, dizel yakit fiyatlarindaki dal-
galanma nedeniyle altyapi ve ulagim maliyetleri arasindaki dengeyi gostermek icin
bir duyarlilik analizi yapilmigtir. Son olarak, ana model ile ayrigtirilmig modelin

sonuglarini ve performanslart kargilagtirilmigtir.

Anahtar sézcikler: Enerji erigimi, temiz pigirme, SDG7, yerlesim-atama, yigigimli

kiimeleme.
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Chapter 1

Introduction

As a part of Agenda 2030, in 2015, the Sustainable Development Goals (SDGs)
were approved by the United Nations to enhance global sustainability by 2030.
SDGs comprise 17 measurable objectives that address all facets of sustainability
and social domains [1]. One of these objectives, SDG7, aims to ensure “access to
affordable, reliable, sustainable and modern energy for all” [2]. This goal high-
lights the critical role of energy in achieving broader sustainability and develop-
ment outcomes by increasing the usage of renewable energy resources, improving
energy efficiency, expanding energy infrastructure plans, and investing in clean
energy technologies [3, 4, 5, 6]. Considering the current inadequate energy ac-
cess, particularly in developing countries, SGD7 is of significant importance in

addressing global inequalities [7, 8, 9, 10].

Clean cooking strategies are significant contributors to sustainability. They
address the need for sustainable, safe, and efficient cooking methods, particu-
larly in developing countries where traditional practices are still prevalent. Com-
monly adopted clean cooking options include biogas, biofuels, ethanol, liquefied
petroleum gas (LPG), and electricity. It is important to note that while not
all of these resources are renewable, they are considered clean due to their low
emission levels. These strategies are integral to achieving SDG7, which focuses

on ensuring access to affordable, reliable, sustainable, and modern energy for all



11, 12, 13, 14].

In many developing countries, biomass is commonly used for heating and cook-
ing, leading to negative impacts on human health and the environment because
of emissions [15]. The World Health Organization predicts that approximately
2.3 billion people worldwide cook by burning biomass, kerosene, and coal, causing
3.2 million deaths per year in 2020 due to household air pollution [16]. If current
trends in cooking strategies continue, it is estimated that 23% of the world’s pop-
ulation will still not be able to adopt clean cooking techniques by 2030, where

the sub-Saharan African population constitutes a big portion of this ratio [17].

Rwanda is a pertinent example of these challenges. As a developing and land-
locked country in East Africa, Rwanda’s population of 13.777 million in 2023
faces significant difficulties related to energy consumption and its impacts [18].
In the country, cooking energy composes a large portion of the household energy
consumption, and it heavily relies on fossil fuels [19]. Namely, at least 83% of
energy consumption was based on biomass (mostly firewood and charcoal) in
2020, causing significant environmental degradation and health problems [20].
More specifically, between 2001 and 2019, 6.9% of Rwanda’s total tree coverage
area was destroyed to provide wood for domestic energy [19]. In addition, the
Rwanda Ministry of Health reports that each year, over three million Rwandans

develop respiratory problems, with air pollution accounting for 13% of these cases
[20].

Given the negative impacts of biomass utilization, switching to cleaner alter-
natives such as LPG has been a foremost objective in Rwanda. In a study con-
ducted to compare the emission levels of different kinds of stoves, it is recorded
that LPG stoves have 90% lower mean particulate matter and carbon monoxide
emission factors than biomass stoves [21]. In line with this, several studies have
been carried out to promote the usage of LPG in Rwanda since it is a clean
and available resource. With this motivation in mind, one of the biggest steps
taken is to prepare the “Rwanda National LPG Master Plan, Feasibility, and In-

vestment Report” to evaluate the current system and the future outcomes. The



master plan asserts that Rwanda’s National Strategy for Transformation (NST-
1) of 2017 sets the target to reduce the percentage of the Rwandan population
relying on biomass as their primary cooking fuel from 83% in 2017 to 42% by
2024 [22]. Promoting the usage of LPG is one of the key elements in fulfilling
this goal. According to the report, if the projected LPG usage occurs, 25.6 to
40.1 million metric tonnes of CO2eq emission will be deterred, and 2600 to 7700
premature deaths could be averted cumulatively from 2021 to 2030 [22].

While increasing LPG usage across the country is important, it’s important
to recognize that distributing LPG to households requires a carefully managed
infrastructural plan. Therefore, this thesis is motivated by the need to design a
large-scale supply chain for LPG distribution, aiming to promote clean cooking
strategies in developing countries. With this motivation in mind, we are address-
ing a data-driven hierarchical location-allocation problem to model the Rwandan
LPG Supply Chain System. Although various studies in the literature focus on
the hierarchical location-allocation problem, to the best of our knowledge, using
a large-scale dataset to solve this problem within the context of an LPG supply

chain system represents a novel approach.

In this thesis, we begin by analyzing the dataset, which contains information
on the coordinates of each rooftop in Rwanda and their annual LPG demands. We
identify candidate locations for depots, bottling stations, and warehouses based
on insights from the Rwanda National LPG Master Plan. To obtain accurate
distance measurements between facilities, we use the OSRM API. OSRM API
is a routing engine that finds the shortest path between two coordinates. To
determine the locations of facilities and their allocations, we formulate a Mixed-
Integer Linear Programming (MILP) model to solve our hierarchical location-

allocation problem, considering annual operations within the supply chain.

We explore various methods to solve the model efficiently, primarily focusing
on reducing the problem’s scale. Assuming no seasonality in LPG demand, one
approach is to model the problem on a monthly basis rather than annually. An-
other method we propose involves minimizing the number of retailers—the final

points in our supply chain—while adhering to specific conditions. A common



approach to determine retailer locations is by selecting the centroid point of each
village, but this approach results in a large number of retailers. To address this,
we propose an agglomerative hierarchical clustering-based heuristic approach to
reduce the number of retailers while maintaining fairness among rooftops. With
this heuristic, we cluster rooftops and locate retailers at the distance-constrained
geomedian point of each cluster, ensuring the distance between a rooftop and its
assigned retailer is less than 1 mile. Lastly, we develop another approach that
involves decomposing the MILP model. We first solve the location-allocation
problem for the warehouse-retailer phase, and using the solutions from this phase,

we then solve the bottling station-warehouse phase of the problem

Finally, we discuss the outputs for different scenarios. We compare the results
for the two approaches used for locating the retailers since the number of retailers
affects the overall design of the supply chain system. In addition, we compare the
outputs of the models solved using different dissimilarity measures used in the
agglomerative hierarchical clustering based-heuristic approach. We also analyze
the results obtained from various demand scenarios, considering the increasing
trend of LPG demand in Rwanda. Lastly, we conduct a sensitivity analysis on
the number of infrastructural units and discuss the results of the decomposed

model.

Overall, this thesis is organized as follows. In Chapter 2, we present the rel-
evant literature for clean cooking strategies, location-allocation problems within
the scope of the LPG supply chain system, and location-allocation problems with
large-scale data. In Chapter 3, we provide a data analysis and explain the ag-
glomerative hierarchical clustering based-heuristic approach. In Chapter 4, we
introduce the parameters used in the mathematical model and the assumptions
made to simplify the problem. In Chapter 5, we provide our MILP problem for-
mulation and model decomposition. In Chapter 6, we present the overall results.
Finally, in Chapter 7, we conclude this thesis, including suggestions for future

work.



Chapter 2

Literature Review

In this chapter, we present recent works related to the supply chain optimization
of various clean cooking strategies. We also discuss the literature that focuses on

supply chain problems within the context of LPG.

The infrastructural plan of clean cooking methods can be managed efficiently
via supply chain optimization of the products. There are various studies within
supply chain optimization in the literature that mainly consider biodiesel and bio-
fuel systems, which are among the resources classified as clean cooking strategies.
Akgul et al. investigated the trade-off between the economic and environmental
performance of the biofuel supply chain. They formulated a static multi-objective,
mixed integer linear programming model using e-constraint method, where they
minimized the total system cost and environmental impact [23]. Leduc et al.
focused on developing an MILP for deciding on the optimal number and location
of the biodiesel plants while minimizing the total cost of the supply chain system
in terms of biomass production, and transportation costs [24]. Moreover, Awudu
and Zhang suggested a stochastic production planning model for biofuel supply
chain optimization regarding the fluctuations in demand and price of end prod-
ucts. With this model, they decided on the amount of raw material to purchase
and consume, as well as the level of production, while maximizing the expected

profit [25]. From another perspective, Zhang and Jiang worked on the waste



cooking oil-for-biodiesel conversion supply chain optimization. Decisions on the
number, sizes and locations of the bio-refineries, the amount of oil collected from
each site, and the transportation plan of waste cooking oil and biodiesel are made
in order to construct the system optimally. Regarding the uncertainty in biodiesel

fuel prices, they used a robust model [26].

Other than biodiesel and biofuel, LPG is considered another clean cooking
strategy that can be promoted. Various studies address the LPG supply chain
optimization problem in the literature. Van Roy solved a multi-level production
and distribution network optimization problem for LPG products to minimize
the cost of the system. The location of the facilities, the production and stock
levels in the facilities, the transportation volume between the facilities, the num-
ber of vehicles necessary to operate the system, and the customer assignments
are determined, which are the set of decisions included in our problem, too. Ad-
ditionally, he worked on the transportation shift systems and schedules. He also
worked on the problem by introducing different scenarios such as seasonal varia-
tions, varying levels of of change in facility location and customer allocation, and
changes in the size of the fleet and shift system. His system consists of 2 entities,
2 refineries, 10 candidate bottling plant locations, 40 potential depot location,
and 200 customers. This is one of the papers that is closely in parallel with this
thesis regarding the structure of the supply chain system, the objective function
of the problem, and the set of decisions to be made [27]. However, this problem’s
scale low compared to ours, as the number of entities, potential locations, and

customers is significantly smaller, and the customer locations are pre-determined.

Folz et al. worked on the distribution of gas cylinders by developing a single-
echelon location-allocation problem that is composed of two stages. In the first
stage, they determined the location of the facilities and the assignment of demand
points to the facilities in a way that the total delivery cost and operational cost of
facilities are minimized. In the second stage, the daily routing plans of the vehicles
travelling from the facilities to the demand points are found while maximizing a
utility function based on the customer priority and minimizing the total routing
transportation cost. Their system contains 7 filling stations and 1700 sales points
28].



Masudin modelled the multi-echelon LPG distribution system of Indonesia by
opening new facilities considering the already existing ones. He formulated a ca-
pacitated fixed-charged facility location-allocation problem to find the optimum
location and allocation of the facilities and to examine the relation between in-
ventory costs, transportation cost, and location selections. He also conducted a
sensitivity analysis to show the trade-off between facility locations and transporta-
tion and inventory costs. He is using a dataset constructed from the Indonesian
LPG distribution system with 2 warehouses, 52 filling stations, 52 agents. In
total, his formulation has 5,566 variables with 263 constraints [29].

Sankaran and Raghavan investigated the LPG supply chain system in India
with the aim of minimizing the total cost of the system. They decided on the
location of the facilities and their capacities by formulating a two-echelon facility

location problem [30].

Starting with the motivation of energy conversion from kerosene to LPG in In-
donesia, Santoso et al. worked on a distribution network design of LPG cylinders.
The structure of the network is similar to ours as they considered a hierarchical
system, with a difference of the sales points that can only be served from a single
distributor while a distributor can serve multiple sales points. In addition, they
assumed that each distributor has a specific number of vehicles with a prede-
termined number of empty cylinders that need to be filled in the filling station.
Under these assumptions, they decided on the allocation of LPG cylinders be-
tween facilities while minimizing the total system cost. Their system consists of
2 filling stations, 4 distributors, and 77 retailers [31].

Blanc et al. investigated the reverse logistics network design system of LPG
tanks in the Netherlands. They formulated a mixed integer model for the vehicle
routing problem to optimize the number of LPG depots and allocation of end-
of-life vehicle-dismantlers to depots. The objective of the study is to minimize
the total system cost. In order to capture the uncertainty in the system, they
conducted a sensitivity analysis for elements such as projected costs and collection
periods. They worked with 29 candidate locations for depots and distances and

driving times of vehicles provided by an outer company [32].
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Although the hierarchical location-allocation problem is a well-known problem
in the literature, discussing the problem with a data-driven approach is an area
that has not yet been extensively studied. There are several papers that address
supply chain optimization problems using large-scale dataset in different contexts.
Gumte et al. [33], Sarkar et al. [34], Yang et al. [35], Yiicel et al. [36], and
Panahi et al. [37] utilized large-scale datasets while working on supply chain
optimization problems in various contexts from electric vehicle charging station
location problem to patient allocation problem. However, to the best of our
knowledge, supply chain optimization problems have not been studied specifically

for LPG systems using large-scale datasets. Hence, this thesis aims to fill that

gap.



Chapter 3

Data and System Description

This thesis investigates the LPG supply chain system in Rwanda to propose a
decision-making framework. The flow chart illustrating the work packages in this
thesis can be found in Figure 3.1. Therefore, in this chapter, insights on Rwanda,
the structure of the supply chain system, analysis on the data that we use, retailer

location selection methods, and the distance calculations will be provided.

3.1 Location Specifications and Dataset

Rwanda is a landlocked country in East Africa, with a population of over 13.7
million as of 2023. It is bordered by the Democratic Republic of Congo, Tanzania,
Uganda, and Burundi. The country features a hilly terrain, predominantly com-
posed of mountainous areas and swamps [38]. It consists of 5 provinces, namely
Northern Province, Southern Province, Western Province, Eastern Province, and
the City of Kigali. Each province is further subdivided into districts, with a to-
tal of 30 districts in the country. Similarly, each district is divided into 14,185

villages.

The population density varies significantly across the country. Since the City
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Figure 3.1: Work Packages

of Kigali is the capital and largest city of Rwanda, it contains densely popu-
lated districts. On the contrary, the population density of other provinces is
substantially lower than the City of Kigali. This implies that rural settlements
and agricultural activities are more common in these areas [38]. This disparity in
population densities indicates that logistics dynamics may differ between urban

and rural areas, with distinct challenges and opportunities in each region.

We have data files containing information about districts, villages and rooftops
within these villages. Geospatial datafiles about district and village polygons
were obtained from [39]. In addition, we curated building footprint information
from [40] and [41] to obtain a complete database including 3,341,549 building
footprints in Rwanda. These data files are integrated into QGIS, a powerful
geographic information system tool where we can visualize the precise locations
of each rooftop across the country. Additionally, we can see the distribution of

rooftops within each district, enabling us to observe the spatial patterns.
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3.2 System Description

LPG supply chain network consists of several stages, starting from importation to
getting the products to the final demand point. The stages that are examined in
this thesis are importation, storage in the depot, bottling operations and storage
in the bottling stations, storage in the warehouses, and transportation of the

products between the facilities.

The system starts with importing LPG into the country. Since Rwanda does
not have any oil refineries, it has to import LPG overseas from Dar es Salaam
(Tanzania) and Mombasa (Kenya). In Rwanda, transportation infrastructure
primarily builds upon road transportation since Rwanda lacks connections to
regional railways and Inland Water Transport [42]. Consequently, according to
the Rwanda National LPG Master Plan, the LPG marketers in Rwanda would
rather import from Tanzania with their own bulk trucks, considering logistic

operations and regulatory requirements [22].

The imported LPG is stored in a LPG depot. The depot acts as a hub storing
large bulk quantities of LPG. From the depot, LPG is periodically transported to
the bottling station using tankers. Tankers, with their large capacities, carry the
LPG in bulk form. The transfer of LPG from the depot to the bottling stations

is referred to as bulk transportation.

Bottling stations are one of the major components of the LPG supply chain
system. After the tankers carry LPG to the bottling stations, at these facilities,
the cylinders are filled with LPG. In addition, bottling stations have the capacity
to store the filled cylinders and bulk LPG quantities for a period of time. It
should be noted that cylinders are considered the end product distributed to the
end customers in this thesis. Although there may be customers requiring LPG in
bulk form, such as hospitals, in this thesis, we solely focus on the customers who

demand LPG in cylinders for the sake of simplification.

After bottling operations in the bottling stations, trucks carry the cylinders to

the warehouses, which are named as primary transportation. At this point, the

11



warehouses function as temporary storage units. As the final step, vans transfer
cylinders to the retailers, which are considered to be the final demand point. In
this thesis, we assume that each household satisfies its LPG cylinder demand
from the retailer that is allocated to serve that specific household. Additionally,
as we do not consider the last mile logistic part of the system, individuals in
households have to reach their designated retailer on their own. An illustration

of the described system can be seen in Figure 3.2.
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Figure 3.2: LPG supply chain system illustration

3.3 Finding the Locations of the Retailers

In our problem, the individual rooftops are not considered as the final demand
point in the system. Instead, we assume that each rooftop satisfies its LPG
cylinder demand from the assigned retailer and retailers are the final demand
point in the system. Thus, we neglected the last mile logistics. At this point,
selecting the locations of the retailers in the system wisely is crucial for our

problem.

Generally, most of the studies in the literature work with pre-determined final

demand locations within the scope of the location-allocation problem. However,
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in this thesis, we also determine the locations of retailer points (final demand
point in the system). In order to decide on the location of the retailers, we follow
two different methods: 1) finding each village’s centroid, and 2) using a heuristic

based on agglomerative hierarchical clustering algorithm.

3.3.1 Finding Village Centroids

In this approach, we locate a retailer at each village’s centroid. We use QGIS to
find the centroid of each village. The centroid is calculated in such a way that
the centroid minimizes the sum of squared Euclidean distances between itself
and each vertex point of the polygon. Then, the coordinates of each centroids are
extracted to be used as the retailer locations. Consequently, the total number of
retailers is equal to the number of villages, which is 14,185. A sample depiction

of the villages with their centroids can be seen in Figure 3.3.

Figure 3.3: Sample village centroids

However, it should be noted that locating the retailers in the centroids of the
villages may not be the most fair approach. This is due to the significant variation
in the surface areas of the villages across the country. Some villages cover a
considerably larger area than others. In particular, it is observed that the villages
in the center of the country generally have a smaller surface area, while those
near the borders of the country are spread over a larger region. Consequently,

the distance between a rooftop and its retailer may not be similar for all rooftops.
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For rooftops located near the borders of the villages that have a larger surface
area, the distance travelled to reach the centroid of the village is greater compared
to rooftops around the borders of villages with a small surface area. As illustrated
in Figure 3.4, the distance travelled in the village colored in blue is less than the

distance travelled in the village colored in yellow due to the varying surface areas.

Figure 3.4: Villages with small and large surface area

Hence, in order to ensure fairness among rooftops, we introduce agglomerative
hierarchical clustering-based heuristic approach to decide on the locations of the

retailers.

3.3.2 Agglomerative Hierarchical Clustering-Based Heuris-

tic Approach

The other method used to find the location of retailers is based on the agglomer-
ative hierarchical clustering algorithm. Agglomerative hierarchical clustering is a
widely used clustering approach where the nodes are clustered according to their
proximity [43]. It is a bottom-up approach where each point acts as a cluster
on its own at the beginning and they are successively merged into larger clusters

according to a dissimilarity measure. The algorithm continues to merge clusters
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until all points are connected and there is one single cluster formed if there is no

stopping criterion.

As a pre-processing step, before running the agglomerative hierarchical
clustering-based heuristic, we divide each district into grids of 5 kilometers due to
the sheer volume of data, i.e., 3,341,549 rooftops. Due to the variety in popula-
tion density over the country, some districts contain considerably higher numbers
of rooftops. In this case, to avoid memory issues, we divide those districts into
grids of 2 kilometers. More specifically, Gasabo, Kicukiro, Musanze, Nyarugenge,
and Rubavu are the districts that are divided into grids of 2 kilometers. A sample

illustration of a district with its grid lines can be seen in Figure 3.5.

Figure 3.5: Bugesera with grid lines (5km)

To find the locations of the retailers, we use the agglomerative clustering-based
heuristic approach proposed by [44]. In order to do that, for the agglomeration
process of the rooftops into clusters, we utilize a distance threshold as the stopping
criterion of the clustering algorithm. The aggregation continues step-by-step until
the most similar clusters cannot be merged into a cluster due to the distance limit.
Distance limit (limDist) is determined as 1 mile in this thesis in order to ensure
each rooftop is within a walkable distance to its allocated retailer. The distance
limit prevents the formation of clusters from sparsely distributed rooftops and
enables us to make sure that the maximum distance between a rooftop and a

retailer can be set at 1 mile in the following steps.
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At each iteration, the pair of clusters that has the least dissimilarity measure
are selected and merged. As dissimilarity measures used in the agglomerative clus-
tering algorithm, we use commonly preferred measures in the literature, namely,
Complete [45], Average [46], Centroid, and Ward’s minimum variance [47]. In this
thesis, these dissimilarity measures are referred to as linkage parameters used in
the agglomerative hierarchical clustering algorithm. Since each linkage parameter
performs differently and their performances vary depending on the dataset used
[48], we preferred to try each of them and select the one that yield the best result

for our problem to be used in future analysis.

In order to explain the linkage methods, let us define j and g as two clusters
and N; and N, as the set of nodes in clusters j and g respectively. Also, let (x;,y;)
be a point in cluster j (i € N;) and (xy, yx) be a point in cluster g (k € N,).

First, Johnson specified that Complete linkage method calculates the dissim-
ilarity between two clusters, j and ¢, in a way that it will yield the maximum

distance between rooftop i € N; and k € N, [45] as in Equation (3.1):

d(j,q9) = i Yi) — (Tg, 3.1

Go9) = _max, (@) = o (31)

Sneath and Sokal presented the Average linkage method, and they named it
as unweighted pair group method with arithmetic mean. The Average linkage
method determines the dissimilarity between two clusters, j and g, as the average
of the pairwise Euclidean distance between each rooftop in these clusters [46]. It

is represented in Equation (3.2):

d(j,9) A H N SO s wi) — (erww)l (32)

1€EN; kEN,

In Centroid linkage method, the distance between two clusters are computed
using Equation (3.3). In this method, the centroid point of each cluster is deter-
mined and the distance between the centroid points are specified as the dissimi-

larity measure [48]:
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(Th, Ur) (3.3)

As distinct from the above-explained linkage methods, in Ward linkage method,
Ward considered the information loss associated with each agglomeration. He
quantified the amount of loss due to agglomeration using Error Sum of Squares
(ESS) criterion and he proposed to merge clusters yielding the minimum increase
in information loss, in other words with minimum ESS value [47]. Hence, in
Ward linkage method, the dissimilarity is associated with the increase in the
total within-cluster variance as a result of agglomeration. As expected, in this
method, the goal is to merge the pair of clusters that results in the smallest
possible increase in the total within-cluster variance. Consequently, we compute
the Ward dissimilarity measure as the sum of squared distances between the

centroid of each cluster and each rooftop in the cluster using Equation (3.4):

| 2AN,|[N,| || 1 1
d(j,g) = R (i, vi) — == > (Tk, yr) (3.4)
IN;| -+ |Ng| || IN5] ;NJ | V| k%;

As the clusters are merged based on the above-explained linkage methods,

in each agglomeration, the distance-constrained geometric median point (geome-
dian) of each cluster is determined. If the distance between the geomedian point
and the rooftops in the cluster is less than the predetermined distance limit,
limDist, then the algorithm merges this pair of clusters and stores the cluster
configuration and total cost of the related configuration to obtain the cluster

system yielding the minimum cost. Otherwise, the agglomeration does not occur.

Geomedian point of a cluster is defined as the point that minimizes the sum
of distances to the nodes in the cluster. It should be noted that the geomedian
point of a cluster does not necessarily need to be one of the nodes in the cluster,
but it can be any point in the planar space. Let us follow the notation: Given
that L denotes the set of all clusters, N; indicates the set of all nodes in cluster

J € L. The nodes in cluster j is represented as (x;,y;) where ¢ € N; and j € L.
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Moreover, (2], w]) denotes the geomedian point found in iteration t for cluster

j € L and (2, w’) indicates the newly found suggested geomedian point.

Until now, there is no direct formulation to calculate the exact location of
the geomedian point in the literature as Weber showed [49]. Hence, iterative
algorithms are preferred to find the geomedian point. A well-known method
to find the distance-constrained geometric median point is using the Weiszfeld
algorithm. The Weiszfeld algorithm converges to geomedian point if the suggested

point is not one of the nodes in the cluster.

The Weiszfeld algorithm starts with an initial guess for the geomedian point,
which can be any point in the Euclidean space. Then, in each iteration, it com-

putes the next approximation of geomedian point using the following formula:

(xiyi)
Z J ])”

’ ll(ziy:)— (2w
. . IEN;
(2, w)) = Z] (w4,94) ’ (3.5)
REN

o Y — () J
iEN; |(@isy:)— (2 wi)

where ||(z;, ;) — (2, w])| is the Euclidean distance between (z;,;) and (2], w?)
37].

The algorithm iteratively finds new approximations of the geomedian point
until the change between successive approximations is below a certain threshold,
indicating convergence. When it converges, the Weiszfeld algorithm finds the
geomedian point. However, when the geomedian point found in an iteration
is computed to be the exact location of one of the nodes in the cluster, the
denominator yields zero in the formula. In order to prevent this, in this thesis, the
distance-constrained geometric median points are found using Vardi and Zhang’s
modified Weiszfeld algorithm [50].

The modified Weiszfeld algorithm iteratively recommends a suggested geome-
dian point until no further changes are made in the suggested point. At the
beginning of the algorithm, as an initialization step, we select the suggested geo-

median point as the center point of the smallest circle (zg, wg), which includes all
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the nodes in cluster 7 € L. If the radius of this smallest circle exceeds the defined
distance limit, lim Dist, the algorithm terminates. Because, in this case, it is not
possible to set the maximum distance between a rooftop and a retailer to 1 mile.
On the other hand, if the radius of the smallest circle is less than limDist and
the geomedian point of cluster j € L at iteration t (z/,w!) is not located exactly
on the same location of a rooftop (x;,y;) of cluster j € L, where i € N;, then the

location of the new suggested geomedian point is calculated using the following

formula:
)1 )L
i .Zt (x’w y’b) (s, y:)—( Z,w])H ] .Zt (‘rla yz) dg
i 1€N;,d; >0 1€EN;,d:>0
(Zav U)a) = Z | A = Z lt y (36)
O — T ‘
ieNj,d,E>O H(I’uyl) (Zt 7wt)|| lGNJ,d§>O dz

where d! denotes the distance between rooftop i € N;, j € L and the geomedian

location found in iteration t (27, wy).

If (2, w]) coincides with one of the rooftop locations (z;,y;) where i € N; and
j € L, then the total attraction o(z/,w!) between (z/,w!) and the rest of the
rooftops in N; and the resistance to movement 7 are computed. The attraction

indicator o is calculated using the following formula:

o(duf)=|| 3 -w) = Grwn) (3.7)

i€N;,di>0 H(xlayz) - (Z

Next, the resistance of movement is specified in the following manner:

- o if (], w]) € N;
n(z,wi) = ’ (3.8)
0 otherwise

The attraction indicator o and the resistance of movement 7 are identified in

order to decide whether relocating the suggested geomedian point will create a
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significant impact. In case the attraction indicator ¢ is smaller than the resistance
to movement 7, the current location of the suggested geomedian point is not
altered. On the other hand, if the attraction indicator ¢ is higher than the
resistance to movement 7, the new location of the suggested geomedian point is

determined as follows:

<.

a’ —a J J o
o(z/,w] o(z],w

<
~—

(o) wl) = (1 - M) (e ) + 220 (3.9

Note that a distance limit is not regarded for convergence in the modified
Weiszfeld algorithm. Consequently, the distance between the determined geome-
dian point and any rooftop in the cluster may be more than limDist, which is
1 mile. Hence, in order to ensure fairness among rooftops, after the algorithm
converges, we shift the determined geomedian point to a feasible point. In this
context, a feasible point refers to the location where the geomedian point is within
1-mile distance from each rooftop in the cluster. In order to shift the suggested
geomedian point to a feasible point, [44] utilize a projection method developed
by [51].

According to the method proposed by [51], if the suggested geomedian point
is within the distance limit, then the suggested geomedian point (z7,w?) is set
as the geomedian location for the next iteration. Hence, (27w}, ;) = (2], w?).
In Figure 3.6, the feasible region can be seen as the shaded area. The feasible
region is depicted as the intersection of circles, each with a center of a rooftop
and a radius of ltmDist. Hence, in order to ensure that a suggested geomedian
point is within the limDist distance to each rooftop in the cluster, the suggested

geomedian point should fall to the shaded region.

On the other hand, if the suggested geomedian point does not obey the distance
limit and falls to a region outside the feasible area, then a line segment between
the suggested geomedian point (27, w?) and the current geomedian point (2], w}) is
created. Suppose set D represents the set of rooftops (m,, n,.) that are more than

limDist to the suggested geomedian point (27, w?). For each rooftop (m,,n,) €
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Figure 3.6: Depiction of (27, w?) Figure 3.7: Projection to find

(Zg-i-la wi+1)

D, a point that is limDist away and on the line segment between (27, w?) and
(2], w]) is determined. In Figure 3.6, one of these points are labeled as (27, w/)

for rooftop r.

Each point on line segment between points (z/,w?) and (z/,w!) can be ex-

pressed by the following equation while 6 € [0, 1]:

(ztawt>+9( _Ztawj _wi) (3-10)

With this equation, we are able to find a feasible point (z7,w?) on the line
segment, that is precisely limDist away from the rooftop (m,, n,). This feasible

point is represented as follows:

(21, wl) = (=2, wf) + 0,24 — 2, wi — ) (3.11)

Hence, in order to find the associated 6, € [0,1] for the rooftop (zZ,w?), we

solve the following second order polynomial equation for all rooftops r € D:

(2 + 0,27 — 2) —m,)* + (w! + 0, (w) —w!) —n,)? = limDist? (3.12)
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For rooftops that are at most limDist away from (zZ,w?!), i.e. N; \ D, all
points on the line segment are within limDist threshold. On the contrary, for
rooftops r € D, the points on the line segment with 6 € [0, 6,] are the only ones
that are within l¢mDist threshold. Consequently, we select 6,,;, = min,.cp 0,.
Then, we project the suggested infeasible geomedian point (27, w?) to the feasible

region for the next iteration using the following equation:

(Zg+17 w{Jrl) = (ngwj) v emin(zz d ng wg - wj) (313)

Consequently, (z/ +1,wz 1) corresponds to the intersection point of the line
segment and the boundary of the feasible region as it can be seen in Figure 3.7.
This projected location, (2] +1,w{ +1), is named as distance-constrained geometric
median point of cluster j. As this projection is performed in every iteration, it is

ensured that the feasibility is sustained.

In the end, the configuration with the least cost is given as the final output
with retailers’ locations. Overall, at the end of this algorithm, we find retailer
locations as many as the number of clusters formed by the agglomerative hier-
archical clustering-based heuristic, which are located at the distance-constrained

geometric median point of each cluster.

3.4 Locations of Facilities and Distance Calcu-

lations

We determine the locations of the candidate bottling stations considering the
insights from the Rwanda National LPG Master Plan. Bottling stations should
be situated in a way that they are as close as possible to the sales areas with-
out compromising any risk to the public. Hence, the strategy while choosing the
locations of the bottling stations is minimizing filling cost while maximizing the
safety level [22]. Regarding these, Rwanda’s LPG Master Plan suggests 7 loca-

tions for the bottling stations. The candidate bottling station locations can be

22



found in Appendix A.

Rwanda’s LPG Master Plan asserts that Jabana is known for a fuel depot
location. Thus, the depot is located in Jabana, specifically at (-1.8735, 30.0811)
[22]. In addition, candidate warehouse locations are selected to be in the center
of each district. Hence, there are 30 candidate warehouse locations in total.

Candidate warehouse locations are given in Appendix B.

As the locations of the depot, candidate bottling stations, candidate ware-
houses, and retailers are determined, we proceed with calculating the distance
between the facilities. To calculate the distance between two coordinates, we
use the Open Source Routing Machine (OSRM) routing engine. It uses Open-
StreetMap (OSM) data to find the shortest path between two coordinates for
various types of transportation modes [52]. In this thesis, we use “route” as
the service parameter to find the fastest route between coordinates, “v1” as the
version parameter, and “driving” as the profile parameter to specify the type of
transportation. A depiction of the driving route is provided in Figure 3.8. Using
OSRM, we calculate the distance between the depot and each bottling station,
the distance between every bottling station and every warehouse, and the dis-
tance between every warehouse and retailer. These distances will later be used

in the mathematical model.
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Chapter 4

Parameter Selection and

Assumptions

4.1 Parameter Selection

Parameters used in the mathematical model are selected from the Rwanda Na-
tional LPG Master Plan [22] and [38]. The values selected for the parameters
used in the mathematical model can be found in Table 4.1, Table 4.2, and Table
4.3. The values of discount rate, speed of vehicles, labor cost, annual salary, and
daily working hours are taken as assumptions. While the weight of the cylinder is
taken from the Rwanda National LPG Master Plan [22], the rest of the parameter
values are retrieved from [38]. The necessary currency exchanges are conducted
according to the current values as of July 2, 2024, with the exchange rate of one
USD ($) being equal to 0.93 Euros (€), and one Rwandan franc (RWF) being
equal to 0.00076 USD ($).

25



4.1.1 Importation Parameters

A price is incurred per kilogram for importing LPG. Currently, Rwanda imports
LPG overseas from Dar es Salaam (Tanzania) and Mombasa (Kenya), with im-
portation costs of approximately 765$ per metric ton from Kenya and 807$ per
metric ton from Tanzania. Hence, the estimated importation price is taken as an

average of these two costs, 786% per metric ton [38].

The importation license is a mandatory regulatory requirement to import LPG
into the country, which secures safe and efficient importation. It should be re-

newed every 5 years. The importation license is taken as 2,600,000 RWF [38].

4.1.2 Transportation Parameters

Diesel fuel is used in vans, trucks, and tankers. The diesel fuel price is calculated
based on the current diesel price in Rwanda and the diesel price cap determined
by the Rwandan government. As of July 2, 2024, the current diesel price and the
diesel cap price are 1652 RWF per liter [53] - [54].

The fuel consumption of a standard vehicle used in bulk transportation is es-
timated to be 34.5 liters per 100 kilometers. Accordingly, the cost incurred per
kilometer due to the fuel consumption of tankers is found to be 0.435% per kilome-
ter. The fuel consumption of a standard vehicle utilized in primary transportation
is approximated to be 27 liters per 100 kilometers. Regarding this, 0.340$ is in-
curred per kilometer due to the fuel consumption of the trucks. Lastly, the fuel
consumption of a standard vehicle used in secondary transportation is estimated
to be 19 liters per 100 kilometers. Hence, the cost incurred per kilometer due to

the fuel consumption of vans is taken as 0.2393% per kilometer [54].

A license is issued for each type of transportation by The Rwanda Utilities
Regulatory Authority (RURA) to ensure the safe and efficient transportation of
the products. The license cost is 550,000 RWF for each type of transportation.
It should be noted that the license is valid for 5 years for all three types of
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transportation [38].

The Overnight costs (ON) of vehicles are referred to as the cost of acquisition
in the model. It is estimated that the costs of acquisition of a tanker, truck, and
van are estimated to be 183,835.59€, 170,2008, and 53,771.28€, respectively. In
addition, each vehicle should be renewed when their lifetimes are completed. The
lifetimes of tankers, trucks, and vans are specified as 35 years, 15 years, and 10

years respectively [38].

The Variable operation and maintenance (VOM) costs of vehicles are ac-
counted for per kilometer vehicles travel in the model. This includes the cost
of tires, maintenance, and repair costs. Additionally, the cost of fuel consump-
tion is also added to the VOM costs of vehicles. It is estimated that the VOM
costs of tankers, trucks, and vans are 0.186€/km, 0.186€/km, and 0.184€ /km
respectively [38].

In order to estimate the fixed operation and maintenance costs of vehicles
(FOM) transportation prices of Africa’s international corridors are taken into
consideration. It is stated that the fixed costs compose 56% of the yearly total
costs while the variable costs account for the remaining 44% of the yearly total
costs. Thus, the fixed costs are calculated as 127% of the total variable costs in
the model [38].

Vehicle capacities are regarded in the model. The common range of tanker
capacities is between 20 to 28 metric tons. Hence, for simplification, the capacity
of the tankers is taken as 24 metric tons. It is stated that the trucks can carry a
maximum of 833 12kg-equivalent cylinders. Thus, the capacity of the trucks is set
to be 9996kg. Although the Rwanda National LPG Master Plan indicates that
there are different types of vehicles with various capacities for secondary trans-
portation, in this thesis, we focus on only one type of secondary transportation
vehicle, which is a van. The capacity of a van is estimated to be 270 12kg-
equivalent cylinders as a mean capacity value of different vehicles functioning for
secondary transportation. Therefore, the capacity of a van is determined to be
3240kg [38].
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4.1.3 Infrastructural Parameters

A license, known as the License for LPG Plant or Bulk Storage Facility Installa-
tion, is issued by RURA to make sure that LPG is stored and handled in the depot
carefully. The license fee is specified as 1,000,000 RWF. Another license, named
the License for LPG Plant or Bulk Storage Facility Operations, is a necessary
regulation that ensures safe operation and management activities in bulk facili-
ties. The license cost is 5,200,000 RWEF, and it is valid for 3 years. Additionally,
the lifetime of the depot is indicated as 50 years [38].

As in the LPG depot, installation and operation licenses are issued by RURA.
The License for LPG Plant Installation costs 1,000,000 RWF. The cost of License
for LPG Plant Operations is 5,200,000 RWF. This license is also valid for 3 years
38].

The overnight cost (ON) of a bottling station refers to the expenses related
to the opening of a bottling station. More specifically, the ON includes expenses
related to site preparation, construction, and acquisition of equipment necessary
for bottling, handling, and storing LPG. The ON cost of a bottling station, with
a capacity of 35,000 tons per year, is estimated to be 7,000,000$ [38].

The fixed cost of operation and maintenance (FOM) of a bottling station
includes elements such as staff cost, facility maintenance cost, utilities cost, in-
surance, and administrative expenses. Overall, the FOM of a bottling station, of

the above capacity, is approximated to 384,4009 [38].

The variable cost of operation and maintenance (VOM) of a bottling station
is incurred for each kilogram of LPG bottled. The variable cost is approximated
to be 35$ per ton. Furthermore, the approximate maximum bottling capacity of
an individual bottling station is determined to be 35,000 tons per year. It should
be taken into account that the lifetime of a bottling station is 15 years, according
to industry standards [38].

An LPG wholesale license is required for warehouse operations with a cost of
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1,100,000 RWF. The license is valid for 5 years [38].

The overnight cost (ON) of warehouses includes expenses to open a warehouse,
such as the acquisition of land, properties, and equipment to operate. It is esti-
mated that the ON of a warehouse is 71,105,252.32 RWF [38].

Expenses such as staff costs, rent, utilities, insurance, and maintenance costs
constitute the fixed cost (FOM) for warehouses. It is approximated that the FOM
cost of a warehouse is 154,800$ [38]. In addition, following [38], the Variable cost
(VOM) of warehouses is assumed to be 08.

4.1.4 Cylinder Parameters

Although in the Rwanda National LPG Master Plan, different cylinder sizes are
considered (6kg, 12kg, 35kg), since 12kg cylinders are the predominant choice in
the market, this thesis only considers the 12kg cylinder demands [22]. In other
words, the total LPG demand, which is available in kilogram form, is distributed
to 12kg cylinders, and our MILP model is constructed based on this assumption.

Moreover, note that the lifetime of any cylinder type is approximately 20 years
38].

In order to calculate the empty cylinder acquisition price of 12kg cylinders, the
offers from different suppliers are considered by [38]. Following the lead of [38],
the offers from the suppliers are recorded as 103$, 12.8%, and 13.5%. Hence, the

empty cylinder acquisition cost is found to be 12.10$ as of their average value.

LPG cylinder requalification involves evaluating and confirming the safety and
reliability of LPG cylinders after a specific period or usage. This process ensures
the continued suitability and security of the cylinders by checking the existence
of any leaks, damages, and flaws. The requalification cost is set at 7.17$ per

cylinder. In addition, cylinders must be requalified every 10 years [38].
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Table 4.1: Parameter values - part 1

Parameter Abbreviation Value
Discount Rate r 0.1
Weight of cylinder (kg) w 12
Capacity of a van (kg) CapV 3,240
Capacity of a truck (kg) CapT'r 9,996
Capacity of a tanker (kg) CapTa 24,000
Speed of a van (km/h) Sv 15
Speed of a truck (km/h) Str 30
Speed of a tanker (km/h) Sta 20
Lifetime of a van (year) Lo 10
Lifetime of a truck (year) Ltr 15
Lifetime of a tanker (year) Lta 35
Lifetime of a cylinder (year) Le 20
Van license validity (year) LicV 5
Truck license validity (year) LicTr 5
Tanker license validity (year) LicTa 5
Bottling capacity of a bottling station (kg) BotCap 35,000,000
Capacity of a warehouse (kg) Capw 100,000,000
Bulk inventory capacity of a bottling station(kg) BulkCap 100,000,000
Cylinder inventory capacity of a bottling station CylCap 100,000,000
(cylinder)
Fixed cost of a warehouse ($/year) FOMw 154,800
Overnight cost of a warehouse ($) ONw 54,039.992
Fixed cost of a bottling station ($/year) FOMb 348,400
Overnight cost of a bottling station ($) ONb 7,000,000
Variable cost of a bottling station ($/kg) VOMDbD 0.035
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Table 4.2: Parameter values - part 2

Parameter Abbreviation Value
Lifetime of a warehouse (year) Lw 15
Lifetime of a bottling station (year) Lbs 15
Lifetime of the depot (year) Ld 50
Fixed cost of a van ($/year) FOMwv 127% of VOMwv
Overnight cost of a van ($) ONv 57,818.581
Variable cost of a van ($/km) VOMuv 0.437
Fixed cost of a truck ($/year) FOMtr 127% of VOMtr
Overnight cost of a truck ($) ONtr 170,200
Variable cost of a truck ($/km) VOMtr 0.540
Fixed cost of a tanker ($/year) FOMta 127% of VOMta
Overnight cost of a tanker ($) ONta 197,672.677
Variable cost of a tanker ($/km) VOMta 0.635
Cost of a 12-kg cylinder i ($) cylCost 12.10
Labor cost (%) laborC 1.18
Annual salary ($) salary 2,604
Daily working hours (h) dayWh 8
Van license cost ($) licenseCv 418
Truck license cost ($) licenseCtr 418
Tanker license cost ($) licenseCta 418
Warehouse wholesale license cost ($) W sal 836
Cylinder requalification cost ($/cylinder) Cregq 717
Bottling station installation fee ($) InsB 760
Depot installation fee ($) InsD 760
Bottling station operating license cost ($) OpLb 3,952
Depot operating license cost ($) OpLd 3,952
Importation license cost ($) ImL 1,976
LPG importation price ($/kg) Pricel 0.786

Note that discount factors are used to calculate the present value of future cash

flows in the system. Discount factors are calculated using the following formula:
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Table 4.3: Parameter values - part 3

Parameter Abbreviation Value
Import license validity (year) Licl 5
Warehouse wholesale license validity (year) LicW o
Bottling station operating license validity (year) LicBs 3
Depot operating license validity (year) LicD 3
Cylinder requalification validity (year) LicC 10
Discount factor of a warehouse dFw 0.131
Discount factor of a bottling station dF'b 0.131
Discount factor of the depot dFd 0.101
Discount factor of a van dFv 0.163
Discount factor of a truck dFtr 0.131
Discount factor of a tanker dFta 0.104
Discount factor of a cylinder dF'c 0.117
Discount factor of a van license dFvl 0.264
Discount factor of a truck license dFtrl 0.263
Discount factor of a tanker license dFtal 0.264
Discount factor of a warehouse wholese license dFwsal 0.264
Discount factor of a cylinder requalification dFcreq 0.163
Discount factor of a bottling station operating license dFbop 0.402
Discount factor of a depot operating license dFdop 0.402
Discount factor of import license dFil 0.264
r
dF = (1+7")7L (4.1)

where 1 denotes the discount rate (yearly) and L denotes the lifetime (years).

4.2 Assumptions

In order to simplify the supply chain structure and the mathematical model, we

make some assumptions. While these assumptions do not alter the essence of

the model, they are helpful in creating a practical setting. In this section, these

assumptions are explained and justified. The assumption that we use are as

follows:
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e Disregarding the geographical availability of retailer locations: As
explained before, to find the locations of the retailers, either the centroid
approach or agglomerative hierarchical clustering-based heuristic approach
is used. However, these methods do not consider the geographical struc-
ture of the topology. More specifically, the retailers may be situated in
places that are not easily reachable by road transportation, such as back-
lands, mountains, bodies of water, etc. Nonetheless, this is a necessary
assumption to incorporate into the problem, as integrating the details of
geographical structures of the topology may greatly augment the complex-
ity of the clustering algorithms. Considering the scale of the data, this is a

crucial simplification to carry out quicker and more efficient analysis.

e Constant demand assumption: We only consider the yearly demand
information from the Rwanda National LPG Master Plan. Hence, we as-
sume that there is no seasonality in demand and that demand is constant
throughout the year. This is one of the key steps to model problem that is

independent of time index t.

Yearly LPG demand values are taken from the Rwanda National LPG Mas-
ter Plan. The projected demand values for the Business-as-usual (BAU)
scenario are used. BAU scenario assumes that if the current trends in LPG
usage persist, the percent of the total Rwandan population using LPG will
reach 16.8% in 2024 and 30.4% in 2030 [22]. Note that these ratios include
both household and institutional demand. In Table 4.4 and Figure 4.1,
the yearly projected LPG demand (in tons) across all market segments is

shown.

Table 4.4: Yearly BAU LPG demand (in tons)

Scenario 2025 2026 2027 2028 2029 2030
BAU 81,935 92,069 103,481 116,248 130,379 145,770

e Bulk and cylinder demand assumption: There are three market
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Figure 4.1: Projected yearly LPG demand for BAU scenario (in tons)

segments in Rwanda for LPG consumption: households, public non-
commercial institutions, and commercial and industrial institutions. House-
holds represent citizens’ houses; public non-commercial institutions corre-
spond to schools, hospitals, prisons, health facilities, and refugee camps;
and commercial and industrial segment stands for hotels, restaurants, and
agribusinesses. In 2020, it is known that the household segment consumed
73% of LPG volume. This volume is anticipated to grow to at least 80% by
2030 [22]. While cylinders are used to satisfy household demand, tankers
are used for the other segments, where LPG is provided in bulk form. In
this thesis, since we only consider the households with cylinder demand,
we work with 80% of yearly projected LPG demand provided in Table 4.4,

considering the projected cylinder demand ratio in 2030.

Uniform fuel prices: We assume that fuel prices are uniform over time. In
addition, we simplify the problem by assuming that fuel prices are constant
across different regions. Although, in reality, fuel prices may fluctuate over
time and region, focusing on fuel prices and incorporating this into the
model would make the problem complicated. Since the primary objective
of this thesis does not rely on fuel prices, this is a useful assumption to

make.

Excluding last mile logistics: As mentioned before, this thesis considers
down to the retail point. Although some consumers might be far from a

retailer, we ignore the possibility of house shipping. While optimizing last
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mile logistic systems is effective in increasing the accessibility and usage of
the product, this thesis focuses on decisions at the higher planning level.

Thus, any cost factors related to last mile logistics are excluded.

Excluding routing decisions of vehicles: In this thesis, we optimize
the number of vehicles used in each facility and their allocations to the
higher-level facilities on the hierarchy. We do not optimize vehicle routing
decisions. We assume that a vehicle chooses the shortest path to its des-
tination facility without visiting any other facility as we use OSRM API.
At the same time, we assume that the vehicle chooses the same path while

returning back to its origin facility.

Identical road conditions: In this thesis, we acknowledge that the road
conditions - its slope, surface quality, etc. - may affect the fuel consumption
level of the vehicles. Nevertheless, regardless of their actual state, we assume
that the road conditions are identical across the country. This simplification
enables us to focus on the impact of distance on overall transportation costs,

which is one of the primary investigation points in this thesis.

Null residual value of vehicles and infrastructure: In reality, when
the lifetimes of vehicles and infrastructure are completed, their residual
value may not be zero. However, in order to simplify the cost calculations,
the residual values of these properties are considered to be zero at the end

of their useful lives.

Daily working hours assumption: Qualified personnel are required to
operate the vehicles. Their daily working hours are set at 8 hours. This
assumption can be considered reasonable when the average trip hours of
the vehicles are investigated. In the majority of cases, the trip durations
stay within the 8-hour threshold when trip distances are analyzed. In this
context, a trip is defined as going to the destination facility and returning

back to the origin facility.

Though the value of daily working hour is set at 8 hours, yearly working
days may vary slightly from year to year. The values of yearly working days
are provided in Table 4.5.

35



Table 4.5: Yearly Working Days

Year Working Days

2025 248
2026 249
2027 249
2028 248
2029 249
2030 249

e Losses through the system: Some portion of LPG may be lost during the
transportation, storage, and distribution of the product. These losses may
occur due to factors such as leakage and evaporation. We assume that there
is no loss at any stage of the supply chain system. However, the decision-
maker can easily incorporate loss to the system by multiplying the loss factor
with flow variables in the inventory constraints in the mathematical model
formulated in Section 5.1. In addition, the amount of volume bottled, the
amount of demand, and the amount of LPG imported should be multiplied
with the loss factor too. In this case, the model designs the system regarding

this loss to ensure that the demand is satisfied sufficiently at the final point.

e Total Cylinder Number Assumption: We assume that there are as
many empty cylinders in the system as many as the full cylinders. There-
fore, the total number of cylinders in the system is expressed as two times

the number of full cylinders.
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Chapter 5

Mathematical Model

5.1 Main Model

Regarding the above mentioned assumptions and system description, we formu-
late the following MILP model to design a hierarchical supply chain system based
on the monthly operations. List of index sets, parameters and decision variables
are given in Table 5.1, Table 5.2, Table 5.3, and Table 5.4. Index ¢ is the time

index and it represents a month.

Table 5.1: Mathematical model notations - partl

Index sets

Bottling Stations
Warehouses
Retailers

Time

~ N 5 =W

Cylinder
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Table 5.2: Mathematical model notations - part2

Parameters

r
w;
CapV
CapTr
CapTa
Sv
Str
Sta
BotCap
Capw
BulkCap
CylCap
FOMuw
ONw
FOMb
ONb
VOMb
FOMv
ONv
VOMuv
FOMtr
ONtr
VOMtr
FOMta
ONta
VOMta
cylCost;
demy r¢
disty ,
disty
disty,

Discount rate

Weight of cylinder ¢ (kg)

Capacity of a van (kg)

Capacity of a truck (kg)

Capacity of a tanker (kg)

Speed of a van (km/h)

Speed of a truck (km/h)

Speed of a tanker (km/h)

Bottling capacity of a bottling station (kg)
Capacity of a warehouse (kg)

Bulk inventory capacity of a bottling station (kg)
Cylinder inventory capacity of a bottling station (cylinder)
Fixed cost of a warehouse ($/year)

Overnight cost of a warehouse ($)

Fixed cost of a bottling station ($/year)
Overnight cost of a bottling station ($)

Variable cost of a bottling station ($/kg)

Fixed cost of a van ($/year)

Overnight cost of a van ($)

Variable cost of a van ($/km)

Fixed cost of a truck ($/year)

Overnight cost of a truck (%)

Variable cost of a truck ($/km)

Fixed cost of a tanker ($/year)

Overnight cost of a tanker ($)

Variable cost of a tanker ($/km)

Cost of cylinder i ($)

Cylinder ¢ demand of retailer r at time ¢ (kg)
Distance between warehouse w and retailer r (km)
Distance between bottling station b and warehouse w (km)

Distance between the depot and bottling station b (km)
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Table 5.3: Mathematical model notations - part3

Parameters
dFw Discount factor of a warehouse
dFb Discount factor of a bottling station
dFv Discount factor of a van
dFtr Discount factor of a truck
dFta Discount factor of a tanker
dFc Discount factor of a cylinder
dFvl Discount factor of a van license
dFtrl Discount factor of a truck licence
dF'tal Discount factor of a tanker license

dFwsal Discount factor of a warehouse wholesale license
dFcreq Discount factor of cylinder requalification cost
dFbop Discount factor of a bottling station operating

license cost

dFdop Discount factor of a depot operating license cost
dF'il Discount factor of import license cost

laborC  Labor cost (%)

salary ~ Annual salary ($)

yearWh  Yearly working hours (hour)
monthWd  Monthly working days (day)
dayWh Daily working hours (hour)
licenseCtr  Truck license cost ($)
licenseCv  Van license cost ($)
licenseCta  Tanker license cost ($)
W sal Warehouse wholesale license cost ($)
Creq Cylinder requalification cost ($/cylinder)
InsB Bottling station installation fee ($)
InsD Depot installation fee ($)
OpLb Bottling station operating license cost ($)
OpLd Depot operating license cost ($)
ImL Importation license cost ($)

Pricel ~ LPG importation price ($/kg)
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Table 5.4: Mathematical model notation - part4

Decision Variables

I

Capd
numVy,
numI'ry
numTa

vanT'ripy r¢
truckTripy ¢
tankerTripy
volboly ¢
bulkInvy
Inv;py
Inv; ¢
fi,w,r,t
fi,b,w,t
Jot

numCbot; p

tot Num FullCyl;

1, if warehouse w € W is opened

0, otherwise
Number of bottling stations opened in candidate
bottling station location b € B
Capacity of the depot (kg)
Number of vans in warehouse w
Number of trucks in bottling station b
Number of tankers in the depot
Number of trips a van is performing between
warehouse w and retailer r at time ¢
Number of trips a truck is performing between
bottling station b and warehouse w at time ¢
Number of trips a tanker is performing between
the depot and bottling station b at time ¢
Volume bottled in bottling station b at time ¢
Amount of bulk inventory at bottling station b at time ¢
Inventory level of cylinder ¢ in bottling station b at time ¢
Inventory level of cylinder ¢ in warehouse w at time ¢
Amount of flow of cylinder 4 from warehouse w
to retailer r at time ¢ (cylinder)
Amount of flow of cylinder ¢ from bottling station b
to warehouse w at time ¢ (cylinder)
Amount of flow from the depot to bottling
station b at time ¢ (kg)
Number of cylinder ¢ bottled in
bottling station b at time ¢ (cylinder)

Total number full cylinders 7 in the system (cylinder)
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5.1.1 Objective Function

The objective of the model is to minimize the total system cost. Hence, each cost

component of the system is taken into consideration in the objective function.

The contribution of fixed costs and overnight costs of warehouses and bottling
stations are represented in (5.1). The overnight costs are discounted using the
discount factor. In addition, the variable cost of bottling stations is included via
(5.2). A cost is incurred for each m® LPG bottled in a bottling station.

Z1=Y (FOMw+ONw-dFw)-I,+ Y (FOMb+ONb-dFb) -1, (5.1)

weW beB

72 =Y > (VOMb- volbol,,) (5.2)

beB teT

The fixed costs and overnight costs of vans, trucks, and tankers are represented
in (5.3). The costs are added according to the number of vehicles operating in

the system in a year and discounted accordingly.

73 = Z (FOMv + ONv - dFv) - numV,,

weW

+ Z(FOMtr + ONtr - dFtr) - numTr,

beB

+ (FOMta + ONta - dF'ta) - numTa (5.3)

Variable costs are incurred for each kilometer the vehicles travel in a month.
Since the fixed costs are considered to be 127% of the variable costs, the variable
costs are multiplied by 2.27 in (5.4). In addition, considering the return of the

vehicles to the facilities, distances are multiplied by 2.
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74 =2 - Z Z Z(VOMU - disty,y - vanTripy, ., - 2.27)

weW reR teT

+2- Z Z Z(VOMtT - distyy - truckTripy . - 2.27)

beB weW teT

+2- Z Z(VOMta - disty, - tankerTripy - 2.27) (5.4)

beB teT

The discounted cost of cylinders and the requalification cost of cylinders are
expressed in (5.5). The total number of full cylinders in the system is multiplied
by 2 since it is assumed that there must be as many empty cylinders in the system

as there are full cylinders.

75 = Z(totNumFullC’yl ~cylCost - dFc - 2)
iel
+ Z(totNumFullC’yl -Creq-dFcreq - 2) (5.5)

el

Labor costs are incurred on an hourly basis for the workers who are responsible
for driving the vehicles. Hence, the labor costs are calculated according to the
total vehicle operating hours for a month, considering the total number of trips
made by the vehicles. Labor costs are expressed in (5.6) for van, truck, and tanker

trips, respectively.

laborC' - salary , disty, -2
76 = Z Z Z e Wh vanTripy .y - o,
weW reR teT

laborC' - salary , disty - 2
+ Z Z yearWh truckTripy e - ——m——

Str
beB weW teT
laborC' - salary disty - 2
+ -tankerTripyy -
bGZB p yearWh Do Sta

er

Importation cost is included via (5.7).
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77 = Z Z for - pricel (5.7)

beB teT

Finally, vehicle and facility license costs are added via (5.8).

78 = (licenseCv - dFvl) + (licenceCtr - dF'trl) + (licenseCta - dFtal)
+ (Wsal - dFwsal) + (InsB - dFb) + (OpLb - dFbop) + (InsD - dFd)
+ (OpLd - dFdop) + (ImL - dFil) (5.8)

5.1.2 Constraints

5.1.2.1 Depot - Related Constraints

Z for < Capd VteT (5.9)
beB
Cc{;;a < tankerTrip,; Ybe B,teT (5.10)
. distb -2
Z tankerTripy; - < numTa-dayWh - -monthWd YteT (5.11)
beB
numTa,tankerTrip,, € Z" U{0} Vb€ B,t €T (5.12)
Capd, fo; >0 Vbe B,teT (5.13)

Constraint (5.9) ensures that the LPG stored in the depot does not exceed
the capacity of the depot. Constraint (5.10) specifies the number of trips each
tanker makes in a month. Also, it ensures that the flow carried from the depot
to the bottling station does not exceed the capacity of the tanker. Constraint
(5.11) determines the number of tankers necessary to run the monthly opera-
tions. Constraints (5.12) - (5.13) defines the decision variables related to depot

operations.
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5.1.2.2 Bottling Station - Related Constraints

>N fibws <1,-BigM VbeBiteT (5.14)
el weW
> wolboly, < BotCap-1, Vb€ B (5.15)
teT
vol Bottledy,; = Z numC Bottled; ;; - cylinder_kg Vbe B,t €T (5.16)
i€l
bulkInvy,; = bulkInuvys—y + for — volbolyy Vb€ Bt €{2,...,T} (5.17)
bulkInv,; < BulkCap Vbe B,teT (5.18)
Invipy = Invipey +numChot;py — > fipwe Vi€IbeBte{2,.. T}
weWw

(5.19)

Invipy < CylCap Viel,be B,teT (5.20)
disty . - 2

Z truckTripp . - % < numTry - dayWh - monthWd Vbe B,teT
weWw r

(5.21)
Z fZCb*;U];Tr < truckTripy,, Vb€ BiweW,teT (5.22)

Iy, numTry, truckTripywy, fipwe € Z7U{0} Viel,be BweW,teT

(5.23)
Capy, volboly ;, numCbotyy, tot NumFullCyl >0 Vie I,be B,teT (5.24)
Inv; g, bulkInv,, >0 Vie I,be BjteT (5.25)

Constraint (5.14) states that if there is a flow from a bottling station to a
warchouse, then that bottling station must be open. Constraint (5.15) ensures
that the volume bottled in each bottling station does not exceed the bottling
station’s bottling capacity. Constraint (5.16) sets the number of cylinders bottled
in the bottling station. Constraint (5.17) sets the inventory level for LPG stored
in bulk in bottling stations. Additionally, Constraint (5.18) indicates that the
bulk inventory level cannot exceed the inventory capacity of a bottling station.
Similarly, Constraint (5.19) sets the inventory level for LPG stored in cylinders in

bottling stations, and Constraint (5.20) states that cylinder inventory level cannot
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exceed the inventory capacity of a bottling station. Constraint (5.21) determines
the number of trucks needed to run the monthly deliveries from bottling stations
to warehouses, considering the monthly working hours. Finally, Constraint (5.22)
ensures that the weight of the cylinders carried from the bottling stations to the
warehouses does not exceed the capacity of the trucks. Constraints (5.23) - (5.25)

defines the decision variables related to bottling station operations.

5.1.2.3 Warehouse - Related Constraints

> fiwre <Ly BigM YweW,teT (5.26)
reR i€l
Invi,w,t = Invi,w,tfl i Z fi,b,w,t F Z fi,w,r,t VZ € [> w e Wt S {27 s T}
beB reR
(5.27)
Z Inv; - cylinder kg < Capw Yw e Wt eT (5.28)
i€l
) disty., - 2
Z vanT' TPy ;- S— < numV,, - dayWh - monthWd Yw e W,t €T
van
reR
(5.29)
Z fzg;;v <ovanTripy,: YweW,re RiteT (5.30)
I, €{0,1} YweW (5.31)
numV, vanTripy 4, fiwrs € ZYU{0} Vie LweW,re RiteT (5.32)
Capy, Inv; yyry >0 Viel,weW,re R teT (5.33)

Constraint (5.26) indicates that if there is a flow from a warehouse to a retailer,
then that warehouse must be open. Constraint (5.27) sets the inventory level in
each warehouse. Constraint (5.28) ensures that the number of cylinders stored
in a warehouse does not exceed the capacity of a warehouse. Constraint (5.29)
determines the number of vans needed to carry the cylinders from warehouses to
retailers in a month, considering the monthly working hours. Constraint (5.30)
ensures that the weight of the cylinders carried from the warehouses to the retail-

ers does not exceed the capacity of the vans. Constraints (5.31) - (5.33) defines
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the decision variables related to warehouse operations.

5.1.2.4 Retailer - Related Constraints

dem; .
Z fi,w,r,t > % Vi € I,T S R,t eT (534)
weW Wi
tot NumFullCyl; = Z Z fiqwrt + Z Z Jipw,t
weW reR weW beB
+ Z Inv; i + Zlnvi,b,t Viel,teT (5.35)
weW beB

Constraint (5.34) ensures that each retailer’s demand is satisfied. Lastly, Con-

straint (5.35) specifies the number of cylinders present in the entire system.
Entire model can be found in Appendix C.

After solving the main model, we report the objection function value, which is
the summation of Z; values explained in Section 5.1.1. We also calculate the cost

7%

incurred per kilogram of LPG using ——5—— where Z* indicates the objective

function value of the main model.

5.2 Model Decomposition

Since this is a large-scale problem, solving the model to optimality takes a con-
siderably high amount of time. Hence, to obtain solutions in a shorter time, we

propose to decompose the location-allocation problem formulated in Section 5.1.

While decomposing the model, we follow a bottom-up approach. In other
words, we divide the main location allocation model into two phases. While the
first phase represents the warehouse-retailer part of the problem, the second phase

models the depot-bottling station-warehouse part of the problem.
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The idea behind using a bottom-up approach is to first decide on the locations
of the warehouses and the total flow originating from each warehouse. Later, the
sum of flows sent from each warehouse is used as the LPG demand of the corre-
sponding warehouse. Consequently, we treat the system as if the final demand
points are warehouses instead of retailers in the second phase model. Given the
location of demand points and their demands, the second phase model decides
on the locations of the bottling stations and other operational decisions related

to the depot-bottling station - warehouse system.

5.2.1 First Phase Model

For the first phase model, we provide the candidate warehouse locations, retailer
locations, and LPG demand of each retailer as parameters. In return, we deter-
mine the locations of the warehouses, the number of vans used in each warehouse,
and the flow sent from warehouses to retailers. Regarding these, the first phase
model is formulated below. Note that while we use tot Num FullCyl; in the main
model, since it is also associated with decision variables related to the bottling
station, a new decision variable, tot NumEFullCyl{", is defined for the first phase
model. tot NumFullCyl’" represents the total number of full cylinders in the

warehouse-retailer system.
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min 29 =Y (FOMw + ONuw-dFuw)- I,
weW

+ Z (FOMv + ONv - dFv) - numV,,
weW

+2- Z Z Z(VOMU ~disty - 0anTripy .4 - 2.27)
weW reR teT
+ Z(totNumFullelé” -cylCost - dFc-2)
icl
- Z(totNumFullel;” -Creq-dFcreq - 2)

el

n Z Z Z laborC' - salary W disty, -2

e rerer  yearWh Sv
+ (licenseCv - dFvl) + (W sal - dFwsal)
s.t.
(5.26), (5.29), (5.30), (5.31), (5.32), (5.33), (5.34)
tot NumFullCyly” = > "> fiwes Vi€ teT (5.36)

weW reR

Note that the constraints related to Inv;,,; are not included in the first phase
model ((5.27) and (5.28)). Since in the current system, there are only warehouses
and retailers; warehouses do not receive any flow f;;,; in Constraint (5.27).
Hence, without any replenishment, the flow going out from the warehouses f; .
makes the model infeasible eventually, depending on the starting inventory level.
Therefore, in the first phase model, it is assumed that warehouses do not keep

any inventory.

By solving the first phase model, we determine the flow sent from each ware-
house. ZTGR fiwre Vi€ I,w e W,t €T denotes the total flow sent from each
warehouse which will be used in the second phase model as the demand of each

warehouse.
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5.2.2 Second Phase Model

For the second phase model, we provide the warehouse locations and demand of
each warehouse. The demand of warehouses is represented by dem; ,,; which is
equal to Y p fiwre Vi€ I, we W,te€T. As aresult of the model, we retrieve
the bottling station locations, number of trucks used in each bottling station,
truck trip numbers, number of cylinders bottled in bottling stations, number of
tankers used, and tanker trip numbers. In the second phase model, to represent
the total number of full cylinders in the system, we use tot Num FullCyl?” decision

variable. The second phase model is formulated as follows:

min 210 =Y (FOMb+ ONb-dFb) - I,

beB

+3 > (VOMb - volboly,)
beB teT

+ Z(FOMtT + ONtr - dFtr) - numTr,
beB

+ (FOMta+ ONta - dFta) - numTa
+2-3 0 D (VOMir - disty, - truckTripyu, - 2.27)

beB weW teT

+2- Z Z(VOMta - disty, - tankerTripy, - 2.27)

beB teT

+ Z(totNumFullelfw -cylCost - dFc-2)
iel

+ Z(totNumFullC’yl?w -Creq - dFcreq - 2)
el

laborC' - salary . disty., - 2
-t kT wi B —————
beB weW teT

laborC' - sal disty - 2
+ZZ more - 54 ary-tankerTripbjt- 5%

yearWh Sta
beB teT
+ Z Z Jo - pricel
beB teT
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+ (licenceCtr - dF'trl) + (licenseCta - dFtal) + (InsB - dFb)
+ (OpLb - dFbop) + (InsD - dFd) + (OpLd - dF'dop) + (ImL - dF'il)

s.t.
(5.9) — (5.25)
tot NumFullCyl® = Z Z fivawt + meh',b,t Viel,teT  (5.37)
beB weW beB
> fivwe = demiyy Vie LweWteT (5.38)
beB

After solving the second phase model, we have decided on all the tactical and
strategic actions that are present in the main model. As a result, we report the
total cost of the system as the sum of the objective function values of first and

second phase models: Z9 + Z10. In addition, we express the total unit cost of

Z9+710

the system as TP e—l
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Chapter 6

Computational Analysis

Since the simple plant facility location problem is an NP-hard problem, the main
and the decomposed models are NP-hard problems. Hence, while it is ideal to
solve both the main and decomposed model to optimality, it takes a very long
time to do that. Thus, due to the scale of the problem, we run the models either
with optimality gap thresholds or time limits. The threshold used will be specified
while presenting the solution of each configuration. All the models are coded in

Python and solved using Gurobi.

Since there is no seasonality in demand, we have the agility to run the models
independent of time index t. By omitting index ¢ on the decision variables and
parameters, we are able to decrease the size of the model presented in Section
5.1. While other planning horizons may also be selected, we prefer to specify
t = 1 where t indicates a month. The yearly demand values are allocated equally
to 12 months regarding the absence of demand seasonality. Consequently, the
objective function value of the model where t = 1 is 12 times smaller than the
objective function value of the model where ¢ € {1,...,12}. In the system, the
vehicles and cylinders are purchased at the beginning of the first planning horizon.
Hence, when the acquisition costs of these entities are discounted to present value
using monthly discount factors and the monthly operational cost of the system

is calculated, we will obtain a model independent of index ¢ that is equivalent to
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a model including index t.

In this chapter, first, we will discuss the outputs of models in which the retailer
locations are selected based on the agglomerative hierarchical clustering-based
heuristic approach with different linkage parameters, as explained in Section 3.3.2.
Then, we will compare the result of the model yielding the least total cost among
these with the result of the model that uses retailer locations as the centroid point
of each village. Next, we will discuss the impact of different demand scenarios
on the system configuration. In addition, we will investigate whether there is a
trade-off between the infrastructure cost and transportation cost by a sensitivity
analysis. Finally, we will provide the outputs of the decomposed model that is

provided in Section 5.2.

6.1 Linkage Parameter Comparison

The agglomerative hierarchical clustering-based heuristic is run with Complete,
Average, Centroid, and Ward’s minimum variance linkage parameters to deter-
mine the retailer locations. As a result, the algorithm yields 5969, 6734, 6856, and
6920 retailer locations for Complete, Average, Centroid, and Ward’s minimum

variance linkage parameters, respectively.

The main model formulated in Section 5.1 is run for each linkage parameter
for the 2025 BAU demand scenario. These models are run for 24 hours, and their
outputs are reported in Table 6.1. In the table, The Total Cost corresponds to the
objective function value of the model. The Importation Cost is associated with
the cost of importing LPG into the country to satisfy demand. Since the 2025
BAU demand scenario is used in each model, the Importation Costs are expected
to be similar in the four models. Hence, in order to clearly see the impact of
retailer numbers on the system design, the Total Cost-Importation Cost is also
reported. The Total Infrastructure Cost contains each cost component related to
the depot, bottling stations, and warehouses. Total Transportation Cost includes

each cost component related to the tankers, trucks, and vans used in the system.
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In addition, the Total Cylinder cost is reported, which represents the acquisition
cost of the total number of cylinders in the system. For each model, the Cost
Per Kilogram of LPG is recorded. Finally, since the models’ execution time is

specified to be 24 hours, the optimality gaps at the end of 24 hours are listed.

Table 6.1: Outputs of different linkage parameters

Complete Average Centroid Ward
# Retailers 5,969 6,734 6,856 6,920
# Warehouse 17 20 21 19
# Bottling Station 2 2 2 2
# Van 132 139 138 145
# Truck 16 16 16 16
# Tanker 4 4 4 4
# Van Trip 6,215 6,986 7,115 7,143
# Truck Trip 553 553 553 554
# Tanker Trip 230 230 230 230
Total Cost 5,961,626.403 6,028,864.969 6,042,454.261 6,038,678.242
Importation Cost 4,321,710.383 4,325,379.431 4,326,020.807 4,325,983.079

Total Cost-Importation Cost 1,639,916.021 1,703,485.538 1,716,433.455 1,712,695.163
Total Cost of Infrastructure  811,775.569  852,566.465  866,113.545  839,126.169
Total Cost of Transportation 611,070.242  633,664.572  633,033.194  656,284.174

Total Cost of Cylinder 217,070.210  217,254.500 217,286.716  217,284.821
Cost Per Kg 1.0914 1.1037 1.1062 1.1055
Optimality Gap 0.785% 0.829% 1.021% 0.812%

Since the total demand is the same, all four models yield the same number
of trucks and tankers, as well as the number of truck trips and tanker trips.
However, it is observed that as the number of retailers increases, the number of
van trips also increases. As trip decision variables are specified to be integers,
even if there is a small amount of flow that needs to be sent to a retailer, the
trip number increases by at least 1. Hence, the increase in the retailer numbers

directly corresponds to the increase in the van trip number. Consequently, the
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total transportation cost increases as the van numbers and van trip numbers

increase.

Among four different linkage parameters, it is seen that the model using the
retailer locations obtained by the Complete linkage parameter yields the minimum
total system cost. Hence, the cost per kg is also the lowest for the Complete
model. Thus, in the following analysis, the Complete model’s outputs will be
compared with the outputs of the model using the centroid of each village as

retailer locations.

6.2 Retailer Location Comparison

As explained in Section 3.3.1, the other approach used to decide on the locations of
retailers is selecting the centroid point of each village, as an uninformed decision-
maker might do in reality. Since there are 14,815 villages in Rwanda, there are
14,815 retailers found with this approach. Using these locations, the main model
is run for the 2025 BAU demand scenario to compare its outputs with the least
cost model in Section 6.1. The Complete model is run for 24 hours, and the
optimality gap is recorded as 0.785 %. However, it is seen that after 24 hours,
the optimality gap is still high for the 14K model. Thus, the 14K model is run
until the optimality gap drops to 1 % with an execution time of 53.1 hours.
The complete model has 185,435 constraints, 67 continuous and 358,642 integer
variables (30 binary). The 14K model has 459,661 constraints, 67 continuous and
889,402 integer variables (30 binary). The outputs of these two models can be
found in Table 6.2.
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Table 6.2: Retailer location comparison model outputs

Complete 14K
# Retailers 5,969 14,815
# Warehouse 17 25
# Bottling Station 2 2
# Van 132 207
# Truck 16 18
# Tanker 4 4
# Van Trip 6,215 13,709
# Truck Trip 553 560
# Tanker Trip 230 232
Total Cost 5,961,626.403 6,383,343.268
Importation Cost 4,321,710.383  4,354,741.247

Total Cost-Importation Cost 1,639,916.021 2,028,602.021
Total Cost of Infrastructure 811,775.569 922,545.113
Total Cost of Transportation  611,070.242 887,327.611

Total Cost of Cylinder 217,070.210 218,729.296
Cost Per Kg 1.0914 1.1686
Optimality Gap 0.785% 0.996 %

While the model consistently prefers to open two bottling stations in both sce-
narios due to the same amount of total demand, the higher number of retailers in
the 14K case results in more warehouses being opened to minimize transportation
costs. With the number of bottling stations remaining constant, the 14K model
opens more warehouses, leading to increased infrastructure costs. As previously
explained, the increase in retailer locations leads to a higher number of van trips
and an increased number of vans. Consequently, the total transportation cost is
higher for the 14K model.

Although total demand is the same in both cases, since the flows carried by
trucks and vans are specified to be integer (cylinder flow), depending on the

retailer’s demand, the total number of cylinders delivered to the retailer may vary.
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To be more precise, the total number of cylinders is 916,384 in the Complete model
and 923,388 in the 14K model. The number of cylinders used in the two cases
explains the slight difference in the total cost of cylinder. This is the reason for
the slight difference between the importation costs of the two cases. However, it
is seen that regardless of the importation cost, the Complete model yields a lower
cost solution compared to the 14K model, where the total cost of the Complete
model is 1.6M$, and the total cost of the 14K model is 2.0M$, excluding the
importation cost. When the cost per kilogram values are evaluated, it is also

seen that the Complete model yields lower costs.

In addition, the motivation to propose another approach in selecting the re-
tailer locations is to ensure fairness among rooftops, as explained in Section 3.3.2.
By using the agglomerative hierarchical clusterin-based heuristic approach, we
make sure that each rooftop is within a 1-mile radius of its retailer, unlike the
case in the centroid approach. In-field conversations informed us that 1 mile is
considered as the minimum distance to a retailer when designing a logistic chain
in this context. By examining the distance statistics between the retailers and
rooftops of the Complete model and the 14K model, we can see this distinction
clearly. The distance statistics are provided in Table 6.3 for two selected districts:
Nyarugenge and Kayonza. While Nyarugenge is an urban region with the highest
population density among all districts, Kayonza is a rural region with the lowest

population density in the country.

Table 6.3: Complete and 14K distance statistics (km)

Complete - Urban Complete - Rural 14K - Urban 14K - Rural

Average 0.671 0.677 0.231 0.628
Median 0.674 0.648 0.177 0.532
Min 1.3¢706 0 0.0006 0.0015
Max 1.609 1.609 1.234 9.861
Sum 73,006.509 77,846.686 25,328.569 72,551.875
S.D. 0.301 0.364 0.174 0.533

As targeted, in the Complete model, the maximum distance between a rooftop
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and its retailer is 1.6090 kilometers (1 mile), regardless of whether the district
is an urban or rural region. It is also seen that the minimum distance is 0 km
in the Complete model, indicating at least one retailer is placed exactly on the
same location of a rooftop. While this scenario may be hard to implement in
reality, within the context of this thesis, it is a feasible scenario. Furthermore,
it is recorded that the average distance between a rooftop and its retailer is
almost the same for the urban region (0.6708 km) and rural region (0.6770 km),

indicating fairness among rooftops in the Complete model.

On the other hand, in the 14K model, it is seen that the maximum distance
between a rooftop and its retailer is 1.2338 km in the urban region but 9.8612
km in the rural region. Considering the varying surface areas of the villages, this
is an expected difference to encounter. Hence, in the 14K model, even though
it is possible to keep the maximum distance between a rooftop and its retailer
within a 1-mile threshold in urban regions, this is not the case in rural regions.
Consequently, using the village centroid approach may not perform well in rural
regions. Additionally, the difference between the average distances for the urban
and rural regions indicates rooftops in the urban regions are closer to their retail-
ers. The biggest difference is seen in the sum of the distances travelled by each
rooftop to reach their retailers. The sum of distances is significantly higher in the
rural region, highlighting the unfair distribution of retailers between urban and

rural regions.

As a result, it is observed that the Complete model dominates the 14K model
since it provides a lower-cost solution in less time with a lower optimality gap.
Furthermore, it is also seen that the Complete model manages to ensure fairness
among rooftops, regardless of the location of the rooftops. Hence, we will continue

with the Complete model for the next analysis.
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6.3 Different Demand Scenarios

In order to observe the impact of the projected increase in demand on the system
design, the Complete model is run for each demand scenario, provided in Table
4.4. These models are executed for 24 hours, and at the end, the optimality gaps
are recorded. The Complete model outputs for projected demand scenarios from
2025 to 2030 can be found in Table 6.4.

The aim of this analysis is to see the impact of projected demand increase on
the system configuration. It is observed that starting from 2026, the bottling ca-
pacities of 2 bottling stations are not sufficient to fulfill the yearly LPG demand.
Hence, over the years, as demand increases, the number of bottling stations in-
creases. While this is an expected result, we decided to investigate further the

locations of the opened bottling stations.

2025 2026 2027 2028 2029 2030
Bottling Station Index 2-5 2-5-6  2-5-6  2-2-5  2-2-5  1-2-4-5

Table 6.5: Demands and Bottling Station Indices

In Table 6.5, the opened bottling station indices can be found. Bottling Station
2 is in the same location as the LPG depot. Hence, in order to minimize the
transportation cost by reducing the number of tankers and tanker trips, the model
prefers opening Bottling Station 2 in all cases. When Bottling Station 2 is open,
it is assumed that LPG is not carried with tankers as the depot and Bottling

Station 2 is in the same location.

Except for the case in 2030, it is observed that the model prefers to open
Bottling Stations 2,5 and 6 with different combinations. In 2026, it is seen that the
model prefers to keep the already existing bottling stations from 2025 (Bottling
Stations 2 and 5) and adds Bottling Station 6 to satisfy the demand. As the
demand in 2027 can also be satisfied by 3 bottling stations, the model keeps the

current selection of bottling stations from 2026.
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Since the decision variable I, is specified to be an integer variable, the model
has the agility to open more than one bottling station in the same location. As
can be seen in 2028 and 2029, the model prefers to open 2 bottling stations on
the location of Bottling Station 2. Since the demand in 2029 can be satisfied by

3 bottling stations, the model sustains the system configuration created in 2028.

In 2030, at least 4 bottling stations need to be open to fulfill the yearly LPG
demand. Different than the other years, in 2030, the model introduces Bottling
Stations 1 and 4. While Bottling Stations 1, 2, and 5 lay relatively close to each
other on the map (Figure 6.1b), Bottling Station 4 stands separately (Figure
6.1d). The reason for choosing Bottling Station 4 is interpreted in a way that
minimizes the primary transportation cost. With an increase in demand, the
amount of flow carried between bottling stations and warehouses inclines. Hence,
the location of bottling stations and warehouses should be selected in a way that

minimizes the primary transportation cost.

Since in 2029, Bottling Stations 2,2,5 are open, we decide to examine the
change in the system in case the existing configuration is kept by introducing
only Bottling Station 1 in 2030. An increase in the number of truck trips in-
dicates that the model prefers to open Bottling Station 4 in 2030 to decrease
transportation costs due to increased demand. Hence, the configurations with
Bottling Stations 1, 2, 2, 5 and Bottling Stations 1, 2, 4, 5 are compared. These
outputs related to these two configurations are compared in Table 6.6. It is ob-
served that when the model is forced to open Bottling Stations 1, 2, 2, 5 the truck
number increases while the trip numbers are almost the same. This is because
the distances travelled by trucks are 67052.896 km and 50759.291 km when Bot-
tling Stations 1, 2, 2, 5 and Bottling Stations 1, 2, 4, 5 are opened, respectively.
Therefore, when Bottling Stations 1, 2, 4, 5 are opened, the primary transporta-
tion cost is lower. Thus, it can be stated that Bottling Station 4 is introduced to
the system as a new bottling station in order to minimize the transportation cost
with an increase in demand. On the contrary, it is seen that the van numbers
decrease due to a higher number of warehouses when Bottling Stations 1, 2, 2, 5
are opened. However, since the number of warehouses increases, the total infras-

tructure cost is higher in the configuration with Bottling Stations 1, 2, 2, 5. This
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is the major component that increases the total system cost for the configuration
with Bottling Station 1, 2, 2, 5. Finally, it is observed that the tanker number for
the Bottling Station 1, 2, 2, 5 configuration is half of the Bottling Station 1, 2,
4, 5 as the flow is not carried by tankers between the depot and Bottling Station
2. With a higher number of vans and tankers, the total cost of transportation for

the Bottling Station 1, 2, 4, 5 seems to be higher.

Table 6.6: Model outputs when Bottling Stations 1,2,4,5 and 1,2,2,5 are opened

Bs 1,2,4,5 Bs 1,2,2,5

# Warehouse 18 26

# Bottling Station 4 4

# Van 140 122

# Truck 21 25

# Tanker 10 )

# Van Trip 6,758 6,758

# Truck Trip 977 980

# Tanker Trip 480 407
Total Cost 10,097,006.634 10,160,991.709
Importation Cost 7,666,844.639  7,666,844.639

Total Cost-Importation Cost  2,430,161.995  2,494,147.070
Total Cost of Infrastructure 1,323,625.044  1,431,561.606
Total Cost of Transportation  721,446.158 677,494.672

Total Cost of Cylinder 385,090.793 385,090.793
Cost Per Kg 1.0390 1.0456
Optimality Gap 0.879% 0.999 %

Since in 2026 and 2027, Bottling Stations 2,5, and 6 are opened, we investigate
the scenario when Bottling Station 6 is opened instead of Bottling Station 1 in
2030. Depending on the change in the total system cost, the decision-maker may
prefer to keep the existing Bottling Stations 2,5, and 6, and add Bottling Station
1 in 2030 since Bottling Station 1 and Bottling Station 6 lay close to each other
on the map. The system cost of configuration with Bottling Stations 1,2,4,5
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and Bottling Stations 2,4,5,6 can be found in Table 6.7. It is observed that when
Bottling Station 6 is opened instead of Bottling Station 1 in 2030, the total cost of
the system (excluding the importation cost) increases by 1.894 % with a change of
46,905.572 $. The configuration with Bottling Station 6 opens more warehouses,
and the total bulk transportation cost is higher. However, considering the cost
difference between the two configurations, the decision-maker may choose to open
Bottling Station 6 instead of 1 to keep the already existing bottling stations in

the system instead of opening completely new ones.

Table 6.7: Model outputs when Bottling Stations 1,2,4,5 and 2,4,5,6 are opened

Bs 1,2,4,5 Bs 2,4,5,6

# Warehouse 18 25

# Bottling Station 4 4

# Van 140 124

# Truck 21 20

# Tanker 10 14

# Van Trip 6,758 6,760

# Truck Trip 977 980

# Tanker Trip 480 407
Total Cost 10,097,006.634 10,143,912.206
Importation Cost 7,666,844.639  7,666,844.639

Total Cost-Importation Cost  2,430,161.995  2,477,067.567
Total Cost of Infrastructure 1,323,625.044  1,418,069.535
Total Cost of Transportation  721,446.158 673,907.239

Total Cost of Cylinder 385,090.793 385,090.793
Cost Per Kg 1.0390 1.0438
Optimality Gap 0.879% 0.998 %

Overall, it is seen that, except for the configuration in 2030, the model prefers
to keep the existing bottling stations and open new ones in case of an increase
in demand. Hence, we can assert that we can expand the system and build upon

the already existing ones.
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Figure 6.1: Locations of bottling stations opened for each year: This figure illustrates the

distribution of bottling stations over different time periods, highlighting the expansion of facil-

ities to meet increasing LPG demands. Bottling Stations 2 and 5 are opened in 2025 (Figure
6.1a). In 2026 and 2027, Bottling Station 6 (denoted with pink square) is added to the existing
configuration (denoted with blue circles) (Figure 6.1b). In 2028 and 2029, Bottling Stations

2,2,5 are opened. The increased size of the label for Bottling Station 2 indicates the existence

of two bottling stations in the location of Bottling Station 2 (Figure 6.1c). Finally, in 2030,

Bottling Stations 1 and 4 are introduced (denoted with red triangles) on top of the existence

configuration of Bottling Stations 2 and 5 (denoted with blue circles) (Figure 6.1d). The maps

are colored according to the population density.
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6.4 Sensitivity Analysis

In Rwanda, diesel fuel prices may fluctuate. Hence, in case of an increase in the
diesel fuel price, the total supply chain system cost may be impacted heavily due
to the incline in the transportation cost. In this section, we aim to show the trade-
off between transportation costs and infrastructure costs through a sensitivity
analysis. A rational decision-maker, having information about the possibility of
fluctuations in diesel fuel prices, may prefer to invest either in transportation

units or infrastructure.

In Section 6.3, it is seen that the Complete model opens 2 bottling stations and
17 warehouses. Hence, to show the trade-off, we report the solutions of different
scenarios with combinations of 2 and 4 bottling stations; and 10, 17, and 25
warehouses. These models are run with a 48-hour limit and a 1% optimality gap.
The model is terminated when one of these criteria is satisfied. The results can
be seen in Table 6.8 and Table 6.9.

Table 6.8: Fixed number of warehouses and bottling stations (2 Bs)

2bs_10w 2bs_17w 2bs_25w
# Warehouse 10 17 25
# Bottling Station 2 2 2
# Van 175 135 123
# Truck 18 20 18
# Tanker 0 0 4
# Van Trip 6,217 6,215 6,216
# Truck Trip 551 552 556
# Tanker Trip 230 230 230

Total Cost-Importation Cost 1,693,040.22 1,662,695.218 1,706,688.371
Total Cost of Infrastructure 717,331.08 811,775.569 919,712.130
Total Cost of Transportation  758,638.93 633,849.439 569,906.031
Cost Per Kg 1.1011 1.0956 1.1036
Optimality Gap 1.012 % 1.001 % 0.991 %
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Table 6.9: Fixed number of warehouses and bottling stations (4 Bs)

4bs_10w 4bs_17Tw 4bs_25w
# Warehouse 10 17 25
# Bottling Station 4 4 4
# Van 209 141 120
# Truck 13 12 12
# Tanker ) 6 6
# Van Trip 6,215 6,216 6,216
# Truck Trip 953 553 555
# Tanker Trip 230 232 230

Total Cost-Importation Cost 2,008,979.108 1,860,217.652 1,890,287.972
Total Cost of Infrastructure 928,783.818  1,023,228.309 1,131,164.870
Total Cost of Transportation  863,125.080 619,919.133 542,052.891
Cost Per Kg 1.1590 1.1317 1.1372
Optimality Gap 2.621 % 1.000% 0.938%

In Table 6.8 and Figure 6.2, it can be seen that when the model is forced to
open 2 bottling stations and 10 warehouses, the total cost of transportation is
more than the total cost of infrastructure by 5.445 %. This is the scenario in which
the number of infrastructural units is the smallest among all the configurations
tested. Since the number of bottling stations and warehouses is low, the total
infrastructure cost is low. Nevertheless, opening fewer facilities directly results in
an incline in the distance travelled by vehicles between the facilities. Considering
the 8-hour daily working limit, as the distance between the facilities increases,
the total number of vehicles used increases. Therefore, the operational cost of

vehicles and their acquisition costs augment the total transportation cost.

On the other hand, when the rest of the scenarios presented in Table 6.8 and
Table 6.9 are evaluated, it is seen that the total cost of infrastructure dominates
the total cost of transportation. While the number of bottling stations is 2, and
the number of warehouses has increased from 10 to 17, the total infrastructure

cost does not increase drastically, as the Overnight cost of a warehouse is relatively
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Figure 6.2: Infrastructure, transportation, and total cost of systems with 2 bot-
tling stations: This graph represents the infrastructure, transportation and total
cost of each scenario. Total cost line represents the total system cost, excluding
the importation cost. Labels on the x-axis represent each scenario. For example,
2bs_10w indicates the scenario with 2 bottling stations and 10 warehouses.

low. However, the increase in the number of warehouses leads to a decrease in
the number of vans as the distance between warehouses and retailers diminishes.
Note that the number of tankers in this scenario is recorded as 0 even though
there is a flow between the depot and bottling stations. The reason for this is
the model prefers to open both of the bottling stations at the location of Bottling
Station 2. In case of a different selection in the locations of bottling stations, the
acquisition cost of tankers would add up to the total cost of transportation. This
change would help to close the gap between the total cost of infrastructure and

the total cost of transportation.

In Figure 6.3, it is seen that the difference between the total cost of infras-
tructure and the total cost of transportation starts to increase more. Since the
Overnight cost of a bottling station is high, the total infrastructure cost is always
higher than the total transportation cost when the model is forced to open 4 bot-
tling stations. However, it should be highlighted that even if there are 4 bottling
stations in scenario 4bs_10w, due to the high number of van numbers with the
incline in the travelling distances, the total cost of infrastructure is only 7.069 %

higher than the total cost of transportation.
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Figure 6.3: Infrastructure, transportation, and total cost of systems with 4 bot-
tling stations: This graph represents the infrastructure, transportation and total
cost of each scenario. Total cost line represents the total system cost, excluding
the importation cost. Labels on the x-axis represent each scenario. For example,
4bs_10w indicates the scenario with 4 bottling stations and 10 warehouses.

By evaluating the results, it can be seen that there is indeed a trade-off between
the total cost of infrastructure and the total cost of transportation. With an
increase in the price of diesel fuel, the total transportation cost may worsen the
total system cost. Regarding this trade-off, the decision-maker should decide on

whether to invest in infrastructure or transportation units.

6.5 Main Model and Decomposed Model Com-

parison

In this section, we compare the outputs of the main model (Section 5.1) and the
decomposed model (Section 5.2), including their performances. As in Section 6.3,
the decomposed model is run for each projected demand scenario presented in
Table 4.4. The outputs of the decomposed model can be found in Table 6.10.
Both the first phase model (WR) and the second phase model (BW) are executed
until the optimality gaps drop to 1%.
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While it is ideal to solve the first and second phase models to optimality, it
is observed that the optimality gaps drop to 1% in a very short time. However,
beyond this point, it takes a considerably higher amount of time to solve the
models to optimality. As an applied work, this thesis also aims to provide a
practical decision-making framework for policymakers. Thus, it is important to
obtain adequate solutions with a 1% optimality gap in a relatively short period.
This allows policymakers to make timely and effective decisions without the need

to wait for full optimization.

When Table 6.4 and Table 6.10 are compared, it is seen that the difference
between total cost (excluding the importation cost) is not significantly high. More
specifically, the total cost differences between the two models are 1.707 %, 0.168
%, 0.770 %, 0.693 %, 0.130 %, and 0.496 % from 2025 to 2030, respectively.
However, it should be noted that in each case, the total cost of the decomposed

model is higher than the total cost of the main model.

While the values of cost components do not alter drastically between the two
models, the locations of facilities differ. In Table 6.12, the indices of bottling
stations opened in each model are reported. While "M” denotes the main model,
"D” stands for the decomposed model in Table 6.12. Although there are some
similarities, the selection of bottling stations mostly varies. While both of the
models prefer to open Bottling Station 2 in all cases (due to its location), the
difference in other bottling stations indicates that the main and decomposed
models are not completely equivalent. Hence, the difference between the cost
components is investigated further. The cost components for the 2025 case are
provided in Table 6.11.
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Table 6.11: Cost components for the main and decomposed model in 2025

M D
Total Cost of Secondary Transportation 457,503.173 438,310.839
Total Cost of Primary Transportation 128,372.697 172,483.078
Total Cost of Bulk Transportation 25,194.371 15,254.439
Total Cost of Warehouse 229,383.571 242.875.641
Total Cost of Bottling Station 582,253.181 582,253.181
Total Cost of Depot 138.818 138.818
Total Cost of Cylinder 217,070.210  217,070.210
Total Cost of Importation 4,321,710.383 4,321,710.383
Total Cost-Importation Cost 1,639,916.02  1,668,386.206

It is seen that the cost of bulk transportation is higher in the main model. Since
the location of the depot and the total amount of flow carried between the depot
and bottling stations are the same, we can state that selecting Bottling Station
1 instead of Bottling Station 5, results fewer tanker numbers in the decomposed
model. This is because the distance travelled between the depot and the bottling
stations directly affects the number of tankers used in the system. Consequently,

the total bulk transportation cost is lower in the decomposed model.

However, it is also observed that the total primary transportation cost of the
decomposed model is higher than the total primary transportation cost of the
main model. We know that the total primary transportation cost is directly
affected by the locations of the bottling stations and warehouses. Hence, we can
assert that when the locations of the warehouses are fixed, the decomposed model
needs to increase the truck numbers and truck trip numbers in order to reach the
existing warehouses from the newly opened bottling stations. At this point, the

main model dominates the decomposed model as this is the main cost component

that deteriorates the total system cost of the decomposed model.
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Table 6.12: Bottling station indices for the main and decomposed model

2025 2026 2027 2028 2029 2030
M D M D MD M D M D M D
2 112 2|2 2|2 2|2 2|1 1
5 2 4

3

)
6

5 22 5|2 2|2 2
6 5|5 6|5 5|4 2
5 5

In Table 6.13, the warehouse indices that are not common in the two models for
each year are presented. Overall, the decomposed model opens more warehouses
than the main model. Hence, the total warehouse cost of the decomposed model
is higher. Given that the warehouses do not hold any inventory, the motivation
to open more warehouses is to minimize the total secondary transportation cost
as much as possible. With increased number of warehouses, fewer number of vans
are required due to the decline in the total travelling distance between warehouses
and retailers. When the total secondary transportation costs of the two models
are compared, it is indeed seen that the total secondary transportation cost of

the decomposed model is lower.

Overall, we record that the total system cost of the decomposed model is
higher than the total system cost of the main model, as expected. Hence, in
order to obtain the configuration yielding the lowest cost, the decision-maker
should prefer the main model. Nonetheless, it should also be kept in mind that
the execution times of the two models vary significantly. Thus, within a limited
time interval, the decision-maker may also prefer to use the decomposed model

to get a sufficient solution in a small time interval.
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Table 6.13: Warehouse indices for the main and decomposed model

2025 2026 2027 2028 2029 2030
M D M D MD MD M D M D
10 9|18 2004 5|26 2|5 2|8 2
18 14 126 25 29 2518 14 | 18 25
20 26 20| 26
30 25
29
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Chapter 7

Conclusion and Future Work

In the literature, various studies have been conducted on the location-allocation
problem. Different than the existing ones, in this thesis, we aim to solve a large-
scale location-allocation problem formulated as a MILP, using a real-life dataset
on LPG demands of rooftops in Rwanda. The main motivation behind this thesis
is to design a supply chain system for LPG distribution in Rwanda, aiming to

promote clean cooking strategies in developing countries.

Given the location of each rooftop and yearly LPG demand, we first analyze
the data and make necessary assumptions. Then, in order to decrease the size
of the problem, we propose three different methods. The first method is to run
the formulated MILP model independent of time index ¢ due to the absence of
demand seasonality. The second method is to use the agglomerative hierarchical
clustering-based heuristic approach to decide on the locations of retailers to be
used in the index t independent mathematical model. It is seen that this approach
yields fewer retailers than the village centroid approach. Finally, we propose
a decomposition of the main MILP model formulated in order to decrease the

execution time.

Furthermore, we compare the results of the models that use different retailer

locations and different demand scenarios. In this analysis, we make comments on
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the selection of retailer locations and whether the existing system configuration
can be expanded with the projected demand increase. In addition, considering the
volatile diesel fuel prices, we conduct a sensitivity analysis to show the trade-off
between the transportation cost and the infrastructure costs. Finally, we compare

the results and performances of the main model and the decomposed model.

In future work, incorporating demand seasonality and uncertainty could be
key to enhancing the system, particularly in ensuring the functionality of ware-
houses. Moreover, integrating the routing decisions of the vehicles could lead
to a decrease in the investment in transportation units. Furthermore, retailer
locations may be selected based on alternative criteria that account for the real
life applicability, such as the proximity of the retailer’s location to roads. Ad-
ditionally, given the difficulties in solving large-scale optimization models due to
the size and complexity of the dataset, further decomposition methods may be
introduced, such as Benders Decomposition, to enhance computational efficiency.
Finally, evolutionary algorithms, which are capable of exploring large and com-
plex solution spaces through mechanisms like selection, mutation, and crossover,

may also be employed to provide approximate solutions.

In conclusion, this thesis provides a supply chain design decision-making frame-
work for LPG distribution in Rwanda, with the aim of promoting clean cooking

techniques in developing countries using a real-life, large-scale dataset.
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Appendix A

Candidate Bottling Station

Locations

Table A.1: Candidate bottling station locations

Province | District Town/Area Coordinate

Kabuga/Rusororo | (-1.9569, 30.2239)
Gasabo

Kigali City Jabana (-1.8735, 30.0811)
Kicukiro Gahanga (-2.0380, 30.0986)
Northern | Musanze Musanze (-1.5148, 29.5881)
Southern | Muhanga Muhanga (-2.0849, 29.7495)
Eastern Kayonza Kayonza (-1.9010, 30.4934)
Western Rusizi Kamembe (-2.4823, 28.8966)
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Appendix B

Candidate Warehouse Locations

District Coordinate
Bugesera | (-2.2330, 30.1589)
Gatsibo | (-1.5893, 30.3979)
Kayonza | (-1.9050, 30.5102)
Kirehe (-2.2613, 30.6285)
Ngoma | (-2.1663, 30.5392)
Nyagatare | (-1.2986, 30.3295)
Rwamagana | (-1.9512, 30.4349)
Gasabo (-1.9523, 30.1705)
Kicukiro (-1.9854, 30.1036)
Nyarugenge | (-1.9509, 30.0589)
Burera (-1.4609, 29.8012)
Gakenke | (-1.6718, 29.7859)
Gicumbi (-1.5762, 30.0690)
Musanze | (-1.4745, 29.5693)
Rulindo (-1.7515, 29.9976)
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Table B.1: Candidate warehouse locations

District Coordinate
Karongi (-2.1713, 29.4413)
Ngororero | (-1.8547, 29.6325)
Nyabihu | (-1.6410, 29.5181)
Nyamasheke | (-2.3580, 29.1546)
Rubavu | (-1.6936, 29.2599)
Rusizi (-2.4888, 28.8958)
Rutsiro (-1.8954, 29.2997)
Gisagara | (-2.6069, 29.8467)
Huye (-2.6053, 29.7402)
Kamonyi | (-2.0279, 29.9021)
Muhanga | (-2.0431, 29.7180)
Nyamagabe | (-2.3993, 29.4811)
Nyanza (-2.3431, 29.7702)
Nyaruguru | (-2.7136, 29.5395)
Ruhango | (-1.8568, 29.3844)




Appendix C

Main Model
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min Y (FOMw+ ONw - dFw)- I,
wew
+Y (FOMb+ ONb - dFb) - I

beB

+3 3 (VOMb - volboly,)

beB teT
+ Z (FOMv + ONv - dFv) - numV,,
weW
+ Z(FOMtr + ONtr - dFtr) - numTr,
beB
+ (FOMta + ONta - dF'ta) - numTa
+2- Z Z Z(VOMU - disty,; - vanTripy .. - 2.27)

weW reR teT

+2- Z Z Z(VOMtT - disty - truckTripy ¢ - 2.27)

beB weW teT

+2- Z Z(VOMM - disty, - tankerTripy, - 2.27)

beB teT

+ Z(totNumFulleli -cylCost - dFc - 2)
icl

+ Z(totNumFullC’yli - Creiq - dFcreq - 2)

el

laborC' - salary disty -2
+ -vanTripy rp ————
Z Z Z yearWh Pusrt Sv
weW reR teT

laborC' - salary disty - 2
-t kTri wit B ————
+ Z Z Z yearWh TUCRS TPbw,t Str
beB weW teT

laborC' - sal disty - 2
+ZZ oot 4 ary-tankerTripbyt- il

= yearWh Sta
+ Z Z Jot - pricel
beB teT

+ (licenseCv - dFvl) + (licenceCtr - dFtrl) + (licenseCta - dF'tal)
+ (Wsal - dFwsal) + (InsB - dFb) + (OpLb - dFbop) + (InsD - dFd)
+ (OpLd - dFdop) + (ImL - dF'il)
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Zfb,t < Capd VteT

beB
C’c{;’i]’a < tankerTripy; Vb€ B,t €T
. distb -2
Z tankerTripy - < numTa - dayWh - monthWd VteT
beB
> fibwe <L-BigM YbeBteT
i€l weWw
> wolboly, < BotCap -1, Vb€ B
teT
vol Bottledy; = ZnumC’Bottlediyb,t -cylinder_kg Vbe B,teT

icl
bulkInvy, = bulkInvyy_1 + for — volbol,, Vbe B,t e {2,..,T}
bulkInv,; < BulkCap Vbe B,teT

Inv,py = Inv;p -1 + numCbot, p, — Z fivwe Yiel,be Bite{2,.,T}
weWw

Invp, < CylCap Viel,be B,teT

disty - 2
Z truckTripp . - w;—t < numTry - dayWh - monthWd VYbe Bt €T
weWw r
Zf””” <truck:Trzpbwt Vbe BweWteT
CapTr

ZZfi,w,r,tSlw'BigM ‘v’wGVV,tET

rER i€l
Invi,w,t - ]nvi,w,t—l + Z fi,b,w,t - Z fi,w,r,t VZ S I7 w e W’ t e {27 ) T}
beB reR
Z Inv; 4 - cylinder kg < Cap,, Ywe W,teT
el
_ disty, , - 2
Z van T ripy .t - S— < numV, - dayWh - monthWd Ywe W,teT
reR van
ZM <wvanIrip,,; YweW,re R teT
iel CapV
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dem; )
Z fi,w;r,t Z wthr,t V/L E ]’ r e Ryt e T

weWw ¢

tot NumFullCyl; = Z Z finwrt + Z Z fibwt

weW reR weW beB

+ ) Inviws+ Y Invig, VielbeBweWteT

weW beB

numTa,tankerTrip,, € Z" U{0} Vbe B,t €T

Capd, f,, >0 Ybe B,teT

Iy, numT'ry, truckTripywe, fipws € ZXU{0} Vie Lbe BoweW,teT

Capy, volboly 1, numCboty, , tot Num EullCyl;, Inv; 4, bulkInv,, >0 Vie I,be B;iteT
I, €{0,1} YweW

numV, vanTripy 4, fiwrs € ZYU{0} Vie LweW,re RiteT

Capy, Inv; yry >0 Yiel,LweWireRteT
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