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In studying petroleum supply chain networks, past studies have largely segregated three critical decision-making
aspects: integrated planning, uncertainties, and multi-objective setting. This study focuses on consolidating these
aspects and proposes a stochastic, multi-objective, mixed-integer linear programming model for strategic and
tactical planning of downstream petroleum supply chain (DPSC) networks. Demand, considered the uncertain
parameter, is modeled using a two-stage stochastic approach based on scenarios. The model—designed for
multiple supply centers, distribution centers, products, and transportation modes—also considers transshipment
between the centers. The objective functions consider simultaneous minimization of transportation cost and
product loss cost that is incurred during transportation between the centers. The application of the proposed
model is demonstrated with a case study of a real-world DPSC network undergoing construction of new pipelines
and expansion of storage facilities. The augmented e-constraint method is used to solve the model. Interesting
trade-offs in the case study are analyzed, aiding the decision-makers in exploiting the model as a decision-support
tool to better understand the complexity, flexibility, and risk of integrated decision-making under uncertainty.

1. Introduction

Petroleum industries supply the necessary oil and gas products to
sustain global energy demand and play a prominent role in global
economy [48]. Owing to their broad logistic network, these industries
have one of the most comprehensive and complex supply chains with a
vertically integrated structure. Typically, a petroleum supply chain
(PSC) is segmented into three: upstream, midstream, and downstream
[4,16,31,41]. The upstream incorporates exploration of crude oil, pro-
duction tasks, and transportation to refineries. The midstream activities
include transformation and production through refineries. Finally, the
downstream follows up with transportation from refineries, storage of
refined products, and subsequent distribution to consumer markets. This
last segment of the PSC network thus encompasses a number of entities
including refineries or supply centers, storage depots or distribution
centers, consumer markets, and different transportation modes.

The ever-increasing demand for refined petroleum products—for
instance, 6.3% per year in China [23]—has made it indispensable for
decision-makers to consider multiple aspects such as integrated de-
cisions, uncertainty features, and multi-objective setting while planning
optimal PSC networks [31]. In the past two decades, a rather extensive
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literature has addressed different segments of PSC planning, with
several methodologies proposed and numerous case studies analyzed. As
indicated by a handful of review studies, however, most of the research
on the downstream petroleum supply chain (DPSC) have focused on
formulating network design models and determining product flow al-
locations [4,31,41] without a consolidated assessment of the aforesaid
critical aspects. The subsequent subsections, with a specific focus on the
downstream segment, discuss and contextualize the consideration of
integrated decision levels, uncertainties, and multi-objective setting in
prior PSC planning studies and the proposed study.

1.1. Decision levels in PSC

A hierarchy of decisions are imposed in a DPSC network in order to
effectively coordinate logistic operations and sustain satisfaction of
product demands [9,38]. Strategic decisions include long-term infra-
structural setup; tactical decisions focus on product flow allocations for
a medium-term (monthly or quarterly); operational decisions involve
day-to-day logistics. Interestingly, Al-Qahtani and Elkamel [2] under-
score the restrictions imposed by strategic decisions on tactical plan-
ning, the effect of which in turn is realized at the operational level. This,
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thus, emphasizes the importance of mutual integration, optimization,
and analysis in addressing real-world PSC planning problems.

The integration of multiple decisions at different segments of PSC
networks has been explored by numerous studies. Kim et al. [27] pro-
posed a deterministic collaboration-based integrated model, where
production planning and distribution scheduling were implemented
using mixed-integer nonlinear programming (MINLP) and
mixed-integer linear programming (MILP) approaches, respectively.
They argue that relocation of distribution centers and reconfiguration of
their linkages to various markets could significantly reduce distribution
costs in the supply chain. Guajardo et al. [21] formulated a deterministic
optimization model using MINLP approach to integrate pricing and
production decisions in a divergent specialty PSC network. Andersen
et al. [5] proposed a multi-period MILP investment planning model for
strategic planning of ethanol’s optimal network and the product’s
integration with gasoline supply chains. The MILP model by Fiorencio
et al. [15] considered investment in logistics infrastructures as strategic
decisions, while that in inventory management and distribution as
tactical. Fernandes et al. [12,13] proposed MILP profit maximization
models; Kazemi and Szmerekovsky [26] formulated a total cost mini-
mization model; and Nasab and Amin-Naseri [34] implemented a
multi-period MILP model for enterprise-wide profit maximization. These
four PSC optimization models, besides integrating strategic and tactical
decisions, were deterministic and characterized by—as in the proposed
study—multi-entity, multi-echelon, multi-product, and multimodal
transportation.

Neiro and Pinto [36] proposed a multi-period large-scale MINLP
framework for integrating tactical and operational production planning
with the objective of maximizing revenues in the Brazilian PSC network.
Kuo and Chang [28] developed an MILP model to coordinate tactical
decisions at corporate level and operational planning at plant level. (The
proposed study integrates strategic decisions at central level and tactical
planning at depot level.) Their model aimed at defining procurement
scheme for crude oils, production scheduling for petrochemical prod-
ucts, and logistics involved in the processes. Guyonnet et al. [22] inte-
grated tactical and operational planning for all PSC segments by
incorporating unloading, production, and distribution processes. They
concluded that, compared to the model segregated on individual seg-
ments, the integrated model achieved a significantly higher overall
profit over the considered time horizon. Ghaithan et al. [18] proposed a
multi-objective model for tactical planning of Saudi Arabian down-
stream sector with the objectives of minimizing total cost, maximizing
total revenue, and maximizing service level. Similarly, Attia et al. [6]
formulated a multi-objective model focused on sustainability and envi-
ronmental aspects for tactical planning of upstream PSC. Their objec-
tives considered minimization of total costs, maximization of total
revenue, and minimization of depletion rate of oil and gas reserves.

The integration of strategic, tactical, and/or operational decisions is
of a great practical interest to decision-makers during PSC planning.
Therefore, the proposed study’s scope encompasses both strategic and
tactical decisions so as to integrate planning and facilitate operational
decisions. Despite advancements in methodological complexity, a
shortcoming of all the studies discussed in this subsection is their reli-
ance on deterministic formulations. For real-world problems, these
models cannot fully apprise decision-makers with the complexity of
integrated decision-making under uncertainty.

1.2. Uncertainty in PSC planning

A fundamental aspect, engendering from the inherent nature of PSCs,
is the plethora of commercial and technical uncertainties pertaining to
the dynamic cost of crude oil, demand, supply, investment cost, and
production rates, among others [30,31]. At the planning stage, such
uncertainties and their impacts are typically beyond the control of
decision-makers and cannot be captured by deterministic approaches.
As highlighted by prior studies, a stochastic approach yields more
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flexible supply chain network configuration [3], and unlike its deter-
ministic counterpart, does not underestimate the value of Pareto optimal
solutions in case of multi-objective problems [39]. Thus, a prudent
consideration of uncertainties is crucial for better decision-making.

Govindan et al. [20] reviewed studies in the field of supply chain
network (SCN) design and identified a number of approaches that deal
with uncertainty in optimizing SCNs: continuous stochastic parameters
[71; chance-constrained programming [49]; scenario-based stochastic
programming; robust optimization [43]; and fuzzy mathematical pro-
gramming [45]. SCN optimization problems using scenario-based sto-
chastic programming involve a set of discrete scenarios and known
probabilities. Such problems are further categorized by Birge and Lou-
veaux [8] into two groups: two-stage stochastic programs [17] and
multi-stage stochastic programs [11]. Owing to the two-stage nature of
decisions in most SCN planning—strategic decisions as the first stage
and tactical/operational decisions as the second stage—two-stage sto-
chastic programming is the most widely used approach [20].

Uncertainty has been addressed in the design and planning of PSC
networks with different approaches. For optimizing a multi-period
scheduling problem, Escudero et al. [10] implemented a two-stage
scenario analysis approach, capturing uncertainties in product de-
mand, spot supply cost, and spot selling price. Considering uncertainty
in market demands and product prices, Dempster et al. [9] formulated a
stochastic multi-period optimization problem for strategic and tactical
planning of logistics operations. Lababidi et al. [29] developed an
optimization model for a petrochemical supply chain based on two-stage
stochastic linear programming approach, taking into account un-
certainties in demands, raw material costs, production yields, and
market prices. Similarly, Al-Othman et al. [1] proposed both deter-
ministic and stochastic optimization models for a hypothetical supply
chain network in an oil-producing country. They analyzed uncertainties
in market demands and product prices, however, their stochastic model
and cases assessed only three scenarios: above average (+20%), average,
and below average (-20%). Ghatee and Hashemi [19] developed an
optimization modeling framework for optimal transportation in the
crude oil distribution system. They analyzed the adequate status of
storage tanks to better satisfy network demand by capturing uncertainty
in supply and demand with fuzzy parameters. Extending upon their
earlier works, Fernandes et al. [14] formulated a collaborative sto-
chastic, multi-objective MILP model for Portuguese DPSC network
considering market demand uncertainty represented by a scenario tree.
Pudasaini [39] proposed a two-stage stochastic, multi-objective model
for tactical planning of the transportation subsystem of a DPSC under
demand uncertainty. Comparing the stochastic optimization results with
that from a deterministic model, the study spotlights the effects of not
considering uncertainty in petroleum transportation network design
problems where the environment is actually uncertain. Wang et al. [47]
formulated a single-objective, two-stage stochastic MILP model for
planning new pipeline route and optimizing refined oil distribution,
while minimizing costs of pipeline construction and transportation in
DPSC networks.

The review by Govindan et al. [20] found over 80% of studies to have
investigated demand as an uncertain parameter in SCN design problems.
Results from both Lababidi et al. [29] and Al-Othman et al. [1] identified
uncertainty in market demands as the most prominent factor influencing
PSC network planning. Future uncertainties in demand can be explicitly
captured by generating a scenario tree, where each scenario with its
probability of occurrence exhibits a discrete future outcome [9,17,14,
30,39]. Vanston Jr. et al. [46] and Schoemaker [42] explain the use of
scenario planning techniques and the procedures for constructing
appropriate scenarios.

1.3. Multi-objective approach

An important subsystem within the downstream segment that often
seeks a multi-objective assessment of integrated planning is the product
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transportation network comprising supply centers, distribution centers,
and multimodal transportation routes. For a petroleum enterprise gov-
erning this network, the relative planning and optimization prioritizes
vary for decision-makers at different organizational levels. The central
level decision-maker, for instance, prioritizes strategic planning and
seeks minimization of total costs of import, transportation, and storage.
Quite the contrary, the decision-maker at a distribution center is more
interested in tactical decisions and primarily targets minimization of
product loss risks during transportation. For better decision-making, a
multi-objective approach aids decision-makers at both levels assess the
nature of such incompatibility by presenting them with interesting
trade-offs and respective win-win situations.

Multi-objective assessment of DPSC networks is, however, quite rare
in literature. Iakovou [25] formulated a multi-objective model analyzing
trade-offs in transportation cost and oil spillage risk for strategic plan-
ning of maritime oil transportation. Subsequent to this study, different
network-specific cost minimization and profit maximization objectives
have been examined by Fernandes et al. [14], Ghaithan et al. [18], and
Pudasaini [39]. Zhou et al. [50] proposed a deterministic,
multi-objective MILP model that minimizes total economic costs and
carbon emissions for optimal design of multi-product pipelines in Chi-
nese DPSC.

In solving multi-objective mathematical programming (MOMP)
problems, decision-makers can express their preferences in decision-
making process in a few stages: a priori stage, interactive stage, and
generation or a posteriori stage [24]. A priori methods—for instance,
goal programming—require decision-makers to express their preference
before the solution process. The solution process is iterative in interac-
tive methods where decision-maker continually interacts with the
method in finding the most-preferred solution. The generation methods,
unlike previous approaches, first aim at generating all the Pareto
optimal solutions, and only then the decision-maker participates in se-
lection of the most-preferred solution.

Weighting method and e-constraint method are the most popular
generation methods. Amin and Zhang [3] implemented both approaches
in analyzing uncertainties in demand and return of a closed-loop supply
chain using scenario-based stochastic programming. Their test results
revealed that the e-constraint method, compared to weighting method,
obtained more efficient solutions. Some apparent advantages of the
e-constraint method over the weighting method are also underscored by
Mavrotas [32]: generation of only efficient extreme solutions; genera-
tion of unsupported efficient solutions in multi-objective integer pro-
gramming (MOIP) and mixed integer programming (MIP) problems;
unbiased from scaling effects; and better control over the number of
generated efficient solutions. Mavrotas [32] developed a novel version
of the conventional e-constraint method as augmented e-constraint
(AUGMECON) algorithm for solving MOMP problems. AUGME-
CON2—an improved version of the original AUGMECON—proposed by
Mavrotas and Florios [33], can generate the exact Pareto set in MOIP
problems. For problems with two or three objectives, the augmented
e-constraint algorithm has been implemented by many DPSC studies to
obtain the exact Pareto set [14,18,39,50]. Nikas et al. [37] proposed
further improvements to the AUGMECON algorithms allowing robust
and timely optimization as more objective functions are added to the
problem.

1.4. Study rationale

This study proposes a multi-objective MILP model for an integrated
planning of DPSC networks considering uncertainty in demand. The
model, designed for a DPSC subsystem at cross-border locations, in-
corporates multiple supply centers, distribution centers, refined prod-
ucts, transportation modes, and transshipment between the centers.
From strategic planning perspective, the goal is to know the optimal
additional storage capacity of distribution centers to meet the total
monthly network demand for each product. The tactical decisions
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Table 1
Key characteristics of PSC planning studies.
Author Decisions Uncertainty ~ Obj Entities Case
S T (0] Det St MP MM

Dempster et al. X X - X X 1 X X X
(2000)

Takovou (2001) X - - X - 2 X X X

Neiro & Pinto (2004) - X X X - 1 X X

Al-Othman et al. - X X X X 1 X
(2008)

Kim et al. (2008) X X X X - 1 X - X

Kuo & Chang (2008) - X X X - 1 X X -

Ghatee & Hashemi X X - - X 1 - - X
(2009)

Guyonnet et al. - X X X - 1 X X X
(2009)

Andersen et al. X - - X - 1 X X
(2013)

Fernandes et al. X X - X - 1 X X X
(2013)

Guajardo et al. X X X X - 1 X
(2013)

Fernandes et al. X X - X - 1 X X X
(2014)

Fernandes et al. X X - - X 2 X X X
(2015)

Fiorencio et al. X X - X - 1 X X X
(2015)

Kazemi & X X - X - 1 X X X
Szmerekovsky
(2015)

Nasab & Amin- X X - X - 1 X X X
Naseri (2016)

Ghaithan et al. - X X X 3 X X
(2017)

Attia et al. (2019) - X X X - 3 X X

Pudasaini (2019) - X X X 2 X - X

Wang et al. (2019) X X - - X 1 X X X

Zhou et al. (2020) X - X X 2 X - X

This study X X - - X 2 X X X

S = Strategic; T = Tactical; O = Operational; Det = Deterministic; St = Stochastic;
Obj = No. of objectives; MP = multi-product; MM = multi-mode

include the shipment volumes between supply centers and distribution
centers along different transportation modes. The objective functions
consider simultaneous minimization of transportation cost and product
loss cost that is incurred during transportation or transshipment be-
tween the centers. Besides the incompatibility of the considered objec-
tives from an operational perspective, their relative priority is different
at the organizational levels at which decisions are taken. The study aims
to test the applicability of this integrated, stochastic, multi-objective
model with the case study of a real-world DPSC network undergoing
construction of new pipeline routes, expansion of storage facilities, and
relocation of existing depots.

DPSC network planning and management has been identified by
Lima et al. [31] as a flourishing research domain that requires vertical
integration of strategic and tactical planning decisions, multi-objective
approaches, stochastic formulations, and new operational objective
functions. Table 1 summarizes the key characteristics of prior PSC
planning studies (discussed in the earlier subsections) and elucidates the
focus areas of this study. It is evident that past studies have largely
segregated three critical decision-making aspects: integrated planning,
uncertainties, and multi-objective setting. Despite the due consideration
of integrated planning in most DPSC studies, only a handful shed light on
decision-making from the aspects of uncertainty [1,9,14,19,39,47] and
multiple objectives [14,18,25,39,50]. To the best of the author’s
knowledge, none of the studies till date have dealt with the integration
of strategic and tactical decisions of DPSC subsystems under uncertainty
in a multimodal and multi-objective setting. Given the shortcomings and
gaps identified from the literature review, the MILP model proposed in
this study is a novel multi-objective investigation that integrates
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Table 2
Nomenclature of sets and subsets, parameters, and decision variables.

Notation  Description

Sets and subsets

i Index of all transshipment centers (supply nodes), where i € I

Jj Index of all transshipment centers (receipt nodes), where j € J : JCI

m Index of supply centers, where m € M : McI

n Index of distribution centers, where n € N : NcJ

P Index of products (diesel, petrol), where p € P

r Index of transportation modes (truck, pipeline), where r € R

o Index of pipeline transportation mode, where o € O : OCR

s Index of scenarios, where s € S

t Index of time periods, where t € T

Parameters

A;i Units of product p available at center i in time period t (KL/month)

Dy, Units of product p demanded under scenario s in time period t (KL/
month)

Uy Existing storage capacity of product p at center j (KL)

w; Permissible additional storage capacity at center j (KL)

Hy; Hours of pipeline pumping for product p between center i and center j
(hr/month)

Fj Flow rate in pipeline between center i and center j (KL/hr)

i Demand share of product p at center j (%)

Py Minimum demand fulfilment of product p at center j (%)

1A Share of flow of product p for storage (%)

Vi Probability of scenario s for product p

TCryj Transportation cost between center i and center j via mode r (Rs/KL)

LCprij Loss cost of product p between center i and center j via mode r (Rs/KL)

Decision variables

Vgpj Additional storage capacity of product p at center j under scenario s in
time period t (KL) (first-stage variables in the stochastic formulation)
Xipriy Units of product p shipped between center i and center j via mode r under

scenario s in time period t (KL/month) (second-stage variables in the
stochastic formulation)

strategic and tactical decisions while taking into account demand un-
certainty and multimodal transshipment in a DPSC configuration.

2. Mathematical formulation

The proposed integrated, stochastic, multi-objective MILP model is
formulated for the transportation subsystem of a DPSC network. The
considered components and activities of the network, followed by model
development, are described in the following subsections.

2.1. Network description

The entities of the DPSC network under consideration include: re-
fineries or supply centers, storage depots or distribution centers, refined
products, and two types of transportation modes. The refineries and
storage depots are located at the respective sides of cross-border loca-
tions. For such a network, refined oil products are produced in refineries
and transported via trucks and/or pipelines from supply centers (first
echelon) to distribution centers (second echelon), with allowance of
simultaneous multimodal transportation of products within the centers
at both echelons. In other words, each center acts as a transshipment
node that can receive products from as well as supply products to any
other center. Transportation from distribution centers to fuel retail
outlets (third echelon) is not of a significant concern to decision-makers
in this study’s context, and is therefore not considered for model
formulation.

In developing the model, a marginally simplified bi-echelon network
of a real-world downstream segment is considered, and the following
assumptions are made in the network configuration:

e Locations of supply and distribution centers are fixed.

Operations Research Perspectives 8 (2021) 100189

The time horizon considered in terms of supply, demand, and flow
allocations is monthly.

The available supply via different modes and the expected deter-
ministic demand are known in advance to decision-makers.
Existing storage capacity and permissible additional storage capacity
of a distribution center are known in advance.

Transportation of products takes place from one center to another
without intermediate supply to fuel retail outlets.

The nomenclature of sets and subsets, parameters, and decision
variables used in the formulation are introduced in Table 2.

2.2. Model constraints

For the network configuration aforesaid, the decision-makers need to
take into account a number of strategic and tactical constraints engen-
dered from the undergoing planning and construction of new pipeline
routes, expansion of storage facilities, relocation of existing depots, and
shipment of product volumes in optimal transportation routes. First, the
decision-making complexity involved in the problem is addressed in a
two-stage stochastic model with first- and second-stage decisions as
follows:

e First-stage decisions are of strategic nature and include: planning of
new pipeline routes to be constructed, relocation of existing depots,
and expansion of storage facilities. The first two of these decisions
are pre-determined by the decision-maker in this study’s network.
Second-stage decisions are of tactical nature and involve the optimal
distribution of shipment volumes along different transportation
modes and routes. These decisions are taken after analyzing the
network design problem.

A set of linear constraints are introduced in order to determine the
feasible region of the model. These constraints are categorized into four
groups as discussed below.

Supply constraint: Eq. (1) ensures that for any time period, scenario,
and product, the difference of the total amount shipped from and the
total amount shipped to a supply node via all modes shall not exceed its
available supply.

ZZ (X‘imij =X ) < Ay

rer jes
J#

VteT,VseS,VpePNieM (@D)]

Demand constraints: As represented by Eq. (2), for any time period,
scenario, and product, the difference of the total amount received by and
the total amount analogously shipped from a distribution node shall not
be less than its demand. The demand of a distribution node is the total
demand of the network factored by its share of demand. Similarly, Eq.
(3) guarantees that for any time period, scenario, and product, the dif-
ference of the total amount received by and the total amount analo-
gously shipped from a distribution mode shall not exceed the sum of its
demand, existing storage capacity, and additional storage capacity.
These constraints respectively define the lower and upper limits of
shipment in the context of demand.

>N (Xt = Xip) = ayDl, Vi€TVs€S¥pePYjEN
reR el (2)
i#]

S o3 (X = Xip) S @yl + Uy + Vi, V€T Vs €S, VpePYjEN
reR jer
i#j
3)

Pipeline capacity constraint: Eq. (4) ensures that in case of pipeline
transportation, for any time period, scenario, and product, the total
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Fig. 1. Existing network.

quantity transported from one node to another shall not exceed the
pipeline capacity determined by pumping hours and flow rate.
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Storage constraints: Eqs. (5) and (6) represent demand-imposed
storage restrictions at distribution centers for any time period, prod-
uct, and scenario. Eq. (5) ensures that the sum of existing and additional
storage capacity of all distribution centers must meet the total monthly
demand of the network. On a similar note, Eq. (6) guarantees that the
sum of additional and existing storage capacity must be such as to cater
the minimum monthly demand of that center. This minimum monthly
demand is based on the strategic importance of a distribution center in
the network and is determined by the product of its minimum demand
fulfilment factor and its monthly demand (product of demand share and
network demand).

Z(Upj +V,§p,-) >D, VieTVseSVpeP ®)
JEN
Uy + Vi 2 BoyD, V€T, ¥s€S,VpePVjeN ®)

Eq. (7) represents the storage restriction imposed by depot loading/
unloading operations. For any time period, scenario, and product, the
sum of existing and additional storage capacities of a distribution center
must be such as to cater a portion of the total inflow from different
modes and supply nodes. On the other hand, Eq. (8) represents the
storage restriction imposed by land availability. For any time period and
scenario, the total additional storage capacity of all products at a dis-
tribution center shall not exceed the permissible additional total storage
capacity at that center.

Uy + Vi > y,,ZR > Xl VieTNseSVpePVjeN
reR jcli#j

)

SV, <W, VieTVseSVjeN (8)

peEP

Egs. (9) and (10) represent the operational non-negativity constraints
on the decision variables.
X >0 VieT NseSVpePVreRYVielNjel 9

sprij =

Vi>0 VieT VseSVpePNjeN

sl

(10)

2.3. Model objective functions

The model has two objectives which are incompatible from the
operational perspective as well as from the organizational levels at
which decisions are taken. The first objective, stated in Eq. (11), is the
minimization of total transportation cost from supply centers to distri-
bution centers and between distribution centers. This objective is rela-
tively a top priority to the decision-maker making decisions of supply,
transshipment, and storage capacity utilization at the central level of a
DPSC organization. Secondly, the objective denoted by Eq. (12) con-
siders the minimization of product loss (quantified in terms of cost) that
takes place during transportation from supply centers to distribution
centers and between distribution centers. Owing to the monthly product
loss targets imposed by the central office at different distribution cen-
ters, this objective is relatively more important to the decision-maker
making decisions of transshipment and storage capacity utilization at
the distribution center.

min Zl = ZZZZZWWTCWX:/’"J

SES peP reR i€l jej
J#

min 7, = ZZZZZW&[?LCPWX;pr[j

SES peP reR i€l jej
J#

(€8]

12)

3. Illustrative case study

This section elucidates the utility of the proposed integrated,
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Fig. 2. Existing shipping pattern.

stochastic, multi-objective MILP model in the context of a real-world
DPSC network in Nepal. First, existing and study networks are intro-
duced, followed by discussions on the input parameters used in the
model.

3.1. Existing network

The existing DPSC network consists of supply centers, distribution
centers, road links, and a pipeline link, as shown in Fig. 1. The supply
centers, governed by Indian Oil Corporation Limited (IOCL), are 8 in
number: Siliguri (Slg), Barauni (Brn), Motihari (Mot), Raxaul (Rxl),
Baitalpur (Btl), Mughalsarai (Mgl), Gonda (Gnd), and Banthara (Bnt).
The distribution centers are under the jurisdiction of Nepal Oil Corpo-
ration Limited (NOCL), and are 10 in number: Charali (Chr), Biratnagar
(Brt), Janakpur (Jnk), Birgunj (Brj), Amlekhgunj (Amj), Kathmandu

: r'IDharwgadh\:'

Nepalgunj” B¢

Banthara ©.

[

Bhairahawag, “**
AN o

CGonda

Baitalpur

Legend

& Existing distribution center
A New distribution center

& Pipeline route

&+ Roadway route

® Supply center

Google Earth

IrT’;ege Llandsat / Copernicus:

(Ktm), Pokhara (Pkr), Bhalwari (Blw), Nepalgunj (Npj), and Dhangadhi
(Dhn). The shipping pattern in the network under normal condition is
represented in Fig. 2. Diesel (die) and petrol (pet) are the only products
considered for transportation in the context of this study. Most of the
supply of these products to distribution centers takes place via trucks,
except Amlekhgunj which additionally receives diesel from the pipeline
connecting it from Motihari. Besides these direct shipping from supply
centers to distribution centers, there’s also occasional transshipment
from one distribution center to another.

3.2. Study network
Compared to the monthly demand of both diesel and petrol, the

respective storage capacities at the existing distribution centers are
minimal, capable of meeting the demand for less than a week. Charali,

Chokhara

CXathmandu
Loth/jr

Amlekhgunj O,
| Sarani,..

/ ‘\ 5 4
Guviotihari charalit AL Biliguri

)
\ Biratnagar =]

>

Fig. 3. Study network.
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Table 3
Distance matrix of external routes (KM).
Chr Brt Srl Amj Ctw Ktm Pkr Bhw Npj Dhn

slg 46 146.3 331.8 410 471.6 641.3 620.3 641.7 869.9 1024.5
Brn 387.3 287 249.3 280.2 341.8 511.5 490.5 476 740.1 894.7
Mot 420.4 358.7 134.6 73.2 134.8 304.5 283.5 304.9 533.1 687.7
Btl 556 494.3 270.2 208.8 270.4 423.4 402.4 155 424 578.6
Mgl 755 693.3 469.2 407.8 469.4 622.4 601.4 354 470 647.8
Gnd 789.7 728 503.9 425.7 364.1 462.4 441.4 194 170 347.8
Bnt 1062.9 1001.2 777.1 698.9 637.3 735.6 714.6 508 239 150

Table 4

Distance matrix of internal routes (KM).

Chr Brt Srl Amj Ctw Ktm Pkr Bhw Npj Dhn

Chr 0 100.3 285.8 364 425.6 595.3 574.3 595.7 823.9 978.5
Brt 100.3 0 224.1 302.3 363.9 533.6 512.6 534 762.2 916.8
Srl 285.8 224.1 0 78.2 139.8 309.5 288.5 309.9 538.1 692.7
Amj 364 302.3 78.2 0 61.6 231.3 210.3 231.7 459.9 614.5
Ctw 425.6 363.9 139.8 61.6 0 169.7 148.7 170.1 398.3 552.9
Ktm 595.3 533.6 309.5 231.3 169.7 0 247 268.4 496.6 651.2
Pkr 574.3 512.6 288.5 210.3 148.7 247 0 247.4 475.6 630.2
Bhw 595.7 534 309.9 231.7 170.1 268.4 247.4 0 269 423.6
Npj 823.9 762.2 538.1 459.9 398.3 496.6 475.6 269 0 177.8
Dhn 978.5 916.8 692.7 614.5 552.9 651.2 630.2 423.6 177.8 0

Birgunj, and Janakpur, in particular, have negligible storage capacity;
these centers simply distribute products from the incoming truck fleet to
fuel retail outlets whose demand they cater. Birgunj, Janakpur, Bhal-
wari, and Dhangadhi are located in areas with dense settlements and are
in dire need of relocation. Amlekhgunj currently has the country’s
largest storage capacity, and it along with Pokhara have projects
ongoing for expansion of storage facilities. Similar addition of storage
facilities is not feasible in Kathmandu, Nepalgunj, and Dhangadhi due to
land restrictions. Owing to these limitations of storage capacity in the
existing centers, NOCL has acquired land for the construction of new
storage facilities in four different locations: Charali (near the existing
Charali distribution center), Sarlahi (Srl), Lothar in Chitwan (Ctw), and
Bhairahawa (Bhw). For the purpose of this study, the following first-
stage decisions are considered to be made beforehand in the existing
network: relocation of the existing Charali distribution center at the new
Charali center; relocation of Janakpur at Sarlahi; relocation of Bhalwari
at Bhairahawa; inclusion of Chitwan; and exclusion of Birgunj, thereby
comprising 10 distribution centers in the study network.

In the supply side, this study considers three pipeline links: existing
Motihari-Amlekhgunj pipeline (MAP), Siliguri-Charali pipeline (SCP),
and Amlekhgunj-Chitwan pipeline (ACP). The latter two are pipeline
projects under planning phase. Motihari is an under-construction ter-
minal currently supplying only diesel via MAP. Based on the decision-
maker’s feedback, analysis is sought considering the supply of both
products via pipelines. In case of Raxaul, which is located in a densely
settled area, IOCL has planned to completely relocate the depot therein
to Motihari. Hence, with Raxaul relocated to Motihari, there’s a total of
7 supply centers. The resulting study network with supply centers, dis-
tribution centers, road links, and pipeline routes is presented in Fig. 3.

3.3. Transportation cost

NOCL’s freight costs between supply centers and distribution centers
and between distribution centers and fuel retail outlets are based on
round-trip kilometer (RTKM), which is simply twice the one-way dis-
tance between the centers. These RTKM figures in this study’s context,
however, suffered from a drawback: the RTKM data were available for
only the roadway links in the existing network. As a result, the trans-
portation cost of all identified routes in the study network was computed
utilizing both RTKM data as well as the distance data measured using
Google Earth. First, the node to