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Abstract: Over the years, oil-related energy sources have played an irreplaceable role in both de-
veloped and developing countries. Therefore, the efficiency of petroleum supply chains is a key
factor that significantly affects the economy. This research aimed to optimize the configuration of the
uncertainty multimodal petroleum supply chain in terms of economy, energy and environment (3E
assessment). This study proposes a novel integration methodology between a heuristic algorithm
and exact solution optimization. In the first stage, this study determines the facilities’ potential
geographical coordinates using heuristic algorithm. Then, the fuzzy min-max goal programming
model (FMMGPM) was developed to find the multi-objective solutions. In particular, this model
allows analysis of supply chain uncertainty through simultaneous factors such as demand, resource,
cost and price. These uncertainty factors are expressed as triangular fuzzy parameters that can be
analyzed in terms of both probability and magnitude. Moreover, the model is applied to the entire
petroleum supply chain in Vietnam, including downstream and upstream activities. In addition,
another novelty is that for the first time, pipeline systems in logistics activities are considered in
Vietnam’s petroleum supply chain optimization study. The results also show the short-term and
long-term benefits of developing a pipeline system for oil transportation in Vietnam’s petroleum
supply chain. To evaluate the effects of uncertainty on design decisions, this study also performed
a sensitivity analysis with scenarios constructed based on different magnitudes and probabilities of
uncertainty.

Keywords: fuzzy sets; multiple criteria decision making; operation research; mixed integer linear
programming; supply chain management

1. Introduction

Renewable energy sources have been shown to be efficient in most modern industries.
However, fossil resources still play a major role in providing the energy that powers most
of the world’s economies [1]. Of these fossil energy sources, the most common are oil
and its related products. Therefore, in addition to political issues, the optimization of
petroleum supply chains is a topic of interest to governments, businesses, supply chain
managers and researchers [2,3]. In addition, sustainable development requires not only
economic efficiency optimization, but also environmental impacts and energy security.
These objectives are commonly known as the 3E evaluation, which entails the economy,
environment and energy [4]. Furthermore, the impact of uncertainties such as consumption
demand, capacity, costs and prices can cause changes in supply chain configurations [5–9].
Therefore, mid- and long-term decisions in petroleum supply chain design should include
an uncertainty factor analysis.
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Known as one of the fastest growing economies in the region, Vietnam has a high po-
tential petroleum supply chain, which includes upstream, middle stream and downstream
activities. Statistics show that Vietnam has played an important crude oil export role in
Southeast Asia over the past two decades [10]. On the other hand, Vietnam’s petroleum
demand is increasing year-over-year. However, this demand is heavily dependent on
imports because of the domestic limited oil refining capacity. Possessing large crude oil re-
serves but still having to import petroleum for the domestic market is a special situation in
Vietnam’s petroleum supply chain [10]. The government’s revised energy plan also clearly
states the major role of petroleum in the structure of energy sources from now to 2030,
with approximately 22.8% [11]. Therefore, effectively implementing both import and export
tasks is an essential problem for petroleum supply chain managers in Vietnam. Therefore,
medium- and long-term design decisions, such as the location and size of facilities or the
appropriate mode of transport for transit routes, can partially address this pressing issue. In
addition, petroleum transportation in Vietnam is currently mainly carried out by roadways,
waterways and railways. Meanwhile, recent studies have shown the efficiency of pipeline
systems in the petroleum supply chain [12]. In other words, decisions related to pipeline
system development are also included in the petroleum supply chain design problem.

The oil and gas supply chain considered in this study includes upstream, midstream
and downstream facilities, as shown in Figure 1. In the first tier of the supply chain, oil
rigs are responsible for extracting and transporting crude oil. This amount of crude oil is
either exported at ports or filtered into other products at the refineries. At the same time,
these seaports are also responsible for importing refined oil products. The third tier of the
supply chain is a system of distribution centers in different forms of regional centralized
warehouses. The primary role of these distribution centers is to maintain inventory and
perform crossdocking processes before shipping gasoline and diesel oil to retail stores
in the fourth tier. The transport system between the tiers of the supply chain consists
of four common modes for domestic oil and gas transport: roads, waterways, railways
and pipelines.
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Figure 1. Petroleum supply chain network.

The contributions of this study are intended to provide recommendations for design
decisions in the above identified problem. Firstly, this study develops an integrated method-
ology composed of a heuristic algorithm and a fuzzy multi-objective mixed integer linear
programming (FMOMILP) optimization model. In this, the heuristic algorithm allows users
to determine the potential coordinates of the markets based on the population density of
each region. Then, the FMOMILP model, which includes the properties of multi-objective,
multimodal, multi-product, multi-scale and uncertainty simultaneously, is used to sug-
gest the optimal design for the petroleum supply chain. Through the decision variables,
this model supports decisions related to the development of distribution centers, transporta-
tion, imports and exports and development of the pipeline system. Moreover, uncertainty
is considered in the model as fuzzy parameters that relate to consumption demand, cost,
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price, capacity and import/export quota. The variety of uncertain sources allows the model
to comprehensively analyze possible variations in the long-term configuration of the supply
chain. These uncertainty factors are expressed as triangular fuzzy parameters that can be
analyzed in terms of both probability and magnitude. In addition, this model balances the
three objectives of maximizing profits, maximizing energy security and minimizing trans-
port emissions by applying the min-max variant of the goal programming approach. This
variation helps the model avoid goal-oriented extremism in finding solutions according to
goal programming approaches. Secondly, the above integrated methodology is applied
in practice for the petroleum supply chain in Vietnam. In this managerial contribution,
a detailed petroleum supply chain configuration is proposed for managers in Vietnam
based on the results of the optimization model. This includes a proposal for the process of
developing a pipeline system for both crude oil exports and gasoline imports. As a third
contribution, this study analyzes scenarios that are developed based on two factors, includ-
ing amplitude and probability of fuzzy parameters, to evaluate the impact of uncertainty
on supply chain configuration.

The organization of the following sections of this paper is as follows: Section 2 is
a literature review related to petroleum supply chain design; the integrated methodology is
presented in Section 3; in Section 4, the study describes the application of the methodology
to the case of Vietnam’s petroleum industry and uncertainty sensitivity analyses; and finally,
conclusions, limitations and suggestions for future research are discussed in Section 5.

2. Literature Review

Over the past decades, the efficiency of different upstream to downstream segments
of petroleum supply chains has been improved by researchers using various approaches.
Approaches to this topic can be classified into two main groups: heuristic algorithms/
simulation/strategic analysis and mathematical optimization models [2]. As one of the
approaches without an optimization mathematical model, the combined framework, which
was introduced by Ghasemzadeh et al. in 2017, shows that identifying key metrics for
prioritizing supply chain segment strategies can determine the optimal strategy in the total
supply chain and the players within it. The study also confirms that the most important
strategic decisions of each segment and the total supply chain are not necessarily the
same [13]. Using a different approach, Eslami et al. proposed a genetic algorithm to search
for the multi-objective problem’s set of solutions. This approach supports the selection
of safety measures that minimize the cost and risk of hazards for petroleum facilities [14].
Grudz et al.’s study, published in 2020, analyzed the difference between forecast and actual
performance indicators of the underground gas pumping plunger operation modes [15].
In 2017, Guliman presented several logistics performance evaluation methods for the
petroleum industry. This study aims to clarify the purpose of both original, improved and
modern methods to achieve the necessary suitability when applying these methods [3].
In a review paper, Sahebi et al. classified the optimization mathematical models for this
topic in the last three decades in terms of supply chain structure, decision levels, uncertain
factors and environmental impact. The results of this study show that the application
of mathematical models in the petroleum supply chain design problem has emerged,
and there are still many avenues for future research [16].

For decades, multiple criteria decision-making (MCDM) methods and optimization
mathematical models have been widely applied to decision-making problems [17–22]. In
2019, Ahmed M. Attia introduced the mixed integer linear programming (MILP) model
to address the problem of hydrocarbon supply chain (HCSC) optimization in terms of
perspectives and goals in the oil and gas industry. Furthermore, this study investigates
the balance between the different goals of the HCSC. Therefore, the results showed that
gas production depends on many aspects [23]. In 2020, Sheel’s study provides ideas
for application to the model, which was developed by Gligor et al. (2016), on India’s
petroleum supply chain transportation. At the same time, the study elaborates on the
difficult points affecting the development of the oil and gas transportation industry in
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this country [24]. Pipeline systems, which require large investments, have a significant
impact on the performance of petroleum supply chains. Therefore, this infrastructure
factor is also more commonly considered in strategic studies on petroleum supply chain
management [25–35]. In 2017, an optimization model and a decomposition algorithm
were applied in combination in Roger Rocha’s study to optimize the cost of activities in
the petroleum supply chain [36]. Meanwhile, Wang used the MILP model to optimize
downstream oil supply chain design addresses and consider transportation planning
and pipeline evaluation oil. The results of this study show that it is necessary to build
a new pipeline system [12]. In the article, published in 2017, H. Devold presented the
installation of advanced systems, along with the application of modern technologies and
MILP methods [37].

Besides cost optimization models, other studies are more interested in other impacts of
petroleum supply chains in developing countries, such as emissions, energy and society [38–43].
The multi-objective sustainable competitive petroleum supply chain (SCPSC) model, which
was developed by N. Moradinasab, was used to solve existing problems deposited in
refineries, distribution centers and consumption markets. As a result, a certain distribution
center can be applied across many supply chains, leading to better distribution center
usage and better practice [44]. In 2019, Meng Yuan proposed a pipeline network reform
method and highlighted the importance of influence on other aspects, such as China’s
3E and downstream oil supply chain. The results of this study are extremely efficient as
a year-over-year improvement of overall energy efficiency, as well as a reduction in electric-
ity consumption [4]. In 2020, another study by Ayman Alghanmi applied mathematical
modeling in combination with fuzzy rule-based and Bayesian networks theory to stimulate,
explain and analyze operational risks. The performance of the model achieved the desired
results, and this is also one of the first studies to address the problem of uncertain data from
the point of view of the petroleum transportation system [45]. FoomaniDana’s study pro-
vides a comprehensive assessment to analyze the competition between road and pipeline
systems in different regions. Then, the functional demand and profit for both competing
systems were analyzed and compared in detail [46]. Zhou’s contribution used the MILP
model to solve the problem of supply chain management in both the economy and CO2
emissions dimensions. According to the above model implementation, the research has
optimized the design to reduce not only carbon emissions, but also cost in the pipeline
oil system [47].

As a reinforcement, this study aims to fill in the remaining gaps in terms of both the
problem properties and methods of the optimization mathematical models in this field,
as described in Tables 1 and 2 below.

Table 1. Related research problem characteristic.

No. Author Year

Oil and Gas
Supply Chain Problem Characteristic Objective Function

U
pstream

D
ow

nstream

Facility
Scale

Pipeline
System

D
evelopm

ent

Interm
odal

Transportation

Econom
ic

Environm
ent

Energy
Security

1 H.-J. Zimmerman [17] 1978 X X

2 T. N. Sear [18] 1993 X X

3 Don A. Eichmann [39] 2000 X X X X X

4 A. Konak et al. [19] 2006 X X

5 Y. Kim et al. [26] 2008 X X X
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Table 1. Cont.

No. Author Year

Oil and Gas
Supply Chain Problem Characteristic Objective Function

U
pstream

D
ow

nstream

Facility
Scale

Pipeline
System

D
evelopm

ent

Interm
odal

Transportation

Econom
ic

Environm
ent

Energy
Security

6 T.-H. Kuo and C.-T. Chang [27] 2008 X X X X X

7 A. Elkamel et al. [48] 2008 X X X

8 W. B.E. Al-Othman et al. [29] 2008 X X X X X

9 K. Al-Qahtani and A. Elkamel [28] 2008 X X X

10 Pierre Guyonnet et al. [49] 2009 X X X

11 F. M. Song [32] 2009 X X X X

12 Maryam Hamedi et al. [30] 2009 X X X X

13 Jie Chen et al. [31] 2010 X X X

14 Jian-ling Jiao et al. [20] 2010 X X X

15 A. Khosrojerdi et al. [41] 2012 X X X X

16 David T. Allen et al. [40] 2013 X X X

17 Luiz Aizemberg et al. [33] 2014 X X X X

18 Y. Kazemi et al. [34] 2015 X X X X

19 L. J. Fernandes et al. [21] 2015 X X X

20 V. R. Ghezavati et al. [35] 2015 X X X X

21 B. Anifowose and M. Odubela [38] 2015 X X X X X X

22 Y. Guo et al. [25] 2016 X X X X

23 N. M. Nasab and M. R. Amin-Naseri [42] 2016 X X X X X

24 F. Ghasemzadeh et al. [13] 2017 X X X X

25 B. Guliman et al. [3] 2017 X X X X X X X

26 R.Rocha et al. [36] 2017 X X X X

27 A. M. Ghaithan et al. [43] 2017 X X X X X X

28 B. Wang et al. [12] 2019 X X X X

29 N. Moradinasab et al. [44] 2018 X X X X X X

30 M. Yuan et al. [4] 2019 X X X X

31 A. E. Baladeh et al. [14] 2019 X X

32 X. Zhou et al. [47] 2020 X X X X X

33 Ahmed M. Attia et al. [23] 2019 X X X X X

34 A. C. FoomaniDana and M. Tamannaei [46] 2020 X X X X X X X

35 A. Alghanmi et al. [45] 2020 X X X X

36 Ashutosh Sheel et al. [24] 2020 X X

37 V. Grudz et al. [15] 2020 X X X

38 C. Lima et al. [50] 2021 X X X X

39 P. Pudasaini [51] 2021 X X X X

40 E. Santibanez-Borda et al. [52] 2021 X X X X

41 This study 2021 X X X X X X X X
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Table 2. Related research methodology.

No. Author Year

Uncertainty
Approach Uncertainty Factor Methodology

Stochastic

Fuzzy

D
em

and

R
esource

C
ost

Linear/M
ixed

Integer
Program

m
ing

H
euristic

A
lgorithm

/O
thers

1 H.-J. Zimmermann [17] 1978 X X X X

2 T. N. Sear [18] 1993 X X X

3 Don A. Eichmann [39] 2000 X X X X

4 A. Konak et al. [19] 2006 X X X

5 Y. Kim et al. [26] 2008 X X

6 T.-H. Kuo and C.-T. Chang [27] 2008 X X X X

7 A. Elkamel et al. [48] 2008 X X X

8 W.B.E. Al-Othman et al. [29] 2008 X X X X X

9 K. Al-Qahtani and A. Elkamel [28] 2008 X X X X X

10 Pierre Guyonnet et al. [49] 2009 X X X X

11 F.M. Song [32] 2009 X X

13 Maryam Hamedi et al. [30] 2009 X X X X

14 Jie Chen et al. [31] 2010 X X X

15 Jian-ling Jiao et al. [20] 2010 X X X X

16 A. Khosrojerdi et al. [41] 2012 X X

17 David T. Allen et al. [40] 2013 X

18 Luiz Aizemberg et al. [33] 2014 X X X X X

19 Y. Kazemi et al. [34] 2015 X X X X

20 L. J. Fernandes et al. [21] 2015 X X X X X

21 V.R. Ghezavati et al. [35] 2015 X X X X

22 B. Anifowose and M. Odubela [38] 2015 X

23 Y. Guo et al. [25] 2016 X X

24 N. M. Nasab and M. R. Amin-Naseri [42] 2016 X X X X

25 F. Ghasemzadeh et al. [13] 2017 X X X X X X

26 B. Guliman et al. [3] 2017 X X X X X

27 R. Rocha et al. [36] 2017 X X

28 A. M. Ghaithan et al. [43] 2017 X X X X

29 N. Moradinasab et al. [44] 2018 X X X X

30 M. Yuan et al. [4] 2019 X

31 A. E. Baladeh et al. [14] 2019 X

32 B. Wang et al. [12] 2019 X

33 X. Zhou et al. [47] 2020 X

34 Ahmed M. Attia et al. [23] 2019 X X X X X
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Table 2. Cont.

No. Author Year

Uncertainty
Approach Uncertainty Factor Methodology

Stochastic

Fuzzy

D
em

and

R
esource

C
ost

Linear/M
ixed

Integer
Program

m
ing

H
euristic

A
lgorithm

/O
thers

35 A. C. FoomaniDana and M. Tamannaei [46] 2020 X X X

36 A. Alghanmi et al. [45] 2020 X X

37 Ashutosh Sheel et al. [24] 2020 X X X X

38 V. Grudz et al. [15] 2020 X X

39 C. Lima et al. [50] 2021 X X X X

40 P. Pudasaini [51] 2021 X X X X

41 E. Santibanez-Borda et al. [52] 2021 X X X

42 This study 2021 X X X X X X

3. Methodology

This section first describes the structure of the oil and gas supply chain network con-
sidered in this study. Next, a two-phase methodology including a heuristic algorithm and
fuzzy multi-objective mixed-integer linear programming optimization model is proposed to
design a multimodal oil and gas supply network. The integrated methodology is described
in Figure 2.
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3.1. Location Determination Algorithm

The first phase of this research is to propose a four-step heuristic algorithm for deter-
mining the potential locations of distribution centers. In addition, because of the very large
number of petroleum retailers at the end of the supply chain, this algorithm is also used to
determine the central point of consumption zones. In the first step, the algorithm determines
the initial trial location (x∗, y∗) based on the longitude aq, latitude bq and weight ωq of the
related locations (q = 1 . . . Q) in the area under consideration, as in Equations (1) and (2). In
the second step, in Equation (3), the ratio between the weight of each relevant position
and its distance to the trial location is used to determine the relative weight fq. Next,
the algorithm modifies the coordinates of the potential position, as in Equations (4) and (5).
This modification was repeated until there was no difference in the coordinates of the trial
position in two consecutive iterations.

Step 1: Determine initial potential location:

x∗ =
∑Q

q=1 ωq × aq

∑Q
q=1 ωq

(1)

y∗ =
∑Q

q=1 ωq × bq

∑Q
q=1 ωq

(2)

Step 2: Consider a trial location (x, y), for the first iteration (x, y) = (x∗, y∗). For each
location (aq, bq) compute:

fq =
ωq√(

x− aq
)2

+
(
y− bq

)2
(3)

Step 3: Modify the x and y values as follows:

x =
∑Q

q=1 fq × aq

∑Q
q=1 fq

(4)

y =
∑Q

q=1 fq × bq

∑Q
q=1 fq

(5)

Step 4: If one or both of (x, y) change, repeat the process with modified (x, y). Go to
step 2 with modified (x, y). If none of (x, y) changes, then stop.

3.2. Fuzzy Mixed-Integer Programming Model
3.2.1. Sets and Parameters

This fuzzy optimization model is developed on sets that relate the type of product
(p = 1 . . . P) in the supply chain along with the modes of transport (m = 1 . . . M). In
addition, the assemblies represent facilities at all levels of the supply chain, such as rigs
(i = 1 . . . I), refinery plants (j = 1 . . . J), ports (l = 1 . . . L), distribution centers (k = 1 . . . K)
and market central points (n = 1 . . . N). In addition, the distribution centers are also
considered by the model with many different construction scales (s = 1 . . . S).

In addition to the deterministic parameters, the operating efficiency of the oil and
gas supply chains is influenced by the uncertainties that are represented by the fuzzy

parameters in this model. These parameters are related to product price
(

P̃I
oil

, P̃I
re f ined
p

)
,

unit costs
(

T̃Cm, F̃Cs, S̃C, P̃C, R̃Cp, P̃UCp

)
, environmental impact coefficients

(
ẼFm

)
,

consumption demand (D̃np), refinery ratio
(

R̃Rp

)
, export-import quotas

(
ẼQ, ĨQ

)
and

facility capacity
(

C̃A
rig
i , C̃A

plant
j

)
.



Axioms 2022, 11, 60 9 of 25

To handle the uncertainty, the triangular fuzzy numbers (TFN) are defined as (l, m, u)
representing the most pessimistic, most likely and most optimistic value as Equation (6):

µÃ(x) =


(x−l)
(m−l) , ∀l < x ≤ m

(u−x)
(u−m)

, ∀m < x ≤ u

0, otherwise

(6)

In this study, the above fuzzy parameters are defined as TFN (Alower, Amean, Aupper)
as shown in Figure 3. As Equations (7) and (8), from the known mean of the parameters
(Amean), the lower and upper boundary values (Alower, Aupper) of the fuzzy parameter are
determined based on the coefficient of variation. These two boundary coefficients are valid
in the interval [0, 1] and are denoted as ε− and ε+, respectively.

Alower =
(
1− ε−

)
× Amean (7)

Aupper =
(
1 + ε+

)
× Amean (8)

Next, the defuzzification values of the fuzzy parameters are determined by the model
based on the probabilities of the boundary values, as shown in Equation (9):

Ã = θlower × Alower + θmean × Amean + θupper × Aupper (9)

The fuzzy and non-fuzzy parameters mentioned above are listed in Table 3 below.
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3.2.2. Decision Variables

For product flow decisions, integer variables X1ijm and X2ilm represent the amount
of crude oil transported from the oil rigs (i = 1 . . . I) to the refineries (j = 1 . . . J) and
export ports (l = 1 . . . L) by transportation modes (m = 1 . . . M), respectively. Mean-
while, the integer variables Y1jkpm and Y2lkpm represent the quantity of refined products
(p = 1 . . . P) that are transported from refineries and import ports to distribution centers
(k = 1 . . . K). Next, the amount of refined product transported from the distribution cen-
ters to the consumer markets (n = 1 . . . N) is described by this model through the integer
variable Zknpm.
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Table 3. Fuzzy and non-fuzzy parameters.

Notation Unit Description

Fuzzy Parameters

P̃I
oil USD/barrel Unit price of exported crude oil

P̃I
refined
p USD/barrel Unit price of post-refining products p for domestic consumption

T̃Cm USD/km The unit transport cost of mode m

F̃Cs USD Fixed costs of setting up distribution centers with scale s

S̃C USD/km Fixed cost of pipeline system setup

P̃C USD/barrel Unit exploitation cost of crude oil

R̃Cp USD/barrel Unit refining cost of post-refining product p

P̃UCp USD/barrel Unit importing cost of post-refining product p

ẼFm gram CO2/km Transportation environment factor of mode m

D̃np Barrel Domestic demand for product p in region n

R̃Rp % Expected refining ratio of post-refining product p

ẼQ Barrel Export quota for crude oil

ĨQp Barrel Import quota for post-refining product p

C̃A
rig
i Barrel Maximum capacity of drilling rig i

C̃A
plant
j Barrel Maximum capacity of refining plant j

Non-fuzzy parameters

CADC
s Barrel Maximum capacity of distribution center with scale s

RDRig2Plant
ijm

Km Transportation distance from drilling rig i to refining plant j by
mode m

RDRig2Port
ilm

Km Transportation distance from drilling rig i to seaport l by mode m

RDPlant2DC
jkm Km Transportation distance from refining plant j to distribution

center k by mode m

RDPort2DC
lkm Km Transportation distance from seaport l to distribution center k by

mode m

RDDC2Market
knm Km Transportation distance from distribution center k to market

region n by mode m

M Big M value

In addition to supporting initial investment decisions, the proposed model uses
the binary variables OPRig2Plant

ij , OPRig2Port
il , OPPlant2DC

jk , OPPort2DC
lk and OPDC2Market

kn to
represent the decision to develop oil pipelines and the binary variable Vks to describe the
decision to build different scale distribution centers. Finally, the float variable ESLnp is used
as an intermediary to determine the supply chain’s demand response rate in consumer
markets. The decision variables which mentioned above are presented Figure 4.
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3.2.3. Objective Functions

Towards sustainable development, the objective functions of this model revolve
around the three pillars of sustainability: economic, social and environmental. First,
this study formulates the factors that influence supply chain profitability and optimizes
them. As described in Equation (10), supply chain profit is determined by the difference
between revenue and costs.

Maximize Pro f it
= Revenue− Transportation Cost− Facility Cost

− Pipeline Setup Cost
Project Length − Exploitation Cost− Re f ining Cost

−Purchasing Cost

(10)

Revenue = ∑
i∈I

∑
l∈L

∑
m∈M

X2ilm × P̃I
oil

+ ∑
k∈K

∑
n∈N

∑
p∈P

∑
m∈M

Zknpm × P̃I
re f ined
p (11)

Transportation Cost
= ∑

i∈I
∑
j∈J

∑
m∈M

X1ijm × RDRig2Plant
ijm × T̃Cm

+ ∑
i∈I

∑
l∈L

∑
m∈M

X2ilm × RDRig2Port
ilm × T̃Cm

+ ∑
j∈J

∑
k∈K

∑
p∈P

∑
m∈M

Y1jkpm × RDPlant2DC
jkm × T̃Cm

+ ∑
l∈L

∑
k∈K

∑
p∈P

∑
m∈M

Y2lkpm × RDPort2DC
lkm × T̃Cm

+ ∑
k∈K

∑
n∈N

∑
p∈P

∑
m∈M

Zknpm × RDDC2Market
knm × T̃Cm

(12)

Facility Cost = ∑
k∈K

∑
s∈S

Vks × F̃Cs (13)
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Pipeline Setup Cost
= ∑

i∈I
∑
j∈J

OPRig2Plant
ij × RDRig2Plant

ijm × S̃C

+ ∑
i∈I

∑
l∈L

OPRig2Port
il × RDRig2Port

ilm × S̃C

+ ∑
j∈J

∑
k∈K

∑
p∈P

OPPlant2DC
jk × RDPlant2DC

jkm × S̃C

+ ∑
l∈L

∑
k∈K

∑
p∈P

OPPort2DC
lk × RDPort2DC

lkm × S̃C

+ ∑
k∈K

∑
n∈N

∑
p∈P

OPDC2Market
kn × RDDC2Market

knm × S̃C, m = 4

(14)

Exploitation Cost = ∑
i∈I

∑
j∈J

∑
m∈M

X1ijm × P̃C + ∑
i∈I

∑
l∈L

∑
m∈M

X2ilm × P̃C (15)

Re f ining Cost = ∑
j∈J

∑
k∈K

∑
p∈P

∑
m∈M

Y1jkpm × R̃Cp (16)

Purchasing Cost = ∑
l∈L

∑
k∈K

∑
p∈P

∑
m∈M

Y2lkpm × P̃UCp (17)

In Equation (11), the revenue is obtained from the value of exported crude oil plus the
value of refined oil products in the consuming markets. In Equations (12)–(17), this is the
transportation cost of crude oil or refining products in the supply chain, the distribution
center construction cost, the oil pipeline system development cost, the oil exploitation cost
at rigs, the refining cost at plants and the refined oil products import cost.

The second objective function of this model is to maximize the ratio between the
quantity supplied and demanded as Equation (18). This ratio represents the level of energy
security guaranteed by the supply chain.

Maximize Energy Security = ∑
n∈N

∑
p∈P

(
ESLnp

)
/(N × P) (18)

In the final objective function, the model aims to minimize the number of emissions
generated during the transportation of crude oil and finished products in Equation (19).

Minimize Transportation Emission
= ∑

i∈I
∑
j∈J

∑
m∈M

X1ijm × RDRig2Plant
ijm × ẼFm

+ ∑
i∈I

∑
l∈L

∑
m∈M

X2ilm × RDRig2Port
ilm × ẼFm

+ ∑
j∈J

∑
k∈K

∑
p∈P

∑
m∈M

Y1jkpm × RDPlant2DC
jkm × ẼFm

+ ∑
l∈L

∑
k∈K

∑
p∈P

∑
m∈M

Y2lkpm × RDPort2DC
lkm × ẼFm

+ ∑
k∈K

∑
n∈N

∑
p∈P

∑
m∈M

Zknpm × RDDC2Market
knm × ẼFm

(19)

3.2.4. Constraints

Constraints (20) and (21) ensure that the total volume of finished products does not
exceed their demand’s crisp value in markets. At the same time, the quantity of this product
cannot be less than the lower boundary of demand. In Equation (22), the total amount of
finished product that is produced by refineries and imported at ports is shipped to DCs is
greater than that shipped from DCs to markets. Constraint (23) ensures that the amount of
product shipped out of the refineries is equal to the amount refined based on the refinery
ratio coefficient. Constraints (24) and (25) ensure that the amount of crude oil shipped
to ports for export purposes is greater than the crisp value of the export quota and less
than the upper boundary of the export quota. Similarly, the amount of a finished product
imported and shipped from ports to DCs does not exceed the import quota, as described in



Axioms 2022, 11, 60 13 of 25

Equation (26). Constraint (27) shows that the total amount of crude oil transported from
a particular rig to refineries and ports for export does not exceed the rig’s capacity. However,
as shown in Equations (28) and (29), the total amount of crude oil delivered to a particular
refinery is neither above its design capacity nor below its utilization factor. For DCs,
the total amount of finished product that is shipped to markets is limited by the capacity
of the DCs depending on the design scale, as described in Equation (30). In addition,
constraint (31) ensures that the DCs are designed with only one size at a location.

∑
k∈K

∑
m∈M

Zknpm ≤ D̃np ∀n ∈ N, p ∈ P (20)

∑
k∈K

∑
m∈M

Zknpm ≥ Dlower
np ∀n ∈ N, p ∈ P (21)

∑
j∈J

∑
m∈M

Y1jkpm + ∑
l∈L

∑
m∈M

Y2lkpm ≥ ∑
n∈N

∑
m∈M

Zknpm ∀k ∈ K, p ∈ P (22)

∑
i∈I

∑
m∈M

X1ijm × R̃Rp = ∑
k∈K

∑
m∈M

Y1jkpm ∀j ∈ J, p ∈ P (23)

∑
i∈I

∑
l∈L

∑
m∈M

X2ilm ≥ ẼQ (24)

∑
i∈I

∑
l∈L

∑
m∈M

X2ilm ≤ EQupper (25)

∑
l∈L

∑
k∈K

∑
m∈M

Y2lkpm ≤ ĨQp ∀p ∈ P (26)

∑
j∈J

∑
m∈M

X1ijm + ∑
l∈L

∑
m∈M

X2ilm ≤ C̃A
rig
i ∀i ∈ I (27)

∑
i∈I

∑
m∈M

X1ijm ≤ C̃A
plant
j , ∀j ∈ J (28)

∑
i∈I

∑
m∈M

X1ijm ≥ δ× C̃A
plant
j , ∀j ∈ J (29)

∑
n∈N

∑
p∈P

∑
m∈M

Zknpm ≤ ∑
s∈S

CADC
s × vks , ∀k ∈ K (30)

∑
s∈S

vks ≤ 1 , ∀k ∈ K (31)

X1ijm ≤ M× RFRig2Plant
ijm ∀i ∈ I, j ∈ J, m 6= mpipeline (32)

X2ilm ≤ M× RFRig2Port
ilm ∀i ∈ I, l ∈ L, m 6= mpipeline (33)

Y1jkpm ≤ M× RFPlant2DC
jkm ∀j ∈ J, k ∈ K, p ∈ P, m 6= mpipeline (34)

Y2lkpm ≤ M× RFPort2DC
lkm ∀l ∈ L, k ∈ K, p ∈ P, m 6= mpipeline (35)

Zknpm ≤ M× RFDC2Market
knm ∀k ∈ K, n ∈ N, p ∈ P, m 6= mpipeline (36)

For modes of transport other than pipelines, Big-M constraints (32)–(36) ensure that
crude oil and finished goods are transported only if and only if the route is feasible for
a certain mode of transportation. For the pipeline mode of transport, the Big-M constraints
(37)–(41) assist in determining the routes needed to develop the pipeline system through
variables such as OPRig2Plant

ij , OPRig2Port
il , OPPlant2DC

jk , OPPort2DC
lk and OPDC2Market

kn .

X1ijm ≤ M×OPRig2Plant
ij ∀i ∈ I, j ∈ J, m = mpipeline (37)
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X2ilm ≤ M×OPRig2Port
il i ∈ I, l ∈ L, m = mpipeline (38)

Y1jkpm ≤ M×OPPlant2DC
jk ∀j ∈ J, k ∈ K, p ∈ P, m = mpipeline (39)

Y2lkpm ≤ M×OPPort2DC
lk ∀l ∈ L, k ∈ K, p ∈ P, m = mpipeline (40)

Zknpm ≤ M×OPDC2Market
kn ∀k ∈ K, n ∈ N, p ∈ P, m = mpipeline (41)

To determine the level of energy security from the designed supply chain, constraint
(42) estimates the ratio (ESLnp) of product supply to demand in markets.

ESLnp =

(
∑
k∈K

∑
m∈M

Zknpm

)
/D̃np ∀n ∈ N, p ∈ P (42)

3.3. Fuzzy Min-Max Goal Programming Model (FMMGPM)

To search for solutions with weighted compromise between objective functions,
this study applies a goal-programming approach with a min-max variant. This approach is
followed by the following four-step procedure:

First, the single-objective optimal solutions are determined. The objective function val-
ues from these single-objective solutions are aggregated and used as the goals (G1, G2, G3)
of each related objective. In step two, constraints (43)–(45) are established to estimate
the under-attainment (U1, U2, U3) and over-attainment (O1, O2, O3) deviation variables
between the objective function values and the goal value.

Pro f it + U1 −O1 = G1 (43)

Energy Security + U2 −O2 = G2 (44)

Transportation Emission + U3 −O3 = G3 (45)

In step three, as described in Equations (47)–(50), the product of the objectives’ weight
and the ratio of the undesirable variables to the goal value are controlled by the same
variable, α. In other words, this variable represents the maximum weighted difference ratio.
Finally, the optimal solutions with a weighted compromise between the objective functions
are determined by minimizing the variable α.(

U1

G1

)
×W1 ≤ α (46)

(
U2

G2

)
×W2 ≤ α (47)(

O3

G3

)
×W3 ≤ α (48)

Minimize α (49)

4. Numerical Results
4.1. Case Study Description

In Southeast Asia, Vietnam is known as one of the most potential developing economies
due to its advantages of location, low human cost and political stability. In just two years,
this potential economy has consumed more than a thousand terawatt-hours of energy
each year. Energy sources from oil and oil products accounted for 25.92% to 35.68%
in the decade in Vietnam [53]. On the other hand, the petroleum supply chain in Viet-
nam includes not only upstream roles such as oil exploration, refining and crude oil
exports, but also downstream roles such as importing oil products and retailing. However,
with the middle stream, the accompanying logistics system is mainly water and road, while
pipeline systems that are believed to be more efficient do not yet exist. Therefore, the model
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proposed in this study is applied to find optimal design solutions for both the petroleum
supply chain in general and the pipeline system, particularly in Vietnam.

As described in Table 4, the upstream petroleum facilities consist of six oil rigs,
two refinery plants owned by the Vietnam National Petroleum Group (Petrolimex),
three import/export seaports in Haiphong City, Quinhon City and Hochiminh City. The
downstream supply chain includes distribution centers in direct-controlled municipali-
ties such as Hanoi, Danang, Hochiminh and Cantho, along with the retail system in the
northern, central and southern regions of Vietnam. The design decisions of distribution
centers will be chosen at three different scales with different fixed costs. In addition to
crude oil, the supply chain also distributes two main product groups, gasoline and diesel,
through four modes of transport: waterways, railways, roads and pipelines. In particular,
the model aims to propose the development of a pipeline system on necessary transport
sections, while the feasibility of other modes of transport is based on the current state of
infrastructure. Railways are almost not feasible in the southern region because of the terrain
with an interlaced river network, leading to challenges in railway development.

Table 4. Set descriptions.

Set Description Indices Notation

Rigs i = 1 . . . 6 {PV Drilling, I; PV Drilling II; PV Drilling III;
TAD—PV Drilling V; PV Drilling VI; PV Drilling 11}

Refinery plants j = 1 . . . 2 {Dungquat; Nghison}
Ports l = 1 . . . 3 {Haiphong; Quinhon; Hochiminh city}

Distribution centers k = 1 . . . 4 {Hanoi; Danang; Hochiminh city; Cantho}
Market central points n = 1 . . . 3 {Northern; Central; Southern}

Product types p = 1 . . . 2 {Gasoline; Diesel Oil}
Transportation modes m = 1 . . . 4 {Waterway; Railway; Roadway; Pipeline}
Construction scales s = 1 . . . 3 {Small; Medium; Large}

As mentioned above, the input parameters include fuzzy and non-fuzzy groups
that are collected from open databases [10,54–57], government statistics [11,58,59] and
other publications [4,7,12,14,23,47,60–63]. For the fuzzy triangular parameters, the lower
and upper boundary values are estimated using Equations (7) and (8), with boundary
coefficients ε− = ε+ = 0.3 in the first optimization. In addition, as in Equation (9),
the defuzzification values of those fuzzy parameters are determined to transform the model from
a fuzzy form to a crisp form with probabilities that are chosen as θlower = 1/6, θmean = 4/6
and θupper = 1/6. The data of these input parameters are presented in the Appendix A. In
addition, based on the coordinates of the provinces and cities in the northern, central and
southern regions of Vietnam, this study first determines the center point coordinates of
each of the above-mentioned consuming regions through the heuristic algorithm discussed
in Section 3.1 above. The results of this algorithm are listed in Table 5.

Table 5. Market region center point determination.

Market Region Center Point Coordinates No. of Related
Provinces and Cities

No. of Solving
IterationLatitude Longitude

Northern 21.0245 105.8412 26 8
Central 15.9357 108.1827 18 90

Southern 10.8166 106.6333 19

4.2. Multiple Objective Optimization Results

Next, to determine the solution for FMMGPM, the model is resolved with the addition
of new constraints and objective functions, such as Equations (43)–(49). The weights of the
objective functions related to profit, energy security and emissions are chosen equally to
imply the balance of 3E for sustainable development. The values of the objective functions
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provided by the compromise solution are listed in Table 6. As shown in Figure 5, the results
show that FMMGPM’s solution almost reaches the goal value at the objective functions
that maximize profit and energy security while sacrificing little in minimizing emissions.

Table 6. FMMGPM objective value.

Objective Function Objective Goal FMMGPM Objective Value

Profit
(Mil. USD) 53,196.95 52,161.85

Energy Security
(%) 100% 82.70%

Transportation Emission
(Ton CO2/Barrel-km) 527,783.91 696,005.89
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Based on the value of the decision variables in the solution of FMMGPM, the con-
figuration of the petroleum supply chain, as well as the product flow for both crude oil,
gasoline and diesel oil, is depicted in Figure 6. This configuration includes all components
of the upstream, middle-stream and downstream petroleum supply chains across Vietnam.

In the northern market, the supply chain establishes a large-scale distribution center
that plays the role of storing and distributing gasoline and diesel. The amount of gasoline
and diesel oil in this distribution center comes entirely from imported sources from abroad
through the Haiphong seaport by pipeline.

In the south, the seaport in Hochiminh City is identified as the pharynx of the country’s
crude oil exports, with a total annual output of approximately four billion barrels. This
amount of crude oil is exploited at PV Drilling II, PV Drilling III, TAD—PV Drilling V and
a part from PV Drilling I. In addition to its export role, this port is also in charge of importing
all gasoline and diesel oil that is consumed in southern Vietnam. After being imported
to the seaport of Hochiminh City, this product is transported by an inland waterway to
the distribution center in the largest city in the Mekong Delta, Cantho. They are then
distributed from the Can Tho distribution center to retailers in the southern market through
the trucking system.

In general, the income of a petroleum supply chain depends mainly on crude oil
exports. Meanwhile, approximately 69.7% of gasoline products and 73.9% of domestic
diesel products are imported products. Owing to capacity limitations, post-refined products
obtained from oil refineries are only sufficient to supply the central market. Therefore, other
refinery projects that have been invested and developed by the government are expected
to change to reduce the import rate. An overview of the transport infrastructure and
supply chain configuration proposed by this optimization model using a combination of
all modes of transport is considered, based on the advantages of each mode for each area’s



Axioms 2022, 11, 60 17 of 25

infrastructure. According to the above configuration, the shared structure of transport
modes used in the supply chain logistics system is shown in Figure 7. The chart presents
the share of modes of transport for crude oil, gasoline and diesel. Because of the large
transportation volume, the transportation of crude oil is primarily operated by pipelines
(97.10%), and a negligible proportion by waterways (2.90%). For gasoline and diesel,
the share of pipelines and waterways, which includes both inland waterways and coastal
waterways, is approximately 34% to 36%. In addition, the trucking mode plays a key role
in distributing gasoline and diesel from distribution centers to consumer markets that
cover a large area, such as the north and south of Vietnam. Thus, trucking constitutes
approximately one-fifth of the overall logistics system. Finally, with the lowest proportion
(6.75–7.77%), the railway system shows its advantage in the long vertical and narrow
horizontal areas, such as central Vietnam. In summary, the results of FMMGPM imply that
the pipeline mode of transport, without infrastructure development in Vietnam, has the
potential to have a positive impact, as well as a key role in the 3E sustainable development
of Vietnam.
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In addition, fixed costs such as distribution center development and pipeline systems
account for a negligible proportion of variable costs, as shown in Figure 8. Accordingly,
because of the large export volume of crude oil, the cost of exploiting this amount of oil
also accounts for more than 80% of the variable cost structure. However, this study focuses
on logistics systems with concerns about the necessity of developing pipeline systems,
which directly affect transportation costs, as well as transportation emissions. According
to the optimization results of the model, transportation costs account for approximately
a quarter of the total variable costs. At the same time, it ranks second in terms of the
impact of crude oil exploitation costs. In short, a five-year-project fixed-cost pipeline system
that is insignificant compared to the large transportation needs, but designed at a few
key segments in the supply network, is a factor that positively affects the efficiency of the
supply chain.
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4.3. Uncertainty Sensitivity Analysis

Because fuzzy parameters are defined as triangular fuzzy numbers, as discussed
in Section 3, the mean and boundary values of these fuzzy parameters, as well as their
probabilities, can affect the model’s crisp form. Therefore, these variations also change the
configuration of the petroleum supply chain, which is proposed through a multi-objective
optimization solution. Therefore, in this section, we analyze the sensitivity of the models
under the influence of uncertainty of fuzzy parameters through scenarios developed based
on the following two factors, as shown in Figure 9. The first factor is the slope to the
sides of the fuzzy triangular number, which is determined by the two variables ε− and ε+,
as described in Equations (7) and (8). This factor implies the magnitude of volatility in both
the positive and negative directions. Accordingly, this analysis develops four situations for
this factor, as shown in Table 7.
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Table 7. Variation magnitude analyze situations.

Case Notation ε− Value ε+ Value

I 0.3 0.3
II 0.5 0.5
III 0.3 0.5
IV 0.5 0.3

The second factor is the probability distribution of the variation expressed in terms
of the probability of occurrence of the mean and boundary values. Accordingly, there
are three situations analyzed in this study: the probability of concentration on the mean
value; the probability of bias on the upper boundary value; and the probability of bias
on the lower boundary value. In the case of probability centered on the mean, this factor
implies that the uncertainties have a high stability at the mean. The other two situations
imply that volatility tends to go in either pessimistic or optimistic directions. By com-
bining the above two factors, this study develops 12 scenarios whose notations and goal
values of single-objective optimization are presented in Table 8. Scenario I-1’s solution is
detailed above.

Table 8. Scenario goal.

Scenarios
Objective Goal

Profit Energy Security Transportation Emission

I-1 53,196.947 100% 527,783.910
I-2 56,389.000 100% 600,616.000
I-3 51,644.389 100% 447,239.035
II-1 62,158.088 100% 498,839.088
II-2 71,782.463 100% 643,816.850
II-3 53,975.732 100% 377,372.806
III-1 61,869.010 100% 560,090.422
III-2 71,781.496 100% 707,191.723
III-3 58,291.575 100% 501,678.521
IV-1 54,577.516 100% 468,320.016
IV-2 56,347.103 100% 520,171.822
IV-3 46,485.418 100% 322,997.157
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The optimization results of the scenarios show that the nature and intensity of the
uncertainty factor can be the cause of the improvisation chain profits ranging from $20 bil-
lion to $30 billion. In particular, managers should pay attention to scenarios I-3 and IV-3,
in which the uncertainty parameters tend to move in the negative direction. For energy
security, the average value of the scenarios of 83.48% is an acceptable value in uncertain
situations, as the market may also involve other private supply chains. Even so, the
Group II and Group IV scenarios with large negative margins should be of interest to
managers, due to the energy market supply levels of these two groups being lower than
the rest. Finally, the comparison between scenarios suggests that scenarios with a wider
margin, such as III-1, III-2 and III-3, have larger transportation emissions. In addition,
in each group with the same volatility, the situation tends to develop positively. In other
words, the expanded scale of operations also increases the impact of the supply chain on
the environment.

In addition, the sensitivity analysis of the uncertainty parameters also shows that the
proportion of the pipeline transport mode changes under different uncertainty situations.
As shown in Figure 10, except for scenario III-3, fluctuations in the share of pipeline
transport for crude oil were not significantly different between the scenarios. This implies
that the pipeline system is a necessary investment for the transportation of crude oil,
a product group with high traffic volumes, despite changing uncertainty conditions. In
addition, this analysis also shows that the logistics system can utilize pipelines for gasoline
and diesel by approximately 30% to 40%. In several scenarios where the probability of
uncertainty parameters tends to increase in the negative direction, such as II-3 and III-3,
other modes of transport can be achieved more economically. In short, according to the
multi-objective optimization results in this study, the investment and development of
pipeline transport systems at several locations in Vietnam brings long-term value in both
economic and environmental terms.
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In summary, in this section, the authors have applied the optimization model to the
Vietnam petroleum industry case, one of the countries with great potential for the oil and
gas industry. This result suggests suitable configurations for the multimodal petroleum
supply chain that are interested in sustainable development based on 3E. In addition, sensi-
tivity analyses were performed to predict changes in design when uncertainty conditions
fluctuated. According to the results of the optimization and uncertainty sensitivity analysis,
the role of pipeline transport system development, which has not been fully developed in
the infrastructural mode, is also confirmed. The FMMGPM is then applied to the case of
Vietnam’s petroleum supply chain, which has both upstream and downstream activities.

5. Conclusions

An integrated methodology was presented to support tactical and strategic decisions
in petroleum supply chain development. In the first step, the facilities’ potential coordinates
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were determined using a heuristic algorithm. Subsequently, a fuzzy multi-objective mixed
integer programming optimization model was developed to provide solutions that har-
moniously improve the economics, energy and environment of the multimodal petroleum
supply chain. Min-max goal programming and fuzzy sets are approaches to augmenting
the mixed-integer programming model to deal with this multiple objective and uncer-
tain problem. The FMMGPM is then applied to the case of Vietnam’s petroleum supply
chain, which has both upstream and downstream activities. The optimization results sug-
gested the supply chain configuration for the Vietnamese situation, which simultaneously
satisfied the 3E assessment. This solution includes decisions on transportation volume,
transportation mode, facilities development, export/import volume and recommendations
on pipeline system development. Then, uncertainty scenarios are developed and analyzed
to assess the impact of these factors on the strategic decisions of Vietnam’s petroleum
supply chain. The results of the analysis show that in some situations where uncertainty
factors change in the downward direction, it affects the utilization of facilities such as the
pipeline system. However, these impacts are not as significant as the long-term benefits
that this infrastructure system has developed at the locations proposed by the model.

The main limitations of this study are the lack of expert opinion survey on the weights
of the objective functions, as well as the intensity and probability predictive analyzes of
uncertainty. In addition, for sustainable development, the offshore petroleum pipeline
system development in this study has not considered marine-protected areas in Vietnam.

In future studies, the uncertainty that affects the supply chain configuration can
be approached with more complex random distributions. In addition, other real-world
properties may be of interest in models such as logistics services, transportation modes and
other post-refinery products.
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Appendix A

Table A1. Annual domestic demand (barrel).

Region Gasoline Diesel Oil

Northern 80,304,000 86,996,000
Central 68,832,000 74,568,000

Southern 80,304,000 86,996,000

Table A2. Transportation-related parameter value.

Parameter Waterway Railway Roadway Pipeline

Transportation Cost
(USD/Barrel-Km) 0.081 0.147 0.334 0.074

Transportation Emission Factor
(g/Barrel-km) 2.17 1.58 4.09 0.68
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Table A3. Product-related parameter value.

Parameter Crude Oil Gasoline Diesel Oil

Annual export quota
(Barrel) 3,483,559,729 - -

Annual import quota
(Barrel) - 3,710,546,452 2,473,697,635

Expected refining ratio
(%) - 46 40

Sell price
(USD/Barrel) 60 121.88 90.31

Refining cost
(USD/Barrel) - 85.94 60.16

Purchasing cost
(USD/Barrel) - 92.32 70.22

Exploitation cost
(USD/Barrel) 35 - -

Table A4. Facility-related parameter value.

Parameter
Scale

Small Medium Large

Distribution center
capacity (Barrel/year) 100,000,000 150,000,000 200,000,000

Distribution center
fixed cost (USD) 1,000,000 1,500,000 2,000,000

Pipeline construction
cost (USD/Km) 2,880,000

Table A5. Production-related parameter value.

Parameter
Refining Plant

Dungquat Nghison

Refining capacity
(Barrel/year) 69,350,000 73,000,000

Rig Exploitation capacity
(Barrel/year-rig) 996,155,844

Table A6. Acronym list.

Abbreviation Definition

3E assessment Economy, Energy and Environment

FMMGPM Fuzzy Min-Max Goal Programming Model

FMOMILP Fuzzy Multi-Objective Mixed Integer Linear Programming

MILP Mixed Integer Linear Programming

MCDM Multiple Criteria Decision Making

HCSC Hydrocarbon Supply Chain

SCPSC Sustainable Competitive Petroleum Supply Chain

TFN Triangular Fuzzy Numbers

DC Distribution Center
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