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An Optimization Model for Natural Gas Supply
Chain through a Cost Approach under Uncertainty
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Abstract—Natural gas, as one of the most important sources of
energy for many of the industrial and domestic users all over the
world, has a complex, huge supply chain which is in need of heavy
investments in all the phases of exploration, extraction, production,
transportation, storage and distribution. The main purpose of supply
chain is to meet customers’ need efficiently and with minimum cost.
In this study, with the aim of minimizing economic costs, different
levels of natural gas supply chain in the form of a multi-echelon,
multi-period fuzzy linear programming have been modeled. In this
model, different constraints including constraints on demand
satisfaction, capacity, input/output balance and presence/absence of a
path have been defined. The obtained results suggest efficiency of the
recommended model in optimal allocation and reduction of supply
chain costs.

Keywords—Cost Approach, Fuzzy Theory, Linear Programming,
Natural Gas Supply Chain.

[. INTRODUCTION

UPPLY chain management has been one of the most

important and challenging issues over the recent years. By
definition, a supply chain is a network of suppliers, producers,
product storage warehouses and distribution centers which
would be organized in a way that the process of procurement
and receiving parts and raw materials, converting these raw
materials into finished products, and distribution of products
among customers would be facilitated [1]. Gas supply chain is
a huge network of equipment, infrastructures and complex
processes which includes a range of operations from
extraction of gas to its delivery to the customers. In this chain,
suppliers and customers are connected to each other over a
long distance and natural gas should flow through this network
with a suitable pressure. From the perspective of natural gas
supply chain, few papers have considered all the levels of
natural gas supply chain. Reference [2] considered a multi-
period mix integer linear model for gas supply chain at the
three levels of producers, transmission companies and local
distribution companies. Reference [3] proposed a single-
objective, multi-period mix integer nonlinear mathematical
model for multi-echelon gas supply chain and solved their
intended distribution programming using a hierarchical
algorithm. Reference [4] focused on modeling gas pipelines
flow and obtained maximum network flow using linear
mathematical programming and through Brazil’s database. As
mentioned, most of the studies regarding mathematical
modeling of natural gas merely focus on one part of supply
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chain. In addition; they did not consider uncertainty in their
models.

II. NATURAL GAS SUPPLY CHAIN

Gas industry has particular characteristics which distinguish
it from other industries. The strategic importance of the
product, fluctuating prices and political pressures affect the
gas supply chain. Gas supply chain comprises of three main
parts of extraction and refining, transportation network and
distribution network, which in turn complicates the issue,
because each of these three parts has its own challenges.
Exploration and extraction is the first level in the gas supply
chain. Then, the produced sour gas is processed and refined.
Through nationwide high pressure pipelines and numerous
compressor stations, the processed sweet gas is transmitted to
consumption centers. Along this path, the demand of main gas
customers including power plants and major industries is met
and eventually, after going through city gate stations, natural
gas enters cities and is delivered to residential customers and
commercial-small industries customers. [5]

III. PROBLEM DEFINITION

In this study, modeling natural gas supply chain has been
conducted at five levels. At the first level, two types of
suppliers (gas well and importation), at the second level
refinery, at the third level compressor station, at the fourth
level city gate station and finally at the fifth level, six groups
of customers (including oil well injection, exportation,
industrial customers, power plants, residential customers and
commercial-small industries customers) have been considered.
Storage tank, as one of the components of the supply chain,
has also been modeled. This network has been formulated
with the aim of minimizing supply chain economic costs and
in the form of a multi-period fuzzy linear mathematical
programming model in which the one-year horizon and
periods have been considered discreetly and in the form of six-
month periods.

In this chain, gas is transmitted to the refinery after being
extracted from a gas well; however, a portion is allocated to
sour gas injection to oil wells. After refining the gas, the
refinery sends it to the compressor station where a portion is
allocated to sweet gas injection to the oil wells. Importation
directly enters the network and, along with the gas produced in
the refinery, enters the compressor station. Therefore,
compressor stations receive the gas from the refinery, origin of
importation or another station and deliver it to the storage tank
or another station or meet the exportation-industrial-power
plant demand or deliver it to the city gate station. This means
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that in order to supply gas to the major gas customers
(exportation-industrial-power plant) there is no need for city
gate stations. The storage tank, as one of the components of
the chain, stores gas in hot seasons and in cold seasons is used
for peak shaving. Finally, through city gate stations, gas is
supplied to residential customers and commercial-small
industries customers. Fig. 1 shows the general scheme of this
chain.
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Fig. 1 A schematic of the proposed supply chain problem

IV. MATHEMATICAL MODELING

TABLEI
SETS AND INDICES

Symbol Quantity

t Time Period , — {1’2,.“’ } ter
s, Suppliers Set (s: Gas Well, f: Importation)

r Refineries Set

m Compressor Stations Set

p City Gate Stations Set

n: Injection Customer
e: Exportation
ne,u, u: Industrial Customer
v,a,b v: Power plant Customer
a: Residential Customer
b: Commercial-small industrial Customer

w Storage Tank Set
i StartingNodes j e {s Uf Urum up}
i Finishing Nodes j e {rum upuUunuUevuUvUaUDb}

Decision variables of the problem are defined as Xij it

which indicates the amount of the gas transmitted from the
“i’th to the “j”th level in the t period for different “i”’s and
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TABLEII
COST PARAMETERS
Symbol Quantity
CS« Cost of supply by gas well per unit in period t
of « Cost of supply by importation per unit in period t
Cra Cost of Production by refinery per unit in period t
cm mt Cost of operation by compressor station per unit in period t
cp ot Cost of operation by city gate station per unit in period t
Wt Cost of operation in storage tank per unit in period t
6 0 Transportation cost per product unit per distant unit
TABLE III
CAPACITY & DEMAND PARAMETERS
Symbol Quantity
sc « Capacity of gas well in period t
fEn Capacity of importation in period t
[Cn Capacity of refinery in period t
MCrmt Capacity of compressor station in period t
pc " Capacity of city gate station in period t
WCw Capacity of storage tank
ﬁH nt ,éa ct,
ud w vd v, Demand of each kind of customers in period t
éa at ,Babl
TABLE IV
ROUTE PARAMETERS
Symbol Quantity
lij length of the route between node i and node j
oii Hardness coefficient of the route between node i and
) node j
.. 1,when there is a route between node i and node j,
Aj .
0, otherwise
Q,]“i" Minimum flow rate between node i and node j
Qi Maximum flow rate between node i and node j
ELEE Efficiency coefficient of refinery, compressor station &
r>om2op city gate station
TABLE V
OBJECTIVE FUNCTION
Formulation N
MinZ, =3 3" > xsr,, (s + 157057 Co)+ Y. > > XS, (G55t + 15V 05 Co) (1)
s r t s n t

Yy xm, € 10 Co)+ > DTS xfmy, (eF o + 1Mo/ Co)
r m t f m t

+2 3 xmy e + 17N 0R 50)+ZZmem;‘m (©Mme +1M™0MM )
— L £ <

Y XMP M + 100N ¢, )+ZZmeeme((cmm +1MEQMECy)
e

+ 33 xmu, Cmm + 10 MUC1‘)+ZZZXmeW(Cmmt +1M oMV e,y
m u t

+ZZmewmwl(cmm 1M oM e, )+ZZwamwm(chz +Lnon' co)

+222xpam(cpm+I;’:opacu)+zzzprpm(cpm+I"Bopbcu)
P a t
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TABLE VI
CONSTRAINTS
Formulation N
> xsng, +>.xm =ndw VNt 2)
S r
> xme,, >eda Vet ®)
> xmu,, 2udu Vu,t @
Sxmv,, 2vdu VYLt ©)
> xpa,, >ada Vat (©)
p
> xpby, 2bdu Vbt )
p
D xS, +D . xsn, <sCa Vst (8)
Z:Xfmfmt <fcn  Vf ot ©)
m
> xm,, +>.xm, Srce VLt (10)
m n
D oXMP + D XMW+ D Xme (1)
p w e
+y xmu,, +mevmvt +memmmt <mCm VM,
u
> Xpa, + Y. Xpb,, < pc o VPt (12)
a b
t t (13)
D¥xmw =y xwm,, >0 Yt
m t'=1 m t'=1
t t
DU IRMW e — DY XWM,, o SWCw YW
m t'=1 m t'=1
EY XSt =Y xm o+ xm - Vrt (14)
S m n

& O xm + > xfmy + Y xwm,, + > xmm o (15)
= ermpmpl +Zf:xmw ot +Wmeema '

+Zp:xmumm +Zvv:xmvmvt +Zexmm[§mﬂ vm,t

gfli,mepm,Ot =Za:xpapal +;Xpbpm vp,t (16

xsr, <M AR

st —

SN RM
Snsnt <M /,iSn > errmt <M Arm

xfmg, <M AN, xm, <M AN | xmm! ., <M AW
xmp,, <M A xme <M AYE , xmu, <M AN (17)
XMV, <M , XMW . <M , xwm,. <M A
paImam <MAZ prpm <M AP

Equation (1) shows the objective function, the objective
function of this problem has been considered as the cost of
supplying at each level and the cost of transmission to the next
level. Equations (2) through (7) represent the constraints on
fulfilling various customers’ demands. Constraints on capacity
have also been modeled in (8) through (13). Also, (14)

through (16) consider the constraints on input/output balance.
Finally, (17) expresses the constraints on presence/absence of
a path in the model. Parameter A represents the presence or
absence of a certain path.

V. CONSIDERING UNCERTAINTY IN THE PROBLEM AREA

Given the dynamic and complex nature of the factors
affecting decision-making area in the supply chain
management, such decisions face a high level of uncertainty.
Failure to adopt an appropriate approach for considering this
problem and dealing with it can severely affect the supply
chain performance. In this research problem, due to lack of
access to objective and historical data, insufficiency of these
data and also impossibility of assigning exact numerical
values to these parameters, most of the parameters affecting
the problem have a fuzzy and non-deterministic nature. Thus,
in the proposed model, all the parameters related to demand,
cost parameters and parameters related to capacity have been
considered as a triangular possibility distribution function. In
fact, model parameters have been expressed in the form of
fuzzy numbers with triangular distributions such as
A=(AP,A™ A% which represent the most pessimistic, most
likely and most optimistic values of these parameters
respectively [6], [7]. It is noteworthy that in the proposed
model, to represent parameters which face uncertainty in the
decision-making area, “~” sign has been used.

In the literature, several methods have been presented for
conversion of possibilistic models with imprecise coefficients
in the objective function as well as constraints into the
deterministic model [8]-[10]. In the presented solution in this
research, in order to convert the proposed fuzzy linear model
into its equivalent deterministic model, the approach proposed
by [8] has been used due to its high efficiency. Due to
prolongation of Contents, just two constraints of defuzzy
model was presented here. Other ones are the same.

nd2 +nd’ nd! +nd?2

sznw +memt>ﬂ(—"‘)+<l A=) Vit

sCa + scs,

> Xy +sznsmsﬂ(scs'+sc“)+(l A(———) Vst

VI. NUMERICAL EXAMPLE

To verify the proposed model, a small-sized problem with
random data and within reasonable intervals has been solved
using GAMS 23.2 software. The considered network has been
considered as 2 gas wells, 1 origin of importation, 1 refinery, 3
compressor stations, 2 city gate stations, 1 storage tank, 2
injection customers, 1 exportation customer, 1 industrial
customer, 1 power plant customer, 3 residential customers and
3 commercial-small industries customers. The general scheme
of the abovementioned network is as shown in the below
figure.
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Fig. 2 The general scheme of the example problem

In order to sensitivity analysis of the model, the costs of the
gas supply chain for each unit at different levels has been
reduced up to 10 percent and as a result of this reduction,
116.2171 million Dollars were saved on economic costs.

One of the important parameters in studying the
performance of the possibilistic programming model is ()
parameter which represents the minimum acceptable
feasibility degree defined by the decision-maker for satisfying
the constraints. Sensitivity analysis of various () parameter
values and the amount of the objective function have been
shown in the below table.

TABLE VII
SENSITIVITY ANALYSIS OF THE POSSIBILISTIC PROGRAMMING MODEL FOR
VARIOUS B VALUES

B -value B=0.5 $=0.6 $=0.7 p=0.8 $=0.95 p=1
objective

function 820.23  880.77  941.48  984.83 1045.8 1035.88
(million 6 6 7 6 55 8
Dollars)

As it is seen, as the degree of satisfying constraints
increases; costs of fulfilling the customers’ demand also
increase. In fact, the possibility of finding a better answer for
the objective function (a lower z value) requires considering a
lower B value. Therefore, the decision-maker faces two
contradictory objectives; improving the amount of the
objective function which is possible through a lower B value
and improving the degree of satisfying constraints which is
possible through a higher 3 value.

VII. CONCLUSION

In this research, the general structure of natural gas supply
chain has been identified and a suitable multi-echelon, multi-
period fuzzy linear mathematical model has been developed
with the aim of minimizing economic costs at all the levels of
the chain. Also in the proposed model, possibility theory and
fuzzy numbers have been used to express the uncertainty of
the problem. The outputs obtained from the model regarding
the optimal amount of transmission between different levels

indicate rationality and validity of the proposed model. Also,
using the results of the model, besides providing a clear
picture of the total chain costs, makes it possible to calculate
the cost of production, refining and transmission for each
customer and this really helps to have a proper and numerical
understanding of the issue of costs in the natural gas supply
chain.
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