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Abstract

The enormous cost of transporting oil and gas through pipelines and the operational benefits that the industry receives through
optimization has incited analysts for decades to find optimization strategies that help pipeline managers operate pipeline
grids with the least expense. The paper aims to minimize the pipeline grids' operating costs using an ant colony optimiza-
tion strategy. The article constructs a multi-objective modeling framework for a natural gas pipeline grid based on data from
the French gas pipeline network corporation 'Gaz De France,' using pipeline and compressor hydraulics. The gas pipeline
grid comprises seven gas supply nodes and nineteen gas distribution centers. Seven compressor stations provided at various
locations on the pipeline route raise the gas pressure. Two competing objectives of reducing fuel usage in compressors and
increasing throughput at distribution centers are acknowledged to reduce the pipeline's operating cost. The 'multi-objective
ant colony optimization (MOACO)' approach is implemented to the pipeline transportation model to reduce the natural gas
pipeline grid's operating cost. The process variables include the amount of gas flowing through the pipe and the pressure at
pipe nodes. This method provides the optimum solution for each fuel consumption level on each compressor, and it does so
by producing a Pareto front for each of the nineteen gas distribution points. The blueprints of the methodology used and the
findings collected intend to guide pipeline managers and select the best of the most preferred solutions.
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List of Symbols N Mechanical efficiency
d, Density of gas (kg/m?) P, Base pressure (bar)
D Pipeline diameter (m) P, Critical pressure (bar)
e Absolute roughness P P,, suction and discharge pressure (bar)
f Friction factor(dimensionless) Py Average pressure (bar)
h Isentropic head across compressors (KJ/kg) q Volumetric flow rate (m?/sec)
H, Heat content of gas mixture (J/kg) Qbpase Volumetric flow rate at std. conditions (m3/sec)
Y Isentropic exponent R Gas constant (m>.kPa/ kmol.K)
L Length of pipe segment (m) S Specified minimum yield stress(bar)
M Mass flow rate of gas in pipe arc(kg/sec) Tb Base temperature(K)
m; Mass of fuel consumed in compressors(kg/sec) t Thickness of pipeline(m)
my Gas supply rate(kg/sec) A% Velocity of gas(m/sec)
my, Gas delivery rate y Mole fraction
Myg Molecular weight of natural gas z Compressibility factor
MAOP Maximum allowable operating pressure Nar Driver efficiency
np Polytropic exponent MNig Isentropic efficiency
s Elevation factor
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Introduction

Energy usage has grown exponentially worldwide over the
last few decades. Energy consumption growth has been
almost 50% (OECD, 2012). The vast energy demand has
put extreme pressure on exploring industries to provide
an economical energy source. The government's various
environmental regulations on the industrial sectors to
minimize greenhouse gas emissions have also expressed
the need for a cleaner energy source. These circumstances
have led to wider natural gas consumption than other fossil
fuels to satisfy the energy hunger economy. International
Emergency Agency claims that the planet has enough
natural gas supplies that can comfortably last 230 years
more (IEA, 2012). Compared to other fossil fuels, natural
gas has the advantage that it is environmentally friendly,
safer, and easier to store. Natural gas usage is versatile.
It has numerous applications as a fuel supply for auto-
mobiles and a chemical feedstock to produce plastics and
other economically significant organic chemicals (Guo,
2005). Natural gas-fired power plants start and stop much
less frequently than those operated by coal. Natural gas is
consistent with alternative energy options, such as solar
and wind, which only exist during sunlight or wind blows.
All these factors have revoked industries to exploit the
benefits of natural gas.

The demand for natural gas has been much higher in
developing nations like India and China. In the last twenty
years, natural gas demand has increased threefold in India
and ninefold in China. The gas demand is likely to increase
by 37% by 2030 (B.P 2013).

The increase in natural gas utilization in various sectors
requires a carefully and intelligently designed gas produc-
tion infrastructure. Pipelines remain in use for the trans-
portation of oil and gas for decades. Compared to other
transportation modes, pipelines have the advantages of
low cost, lesser GHG emission, low energy consumption,
continuous supply, safer, lesser maintenance, and easiness
in transportation under challenging terrains. These fac-
tors make pipelines an exceptional mode for transporting
oil and gas (Thakur et al. 2020; Thakur & Arya, 2021).
Pipelines comprise many short to medium-length pipes,
pumps, fittings, compressors, and regulators. Pipelines
experience high-pressure changes due to uneven terrain
and friction caused by gas molecules interacting with
the pipeline walls. Compressor stations help raise the
gas pressure in the pipeline. Natural gas, used as fuel in
compressors, provides the energy necessary to operate the
COMpIessors.

Researchers found that compressors consume three to
five percent of gas flowing through the pipeline (Wu S
et al. 2000). Since pipelines transport large amounts of
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gas, a loss of 3-5 percent gas is immense. The loss of gas
may account for 25-30% of the total company's operating
budget (Demissie and Zhu, 2017). A minimal saving of
only 1% of the total fuel consumed may save 5 million
dollars per year (Carter, 1996). Improvement in the pipe-
line grid performance by reducing fuel consumption is
critical (Arya AK, 2015). The other big challenge we face
is reducing energy consumption in the compressor and
improving gas throughput simultaneously—the paper stud-
ies the optimum gas distribution to maximize the through-
put at minimal fuel consumption.

Review on optimization parameters
and optimization techniques

Researchers are trying to find the most profitable opti-
mization methods for pipeline grid operation. There is
already an extensive literature review published (Zheng
et al. 2010; Hamedi, Farahani, and Esmaeilian, 2011;
Rios-Mercado and Borraz-Sanchez, 2015; Demissie and
Zhu, 2015). The following section gives an overview of
optimization parameters and the techniques used to opti-
mize those pipeline parameters.

Review of gas pipeline optimization parameters

Researchers have made numerous efforts to optimize gas
pipeline grids. Several operational parameters are reported
in the literature to maximize the pipeline's operational
benefits (Rios-Mercado, 2015). Design and operational
parameters are common to optimization decisions (Demis-
sie et al. 2017; Guerra et al. 2016). In the design optimiza-
tion problems, the research focuses on the pipeline struc-
ture such as optimal sizing of pipes (Boyd et al. 1994),
the material selection of pipeline, number and position of
compressors (Edger and Himmelblau, 2001), the distance
between compressors, and future expansion of pipelines
(Uster and Dilaveroglu, 2014). The primary objective of
design optimization is to maximize the transmission power
of the pipeline (Alves, Souza, and Costa, 2016), increase
the flexibility in the operation of the pipeline (Fodstad,
Midthun, and Tomasgard, 2015), and account for future
expansion plan with minimum investment cost (Mikolajk-
ova et al. 2017). Pipeline optimization parameters include
maximizing the line pack of pipelines (Alinia et al. 2014),
maximizing the throughput of gas (Fasihizadeh et al.
2014), minimizing fuel consumption (Arya and Honwad,
2015), and minimizing greenhouse gas emissions (Yang
et al. 2017).
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Review of gas pipeline optimization techniques

The design and operational pipeline parameters are highly
complex, including nonlinear and non-differential func-
tions because of the objective function's non-convex nature.
Numerous optimization algorithms have been analyzed
extensively in the last few decades. Classical (determinis-
tic) and stochastic (evolutionary) approaches are the two
methodologies for pipeline optimization (Arya & Honwad,
2015). Dynamic programming (Wong and Larsen, 1968;
Osiadacz, 1994; Carter, 1998), generalized reduced gra-
dient (Adeyuanju and Oyekunle 2004; Tabkhi 2007), and
linear programming methods are the most common clas-
sical methods extensively used for pipeline optimization.
The principle of dynamic programming has proven to be
the most effective approach for deriving algorithms. These
techniques can ease the ability to handle the nonlinearity of
the objective function.

The dynamic programming technique does not get stuck
searching for the global optimum. The technique, however,
has the drawback of high computational time for complex
grids. Most real case pipeline grids are highly complex,
having numerous pipes, compressors, supply, and delivery
points. In those cases, the technique becomes almost obso-
lete, as the time required to achieve the optimum solution is
almost infeasible. The general gradient technique functions
well with complex pipeline grids. However, these techniques
depend on gradient search methods and hence have the draw-
back that they fail if the function is non-differentiable and
discontinuous. In these cases, the solution obtained is easily
trapped in local optima and cannot further optimize the grid.
Linear programming methods can find the global optimum
but works only when the objective function is nearly lin-
ear. The solution obtained in classical methods essentially
depends on the initial value chosen.

Moreover, all the mentioned classical techniques deal
only with nonlinear programming (NLP) problems. These
methods struggle when dealing with a nonlinear problem
(MINLP). Researchers are now focusing on stochastic algo-
rithms or evolutionary algorithms to deal with these kinds
of issues. These algorithms have the advantage that they
can deal with large-scale problems and are capable of solv-
ing MINLP problems (Elbeltagi et al. 2005). Stochastic
approaches focus on the creation of or social actions of liv-
ing organisms. The species in these algorithms search the
solution boundary based on individual samples rather than
gradient information. Hence, they are not dependent on gra-
dient information. Besides, these methods adapt to discrete
variables quickly. Literature reports numerous stochastic
techniques. The most popular ones used for pipeline opti-
mization are genetic algorithms (Goldberg and Kuo, 1985;
Montoya, 2000; Molaei, 2007; Hawryluk, 2010), particle
swarm optimization (Xia et al. 2020), simulated annealing

(Wright et al. 1988), differential evolution (Qin et al. 2009),
artificial neural grids (Mohamadi Baghmolaei 2014), and
ant colony algorithms (Arya and Honwad, 2018a; Arya and
Honwad, 2018b). Among all these methods, ACO methods
can respond quickly in less time to complex changes.

Previously multi-objective ant colony optimization
(ACO) technique has been extended to a barrel grid (Arya
and Honwad, 2018a). Some of the work on a similar objec-
tive was carried out by Chebouba A, 2015; Demissie and
Zhu, 2017; Osiadacz and Isoli, 2020. The technique, how-
ever, has not been applied to a typical multi-distribution
pipeline grid. The present paper develops a multi-objective
gas pipeline model for a multi-distribution grid and further
optimizes it using the MOACO method.

Analysis of the gas pipeline grid

The present section first states the various assumptions
applied while modeling the pipeline grid. Pipeline and
compressor simulation equations are discussed further in
the section.

Pipeline grid assumptions

The following assumptions are used while modeling the gas
pipeline grid.

Steady state

In the actual scenario, the gas flow is transient (unsteady),
which means that the fluid properties of gas change with
time. However, consideration of transient conditions leads
to increased variables and further complexity in handling the
problem. For simplifying the problem and get the results in
real time, the paper assumes steady-state conditions. In most
cases, considering steady-state conditions in a natural gas
pipeline grid leads to acceptable results and deviates very
little from the real situations (Osiadacz and Chaczykowski,
2001).

Flow direction

The gas flow has a been pre-specified direction.

Isothermal flow

The gas's heat flow to the surrounding environment
decreases the gas temperature over the pipeline's length.
However, pipelines are long entities that carry oil and gas
to very long distances. In these cases, the gas's temperature
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quickly acquires the surrounding temperature and becomes
constant (Menon, 2005). Hence, in the present paper, the gas
temperature is assumed constant at 298 K.

Compressor type

Centrifugal compressors relatively require less maintenance
and are cheaper than reciprocating.

pumps. The present paper assumes that all the compres-
sors are of a centrifugal type.

Adiabatic compression

The paper assumes an adiabatic compression process.

Fig.1 Multi-distribution gas
pipeline network system (Arya
2018)
617

Pipeline grid description

Figure 1 portrays a multi-distribution natural gas grid cap-
tured from a French gas distribution firm 'Gaz De France.'
The grid holds thirty pipe arcs that link six supply stations
to nineteen distribution stations. The pipeline grid con-
sists of seven compressor stations that raise the gas pres-
sure. Forty-five nodes constitute the entire pipeline grid.
It includes six gas supply nodes connected to nineteen dis-
tribution nodes through twenty intermediate nodes. There
are ten control valves installed in the pipe network to do
double or triple controls on the outputs of three or more
different stages of the compressor; they are either placed
after compressors on one side of the system to break up the
outputs or used in two or three parallel pipes to increase
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Table 1. Features of Pipe Arcs Pipe Arc  Symbol  Diameter (mm) Length (Km) MAOP (Bar)  Upstream and Rough-
(Tabkhi, 2007) downstream nodes ness
(um)
1 G, 754 64.1 68 26-25 20
2 G, 688 101.6 68 25-24 20
3 G; 681 80.4 68 23-22 10
4 G, 617 27.1 68 22-21 10
5 Gs 1090 172.699 85 39-38 10
6 Ge 1167 4.9 68 30-29 10
7 G, 1069 122.2 68 28-36 10
8 Gy 895 81.3 68 3740 10
9 Gy 1069 41.6 68 3641 10
10 G 1054 28.4 68 41-42 10
11 Gy, 874 21.6 68 1-2 10
12 G, 954 14.2 68 2-3 10
13 G5 948 43.3 68 3-5 10
14 Gy 595 46.8 68 4-3 10
15 G5 588 279 56.8 8-9 10
16 Gie 744 95.701 68 10-11 10
17 G, 744 119.715 68 12-13 10
18 Gg 892 49 80 45-44 10
19 Gy 1167 30.9 80 44-43 10
20 Gy 892 53.4 80 43-19 10
21 Gy, 892 54.5 68 18-17 10
22 Gy, 892 77 68 17-14 10
23 Gy 794 89 68 15-16 10
24 Gy, 493 63.9 68 7-6 20
25 Gys 994 64.1 68 26-25 10
26 Gy 994 204.5 68 27-31 10
27 Gy 994 36.2 68 31-32 10
28 Gy 891 125.8 85 33-34 10
29 Gy 891 67.7 85 34-35 10
30 G 1000 0.001 68.7 20-19 10
T?ble. 2 Pressure bound on Node Pressure bounds Node Pressure bounds(bar) Node Pressure bounds(bar)
pipeline nodes
N, 40 < P <49 Nis 40 < P < 68.7 Ny 40 < P < 68.7
N, 40 < P < 68.7 Nig 40 < P < 68.7 N 40 < P <67
Nj 40 < P < 68.7 Ni; 40 < P < 68.7 N3, 40 < P < 68.7
N, 40 < P < 68.7 Nig 40 < P < 68.7 N 40 < P < 68.7
Ns 40 < P < 68.7 Ny 40 < P < 68.7 N3, 40 < P < 68.7
Ng 40 < P < 68.7 Ny 40 < P < 68.7 Nig 60 < P < 86
N, 40< P <49 Ny, 40 < P <68.7 N3 Pyy =45
Ny 40 < P <56.8 Ny, 40 < P < 68.7 Ny 40 < P <68.7
Ny 40 < P <56.8 Ny3 40 < P < 68.7 Ny 40 < P <68.7
Ny 40 < P < 68.7 Ny, 40 < P < 68.7 Ny, 40 < P < 68.7
Ny 40 < P <68.7 Nys 40 < P < 68.7 Ny 40 < P <81
Ny, 40 < P < 68.7 Nyg 40 < P < 68.7 Ny 40< P <81
N3 40 < P <68.7 N,; 40 < P <68.7 Nys 40 < P <81
Ny, 40 < P < 68.7 Nyg 40 < P < 68.7
&’f&ﬁmﬁﬁw @ Springer
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Table 3 Values of maximum supply and minimum fixed delivery rate (Tabkhi, 2007)

Description of gas supply nodes

Gas source  Gas injection rate Node capacity Gas source  Notation for gas injection rate at Maximum gas sup-

nodes (kg/s) nodes the respective source station ply capacity (kg/s)

N, ms, 78.406 Ny, mss 474.331

N, ms, 68.652 N3 mssg 400.564

Ny MSsq 53.377 Nys msys 90.786

Total gas supply capacity from all gas sources 1166.116

Description of gas delivery nodes

Gas deliv-  Notation for gas rate throughput at Minimum gas Gas Deliv-  Notation for gas rate throughput at  Minimum gas

ery nodes the respective delivery station delivery Rate (kg/s) ery Nodes the respective delivery station delivery Rate
(kg/s)

N, my, 75.678 N,, my, 59.507

N; my, 146.964 Ny, my,. 16.15

N; my, 36.824 Ny my, 63.628

Ny my, 42.596 Ny, my,, 0.393

Ny my, 23.011 N33 my.. 6.866

Ny my, 19.987 Nss my. 172.76

Ny, my, 20.436 Ny, my, 62.274

Ny my, 41.693 Ny my, 126.622

Nig my, 42.064 Ny my,, 73.574

Ny my, 119.988

Total gas demand at all delivery stations 1151.015

Table 4 Bounds of compressors

Compressor Notation for gas flow Upper bound for flow rate at
rate at the inlet of inlet station to avoid choking
station (m%/s)

o 924 156

(o 919 486

G q1 208

C, qs 267

Cs G 667

C 914 378

C; q3 264

the output strain. Table 1 shows the lower bounds for pres-
sure at pipe nodes, Table 2 shows the lower and maximum
gas supply, Table 3 shows the least amount of gas deliv-
ered, and Table 4 shows the maximum permissible gas
flow rate to the individual compressor station.

Modeling equations

The following three sections demonstrate the gas pipeline
modeling equations. The first section discusses the objec-
tive function equations used to reduce fuel expenditure in
compressors and maximizes gas delivery at the distribution
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centers. The second section discusses the equations used
to evaluate natural gas properties. Finally, in the third sec-
tion, the pipeline and compressor modeling equations are
presented.

Objective function

The first objective is to reduce fuel expenditure in compres-
sor stations. Equation (1) depicts the fuel consumption in
compressors. The second objective given in Eq. (2) is to
maximize the gas delivery at the distribution centers (Arya
& Honwad, 2018).

(O.F); =min g(m;, P, P;)

= min 2 my

1
B () )
ijeA. \ LH VNG Nis X Mg X Mype
(0.F), = max(my, ) )

Estimation of gas property

Natural gas property is estimated using Egs. (3) to (7).
Equation (3), Eq. (4) and (5), Eq. (6), and Eq. (7) calculate
the average molecular weight of the gas mixture, critical
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temperature and pressure of the gas, heat content of natural
gas, and isentropic coefficient of gas, respectively (Mohring,
2004; Pambour et al. 2016).

M= ) M;xy, (3)
i=1
Te= ) Tuxy, )
i=1
Pc= ZPCiXyi (5)
i=1
n
H, = zHixinMi (6)
i=1
Z Cpi Xyi
i=1
k= (7
) C,Xy;—R
i=1

Pipeline modeling equations

This section presents the modeling equation developed for
a pipeline grid system.

Gas flow equation Friction and elevation are the two signif-
icant factors for pressure loss in pipeline grids. Equation (8)
is a general flow equation used for calculating pressure drop
in cross-country gas pipelines. The equations consider both
the elevation and friction losses occurring in the pipeline
(Menon, 2005).

16 xm? X z; x RXT
e xXP? = !
J ﬂZXD;‘xM

(2108 <%> -(* 2L>>]

The pipeline is deemed horizontal; hence, Eq. (9) evalu-
ates the gas pipeline pressure drop.

S 16 Xm?>Xz; x RX T
P:—P: = d
S 72 X D} x M

(oo (3)-(52)

P?

1

®)

®

Friction factor equation The friction factor is a dimension-
less parameter that accounts for energy losses between the
gas and the pipeline wall. The American Gas Association
(AGA), Colebrook's—White equation, and modified Cole-
brook equation calculate the friction factor. Among these
equations, the Colebrook—White equation presented in
Eq. (10) is the most recommended Equation for a fully rough
and high Reynolds number in the pipeline (Menon, 2005).

-2
e

=21 —° 10

i 810 <3.71 xD,.> (10)

The average pressure of the gas The pipeline's pressure
varies as the gas moves from one section to another pipe-
line section. Hence, the average pressure value mentioned
in Eq. (11) calculates the average gas pressure between
two pipeline segments.

py=(2)x [P p - 220
o= (5)x P+ P+ P, an

Compressibility factor AGA, Standing-Katz, Dranchuk,
CNGA methods are widely used to calculate the com-
pressibility factor. The CNGA equation, because of its
simplicity, is used in the present paper to calculate the
compressibility factor (Menon, 2005; Tabkhi, 2008).

TNG’C> x i (12)
T, Pye

=1+ <0.257 ~0.533 x

Gas velocity The pressure of the gas changes as it moves
in the pipeline. The pressure is highest at the inlet sta-
tion, while due to friction and elevation losses, it is lowest
at the distribution centers. The gas's velocity is inversely
proportional to pressure, and hence the speed is lowest
at the inlet of pipe and highest at the outlet. Equation 13
measures the gas velocity in the pipeline (Menon, 2005).

q; X 24 X 3600
v, = 14.7359 x

(0D x 103 =2 x1,x 10%)°

P X T,
X =) x| —=
T, P;x 10

Compressor modeling equations

13)

Isentropic head The compressor used in a pipeline receives
gas at a specific pressure and then delivers the gas at ele-
vated pressure after compression. The isentropic head, in
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Eq. 14, is the energy added per unit mass of gas to increase
the inlet to outlet pressure (Alinia et al. 2014).

3 Z XRXT, k P; =
= () x ()< | (7)o

L

Isentropic efficiency Isentropic efficiency measures the
compressor's current output to its theoretical performance at
the identical entrance and outlet conditions. The equation,
shown in Eq. (15), measures the overall isentropic perfor-
mance of compressors (Smith and Van Ness, 1998).

y—1

P,\ 7
()" -

=1

(z) -
Py

s

His = (15)

Constraints on Gas pipeline grid and compressors

The objective functions reported in Egs. 1 and 2 involve a
multi-objective function, which requires different inequali-
ties and equality restrictions to be satisfied. Equations 16-28
are the inequality and equality constraints imposed on the
gas pipeline grid.

Erosional velocity In the pipeline, the gas velocity should
be kept as high as possible but not above the value obtained
from the erosional velocity given in Eq. (16). Keeping the
velocity higher than the erosional velocity leads to erosion,
vibration, and noise in the pipeline (Menon, 2005).

Z; XRXT,
vy <1224 =——% (16)
Py X My

Table5 Gas consumed(kg/s) at compressor station using Tabkhi
(2008) and Arya (2018) Model

S.No  Compressor no Tabkhi model  Arya model
1 Compressor 1 0 0
2 Compressor 2 0 0
3 Compressor 3 0 0
4 Compressor 4 0 0
5 Compressor 5 0.05 0.052
6 Compressor 6 0 0
7 Compressor 7 0.320 0.321
Total Fuel Consumed(kg/s) 0.74 0.746

Pielase clla)l auan .
KACST 3.015lq rogle Ll @ Springer

Maximum allowable operating pressure (MAOP) The pres-
sure should be kept as high as possible in the pipeline
(Menon, 2005). However, the pressure should not go beyond
the pressure value obtained from Eq. (17) for safety consid-
eration (Table 5).

2% t; xS« ExF*T

(MAOP) = OD), 17

Choking of pipeline Equation (18) limits the flow rate of
gas to avoid choking in compressors (Gorla and Khan, 2003)

r+l

Yy Xz; XRXT, 2\ XD
X
Myg y+1

18)

v

qimax< (4 XD,'2>X

Mass balance equations The mass conservation principle
states that 'mass is neither created nor destroyed.' The same
principle governs each pipe node. Equation (19) is the gen-
eral mass balance equation further simplified to Eq. (20).

mass at mass at
t+ At timet
lim

A1—0 At

node timet + At

Mass entering to node Mass exiting from
fromtimettot+ At

= lim -
Ar—0 At At
net chemical production
betweentandt + At
+ lim
At—0 At

(19)
mass accumulation
rate
mass flux mass flux net rate

= - +

in out of production
dm
E =My, — My, (20)

Equations 21-28 are the mass balance equations applied
to various nodes of the pipeline grid. Table 6 reports these
mass balance equations.
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Table 6 Mass balance on pipe

Node Mass balance eqn Equationno  Node Mass balance eqn

nodes
Ny my + Mys = My, + N, 21 Ny, Vi + Vi +mys +my = mg 40
C, my +my, +mg, =m, 22 N3, Myy + Mg, = My 41
Ny, my + My, = my 23 C; myg = my +mg,  +m; 42
Nig Myy +myy + Vy = Mgy, + My, + 1y 24 Vi ms =V, 43
Ny myg +my,, =My 25 Nyg myg +mg, = Vg 44
Ny Mg = My, 26 N, my =mg 45
Ny; My, =my +V, 27 Nsq me =mg 46
Ny My, = Myy + Vg +my,  +my 28 Ny myy =mg, 47
N, Mz + Mg, =My + My 29 Nys myg =mg 48
N, My + Mg, =my + Vs 30 N3y ms = mg, 49
N3y Myg = Myg 31 Nsg my + Vg =my 50
Nss Mag = M, 32 Nog my = V; 51
N33 My + Vo =myg +mg,  +my 33 Ny Vi =m; +mys 52
N3, Ve =mg, +mg+Vy 34 Ny, myy = Vs 53
Ny mg = mg, 35 Nsg ms = Vg 54
Nj Moy + Mg +my + V) +Vo=m 36 N21 V,=my 55
Ny Moy = Mg, 37 N17 Vy, +my =my, 56
Ny Mmys = Mg, 38 Ny Vg = my, 57
Nig Moy = Mg, 39 Overall  mg=mg,, +m, 58

Multi-objective Ant colony optimization a g [ |a = la |[7e] [o

The technique has its roots that mimic the foraging behavior of ol e | ¢ ¢, f(e,) @,

‘natural ants." Ant communities such as 'Linepithema Humile'

have a natural ability to lay down chemical pheromones when | =™ | ™ | =™ [ ot e

they move from the origin to their hives. Pheromones attract | oo | o | e [ e e e ||| | e

more ants to the same food supply. The pheromelia laid by the

ants continue to dissipate; thus, the easier and quicker pathway P

has a stylistic fixation over the longer routes. The stigmergy o ||| CEE ¢/ /@) I

attracts numerous ants to pick up the more straightforward | | | | | | | |

path. This conduct of ants has been a critical source forant | ™" | | ™ | ™" |7

colony algorithm's development initially by Dorigo, 1992. Dif- | ce [ wee | | woveee [ eeeeee | [ | [ | |77

ferent specialists later investigated the essential idea of insect

state streamlining method to make counterfeit ants that like- 1 —— ’_ - p

wise take care of the genuine enhancement issues (Schlueter, G| G| G K i /@) *

2012; Socha and Blum, 2006; Maniezzo et al. 1994, Iredi et al.
2001; Stutzle and Hoos, 2000). The current practice revolves
around one of these techniques (Schlueter, 2012). We've
explored the method's crucial steps further in greater detail.

Step I Transform the bi-objective issue into a single factual
issue.

Step II Develop the framework for the solution matrix.

Step III Matrix initialization with random solutions.

Step IV Stochastically search for a refined solution.

Step V Solution update.

Fig.2 Solution Matrix created by MOACO. The solutions are to be
kept in the order of their Weights (0, > @, > ...0; > ....0;), from top
to bottom

Step I Transform the bi-objective issue into a single fac-
tual issue A dilemma with many objectives is resolved using
an adaptive strategy. Equation (21) shows the methodology
of converting a multi-objective goal to a single objective one.

Fyo = ) X Fy + (1= wy_) X Fy @D

1
Here F,, = F}.
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In our case, it was a bi-objective problem; hence Eq. (22)
was used:

Fryo=W)XFi+(-w)XF, (22)

Step Il Develop the framework for solution
matrix

While hunting for food, ants carefully record the routes
they have explored to return to their hive. In the process,
they lay pheromone that serves as a guideline for other
ants to find the same food. The solution matrix is gener-
ated similarly. Initially, the solution is found and stored in
the matrix at random. This solution 'm' matrix serves as a
guideline to further improve the solution. Figure 2 illus-
trates a general MOACO matrix. The matrix considers the
'n' number of variables in the 'k's number of objectives.

Step Il Matrix initialization with random
solutions

In the MOACO method, an initial guess for the 'n' variables
and the 'k's number of objectives initializes the solution
matrix. In each step, MOACO gives rise to the '1' number of
goals. After which 'k’ options are retained from 'k + 1'in the
search space, the remaining rejected.

Step IV Stochastically search for a refined
solution

To initialize the matrix, it must create a random set of vari-
ables that result in many possible solutions. A probabilistic
function P(x), referred to as Gaussian probability distribu-
tion, given in Eq. (23), is used to find the set of solutions
from the second step onwards.
2
—(x—u)
20’1"2

k
Pi(x) = Zwlp,(x) Z < )eXp<
" o
(23)

The solution weight (w), means of solution (i) and the
standard deviation (o) are the three parameters used in
Eq. (23) that help the MOACO to generate new solutions.

Equation (24) calculates the solution weight. It corre-
sponds to the solution's attractiveness based on minimizing
or maximizing the solution to be carried in the next iteration.

( —(rank(j) — 1) >
2q%k>

w. =

1
exp
T g2

The mean rank(j) is derived by setting the Gaussian prob-
ability function equal to 1. g and k are the parameters used in
MOACO. The weight 'w' facilitates finding the appropriate-
ness of the procedure. Equation (25) utilizes the weight w
to find the probability of a solution being carried forward in
the next generation.

(24)

Fig. 3 Pareto front for fuel
consumption versus throughput
at delivery station—02
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Table 7 Best throughput and corresponding fuel consumption obtained using MOACO
Delivery station — 02 03 05 06 09 10 12 14 16 19 22
Best throughput using ~ 77.18 141.32 36.89 44.13 19.94 20.23 29.12 47.36 38.61 122.00 48.67
MOACO —
Compressor no Gas consumed in compressor stations
C1 0.068 0.047 0.06734 0.037 0.030 0 0.077 0.008 6.3E-07 0.073 0
Cc2 0 0 0 0 0 0 0 0 SE-07 0 0
C3 0.027 0.033 0.046 0.048 0.021 0 0.014 0.026 0.002 0.020 0.013
C4 0.04 0.034 0.087 0.098 0.078 0.004 0.057 0.066 0.022 0.031 0.0317
C5 0.485 0.493 0.526 0.563 0.446 0.127 0.431 0.164 0.271 0.196 0.367
C6 0 0 0 0 0 0 0 0 6.9E-08 0 0
C7 0.34 0.371 0.350 0.375 0.415 0.320 0.268 0.323 0.2421 0411 0.351
Total fuel consumed 0.96 0.980 1.078 1.123 0.992 0.452 0.850 0.588 0.539 0.733 0.763
No of pareto points 28 45 13 28 40 36 7 23 97 5 51
Delivery station — 23 25 31 33 35 37 40 44
Best throughput using 14.64 20.22 10.64 4.07 167.00 45.94 126.22 68.58
MOACO —
Compressor no Gas consumed in compressor stations
Cl 0.054 0 0 0.048 0.074 0.048 0.007 0.035
C2 1.137E-05 0 1.5E-07 0 0 0 0 0
C3 2.8543E-05 0 6.7E-07 0.018 0.022 0.004 0 0
C4 0.018 0.004 0.035 0.014 0.017 0.014 0.016 0.029
C5 1.7447E-05 0.127 0.110 0.140 0 0 0 0
C6 0 0 8.3E-09 0 0 0 0 0
C7 0.281 0.320 0.339 0.206 0.270 0.171 0.332 0.285
Total fuel consumed 0.353 0.452 0.485 0.428 0.385 0.238 0.357 0.350
No of pareto points 58 36 42 30 20 70 42 45
Fig.4 Pareto front for fuel 11797
consumption versus throughput @ No. of Pareto Points | 45
at delivery station—03
Y 0 . BS-ACO 11576
1414+
g 11354
3 @000
é e 9 600 11132
2
g
< - 1.0910
v 1418
&
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= - 10689
«
£ 1420
-E" L 1.0467
o
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Fig.5 Pareto front for fuel
consumption versus throughput
at delivery station—05

Fig. 6 Pareto front for fuel
consumption versus throughput
at delivery station—06

Gas throughput at delivery station-05(kg/s)

Gas throughput at delivery station - 06(kg/s)
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(25)

The mean of the solution g and the standard deviation o
is calculated from Eqgs. (26) and (27).

i
H =

Jielase cllall aly .
ﬁﬁrﬁmuq m‘fﬁ @ Springer

(26)

114 115 116 117 118
Total fuel consumed in compressors(kg/s)

114123

113424

112725

112026

r 111326

110627

1.09928
109229
1.08529

1.07830

1.17830
117223
1.16617
1.16011
115404
1.14798
1.14192
1.13585
1.12979

112373

@n

The term dj and d]‘ are the two solutions in the solution

matrix. 'é' Is a factor that allocates the convergence speed to
the solution. A lower value ¢ is given for a higher rate of

convergence.
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Fig.7 Pareto front for fuel
consumption versus throughput
at delivery station—09 222
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Step V Solution update

The three parameters, weight, mean, and standard deviation,
update each iteration's solution matrix.

Model and optimization technique
Validation

Previously the model was validated for the multi-distribution
pipeline grid (Arya, 2018a). Table 5 highlights the key find-
ings. The MOACO technique was validated for gun barrel

Total fuel consumed in compressors(kg/s)

paper (Arya, 2018b). Despite having several advantages, the
technique has not been used in a multi-distribution pipeline.
The paper explores the benefit of implementing the MOACO
technique in a multi-distribution pipeline grid system. Two
stopping criteria are applied to the MOACO optimization
program. The first stopping criterion chosen is the stopping
time of the optimization process, which was kept as 2000s.
The second stopping criterion used was the maximum num-
ber of evaluations that are kept as 10 million. The second
stopping criterion ensures that the optimization search is
carried out until 10 million function evaluations do not
improve the current solution.
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Fig.9 Pareto front for fuel 29.10
consumption versus throughput
at delivery station—12
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Fig. 10 Pareto front for fuel
consumption versus throughput
at delivery station—14
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Result and discussion

The pipeline grid considered for the study is depicted in
Fig. 1. “Pipeline grid description” section discusses the net-
work in depth. Ninety-nine variables comprise the pipeline
grid. These include forty-five pressure variables, thirty gas
flow rate variables, seven fuel consumption in compressors,
six gas supply, and ten valve flow rate variables. The net-
work consists of nineteen delivery points. One gas delivery
parameter is retained as a variable to determine the maxi-
mum amount of gas supplied at that particular distribution
node. These calculations are performed on an individual
basis for each distribution node. The multi-objective opti-
mization applied to each distribution node facilitates the

jllate ¢llodl ay .
des Shevis @) Springer

T y 0.5890
0.8 1.0 12

Total fuel consumed in compressors(kg/s)

pipeline operator to deal the situations such as forecast error
in gas requirement at delivery stations, inconsistent gas con-
sumption in compressors and change in ambient tempera-
ture. The conditions lead to variations in gas requirements at
different delivery nodes. The multi-objective plot will help
the operators analyze the gas delivered at different delivery
stations and the corresponding fuel consumption. Running
the optimizer at the various nodes also informs the optimum
gas amount delivered at the delivery stations. Table 2 details
the bare minimum amount of gas distribution that must be
guaranteed. The multi-objective ant colony technique is
applied to the nineteen gas distribution points, and the Pareto
points are generated for each delivery point. The delivery
station (02) is the first delivery point chosen on which the
MOACO is implemented. The Pareto front was created to
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Fig. 11 Pareto front for fuel
consumption versus throughput
at delivery station—16

Fig. 12 Pareto front for fuel
consumption versus throughput
at delivery station—19

Fig. 13 Pareto front for fuel
consumption versus throughput
at delivery station—22
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Fig. 14 Pareto front for fuel
consumption versus throughput
at delivery station—23

Fig. 15 Pareto front for fuel
consumption versus throughput
at delivery station—25

Fig. 16 Pareto front for fuel
consumption versus throughput
at delivery station—31
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Fig. 17 Pareto front for fuel
consumption versus throughput 4.0
at delivery station—33
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Fig. 18 Pareto front for fuel

consumption versus throughput 167.0
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keep fuel usage to a minimum and obtain the greatest pos-
sible throughput at the distribution station(02). The Pareto
front generated gives a set of twenty-eight Pareto points. The
Pareto front gives critical information that one objective on
a Pareto front cannot be improved without worsening the
second objective function. A similar scenario is seen in the
Pareto front, shown in Fig. 3. As we progress on the Pareto
front, fuel usage increases (worsening the second objective
function). The criterion satisfies the Pareto front's charac-
teristics and shows that the Pareto front obtained for the
distribution station is correct. The figure also shows that the
maximum amount of gas delivered at this station is 77.18 kg/
sec. The corresponding fuel consumed is 0.96 kg per second.
The amount of gas consumed in individual gas compressors
corresponding to the delivery station (02) is discussed in
Table 7.

0.38554

Total fuel consumed in compressors (kg/s)

Further, the Pareto front obtained in Fig. 4 for gas dis-
tribution at the delivery station (03) shows that the maxi-
mum amount of gas sent at the delivery station (03) is
141.32 kg per second. The corresponding gas consumed
at the seven compressors is 0.980 kg per second. A similar
Pareto is obtained for each of the nineteen gas distribu-
tion stations. The Pareto front drawn Pareto front for each
distribution point is shown in Fig. 3-21. Figure 5 shows
the maximum gas delivery at distribution point (05) is
36.89 kg per second, and the corresponding fuel consump-
tion is 1.078 kg per second. A total of 13 Pareto points are
obtained. Figure 6 shows the Pareto front for the gas deliv-
ery at the delivery station (06) and the corresponding fuel
consumption. The maximum delivery achieved is 44.13 kg
per second, and the corresponding fuel consumption is
1.123 kg per second. Figure 7 shows the Pareto front at
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Fig. 19 Pareto front for fuel
consumption versus throughput
at delivery station—37

Fig.20 Pareto front for fuel
consumption versus throughput
at delivery station—40

Fig. 21 Pareto front for fuel
consumption versus throughput
at delivery station—44
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the distribution center (09). Figure 8 shows the Pareto
front for the delivery station (10), Fig. 9 for the delivery
station (12), Fig. 10 for the delivery station (14), Fig. 11
for the delivery station (16), Fig. 12 for the delivery sta-
tion (19), Fig. 13 for the delivery station (22), Fig. 14 for
the delivery station (23), Fig. 15 for the delivery station
(25), Fig. 16 for the delivery station (31), Fig. 17 for the
delivery station (33), Fig. 18 for the delivery station (35),
Fig. 19 for the delivery station (37), Fig. 20 for the deliv-
ery station (40), and Fig. 21 for the delivery station (44). It
is crucial to note that improving one objective worsens the
second objective function for each Pareo front obtained for
the corresponding distribution station. Figures 3—21 show
that all the Pareto points obtained for individual distribu-
tion stations are equally good. In figures like Figs. 4, 6 and
9, not much variation is seen in gas throughput along the
Pareto point curve. The effect shows that the best operating
points are obtained when the pipeline is run at almost full
capacity. Table 7 shows the best solutions for the highest
delivery at each distribution station and the corresponding
fuel consumption in compressors.

Conclusion

The article provides a statistical model for multi-distri-
bution gas grids. Ant colony optimization technique is
implemented on the proposed model. The optimization
strategy optimizes the multi-objective role of limiting the
fuel consumption in compressors and maximizing the gas
pipeline grid's throughput at nineteen distribution stations.
Both the goals are balanced by choosing optimal pressure
at forty-five pipe nodes and gas flow rate in thirty pipe
legs. MOACO was implemented to a 30-pipe arc pipe-
line grid to build Pareto optimal multi-objective solu-
tions. A multi-objective approach to the gas pipeline grid
issue tends to achieve numerous solutions, from which
decision-makers can select the most suitable one based
on a conversation with a manager. The optimal results
produced for multi-objective optimization advocate the
industrial method of reducing fuel usage at the cost of the
low performance of the gas throughput of the system. The
methodology may develop techniques for enhancing a gas
pipeline grid's operational conditions and performance.
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