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ABSTRACT

In the modern power system era, integrating electricity and natural gas systems increases the complexity of achieving
optimal operation. Moreover, Take-or-Pay (TOP) agreements for natural gas lead to higher operating costs. Therefore, this
paper is proposed to demonstrate the optimal operation of the Integrated Electricity and Natural Gas System (IENGS) by using
Mixed-Integer Linear Programming (MILP) considering TOP agreements. The proposed methodology aims to optimize the
total operating costs when TOP agreements are subjected to the IENGS while managing total power generation following the
load demand. The proposed method is simulated on the integrated 6-bus electricity systems with 6-node natural gas systems.
In this paper, the optimal operating cost is conducted in three scenarios. In the first scenario, optimal operation is conducted
without TOP agreements, resulting in an optimal operating cost of $735,405.37. In the second scenario, the optimal operating
costs range from $748,399.30 to $760,320.57 with the TOP agreement applied in one-by-one generators, which is 1.77% to
3.39% higher than without TOP agreements. In the third scenario, the optimal operating cost is $791,833.04 with the TOP
agreement in all of the generators, which is 7.67% higher than without TOP agreements. The results have concluded that
TOP agreements have increased the total operating cost by 1.77% to 7.67% in various TOP agreement scenarios. The MILP
performance is validated by conducting the optimal operation in various TOP agreement scenarios without violating the power
electricity balances, generator limits, transmission line capacities, and nodal gas flow balances.

Keywords: Integrated electricity and natural gas, mixed-integer linear programming, optimal gas flow, optimal power flow,
take or pay agreement

Notations
Cg; — Power generation cost of generator unit i ($/MW),
C,. — Constantin the Weymouth equation of pipeline m-n (kcf/psig),
Cs,, — Gas production cost of gas source m ($/kcf),
EN; — The number of electrical buses connected with bus i,
f — Vector of cost function,

Fr,, — Gas flow through compressor k (kcf),
Fp,, — Demand of gas node m (kcf),

F,; — Natural gas consumption in power plant-i (kcf),

E,.., — Gasflow from m to n pipelines (kcf),

Fs,, — Gasinjection of source m (kcf),
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GC,, — Compressors with inlet node m,
GN,, — Gasnodes connected with node m,
GPE, - Gas-fired power plants with node m,

m
h - hour (unit of time),

i,j — Indexofabus,i=1,2,...,N,
k

— Index of a compressor,

kcf —  kilo cubic feet (unit of gas volume),
m,n — Indexofanode,m=1,2,...,M,
max — Superscript indication of maximum value,
man —  Superscript indication of minimum value,
PL. - Active power generation injected to bus i at time t (MW),
PZ.’;. — Active power flow through line i-j at time t (MW),
Pf, — Electrical load demand of bus i at time t (MW),
psig — pounds per square inch gauge,
q¢ — Gas supply for gas-fired power plant at time ¢ (kcf),
qdr.p — Take-or-Pay contracted amount of gas supply (kcf),
rad — Radian (unit of angle),
t — Index of atime interval,t=1,2, ..., T,
s — Index of gas flow equation segment, s =1, 2, ..., S,
W -  Watt (unit of power),
z;; — Reactance of line i-j (ohm),
, — Voltage angle of bus i (rad),
;, — Ramp rate of generation unit i (MW/h),
7, — Gas consumption of compressor k (kcf),
m,, — Gas pressure of node m (psig),
ng; — Coefficient of energy conversion in gas-fired power plant i (kcf/MW),
¥, — Percentage of gas consumption in compressor k,
©mn — Squared gas pressure difference between node m-n,
Emns — Segment S of gas flow equation through node m-n,

1. Introduction

Nowadays, the power and energy demand is relieved on coal-fired generators with fossil fuels [1]-[3]. With the
projection of a global electricity increase of 2.1%/year, and it can triplet in 2050, the transition from traditional power
generators to cleaner power generators should be considered [4]. The most popular effort is developing distributed
power plants consisting of Renewable Energy Sources (RES), like solar photovoltaic units or wind generators [5]—
[7]. Tt offers flexible implementation from small to large-scale power systems. However, the traditional power
systems cannot be directly changed into RES. So the integration of natural-gas-fired generators with coal-fired
generators becomes one of the viable options [8]. The use of natural gas-fired generators offers high efficiency,
low capital cost, easy installation, and nearly zero emissions. For example, the average heat rate of natural gas-
fired generators is 7,732 BTU/kWh, which is 27.43% lower than coal-fired generators [9]. In addition, it also has
quick start-up and shut-down periods, which makes it a viable option for supporting base load and shaving peak
load demand. Despite the many advantages, it requires long-term development to gradually replace the coal-fired
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generators through the Integrated Electricity and Natural Gas System (IENGS) [10], [11], which can be supplied
by Compressed Natural Gas (CNG) or Liquified Natural Gas (LNG) or mini-LNG, resulting a more economical,
flexible, and cleaner power and energy production [12].

Besides the advantages, the optimal operation of IENGS becomes more challenging because more complex
aspects should be considered [11]-[14]. For example, fluctuating pressure in the gas transmission pipelines can
be caused by fluctuating gas consumption, which harms the safety and reliability of gas transmission. In addition,
the interruption of the gas supply can cause power outages and load shedding that burden the gas-fired generators.
Besides that, the coal and natural gas supplier company tends to implement the Take or Pay (TOP) agreements
which must be adhered to by the power generation companies [15], [16]. The amount of coal and natural gas must be
accurately calculated to avoid shortages or excess supply [17]. In [18], the TOP agreement has been investigated in
the DOPF of a large power system. The result shows that the TOP agreement increases the total operating cost. Thus,
this agreement becomes a crucial concern related to providing reliable and economical electricity for consumers
and profits for the company. In the literature, the reports related to the optimal operation that considers the TOP
agreement for natural gas are still limited.

In traditional power systems, the optimal operation can be obtained by the Dynamic Optimal Power Flow
(DOPF) [19]. 1t is considered a viable option because it can represent the real operating conditions of the power
systems by involving both technical and economic aspects, including ramp rate, voltage, transmission line capacity
limitations, and others [6], [7]. The DOPF aims to calculate the minimum total generation cost in a specific period
without violating any power system constraints. In the modern era, power system operation and control have been
developed with robust programming methods [20], [21]. Mixed-Integer Linear Programming (MILP) is widely used
for performing DOPF. For example, basic DC DOPF based on MILP is conducted in [22], [23]. Besides that, MILP
formulation was conducted for AC OPF [24], [25]. In [26], MILP is used for DOPF for planning the expansion of
the generation units and transmission systems. Based on [27], The use of MILP is balanced accuracy and complexity
in power system optimization, including OPF. MILP has advantages in its reliability to conduct the optimum global
solutions in a flexible and tractable way, especially in conducting optimal power flow for optimal operation of the
power systems.

Along with the growth of IENGS, the DOPF is developed into Dynamic Optimal Power and Gas Flow
(DOPGF) [28], [29]. Such as in [14], MILP is used to optimize natural gas and electricity transmission systems.
The MILP implementation for DOPGF needs important modification, for example, the gas flow equation in IENGS
should be linearized using the piecewise linear approximation [30], [31]. In [32]-[34], DOPGF with two MILP
formulations has been developed utilizing the Special Order Sets (SOSs) feature and a two-stage piecewise linear
mechanism. The result shows better accuracy and time in solving IENGS in large-scaled power systems than
the basic MILP. From the mentioned literature, the optimal operation based on DOPGF using MILP for IENGS,
considering the TOP agreement, has not yet been investigated. With a strong motivation to resolve the research gap,
the contribution of this paper is the following.

1) This paper is proposed to demonstrate the optimal operation of the IENGS by using MILP considering TOP
agreements. MILP based on DOPGF is demonstrated for optimizing the total operating costs when TOP
agreements are subjected to the IENGS while managing total power generation following the load demand. The
proposed method is simulated on integrated 6-bus electricity and 6-node natural gas systems.

2) An in-depth investigation of TOP agreements is conducted by simulating various scenarios: without TOP
agreement, partial TOP agreement, and full TOP agreement. The MILP performance is validated by investigating
the power electricity balances, generator limits, transmission line capacities, and nodal gas flow balances.

This paper is arranged as follows: In Section 2, the system modeling for power systems and problem definition
are presented. In Section 3, the MILP implementation for DOPGF is demonstrated. In Section 4, the detailed results
are discussed. In the rest, the main findings of this paper with the future recommendation are given in Section 5.
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2. System Modeling and Problem Formulation

In this section, the IENGS model with detailed parameters is presented. The integration between the electricity
system and the natural gas system is also explained. In addition, the problem definition is described.

2.1. IENGS Model

The IENGS constructed with the integration of 6-bus electricity and the 6-node natural gas systems are given
in Fig. 1. Natural-gas-fired generators are supplied by natural gas systems through gas pipes. The electricity and the
natural gas system is coupled by the natural gas-fired generator’s output [35]. The electricity system has 4 power
generators: Generator 1 (G1), Generator 2 (G2), Generator 3 (G3), and Generator 4 (G4). The constructed model
has 3 electricity loads: Load 1 (L.1), Load 2 (L.2), and Load 3 (L.3). The topology is in the following: G1 and G4
are located at Bus 1 and Bus 6 linked to Node 1 and Node 3 for the electricity and the natural gas system link. In
addition, the natural gas system has 2 gas sources: Gas Source 1 (S1) and Gas Source 2 (S2), and 2 gas loads: Gas
Load 1 (D1) and Gas Load 2 (D2). This model has also 5 branches consisting of 1 compressor and 4 pipelines.

Electricity System Natural Gas System

Fig. 1: IENGS model with 6-bus electricity and the 6-node natural gas systems

2.2. Objective Function

The DOPGF by suing MILP is formulated to calculate the optimal operating cost of IENGS. So, the formulated
objective function, f(obj) is given in (1) with Cg,; P, is the fuel cost for natural gas-fired power generators and
Cy,n FL,.. is the cost of producing gas.

T N T M
f(obj) = min Z Z CaiF; + Z Z ComF5m (1)

t=1 i=1 t=1 m=1

2.3. Optimization Variables

In this paper, the optimization variables are the generation output of G1, G2, G3, and G4 as given in Table 1,
and the natural gas output of S1 and S2, as given in Table 2. The typical parameters have been conducted from [34],
[36]. Then, the optimization variables have been constrained by using electricity and natural gas limitations which
are explained in the following sections.

Table 1: Parameters of coal-fired and gas-fired generators

Unit Type Cost Coefficient Pin (MW) Pox (MW) Ramp (MW/h)
G1 Gas 0.147 kcf/ MW 30 100 15
G2 Coal 125 $/MW 30 100 5
G3 Coal 130 $/MW 30 100 5
G4 Gas 0.158 kcf/ MW 15 50 10
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Table 2: Parameters of natural gas sources.

Unit Node Cost Coefficient Minimum Output (kcf) Maximum Output (kcf)
S1 5 2.5 $/kcf 1000 4500
S2 6 2 $/kcf 2000 6000

2.4. Electricity Constraints

The optimal power flow is performed by using Direct Current (DC) power flow with stable conditions of gas
flow formulation adopted for modeling natural gas networks. In this paper, the in-flow and out-flow are assumed
to be identical. First, the optimization has a DC power balance constraint as given (2), modified from [37].

0. — 0.

t t 1 J
Fly—Pli= ) ——
JEEN, ij

(2)

Second, the power system constraints are used as follows: the upper and lower generator limits as generation
constraints as given in (3), the transmission line capacity constraints as given in (4), and the ramp rate of the
generator is represented by (5).

P < PL, < Paee (3)
—PeT < P < P (4)
—6; < PLT = P <, (5)

2.5. Natural Gas Constraints
A stable condition of gas flow can be formulated as (6) until (13). The nodal gas flow balance is given by (6).

Fsp — Fpm — Z T — Z Foi = Z Eon + Z Foy, (6)

keGC,, 1€GP,, neGN,, keGP,

First, natural gas constraints are the upper and lower limits of gas production given by (7). The Weymouth gas
flow equations are given by (8) and (9), modified from [31].

Fgt < Fg,, < FG° (7)
an = sgn(ﬂ-mvﬂ-n)cmn V ”’T%@’ - 71'721 (8)
sgn(n,,,n,) ={1,r, >x, -1, <m, 9)

Second, the gas consumption value of a natural gas-fired power generator and the generated power are used
as constraints, given in (10). The gas consumption of the compressor is stated in (11).

Foi = ngi e (10>
T, = O Foy, (11)

In this paper, the gas of the compressor is formulated by a fixed percentage (9, of the elated gas, and ¥}, is
assumed to be 3%. The pipeline gas flow limitation is represented by (12). The nodal gas pressure is given by (13).

0 < E,, < Epe (12)
T <, < e (13)

2.6. TOP Agreement Formulation as Constraint
In the optimization by using MILP, TOP agreements are used as constraints that ensure the gas fuel consump-
tion is equal to the contracted amount (g, p), which are formulated as (14) and (15), modified from [17]. The gas
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fuel consumption is adjusted to the power generation output using the gas-to-power conversion coefficient (1),
subject to total fuel supply and contract period. TOP constraints are committed to daily and hourly constraints.

q¢" = ng; P, (14)

Z qt =drop
t=1

N

(15)

3. DOPGF based on MILP for IENGS

The flowchart of DOPGF using MILP which was performed for TENGS is shown in Fig. 2. The implementation
step starts by modeling the IENGS as illustrated in Fig. 1, and defining the simulation parameters as given in Table
1 and Table 2. In the next step, the problem formulation is also conducted. In the following section, the MILP
implementation for optimal operation of IENGS is explained.

7

7

—»{ Programming and Simulation ‘ Nzod'f'Cﬂtloll of /4“]1 2:1231 :"(1 matrices ‘ Analyzing the simulation results ‘
simula t ag) t
Modeling the integrated 6-bus electricity of Co“:;; ation agreemen
and 6-node natural gas systems l ) l
I_+ ‘ Running DOPGF using MILP l l ‘ Discussion ‘
Simulating the DOPGF considering
Inputing data for the generator data, L+ TOP agreement
impedance line, electrical load,

gas source and pressure of each node,
weymouth constant between two nodes,

and gas load

I_+

Linearizing the gas flow equation using
piecewise linear approximation

l

Initializing for MILP matrix elements
(deq. beg. A, b, Ib. ub, intcon, f)

®

3.1. Piece-wise Linear Approximation

Before the MILP implementation, the nonlinear and nonconvex gas flow equations should be linearized using
piecewise linear approximation. The gas flow equation (F,) is linearized by ¢,,,, so (16) can be replaced by (17)
with ¢, is calculated by (17).

No Inputing data for power generation, |_+
gas injection, power flow of each line,
and gas flow of each pipeline No N
Updating data for power generation,

gas injection, power flow of each line,
and gas flow of each pipeline

Does the simulation
satisfy constraints?

Does the simulation
satisfy constraints?

Fig. 2: Flowchart of DOPGF using MILP for IENGS.

E.. = sgn(m,,,7,)Cnn (16)
Prn, = T — T, (17)
The upper and lower bounds of nodal gas pressure are also linearized as (18) until (21).
(ri)” < w2, < (e (18)
(mpin)® < w2 < (mes)? (19)
s = () — (i) (20)
prmint = (mmin)® — (mnar)? (21)

with the ¢,,,,, in the range [p"%" ©™%] js calculated in the gas flow equation with the appropriate Weymouth

constant value producing a nonlinear graph, then divided into several pieces using piecewise linear approximation
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producing several linear graph segments and each piece of linear segment corresponds to an approximate value of
the square function.

3.2. MILP Implementation

The DOPGF by using MILP for IENGS considering the TOP agreement should be defined in MILP forms.
The objective function in MILP is represented by (22). The linear equality and inequality constraint are given by
(23) and (24), respectively. The upper and lower bounds of each variable are represented by (25). In addition, the
integer constraints are given by (26).

f(x) = min fTz (22)

A w=b,, (23)

Az <b (24)
Ib<z<ub (25)

z (intcon) € {...,—1,0,1,...} (26)

In MILP, the optimization variables are provided in matrix form as shown in (27). The variables for the
electricity network are the voltage angle of each bus (6 ,/) and the power generation output of each generator (F y).
While the optimization variables of the natural gas network are the squared gas pressure differences between two
nodes (¢,,,,,5), natural gas injections (Fg,,), and the selection of gas flow equation segments (i,,,,,5)-

o’ = [0;...0N For--Fon 0211+ Prmns Fs1---Fsm M211--~ﬂmns] (27)

Then, the selection of the natural gas flow segments is formulated by (28) with A, is arranged diagonally as
t, while the vector b, is arranged vertically ¢.

Hmn1 + Homn2 + ot Hmns = 1 (28>

The inequality matrix of MILP of IENGS is represented by A and b which consist of transmission line capacity,
generator ramp rate, and gas pipeline capacity which is linearized into (29) with matrix A is arranged diagonally as
t, while the vector b is arranged vertically as t.

Mpns: PmnsS + bmnS' Hmns < F’rzlﬁw (29>

The lower and upper bound vectors are represented by b and ub. The length of the column of matrix b and
ub is equal to the length of the column of optimization variables z as in (30) with /b and ub arranged vertically as
much as ¢, and intcon is arranged as .

[0... —inf PI™ ... BI @15 . oline FE™ L FGh 0.0 ]
< [91 Oy For o Fon 121 -+ Prns Fs1 - Fspr Hi21 - Banns ] (30)

<[0...inf Pmar . pmes gmer mar . pmer pmar ]

4. Simulation and Discussion

In this section, the simulation results for optimal operation of IENGS by using MILP considering TOP
agreements are presented and discussed. The simulation is conducted on the MATLAB/Simulink environment that
running on the device with the specifications described in the following: Processor Intel Core i5-7200U, ~2.5 GHz
to~2.7 GHz, Nvidia GeForce 930MX 2 GB, 8 GB RAM DDR3, In this simulation, the 24-hour electrical load
profile is used to simulate the operation behavior of IENGS as shown in Fig. 3. Before discussing the simulation
results, the linearized natural gas flow which is determined based on the maximum and minimum pressure of the
gas is shown in Table 3.
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Eloctrical Load (AW)

Fig. 3: The 24-hour electrical load profile for the IENGS simulation

Table 3: Gas pressure constraint for each node on the IENGS.

In addition, ¢,,,,, is determined with the appropriate constant value to produce a nonlinear graph and divided

2

2

T T, T .
Node psig  @sig  @sig)  (sig)
1 105 120 11,025 14,400
2 120 135 14,400 18,225
3 125 140 15,625 19,600
4 130 155 16,900 24,025
5 140 155 19,600 24,025
6 150 175 22,500 30,625

into several pieces to produce several linear graph segments as shown in Fig. 4. The final value for the natural gas
flow equation is calculated by using Root Mean Square Error (RMSE) as tabulated in Table 4. Then, from Table 4,
the average RMSE for the natural gas equation is 72,557.

Piecewise 1-D look-up table least square estimation

4500 T
X:5760 _m
4000 F "‘ 3844 X: 7200
X: 4320 -9 Y: 4299
3500 Y a0k |
-
X: 2880
o Y:2712 1
.
2500 X: 1440 &l
Y: 2021
2000 L 1
15001 1
1000 1
X:0
500 1 Y/ 3665 |
| |
0 £ 4 . " o — -4 '
0 1000 2000 3000 4000 5000 6000 7000  BOOO

Fig. 4: Piecewise linear graph for natural gas flow equation.

The investigation regarding the optimal operation by using MILP considering TOP agreement is divided into
three scenarios. The first scenario is conducted based on the IENGS without TOP agreements. Then, the optimal
operating cost without a TOP agreement is identified as a base case. This base case will be used to justify the
cost increase when TOP agreements are subjected to the IENGS. Furthermore, the amount of natural gas supply
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Table 4: RMSE for natural gas flow equation.

No From Node To Node RMSE

1 1 2 71,930
2 2 4 111,145
3 2 5 5,142
4 3 5 66,788
5 5 6 107,783

Average 72,557

in the base case is investigated to determine the TOP agreements for the next scenarios, including partial and full
implementation of TOP agreements.

4.1. Results for Scenario 1: Without TOP Agreements

The power generation of each generator and the gas consumption by gas-fired power generators in Scenario 1
are shown in Table 5 and Fig. 5, while the gas injection of each gas source is illustrated in Fig. 6. The generated power
of units 1 to 4 suffice the maximum and minimum capacities of each unit. The total power generation fulfills the
electrical load, which is 7,020 MW and the power generation of each hour satisfies the ramp rate of each generating
unit. The gas injection of sources 1 and 2 suffice the minimum and maximum capacity of each source. The total
gas injection fulfills the gas load, gas supply for natural-gas-fired power generators, and gas consumption of the
compressor, with a total gas injection of 132,989.42 kcf, total gas fuel supply of 516.83 kcf, and gas consumption of
the compressor of 847.59 kcf. Validation of the gas flow balance is carried out by ensuring the value of the gas that
comes out is equal to the gas that enters each node. From the results, the out-flow gas at nodes 1 to 6 matches with
the in-flow gas of each node, and the squared gas pressure variance between the two nodes satisfies the pressure
limits of each segment. The optimal operating costs which consist of electricity generation and gas production
costs are shown in Table 6. The natural gas production cost is $280,105.37, and the electricity production cost is
$455,300.00. Thus, the total operating cost of the investigated IENGS by using MILP without the TOP agreement
is $735,405.37. In the next discussion, this cost is used as the base case for calculating the cost increase due to TOP
agreements.

T T T T L T FF T T a4 T 7

m— |ectrical Load
G1
=
a0 | —+—aG3
——G4

250

p b0

123 456 7 8 9 1011121314151617 181920212223 24
Hour

Fig. 5: Power generation for electrical load in Scenario I.
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Table 5: Power generation and gas supply performances in Scenario I.

Hour Power Generation (MW) Gas Supply (kcf)
G1 G2 G3 G4 N1 N2
1 100 60 30 50 14.70 7.90
2 100 64.8 30 50 14.70 7.90
3 100 60.6 314 48 14.70 7.58
4 100 65.6 36.4 38 14.70 6.00
5 97.6 70.6 414 28 14.35 4.42
6 100 75.6 46.4 27.6 14.70 4.36
7 100 80.6 514 22.4 14.70 3.54
8 87.2 85.6 56.4 30 12.82 4.74
9 96 90.6 61.4 40 14.11 6.32
10 100 95.6 66.4 50 14.70 7.90
11 100 97.8 71.4 50 14.70 7.90
12 100 100 76.4 50 14.70 7.90
13 100 95 71.4 45.6 14.70 7.20
14 100 97.8 73.8 50 14.70 7.90
15 100 100 78.8 50 14.70 7.90
16 100 100 74 50 14.70 7.90
17 100 98 71.2 50 14.70 7.90
18 100 95 76.2 43.2 14.70 6.83
19 100 100 81.2 50 14.70 7.90
20 100 100 78.8 50 14.70 7.90
21 100 100 76.4 50 14.70 7.90
22 100 95 71.4 48 14.70 7.58
23 100 90 66.4 43.6 14.70 6.89
24 100 85 61.4 41.6 14.70 6.57

Total 2380.8 2103.2 1480.0 1056.0 349.98 166.85

Table 6: Optimal operating costs in Scenario I.

Gas Supply (kcf) Gas Production Generation Total Operating
Node1l  Node 3 Cost ($) Cost (%) Cost ($)

349.98 166.85 280,105.37 455,300.00 735,405.37

4.2. Results for Scenario 2: Partial TOP Agreements

In Scenario 2, the IENGS is simulated with partial TOP agreements. The simulation is carried out by consid-
ering the TOP agreement one by one of the natural gas-fired power generators. In Scenario 2, the investigation is
divided into 2 cases: the first case investigates the TOP implementation on G1 and the second case investigates the
TOP implementation on G4. Based on the total natural gas supply in Scenario 1, the TOP agreement for natural gas
for unit G1 is set to be 300 kcf/day while unit G4 is set to be 150 kcf/day. The power generation and natural gas
supply performances in Scenario 2 are shown in Table 7 and Table 8. In Scenario 2, the implementation of the TOP
agreement for natural gas has adjusted the total natural gas fuel with the contract value in units G1 and G4. For
this scenario, the optimal operating costs in Scenario 2 are illustrated in Table 9 and Table 10. The implementation
of the TOP agreement for natural gas in unit G1 increases the optimal operating cost by 3.39% of $760,320.57
from the base case. Meanwhile, the implementation of the TOP agreement for natural gas in unit G4 also increased
the optimal operating cost by 1.77% of 748,399.30. This scenario concludes that the total operating cost increase
for TOP implementation on G1 is higher than G4. These presented results have validated the MILP performance
by conducting the optimal operation in various TOP agreement scenarios without violating the power electricity
balances, generator limits, transmission line capacities, and nodal gas flow balances.
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Table 7: Power generation and gas supply performances in Scenario 2 Case 1.

Hour Power Generation (MW) Gas Supply (kcf)
G1 G2 G3 G4 N1 N2
1 63 97 30 50 9.26 7.90
2 72.8 92 30 50 10.70 7.90
3 71.6 87 314 50 10.53 7.90
4 71.6 82 36.4 50 10.53 7.90
5 60.2 86 414 50 8.85 7.90
6 62.2 91 46.4 50 9.14 7.90
7 57 96 51.4 50 8.38 7.90
8 65.6 91 56.4 46.2 9.64 7.30
9 80.6 96 61.4 50 11.85 7.90
10 95.6 100 66.4 50 14.05 7.90
11 97.8 100 71.4 50 14.38 7.90
12 100 100 76.4 50 14.70 7.90
13 90.6 100 71.4 50 13.32 7.90
14 97.8 100 73.8 50 14.38 7.90
15 100 100 78.8 50 14.70 7.90
16 100 100 74 50 14.70 7.90
17 98 100 71.2 50 14.41 7.90
18 88.2 100 76.2 50 12.97 7.90
19 100 100 81.2 50 14.70 7.90
20 100 100 78.8 50 14.70 7.90
21 100 100 76.4 50 14.70 7.90
22 93 100 71.4 50 13.67 7.90
23 88.6 95 66.4 50 13.02 7.90
24 86.6 90 61.4 50 12.73 7.90

Total 2,040.8 2,303.0 1,480.0 1,196.2 300.00 189.00

Table 8: Power generation and gas supply performances in Scenario Case 2.

Hour Power Generation (MW) Gas Supply (kcf)
G1 G2 G3 G4 N1 N2
1 100 73,1 30 36,9 14,70 5,83
2 100 68,1 30 46,7 14,70 7,38
3 100 71,9 31,4 36,7 14,70 5,80
4 100 76,9 36,4 26,7 14,70 4,22
5 100 79,5 41,4 16,7 14,70 2,64
6 100 82,4 46,4 20,8 14,70 3,29
7 100 87,4 51,4 15,6 14,70 2,46
8 87,2 90 56,4 25,6 12,82 4,04
9 96 95 61,4 35,6 14,11 5,62
10 100 100 66,4 45,6 14,70 7,20
11 100 100 71,4 47,8 14,70 7,55
12 100 100 76,4 50 14,70 7,90
13 100 100 71,4 40,6 14,70 6,41
14 100 100 73,8 47,8 14,70 7,55
15 100 100 78,8 50 14,70 7,90
16 100 100 74 50 14,70 7,90
17 100 100 71,2 48 14,70 7,58
18 100 98,2 76,2 40 14,70 6,32
19 100 100 81,2 50 14,70 7,90
20 100 100 78,8 50 14,70 7,90
21 100 100 76,4 50 14,70 7,90
22 100 100 71,4 43 14,70 6,79
23 100 95 66,4 38,6 14,70 6,10
24 100 90 61,4 36,6 14,70 5,78

Total 2.383,20 2.207,43 1.480,00 949,37 350,33 150,00
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Table 9: Operating costs in Scenario 2 Case 1.

Gas Supply (kcf) Gas Production Generation Total Operating
Nodel  Node3 Cost ($) Cost ($) Cost ($)

300 189 280,047.61 480,272.96 760,320.57

Table 10: Operating costs in Scenario 2 Case 2.

Gas Supply (kcf) Gas Production  Generation  Total Operating
Nodel  Node3 Cost ($) Cost ($) Cost ($)

350.33 150 280,070.19 468,329.11 748,399.30

4.3. Results for Scenario 3: Full TOP Agreements

In Scenario 3, the optimal operation of IENGS by using MILP is simulated by implementing the TOP agree-
ments on all natural gas-fired generators, G1 and G4. The amount of natural gas supply for the TOP agreements in
Scenario 3 is the same as in Scenario 2. In Scenario 3, the more comprehensive results and discussions are presented
to show the TENGS operating behavior. First, the power generation comparisons of G1, G2, G3, and G4 from each
scenario are illustrated in Fig. 6, Fig. 7, Fig. 8, and Fig. 9, respectively. Based on the results, natural-gas-fired power
generators (G1 and G4) have a higher frequency of changes in generating power than coal-fired generators (G2 and
G3), which indicates the flexibility of natural-gas-fired power generator operations.

Power Generation of G1
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Fig. 6: Power generation profile of G1.
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Fig. 7: Power generation profile of G2.
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Fig. 8: Power generation profile of G3.
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Fig. 9: Power generation profile of G4.

The TOP implementation for natural gas in all of the natural gas-fired power generators has adjusted the total
gas fuel with the contract value in units G1 and G4. The power generated by gas-fired generators is adjusted to
the agreed gas fuel, and the remaining generation power is borne by coal generators. Fulfillment of power by coal
generators at the same capacity is supplied by generators with cheaper costs, G2 with a percentage of 34.2%. This
percentage is higher than in Scenario 2 because the gas supply in Scenario 3 is less than in Scenario 2. Thus, the
power generated by coal-fired generators becomes higher. Scenario 3 concludes that the TOP agreements for G1
and G4 are very impactful to the optimal operating costs. The gas production cost is increased to $279,956.88, and
the electricity production is increased to $791,833.04. Thus, the optimal operating costs in Scenario 3 are higher
than Scenario I by 7.67% of 791,833.04 as detailed in Table 11.

Table 11: Operating costs in Scenario 3.
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Gas Supply (kcf) Gas Production Generation Total Operating
Node 1 Node 3 Cost ($) Cost ($) Cost ($)
300 150 279,956.88 511,876.16 791,833.04
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5. Conclusion

The optimal operation of IENGS by using MILP considering the TOP agreement is successfully demonstrated.
This method is implemented on the integrated 6-bus electricity and 6-node natural gas systems. The optimal
operation using MILP conducts optimal solutions by fulfilling the load demand and satisfying the capacity and ramp
rate of generators, the capacity of transmission line, gas source, gas pipeline, and gas pressure. The simulation is
focused on the optimal operating cost increase when the TOP agreement is subjected to the generation units. The
TOP implementation is divided into partial and full implementation.

The detailed comparisons for optimal operating costs in all scenarios are presented in Table 12. In Scenario
1, the optimal operation was carried out without considering the TOP gas agreement, the operating costs were
worth $735,405.37. In Scenario 2, the simulation was conducted in two cases. The cases are simulated based on the
TOP agreement for one of the generators. In Case 1, the TOP agreement for G1 by 300 kcf increased by 3,39% of
760.320,57. While in Case 2, the TOP agreement for G4 by 150 kcf increased by 1,77% of 748.399,30. In Scenario
3, the simulation is performed with TOP agreement in all generators. The optimal operating costs are increased by
7,67% of 791.833,04.

Table 12: Comparison of operating costs in all scenarios.

Scenarios Optimal Operating Cost ($) Cost Increase (%)
Scenario 1 735.405,37 -
Scenario 2 Case 1 760.320,57 3,39
Scenario 2 Case 2 748.399,30 1,77
Scenario 3 791.833,04 7,67

With the success of this research, the method should be developed in the future. For example, MILP should be
compared with other algorithms for in-depth performance benchmarking, such as comparing it with the learning-
based algorithm that involves more advanced computation. Then, the variation of the TOP agreement scenarios
for both coal-fired and natural gas-fired generators can be added for a more complex investigation. In this paper,
the MILP is superior in the simulation environment, thus it can be considered for conducting future research on
experimental environments, involving real-world power system parameters.
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