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Abstract—In this paper, a multi-period integrated framework
is developed for generation expansion planning (GEP), transmis-
sion expansion planning (TEP), and natural gas grid expansion
planning (NGGEP) problems for large-scale systems. New nodal
generation requirements, new transmission lines, and natural gas
(NG) pipelines are simultaneously obtained in a multi-period plan-
ning horizon. In addition, a new approach is proposed to compute
NG load flow by considering grid compressors. In order to solve
the large-scale mixed integer nonlinear problem, a framework is
developed based on genetic algorithms. The proposed framework
performance is investigated by applying it to a typical electric-NG
combined grid. Moreover, in order to evaluate the effectiveness of
the proposed framework for real-world systems, it has been ap-
plied to the Iranian power and NG system, including 98 power
plants, 521 buses, 1060 transmission lines, and 92 NG pipelines.
The results indicate that the proposed framework is applicable for
large-scale and real-world systems.

Index Terms—Generation expansion planning, multi-period,
natural gas grid expansion planning, transmission expansion
planning.
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I. INTRODUCTION

A MPLE natural gas (NG) resources in a lot of countries
have caused gas-fired power plants to be permanently the

main reason of growth of NG consumption. The consumption
can keep growing because of the excessive amount of unex-
plored NG reserves, which leads to an increase in NG infrastruc-
tures’ investments. In this context, generation expansion plan-
ning (GEP) plays a significant role as a link between electric and
NG networks. On one hand, although different algorithms have
been reported to solve GEP, e.g., linear programming (LP) [1],
[2], dynamic programming (DP) [3], genetic algorithm (GA)
[3]–[6], particle swarm optimization (PSO) [7], and tabu search
(TS) [8], the NG system has not been taken into account in
the mentioned reports. On the other hand, to solve transmis-
sion expansion planning (TEP), althoughmany approaches such
as mathematical-based [9]–[11] and meta-heuristic algorithms
[12]–[17] have been applied, GEP has been rarely considered.
In previous reported researches, GEP, TEP, and NG grid ex-

pansion planning (NGGEP) have been mainly considered as
three independent problems. In other words, in order to solve
one of these problems, the two other expansions have been to-
tally ignored or considered with significant simplifying assump-
tions. For instance, in some works (e.g., [12] and [17]) in order
to solve TEP, the location and size of power plants have been
considered as known and pre-specified.
Moreover, constraints and expansions of NG network have

not been addressed. Reference [18] has indicated that, if GEP
and TEP can be fairly formulated in a combined form, the re-
sults would be more satisfactory in comparison with their sep-
arate solutions. In this context, a probabilistic model for com-
bined GEP and TEP has been reported in [19]. In [20], coordi-
nation of GEP and TEP in a competitive electricity market has
been studied using bi-level models. In [21], a tri-level model
has been proposed to solve decentralized GEP and centralized
TEP in electricity markets. With combined formulation of GEP
and TEP, an obvious cost would be the fuel cost, which is loca-
tion dependent. It mainly consists of generation cost and cost of
supplying the fuel. If NG is considered as the dominant fuel, the
cost of supplying the fuel can be the piping cost. In some reports
(e.g., [18]), this cost has been assumed to be relative to the dis-
tance of generation node and main refinery or NG center. The
assumption is not strictly valid as the plant is supplied through a
nearby NG grid with its own load flow constraints [22]. It should
be noted that, before the present paper, some works have pre-
sented the combined model of power plants, electric network,
and NG grid (e.g., [22]–[26]), but mainly in operational studies.
In [23], a joint operator of NG and electric systems has been

proposed to minimize operation costs considering constraints

of both systems. In [22], a short-term security constrained unit
commitment (SCUC) problem has been proposed considering
the NG network. In [24], an integrated model based on SCUC
problem has been reported to assess the effect of the interde-
pendent infrastructures on operation study. The impact of NG
limitations on medium-term hydro-thermal scheduling has been
presented in [25] and [26]. However, most of the reports are pre-
sented in operation horizons and the planning problem has been
rarely addressed.
Since GEP and especially TEP can significantly affect NG

network, planning of power system and NG grid can be simul-
taneously accomplished. On this basis, in [27], an integrated
GEP and TEP model has been proposed considering constraints
of fuel transportation; however, expansion planning of NG net-
work has not been taken into account. In [28] and [29], an inte-
grated expansion planning of both power and NG systems has
been proposed. The integrated model has focused on the com-
position of electricity generation in GEP problem and NG dis-
patch. However, some simplifications due to the linearization of
the model have been considered that can reduce the precision of
TEP. Moreover, contingencies have not been considered in both
electric and NG expansion planning problems.
In [30], a single-period integration of GEP and TEP has been

proposed by considering NGGEP. However, a very simple
model of GEP has been employed by considering some specific
scenarios of generation. On this basis, many significant features
of GEP such as the investment cost, maintenance and outage
costs, the salvage value, and reserve constraint have not been
considered. In addition, because of several simplifications in
the model and in the optimization method, the presented model
in [30] cannot be utilized for large-scale real-world systems
and multi-period modeling.
In order to overcome all the mentioned drawbacks, in this

paper, a three-stage TEP is proposed, including forward, back-
ward, and decrease stages, to verify candidate branches in
normal and contingency states. Furthermore, since NG load
flow has the most significant influence on the computation time
in large-scale systems, a new solution method has been devel-
oped to solve the NG load flow faster than the conventional
one. Moreover, a novel combined framework of multi-period
“GEP + TEP + NGGEP” is developed to achieve:
• generation requirements (placement and sizing);
• transmission requirements (type and ends of lines);
• NG grid requirements to supply the new power plants and
NG demand.

The structure of the paper is as follows. Formulation of NG
grid and the proposed NG load flow model are presented in
Section II. The proposed multi-period framework is introduced
in Section III. Numerical results are presented in Section IV. Fi-
nally, Section V provides concluding remarks.

II. NATURAL GAS GRID MODELING

A. Basic Principles

The gas flow rate, , through a long gas pipeline, , with
sending and receiving nodes, and , respectively, can be given
by [24]
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(1)

where

Friction factor, , depends on flow region. For
fully turbulent flow region in high-pressure grid (i.e.,

), friction factor is given by [24]

(2)

B. Node Balance Equation

The node balance in a matrix form can be formulated by

(3)

where array of matrix , , is given by

(4)

and is given by

(5)

If , the respective node is a generation (refinery) node.
Otherwise , the node would be a load (consumption)
one.

C. Compressor Equation

The objective of the compressor is to increase the pressure in
pipelines. In this paper, it is assumed that ,

, and the heat leakage of compressor is consid-
ered negligible. Therefore, it can be formulated as follows [31],
[32]:

(6)

where and are the pressure of input and output gas flow,
respectively. is the actual adiabatic (zero heat transfer)
compressor horsepower that is located through the gas pipeline
, with the sending and the receiving nodes, and , respec-
tively. is given by

(7)

D. Proposed Natural Gas Load Flow Method

The main equation of the NG load flow, i.e., (1), is nonlinear.
Solving the equation in each iteration of the proposed frame-
work dramatically increases the computation time. In order to

overcome the problem, a new approach is proposed and ex-
plained as follows.
Two major variables are related to each node, namely, pres-

sure and flow rate. In the proposed solution method, one of the
generation nodes is considered as slack node and the other gen-
eration nodes are assumed as load nodes with pre-specified flow
rates.
Therefore, the flow rate of the slack node and pressure of the

remaining nodes would be unknown to be determined. On this
basis, if and denote the number of generation and load
nodes, respectively, we would have:
• Known:
• Unknown:
Based on this, the flow rate of the slack node can be deter-

mined as follows:

(8)

After obtaining the pressures, the flow rates through the
pipelines can be easily determined using (1).
Various constraints should be observed throughout the solu-

tion process.
Constraints of node pressure and NG flow are presented in

(9) and (10), respectively:

(9)

(10)

Constraints of gas supply and gas demand are presented in
(11) and (12), respectively:

(11)

(12)

III. PROPOSED FRAMEWORK

A. GEP Approach

The multi-period GEP problem employed in this paper can
be formulated as follows:

(13)

where is the investment cost of new units constructed at
time , and are maintenance and outage costs of
all new and existing units, respectively, and is salvage
value of new units constructed at time . The mentioned terms
can be calculated by (14)–(18):

(14)

(15)
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(16)

(17)

(18)

The objective should be minimized considering the following
constraints:

(19)

Equation (19) denotes the upper construction limit, so the
construction capacity in each year must be lower than .
In addition, each unit should be able to supply a certain amount
of reserve. Therefore, a reserve margin is considered by

(20)

B. TEP Approach

The multi-period TEP approach employed in this paper con-
sists of a three-stage hybrid algorithm as follows:

1) Backward stage: In this stage, the system security is
assured in normal condition.
2) Forward stage: In this stage, the system security is as-
sured for contingency conditions ( criteria), provided
that the candidates already verified in the backward stage
are assumed “in”.

In each of the above stages, some high capacity elements can be
verified. On this basis, in the last stage of the hybrid algorithm,
we have:

3) Decrease stage: It is checked if lower capacity elements
(e.g., single-circuit transmission line, instead of a double
circuit one) on the same corridors can keep system security.
In that case, lower capacity ones are selected.

In the first two stages, the basic evaluation function that should
be optimized in each step is as follows:

(21)

where is the cost of investment and losses and can be
formulated by (22), and denote very large numbers, ,

, and :

(22)
Based on (21), the solutions would end up at minimum cost,

while no constraint is violated and no islanding occurs. In the
last stage, the evaluation function is basically the second term
(constraint violation) that would be checked.

In order to consider electric constraints, power flow formula-
tions are applied by (23) and (24):

(23)

(24)

where .
The constraints of electric flows are checked in both normal

and contingency states based on the capacity of electric
branches. The constraints are respectively presented by (25)
and (26):

(25)

(26)

Lower and upper limits of electric generation in each bus are
given as follows:

(27)

Constraint of the number of lines that can be added to corridor
at time and at the whole study horizon are given by (28)

and (29), respectively:

(28)

(29)

C. Combined Model

The combined model is an optimization problem that mini-
mizes the total cost, given by

(30)

where is the electric grid cost, consisting of costs
due to transmission expansion and electric system losses,

is the gas grid expansion cost, and is
the generation expansion cost due to the power plants.
In order to find the economic solution, the problem can

assign generations to some nodes. Based on this, the added
generations to candidate buses are determined as optimization
variables. This is due to the fact that generation allocation
affects both electric expansion requirements and gas grid ex-
pansion. It should be mentioned that if the type and capacity
of required generation are considered to be fixed and pre-spec-
ified, will be fixed and case-independent, so that it
can be omitted from the optimization process.
The flowchart of the proposed framework is illustrated in

Fig. 1. In the proposed framework, it is noted that the number
of candidates for a practical electric grid is higher than the re-
spective gas grid and the hybrid approach is well suited for
large-scale systems. The middle block is used to calculate the
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Fig. 1. Flowchart of the proposed framework.

GEP cost considering the reserve constraint. The right block
corresponds to the solution process for the electric network,
while the left block covers the NG grid so that the power plants
requirements are satisfied and the nodes pressure and pipelines
capacities are not violated.
Initially, some candidates should be assigned in terms of both

electric grid elements (i.e., generation units and transmission
lines) and NG pipelines. Then, the appropriate candidates
should be verified using an optimization method. Reference [8]
has shown that methods based on metaheuristic techniques can
be the best option for solving the expansion planning problems
in real-world power systems.
Additionally, in [33], it has been shown that GA can manage

TEP better than most mathematical methodologies due to the
non-convexity and nonlinearity of the mixed-integer problem.
On this basis, and due to the high level of nonlinearity and dis-
crete nature of the optimization problem, GA has been utilized

as the solution tool. The fitness (evaluation) function as given
in (31) is used:

(31)
where is arbitrarily chosen very high so that the solution
would end up with no constraint violation. Iterations are gener-
ated using GA by selecting the generation value of power plants,
and then the expansion costs in the three mentioned blocks are
calculated. Therefore, in any iteration, GA compares the value
of the evaluation function with the previous iteration, and if the
evaluation value is increased, the minimum total cost will be re-
placed with the new one.
As shown in Fig. 1, the convergence of the framework is

checked by the convergence of the minimum total cost. It means
that, after considerable amount of iterations, if no better result
is obtained, then GA will terminate the iterations.
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Fig. 2. Combined electric and NG systems for the Garver case study.

IV. NUMERICAL STUDIES

For the assessment of the proposed framework, two case
studies have been performed, including the Garver test system
[22] and the Iranian power and NG system as a practical
large-scale system.
The platform that has been utilized to assess the proposed

flowchart is a 64-bit Workstation having two Xeon E5-2687W
8C 3.10-GHz processors with 256 GB of RAM.

A. Garver Test System

The first system under study is the Garver test system [22] that
has been modified to cover the proposed GEP+TEP+NGGEP
framework as depicted in Fig. 2.
A 7-node NG grid, with 2 gas generation nodes (i.e., nodes

F and G) and 5 gas load nodes (i.e., A to E), has been consid-
ered. The base electric data are provided in Tables I and II. It
is assumed that the loads are increased by 50% (see Table II).
Moreover, it is assumed that new generation can be added to
both existing generation buses (buses 1, 3, 6) and a new bus
(bus 4). Details of gas grid are provided in Tables III and IV.

B. Applying the Proposed NG Load Flow to the Garver Test
System

In this section, the proposed NG load flow approach is de-
scribed and assessed using the above-mentioned test system.
Using (8), the flow rate of the slack node (i.e., node G) can be
determined as

(32)

Once is known, the pressure of the next connecting node to
slack node (i.e., node D) can be calculated as follows:

(33)

(34)

TABLE I
LINE DATA FOR GARVER ELECTRIC TEST SYSTEM

TABLE II
BUS DATA FOR GARVER ELECTRIC TEST SYSTEM

TABLE III
GAS PIPELINE DATA FOR GARVER ELECTRIC TEST SYSTEM

TABLE IV
GAS SUBSTATION DATA FOR GARVER TEST SYSTEM

Once is determined, the as the pressure of connecting
node to node D will be determined. The steps are repeated until
all pressures are obtained. Afterwards, the flows through the
pipelines will be calculated using (1). The results of the pro-
posed NG load flow method have been presented in Tables V
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TABLE V
OBTAINED NG SUBSTATIONS’ PRESSURE USING

THE PROPOSED NG LOAD FLOW

TABLE VI
OBTAINED NG PIPELINES’ FLOW USING THE PROPOSED NG LOAD FLOW

TABLE VII
INVESTMENT COST OF CANDIDATE PIPELINES (MILLION $/km)

and VI. It should be noted that, in order to assess the accuracy of
the proposed method, the obtained load flow results have been
compared with those of nonlinear equations. The comparison
showed that both results are completely the same, but the com-
putation time of conventional nonlinear model (0.39 s) is much
more than that of the proposed method (just 0.008 s). Since
the NG load flow is the engine of the proposed framework and
its equations must be repeatedly solved during the framework
process, using the proposed NG load flowmethod can play a sig-
nificant role in decreasing the computation time without losing
accuracy, especially in large-scale systems.

C. Applying the Proposed Framework to the Garver Test
System

The interface between electric and gas grids is the set of
power plants. Fig. 2 also shows the candidate pipelines for sup-
plying the power plants. Moreover, it is assumed that, in terms
of the transmission lines candidates, new lines (a maximum of
4 in each corridor) may be constructed in parallel with existing
lines. As already described, the aim is to allocate new gener-
ations in such a way that requirement cost (both in terms of
pipelines and transmission lines) is minimized, while loads are
adequately satisfied and various constraints are met. In order to
fulfill this idea, some cost terms are used as the input parame-
ters. The investment cost of transmission lines is considered to
be 240 000 $/km, whereas for any additional path it is 150 000
$/km. The cost of losses is considered to be 1.5 $/kW and the in-
vestment cost for power plants is assumed to be 530 000 $/MW.

TABLE VIII
CAPACITY OF CANDIDATE PIPELINES (MILLION MONTH)

Fig. 3. Solution result for Garver case study (colored lines represent new lines
and units).

The investment cost and capacity of candidate pipelines is
presented in Tables VII and VIII, respectively. The solution of
the problem is depicted in Fig. 3.
As can be seen in Fig. 3, among eight candidate pipelines for

connecting the electric system to the gas network, four pipelines
have been selected. In addition, because of the increase of gas
demand due to generation units’ consumption, most of the ex-
isting pipelines should be enhanced.
It should be mentioned that the proposed framework selects

the candidate pipelines with the shortest distance to generation
units, except the connection of the gas pipeline to the generation
unit at bus 3. The reason is that, if a shorter pipeline
had been selected, pipeline B-E would have been enhanced in-
stead of pipeline B-D. Since the distance between gas substa-
tions B and E (i.e., pipeline B-E) is more than that between gas
substations B and D (i.e., pipeline B-D), the optimal solution
is to connect generation unit 3 to gas substation D (further gas
substation) to avoid enhancing the longer existing gas pipeline
between gas substations B and E. In addition, three new corri-
dors have been selected for the electric network. Two of these
corridors (i.e., lines between buses 2-3 and 3-6) include 4 lines,
and one of them (i.e., line between buses 3-5) includes 3 lines.
Furthermore, the candidate generation unit at bus 4 has been se-
lected to generate with the nominal capacity of 285 MW. The
generation capacity of the existing generation units is also in-
creased to cover the demand grow in the horizon year.
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TABLE IX
CHARACTERISTICS OF IRANIAN NG SYSTEM

Seven compressor stations approved for year 2014 stand on branches
Fars-Kheirgou, Khanj-Fars, Fars-Jahrom, Fars-Arsanjan, Fars-Safashahr,
Fars-Abadeh, and Isfahan-Shahreza.
Seven compressor stations approved for year 2015 in order to export

NG to India and Pakistan.
One compressor station approved for year 2014 in order to export NG

to Turkmenistan.
Two compressor stations approved for 2014 stand on branches

Marganlar-Azarbaijan and Zanjan-Qazvin.
Two compressor stations approved for 2013 stand on branches

Hormozgan-Abshirin and Kerman-Sirjan.

D. Applying the Proposed Framework to the Iranian Power
and Natural Gas Systems

The case study of this paper is the 521-bus Iranian power
system with 92 existing power plants and 1060 branches (total
length of about 43 000 km) [34].
Seven of the power plants are hydro and the rest are thermal.

In addition, six new thermal power plants are considered for the
horizon year (2016).
The power system is modeled in voltage levels of 400 and

230 kV (155 of the buses are at 400 kV and the rest are at
230 kV) and with the maximum demand of 49 931 MW for the
horizon year. Moreover, this case study includes 50 main NG
pipelines, which feed 43 existing thermal power plants, with 42
sub-branches considered to feed the other thermal power plants
(total length of about 9433 km). The total NG consumption is
490.8 million day, including the consumption of thermal

TABLE X
NUMBER OF PLANNING PERIODS FOR IRANIAN POWER AND NG SYSTEMS

TABLE XI
SOLUTION RESULT FOR IRANIAN POWER AND NG SYSTEMS (TWO PERIODS)

power plants, considering 66 NG substations [35]. The men-
tioned NG substations are used to model 13.122 million urban
NG consumers and 24 million NG exports for each day. In
order to solve this case study, 72 candidate electric transmission
lines and 21 candidate pipelines have been considered.
It should be noted that, in this paper, allocation/sizing of com-

pressors is not implemented.
Regarding Table IX, it is assumed that the existing compres-

sors are referring to the gas network in the year 2010 and the
approved compressors by the National Iranian Gas Company
(NIGC) are increasing the compressing capabilities of the net-
work until the horizon year (2016). The details of the Iranian
NG system are presented in Table IX [36].
In order to investigate the effect of the number of planning pe-

riods on computational tractability, the proposed framework has
been applied to three cases, including a two period (i.e., 2013
and 2016), a three period (i.e., 2012, 2014, and 2016), and a six
period (2011–2016) planning. The year of 2010 is considered
as the initial stage (i.e., stage 0). The details of the mentioned
periods are presented in Table X.
In order to compare the integrated framework with the sepa-

rated method, the expansion planning method with and without
considering the NG grid has been applied to a two period plan-
ning. The expansion cost of the separated NGGEP is equal to
384.56 million $.
The expansion cost without NGGEP (i.e., integrated GEP and

TEP) is equal to 1277.93 million $, whereas by considering the
NGGEP (i.e., integrated GEP, TEP, and NGGEP), it is equal to
1601.12 million $; that is 61.37 million $ (about 3.7% of total
cost) less than the sum of the separated expansion costs. Details
of the results have been presented in Tables XI and XII.
Regarding the solution results, the investment is shared more

in TEP than in NGGEP. The reason is that the electric loads are
supplied by the power plants via the transmission network. If
the electric loads are supplied by enhancement in NG network,
an investment in GEP is also needed to construct the new power
plants, converting the NG to electricity to supply the loads. In
other words, most of the NG pipeline capacities are over the
power plant capacities connected to them. On this basis, any en-
hancement in NG network can cause a requirement of enhance-
ment in connected power plants capacities.
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TABLE XII
DETAILED RESULT FOR IRANIAN POWER AND NG SYSTEMS (TWO PERIODS)

Fig. 4. Existing, candidate, and verified NG pipelines for Iranian NG system
(two periods).

In this case study, there is no need to enhance the existing
NG pipelines. However, seven new NG pipelines are required to
feed the new thermal power plants and the new NG substations,
as illustrated in Fig. 4. Moreover, 32 of the candidate transmis-
sion lines (total length of about 1006 km) have been verified, as
illustrated in Fig. 5.
As it can be seen in Table XII, six thermal power plants have

been verified by using the separated model, while applying the
integrated framework causes only five thermal power plants to
be verified. However, the number of electric transmission lines
and the cost of NGGEP have been increased, because by ap-
plying a new NG pipeline with higher capacity, the size of one
of the verified power plants can be increased and the demand
requirement can be supplied by expanding the electric transmis-
sion lines.

Fig. 5. Existing, candidate, and verified transmission lines for Iranian power
system (two periods).

TABLE XIII
DETAILED RESULT OF THE PROPOSED FRAMEWORK FOR IRANIAN

POWER AND NG SYSTEMS (THREE PERIODS)

TABLE XIV
SOLUTION RESULT OF THE PROPOSED FRAMEWORK FOR IRANIAN

POWER AND NG SYSTEMS (THREE PERIODS)

Tables XIII and XIV present the obtained results from a three
period planning. As can be seen in Table XIV, the total cost is
less than the one in the two period planning, because the ca-
pacity of one of the verified NG pipelines in 2012 is less than
that in 2013.
This NG pipeline supplies the load of a new NG substation

in 2012. Since a part of this NG substation’s load will be fed
by the second NG pipeline in 2014, a lower capacity can be
sufficient for the first pipeline. It should be mentioned that the
second NG pipeline is not verified for 2013 and, consequently,
a higher capacity for the first pipeline is required. Similarly, a
lower capacity for the mentioned NG pipeline has been verified
for the six period planning.
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Fig. 6. Effect of number of horizon periods on the computation time.

According to Table XIV, the computation time of the three
period planning is approximately 63% more than the one in the
two period planning.
Fig. 6 compares the computation times of two, three, and

six period planning cases. The fitted curve shows that by in-
creasing further the number of periods, especially between six
and ten period planning, the computation time will be exponen-
tially increased. The computation time for solving the integrated
problem by the proposed framework can be considered accept-
able for planning studies. Hence, the results indicate that the
proposed method is applicable for large-scale real-world sys-
tems and multi-period modeling.

V. CONCLUSION

Although GEP and TEP have been typically treated sepa-
rately, a combined modeling may improve the results signifi-
cantly. Moreover, the generation plants were supplied through
an NG grid with its own potentials and limitations. Hence, an
integrated GEP+TEP+NGGEP framework was proposed and
formulated in this paper for large-scale systems. The proposed
framework was applied to a real-world power and NG system.
The results indicated that the proposed method was indeed
useful for large-scale systems. Optimal allocation of compres-
sors and electric substations is a topic for future work.
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