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Analyzing different scenarios for exporting natural gas and electricity is the main subject in this paper.
The place of Iran as the owner of second largest reserves of natural gas in the world and exporting it to
different countries increase the notability of this study. On the other hand, in the restructured power sys-
tem, the role of natural gas is growing in the electricity generation. This paper analyzes exporting natural
gas and electricity via three scenarios, including 1) direct transfer of natural gas at real time and forward
prices, 2) exporting the electricity, considering fuel payment and without fuel cost and 3) conversion of
natural gas into electricity and transferring via the power market. Markove Chain Monte Carlo (MCMC)
is applied for modelling the natural gas price during the studied time horizon. In this regard, the scenar-
ios are analyzed via system dynamics. Published data by energy information administration (EIA) about
natural gas price, the costs of generation by different technologies and plans for exporting the natural gas
and electricity are used in this study. The results show that exporting the natural gas or the electricity in
suitable forward price are the most profitable scenarios. Transferring the natural gas at real time price is
profitable, while exporting the electricity at the real time price of power market can not meet the economic
goals, even by expanding the renewable resources. © 2017 Journal of Energy Management and Technology
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NOMENCLATURE

j firm number

i load section characteristic

t time

y year

rr rate of return

ΓNG natural gas price

Π total profit

Φ energy amount

Ω energy price

Υ energy transfer investment

HR heat rate

OM operation and maintenance cost

CO pollution cost

I investment cost

MC marginal cost

F fuel price

D market demand

δ demand section duration

L demand section amount

g demand growth rate

Ed exported demand

GC total generation cost

CP generation capacity
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PI profitability index

m investment multiplier

α slope of m

β location of m

IR investment rate

L̇ demand variation rate

ṘE firm retirement rate

Res.Rat reserve ratio

TCP total generation capacity

UC under construction capacity

CT construction time

CN constructed capacity

LT life time

Vw wind speed

γ weibull shape parameter

η weibull scale parameter

Vr rated wind speed

Vci cut in wind speed

Vco cut out wind speed

1. INTRODUCTION

As a clean energy resource, natural gas is increasingly consumed
in different fields such as electricity generation despite its price
uncertainty. Iran is the second owner of the natural gas resources
in the world after Russia ; it can be revealed as an energy hub in
the MIDDLE East by exchanging the natural gas and electricity
with other countries.

Exporting the natural gas directly or its conversion into the
electricity is one of the unclear points in a long run decision
making for export. By restructuring of the power system in
Iran, the role of investors in capacity expansion was increased;
they consider their own profit rather than cultural and political
causes as the only motivation for expanding the capacity. To
this end, long run analysis of exporting the electricity from this
market to the other countries instead of the natural gas is the
other challenge for the investors.

System dynamics is a conceptual tool for long run analysis
of social and economic systems; it applies control theories for
studying the long run effect of different decisions and policies by
recognizing a system, its effective parameters and their mutual
relation. The technique is helpful in long run analysis of different
decisions, some of which either are not applicable in real world
or cause heavy damage to the society.

Scholars have sought long run behavior of different systems
via the system dynamics, in which the expansion of generation
capacity is one of them. In [1], Shaojie et.al have modeled effec-
tive factors in launching the capacity via the system dynamics.
They have considered effective factors such as advertising, mar-
ket, transport system, storing and etc., some of which are not

applicable in the power market. Based on adjusting the launch
scale, they have classified strategies into two categories, namely
static strategy for the short term and dynamic strategy for the
long term.

Some theorists have employed the system dynamics for an-
alyzing different subjects in the restructured power markets.
Olsina et.al in [2] have modeled a free power market by the
system dynamics for gaining significant insight into the long
run behavior. They have focused on replicating the structure
of power markets and the logic of relationships among system
components in order to derive its dynamical response, instead of
the optimization models. Capacity payment is another topic that
is studied by the system dynamics by the researchers. In [3] the
capacity payment is analyzed in system dynamics. Moreover,
the probability density function of the demand to the market is
suggested. The authors in [4] have analyzed different policies
for capacity payment in Iran electricity market. Reference [5]
analyzes different incentives for capacity expansion in Korean
electricity market using system dynamics. In [6] the important
events in Swiss electricity market such as the retirement of nu-
clear power plants and integrating with the European union is
analyzed by the system dynamics.

The mutual relation between tradable green certificate (TGC)
and the power market is analyzed in [7], [8]. They reconnoitered
different factors in each market, their relationship and the recip-
rocal relations among the markets. Different strategies for the
players in the TGC market is considered and the best one for
achieving the objective of the players is extracted.

Different patterns of the power plant construction was an-
alyzed through the system dynamics by Ford in [9] - [11]. As
a common pattern in industries, he has concluded that timely
construction can lead to the economic goals of the investors,
while the lag of construction behind the demand growth leads
to a boom in the price during the peak load and a dramatic drop
after completing the power plant. Authors in Ref. [11] have
introduced construction time as the cause of fluctuation in the
power market during the over and under supply periods; varia-
tions are dampened by a constant capacity payment besides the
energy premium.

Marzooni and Hoseini in [12] have proposed a dynamics
system model for analyzing the long run behavior of investment
in generation capacity. They defined an index for the market
power to show the level of competition in the market. The
effect of CO2 emission regulations on the long run behavior of
capacity expansion in Australia is analyzed by Chattopadhyay in
[13]. He has focused on the coal-fired technology and compared
the effectiveness of pursuing the renewable expansion policies
instead of the emission limiting rules in this paper. Eager has
modeled the Britain market as control loop for analyzing the
long run effect of reliability policies in an energy-only market
in [14]. Gary and larsen have developed a feedback model for
analyzing the strategic policies in out-of-equilibrium markets
in [15]. Stability of market in autonomous power networks is
analyzed by Wittebol et.al in [16].

The influence of the reliability policy on the price increment
in the power market has been analyzed in [17]; in this paper a
dynamics system model is developed for long run analysis of
the capacity expansion in the restructured power market under
different reliability policies. The results in this article show that
continuous policies can decrease the magnitude of the price
increment in the energy only market.

Besides the system dynamics and market restructure, natu-
ral gas export and its relevance to the electricity are studied by
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researchers. Authors in [18] studied the effect of natural gas ex-
port from the U.S. on the economy via Market Allocation Macro
model. The results show that export of natural gas has a small
effect on the economic parameters in the U.S. and more export
increases the price of electricity. Moreover, the export affects the
transport and its costs in the U.S.. Reference [19] has reviewed
different ways for exporting the natural gas; it hasn’t represented
analytical results for comparing the methodes. The long-term
(up to 2050) scenarios of Russian natural gas exports to Europe
and Asia was explored in [20]; the author uses the MIT Emis-
sions Prediction and Policy Analysis (EPPA) model for analysis.
The results has represented some predictions about natural gas
export from Russia to Europe and Asia. Reference [21] analyzes
the Nash equilibrium for trilateral game in Iran’s gas transit
from Turkey and Iraq in 2030 perspective under two cooperative
and noncooperative strategies. The authors concluded that if the
three countries participate in a trilateral cooperation the Nash
equilibrium will take place and their profits will be maximized.

By comparing the investment cost of combined cycle gas tur-
bine (CCGT) with coal-fired, Ford has described the importance
of natural gas based technologies in a deregulated power system
in [22]. The analysis of different options for investment in a
restructured power market was addressed by Zambujal in [23];
the author has suggested the CCGT as a suitable choice for in-
vesting in the new structure using Monte-Carlo simulations.
Reference [24] has described the role of natural gas in the fu-
ture of the electricity generation in Spain and has introduced the
CCGT as tie point between the power and gas systems. In [25] an
empirical long run simulation model for the European electricity
and natural gas market was described; the authors modeled
the markets by dynamic linear programming and analyzed the
interrelationship between power generation and gas market.

Abadie et.al in [26] have evaluated the energy investment
related to natural gas using the real options method; they have
evaluated natural gas combined cycle power plant and a lique-
fied natural facility and several investment options in a realistic
setting. The natural gas price which is an uncertain parameter is
estimated is estimated by Inhomogeneous Geometric Brownian
Motion (IGBM) in this paper. The results of the research show
that risks are in the short term and the regulatory changes may
have a deeper effect in long term result of an investment.

Reference [27] has focused on the stochastic models for the
spot market of natural gas by including the oil price as an ex-
ogenous factor. The authors have shown that associating the
natural gas price to the oil price explains its behavior better than
other factors such as temperature do. The uncertainty of natu-
ral gas price together with the upstream emissions and climate
policy is modeled in a two-stage stochastic programming ap-
proach in [28]. The results show that climate policies are stronger
drivers of greenhouse gas emission trajectories than new natural
gas are. Anderea et.al in [29] have focused on the pricing of
gas swing options by Monte Carlo method in a free natural gas
market. They have computed the price of an arbitrarily chosen
gas swing option in accordance with the concept of risk-neutral
expectations.

Published books by different scholars are helpful in long
run analysis of different events in the power market. Sterman
in [30] has described the concepts of system dynamics and its
implementation in different systems. Reference [31] is helpful in
understanding the concept of power market structure and its de-
sign. Stoft has focused on the basic economics and engineering
of the power markets such as price spikes, revenue of the firms
and reliability. Many advances in random number generation

and Monte Carlo methods was incorporated in [32]; Gentle has
discussed methods for generation of sequences of pseudoran-
dom numbers in the book. Different technologies for extracting
the energy from the wind, some techniques for modeling the
wind generation and useful data about the operation and main-
tenance of the wind systems are presented in [33]. Moreover,
the published reports by established institutes give useful infor-
mation about the cost of power generation, life data of different
technologies and forecasts of natural gas price [35], [36].

This paper applies the system dynamics to analyze export-
ing the natural gas from Iran to Turkey as a case study. In this
regard, different scenarios including direct export of natural
gas, converting into the electricity and exporting via the power
market is considered; sale at forward and real time prices and
the expansion of renewable resources are different studied situa-
tions. The real time price of natural gas is modeled by MCMC
with considering the rate of return. Different technologies such
as coal-fired, CCGT, gas turbine (GT) and wind participate in
the market at the third scenario. The research analyzes some
parameters such as present profit, profitability index and power
market condition. The results are explanatory that exporting
the natural gas and electricity at a suitable forward price not
only compensates the costs but also generate profit, while ex-
porting via the market decreases the profit and cannot make
up for investment in transmission lines. Without affecting on
exportation, expansion of renewable technologies decreases the
total fuel cost. The rest of the paper is organized as follows.
Section 2 describes the developed model; it describes the process
of estimating the real time price of natural gas, direct export
of natural gas, converting into the electricity and exporting via
the power market. Section D models different parts of a restruc-
tured power market for analyzing the capacity expansion via the
system dynamics. The results are represented and analyzed in
section 3 for different scenarios and are summarized in section
4 as conclusion. Appendix A represents the detail of MCMC
algorithm for estimating the natural gas price.

2. MODEL DESCRIPTION

A model is developed for analyzing the long run behavior of
exporting the natural gas by Iran using the concept of system
dynamics. Three different scenarios, namely direct export of
natural gas, converting into electricity and export via the power
market are considered in the paper. The real time price of natural
gas is estimated by MCMC method. The first and second scenar-
ios analyze the sale of natural gas and electricity via a forward
contract and the third scenario studies the effect of renewable
expansion in the market. The export of natural gas to Turkey
is chosen as a case study and is analyzed using the published
reports by EIA [37] and [38] about the export targets and its
costs.

A. Natural Gas Price

Natural gas price is a source of uncertainty in the power system
[24]. Markov chain is a sequence of random variables such that
for a given Xt, the distribution of Xt+1 is independent from Xt−1,
Xt−2, .... There are various ways of using a Markov chain to
generate random variables from some distribution related to the
chain. Such methods are called MCMC. Following engineering
terminology for sampling sequences, the techniques based on
these chains are generally called samplers. The objective in
the Markov chain samplers is to generate a sequence of auto
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Fig. 1. The samples of natural gas price generated by Markov
chain Monte Carlo

correlated points with a given stationary distribution. Appendix
A describes the process of MCMC method in creating samples.

For estimating the future price by the Metropolis-Hastings
sampler, the initial price of natural gas and its variance is chosen
from Ref. [36], summarized in table 1. The price is estimated
for 400 months by using Normal distribution for the target sta-
tionary distribution of natural gas price, pX , and Uniform dis-
tribution for the proposal distribution, gYt+1|Yt

in the flowchart
13. Figure 1 shows the natural gas price, ΓNG, during the stud-
ied time horizon that increases with a constant rate of return
according to table 1 [35].

B. Direct Export of Natural Gas
The first scenario analyzes the direct export of natural gas as base
condition, considering export at real time and forward prices
as shown in Fig. 2. Due to its profit in the present situation
expressed by Eq. (1), investment on transfer of the specified
amount of gas from Iran to Turkey [37] has decreased. Table 1
summarizes the information on the direct export of natural gas
such as amount, prices and costs.

ΠNG(t) =
∫ t

0
(ΦNG(τ) ·ΩNG(τ))× (1 + rr)−ydτ − ΥNG (1)

Fig. 2. The causual procedure of natural gas direct export

C. Export of Natural Gas by Converting into Electricity
Because of its higher efficiency, lower pollution etc., the CCGT
converts natural gas into electricity. The fuel used in energy
conversion process could be free of charge or at pre-set price of
ΓNG.

Figure 3 represents the process of exporting the generated
electricity by the CCGT technology. The generation costs such
as the fuel, O&M and pollution together with the generation
investment are added to the costs in this scenario.

Equation Eq. (2) represents the present profit of exporting the
electricity. The fuel cost affects the profit through the heat rate of
the CCGT technology in the first condition, which is dissipated
in the energy conversion. The amount of exported electricity is
equivalent to the volume of planed natural gas export in table 1,

taking into account the heat rate of the CCGT. The investment
in the CCGT and infrastructure for transmission of electricity is
subtracted from the income of export as expressed in Eq. (2).

ΠElec(t) =
∫ t

0
(ΦElec(τ) ·ΩElec(τ)− ΓNG · HRCCGT−

OMCCGT − COCCGT)× (1 + rr)−ydτ − ICCGT − ΥElec (2)

D. Export of the Converted Natural Gas via the Power Market
In the third scenario the natural gas is converted into the electric-
ity and is exported at the price of power market. The expansion
of capacity for supplying the demand, including the exported
energy, is influenced by the profit that is made by active firms
in the liberalized power market. Four technologies including
coal-fired, CCGT, GT and wind turbine compete in the power
market and the natural gas based technologies allocate a part of
their capacity to the exported electricity.

Figure 4 illustrates the process of capacity expansion in a
restructured power market in this scenario. In order to clear the
price and amount of generation, the firms offer their marginal
cost to the market, which has uniform price structure. The mar-
ket determines the profit of each firm considering the investment
costs and capacity payment. The profit affects decision about
the investments by firms and creates the generation capacity
by passing the construction time. The capacity is offered to the
market, which forms the main feedback loop in this process; it is
retired after its life time and changes the investment rate in the
expansion process. The market price determines the profit of the
export based on the amount of planned export and investment
in infrastructure for transmission of electricity.

D.1. Electricity Generation Cost

Marginal and investment costs are the main expenses for gen-
erating the electrical energy. Some costs such as fuel, pollution
and operation, presented in [34], [35], form the marginal cost
of the firms, which shows the cost of electricity generation per
MWh. The marginal cost increases with constant rate of return
every year as expressed in Eq. (3); the HRj denotes the required
thermal energy for generating electric energy by a certain tech-
nology in Btu/KWh and decreases every year [35]. The natural
gas based technologies pay the ΓNG for fuel cost.

MCj =
(

Fj.HRj + OMj + COj

)
(1 + rr)y. (3)

The investment cost is paid over the construction period and
must be recovered during the operation of the firms. Recovering
the investment cost is important for providing the reliability in
the uniform price markets, especially about the peak technolo-
gies [17], [31]. The firms cannot add the investment costs to

Fig. 3. The causal procedure of natural gas export by convert-
ing into electricity
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Table 1. The Parameters of the simulation [35]- [38]
hhhhhhhhhParameter

Technology Coal Fired C.C.G.T G.T Wind

Fuel Cost 65 ($/ton) ΓNG ΓNG

Heat Rate (Btu/KWh) 9200 6752 9289

O&M Costs ($/MWh) 7.7 3.3 4.3 3.4

CO2 Costs ($/MWh) 24 10.5 16

Investment Costs ($/KW) 1923 877 604 1797

Construction Time (months) 48 36 24 6

Life Time (months) 720 360 360 240

Planned amount of natural gas export (MMBtu/Month) 112.5×106

Natural gas transfer investment ($) 5.1×109

Forward price of natural gas export ($/MMBtu) 14.65

Planned amount of electricity export (MW) 23000

Forward price of electricity export ($/MWh) 130

Electricity transfer investment ($) 2.8×109

Rate of Return (%/year) 5%

Peak Demand (MW) 52000

Peak Duration 0.2

Middle Demand (MW) 40000

Middle Duration 0.6

Base Demand (MW) 28000

Base Duration 0.2

Demand Growth Rate (%/year) 5%

Rated Wind Speed (m/s) 7

Product Wind Speed (m/s) 4

Cut Out Wind Speed (m/s) 13

their offers. These costs are recovered due to the market pattern
and capacity payment to the firms that have not the fortune of
generation [31].

D.2. Electric Demand

The electric demand is modeled by load duration curve (LDC)
for the base, middle and peak sections of the demand, which
are supplied by the coal- fired, CCGT and GT, respectively. The
demand grows in each section with a constant growth rate every
year and its average, expressed in Eq. (4), is offered to the market.
The planed export demand is added to the interior demand,
which is supplied by the natural gas based technologies at first.
The total of interior and exported demand forms the market
demand in Eq. (4).

D(t) =
k

∑
i=1

δi · Li · eg·y + Ed. (4)

D.3. Power Market

In this paper, it is assumed that the market structure is uniform.
Thus the price and generation of each firm is determined based
on the minimum cost criterion. The firms bid their marginal cost
in Eq. (3) and the offers are sorted from low to high. Market price
is specified by the last bid that supplies the demand completely.

The investment cost does not influence the bid of the firms di-
rectly, but it must be recovered during the operation period. Win-
ing the high bids is profitable for the firms with lower marginal
cost. The reliability of the power system is provided by capacity
payment to the losers or free capacities [31].

D.4. Profitability

Clearing the market specifies the firms generation, , which can
be used for computing their costs and profit. Total generation
cost is the sum of expenses paid by the firms for generating

electrical energy until the studied time, expressed by Eq. (5).

GCj(t) =
∫ t

0
Φj(τ) ·MCj(τ)dτ (5)

As expressed in Eq. (6), firm’s income is calculated by sub-
tracting the generation and investment cost from their income,
where Φj ·MCj, CPj · Ij and Φj ·Ωj are generation cost, invest-
ment cost and income of firms respectively.

Πj(t) =
∫ t

0
Φj(τ) ·Ωj(τ)−Φj(τ) ·MCj(τ)− CPj(τ) · Ij(τ)dτ

(6)

The profit of the firms can be normalized to the same quantity
by defining the profitability index. It is the ratio of profit to
generation cost in Eq. Eq. (7) [30]. This parameter is helpful in
decision about investing in a technology.

PIj =
Πj

GCj
(7)

D.5. Capacity Expansion

The PI of the firms is converted into the investment rate by the
S-shaped curves as defined by Eq. (8). The curves limit the rate
of variation and final value [30]. Each technology has different
amounts of mjmax, αj and β j, but the mj is equal to 1 for PIj = 1 in
all of the firms. The coefficient mj is influenced by the reliability
policy and the profitability for providing enough capacity.

mj =
mjmax

1 + e−(αj PIj−β j)
(8)

The investment rate in each technology is a function of de-
mand growth rate and the retirement rate of the firms, which is
weighted by the coefficient mj as indicated in Eq. (9).

IRj = mj.(L̇i + ˙REj) (9)
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Fig. 4. The causal procedure of natural gas export via the restructured power market

The reliability policy in Eq. (10) is an internal loop in launch-
ing process, named as launch scale [1]. It changes the rate of
investment in each technology for holding the ratio of the reserve
to the demand at a proposed level.

Res.Rat =
TCP− D(t)

D(t)
(10)

The investment rate is converted into the under construction
capacity during the construction time in Eq. (11), which is the
difference between the investment rate and the construction rate
in each technology. The capacity in operation is the difference
between the constructed and the retired capacity in Eq. (12). The
exploited capacity is declared to the market and creates the main
feedback loop in this process; besides, it is used for providing
the reliability as an internal loop.

UCj =
∫ t

0
IRj − IRj(τ − CTj)dτ (11)

CPj =
∫ t

0
CNj − CNj(τ − LTj)dτ (12)

D.6. Wind Technology

The wind technology participates in the market besides the ther-
mal technologies. Different effective factors such as generation

and investment costs, construction time and life time are consid-
ered for analyzing the long run behavior of the wind technology
in the market [35], [34]. The output power of the wind technol-
ogy is perturbed by the wind speed, which is modeled by the
Weibull probability distribution function in Eq. (13).

Vw(t) =
γ

η
.
(

t
η

)η−1
.e−

(
t
η

)γ

(13)

The wind generation in Eq. (14) is affected by the wind pertur-
bation and the restriction of the infrastructures in low and high
wind speeds, which eliminates the generation from the nominal
amount [33]. The GT increases its income by compensating the
lack of planed generation by wind, due to its fast response and
free capacity [24].

Φw =



0 Vw < Vci(
Vw
Vr

)3
CPrw Vci ≤ Vw < Vr

CPrw Vr ≤ Vw < Vco

0 Vw ≥ Vco.

(14)

3. SIMULATION AND RESULTS

This section studies different presented situations in section 2
for exporting the natural gas from Iran to Turkey during 400
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Fig. 5. The present profit of natural gas export

Fig. 6. The present profit of electricity export

months as a case study. The results are obtained by simulating
different scenarios using the published reports by EIA about the
natural gas and the costs of electricity generation [35]- [38]. The
analyses consider the export of natural gas and electricity via
a forward contract in table 1 and real time price of natural gas,
ΓNG.

Figure 5 represents the present profit of exporting the planned
amount of natural gas in table 1 at the forward and real time
prices. The final profit in forward price is 3.3× 1011$, while it
decreases to 2.1× 1011$ in the real time price. The exportation
with suitable forward price recovers the investment costs during
4 months and it takes 1 year to be recovered in the real time price
scenario.

The second scenario studies export of electricity in a forward
price instead of natural gas and considers the energy conversion
with and without fuel cost. The CCGT technology is chosen
for the conversion due to its distinguishing characteristics [24].
In this scenario the costs of operation and maintenance and
pollution should be taken into account. Moreover, the natural
gas price should be considered in costs, while the natural gas
price, ΓNG, is added to the costs in the second situation. The
investment in generation and transmission is deducted from the
income of exportation. Table 1 summarizes the applied data for
simulating the situations.

Figure 6 represents the present profit of electricity export in
this scenario. The present profit of exportation without fuel
cost is 3.2 × 1011$, equivalent to direct export of natural gas
with forward price. Taking into account the fuel cost, profit will
reduce to 1.07× 1011$. The investment costs is recovered after 1
year at the first situation, while it increases to 16 months by fuel
payment as shown in Fig. 6.

By restructuring of the power system the price of electricity
is determined in a competitive market, which can be applied
to the exported electricity. Figure 7 presents the market price,
which grows with a constant rate of return and is influenced by
the natural gas price, ΓNG; the coal-fired technology determines
the lower limit of the price in this figure.

The profitability index of the firms changes by the variation
of natural gas price as indicated in Fig.8. As the greatest value,
the PI of CCGT is about 0.4; it is due to fact that the efficiency
of energy conversion in this technology is comparatively high.
On the other hand, the high marginal cost of GT reduces its
efficiency, leading to the lowest PI for this technology in the
market. High price natural gas increases the PI of the coal-fired
due to higher electricity price and increases the costs of the GT
and CCGT, which decreases their profitability in Fig. 8.

Fig. 7. The market price of the electricity

Fig. 8. The profitability index of the thermal technologies in
the power market

The present profit of electricity export at the market price
for different firms is summarized in table 2. The profit of the
CCGT in the market decreases to 3.2× 108, compared with the
electricity generation with considering fuel cost in the second
scenario. However, The CCGT earns the most profit and oper-
ates at the full capacity in comparison to other firms. Electricity
exportation at the market price does not recover the invested
resources in transmission and causes loss as the income from
market is 6.2× 108.

The variation of natural gas price and the profitability affects
the pattern of capacity expansion by the firms as shown in Fig. 9.
Increasing the natural gas and market prices provides the oppor-
tunity for capacity expansion by the coal-fired to the maximum
capacity of 13.8× 104 MW. The rate of capacity expansion by
the CCGT and GT is less than the coal-fired and their capacity is
7.5× 104 MW and 6.4× 104 MW at the end of the period, respec-
tively. The power market provides the reliability of domestic
and foreign demand as indicated in Fig. 10, in which the ratio of
power system reserve remains about 20%.

The presence of the wind technology bsides the thermal firms
changes the pattern of generation without influence on the mar-
ket price and profit of the exportation. Figure 11 represents the
profitability index of the firms by the presence of the wind tur-
bines in the market. The PI of the coal-fired and CCGT does not
change, but the PI of GT increases compared with Fig. 8, due to

Table 2. The present profit of the firms and electricity export
via the market

Firm Profit ($)

Coal- Fired 1.9× 108

CCGT 3.2× 108

GT 0.26× 108

Exportation −21.8× 108
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Fig. 9. The capacity of the thermal technologies in the power
market

Fig. 10. The reserve ratio of the power system

compensation of the difference between generated power and
nominal power. Free capacity of the GT and its fast start up and
fast response to the changes made the GT suitable for making
up the wind lack.

Table 3 summarizes the profit of the firms and electricity
exportation via the power market. The present profit of the
coal-fired and CCGT decreases compared with table 2, while the
present profit of GT is increased through compensating the lack
of wind generation.

Table 3. The profit of electricity export via power market in
the presence of wind turbines for different firms

Firm Profit ($)

Coal- Fired 1.6× 108

CCGT 2.9× 108

GT 0.7× 108

Wind 0.69× 108

Exportation −21.7× 108

The wind participation in the market changes the generation
pattern as shown in Fig. 12. The capacity of the thermal firms
reduces to 10.2× 104 MW, 5.9× 104 MW and 5.2× 104 MW for
the coal-fired, CCGT and GT, respectively as the wind capacity
gets to 2.7 × 104 MW. The new generation pattern decreases
the total fuel cost of electricity generation from 2.34× 107$ to
1.93× 107$.

4. CONCLUSION

In this paper, the long run export of natural gas is analyzed by
the system dynamics method. In this regard, the exportation
from Iran to Turkey is studied using the published data by the
EIA about the natural gas price and its forecast, the situation of

(a) Thermal firms

(b) Wind

Fig. 11. The profitability index of the firms with the presence
of the wind

natural gas resouces around the world and the costs of electricity
generation. The real time price of natural gas is estimated by the
Markove Chain Monte Carlo, considering the present price and
variation and rate of return.

Three different scenarios is considered for transferring the
energy including direct export of natural gas in forward and
real time prices, conversion of natural gas into electricity before
export and export the electricity via the power market with
considering the renewable resources. Direct export of natural gas
in the real time price is profitable and recovers the investment
in transfer infrastructure. Also, exporting the natural gas in a
suitable forward price increases the earned profit.

The second scenario analyzes the conversion of natural gas
into the electricity by the CCGT. Converting the energy for ex-
portation in a forward price without fuel payment creates profit
equivalent to the direct export of natural gas in a forward price.
On the other hand, paying the real time price of natural gas used
by the CCGT and selling the electricity in a forward price de-
creases the profit, but recovers the investment costs of generation
and transmission.

Fig. 12. The capacity of different technologies with the partici-
pation of the wind
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Export of electricity in the real time price is investigated in
the third scenario. The electricity price is cleared in the power
market with uniform price structure. The firms including coal-
fired, CCGT and GT technologies supply the demand and export
electricity, given that they expand their capacity according to the
earned profit from the market. Exporting via the market price is
not profitable and does not recover the investment in transmis-
sion. Therefore, the costs of transmission in this scenario have to
be appropriately considered by planning for transmission right.
Participation of the exported electricity besides the demand in
the market can be provided by the capacity expansion of the
firms for keeping the reliability of the power system. The ex-
pansion of renewable technologies in the power market does
not affect the continuity of export. Although the expansion of
renewable energy decreases the costs of fossil fuel during the
studied period, it does not make a profit for export, due to its
high investment in transmission.

All in all, the export of natural gas in a suitable forward price
makes a good profit in direct and electricity export scenarios.
The export of natural gas in the real time price is profitable
but selling the electricity in the market price cannot recover the
investment costs.

APPENDIX A

Inequality Eq. (15) expresses the criteria for acceptance or rejec-
tion of a sample in a distribution with the density pX , which
generates the walk moves from the point yi to a candidate point
yi+1 = yi + s, where s is a realization from U(-a, a) and u is
an independent realization from U(0, 1). If the new point is at
least as probable (that is, if pX(yi + 1) ≥ pX(yi)), the condition
Eq. (15) implies acceptance without the need to generate u [32].

pX(yi + 1)
pX(yi)

≥ u. (15)

The Metropolis-Hastings sampler uses a more general chain
for the acceptance/rejection step, instead of just basing the deci-
sion on the probability density pX as in the inequality Eq. (15).
The Hastings technique uses deviates from a Markov chain with
density gYt+1|Yt

for generating deviates from a distribution with
a probability density pX as shown in flowchart 13.
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