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Sustainable electricity development is one of the requirements for achieving sustainable development in global communities.
However, due to barriers, especially in less developed countries, there is little incentive to invest in the development of sustainable
electricity technologies. Therefore, there should be a change in market mechanisms, and broad support policies have to be
implemented for the sustainable development of electricity. In the long run, these policies must lead to the sustainable de-
velopment of energy systems. To evaluate the efficiency and effects of the proposed support policies on the sustainability of
electricity generation development, this study intends to analyze the multiple and complex dimensions of the problem using a
hybrid decision support model. Moreover, by defining an indicator to assess the electricity generation expansion sustainability,
this study assists policymakers in making logical decisions about sustainable support programs for the electricity development
based on the characteristics of the electricity market of each country. Despite uncertainties in the electricity market, simulations
show that the results of this hybrid model have approximately 88% conformance with historical data. Consequently, the model can
evaluate the sustainability of the system under the implementation of the proposed support programs and compare them to select
the most effective one. The results show that by assuming a competitive market and rational behavior and implementing support
programs with endogenous financial resources, the installed renewable capacity can be improved by up to 70.4% compared with
the direct subsidy policies. Regardless of the financial burden of policies (e.g., direct subsidies) and the possibility of facing a
budget deficit, these programs can be up to 79.2% more effective in the sustainability of the energy system compared with the
direct subsidy policy.

1. Introduction

Sustainable development of electricity generation, which is a
vital part of sustainable development, is achieved when its
generation and consumption provide development in all
economic, social, environmental, technical, and institutional
aspects of human life in the long run [1, 2].

The energy efliciency, required land, water and fuel
consumption, Operation and Maintenance (O&M) costs,

initial investment costs, number of jobs created, the amount
of electricity generated, and the volume of greenhouse gases
produced are some parameters in the evaluation of the
sustainability of an electricity generation technology [2, 3].
Numerous studies have shown that renewable electricity
technologies are highly compliant with sustainability criteria
and are deemed sustainable energy sources [4, 5].
However, due to several reasons, especially in less de-
veloped countries, such as inadequate infrastructures,
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unreliable laws to support the development of renewable
electricity generation, absence of pollution tariffs, high initial
investment expenses for renewable power plants, and cheap
fossil fuel (especially in countries rich in fossil resources), the
construction of fossil power plants is still economically
profitable [3]. Accordingly, there is low motivation in such
countries to invest in developing renewable electricity
technologies. As a result, governments need to pave the way
for the development of renewable electricity by changing the
market mechanisms or introducing support programs [6].

Plans like tax cuts and technical subsidies for renewable
energy development [7], feed-in tariffs (FIT) [7-10], fuel
price reforming [10], tradable green certification (TGC)
market [7, 11], and carbon emission tax [10, 12, 13] are
instances of such support plans.

In selecting appropriate support programs to achieve
sustainable development, given the high initial investment
costs of constructing a new renewable power plant capacity,
it cannot be simply assumed that production is carried out at
a constant rate [8]. In studies such as [14], the amount of
funding needed for decision-makers to achieve specific goals
under different scenarios is analyzed, while issues such as
how they are funded, the effects of their scarcity, and the
prediction of the financial crises are not considered. For
long-term development, in addition to considering the
system’s variables such as supply, demand, and pricing as
endogenous, one should also think about financing new
capacities and implementing these support programs [15]. If
a decision-maker does not plan for covering these costs (e.g.,
as stated in [8]), the implementation of support plans (such
as the FIT policy) with no feedback from the financial re-
sources leads to the failure of the development plan despite
the temporary satisfactory development effects. Plus, by
causing a budget deficit for the government [16], they bring
no profit except for short-term and unsustainable growth.

Sustainability in energy systems has recently attracted
the attention of researchers, and extensive literature exists on
this topic. Table 1 summarizes some key characteristics of
recent studies on sustainable energy systems.

The present study attempts to evaluate support programs
and their impacts on the development of electricity by
identifying the dynamics and influential factors in renewable
and conventional electricity development using a decision
support model that matches the complexity of the problem.
This article defines a comprehensive criterion using which
the sustainability of electricity generation development can
be properly measured and quantitatively compared under
different support programs.

A comprehensive and precise decision support model is
proposed, which simulates the trend of system variables
under different scenarios with decent accuracy. This model
can be highly reliable for creating a macro perspective of the
entire electricity generation system of a country since it takes
into account the competition between players, the interac-
tion between variables, and the uncertainties in the system.
With the help of simulations executed on the hybrid model,
decision-makers can observe the effects of the proposed
support programs on the system before implementation and
select the most sustainable support policies for the
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development of electricity generation with the least financial
burden for the government.

The remainder of this study is as follows. In Section 2, the
research method is stated. Section 3 presents a criterion for
the sustainability of the support programs, the conceptual
model of the problem, and the method of modeling the
competition between renewable electricity technologies and
conventional electricity generation technologies. In Section
4, the validity of the model is evaluated. In the next step, by
assuming that these programs are implemented, their effects
on the sustainability of the electricity generation develop-
ment and the installed capacity of renewable power plants
are measured in Section 5. Finally, Section 6 concludes the
article.

2. Methodology

Achieving sustainability goals in planning the development
of power generation technologies requires a comprehensive
analysis of the complexities of the electricity market.
Therefore, this research begins by using qualitative methods
such as interviewing experts in the electricity industry and
studying previous research to identify the problem and its
main influential factors. To assess the performance and make
the right decision about the formulation of appropriate
support programs that lead to the sustainable development
of electricity generation, it is necessary to use a decision
support model that addresses important aspects of the
system, including the dynamics of problem variables,
feedback relationships, and the interactions of players in a
competitive market and an uncertain environment. In this
research, the combination of the system dynamics (SD)
simulation and the concepts of agent-based modeling
(ABM) is used as a suitable decision support model for
analysis. In this way, SD is used to model the complex
structure of influential continuous variables, while ABM
concepts are used to model the interaction between players,
such as the competition between renewable power plants
and other conventional ones.

Liberalized electricity markets include several hetero-
geneous generators that compete based on their type of
technology and risk-taking capacity. As a result, such
markets deal with different agents (electricity generators)
that form a multiagent (multiplayer) problem. However, due
to the limited number of participants, the electricity market
model is generally similar to an oligopoly (imperfect
competition).

To simplify modeling, the problem was solved for two
players: (1) wind power generators (which represent re-
newable power plants because of their maturity and
abundance [30]) and (2) combined-cycle gas turbines
(CCGT, generators that represent conventional power plants
since they offer high efficiency among fossil fuel generators
and countries show more tendency toward their construc-
tion). By assuming a competitive market, the evolutionary
game theory (EGT) method was used to find the equilibrium
point of the game. Iran’s electricity market data [31] (as a
sample to inspect the effects of the selected plans) were
employed to perform this modeling for the period from 2010
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to 2050. Moreover, the historical data from 2010 to 2019
were compared with the model behavior to validate the
modeling. After ensuring the accuracy of the model, as-
suming the existence of a rational behavior between players
and a competitive market, support programs with endog-
enous financial resources (that are assumed to be functional
after 2022) were executed in the model so that they can be
compared, and their effects on the system and their efficiency
can be analyzed.

3. Model

To resolve concerns about the possibility of the termination
of support programs due to financial pressures on gov-
ernments [15] and budget deficiencies resulting from the
implementation of programs such as FIT [8, 16], this study
assumes that support programs with endogenous financial
resources are sustainable, and evaluates their sustainability.
Assuming a rational relationship between price changes and
supply and demand, along with a competitive market, and
inspired by a variety of support policies implemented in the
world [7, 30], this study evaluates the sustainability of the
three following support policies and offers solutions to
provide implementation costs:

(i) Support policy 1 (SP1): taxing the emission of
pollutants and allocating its revenue to wind power
systems as subsidies

(ii) Support policy 2 (SP2): modifying the fuel price and
allocating its revenue to wind power systems as
subsidies

(iii) Support policy 3 (SP3): taxing electricity consumers
and allocating the obtained revenue to wind power
systems as subsidies

These support plans increase profitability and appeal of
investment in the development of their capacity by sub-
sidizing the generation of renewable electricity per kilo-
watt-hour (kWh), which increases its generation. Figure 1
shows the influence mechanisms of the mentioned support
programs on the development of renewable electricity
capacity.

Each support policy affects various aspects of the power
generation system upon implementation, such as the
amount of pollutant gas emissions or the development rate
of renewable electricity generation. However, the effec-
tiveness of implementing a support policy cannot be
assessed solely based on the increase in the installed capacity
of a power plant. In particular, implementing a policy may
increase the price of electricity or the unemployment rate in
other electricity generation technologies, which are not in
line with the interests of consumers. Therefore, decision-
makers should carefully evaluate the effects of support
programs from various aspects. In this regard, a criterion
should be defined that provides a quick macro view of the
effects of implementing support programs on electricity
generation development for better policy-making decisions.

Several studies [32, 33] have assessed the sustainability
of energy systems under the influence of different

electricity generation technologies using various methods
such as multiple-criteria decision-making (MCDM) [34].
Based on the focus of each study, performance indicators
and various parameters have been proposed to evaluate
the sustainability of an energy system, as listed in a review
study [1]. In general, the sustainability of energy systems
can be examined in five aspects: economic, social, envi-
ronmental, technical, and institutional [2]. Using the
parameters introduced in studies such as [1, 3], the
present study proposes a criterion to determine the
sustainability of the electricity generation expansion,
called the electricity development sustainability index
(EDSI), to provide a comprehensive view of the effec-
tiveness of each support program. To achieve research
objectives, after receiving comments from electricity in-
dustry experts, and taking into account model boundary
and regardless of the implementation cost of support
programs, the following factors are considered to affect
EDSI:

Competitiveness of renewable electricity and its market
share [35, 36]

Net job creation of the electricity industry [3, 36]
Greenhouse gas emissions [36, 37]

Consumer demand coverage [3, 23]

Price affordability [1]

As shown in Figure 2, EDSI improves with the growth in
the share of renewable electricity in electricity generation
and its competitiveness in the market. This index also in-
creases with the creation of jobs in the electricity industry
(i.e., the total number of jobs created in the renewable and
nonrenewable electricity industry) and the coverage of
consumer demand. Finally, generating electricity at a rea-
sonable and affordable price and reducing greenhouse gases
are other influential factors.

EDSI is normalized based on the first year of the study
(2010), and as a result, its value for this year is one. This index
is a relative quantity that can be used to understand the
expansion trend of the electricity generation system toward
sustainability or unsustainability, compare the proposed
support programs, and provide policymakers with a better
view, assisting their decisions.

To simulate the EDSI and understand how it is affected
by the implementation of support programs, it is necessary
to simulate the involved factors. As shown in Figure 1, one of
the most significant factors affecting the tendency toward
new investments in different generation technologies is the
investor’s expected profitability ratio (IEPR), which depends
on income and the levelized cost of energy (LCOE), as
shown in the following equation:

IEPR = w_ (1)
LCOE
The tendency toward new investment has been studied in
the literature under titles such as Willingness For Investment
(WFI) [9] or the attractiveness of constructing new power
plants [10], which depends on its IEPR, and the IEPR of
other power plants.
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It is evident that price, as the outcome of the interaction
and balance between supply and demand in a competitive
environment, plays a significant role in calculating IEPR and
the tendency toward new investment.

The price of electricity is partially related to the price
elasticity of supply and demand. In other words, increasing
the generation in power plants yields lower electricity prices,
which means higher profit due to quantity and lower profit
due to price. In contrast, if power plants generate less
electricity, insufficient delivery of electricity increases the
price, which means higher profit regarding price and lower
profit regarding quantity.

However, price is also affected by the competition
mechanism of power plants in the electricity market. To
elaborate, each power plant needs to adjust its behavior
(price and generation capacity) based on the behavior of

other power plants (i.e., they need to offer a competitive
price for their electricity in accordance with the price of their
competitors). Optimal bidding in the electricity market
increases the profit of power plants. In order to have a more
extensive view and accurate evaluation, we need to analyze
factors that affect the market, including the dynamics of the
development of renewable and nonrenewable power plants.
Since the goal is to inspect the long-term trend of the system
under support programs, and the long-term behavior of the
market usually occurs in its stable equilibrium points, this
study seeks to find the equilibrium bidding point in the
electricity market.

The relationships between price, supply, and demand in
a competitive market are shown in Figure 3. In this figure,
endogenous funded support programs are marked with red
arrows.
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For competition analysis, game theory-based models are
used as decision support tools, which are mainly used for the
analysis of oligopoly competitions. According to the game
theory, the ultimate price for market players occurs in the
Nash equilibrium of market competition, where no player is
willing to change its strategy to increase its profit.

3.1. Finding the Equilibrium Point of the Games. By reviewing
the literature on game theory [38-43], it can be concluded
that the methods for finding the Nash equilibrium points in
competitive and noncooperative games can be divided into
four categories based on the mathematical equations of the
system and finiteness or infiniteness of the proposed pricing
options, as shown in Figure 4.

In this figure, competition results of categories 1 and 3
are strongly influenced by the format of the objective
function and relationships between variables [40]. How-
ever, in the real world, a different number of participants
and decision variables can compete in the market with
specific delays, sequential and feedback relationships,
uncertainties, conditional relationships, and linear and
nonlinear relationships with other participants. Moreover,
different scenarios can be explored. As a result, objective
functions become dependent on several factors, which
makes the modeling of the problem as mathematical
equations a time-consuming and challenging task.

Furthermore, oligopoly market models, which rely only on
the equation-based game theory, usually suffer from three
shortcomings: disregarding feedback loops, disregarding
time delays, and being limited to the definitive demand
function [40]. This research studies the electricity market,
which has high levels of intrinsic complexity and uncer-
tainty sources with several feedback relations. Hence, so-
lutions 1 and 3 are not appropriate for finding equilibrium
points in this competition.

Since the bidding price is a continuous variable, price
options are infinite. Therefore, solution 2 is not accurate in
finding an equilibrium price. Thus, to apply more realistic
conditions and inspect the effects of different scenarios on
electricity development sustainability in the uncertain and
competitive environment of the electricity market, it is more
appropriate to use the fourth category [42, 43]: the evolu-
tionary strategy solution (i.e., the gradual finding of the
answer).

Studies comparing the results of game equilibrium using
different methods [41] showed that if Nash equilibrium
exists and the game assumptions are realistic, all solution
methods converge to the same results [44, 45].

Solutions provided in categories 1, 2, and 3 in Figure 4
can only find the final equilibrium point, while they offer
no information about the system’s path to the final so-
lution. On the other hand, the evolutionary strategy so-
lution, in addition to converging to the equilibrium point,
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gives the decision-maker information about how players
dynamically decide in reaching the equilibrium point
[42, 46].

3.2. Competition Modeling. The model assumes that the “pay
as bid pricing” is the payment mechanism for market
clearing price (MCP). To motivate investment in the con-
struction of new power plants and the development of
generation, each power plant should try to achieve more
revenue and less cost (higher IEPR), compared to other
competitors, according to the power generation and price
bidding of the market. In this way, their tendency to invest in
capacity expansion also increases.

The adopted strategy and the profit of each player affect
the profit of other competitors. Their decision to determine
the price or quantity of their generated electricity results
from an oligopoly game. At the equilibrium point, where all
players consider each other’s strategies, their IEPRs are
maximized. The model determines the acceptable quantity
and price for the generation of power plants so that while
they continue generation, the development of power plants
can also be achieved simultaneously.

In the evolutionary strategy solution, a probability of
selecting or disregarding a strategy is assigned to each player.
The value of this probability indicates the willingness of the
player to select that strategy. The probability of choosing a
behavior depends on its reward.

In modeling the competition between two power plants,
P.y1 is defined as the probability of offering a low price and
Py is the probability of offering a high price by the wind
power plants. Similarly, P is the probability of offering a
low price and Py is the probability of offering a high price
by CCGT. The relation between these parameters is shown in
equations (2) and (3)

PWLzl_PWH’ (2)

PCLZI_PCH' (3)

As a result, four pricing conditions are formed. It is
necessary to calculate the IEPR of each player in these four
pricing conditions to find the equilibrium point and the best
strategy for each player.

Wiyyrcr IEPR of the wind power plant when Py, and P
occur, meaning that both the wind power plant and the
CCGT power plant bid a low price.

Wwicn is the IEPR of the wind power plant when Py,
and Py occur, meaning that the wind power plant bids a
low price while the CCGT power plant bids a high price.

Wwrcy is the IEPR of the wind power plant when Py
and P, occur, meaning that the wind power plant bids a
high price, and the CCGT power plant bids a low price.

Wwrcn is the IEPR of the wind power plant when Py
and Py occur, meaning that both the wind power plant and
the CCGT power plant bid a high price.

Moreover, CWLCL) CWLCH> CWHCL) and CWHCH are the
corresponding IEPRs of CCGT power plants under similar
bidding conditions.

The IEPR in each bidding condition is determined
according to the electricity price levels of the power plant,
the electricity price levels of other power plants, and the
effect of these prices on the power generation.

The IEPRs of players dynamically and continuously
change as the output of the SD model, and their results are
continuously fed into the game model to decide on the
equilibrium point (Figure 5).

To solve the game, the values of the variables Upy
(utility of the wind power plant if Py occurs, regardless of
the CCGT’s bidding price), Upyyy (utility of the wind power
plant if Py occurs, regardless of the CCGT’s bidding price),
Upcp (utility of the CCGT power plant if Pc; occurs, re-
gardless of the wind power plant’s bidding price), Upcy
(utility of the CCGT power plant if Pcyy occurs, regardless of
the wind power plant’s bidding price), Uy, (the average
utility of the wind power plant, under any bidding price
condition), and U (the average utility of the CCGT power
plant, under any bidding price condition) are calculated
according to equations (4) and (5).
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{ Upwr, = Per X Wywier + Peu X Wyyien

Upwh = Por X Wywner + Peu X Wwncn

{ Upcr = Pwi X Cwicr + Pwn X Cwacr

Upcu = Pwi X Cywicn + Pwa X Cwhcn

Equilibrium occurs when players are reluctant to change
their strategy to gain more utility and maintain their bidding

dPy
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— Uy = Py X Upyy, + Py X Upyps (4)

— U = Pey X Upey, + Pegg X Upcp. (5)

strategy in the market. In other words, according to equa-
tions (6) and (7), we have

T Py X (Upwr, = Uy) = Py X Py (Pop X (Wyvrer = Wiwner) + Pea X (Wiwren = Wiwnen)) = 0. (6)
“ar = Pep X (Upcr = Uc) = Pep, X Pey (Pyi, X (Cwier = Cwicen) + Pwa X (Cwacr — Cwacn)) = 0. (7)

The points that simultaneously answer the above
equations are equilibrium points. These points can be stable
or unstable. In order to determine the stability of equilib-
rium points of the system’s replicate dynamic equations, the
Friedman condition for the Jacobian matrix [47] or Lya-
punov’s theory of stability must be satisfied [25, 42]. In our
case, since the IEPRs of players continuously change, the
unstable equilibrium answer cannot be maintained, and the
system converges to the steady equilibrium state.

When a strategy is successful in the evolutionary game,
the movement toward it occurs gradually, and eventually,
the answers to the evolutionary strategies converge to the
Nash equilibrium point [42, 46]. The game equilibrium
answer re-enters the SD and changes the model variables. As
a result, a two-way relationship is observed between the SD
and the game part, and the hybrid decision support model
operates in a connected and integrated manner. The con-
ceptual model of the problem ultimately takes the form of
Figure 5.

Figure 5 illustrates the following: the relationship between
demand and price in balancing loops Bl and B’ [48], the
effect of learning in reinforcing loops R1 and R'1 [8, 49, 50],
the relationship between supply and price in balancing loops
B2 and B'2 [48], dynamics of path dependence (the concept of
the share of each player to the share of other players [40]) in
the reinforcing loops R2 and R'2, and the effect of resource
depletion in the balancing loops B3 and B'3 [49, 50]. This
model can take into account the effects of social acceptance
[8, 50], sensitivity analysis for possible uncertainties [51], and
competition between electricity market players. By regarding
a vast number of variables affecting the system and their
interrelations [52], this model can evaluate the effects of
several proposed support programs on the sustainability of
power generation development and provide the decision-
maker with a comprehensive view.

3.3. Data and Mathematical Equations. In this study, Iran’s
electricity market data (energy balance), published by the
Power Ministry of Iran [31], was used for modeling.

Additional data were also extracted from statistics pub-
lished by CCGT and wind power plants and articles that
studied Iran’s electricity generation [10], including the
historical data of wind farms and CCGT capacities, the fuel
cost of CCGT power plants, discount rates, fixed and
variable O&M costs, and the annual number of jobs created
per gigawatt-hour electricity generation using wind power
and CCGT. General parameters such as natural gas heat
rate and the capacity factor (CF) of CCGT and wind power
plants (mentioned in articles such as [53]) were also
utilized.

After extracting the necessary data, the mathematical
equations of the model and the relationship between model
variables were determined using the studies on electricity
generation in Iran (e.g., [8, 10, 54]) and interviewing experts
in the energy field and employees of the Power Ministry. The
data and mathematical equations were developed in the
form of stock-flow diagrams in Vensim software using the
conceptual model depicted in Figure 5.

It was assumed that, according to Table 2, a tax would be
levied on CCGT power plants in proportion to the pollutant
emissions to implement the SP1, which changes the LCOE of
CCGT power plants.

It was also assumed that implementing SP2 would in-
crease the fuel cost for Iran’s CCGT power plants from $0.3
to $0.9 per MMBtu, consequently changing the LCOE of
CCGT power plants similar to SP1. In addition, it was as-
sumed that consumers should pay an additional $0.003 per
kWh electricity consumption as tax to implement the SP3.
The modeling also simulates the direct subsidy relative to
underdevelopment (DSRU) program.

The DSRU program is an instance of the FIT policy for
renewable electricity. DSRU has also been mentioned in
some articles as a policy of closeness to the goal [8], a policy
in which renewable electricity power plants receive less
support as renewable energy share increases. The DSRU
simulation assumed that wind farms would receive $0.35 per
kWh generated electricity until they reach 1% of the market
share and $0.21 per kWh generated electricity until they
reach 5% of the market share.
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TaBLE 2: Emission cost and emission factor.

Pollution NOx SO, CcO PM CcO, CH,

Emission cost ($/g) 0.00107278 0.00326289 0.000335222 0.00768789 0.0000178889 0.000374222

Emission factor (g/MMBtu) 200 25 1 9 60000 1.5

4. Verification and Validation

Before using the model to analyze support programs, its
validity was investigated using several tests to ensure the
accuracy of the results. Specifically, to verify the framework
(boundary adequacy and structure assessment), the rea-
sonableness of the dynamics of renewable and nonrenewable
electricity development trends, balancing and reinforcing
loops, and cause-and-effect relationships between the
problem variables (Figure 5) were evaluated and approved
by renewable electricity experts.

As shown in Figure 6, in 2019, the sustainability of power
generation development using the index defined in this
study (EDSI) is 2.5 times the historical data from the initial
year (2010), indicating that Iran’s electricity industry is
moving toward sustainable development.

The mean absolute percentage error (MAPE) value was
used to evaluate the conformance of the simulated values
with the historical data. This rate is 12.1% for EDSI, 0.8% for
the demand, 14.6% for wind power capacity, and 3.7% for
CCGT power capacity. The Pearson correlation coefficient (a
coeficient between 1 and —1) was employed to calculate the
correlation between the simulated values and historical data.
The obtained values for this coefficient were 0.956 for EDSI,
0.996 for demand, 0.959 for wind power capacity, and 0.976
for CCGT power capacity. Competitive modeling validity
and Nash equilibrium were also assessed using the sample
data.

5. Results and Discussion

The designed model can determine EDSI over time and
under the influence of different support programs. As-
suming that there exists a competitive market and that
rational behavior prevails, the results of the EDSI under the
three support programs (i.e., SP1, SP2, and SP3) are illus-
trated in diagrams 1, 2, and 3 in Figure 7, respectively.
Moreover, the EDSI for the DSRU program is illustrated in
diagram 4. Finally, EDSI in the absence of support programs
(while it is assumed that the market is competitive and
logical behavior prevails) is presented in diagram 5 in
Figure 7.

Figure 7 shows that SP1, SP2, and SP3 positively impact
the sustainability of power generation development. Al-
though diagram 4 is simulated regardless of the DSRU
program implementation cost, the efficiency of the DSRU
policy in the sustainability of the energy generation devel-
opment is still less than the other three mentioned programs
that are financed endogenously.

Compared with the absence of support programs, the
sustainability of energy generation development was im-
proved by 85.8%, 31.4%, and 13.5% for SP1, SP2, and SP3,
respectively. However, the DSRU program could only

increase the sustainability of electricity generation devel-
opment by 3.7% compared with the state of having no
support plans.

The capacity development results for CCGT power plants
and wind farms are illustrated in Figures 8(a) and 8(b), in
respective order, under different scenarios.

As shown by the red arrows in Figure 3, corrections in
fuel prices or emission taxes increase the cost of generating
conventional electricity, resulting in a lower profit and in-
centive to invest in the sector. By spending the mentioned
revenues on subsidizing renewable electricity generation, the
income and profitability of renewable power plants will
increase, yielding the development of renewable electricity
(Diagrams 1 and 2 of Figure 8). It is evident that these effects
intensify as the revenues increase [12].

It is worth mentioning that implementing the tradable
green certificate (TGC) market can be considered the op-
posite of the emission trading system (ETS). While emission
trading imposes a cost on nonrenewable electricity gener-
ation, TGC generates additional revenue for renewable
electricity and ensures that a certain percentage of the
electricity generation comes from renewable sources [11].
Therefore, it seems that the implementation of the TGC
market, such as taxing the emission of pollutants and al-
locating its revenue as a subsidy (SP1) or modifying the fuel
price and allocating its revenue as a subsidy to wind power
systems (SP2), can lead to further development of wind
power systems.

Nevertheless, upon the implementation of TGC, a market
is created to purchase and sell these certificates, and it seems
that the bureaucracy for implementing this program is higher
than the two other programs (SP1 and SP2). Due to this
bureaucracy, its implementation seems unlikely in countries
with a weaker information flow system. This lack of exten-
siveness may be one of the reasons why TGC markets are
utilized mostly in European countries and some US states.

In contrast to SP1 and SP2, which imposed financial
pressure on the electricity generated through fossil fuels, SP3
increases the tax paid by consumers for electricity. In the
early years of its implementation, consumers may be less
willingly involved with this program. As a result, electricity
demand in the consumer sector will decrease. However,
sensitivity analysis shows that this drop in demand is rel-
atively small and negligible. With the total demand
remaining approximately constant, the taxes collected from
consumers can be allocated to multiple objectives, including
subsidizing per kWh of renewable electricity (diagram 3,
Figure 8), offering discounts for initial investments in the
construction of wind power plants, or increasing the
guaranteed purchase price of the wind power generators. In
all cases, positive effects can be seen on the development of
renewable electricity capacity and the sustainability of
electricity generation development.
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FiGure 6: The simulated and historical data for EDSI.
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Ficure 7: EDSI under different scenarios.

In policies that impose financial pressure on the
electricity generated from fossil fuels (SP1 and SP2),
revenues are proportional to the electricity generation by
CCGT power plants. From another perspective, the in-
comes obtained from conventional power plants are di-
vided by the capacity of wind power generation to obtain a
subsidy per kWh for wind power generation (Figure 1).
However, as the generation of wind farms has an upward
trend, the amount of subsidy given per kWh of wind

power generation decreases (as shown in Figure 9).
Simulation results show that although the per kWh
subsidies are initially higher than DSRU, they decrease
significantly over time. Even though DSRU will be greater
than subsidies of SP1, SP2, and SP3 in later years (even if
the financial resources of the country are large enough
that the budget deficit caused by the DSRU program does
not prevent it from continuing), the efficiency of this
policy (and the development of wind power as its result) is
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FiGure 8: The installed capacity of CCGT (a) and wind (b) power plants.

less than the rate of development caused by the support
policies with endogenous financial resources.

According to Figure 8(b), implementing tax programs
on emissions and providing subsidies for wind power (SP1),
reforming fuel prices and providing subsidies for wind
power (SP2), and taxing consumption and providing sub-
sidies to wind power (SP3) yield an increase of 70.4%, 24.9%,

and 8.5% on the installed capacity of wind farms compared
with the DSRU program, respectively.

Figure 9, and its correlation to Figure 8(b), shows that
appropriate timing for the utilization of incentives, their in-
tensity, and the manner through which these support policies
are initiated determine further development of renewable
electricity. Midttun and Gautesen [6] also share a similar view.
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FIGURE 9: Subsidy per kWh of electricity generated from the wind under different scenarios.

The increased growth rate of any technology reduces its
production costs in later stages, which yields further de-
velopment of power plant capacity and sustainability
improvement.

As shown in diagrams 1 and 3 of Figure 9, if it is assumed
that the subsidy allocated to wind power, which results from
the implementation of taxing programs on emissions (SP1)
or consumers (SP3) are equal, SP1 will impose financial
pressures on the electricity generated from fossil fuels, re-
ducing the share of this sector in the market (diagrams 1 and
3 of Figure 8(a)). Consequently, by implementing SP1, the
capacity of wind farms and EDSI will be 57.1% and 63.6%
more than those obtained from implementing SP3, as shown
in diagrams 1 and 3 of Figure 8(b) and diagrams 1 and 3 of
Figure 7, respectively.

In diagrams 2 and 3 of Figure 9, even though the subsidy
given to wind power plants from the fuel price modification
program (SP2) is less than that obtained from taxing elec-
tricity consumers (SP3) per kWh of wind power generation,
the financial pressure on fossil fuel electricity and its effect
on reducing the share of this sector in the market (diagrams
2 and 3 Figure 8(a)) increase the capacity of wind farms
(diagrams 2 and 3 Figure 8(b)) by 15.1%, and causes EDSI to
grow by 15.8% (diagrams 2 and 3 of Figure 7) compared with
SP3.

Therefore, implementing financial support programs
that impose pressures on fossil fuel electricity (SP1 and
SP2) will cause less development in this sector compared
with the development caused by subsidies through taxing
consumers (SP3) and the DSRU mode (Figure 8(a)).
Consequently, if the decision-makers aim to achieve sus-
tainability in the energy generation system, reduce the
share of fossil fuel electricity, increase the share of

renewable electricity, and reduce emissions, financing
policies through pressure on fossil fuel electricity are
suggested to be more efficient.

On the other hand, if decision-makers solely aim to
increase the total generation capacity of their country’s
power plants to cover consumer demand, it seems appro-
priate to tax the total electricity consumption (SP3) as it
would not change demand remarkably and would not im-
pose high social costs on governments. However, this
practice will not massively influence fossil fuel power plants.
In this case, SP3 is suitable for developing both renewable
and nonrenewable electricity. Nevertheless, as this scenario
generates less clean electricity and more emissions than SP1
and SP2, it has less effect on the sustainability of the energy
system.

6. Conclusions

In this study, a hybrid model was used to investigate the
effects of support programs on the sustainability of an energy
system and the capacity development of renewable power
plants. The goal was to provide simultaneous analysis of the
main aspects of the problem, including dynamics between
factors, feedback relationships, competitiveness, and the
uncertain environment of the electricity market. The model
was executed using Iran’s electricity industry data.

The results show that programs funded from within the
system (such as the three programs mentioned in this article)
can be considered sustainable support programs for the
development of renewable electricity. These programs im-
prove the installed capacity of the wind farms by 8.5% to
70.4% more than direct subsidy policies and do not impose
additional costs and financial burdens on the government,
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while at the same time, they have 9.5% to 79.2% greater
development sustainability compared with direct subsidy.

This research has some limitations which can be im-
proved in the future. For example, the demand in the
electricity industry can be increased or decreased by imports
and exports, depending on the conditions of each country.
In this study, the effect of the electricity import and export
subsystem has been omitted in the model since Iran’s net
import and export is negligible in relation to the country’s
total electricity demand. In future studies, this subsystem
can be implemented in the model, particularly for countries
with higher electricity imports and exports.

In future research, the sustainability of electricity gen-
eration development can also be assessed by implementing
other programs (or a combination of programs) that support
the development of clean electricity using the proposed
model.

Data Availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

References

[1] M. Martin-Gamboa, D. Iribarren, D. Garcia-Gusano, and
J. Dufour, “A review of life-cycle approaches coupled with
data envelopment analysis within multi-criteria decision
analysis for sustainability assessment of energy systems,”
Journal of Cleaner Production, vol. 150, pp. 164-174, 2017.

[2] B. Mainali and S. Silveira, “Using a sustainability index to
assess energy technologies for rural electrification,” Renewable
and Sustainable Energy Reviews, vol. 41, pp. 1351-1365, 2015.

[3] H. G. Shakouri and S. Aliakbarisani, “At what valuation of

sustainability can we abandon fossil fuels? A comprehensive

multistage decision support model for electricity planning,”

Energy, vol. 107, pp. 60-77, 2016.

I. Dincer and C. Acar, “A review on clean energy solutions for

better sustainability,” International Journal of Energy Re-

search, vol. 39, no. 5, pp. 585-606, 2015.

[5] S. Hossain, H. Chowdhury, T. Chowdhury et al., “Energy,
exergy and sustainability analyses of Bangladesh’s power
generation sector,” Energy Reports, vol. 6, pp. 868-878, 2020.

[6] A. Midttun and K. Gautesen, “Feed in or certificates, com-
petition or complementarity? Combining a static efficiency
and a dynamic innovation perspective on the greening of the
energy industry,” Energy Policy, vol. 35, no. 3, pp. 1419-1422,
2007.

[7] J. Arias-Gaviria, S. X. Carvajal-Quintero, and S. Arango-

Aramburo, “Understanding dynamics and policy for re-

newable energy diffusion in Colombia,” Renewable Energy,

vol. 139, pp. 1111-1119, 2019.

H. Milad Mousavian, G. Hamed Shakouri, A.-N. Mashayekhi,

and A. Kazemi, “Does the short-term boost of renewable

energies guarantee their stable long-term growth? Assessment
of the dynamics of feed-in tariff policy,” Renewable Energy,

vol. 159, pp. 1252-1268, 2020.

[4

[8

15

[9] M. S. Shahmohammadi, R. M. Yusuff, S. Keyhanian,
G. H. Shakouri, and H. Shakouri, “A decision support system
for evaluating effects of Feed-in Tariff mechanism: dynamic
modeling of Malaysia’s electricity generation mix,” Applied
Energy, vol. 146, pp. 217-229, 2015.

[10] A. Mostafaeipour, A. Bidokhti, M.-B. Fakhrzad, A. Sadegheih,
and Y. Zare Mehrjerdi, “A new model for the use of renewable
electricity to reduce carbon dioxide emissions,” Energy,
vol. 238, Article ID 121602, 2022.

[11] M. Hasani-Marzooni and S. H. Hosseini, “Dynamic inter-
actions of TGC and electricity markets to promote wind
capacity investment,” IEEE Systems Journal, vol. 6, no. 1,
pp. 46-57, 2012.

[12] M. Petitet, D. Finon, and T. Janssen, “Carbon price instead of
support schemes: wind power investments by the electricity
market,” Energy Journal, vol. 37, no. 4, pp. 109-140, 2016.

[13] P.-y. Nie, C. Wang, and H.-X. Wen, “Optimal tax selection
under monopoly: emission tax vs carbon tax,” Environmental
Science and Pollution Research, vol. 29, no. 8, pp. 12157-12163,
2022.

[14] M. Eftekhari Shahabad, A. Mostafaeipour, H. Hosseini Nasab,
A. Sadegheih, and H. Ao Xuan, “A new model to investigate
effects of subsidies for home solar power systems using system
dynamics approach: a case study,” Sustainable Energy Tech-
nologies and Assessments, vol. 49, Article ID 101706, 2022.

[15] I. Khan, “Sustainable energy infrastructure planning frame-
work: transition to a sustainable electricity generation system
in Bangladesh,” Energy and Environmental Security in De-
veloping Countries, pp. 173-198, 2021.

[16] D.-x. Yang, Y.-q. Jing, C. Wang, P.-y. Nie, and P. Sun,
“Analysis of renewable energy subsidy in China under un-
certainty: feed-in tariff vs. renewable portfolio standard,”
Energy Strategy Reviews, vol. 34, Article ID 100628, 2021.

[17] P. Sun and P.-y. Nie, “A comparative study of feed-in tariff
and renewable portfolio standard policy in renewable energy
industry,” Renewable Energy, vol. 74, pp. 255-262, 2015.

[18] A. Aslani, P. Helo, and M. Naaranoja, “Evaluation of re-
newable energy development in power generation in Fin-
land,” Journal of Renewable and Sustainable Energy, vol. 5,
no. 6, Article ID 063132, 2013.

[19] A. Al-Sarihia, M. Contestabileb, and J. A. Chernia, “Re-
newable energy policy evaluation using a system dynamics
approach: the case of Oman,” in Proceedings of the 33rd
International Conference of the System Dynamics Society,
Cambridge, MA, USA, June 2015.

[20] A. Sahabmanesh and Y. Saboohi, “Model of sustainable de-
velopment of energy system, case of Hamedan,” Energy Policy,
vol. 104, pp. 66-79, 2017.

[21] S. S. Rashwan, A. M. Shaaban, and F. Al-Suliman, “A com-
parative study of a small-scale solar PV power plant in Saudi
Arabia,” Renewable and Sustainable Energy Reviews, vol. 80,
pp. 313-318, 2017.

[22] B.E.K. Nsafon, A. B. Owolabi, H. M. Butu, J. W. Roh, D. Suh,
and J.-S. Huh, “Optimization and sustainability analysis of
PV/wind/diesel hybrid energy system for decentralized energy
generation,” Energy Strategy Reviews, vol. 32, Article ID
100570, 2020.

[23] B.E.K. Nsafon, H. M. Butu, A. B. Owolabi, J. W. Roh, D. Suh,
and J.-S. Huh, “Integrating multi-criteria analysis with PDCA
cycle for sustainable energy planning in Africa: application to
hybrid mini-grid system in Cameroon,” Sustainable Energy
Technologies and Assessments, vol. 37, Article ID 100628, 2020.

[24] N. Spittler, B. Davidsdottir, E. Shafiei, J. Leaver,
E. I. Asgeirsson, and H. Stefansson, “The role of geothermal



16

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

(40]

resources in sustainable power system planning in Iceland,”
Renewable Energy, vol. 153, pp. 1081-1090, 2020.

D. Fang, C. Zhao, and A. N. Kleit, “The impact of the under
enforcement of RPS in China: an evolutionary approach,”
Energy Policy, vol. 135, Article ID 111021, 2019.

J. D. Fonseca, J.-M. Commenge, M. Camargo, L. Falk, and
I. D. Gil, “Multi-criteria optimization for the design and
operation of distributed energy systems considering sus-
tainability dimensions,” Energy, vol. 214, Article ID 118989,
2021.

C.]J. Franco, M. Castaneda, and I. Dyner, “Simulating the new
British electricity-market reform,” European Journal of Op-
erational Research, vol. 245, no. 1, pp. 273-285, 2015.

H.-x. Wen, Z.-r. Chen, and P.-y. Nie, “Environmental and
economic performance of China’s ETS pilots: new evidence
from an expanded synthetic control method,” Energy Reports,
vol. 7, pp. 2999-3010, 2021.

G.J. Matthew, W. J. Nuttall, B. Mestel, and L. S. Dooley, “Low
carbon futures: confronting electricity challenges on island
systems,” Technological Forecasting and Social Change,
vol. 147, pp. 36-50, 2019.

H. E. Murdock, “Renewables 2019 global status report,” 2019,
https://www.ren21.net/reports/global-status-report Accessed
on.

energy balance of Iran, “Ministry of energy (MOE),” 2017,
http://isn.moe.gov.ir/.

K. Suomalainen and B. Sharp, “Electricity sector transfor-
mation in New Zealand: a sustainability assessment ap-
proach,” Journal of Renewable and Sustainable Energy, vol. 8,
no. 3, Article ID 035902, 2016.

Y. Torul Yiirek, M. Bulut, B. Ozyérﬁk, and E. Ozcan,
“Evaluation of the hybrid renewable energy sources using
sustainability index under uncertainty,” Sustainable Energy,
Grids and Networks, vol. 28, Article ID 100527, 2021.

I. Khan, “Data and method for assessing the sustainability of
electricity generation sectors in the south Asia growth
quadrangle,” Data in Brief, vol. 28, Article ID 104808, 2020.
U. Hernandez-Hurtado and C. Martin-del-Campo, “A de-
velopment of indicators for the sustainability assessment of
the Mexican power system planning,” International Journal of
Sustainable Energy Planning and Management, vol. 32,
pp. 95-110, 2021.

A. Buchmayr, E. Verhofstadt, L. Van Ootegem, D. Sanjuan
Delmas, G. Thomassen, and J. Dewulf, “The path to sus-
tainable energy supply systems: proposal of an integrative
sustainability assessment framework,” Renewable and Sus-
tainable Energy Reviews, vol. 138, Article ID 110666, 2021.
V. Aryanpur, M. S. Atabaki, M. Marzband, P. Siano, and
K. Ghayoumi, “An overview of energy planning in Iran and
transition pathways towards sustainable electricity supply
sector,” Renewable and Sustainable Energy Reviews, vol. 112,
pp. 58-74, 2019.

S. Soleymani, A. Ranjbar, and A. Shirani, “Strategic bidding of
generating units in competitive electricity market with con-
sidering their reliability,” International Journal of Electrical
Power & Energy Systems, vol. 30, no. 3, pp. 193-201, 2008.
L. Liu and W. Jia, “A new algorithm to solve the generalized
Nash equilibrium problem,” Mathematical Problems in En-
gineering, vol. 2020, 2020.

A. Mohammadi and E. Javanmardi, “System dynamics
modeling of oligopoly market based on game theory,” In-
ternational Transaction Journal of Engineering, Management,
& Applied Sciences & Technologies, vol. 10, no. 5, pp. 673-687,
2019.

(41]

(42]

(43]

(44]

(45]

(46]

(47]

(48]

(49]

(50]

[51]

(52]

(53]

(54]

Mathematical Problems in Engineering

S. Ghazi, J. Dugdale, and T. Khadir, “A multi-agent based
approach for simulating the impact of human behaviours on
air pollution,” 2019, https://arxiv.org/abs/1904.05429.

K. Li, W. Wang, Y. Zhang, T. Zheng, and J. Guo, “Game
modelling and strategy research on the system dynam-
ics-based quadruplicate evolution for high-speed railway
operational safety supervision system,” Sustainability, vol. 11,
no. 5, p. 1300, 2019.

Y. Zhenlei and G. Chunxia, “Construction and optimization
analysis of network knowledge community based on system
dynamics,” Mathematical Problems in Engineering, vol. 2020,
pp. 1-8, 2020.

T. Krause, E. V. Beck, R. Cherkaoui, A. Germond,
G. Andersson, and D. Ernst, “A comparison of Nash equilibria
analysis and agent-based modelling for power markets,” In-
ternational Journal of Electrical Power ¢ Energy Systems,
vol. 28, no. 9, pp- 599-607, 2006.

C. P. Roca, J. A. Cuesta, and A. Sanchez, “Evolutionary game
theory: temporal and spatial effects beyond replicator dy-
namics,” Physics of Life Reviews, vol. 6, no. 4, pp. 208-249,
2009.

L. Busoniu, R. Babuska, and B. De Schutter, “A compre-
hensive survey of multiagent reinforcement learning,” IEEE
Transactions on Systems, Man, and Cybernetics, Part C (Ap-
plications and Reviews), vol. 38, no. 2, pp. 156-172, 2008.
D. Friedman, “On economic applications of evolutionary
game theory,” Journal of Evolutionary Economics, vol. 8, no. 1,
pp. 15-43, 1998.

F. Olsina, “Long-term dynamics of liberalized electricity
markets,” National University of San Juan Argentina, PhD,
Thesis submitted to Department of Postgraduate Studies,
Faculty of Engineering, 2008.

S. H. Hosseini, S. F. Ghaderi, and G. H. Shakouri, “An in-
vestigation on the main influencing dynamics in renewable
energy development: a systems approach,” in Proceedings of
the Second Iranian Conference on Renewable Energy and
Distributed Generation (ICREDG), pp. 92-97, IEEE, Tehran,
Iran, March 2012.

S. H. Hosseini, G. H. Shakouri, and F. R. Akhlaghi, “A study
on the near future of wind power development in Iran: a
system dynamics approach,” in Proceedings of the Second
Iranian Conference on Renewable Energy and Distributed
Generation (ICREDG), pp. 183-188, IEEE, Tehran, Iran,
March 2012.

X. Liu and M. Zeng, “Renewable energy investment risk
evaluation model based on system dynamics,” Renewable and
Sustainable Energy Reviews, vol. 73, pp. 782-788, 2017.

F. Dianat, V. Khodakarami, S.-H. Hosseini, and H. Shakouri
G, “Combining game theory concepts and system dynamics
for evaluating renewable electricity development in fossil-
fuel-rich countries in the Middle East and North Africa,”
Renewable Energy, vol. 190, pp. 805-821, 2022.

A.Ford, K. Vogstad, and H. Flynn, “Simulating price patterns
for tradable green certificates to promote electricity genera-
tion from wind,” Energy Policy, vol. 35, no. 1, pp. 91-111, 2007.
S. Moslem Mousavi, M. Bagheri Ghanbarabadi, and
N. Bagheri Moghadam, “The competitiveness of wind power
compared to existing methods of electricity generation in
Iran,” Energy Policy, vol. 42, pp. 651-656, 2012.


https://www.ren21.net/reports/global-status-report
http://isn.moe.gov.ir/
https://arxiv.org/abs/1904.05429

