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ABSTRACT In addressing current sustainability challenges, it is crucial to reduce CO2 emissions from
power systems. An economic approach is to devise a solution for increasing the penetration of renewable
energy sources. This can be achieved by implementing taxes on CO2 emissions from fossil fuel power plants
(FFPP). However, it is important to carefully design this tax to ensure that sustainability is not compromised.
For instance incorrect tax amounts and implementation methods can result in an excessive increase in
energy prices and a reduction in consumption. This paper proposes the power system sustainability index
(PSSI), which incorporates economic, social and environmental aspects to obtain optimal tax. Furthermore,
tax revenue is allocated as a subsidy to wind power plants (WPP). The mutual effects of taxation, prices
and subsidies create a loop, wherein the amount paid as a subsidy and received as tax converge in an
optimized cycle. Thus, the proposed optimized carbon tax-subsidy mechanism (OCTSM) has two key
characteristics: it increases the PSSI optimally and ensures equivalence between the amounts paid and
received. The effectiveness of the developed strategy was evaluated on the modified IEEE 24-bus test system
with penetration of WPP along with power production uncertainties. The results indicate that an optimized
tax system leads to a higher PSSI. Furthermore, as the total installed capacity of WPP increases, the impact
of the tax on improving the PSSI becomes even more significant. However, there is a limit to the capacity
expansion, beyond which the effect on the PSSI diminishes.

INDEX TERMS Carbon tax, energy policy, power system sustainability, tax-subsidy mechanism, wind
power penetration.

NOMENCLATURE
A. INDICES AND SETS
i Index of power plants.
h Index of time slots.
F Index of fossil fuel power plants.
w Index of wind power plants.
k Index of the wind scenarios.
s Index of the system.

The associate editor coordinating the review of this manuscript and
approving it for publication was Hamdi Abdi.

b Index of the buses of the system.
j Index of the system convergence iterations.
nF number of fossil fuel power plants.
nW number of wind power plants.
aft After OCTSM.
bef Before OCTSM.

B. PARAMETERS
aFi The non-linear coefficient in the cost function of

fossil fuel power plants.
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βFi The linear coefficient in the cost function of
fossil fuel power plants.

γ Fi The start-up cost factor of fossil fuel power
plant.

awi The non-linear coefficient is a function of the
cost of wind plants.

βwi The linear coefficient is a function of the cost
of wind plants.

γ wi The start-up cost factor of a wind power plant.
n The predetermined percentage for the alloca-

tion of subsidies of the total amount of tax.
τ A small threshold value which convergence

in inner loop is achieved when the difference
between the taxation amount and the subsidy is
less than that.

σ A small threshold value which convergence
in outer loop is achieved when the difference
between the total demands is less than that.

ε Price elasticity.
NGl number of genes.

C. VARIABLES
Cbef
Fi,h The cost function of the ith fossil fuel power

plant at hour h before tax.
Caft
Fi,h The cost function of the ith fossil fuel power

plant at hour h after tax.
Cbef
wi,h The cost function of the ith wind power plant at

hour h before applying tax.
Caft
wi,h The cost function of the ith wind power plant at

hour h after applying tax.
Caft
wi,h,j+1 The cost function of the ith wind power plant

at hour h in the j+ 1st iteration of subsidy
allocation.

PFi,h The power produced by the ith fossil fuel power
plant at hour h.

Pwi,h The power produced by the ith wind power plant
at hour h.

Pwi,h,j+1 The power produced by the wind power plant at
hour h in the j+1th iteration subsidy allocation.

tax i,h Tax formula for the ith producer in hour h.
PSSI Power system sustainability index.
wCO2 Tons of CO2 emission.
D Electricity total demand.
FCO2 A coefficient to equate the social cost of carbon

in dollars ($/ton).
FD A coefficient to equate the demand in dollars

($/MW).
RCO2 Tons of CO2 emission per MWh (ton/MWh).
aveLMP Average 24-hour locational marginal price.
Ftaxt Total revenue made from tax.
St The total amount of subsidy for wind generators

in 24 hour.
So The total amount of revenue obtained from the

tax after 24 hour.

Sw Amount of subsidy for each wind gen-
erator in 24 hour.

atax The non-linear coefficient in the tax
formula.

β tax The linear coefficient in the tax for-
mula.

xmin, xmax bounds include reference bus angles,
voltage magnitudes, and generator
injections.

Pk The probability of occurrence of the k th

wind scenario.
Pw,k The probable wind power correspond-

ing to the kth wind scenario.
CO2,k The probable CO2 corresponding to

the kth wind scenario.
CO2b Total CO2 produced by bus b.
CO2i,h CO2 produced by ith power plant per

hour.
URi Ramp up limit of ith producer.
DRi Ramp down limit of ith producer.
Pi,total Total active power.
Pd,total Total active power demand.
Pl,total Total active power loss.
Qi,total Total reactive power.
Qd,total Total reactive power demand.
Ql,total Total reactive power loss.
vi,minm ,vim, v

i,max
m Minimum, actual, and maximum volt-

age magnitudes of buses, respectively.
pi,ming , pig, p

i,max
g Minimum, actual, and maximum

active power of producers,
respectively.

qi,ming , qig, q
i,max
g Minimum, actual, and maximum reac-

tive power of producers, respectively.
θ
ref
i θ i Nodal voltage angle reference and

nodal voltage angle of bus b respec-
tively.

CPFi,h The production cost of fossil fuel
power plants per hour.

CPwi,h The production cost of wind plants per
hour.

CF Cost function.

I. INTRODUCTION
Climate change is one of the major problems of the inter-
national community. CO2 emissions from fossil fuel power
plants (FFPP) will contribute to rising global temperatures
and climate change [1]. Given the importance of environmen-
tal issues and the significant impact of the electricity industry,
it is essential to develop newmanagement strategies to control
CO2 production in this sector.

Various studies have investigated this issue. Some have
focused on monitoring CO2 emissions in systems with dif-
ferent energy sources (energy hubs), analyzing the flow of
carbon emissions among these sources [2], [3]. In [3], this
issue has been investigated only considering the electricity
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network, and the amount and circumstances of carbon emis-
sion from generation to consumption have been studied. The
study emphasized the crucial role of the demand side in CO2
production.

Another category, proposes methods for energy man-
agement and optimized power flow (OPF) to reduce CO2
emissions. These methods incorporate CO2 reduction as a
constraint or the primary goal in problem formulation. For
instance, in [4], economic dispatch was performed by consid-
ering carbon capture and storage systems. Results indicated
that integrating carbon capture and storage alongside conven-
tional generation units significantly reduced CO2 emissions.
Energy management was tackled by simultaneously consid-
ering energy and carbon prices [5]. Results showed that an
increase in the prices led to a decrease in the carbon emissions
but with a saturation effect. In [6], operational perspectives
were explored, such as studying the appropriate power flow of
a system in relation to taxes and uncertainty of energy sources
based on improved wild horse optimizer. Results indicated
that the proposed method is highly effective and robust
in achieving the optimal solution. An optimal interaction
between operators and investors within an energy hub system,
taking carbon constraints and carbon tax into account, was
defined in [7]. Results showed that a taxation-based approach
increases total costs of the system at moderate emissions
targets, but the effect decreases at aggressive targets. The
impact of using different distributed generation sources on
greenhouse gas emissions was also examined in [8]. The
findings indicated that renewable energy consumption causes
economic growth as well as CO2 emissions. In [9], the impact
of CO2 reduction policies at the provincial level was studied
on a case study in China, particularly focusing on circular
economy development and energy intensity targets. Interest-
ingly, the findings show that provincial energy saving and
comprehensive resource utilization policies do not signifi-
cantly affect CO2 emissions.

In [10] the impact of strict penalty-based policies on car-
bon emissions in highly polluted countries was investigated.
By utilizing nonlinear modeling, the study concluded that
despite the positive and negative effects associated with
implementing these policies, they would ultimately lead to
improved environmental conditions in the long term. In [11],
incentive instructions were defined for both production and
consumption. The results demonstrated that inappropriate
policies for distributed generation sources may lead to elec-
tricity generation shortages, highlighting the need for an
appropriate strategy.

Another category of articles focuses on CO2 taxation.
These studies are divided into two main areas: decision-
making in the electricity market environment assuming the
existence of taxes, and the impact of different taxes on
the operation and planning processes. In the first category,
a certain tax amount is typically assumed. For example, the
Brookings Institute suggested a minimum carbon tax value
of $15/tonCO2 [12]. Other studies proposed values rang-

ing from $15/tonCO2 to $29/tonCO2 [13], or $10/tonCO2
up to $25/tonCO2 [14]. Several articles have examined the
optimal decision-making of market players concerning taxa-
tion. For example, [15] presented a model for supply chain
decision-making under carbon taxes and constraints, out-
lining an optimal supply chain. The results indicated that
emission reductions and economic benefits can be achieved
over time. In [16] the optimal decision-making in the pres-
ence of carbon tax was studied in a case study in Taiwan.
Key findings include optimized portfolio allocation for green
energy projects, contributing to Taiwan’s national energy
policy, and demonstrating the effectiveness of smart green
energy planning incorporating a carbon tax policy for sus-
tainable environmental activities. [17] has studied the optimal
pricing for market players in the context of market uncer-
tainty and taxes. Results indicated that while carbon tax can
effectively lower carbon emissions, industries with smaller
profit margins may face challenges in business develop-
ment if solely reliant on this policy, potentially resulting in
diminished benefits. In [18] a market including one manu-
facturer and two retailers was studied in terms of carbon tax,
where competitive or cooperative policies were examined,
highlighting taxation as a useful and effective environmental
policy. The main results highlighted that reduced manufac-
turer or retailer power led to lower profits and in a vertical
Nash setup, retail prices were lowest, supply chain demand
was highest, and supply chain profit was maximized.

In the second category, the objective is to determine the
optimal tax rate by observing its impact on the system while
varying its value. For instance, in [19], researchers studied
the short-term economic and environmental effects of carbon
taxation on bulk electrical systems using various tax rates.
The results showed that high taxes on the production side
led to higher equilibrium prices and reduced consumption,
negatively impacting power system sustainability. In [20],
the minimum appropriate tax rate for CO2 reduction was
studied by defining the desired pollution reduction level
and deriving the corresponding tax rate. Case studies on a
modified ISO New England test system demonstrated the
reliability of this method in identifying the minimum tax rate
required to meet emissions targets. In [21] a case study was
conducted in China to identify an appropriate tax rate. The
results showed that the suitable carbon tax was 60 RMB/t,
which not only achieved the emission reduction target but
also minimized the negative impact on the macroeconomy.
Moreover, [22] examined the impact of changing tax rates
on the consumption of renewable power plants. The paper
indicated that in the short term, environmental tax negatively
impacted renewable energy consumption. However, in the
long run, a 1% increase in the tax yielded a 1.201% increase in
renewable energy consumption. In [23], different reasonable
tax rates were also analyzed, along with their influence on the
system and environmental pollution levels, providing recom-
mendations for proper systemmanagement and coordination.
Results showed that a win-win situation was attained for all
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participants with the proposed coordination scheme, resulting
in noticeable reductions in total cost and carbon dioxide emis-
sions. Some researchers also explored the effects of different
taxes on system planning across various time horizons.

These studies focused on system expansion planning by
considering different tax amounts allocated to carbon reduc-
tion in the planning process [24], [25]. The findings of this
researches demonstrated the positive impact of allocating
taxes towards establishing a framework for planning sys-
tems with lower CO2 emissions. Also, the carbon tax policy
is more efficient in reducing CO2 emissions compared to
the renewable portfolio standard (RPS) policy. Additionally,
certain articles in this category examined taxes and system
planning with constraints on maximum carbon emissions in
the target year [26], [27]. Both papers demonstrated that
policy carbon taxes played a crucial role in driving the transi-
tion to renewable energy and achieving emissions reduction
targets. Additionally, they emphasized the importance of opti-
mizing renewable energy deployment strategies to ensure
cost efficiency and successful decarbonization of the power
sector.

Many references have also proposed addressing the respec-
tive discussion with the definition of suitable objective
functions and solving them using metaheuristic optimization
algorithms.

For instance, references [6] employed an improved wild
horse optimizer for optimal power flow in the presence
of taxes, while reference [7] utilized neighbor search. The
optimal point was obtained by these algorithms in both
references. Other references have also utilized optimization
algorithms including genetic algorithm (GA) on this topic.
In [28] a multi-objective optimization problem in an inte-
grated power generation system in the presence of taxes was
solved using GA. The results indicated that this algorithm
has successfully converged the problem. Additionally, [29]
examined joint decision-making between manufacturers and
retailers in supply chains, using GA and considering carbon
taxes. In [30] a system planning problem considering tax
issues using the same algorithm, was studied. In the men-
tioned papers, the GA has successfully achieved convergence
for the proposed problem.

To the best of the authors’ knowledge, no prior studies have
examined the determination of the optimal tax and its allo-
cation method to maximize power system sustainability. This
paper aims to address this gap by introducing a power system
sustainability index (PSSI) and investigating an optimized
carbon tax-subsidy mechanism (OCTSM) that maximizes it
by appropriate increase in penetration of renewable sources.
Furthermore, this study also conducted an analysis of the
relationship between wind generator installed capacity and
the enhancement of PSSI through the implementation of
OCTSM. The GA has been utilized to solve the relevant
objective function. This algorithm has demonstrated satis-
factory performance in similar articles and has been chosen
for implementation due to its simplicity, high prevalence and
effectiveness.

TABLE 1. Classification of reviewed papers.

The reviewed papers along with the proposed method have
been classified in Table 1. The methodology involves a math-
ematical model and an iterative process. The study has been
conducted on the enhanced IEEE 24-bus test system with
wind power plants (WPP).

The remaining sections of this paper are organized as
follows: Section II describes the proposed PSSI and the layout
of OCTSM, while the formulation of the proposed OCTSM
is defined in Section III. Section IV describes the obtained
results and a comprehensive discussion. Finally, Section V
presents the conclusions.

II. POWER SYSTEM SUSTAINABILITY INDEX FOR THE
PROPOSED OCTSM
In this section, the definition of PSSI is described based on
the general definition of sustainability, followed by the layout
and implementation of OCTSM in the examined problem.

A. PROPOSED PSSI
Sustainability involves addressing critical limits related to
environmental degradation and pursuing competitive objec-
tives that prioritize a balance between social, economic,
and environmental factors [31]. These factors influence
each other, ultimately impacting sustainability. In this study,
an approach has been taken to mitigate carbon dioxide emis-
sions and uplift sustainability by imposing OCTSM. The
related sustainability indicators in this context, which define
PSSI, are selected according to [31] and [32]. Fig. 1 illustrates
the impact of taxes and subsidies on the PSSI indicators.
These indicators include cost, price, consumption, and CO2
emissions that are presented as an objective function in
section III. The tax and subsidy change the cost function of
power plants, which in turn impacts the results of the OPF and
system outputs, and consequently the PSSI indicators. The
OCTSM is designed to promote the penetration of WPP in a
way that aligns with the overall objective of increasing PSSI.

B. LAYOUT OF THE PROPOSED METHOD
The overall layout of the proposed method is illustrated in
Fig. 2, which provides a visual representation of the general
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FIGURE 1. Placement of PSSI and related indicators in the proposed
method.

concept. The OCTSM processing, performed by the financial
authority, takes into account the cost functions of power
plants, system structure, load profiles, and other factors such
as demand elasticity and wind scenarios. In the processing
operation, the determined tax through an algorithm, causes a
change in the cost function of FFPP. By applying AC-OPF,
the network price and the amount obtained from taxation are
determined. A portion of this amount is allocated as a subsidy
to wind generators, impacting their cost function. As a result,
a different amount from taxation will be obtained through the
power flow (due to the increased penetration of WPP). This
means that the subsidy provided to WPP does not equal the
taxation amount. This process continues until convergence
is achieved, equalizing the subsidy and taxation amounts.
After the convergence of the inner loop, price-based demand
response (PBDR) is applied, leading to a change in the con-
sumption. This triggers another execution of the inner loop,
considering the change in price. Finally, with the convergence
of the outer loop, the final values of consumption, network
price, and emitted carbon dioxide are obtained, determining
the level of PSSI based on (8). This process is optimized using
GA to obtain the OCTSM that maximizes PSSI. It should be
noted that any types of renewable power plants can be studied
instead of WPP without loss of generality.

III. FORMULATION OF THE PROPOSED OCTSM
In this section, the problem formulation is presented. The
section further explores and formulates the uncertainty of
wind production, PBDR model, and the solution technique.

A. FORMULATION OF THE PROPOSED METHOD
The cost function of power plants is represented by a non-
linear equation:

Cbef
Fi,h = aFiP

2
Fi,h + βFiPFi,h + γFi (1)

Here,Cbef
Fi,h is the cost function of the i

th FFPP at hour h before
tax, P2Fi,h is the power produced by the i

th FFPP at hour h;aFi ,

βFi and γFi are the non-linear, linear and start-up cost factors
of ith FFPP respectively.
The values of aFi , βFi and γFi are obtained from [33]. The

amount of carbon dioxide emitted is proportional to the power
produced by FFPP [34]. The basic formulation for taxation is
as follows:

tax i,h = f (generatedCO2i,h ) = f (g(PFi,h )) = L (PFi,h ) (2)

where tax i,h is the tax formula for the ith producer in hour
h,CO2i,h is the CO2 produced by ith FFPP in hour h and
PFi,h is the power produced by the ith FFPP at hour h.
According to (2), the tax rate is a function of the carbon
dioxide emissions, which itself is a function of the power
generation capacity of FFPP. In this paper, a non-linear tax
to account for the increase in pressure with production has
been considered. As many sources have recommended this
method, including [35]. So (2) can be written as follows:

tax i,h = ataxP2Fi,h + βtaxPFi,h (3)

where, atax and βtax demonstrate the non-linear and linear
coefficients of the tax formula respectively. In order to com-
pensate for the impact of the tax, generators adjust their cost
functions by increasing costs. Therefore, based on (1) and (3):

Caft
Fi,h = (aFi + atax)P2Fi,h + (βFi + βtax)PFi,h + γFi (4)

where Caft
Fi,h is the cost function of the i

th FFPP at hour h after
tax. The objective function aims to maximize the PSSI by
considering costs, carbon dioxide emissions, and consump-
tion according to section II, and the respective cost function
is formulated as follows:

CF = (
∑nF

i=1

∑24

h=1
CPFi,h +

∑nW

i=1

∑24

h=1
CPwi,h )

+ (
∑nF

i=1

∑24

h=1
wCO2i,h

)FCO2 − Ds × FD (5)

Here, CF demonstrates the cost function, CPFi,h and CPwi,h
are the cost of FFPP and WPP per hour respectively. wCO2i,h

is the Tons of CO2 emission of ith FFPP at hour h, Ds is the
Electricity total demand and FD is a coefficient to equate the
demand in dollars ($/MW). FCO2 represents a coefficient that
equates the number of tons of CO2 produced by power plants
to the corresponding environmental costs. In other words, the
cost of producing 1 ton of CO2 isFCO2 dollars. The amount of
CO2 emission is a linear function of power plant production
as follows:

wCO2i,h
= RCO2PFi,h (6)

where RCO2 is the Tons of CO2 emission per MWh
(ton/MWh). The overall PSSI of the system, based on the
objective function, can be defined as follows:

PSSI s =
CFbef

CFaft
(7)

where PSSI s is the power system sustainability index, CFbef

and CFaft are the cost functions before and after tax respec-
tively. After the tax is imposed, the power generated by FFPP
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FIGURE 2. Overall layout of the proposed OCTSM.

and CO2 emissions is decreased. This reduction is a result
of the increased price of these plants. The PSSI can also be
calculated for each bus. The following general equation can
calculate PSSI index in different buses:

PSSIb =
aveLMPbefb

aveLMPaftb
+

∑24
h=1W

bef
CO2b,h∑24

h=1W
aft
CO2b,h

−

∑24
h=1D

bef
b,h∑24

h=1D
aft
b,h

(8)

W bef
CO2b,h

and W aft
CO2b,h

are the tons of CO2 emission from bth

bus in hour h before and after tax respectively, and Dbefb,h and

Daftb,h are the Electricity demands in bth bus before and after
tax respectively. It also should be noted that the PSSIb is not
defined for buses that neither generate CO2 emissions nor
consume energy.

The main objective is to increase the PSSI s as outlined
in (8), with the PSSIb of individual buses being the dependent
outputs. The following equation is utilized to determine the
tax rate:

Ftaxt =

∑nF

i=1

∑24

h=1
tax i,h (9)

where Ftaxt is the total revenue made from tax and can be
allocated as a subsidy to wind generators. Various percent-
ages for the allocation of this subsidy can be examined. The
subsidy amount is obtained as follows:

St = %n Ftaxt (10)

where St is the total amount of subsidy for wind generators
in 24 hours and %n is a predetermined percentage for the
allocation of subsidies of the total amount of tax.

It is important to note that St represents the considered
subsidy amount, which is distinct from the amount obtained

at the end of 24 hours (So). As St affects the cost functions of
the wind turbines, it consequently impacts the AC-OPF and
the tax amount. To address this interdependency, a converging
loop is taken into account.

The subsidy amount for each wind generator is as follows:

Swi,h =
St∑nw

i=1
∑24

h=1 Pwi,h
(11)

where Swi,h is the amount of subsidy for ith wind generator in
hour h.

The cost function of wind generators, similar to FFPP, is as
follows:

Cbef
wi,h = awiP

2
wi,h + βwiPwi,h + γwi (12)

Here, Cbef
wi,h is the cost function of the ith WPP at hour h

before tax, P2wi,h is the power produced by the i
th WPP at hour

h;awi , βwi and γwi are the non-linear, linear and start-up cost
factors of ith WPP respectively. By applying subsidy to wind
generators, cost functions change as follows:

Caft
wi,h = awiP

2
wi,h + (βwi − Swi,h )Pwi,h + γwi (13)

where Caft
wi,h is the cost function of the ith WPP at hour h

after tax. A notable point is the change in the share of wind
production and its increase after the allocation of subsidies.
Based on Fig. 2, this will have an impact on the Ftaxt , and
consequently, St according to (10). As a result, the subsidy
amount for WPP will change, along with their cost functions,
as indicated in (11) and (13). Consequently, (13) can be
rewritten as follows:

Caft
wi,h,j+1

= awiP
2
wi,h,j+1

+ (βwi − Swij )Pwi,h,j+1 + γwi (14)
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where, j is the counter of iterations until it reaches a perma-
nent state and converges.

After performing the AC-OPF, the power of WPP, i.e.,
Pwi,h,j+1 and also the power of FFPP, i.e., PFi,h,j+1 is obtained.
Consequently , Sw,h,j+1 is calculated. This iterative process
continues until the system converges and reaches a stable
state. Once convergence is achieved, the final allocation of
power plants and the value of SW s can be determined. The
suggested steps for the proposed method can be summarized
as follows:

Step1: Forecast tomorrow’s demand.
Step2: Determine the tax based on (3).
Step3: Adjust the cost functions of FFPP according to (4).
Step4: Run the AC-OPF
Step5: The current iteration is j.
Step6: Calculate Ftaxt according to (9).
Step7: Calculate wind subsidies according to (11).
Step8: Adjust the cost functions of WPP according to (14).
Step9: Increment j by 1.
Step10: if %nFtaxt −So < τ , proceed to step 11; otherwise,

return to step 4.
Step11: Perform PBDR and adjust the demand.
Step12: ifDs,j –Ds,j−1 < σ , proceed to step 13; otherwise,

return to step 4.
Step13: Obtain the final tax that meets both optimality and

convergence criteria for the subsidy amounts.

B. WIND POWER UNCERTAINTY
The output power of a wind turbine is a function of wind
speed and is subject to uncertainty. Therefore, a probabilistic
modelling approach is employed, as described in [36] and
[37]. The probability distribution of different wind speeds is
modelled using the Weibull distribution and discretized into
variouswind scenarios. TheAC-OPF considers themaximum
obtainable power for each scenario, which is then adjusted
based on the corresponding probabilities. Consequently, the
potential output of wind power is adjusted as follows:

Pwi,h =

∫ K

1
PkPwi,h,kdk (15)

where, Pk is the probability of occurrence of the k th wind sce-
nario. After discretization, the obtained result is as follows:

Pwi,h =

∑K

1
PkPwi,h,k (16)

The amounts of CO2, as well as the production costs of both
WPP and FFPP, are modified as follows:

wCO2i,h
=

∑k

1
PkwCO2i,h,k

(17)

CPwi,h =

∑K

1
PkCPwi,h,k (18)

CPFi,h =

∑K

1
PkCPFi,h,k (19)

Therefore, the cost function in (5) is rewritten as follows:

CF=

∑K

1
Pk ((

∑nF

i=1

∑24

h=1
CPFi,h+

∑nW

i=1

∑24

h=1
CPwi,h )

+ (
∑nF

i=1

∑24

h=1
wCO2i,h

)FCO2 − Ds × FD) (20)

It should be noted that scenario generation methods based
on wind data and scenario reduction methods should be
applied to reduce the computational burden. These methods
are employed to generate a representative set of scenarios that
capture the uncertainty in wind power generation.

C. PBDR MODEL
PBDR is the reaction of the electricity demand to pricing
signals. It reflects the tendency of the load to adjust its con-
sumption patterns based on the prevailing electricity prices.
This paper uses the price elasticity matrix of demand which
is an economic term used to discuss price sensitivity. In this
model, the electricity price elasticity matrix is used to repre-
sent the demand variation resulting from price adjustments.
The price elasticity can be calculated as follows [38]:

ε =
1D/D
1ρ/ρ

(21)

Here, 1D and 1ρ represent the percentage increments in
electricity demand (D) and price (ρ), respectively.

In the multi-time intervals response model, electricity elas-
ticity coefficients can be categorized as self-elasticity coeffi-
cient andmutual elasticity coefficient. Based on the definition
in (21), the self-elasticity coefficient and mutual elasticity
coefficient can be defined as (22) and (23), respectively:

εi,i =
1Dc/Dc

1ρc/ρc
(22)

εi,j =
1Dc/Dc

1ρv/ρv
(23)

Here, the subscripts c and v represent the cth and vth intervals,
respectively. The model for PBDR can be expressed as:

1q1/q1
1q2/q2

...

1qn/qn

 = E


1p1/p1
1p2/p2

...

1pn/pn

 (24)

Here E represents the electricity elasticity matrix which is:

E =

 ε11 · · · ε1n
...

. . .
...

εn1 · · · εnn

 (25)

D. SOLUTION TECHNIQUE
The use of meta-heuristic search algorithms, such as GA,
is widespread due to their numerous advantages. One key
advantage is that they do not require the problem to be
formulated mathematically. In the proposed problem, GA is
employed as the solution method. Each chromosome has
a number of genes equal to the number of coefficients in
the tax formula. In the case of a non-linear tax (as consid-
ered in this paper), each chromosome will have two genes.
The algorithm is responsible for determining these genes.
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Therefore, the number of genes can be calculated using the
following relationship:

NGl = number of coefficients in the tax formula (26)

Thus, each gene corresponds to one coefficient of the tax
formula. The optimization process is performed in a manner
that selects the tax coefficients that yield the highest PSSI as
the solution to the problem. The optimization is considered
complete when the changes in the cost function become
negligible, typically less than 0.1%.

Additionally, the AC-OPF relationships are described
below. The objective function in AC-OPF is to minimize the
cost of production as follows:

Min f (x) (27)

g(x) = 0 (28)

h(x) ≤ 0 (29)

xmin ≤ x ≤ xmax (30)

where, xmin and xmax are bounds include reference bus angles,
voltage magnitudes, and generator injections. The AC-OPF
objective function f (x) consists of the non-linear cost of the
generator’s produced power:

f (x) =

∑
i
(CFi

(
PFi,h

)
+Cwi (Pwi )) (31)

The equality constraints g(x) indicate the power balance
equations, and the inequality constraints h(x) indicate the
branch limits. The xmin and xmax bounds include reference
bus angles, voltage magnitudes, and generator injections. The
following constraints are also considered:

Pi,h − Pi,h−1 ≤ URi, i = 1 . . . nF+nW (32)

Pi,h−1 − Pi,h ≤ DRi, i = 1 . . . nF+nW (33)

Pi,total = Pd,total + Pl,total (34)

Qi,total = Qd,total + Ql,total (35)

θ
ref
i ≤ θi ≤ θ

ref
i , i = 1 . . . b (36)

vi,minm ≤ vim ≤ vi,maxm , i = 1 . . . nF+nW (37)

pi,ming ≤ pig ≤ pi,maxg , i = 1 . . . nF+nW (38)

qi,ming ≤ qig ≤ qi,maxg , i = 1 . . . nF+nW . (39)

where, URi and DRi are ramp up and ramp down limits of
ith producer, Pi,total and Qi,total are total active and reac-
tive powers and Pd,total and Qd,total are total active and
reactive power demands, Pl,total and Ql,total are total active
and reactive power losses respectively. vi,minm , vim and vi,maxm
are minimum, actual, and maximum voltage magnitudes of
buses, respectively. pi,ming , pig and p

i,max
g are minimum, actual,

and maximum active power of producers, and qi,ming , qig and
qi,maxg are Minimum, actual, and maximum reactive power of

producers, respectively. θ
ref
i and θi are nodal voltage angle

reference and nodal voltage angle of buses respectively. The
flowchart of the proposed method is illustrated in Fig. 3.

FIGURE 3. Flowchart of the proposed OCTSM.

IV. SIMULATION RESULTS
The study analyzed the IEEE 24-bus test system which
included six wind turbines. These wind turbines were located
at buses 3, 5, 7, 16, 21, and 23. The layout of the test system
is shown in Fig. 4. The detailed parameters of the system can
be found in Appendix and [39] and 40. The simulation was
conducted using MATLAB R2021a.

This study presents the results for three different scenarios:
First scenario: Six wind turbines with a capacity

of 300 MW were operated.
Second scenario: Six wind turbines with a capacity

of 350 MW were operated.
Third scenario: Six wind turbines with a capacity

of 400 MW were operated.
In all scenarios, the values of FCO2 and RCO2 were 50 $/ton

and 0.4421 ton/MWh respectively. The FD can be calculated
using the elasticity of gross domestic product (GDP) to elec-
tricity consumption and the average price of electricity. So,
according to [41] it is determined to be 6.74 $/MWh. The
daily mean and variance of wind speed were extracted from
reference [42] to calculate the corresponding Weibull distri-
bution parameters. The scenario reduction method proposed
in reference [37] was applied to generate 10 wind scenarios
representing different wind conditions. The values of demand
elasticity were obtained from reference [38].
Fig. 5 displays the convergence diagram of the OCTSM

problem. The optimization process continued until the cost
function reached a stable state.
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FIGURE 4. Modified IEEE 24-bus test system.

FIGURE 5. Convergence diagrams for all three scenarios in the OCTSM
problem.

In other words, Fig. 5 illustrates the optimization process
of the cost function (20) by GA in all scenarios. As shown
in Fig. 5, the optimization process reaches its optimum point
after approximately 60 iterations.

Figs. 6 and 7 present the convergence diagrams for first
scenario and 100% subsidy. As shown in Fig. 6, in the first
iteration, only the subsidy amount was paid and there was no
tax amount. After executing the AC-OPF, the tax amount was
obtained and paid as the subsidy amount. This process con-
tinued until convergence, where the subsidy and tax amounts

became equal. In other words, according to Fig. 2, Fig. 6
illustrates the convergence of the inner loop,

After the initial subsidy, the cost function of WPP change.
This alteration impacts the power flow results and alters the
amount received from taxes and, consequently, the subsidy
amount. This process continues until convergence, meaning
the equalization of tax revenues received and subsidies paid,
as shown in Fig. 6.

Fig. 7 illustrates the inner loops and the execution location
of the outer loop, i.e., according to Fig. 2, following the
convergence of the inner loop, the outer loop process initiates.
It continues until the outer loop also converges, meaning there
is no change in the demand. At the end of the first inner loop
(blue diagrams), the first PBDR was performed, resulting in
a decrease in the consumption. Then the second inner loop
was executed to equalize the tax and subsidy. At the end
of this loop, the PBDR was executed for the second time
(the second iteration of the outer loop), considering the new
network price. After the second PBDR the amount of demand
increased compared to the previous state. However, the rate
of change in the demand gradually decreased.

As seen in Fig. 7, the difference in the steady state or the
subsidy amount after the first PBDR is 4494 dollars, and after
the second PBDR is 1967 dollars. Therefore, the outer loop
also converged gradually.

Table 2 presents the outputs of the 1st hour correspond-
ing to wind scenarios. The weighted outputs of CO2 were
calculated based on (17). Table 3 displays the numerical
results after the system convergence for each scenario. The
optimized tax coefficients obtained from (3) are also shown.
Table 3 also provides information on the PSSI, calculated
using (7) and (20), and its indicators. Figs. 8 and 9 depict the
power produced by wind generators at a specific bus under
different scenarios and subsidy allocations, as well as the
total carbon dioxide production over a 24-hour period for
various tax situations. As observed in Fig. 8, the penetra-
tion of WPP has increased with the implementation of the
proposed approach. Fig. 10 shows the relationship between
the PSSI after applying the optimal tax with the capacity of
wind generators, CO2 emissions, and system cost. Fig. 11
illustrates the PSSI of the system buses for each scenario
according to (8).

The application of tax in the first scenario results in a
10.95% reduction in carbon dioxide emissions, as indicated
in Table 3. Introducing a 10% subsidy for wind produc-
ers increases this reduction to 15.42%. However, this case
does not significantly decrease the prices of wind producers,
leading to decreased PSSI. Allocating a 100% subsidy leads
to a 26.42% reduction in carbon dioxide and the cost also
decreases due to the large amount of subsidy compared to the
prior cases, which results in increased PSSI. These patterns
are observed in other scenarios as well.

Additionally, it can be concluded that in the first scenario,
the penetration of WPP is insufficient, and wind production
reaches its limit. Therefore, the optimization process cannot
significantly increase the PSSI beyond a certain level. During
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FIGURE 6. Convergence of the amount of tax and subsidy (Inner Loop According to Fig. 2) In 24 Hours to determine the operating point at first scenario
and 100% Subsidy Case. A: 1st Inner Loop, B: 2nd Inner Loop, C: 3rd Inner Loop.

TABLE 2. Outputs of 1st hour corresponding to wind scenarios.

TABLE 3. Results of the proposed method.

peak hours, WPP reached their maximum available power (as
seen in Fig. 8 (a) from hours 19 to 21), and increasing tax

coefficients only leads to higher prices because a substantial
amount of electricity still needs to be supplied by FFPP.
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FIGURE 7. Convergence chart of inner and outer loops according to Fig. 2,
at first scenario and 100% subsidy case.

FIGURE 8. Power produced by wind generators at bus 34 in each hour in
(a) 1st, (b) 2nd and (c) 3rd scenario.

In the second scenario, with an increased penetration of
wind sources, the capacity limit expanded. By enlarging the

FIGURE 9. Total CO2 in 24 hours in different cases for (a) 1st scenario,
(b) 2nd scenario, and (c) 3rd scenario.

FIGURE 10. The relationship between the PSSI obtained by applying the
OCTSM with the installed capacity of wind generators, CO2 emissions,
and system cost.

coefficients of the tax (as it is seen in Table 3), more wind
production is utilized. The significant reduction in carbon
dioxide offsets the price increase resulting from the enlarged
tax coefficients. Moreover, FFPP play a lesser role in power
supply, and due to the non-linearity of production, the tax
coefficient only acts as a deterrent and has a minor impact
on price increases. As the capacity of WPP increases and
the tax becomes more stringent, due to the potential for CO2
reduction, a further increase in wind resource penetration is
observed during non-peak hours. In other words, during hours
when there is a price limitation (non-competitive price of
WPP compared to FFPP), this limitation is partially compen-
sated. For example, at hour 22, after applying subsidy, the
price limitation is removed, and wind generation production
is constrained by the wind resource limit. Consequently, the
second scenario exhibited a substantial increase in the PSSI,
as shown in Table 3. In the case of 100% subsidy allocation,
the PSSI experiences a significant 50.2% increase, contrast-
ing with the first scenario where the index increased by
30.4%. In the third scenario, wind resource capacity contin-
ues to expand, resulting in an increase in the PSSI. However,
it is worth noting that the growth rate of the PSSI decreases
compared to the second scenario.
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FIGURE 11. PSSI change of each bus in different cases for (a) 1st scenario, (b) 2nd scenario, and (c) 3rd scenario.

TABLE 4. Node location and distribution of the total system demand.

In the third scenario, the PSSI shows a notable 62.8%
increase when a 100% subsidy is allocated, surpassing the
increase observed in the previous scenario. However, the
growth rate has decreased. In the second scenario, compared
to the first scenario, the PSSI has grown by 15.18%. However,
in the third scenario, compared to the second scenario, this
value has reduced to 8.39%. The decrease in the rate of
increase can be attributed to the non-linearity of the cost func-
tions of wind generators, contrasting with the linear reduction
of CO2 and the linear allocation of subsidies. Consequently,
at very high penetrations, the rate of increase in PSSI gradu-
ally diminishes, and it may no longer be profitable to invest
with the intention of increasing PSSI. During hours 19 to
21, the production limit of wind reaches its maximum value
due to capacity limitations, as shown in Fig. 8(a). Similarly,
in Fig. 8(c), during the same hours, the cost of wind produc-
tion and the non-linearity of cost functions have limited the
production of wind. The impact of the tax on CO2 reduction
has been more apparent in the second scenario, as depicted in
Fig. 9 and Table 3.

TABLE 5. Technical data of generating units.

The results of the sentiment analysis test indicate that PSSI
is highly dependent on the capacity of renewable energy
sources, carbon dioxide emissions, and energy prices. A 4D
diagram in Fig. 10 shows the relationship between wind
capacity, emitted CO2, system cost, and PSSI using curve
fitting methods. It can be observed that increasing wind tur-
bine capacity beyond 400 MW does not have a significant
effect on increasing PSSI. This limitation is due to the lack
of cost-effectiveness in generating more than a specific level
fromWPP, caused by the non-linear cost function contrasting
with the linear subsidy and CO2 reduction.
In other words, while a sharp increase in the coefficients

of the tax formula can raise taxes and subsidies, leading to a
decrease in the price of wind turbines and an increase in their
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TABLE 6. Cost coefficients of generating units.

TABLE 7. Load profile.

TABLE 8. Reactance and capacity of transmission lines.

generation, this is not feasible due to the excessive increase in
the price of high power production from wind and the LMP
of buses, especially those with minimum power generation

constraints from FFPP. Hence, the optimization process does
not increase the coefficients of the tax beyond a certain limit.
Furthermore, Fig. 11 reveals that the increase in the PSSI
after applying a 100% subsidy is not very significant in some
buses. This is because there are constraints on the minimum
production of FFPP in these buses, preventing a decrease in
this plant’s production beyond a certain level. Additionally,
in some areas, the PSSI decreases after the application of
the tax due to an increase in the LMP and the lack of a
cost-effective alternative (insufficient wind capacity which is
already utilized in other buses). Although there is a reduction
in CO2, the price increase in these buses is more signifi-
cant. However, the overall PSSI of the system has increased,
as indicated in Table 3.

V. CONCLUSION
This study focused on an OCTSM to enhance PSSI by
accurately defining the objective function and applying opti-
mization techniques. The iterative process of adjusting the
tax and subsidies as inner loop, leads to convergence where
subsidy payments equal tax received. Also, an outer iterative
loop was converged to stabilize the consumption according
to the PBDR. Through the coordinated operation of the inner
and outer loops, the study successfully obtained an OCTSM.
The analysis reveals the following findings: Wind speed,
prices, capacity limits of wind sources, and constraints on the
minimum production of FFPP significantly affect the pen-
etration of WPP and, consequently, PSSI. The interrelation
between capacity and price plays a crucial role, as increasing
capacity not only reduces limitations but also enhances price
competitiveness through optimal tax-subsidy system. Also,
OCTSM have a greater impact on increasing PSSI when there
is higher capacity of WPP. To further boost their capacities,
incentives can be considered. However, as the total installed
capacity increases, the impact on PSSI gradually diminishes,
following an exponential-like function.

To further increase PSSI, it is recommended to reduce
constraints on the minimum production of FFPP and solve
non-linear subsidy allocation. By considering these findings
and taking appropriate actions, we can ensure a continuous
and sustainable enhancement of the energy system.

APPENDIX
The parameters of IEEE 24-bus test system are listed in
Tables 4 to 8.
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