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Abstract: The carbon emissions from coal-fired power have become an increasing concern to
governments around the world. In this paper, a carbon emissions allowances allocation based on the
equilibrium strategy is proposed to mitigate coal-fired power generation carbon emissions, in which
the authority is the lead decision maker and the coal-fired power plants are the follower decision
makers, and an interactive solution approach is designed to achieve equilibrium. A real-world case
study is then given to demonstrate the practicality and efficiency of this methodology. Sensitivity
analyses under different constraint violation risk levels are also conducted to give authorities
some insights into equilibrium strategies for different stakeholders and to identify the necessary
tradeoffs between economic development and carbon emissions mitigation. It was found that the
proposed method was able to mitigate coal-fired power generation carbon emissions significantly
and encourage coal-fired power plants to improve their emissions performance.

Keywords: carbon emission allowance allocation; emission mitigation; coal-fired power generation;
cap and tax mechanism

1. Introduction

Because of their major contribution to global climate change, there has been increased research to
determine the best ways to reduce carbon emissions, which have been exponentially increasing due to
the increased demand for energy [1–3]. Although renewable energy systems are more environmentally
friendly than traditional energy systems, two thirds of the world’s electricity is still generated using
fossil fuel-based generation plants [4,5]; that is, coal, gas and oil-fired thermal power remain the
main sources for electricity generation, especially in developing countries (e.g., China and India) [6,7].
Approximately 20% of the global electricity produced in 2016 was supplied by coal-fired power plants
(CPP), with some developing countries having an even higher proportion [8]; for example, coal-fired
power plants supply more that 65% of China’s needs [9]. Therefore, for sustainable social development,
it is necessary to mitigate or control CPPs’ carbon emissions.

Research has shown that “hard-path” and “soft-path” approaches can be taken to mitigate carbon
emissions [10,11]. “Hard-path” methods mainly focus on advanced clean coal technologies (CCT) such
as integrated gasification combined cycles (IGCC), carbon capture and storage (CCS), ultra-supercritical
technology (USC) and externally-fired combined cycle (EFCC) technologies [12–14]. For example,
Hoya and Fushimi evaluated the performance of advanced IGCC power generation systems with
low-temperature gasifiers and gas cleaning and found that the lowest net thermal efficiency rose
to 57.2% and the minimum carbon emission factors fell to 39.7 kg-CO2 MWh [15]. Kayal and

Sustainability 2018, 10, 2923; doi:10.3390/su10082923 www.mdpi.com/journal/sustainability

http://www.mdpi.com/journal/sustainability
http://www.mdpi.com
http://www.mdpi.com/2071-1050/10/8/2923?type=check_update&version=1
http://dx.doi.org/10.3390/su10082923
http://www.mdpi.com/journal/sustainability


Sustainability 2018, 10, 2923 2 of 18

Chakraborty designed and developed carbon-based metal organic framework (MOF) composite for
CO2 capture and concluded that the MAX-MIL composite was able to adsorb a greater quantity of CO2

compared with the original methods [16]. Even though these “hard-path” methods are highly efficient
in reducing carbon emissions, commercial-scale applications are still extremely expensive [17,18],
especially for developing countries, which tend to prefer “soft-path”, less-expensive solutions [19,20].
The “soft-path” approach focuses on policy controls or operations management methods for carbon
emissions mitigation. For example, Cao and Xu investigated the effects of cap-and-trade policy (CTP)
and low carbon subsidy policy (LCSP) on carbon emissions reduction and concluded that carbon
emissions reductions were positively correlated with the carbon trading price, but not with low
carbon subsidies [21]. Shih and Frey developed a multi-objective chance-constrained optimization
method under certainty to improve emission performance by adjusting coal blending ratios [22].
Wang et al. proposed a multi-objective unit commitment approach to simulate the impacts of manifold
uncertainty on system operation with emission concern and suggested operational insights for mixed
generation systems [23]. Xu et al. developed an equilibrium strategy based on a hydro-wind-thermal
complementary system for carbon emission reduction and obtained some useful suggestions [24].
Although such studies have gone some way to alleviating the human activity caused global climate
change effects, the reality is still not satisfactory due to the complexity and uncertainty of human
activities; thus, further improvements are necessary.

There has been increased research interest in the carbon emissions allowance allocation (CEAA)
method to mitigate carbon emissions [25,26]. Cap and trade and carbon taxes have been the two
most popular emissions reduction mechanisms to curb CPP carbon emissions [27]. While cap and
trade mechanisms are business friendly, as the trading price is determined by supply and demand,
there is increased trading price uncertainty [28]. While carbon tax mechanisms are simpler and easier
to implement and the tax increases financial revenue [27], which can be used to sponsoring of green
projects such as renewable energy, there is no upper limit to the possible emissions reduction [28].
By combining the advantages of these two mechanisms, a new cap and tax mechanism was developed
to mitigate carbon emissions. As a key determinant for the CEAA strategy, the allocation strategy
is crucial to ensure carbon emissions mitigation. In this paper, a combination of free and taxable
allocation strategies under a carbon emissions cap is adopted for the carbon quota allocations. The free
emissions allowances are used to meet the CPP basic operations, and the taxable emissions allowances
are employed to meet further CPP development.

Previous CEAA studies have tended to consider only a single CPP participant. However,
in actual production activities, carbon emissions mitigation involves both the CPP and the authority,
which usually have conflicting targets. For example, the CPP generally has a profit objective,
while the authority, as a representative of public benefits, generally has environmental protection as
the main starting point; therefore, traditional optimization methods are not effective. The equilibrium
strategy, which has been proven to be powerful in addressing such conflicts, has been widely
used in many fields. For example, Liu et al. developed a computable general equilibrium (CGE)
model to explore the impacts of a carbon tax on the socio-economic system and had some useful
results [29]. Tu et al. employed an equilibrium strategy to solve regional water resource allocation
conflicts between different sub-areas under multiple uncertainties [30]. Kardakos et al. proposed an
equilibrium optimization method to address an optimal bidding strategy problem that considered the
mutual interactions between the various stakeholders in the electricity market [31]. The successful
application of the equilibrium strategy in these areas motivated the use of this method in this paper to
address the conflicts between the authority and CPPs to achieve regional sustainable development.
However, as the equilibrium strategy is an abstract concept, a specific, quantitative method is needed
to describe the situation. As bi-level programming has been proven to be the most efficient method
for expressing equilibrium strategies and describing the interactions between multiple stakeholders,
bi-level programming is integrated into the CEAA problem to determine the equilibrium between the
authority and the CPPs.
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Compared with previous studies, the equilibrium strategy established in this study,
which integrates a bi-level multi-objective programming model, a carbon emissions allowance
allocation method and uncertainty theory, has the ability to address the equilibrium between the
authority and the CPPs, the conflict between economic development and environmental protection
and the uncertainties simultaneously. The remainder of this paper is organized as follows. Section 2
discusses the features of the CEAA problem in preparation for establishing the mathematical model.
In Section 3, a bi-level multi-objective mathematical model is built based on a real situation, after which
in Section 4, a case study is given to demonstrate the practicality and effectiveness of the proposed
methodology. Section 5 gives a detailed results analysis and in-depth discussion, and conclusions and
future research are given in Section 6.

2. Key Problem Statement

With a carbon emissions allowance allocation and a cap and tax mechanism, the CEAA problem
is complex for both the authority and the CPPs.

As a public representative, the authority must ensure stable local economic development and
mitigate the associated carbon emissions. However, the authority also has the power to develop the
policies that must be implemented by the CPP if they wish to keep their power generation rights.
However, the authority has an obligation to consider the actual CPP situation when making decisions
to avoid non-sustainable CPP development or a cessation of operations, which could be harmful to
stable economic development. Therefore, the authority divides the total carbon emissions into free
emissions, which allow the CPP to meet its production and operation commitments and ensures
fairness, and taxable emissions, which supplement the free emissions and can be used to regulate the
market. Therefore, the authority pursues a balance between financial benefits and carbon emissions
reduction by satisfying the CPPs’ basic rights and meeting the regional electricity needs.
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Figure 1. Concept model of the bi-level structure for the carbon emissions allowance allocation (CEAA)
problem. CPP, coal-fired power plant.

According to the rational person hypothesis, the primary goal of the CPPs is to maximize
profits while also considering emissions performance, boiler conditions, social responsibility and the
component coal that can be purchased on the market. Therefore, as higher carbon emissions allowances
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mean higher production and higher profits, each CPP seeks to obtain as high a carbon emissions
allowance as possible. However, as the authority seeks to mitigate carbon emissions, the CPPs that have
better emissions performance are more competitive. Therefore, CPPs are allocated higher emissions
quotas if they put some effort into improving the CPP emissions performance. This relationship
between the authority and the CPPs for the CEAA problem is shown graphically in Figure 1.

3. Model Development

In this section, a bi-level optimization model for the CEAA problem in the coal-fired power
industry is built.

3.1. Assumptions

The various assumptions involved in this paper are as follows:

1. The CEAA problem is a single production period decision; at the beginning of the next production
period, the decision process is reset.

2. All decision makers are rational and seek to maximize returns under limited resources.

3.2. Authoritative Carbon Emissions Allowance Allocations

The complete carbon emissions allowances allocation problem involves authority allocation
decisions and CPP coal purchase decisions. Therefore, in this study, the CEAA based on the cap and
tax system has two levels (i.e., the authority and the CPPs), the details of which are discussed in the
following (the required symbol descriptions are given in Table 1).

Table 1. Model variables and parameters.

Indices Description

i Index for coal power plants (CPPs), i ∈ Ψ = {1, 2, ..., I}.
j Index for component coal, j ∈ Φ = {1, 2, ..., J}.
k Index for coal quality, k ∈ Ω = {1, 2, ..., K}.
Crisp parameters Description

µ Taxes that the corporation should pay for each unit of power generation.
γ Carbon tax price of the exceeding part when exceeding the allocated free carbon emissions allowances.
CEc The cap of carbon emissions allowances.
CE f The allocated free carbon emissions allowances.
CEt The allocated taxable carbon emissions allowances.
CEAmin

i The minimum carbon emissions allowances demand of CPP i.
CEAmax

i The maximum carbon emissions allowances demand of CPP i.
D Amount of power needed to maintain regional development.
p Price of a unit of electric power.
CTjk Operation cost of pollutant-control measures for reducing pollutant k in CPP i.
ηik Removal rate of air pollutant k in the CPP i by taking pollutant-control measures.
EDi Amount of power that CPP i has the responsibility to produce to meet the basic demand in the region.
Qu

ij Amount of component coal j that can be procured by CPP i.
Uncertain parameters Description

T̃i Carbon-power conversion coefficient of a unit of carbon emissions allowances for CPP i.
T̃ij Coal-power conversion coefficient of component coal j at CPP i.
C̃j Procurement cost of component coal j.
C̃EFij Carbon emission factor of component coal j to carbon at CPP i.
ẼFjk Emission factor of component coal j to air pollutant k.˜LCQik Lower bounds of coal quality k for meeting the operation allowance of the i-th CPP.
C̃Qjk Coal quality k of component coal j.˜UCQik Upper bounds of coal quality k for meeting the operation allowance of the i-th CPP.
Decision variables Description

Xi Free carbon emissions allowances allocated to CPP i, which are determined by the authority.
Yi Taxable carbon emissions allowance for CPP i allocated by the authority.
Zij Amount of component coal j burned by CPP i.
Policy control parameters Description

θ Minimal allowance satisfactory degree chosen by the authority.
α The free carbon emission level, which is determined by the authority.
β Attitude of the authority towards the historical data.
λ Attitude of the authority towards carbon emissions reduction.
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3.2.1. Pursuing Possible Financial Benefits

While protecting the environment, the authority is also responsible for using taxpayer receipts
to ensure steady local economic and social development. The goal is to develop an optimal carbon
emissions allowance allocation scheme that returns the maximum revenue from both the value added
tax (VAT) and the carbon tax.

Let T̃ij denote the coal-power conversion coefficient of component coal j at CPP i. Even though
the uncertain parameters T̃ij are very difficult to determine exactly due to many objective factors
such as coal quality, based on historical data, the value can be estimated within a certain range;
therefore, this type of uncertain situation is considered fuzzy and is described using trapezoidal
fuzzy numbers, which are written as Tij = (r1

ij, r2
ij, r3

ij, r4
ij), where r1

ij ≤ r2
ij ≤ r3

ij ≤ r4
ij [32–34]. As the

fuzzy parameters cannot be directly calculated, the expected value operator method is employed
to transform the trapezoidal fuzzy number into its corresponding expected value [35]; therefore,
the corresponding expected value for conversion parameters Tij is calculated, where T̃ij → E

[
T̃ij

]
=

1−ϕ
2 (r1

ij + r2
ij) +

ϕ
2 (r

3
ij + r4

ij) and 0 ≤ ϕ ≤ 1. The revenue function for the authority is formulated
as follows:

max FB = µ
I

∑
i=1

J

∑
j=1

E[T̃ij]Zij + γ
I

∑
i=1

Yi (1)

where FB is the potential financial benefits function from the CPPs of the authority.

3.2.2. Minimizing Total Carbon Emissions Allowance

As electricity demand is growing because of global economic development, more coal-fired power
will be required to meet demand. However, as the carbon emissions produced from the CPP can cause
irreversible climate change effects [36], the authority has an important responsibility to protect the
environment while at the same time ensuring steady local development. As the total carbon emissions
in the region are equal to the carbon emissions allowances cap, the total carbon emissions function can
be written as follows:

min TC = CEc (2)

where TC is the total carbon emissions function from the CPPs.

3.2.3. Maximizing Allocation Free Carbon Allowance Satisfaction

Previous research has found that fairness is a critical factor for sustainable development [37].
Therefore, in this allowance allocation problem, a satisfactory degree method is proposed to measure
the fairness [25,38]. The higher the free carbon emissions allowances granted to a CPP, the higher the
satisfactory degree; therefore, the authority defines the allocation satisfaction function for each CPP
as follows:

SDi =


0, Xi ≤ CEAmin

i
Xi−CEAmin

i
CEAmax

i −CEAmin
i

, CEAmin
i ≤ Xi ≤ CEAmax

i

1, Xi ≥ CEAmax
i

(3)

where SDi is the allocation degree of satisfaction for CPP i in this study.
To ensure the sustainable development of the region and allocation fairness for each CPP,

an objective function is used to maximize the minimal allocation satisfaction, as shown in Equation (4).

max SD = min {SDi} (4)
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where SD is the minimal carbon emissions allowance allocation satisfaction for each CPP.

3.2.4. Allocation Constraints

A carbon emissions allowances cap (i.e., CEc) is determined as part of the allocated free allowances
(i.e., CE f ) and taxable allowances (i.e., CEt), as shown in Equation (5).

CEc = CE f + CEt (5)

The free carbon emissions allowances depend on the level of free carbon emissions determined
by the authority; therefore, the corresponding free and taxable emissions allowances are allocated to
each CPP, as shown in Equations (6)–(8).

CE f = αCEc (6)

CE f =
I

∑
i=1

Xi (7)

I
∑

i=1
Yi ≤ CEt (8)

3.2.5. Demand Constraints

To protect taxpayer rights, while the authority cannot allocate carbon emissions allowances the
CPP is unable to carry, they have an obligation to ensure the CPP’s basic rights (i.e., a minimum carbon
emissions allowance that maintains the basic CPP operations), as can be seen in Equation (9).

CEAmin
i ≤ Xi + Yi ≤ CEAmax

i ∀i ∈ Ψ (9)

3.2.6. Power Supply Constraints

The authority has an obligation to guarantee an adequate supply of electricity. Based on historical

data, total electricity production is
I

∑
i=1

E[T̃i]Xi ≥ D. However, there may be some errors if only

historical data are used. As electricity supply is essential for economic and social development,
insufficient power supplies could cause economic decline and social panic. In addition, due to the
inherent complexity and external uncertainty of power generation and fluctuating demand, electricity
production needs to be estimated as accurately as possible. Therefore, the actual predicted electricity

production is
I

∑
i=1

J
∑

j=1
E[T̃ij]Zij, and the two parts are then combined using a harmonic parameter.

Therefore, this constraint is as shown in Equation (10).

β
I

∑
i=1

E[T̃i]Xi + (1− β)
I

∑
i=1

J

∑
j=1

E[T̃ij]Zij ≥ D (10)

where β is the attitude of the authority towards the historical data, which allows the authority to
comprehensively consider both the historical data and the forecast values.

3.3. CPP Coal Purchase Scheme

3.3.1. Economic Profits

Each CPP seeks the largest possible profit under the restrictions of the carbon emissions allowances
allocation. CPP profits are income from electricity sales revenue minus the sales tax and component
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coal procurement, pollution treatment and the carbon emissions allowance tax. Therefore, the profits
function for each CPP is formulated as follows:

max EPi = (p− µ)
J

∑
j=1

E[T̃ij]Zij −
J

∑
j=1

E[C̃j]Zij −
J

∑
j=1

K

∑
k=1

CTjkE[ẼFjk]ηikZij − γYi (11)

where EPi is the potential economic profits function of each CPP; E[T̃ij] is the expected value of Tij;
E[C̃j] is the expected value of Cj; E[ẼFjk] is the expected value of EFjk.

3.3.2. Carbon Emissions Allowance Constraints

The total carbon emissions at each CPP must not exceed the free (i.e., Xi) and taxed (i.e., Yi) carbon
emissions quotas allocated by the authority, otherwise the CPP is severely punished or even deprived
of its power generation rights. Therefore, the constraints are expressed as in Equation (12).

J

∑
j=1

E[C̃EFij]Zij ≤ Xi + Yi ∀i ∈ Ψ (12)

where E[C̃EFij] is the expected value of CEFij.

3.3.3. Coal Quality Requirement

For the CPPs, the five properties (i.e., volatile matter content, heat rate, ash content, moisture
content and sulfur content) of burning coal need to meet the boiler requirements [39,40]. Therefore,
these properties are limited within a special range using a coal blending method to ensure normal
boiler operations, as shown in Equation (13):

E[ ˜LCQik]
J

∑
j=1

Zij ≤
J

∑
j=1

E[C̃Qjk]Zij ≤ E[ ˜UCQik]
J

∑
j=1

Zij, ∀i ∈ Ψ, ∀k ∈ Ω (13)

where k = 1 denotes volatile matter content, w = 2 denotes heat rate, w = 3 denotes ash content,
w = 4 denotes moisture content and w = 5 denotes sulfur content.

3.3.4. Social Responsibility Limitation

Modern enterprises not only consider profits, but also have necessary social responsibilities.
As electricity is essential to social and economic development, the supply of basic electricity is the most
basic social responsibility for each CPP. Therefore, this constraint ensures an electricity supply-demand
balance, as seen in Equation (14).

J

∑
j=1

E[T̃ij]Zij ≥ EDi ∀i ∈ Ψ (14)

3.3.5. Component Coal Purchase Quantity Limitations

There is a limit to each component coal that can be purchased by the CPP, which is affected by the
coal production and coal consumption in other industries. There are also nonnegative constraints on the
decision variable Zij as the component coal burned by the CPP cannot be nonnegative. By combining
these two parts, this constraint is expressed as follows:

0 ≤ Zij ≤ Qu
ij ∀i ∈ Ψ, ∀j ∈ Φ (15)
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3.4. Global Model

By integrating Equations (1)–(15), the global optimization model for the carbon emissions
allowance allocation based on the cap and tax mechanism is built, as shown in Equation (16). There is
interaction between the authority and the CPPs as the authority’s decisions affect the CPPs’ decisions.
The authority seeks to mitigate carbon emissions, and the CPPs seek profit maximization. However,
as the decisions by each CPP also affect the authority’s decisions and the other CPPs, conflicts
arise when all stakeholders attempt to achieve an optimal solution based on their own respective
optimization targets; therefore, a compromise is necessary to achieve equilibrium between the authority
and the CPPs. Initially, based on historical information and its own objectives, the authority decides
on an initial carbon emissions allowances allocation scheme, which is sent to the CPPs. Each CPP than
formulates its own production plan in line with the allocated carbon emissions allowance, the coal
quality requirements, its social responsibility and the market conditions. These CPP plans are then fed
back to the authority, which adjusts its initial decisions in consideration of the emissions performance
of each CPP, after which an improved allocation plan is sent to the CPPs again. The above process is
repeated until all stakeholders reach equilibrium. Therefore, this problem is expressed mathematically
as a bi-level programming model, as follows:

max FB = µ
I

∑
i=1

J
∑

j=1
E[T̃ij]Zij + γ

I
∑

i=1
Yi

min TC = CEc

max SD = min {SDi}

s.t.



CEc = CE f + CEt

CE f = αCEc, α ∈ [0, 1]

CE f =
I

∑
i=1

Xi

I
∑

i=1
Yi ≤ CEt

CEAmin
i ≤ Xi + Yi ≤ CEAmax

i , ∀i ∈ Ψ

β
I

∑
i=1

E[T̃i]Xi + (1− β)
I

∑
i=1

J
∑

j=1
E[T̃ij]Zij ≥ D

max EPi = (p− µ)
J

∑
j=1

E[T̃ij]Zij −
J

∑
j=1

E[C̃j]Zij −
J

∑
j=1

K
∑

k=1
CTjkE[ẼFjk]ηikZij − γYi

s.t.



J
∑

j=1
E[C̃EFij]Zij ≤ Xi + Yi, ∀i ∈ Ψ

E[ ˜LCQik]
J

∑
j=1

Zij ≤
J

∑
j=1

E[C̃Qjk]Zij ≤ E[ ˜UCQik]
J

∑
j=1

Zij, ∀i ∈ Ψ, ∀k ∈ Ω

J
∑

j=1
E[T̃ij]Zij ≥ EDi, ∀i ∈ Ψ

0 ≤ Zij ≤ Qu
ij ∀i ∈ Ψ, ∀j ∈ Φ

(16)

4. Case Study

4.1. Case Description

Jiangsu Province, one of the most economically-prosperous areas in China, is located in southeast
China. Because of the rapid industrialization and urbanization, the demand for electricity primarily
supplied by coal-fired power plants has increased dramatically, leading to a commensurate increase in
carbon emissions. Due to the pressure from international bodies and local public opinion, the authority
in Jiangsu Province has planned to reduce carbon emissions in the next five-year plan. To reduce the
computation burden, only three major CPPs (i.e., the Xiaguan CPP, the Huarun CPP and the Yancheng
CPP; the locations for which are shown in Figure 2) in Jiangsu Province were chosen in this case study
to demonstrate the practicability and efficiency of the proposed method.



Sustainability 2018, 10, 2923 9 of 18

China

Jiangsu Province

Huarun CPP

Xiaguan CPP

Yancheng CPP

Figure 2. Location of the case region.

4.2. Model Transformation

Based on the actual background and characteristics of the CEAA problem, this paper transforms
the multi-objective optimization problem into a single-objective optimization problem by determining a
primary objective and treating the secondary objectives as corresponding constraints with appropriate
threshold values according to the research of Zeng et al. [41]. As Jiangsu Province is still developing,
continued economic development remains the primary objective of the authority. However,
under pressure to ensure sustainable development, the environment must also be protected; therefore,
the authority transforms the minimization of the total carbon emissions allowance objective into
a corresponding environmental constraint. Analogously, to ensure a fair market environment,
the authority transforms the objective to maximize free carbon allowance allocation satisfaction into its
corresponding constraint. Therefore, Model (16) is transformed into a corresponding single-objective
form, as shown in Equation (17):

max FB = µ
I

∑
i=1

J
∑

j=1
E[T̃ij ]Zij + γ

I
∑

i=1
Yi

s.t.



CEc ≤ λCE

SDi ≥ θ

CEc = CE f + CEt

CE f = αCEc , α ∈ [0, 1]

CE f =
I

∑
i=1

Xi

I
∑

i=1
Yi ≤ CEt

CEAmin
i ≤ Xi + Yi ≤ CEAmax

i , ∀i ∈ Ψ

β
I

∑
i=1

E[T̃i ]Xi + (1− β)
I

∑
i=1

J
∑

j=1
E[T̃ij ]Zij ≥ D

max EPi = (p− µ)
J

∑
j=1

E[T̃ij ]Zij −
J

∑
j=1

E[C̃j ]Zij −
J

∑
j=1

W
∑

w=1
CTjw E[ẼFjw ]ηiw Zij − γYi

s.t.



J
∑

j=1
E[C̃EFij ]Zij ≤ Xi + Yi , ∀i ∈ Ψ

E[ ˜LCQik ]
J

∑
j=1

Zij ≤
J

∑
j=1

E[C̃Qjk ]Zij ≤ E[ ˜UCQik ]
J

∑
j=1

Zij , ∀i ∈ Ψ, ∀k ∈ Ω

J
∑

j=1
E[T̃ij ]Zij ≥ EDi , ∀i ∈ Ψ

0 ≤ Zij ≤ Qu
ij ∀i ∈ Ψ, ∀j ∈ Φ

(17)

where λ is the attitude of the authority towards carbon emissions reduction; θ is the minimal allowance
satisfactory degree chosen by the authority; and CE is the actual carbon emission amount in the last
production cycle. However, the bi-level optimization model is still a non-deterministic polynomial
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hard problem even in its most simple form. The different levels of the decision makers control
or influence the decisions of the others through their own decisions; in other words, equilibrium
between the upper and lower levels needs to be achieved through constant stakeholder interaction.
Therefore, an interactive algorithm was designed to resolve this complexity. First, a feasible region
for the upper level model was built based on the constraints and a feasible solution randomly
produced as the initial solution. Then, this initial feasible solution was sent to the lower level
and a corresponding solution obtained, which was fed back to the upper level. After receiving
the feedback from the lower level, the upper level made corresponding adjustments to obtain an
improved solution, which was then sent to the lower level again. This procedure continued to
iterate until the termination condition was met. In this paper, the termination condition was set as

I
∑

i=1
(
∣∣∣Xn

i − Xn−1
i

∣∣∣+ ∣∣∣Yn
i −Yn−1

i

∣∣∣)/ I
∑

i=1
(Xn

i + Yn
i ) ≤ 1%. This process was accomplished using the

following procedure.
Step 1: Randomly generate a set of initial feasible solutions (X1

i , Y1
i ) in the feasible zone of the

upper level.
Step 2: Solve the lower level problem using the simplex method by inputting Xi and Yi into the

lower level optimization model.
Step 3: Obtain the optimal solution from Zij, which is fed back to the upper-level optimization

model.
Step 4: Solve the upper level problem using the simplex method, and obtain the improved solution

(Xi, Yi).
Step 5: The improved solution is sent to the lower level model again.
Step 6: Repeat Step 3 and Step 4 until the termination condition is reached.

4.3. Data Collection

The basic data shown in Table 2 were obtained from the annual reports of the three power plants.
Macro data, such as the actual carbon emissions CE from the last production period were taken from
the Statistical Yearbook of Jiangsu Province, China, as shown in Table 3. The uncertain data in the
model are described using trapezoidal fuzzy numbers based on fuzzy set theory. These fuzzy data
were determined from interviews with experts and engineers, a well as historical data [37]. Therefore,
the uncertain parameters in this paper were collected in fuzzy form, as shown in Table 4.

Table 2. Crisp parameters of each CPP.

Xiaguan CPP Huarun CPP Yancheng CPP

Emission reduction measure
For SO2 (w = 1) LDS LDS LDS
For NOx (w = 2) SCR SCR SCR
For PM10 (w = 3) CDE and EP EF and EP EF and EP

Emission reduction efficiency, ηiw
For SO2 (w = 1) (%) 96.2 96.1 95.9
For NOx (w = 2) (%) 85.9 85.7 85.4
For PM10 (w = 3) (%) 98.8 98.5 98.4

Emission reduction cost, CTjw
For SO2 (w = 1) (RMB/kg) 2.4 2.2 1.7
For NOx (w = 2) (RMB/kg) 16.7 15.8 14.2
For PM10 (w = 3) (RMB/kg) 3.5 2.8 2.1

Minimum power supply, EDi (109 kWh) 2.7 4.2 1.9
Minimum allowance demand, CEAmin

i (106 tonne) 3 4 2
Maximum allowance demand, CEAmax

i (106 tonne) 6 8 6

Coal quality requirement, [LCQik, LCQik]
Volatile matter (% weight) >6 and <27 >7 and <29 >9 and <32
Heat rate (GJ/tonne) >22.3 >22.1 >21.9
Ash content (% weight) <20 <22 <23
Moisture content (% weight) <5 <6 <7
Sulfur content (% weight) <0.8 <0.9 <1.0

Notes: LDS (i.e., lime spray dryer system), SCR (i.e., selective catalytic reduction), EP (i.e., electrostatic
precipitator), CDE (i.e., cyclone dust extractor) and FF (i.e., fabric filter).
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Table 3. Other parameters employed in the proposed model.

Taxable carbon allowance price, γ (RMB/tonne) 30
Added-value tax, µ (RMB/kWh) 0.01
Price of unit electric, p (RMB/kWh) 0.45
Total basic electric supply, D (109 kWh) 8.8× 109

Actual carbon emission amount in the last production cycle, CE (tonne) 1.98× 107

Table 4. Parameters of component coals in fuzzy form.

Tongmei Shenhua Yitai Zhongmei

Coal characteristics, C̃Qjk
Volatile matter (% weight) (6.9, 7.5, 8.3, 9.3) (35.2, 37.4, 38.9, 40.5) (23.6, 25.4, 27.1, 27.9) (24.9, 27.4, 29.8, 29.9)
Heat rate (GJ/tonne) (22.6, 22.9, 23.5, 23.8) (21.2, 21.7, 22.1, 22.2) (20.4, 20.9, 21.3, 21.8) (18.2, 18.6, 20.1, 21.1)
Ash content (% weight) (19.9, 20.6, 21.4, 22.1) (14.7, 15.8, 16.6, 16.9) (10.4, 11.5, 12.1, 14) (16.3, 17.4, 18.9, 19.4)
Moisture content (% weight) (4.3, 4.4, 4.8, 4.9) (5.1, 5.4, 5.7, 6.2) (1.9, 2.3, 2.7, 3.1) (2.4, 2.9, 3.2, 3.9)
Sulfur content (% weight) (0.4, 0.5, 0.7, 0.8) (0.1, 0.2, 0.3, 0.6) (0.6, 0.7, 1.1, 1.2) (0.1, 0.2, 0.2, 0.3)

Emission factor, ẼFjw
For SO2 (w = 1) (kg/tonne) (4.3, 4.9, 5.3, 7.9) (5.6, 6.3, 7.4, 7.9) (6.4, 6.9, 7.6, 8.7) (8.6,8.8,9.2,10.2)
For NOx (w = 2) (kg/tonne) (1.8, 2.3, 2.8, 3.1) (2.3, 2.9, 3.5, 3.7) (6.1, 6.4, 6.7, 6.8) (8.8, 9.1, 9.4, 9.9)
For PM10 (w = 3) (kg/tonne) (0.1, 0.2, 0.2, 0.3) (0.2, 0.4, 0.6, 0.8) (0.4, 0.7, 1.2, 1.3) (1.1, 1.3, 1.5, 1.7)

Coal-power conversion coefficient, T̃ij
Xiaguan CPP (kWh/tonne) (2490, 2535, 2595, 2660) (2415, 2425, 2435, 2445) (2320, 2330, 2340, 2370) (2120, 2145, 2160, 2175)
Huarun CPP (kWh/tonne) (2485, 2520, 2550, 2565) (2375, 2390, 2415, 2420) (2265, 2295, 2315, 2325) (2090, 2105, 2140, 2145)
Yancheng CPP (kWh/tonne) (2420, 2455, 2480, 2525) (2325, 2335, 2345, 2355) (2225, 2240, 2255, 2280) (2045, 2055, 2085, 2095)

Carbon emission factor, C̃EFij
Xiaguan CPP (kg/tonne) (2045, 2075, 2095, 2145) (1955, 1965, 1975, 1985) (1875, 1890, 1905, 1930) (1730, 1745, 1760, 1765)
Huarun CPP (kg/tonne) (2090, 2105, 2115, 2130) (1980, 1995, 2010, 2015) (1905, 1910, 1925, 1940) (1750, 1760, 1775, 1795)
Yancheng CPP (kg/tonne) (2120, 2130, 2145, 2165) (1995, 2015, 2030, 2040) (1940, 1945, 1955, 1960) (1780, 1785, 1790, 1805)

Procurement cost, C̃j (RMB/tonne) (665, 675, 685, 695) (630, 635, 645, 650) (570, 590, 615, 665) (525, 540, 555, 580)

5. Results and Discussion

5.1. Results and Sensitivity Analysis

The collected data were input into the proposed model (i.e., Equation (17)) and the solution
approach run on MATLAB software, from which the optimal carbon emissions allowance allocation
for the authority was determined.

5.1.1. Different Free Carbon Emission Levels

As the authority needs to strengthen the control over the free carbon emissions allocations, a single
result is unsatisfactory; therefore, several scenarios are considered. To illustrate the practicality and
validity of this method, as a representative situation, Table 5 shows the results of the sensitivity analysis
on the free carbon emission levels when θ = 0.5 and λ = 1. In this situation, for fairness, the authority’s
attitude towards allocation satisfaction, was set at 0.5, and the carbon emissions reduction level was
set at one, the most relaxed carbon emissions reduction attitude. It can be seen that in this situation,
the authority earns 3.436 × 108 RMB when α = 0.82, which is the lowest free emissions level. Figure 3
illustrates the changes to the financial benefits for the authority (i.e., FB), the total carbon emissions
(i.e., TC) in the region, each CPP’s profits (i.e., EPi), the allocation satisfaction level (i.e., SDi), the free
emissions allocation allowance (Xi), the taxable emissions allocation allowance (Yi) and the carbon
emissions allowance (Xi + Yi) against changing the free carbon emissions level. The financial benefits
for the authority gradually increase, and the profits of each CPP decrease as the free carbon emissions
level decreases. Further, to maximize profits, all CPPs strive to obtain a higher market share and finally
reach equilibrium, at which point, all CPPs have used all their free carbon emission allowances and
are seeking to obtain as high an allowance as possible from the authority. In addition, as the free
emissions level decreases, the CPPs have lower free carbon emissions allowances and lower satisfactory
degrees. From Figure 3, it can be seen that the Huarun CPP remained the most profitable CPP under
the different free emissions levels and the highest carbon emissions allowance, which included both
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the free and taxable emissions allowances. In addition, the Yancheng CPP profits were lower than
the Xiaguan CPP profits, although they have roughly equivalent carbon emissions quotas. It was
concluded that the Yancheng CPP may be detrimental to the sustainable development of the coal-fired
power industry in this region. Therefore, suitable free carbon emissions level can achieve both stable
economic development and a fair market environment.

Table 5. Sensitivity analysis on free carbon emissions level α when θ = 0.5 and λ = 1.

α FB CPP Xi Yi EPi Zi1 Zi2 Zi3 Zi4 SDi
(108 RMB) (106 tonnes) (105 tonnes) (108 RMB) (106 tonnes) (106 tonnes) (106 tonnes) (106 tonnes)

1 2.367 Xiaguan 5.94 0.00 11.30 2.00 0.89 0.00 0.00 0.9789
Huarun 7.90 0.00 13.91 2.00 1.00 0.88 0.00 0.9757

Yancheng 5.96 0.00 9.72 1.00 1.00 0.92 0.00 0.9901
34.94

0.94 2.723 Xiaguan 5.70 2.25 11.22 2.00 0.89 0.00 0.00 0.9006
Huarun 7.34 5.84 13.78 2.00 1.00 0.89 0.00 0.8358

Yancheng 5.57 3.79 9.59 1.00 1.00 0.92 0.00 0.8917
34.58

0.88 3.080 Xiaguan 5.42 5.44 11.19 2.00 0.91 0.00 0.00 0.8073
Huarun 7.03 9.28 13.71 2.00 1.00 0.90 0.00 0.7563

Yancheng 4.98 9.04 9.33 1.00 1.00 0.88 0.00 0.7442
34.24

0.82 3.436 Xiaguan 5.31 5.92 11.07 2.00 0.88 0.00 0.00 0.7711
Huarun 6.74 11.64 13.56 2.00 1.00 0.87 0.00 0.6838

Yancheng 4.19 18.08 9.23 1.00 1.00 0.94 0.00 0.5469
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Figure 3. Comparative analysis under different free emission levels. (a) Financial benefit and carbon
emissions of the authority; (b) CPPs’ economic profits; (c) CPPs’ allocation satisfaction; (d) CPPs’ free
carbon emissions allowance; (e) CPPs’ taxable carbon emissions allowance; (f) CPPs’ total carbon
emissions allowance.
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5.1.2. Different Carbon Emission Reduction Levels

As the carbon emissions reduction level is an another important factor for carbon emissions
mitigation by the authority, several scenarios were again considered under different λ. As a
representative example, Table 6 shows the sensitivity analysis results for the carbon emissions reduction
levels when θ = 0.5 and α = 0.9 to verify the validity of the model. The carbon emissions allowance
cap was divided into free and taxable emissions quotas and the free carbon emissions level set at
0.9. The results in Table 6 show that the authority achieves a minimum of 2.43 × 108 RMB when
λ = 0.82, which was the lowest carbon emissions reduction level. Figure 4 shows the results for the
comparative analysis under different carbon emissions reduction levels. From Figure 4a, it can be seen
that both the financial benefits and total carbon emissions decrease as the environmental protection
constraints are tightened (i.e., changing λ from one to its lowest level); however, the decrease in the
carbon emissions ratio is larger than the decrease in the financial benefits. For example, when λ = 0.94
is compared with λ = 1, the financial benefit ratio decreases by 5.9% and the carbon emissions ratio
decreases by 6.4%. Further, the ratios decrease by 6.4% and 6.8% when λ = 0.88 and by 6.8% and
7.3% when λ = 0.82 for the two factors. From this analysis, it was concluded that tightening the
environmental protection constraints is more beneficial to sustainable development and that more
relaxed environmental protection constraints cause more damage to sustainable development. Similar
to the different free carbon emissions level scenarios, to maximize economic profits, each CPP is eager
to gain a higher market share and eventually reaches equilibrium. In addition, it is clear that the CPP
profits decrease with a decrease in the carbon emissions reduction level. The profits and free emissions
allowance at the Huarun CPP are still the highest, and the Yancheng CPP is the lowest under the
different carbon emissions reduction levels.
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Figure 4. Comparative analysis under different carbon emission reduction levels. (a) Financial benefits
and carbon emissions of the authority; (b) CPPs’ economic profits; (c) CPPs’ allocation satisfaction;
(d) CPPs’ free carbon emissions allowance; (e) CPPs’ taxable carbon emissions allowance; (f) CPPs’
total carbon emissions allowance.
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Table 6. Sensitivity analysis on carbon emission reduction level λ when θ = 0.5 and α = 0.9.

λ FB CPP Xi Yi EPi Zi1 Zi2 Zi3 Zi4 SDi
(108 RMB) (106 tonnes) (105 tonnes) (108 RMB) (106 tonnes) (106 tonnes) (106 tonnes) (106 tonnes)

1 2.961 Xiaguan 5.55 3.88 11.18 2.00 0.89 0.00 0.00 0.8488
Huarun 6.73 11.97 13.59 2.00 1.00 0.89 0.00 0.6826

Yancheng 5.54 3.95 9.57 1.00 1.00 0.91 0.00 0.8858

0.94 2.787 Xiaguan 5.31 4.64 10.86 2.00 0.81 0.00 0.00 0.7695
Huarun 7.24 6.24 13.66 2.00 1.00 0.85 0.00 0.8092

Yancheng 4.21 7.73 8.04 1.00 1.00 0.42 0.00 0.5514

0.88 2.608 Xiaguan 5.07 3.82 10.28 2.00 0.64 0.00 0.00 0.6888
Huarun 6.51 4.46 12.32 2.00 1.00 0.38 0.00 0.6275

Yancheng 4.11 9.14 8.06 1.00 1.00 0.44 0.00 0.5263

0.82 2.429 Xiaguan 4.54 4.60 9.42 1.94 0.48 0.00 0.00 0.5142
Huarun 6.04 4.31 11.59 2.00 1.00 0.13 0.00 0.5105

Yancheng 4.03 7.32 7.73 1.00 1.00 0.31 0.00 0.5069

5.1.3. Different Allocation Satisfaction Levels

A fair market environment is conducive to regional sustainable development. In this paper,
a satisfactory degree method is proposed to measure fairness. Similarly, several scenarios were
conducted under different allocation satisfaction levels. As an example, Table 7 shows the results of
the sensitivity analysis for the allocation satisfaction levels when α = 0.9 and λ = 1, from which it can
be seen that the authority achieves a minimum of 2.96066 × 108 RMB when θ = 0.8, which is the lowest
allocation satisfaction level. Figure 5 illustrates the changes in the financial benefits (i.e., FB) for the
authority and each CPP’s profits (i.e., EPi) when the allocation satisfaction level changes. However,
as can be seen, the allocation satisfaction does not significantly impact the financial benefits of the
authority or the CPP profits. For example, when θ = 0.5, the financial benefits are 2.96112 × 108 RMB,
and as θ changes to 0.6, the financial benefits are 2.96081× 108 RMB, a decrease of only 0.011%. When θ

is set at 0.7 and 0.8, the ratio decreases only slightly by 0.004% and 0.001%. From Figure 5, similar
situations can be seen for each of the CPP profits.

Table 7. Sensitivity analysis on allocation satisfaction level θ when α = 0.9 and λ = 1.

θ FB CPP Xi Yi EPi Zi1 Zi2 Zi3 Zi4 SDi
(108 RMB) (106 tonnes) (105 tonnes) (108 RMB) (106 tonnes) (106 tonnes) (106 tonnes) (106 tonnes)

0.5 2.96112 Xiaguan 5.55 3.88 11.18 2.00 0.89 0.00 0.00 0.8488
Huarun 6.73 11.97 13.59 2.00 1.00 0.89 0.00 0.6826

Yancheng 5.54 3.95 9.57 1.00 1.00 0.91 0.00 0.8858

0.6 2.96081 Xiaguan 5.56 3.48 11.14 2.00 0.88 0.00 0.00 0.8519
Huarun 7.40 5.14 13.78 2.00 1.00 0.88 0.00 0.8496

Yancheng 4.87 11.18 9.42 1.00 1.00 0.94 0.00 0.7165

0.7 2.96068 Xiaguan 5.52 3.67 11.10 2.00 0.87 0.00 0.00 0.8404
Huarun 7.35 5.65 13.76 2.00 1.00 0.88 0.00 0.8369

Yancheng 4.95 10.48 9.46 1.00 1.00 0.94 0.00 0.7378

0.8 2.96066 Xiaguan 5.40 4.76 11.05 2.00 0.86 0.00 0.00 0.8007
Huarun 7.21 7.19 13.73 2.00 1.00 0.89 0.00 0.8017

Yancheng 5.21 7.85 9.54 1.00 1.00 0.94 0.00 0.8027
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5.2. Discussion

Based on the above results and analysis, the proposed method contributes to research on
carbon emissions mitigation in the coal-fired power field and can assist authorities in establishing
reasonable carbon emissions allowance allocation policies as the uncertain factors (coal characteristics,
emissions factor, coal-power conversion coefficient, carbon emissions factor and procurement costs)
are considered. The coal characteristics are uncertain due to the impact of the natural condition and
the mining processes, and the uncertain emissions factor depends on the uncertain coal characteristics.
The coal-power conversion coefficient and the carbon emissions factor are uncertain because of the
uncertain combustion efficiencies. The procurement costs are uncertain because of the impact of price
coordination and market fluctuations. At the same time, there are deviations in the collected data; that
is, these uncertain parameters are influenced by both subjective and objective factors. There has been
significant research conducted in dealing with such uncertainties. For example, Cheng et al. proposed
an interval recourse liner programming (IRLP) to mitigate constraint violation problems in resources
and environmental systems management (REM) under uncertainties [42]. Huang et al. developed
an inexact fuzzy stochastic chance constrained programming (IFSCCP) method to address various
uncertainties in evacuation management problems [43]. However, based on the actual background
and characteristics of the CEAA problem in this paper, fuzzy theory was employed to fit reality and an
expected value operator used to transform the fuzzy variables into corresponding expected values.
Through this process, the results of the proposed method are more convincing.

In addition, the proposed method was shown to describe the interactive relationship between the
authority and the CPPs effectively and to resolve the conflicts between economic development and
environmental protection. Such situations are also found in other carbon emissions mitigation fields.
For instance, there are similar interactive relationships between the authority and biomass power
plants in the biomass power industry, in which there is also economic development and environmental
protection conflicts. To mitigate these carbon emissions, authorities need to apply the appropriate
CEAA strategy based on cap and tax mechanisms for biomass power plants, and the biomass power
plants should have suitable biomass blending plans to achieve their required profits under the carbon
quotas imposed by the authority.

5.3. Management Recommendations

Based on the above analysis and discussion, some management recommendations are given.
First, for regions that largely depend on CPP-generated electricity, a new cap and tax mechanism

should be established to ensure the required environmental protection. Without such a mechanism,
CPPs would arbitrarily emit carbon dioxide as they would lack the motivation to improve their
emissions performances. Using the proposed methodology, the cap and tax mechanism is able to
motivate CPPs to develop low carbon power generation. Further, under carbon emissions allowance
allocation constraints, CPPs may be encouraged to improve their clean-energy technologies to decrease
operating costs, which could further mitigate carbon emissions and gain higher profits.

Second, the authority can design suitable carbon emissions allowance allocation plans using the
proposed method; that is, the authority can select the desired free carbon emissions levels and carbon
emissions reductions levels based on the actual situation. Therefore, when using the proposed model,
it is recommended that the authorities in developed regions set the lowest free carbon emissions
level and the strictest carbon emissions reduction levels to encourage environmentally-friendly power
generation. On the other hand, for developing regions, the authority can set relatively loose emissions
reduction goals at the start to ensure steady local economic development. They can then continue to
tighten the environmental protection parameter to aim for sustainable development.
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6. Conclusions

This paper studied a coal-fired power generation carbon emission allowance allocation problem
and proposed a bi-level multi-objective model that considered the mutual coordination and conflicts
between an authority and CPPs. Using the proposed method, a carbon emissions allowance allocation
with a cap and tax mechanism was established to ensure steady economic development and carbon
emissions mitigation. This model has the ability to describe the interactions of all stakeholders whose
decisions may affect the sustainable development of a region and therefore can assist them to develop
corresponding strategies to adapt to the changes made by the other stakeholders. A case study on a
coal-fired power generation system with three main CPPs was employed to illustrate the practicality
and efficiency of the proposed method. Sensitivity analyses on free emission levels and carbon
emissions reduction levels were also conducted, which could assist authorities to select the most
appropriate local development strategy. The analysis and discussion demonstrated that considering
both free emissions levels and carbon emissions reduction levels is able to assist in balancing economic
development and environmental protection and that a cap and tax mechanism could play a significant
role in the environmentally-friendly development of coal-fired power generation systems.

The following further research directions could be taken: (1) integrate technical innovation and
management optimization to improve coal-fired power generation systems; (2) examine how the
carbon emissions trading mechanism could be integrated with the proposed method.

Author Contributions: All authors contributed substantially to the research presented in this paper. Q.F., Q.H.,
Q.Z. and L.L. conceived of and designed the research and methodology. Q.F. contributed the research idea. L.L.
proposed the framework of the paper. Q.H. and Q.Z. analyzed the data and wrote the paper. All authors read and
approved the final manuscript.

Funding: This word is supported by the National Natural Science Foundation of China (Grant No. 71704124)
and the Humanity and Social Science Youth Foundation of the Ministry of Education of China (Grant
No. 17YJC630096 and No. 17YJC890021).

Acknowledgments: The authors would like to thank the reviewers for their constructive comments and
suggestions for improving this paper.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Peters, G.P.; Andrew, R.M. The challenge to keep global warming below 2 ◦C. Nat. Clim. Chang. 2013, 3, 4–6.
[CrossRef]

2. Hu, X.; Moura, S.J. Integrated optimization of battery sizing, charging, and power management in plug-in
hybrid electric vehicles. IEEE Trans. Control Syst. Technol. 2015, 24, 1036–1043. [CrossRef]

3. Hu, X.; Murgovski, N. Optimal dimensioning and power management of a fuel cell/battery hybrid bus via
convex programming. IEEE/ASME Trans. Mechatron. 2015, 20, 457–468. [CrossRef]

4. Service, R.F. Cleaning up coal-cost-effectively. Science 2017, 356, 798. [CrossRef] [PubMed]
5. Service, R.F. Fossil power, guilt free. Science 2017, 356, 796. [CrossRef] [PubMed]
6. Choudhary, D.; Shankar, R. An steep-fuzzy ahp-topsis framework for evaluation and selection of thermal

power plant location: A case study from india. Energy 2012, 42, 510–521. [CrossRef]
7. Wu, Y.; Geng, S. Decision framework of solar thermal power plant site selection based on linguistic choquet

operator. Appl. Energy 2014, 136, 303–311. [CrossRef]
8. BP Global. BP Technology Outlook. Available online: https://www.bp.com/content/dam/bp/pdf/

technology/bp-technology-outlook.pdf (accessed on 17 August 2018).
9. CEC. National Electric Power Industry Statistical Bulletin; China Electricity Council: Beijing, China, 2017.
10. Mao, X.Q.; Zeng A. Co-control of local air pollutants and co 2 from the chinese coal-fired power industry.

J. Clean. Prod. 2014, 67, 220–227. [CrossRef]
11. Lonsdale, C.R.; Stevens R.G. The effect of coal-fired power-plant SO2 and nox control technologies on aerosol

nucleation in the source plumes. Atmos. Chem. Phys. 2012, 12, 11519–11531. [CrossRef]
12. Beer, J.M. Combustion technology developments in power generation in response to environmental

challenges. Prog. Energy Combust. Sci. 2000, 26, 301–327. [CrossRef]

http://dx.doi.org/10.1038/nclimate1783
http://dx.doi.org/10.1109/TCST.2015.2476799
http://dx.doi.org/10.1109/TMECH.2014.2336264
http://dx.doi.org/10.1126/science.356.6340.798
http://www.ncbi.nlm.nih.gov/pubmed/28546169
http://dx.doi.org/10.1126/science.356.6340.796
http://www.ncbi.nlm.nih.gov/pubmed/28546168
http://dx.doi.org/10.1016/j.energy.2012.03.010
http://dx.doi.org/10.1016/j.apenergy.2014.09.032
https://www.bp.com/content/dam/bp/pdf/technology/bp-technology-outlook.pdf
https://www.bp.com/content/dam/bp/pdf/technology/bp-technology-outlook.pdf
http://dx.doi.org/10.1016/j.jclepro.2013.12.017
http://dx.doi.org/10.5194/acp-12-11519-2012
http://dx.doi.org/10.1016/S0360-1285(00)00007-1


Sustainability 2018, 10, 2923 17 of 18

13. Longwell, J.P.; Rubin, E.S.; Wilson, J. Coal: Energy for the future. Prog. Energy Combust. Sci. 1995, 21, 269–360.
[CrossRef]

14. Beer, J.M. High efficiency electric power generation: The environmental role. Prog. Energy Combust. Sci.
2007, 33, 107–134. [CrossRef]

15. Hoya, R.; Fushimi, C. Thermal efficiency of advanced integrated coal gasification combined cycle
power generation systems with low-temperature gasifier, gas cleaning and CO2 capturing units.
Fuel Process. Technol. 2017, 164, 80–91. [CrossRef]

16. Kayal, S.; Chakraborty, A. Activated carbon (type maxsorb-iii) and mil-101(cr) metal organic framework
based composite adsorbent for higher CH4 storage and CO2 capture. Chem. Eng. J. 2018, 334, 780–788.
[CrossRef]

17. Porter, R.; Fairweather, M. The range and level of impurities in CO2 streams from different carbon capture
sources. Int. J. Greenh. Gas Control 2015, 36, 161–174. [CrossRef]

18. Wang, J.; Ryan, D.; Anthorny, E.J.; Wigston, A. Effects of Impurities on Geological Storage of CO2; Techical
Report; IEA GHG: Cheltenham, UK, 2011.

19. Goto, K.; Yogo, K.; Higashii, T. A review of efficiency penalty in a coal-fired power plant with
post-combustion CO2 capture. Appl. Energy 2013, 111, 710–720. [CrossRef]

20. Li, Y. Dynamics of clean coal-fired power generation development in China. Energy Policy 2012, 51, 138–142.
21. Cao, K.; Xu, X. Optimal production and carbon emission reduction level under cap-and-trade and low

carbon subsidy policies. J. Clean. Prod. 2017, 167, 505–513. [CrossRef]
22. Shih, J.; Frey, H. Coal blending optimization under uncertainty. Eur. J. Oper. Res. 1995, 83, 452–465. [CrossRef]
23. Wang, B.; Wang, S. Multi-objective unit commitment with wind penetration and emission concerns under

stochastic and fuzzy uncertainties. Energy 2016, 111, 18–31. [CrossRef]
24. Xu, J.; Wang, F. Carbon emission reduction and reliable power supply equilibrium based daily scheduling

towards hydro-thermal-wind generation system: A perspective from china. Energy Convers. Manag. 2018,
164, 1–14. [CrossRef]

25. Xu, J.; Qiu, R.; Lv, C. Carbon emission allowance allocation with cap and trade mechanism in air passenger
transport. J. Clean. Prod. 2016, 131, 308–320. [CrossRef]

26. Zhao, S.; Shi, Y.; Xu, J. Carbon emissions quota allocation based equilibrium strategy toward carbon reduction
and economic benefits in china’s building materials industry. J. Clean. Prod. 2018, 189, 307–325. [CrossRef]

27. He, P.; Zhang, W. Production lot-sizing and carbon emissions under cap-and-trade and carbon tax regulations.
J. Clean. Prod. 2015, 103, 241–248. [CrossRef]

28. Wittneben, B. Exxon is right: Let us re-examine our choice for a cap-and-trade system over a carbon tax.
Energy Policy 2009, 37, 2462–2464. [CrossRef]

29. Liu, L.; Huang, C.; Huang, G.; Baetz, B.; Pittendrigh, S. How a carbon tax will affect an emission-intensive
economy: A case study of the province of Saskatchewan, Canada. Energy 2018, 159, 817–826. [CrossRef]

30. Tu, Y.; Zhou, X. Administrative and market-based allocation mechanism for regional water resources
planning. Resour. Conserv. Recycl. 2015, 95, 156–173. [CrossRef]

31. Kardakos, E.G.; Simoglou, C.K.; Bakirtzis, A.G. Optimal offering strategy of a virtual power plant:
A stochastic bi-level approach. IEEE Trans. Smart Grid 2016, 7, 794–806. [CrossRef]

32. Puri, M.L. Fuzzy random variables. J. Math. Anal. Appl. 1986, 114, 409–422. [CrossRef]
33. Liu, B.; Liu, Y.K. Expected value of fuzzy variable and fuzzy expected value models. IEEE Trans. Fuzzy Syst.

2002, 10, 445–450.
34. Ferrero, A.; Salicone, S. The random-fuzzy variables: A new approach to the expression of uncertainty in

measurement. IEEE Trans. Instrum. Meas. 2004, 53, 1370–1377. [CrossRef]
35. Xu, J.; Zhou, X. Fuzzy-Like Multiple Objective Decision Making; Springer: Berlin/Heidelberg, Germany, 2011.
36. Solomon, S.; Plattner, G.K. Irreversible climate change due to carbon dioxide emissions. Proc. Natl. Acad.

Sci. USA 2009, 106, 1704–1709. [CrossRef] [PubMed]
37. Lv, C.; Xu, J. Equilibrium strategy based coal blending method for combined carbon and pm10 emissions

reductions. Appl. Energy 2016, 183, 1035–1052. [CrossRef]
38. Xu, J.; Yang, X.; Tao, Z. A tripartite equilibrium for carbon emission allowance allocation in the power-supply

industry. Energy Policy 2015, 82, 62–80. [CrossRef]
39. Dai, C.; Cai, X.H. A simulation-based fuzzy possibilistic programming model for coal blending management

with consideration of human health risk under uncertainty. Appl. Energy 2014, 133, 1–13. [CrossRef]

http://dx.doi.org/10.1016/0360-1285(95)00007-0
http://dx.doi.org/10.1016/j.pecs.2006.08.002
http://dx.doi.org/10.1016/j.fuproc.2017.04.014
http://dx.doi.org/10.1016/j.cej.2017.10.080
http://dx.doi.org/10.1016/j.ijggc.2015.02.016
http://dx.doi.org/10.1016/j.apenergy.2013.05.020
http://dx.doi.org/10.1016/j.jclepro.2017.07.251
http://dx.doi.org/10.1016/0377-2217(94)00243-6
http://dx.doi.org/10.1016/j.energy.2016.05.029
http://dx.doi.org/10.1016/j.enconman.2018.01.064
http://dx.doi.org/10.1016/j.jclepro.2016.05.029
http://dx.doi.org/10.1016/j.jclepro.2018.03.073
http://dx.doi.org/10.1016/j.jclepro.2014.08.102
http://dx.doi.org/10.1016/j.enpol.2009.01.029
http://dx.doi.org/10.1016/j.energy.2018.06.163
http://dx.doi.org/10.1016/j.resconrec.2014.12.011
http://dx.doi.org/10.1109/TSG.2015.2419714
http://dx.doi.org/10.1016/0022-247X(86)90093-4
http://dx.doi.org/10.1109/TIM.2004.831506
http://dx.doi.org/10.1073/pnas.0812721106
http://www.ncbi.nlm.nih.gov/pubmed/19179281
http://dx.doi.org/10.1016/j.apenergy.2016.09.028
http://dx.doi.org/10.1016/j.enpol.2015.02.029
http://dx.doi.org/10.1016/j.apenergy.2014.07.092


Sustainability 2018, 10, 2923 18 of 18

40. Samimi, A.; Zarinabadi, S. Reduction of greenhouse gases emission and effect on environment. Aust. J. Basic
Appl. Sci. 2012, 8, 1011–1015.

41. Zeng, Z.; Xu, J.; Wu, S.; Shen, M. Antithetic Method-Based Particle Swarm Optimization for a Queuing
Network Problem with Fuzzy Data in Concrete Transportation Systems. Comput. Aided Civ. Infrastruct. Eng.
2014, 29, 771–800. [CrossRef]

42. Cheng, G.; Huang, G.H.; Dong, C. Interval Recourse Linear Programming for Resources and Environmental
Systems Management under Uncertainty. J. Environ. Inform. 2017, 30, 119–136. [CrossRef]

43. Huang, C.; Nie, S.; Guo, L.; Fan, Y.R. Inexact Fuzzy Stochastic Chance Constraint Programming for
Emergency Evacuation in Qinshan Nuclear Power Plant under Uncertainty. J. Environ. Inform. 2017,
30, 63–78. [CrossRef]

c© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1111/mice.12111
http://dx.doi.org/10.3808/jei.201500312
http://dx.doi.org/10.3808/jei.201700372
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Key Problem Statement
	Model Development
	Assumptions
	Authoritative Carbon Emissions Allowance Allocations
	Pursuing Possible Financial Benefits
	Minimizing Total Carbon Emissions Allowance
	Maximizing Allocation Free Carbon Allowance Satisfaction
	Allocation Constraints
	Demand Constraints
	Power Supply Constraints

	CPP Coal Purchase Scheme
	Economic Profits
	Carbon Emissions Allowance Constraints
	Coal Quality Requirement
	Social Responsibility Limitation
	Component Coal Purchase Quantity Limitations

	Global Model

	Case Study
	Case Description
	Model Transformation
	Data Collection

	Results and Discussion
	Results and Sensitivity Analysis
	Different Free Carbon Emission Levels
	Different Carbon Emission Reduction Levels
	Different Allocation Satisfaction Levels

	Discussion
	Management Recommendations

	Conclusions
	References

