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Abstract: In this study, a fuzzy chance-constrained fractional programming (FCFP) approach is
developed to help tackle various uncertainties involved in electric power systems (EPSs) management.
The FCFP approach is capable of solving ratio optimization decision problems in power systems
associated with random and fuzzy information by chance-constrained programming (CCP) method,
fuzzy measure programming, fractional programming (FP) into a general framework. It can tackle
inexact information expressed as fuzzy set and probability distributions, comprehensively reflect
the decision maker’s pessimistic and optimistic preferences, and balance dual objectives of system
economy and sustainability. To demonstrate its applicability, FCFP approach is then applied to a case
study of Shanxi Province, a typical coal-heavy electricity region in China. The results indicate that the
FCFP approach reveals uncertain interactions among the decision maker’s preferences and various
random variables. Reasonable solutions have been generated for Shanxi EPS management practices,
which can provide strategies in mitigating pollutant emissions, reducing system costs, and promoting
coalbed methane as an alternative energy source for coal-fired and plays an essential role in Shanxi’s
municipal planning. The solutions will help decision makers generate alternatives in the event of the
reducing coal-fired power generation and could be applicable in other coal-heavy electricity regions.

Keywords: electric power system (EPS) planning; fractional programming (FP); fuzzy chance-constrained;
dual objective optimization

1. Introduction

Over the past 20 years, fossil-fuel combustion in the electric power system (EPS) has caused about
three-quarters of the world’s carbon dioxide emissions [1]. The sustainable development of EPSs
continues to be a focused concern for most countries worldwide. To mitigate global greenhouse gas
(GHG) emissions, utilization of renewable energy has been given priority in many countries and regions
in the world. With the reduction in the proportion of coal-fired power generation, the CO2 emissions
of the power industry in many countries and regions are decreasing. However, the sustainable
management of EPS still faces many difficulties. Firstly, renewable energy, as an alternative energy
source, has the characteristics of cleanliness, non-depletion, and easier operation and maintenance.
However, the cost of generating electricity from renewable energy is higher, and its availability is
intermittent and unreliable. It is thus difficult to identify the tradeoffs among conflicting economic,
environmental, and system security concerns. Secondly, extensive uncertainties associated with systems
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modeling objectives, constraints, and parameters exist in EPS management, such as future electricity
demands and fossil-fuel price. Therefore, advanced mathematical programming techniques are desired
to address the above complexities and uncertainties and thus enhance the relevant decision robustness.

Previously, researchers have made great efforts in planning the shift from the existing energy
demand and supply system towards sustainability. Table 1 lists some previous studies on energy and
environmental planning problems. Among them, inexact programming methods are widely used to
provide comprehensive management solutions under specific system conditions, which were generally
based on fuzzy mathematical programming (FMP) and stochastic mathematical programming (SMP).
FMP can effectively address the imprecise/vague information in decision-making problems, which is
formulated by possibility distribution with the subjective experience/knowledge of specialists,
stakeholders, and decision makers [2–7]. For example, Zhang et al. [8] proposed a fuzzy credibility
programming method for regional EPS to address the imprecision of the constrained left-hand
parameters. SMP could integrate inexact information expressed as chances or probabilities into
the optimization framework [9–14]. For example, Wu et al. [15] introduced a stochastic mixed-integer
programming approach for Qingdao’s EPS to tackle uncertainties expressed as probability distributions
and discrete intervals. There are various uncertainties in EPS, and the potential interactions of
these uncertainties may further exacerbate the complexity of the decision-making process. However,
each approach mentioned above could only address the uncertainties described in one single format.
It has difficulties in dealing with the uncertainties that exist at multiple levels.

In order to reflect the multi-dimensionality of sustainable development goals, many researchers
advance multiple objective programming (MOP) approaches to planning energy and environmental
issues [16–22]. For example, Meza et al. [23] propose a multi-objective model for the long-term
power generation expansion planning of Mexican EPS. The model optimizes simultaneous multiple
objectives in the EPS planning process (i.e., minimizes costs, environmental impact, imported fuel,
and fuel price risks). Nevertheless, the MOP approach neglects the trade-offs among multiple
objectives and the complexity of the EPS could not be adequately reflected. Moreover, the weight
chosen in MOP is highly dependent on subjective inputs. Compared to traditional single-objective
or multi-objective optimization methods, fractional programming (FP) has the advantage of better
reflecting real-problems by optimizing economic and environmental ratios. For example, Zhu et al. [24]
presented a stochastic FP method for the long-term planning of EPS to maximize the ratio between
renewable energy generation and system cost. FP was considered an effective tool to reflect both
economic and environmental targets related to sustainability [25,26]. However, few of the FP problems
in EPS planning involved analyzing the randomness of the parameters, the uncertainties due
to managers’ subjective judgments and preferences, and uncertainties existed at multiple levels,
which were not effectively tackled by the previous studies.

Therefore, this study aims to develop a fuzzy chance-constrained fractional programming (FCFP)
model to support Shanxi’s EPS planning and environmental management under multiple uncertainties.
Shanxi Province is one of the important coal producing areas in China, which is facing resource
depletion, severe environmental pollution, ecological destruction, and other resulting economic and
social pressures. This study is the first attempt to cope with the various complexities in Shanxi’s
EPS while exploring the transition pathways toward sustainable EPSs, especially for the coal-heavy
electricity region. The FCFP approach will integrate chance-constrained programming (CCP) and
fuzzy programming within a FP framework to address complex uncertainties in model parameters,
inputs, and structures and enhance the robustness of the obtained decisions. Then, the FCFP approach
will be applied to a typical case study to develop the FCFP-Shanxi model. Through solving the
FCFP-Shanxi model, reasonable solutions for Shanxi EPS management practices will be generated.
It will help decision makers generate alternatives in the event of the reducing coal-fired power
generation, gain in-depth insights into potential system risk as well as analyze the trade-off between
system economy and environmental objectives, and analyze the impact of various possible scenarios
due to different end-user demand situations, etc.
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2. Overview of the Study Area

2.1. The Province of Shanxi

Shanxi Province (34◦34′–40◦44′ N, 110◦14′–114◦33′ E, see Figure 1) is located at the east of
Loess Plateau in north-central China. The province occupied an area of 156,804 km2. At the end
of 2016, the permanent population of Shanxi Province was 36.81 million, and the GDP reached
by 12,966.2 billion (RMB). The province is an essential integrated energy base in China and has
62,000 km2 possesses coal reserves, accounting for 40.4% of the total area [27]. The province has
three large-scale coal bases with a scale of over 100 million tons and three large coal-fired power
bases with a capacity of 10 million kilowatts. The province has abundant renewable energy resources.
The potential technical-development capacity of wind energy resources (≥200 watts/m2) of about 70 m
is 28.14 × 106 kW; the annual average solar radiation amount reaches 1624 kWh/m2; straw energy
utilization is about 5 million tons per year and garbage resources up to 8500 tons per day; the total
amount of prospective geothermal extractable resources is 1.41 × 1017 kJ/year; and the reserve of
coalbed methane resources is about 10.39× 1012 m3, ranking first in China. Shanxi Province is adjacent
to high electric load regions (see Figure 1) and is an important province for electricity exports.
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2.2. Shanxi Electric Power System

Coal resource in Shanxi Province is abundant, and coal-fired power generation is, therefore,
the dominant sources of electric supply. As shown in Figure 2, the coal-fired power installed
capacity occupied 74% of total capacity in 2017. Among them, 300,000 kilowatts and below of
generating units accounted for 32%, and these coal-fired generating units will gradually phase out for
reducing pollutant emissions. On the other hand, Shanxi Province has been aggressively pursuing
sustainable development to reduce high dependence on coal-fired power generation. By the end of 2017,
the province’s electric installed capacities had reached 80.73× 106 kW, where wind power, photovoltaic
and other renewable energy generator assembly capacities were 17.06 × 106 kW, accounting for 21% of
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the province’s installed capacity. Coalbed methane power generation only accounts for 5% of the total
power generation, while Shanxi has the high reservation of coalbed methane. Shanxi Province is in the
Yellow River Basin, but the hydropower resources of the Yellow River’s north mainstream have not
been developed yet, and hydropower only accounts for 3% of the total power-generation.
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Figure 3 shows the installed capacity of clean energy (we assumed coalbed methane resources as
the clean energy). The new energy industry of Shanxi Province started relatively late but have had
a rapid development. In 2010, the installed wind power capacity was only 0.33 × 106 kW. Till the end
of 2017, it had reached 8.72 × 106 kW. Similarly, the installed photovoltaic power capacity raised from
0 in 2010 to 5.9 × 106 kW in 2017. The new energy development targets for 2020 were released by
the Shanxi Provincial Development and Reform Commission (see Figure 3). In the next few years,
the province will also accelerate the pace of new energy construction for promoting the transformation
of the energy structure. As can be seen from Figure 1, by 2020, the installed capacity of wind power,
photovoltaic power, and coalbed methane power generation is expected to have double the amount
compared to 2017.
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Figure 4 shows the accumulated grid-connected capacity of wind power and photovoltaics in
China by the end of 2017. Due to geographical advantages, Shanxi has abundant renewable energy
resources, with the total installed capacity of wind power and photovoltaics ranked eighth in China by
the end of 2017.
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Figure 4. Accumulated grid-connected capacity of wind power and photovoltaics of China in 2017.

Shanxi Province is one of the most important electricity exporter provinces. In addition to
providing electric power resources for the region, it is also responsible for providing electric power
resources to the Beijing-Tianjin-Tangshan area, Hebei Province, and other regions. As Figure 5 indicates,
the proportion of power transmission to total power generation has shown an overall growth trend,
with the highest ratio accounting for 34.22% and a minimum of 19.19% over the past 18 years.
In addition to the existing long-distance transmission lines, there is three ultra-high voltage (UHV)
electric transmission lines (two 1000 kV UHV alternating current and one 800 kV UHV direct current
transmission lines) that are under construction or are completed and pass-through Shanxi Province.
Through these lines, Shanxi Province can provide long-distance power transmission to eight provinces
and municipalities including Beijing, Tianjin, Hebei, Hubei, Hunan, Shandong, Jiangsu, and Zhejiang,
and is especially important for the development and stability of major municipalities such as Beijing
and Tianjin. The transmission of electricity by the UHV grid is an important way for Shanxi Province
to mitigate the excess supply of electricity.
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Figure 5. Electric consumption in Shanxi Province over 1999–2016.

2.3. Statement of Problems

The EPS management in Shanxi faces many challenges. First, coalbed methane power generation
has a lower share of total electricity supply in Shanxi (~5%), while Shanxi has the great reservation of
coalbed methane (a common characteristic of coal-rich areas), which make it a higher chance to develop
such resource. In many previous studies, sustainable development focuses on expanding the share of
renewable energy generation, and coalbed methane has not been considered a clean energy resource.
Coalbed methane power generation is a desired substitute for coal-fired generation, and it can also help
stabilize the instability of wind power and photovoltaic generation and increase the robustness and
reliability of the power grid. Therefore, how to expand the share of coalbed methane power generation
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as an alternative energy technology should be considered in decision-making. For other similar areas
with abundant coal/coalbed methane resources, it is equally important to find the solution to this issue.

Second, the development of coal-fired power and new energy in Shanxi Province has been
multiplying, but the electricity consumption market has grown slowly. The excess power supply
severely hinders the growth of the power generation market. Expanding the scale of export power
is a common measure in areas with similar problems. However, the impact of the different scales of
power export and the share of renewable energy in the whole supply on power generation patterns
has not been thoroughly analyzed by previous studies. Thus, it is necessary to analyze these effects by
scenario-based modeling to provide decision support for areas with similar issues.

Third, the decision-making process is complicated because policymakers, energy suppliers,
and power companies face a range of uncertainties, including energy prices, emission reduction
targets, and the impact of renewable energy and technology. Accordingly, advanced mathematical
planning methods are desired to deal with these uncertainties.

Therefore, this study attempts to introduce the FCFP approach into Shanxi’s EPS planning
to address these complexities and uncertainties. The development of FCFP necessitates sub-tasks
including: (i) satisfying the power demand of end-users in local and exporting regions; (ii) addressing
the dual objectives of maximizing clean power generation (including coalbed methane), and minimizing
system cost; (iii) achieving a trade-off among economic costs, environmental requirements, and system
violation risk; and (iv) identifying specific capacity expansion solutions.

3. Model Development

3.1. Methodology

FP can be an effective tool to tackle dual objective optimization problems. A general FP problem
can be expressed as follows:

Max f =
CX + α

DX + β
(1a)

subject to:
A(t)X ≤ B(t) (1b)

xj ≥ 0 , xj ∈ X, j = 1, 2 . . . , n (1c)

where X is a column vector of decision variable; C and D are the coefficient in numerator and
denominator of the objective, respectively; α and β are constant.

In the formulation process of decision problems, many coefficients of the objectives and constraints
of the model are specified by specialists usually. However, the potential values of these coefficients
are ambiguous or vague known to specialists. Such uncertainties cannot be addressed through the
conventional FP and the FMP methods. As a result, techniques of CCP and FMP will be coupled in
a general FP framework to handle such complexities; this leads to a FCFP model as follows:

Max f̃ =
∑n

j=1 c̃jxj + α

∑n
j=1 d̃jxj + β

(2a)

subject to:
n

∑
j=1

aijxj ≤ b̃i, i = 1, 2, . . . m1 (2b)

n

∑
j=1

arjxj ≤ br, r = 1, 2, . . . m2 (2c)

xj ≥ 0, j = 1, 2 . . . , n (2d)
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where c̃j, d̃j and b̃i are fuzzy coefficients with possibility distributions; i is the number of constraints
with the fuzzy right-hand side coefficients; r is the number of general constraints. The continuous
membership function of the fuzzy number c̃j can be defined as follows:

µc̃j
(x) =


f c̃j
(x), if cj1 ≤ x ≤ cj2

1, if cj2 ≤ x ≤ cj3
gc̃j

(x), if cj3 ≤ x ≤ cj4

0, if x < cj1 or x > cj4

(3)

where f c̃j
(x) is a continuously and monotonically increasing function; gc̃j

(x) is a continuously and
monotonically decreasing function. A fuzzy number is trapezoidal when f c̃j

(x) and gc̃j
(x) are linear

functions, and expressed by c̃j = (cj1, cj2, cj3, cj4). Particularly, when cj2 = cj3, fuzzy number c̃j
becomes triangular. By introducing the expected value and the expected interval of the fuzzy number,
the inexact objective function with fuzzy coefficients can be converted into a deterministic one [28–31].
The expected interval of a fuzzy number c̃j can be defined as follows:

EI(c̃j) = [E∗(c̃j), E∗(c̃j)] (4)

where:

E∗(c̃j) = cj2 −
∫ cj2

cj1

f c̃j
(x)dx =

∫ 1

0
f−1
c̃j

(x)dx (5a)

E∗(c̃j) = cj3 −
∫ cj4

cj3

gc̃j
(x)dx =

∫ 1

0
g−1

c̃j
(x)dx (5b)

The expected value of the fuzzy number c̃j is defined as the center of the expected interval of the
number and it can be denoted as follows:

EV(c̃j) = [E∗(c̃j) + E∗(c̃j)]/2 (6)

According to Jiménez et al. [30], the expected interval and the expected value can also be expressed
as follows:

EI(c̃j) = [(cj1 + cj2)/2, (cj3 + cj4)/2] (7)

EV(c̃j) = (cj1 + cj2 + cj3 + cj4)/4 (8)

Thus, the reconstructed deterministic objective can be expressed as follows:

Max f̃ =
EV(c̃j)xj + α

EV(d̃j)xj + β
(9)

Besides, b̃i is the right-hand side coefficients of the i-th constraint that express the maximum
(≤) requirement and is assumed as triangular fuzzy numbers (b̃i = (b1, b2, b3)), which membership
function is expressed as follows:

µb̃i
(x) =


(x− b1)/(b2 − b1), if b1 ≤ x ≤ b2

(x− b3)/(b2 − b3), if b2 ≤ x < b3

0, other
(10)

In practical applications, the chance of a fuzzy event was commonly adopted for the possibility
and necessity measures to reflect. The definition of these two measures is as follows [32–34]:



Energies 2018, 11, 2723 8 of 21

Pos
{

a ≤ b̃
}
= sup

a≤x
µ(x) (11)

Nec
{

a ≤ b̃
}
= 1− Pos

{
a > b̃

}
= 1− sup

a>x
µ(x) (12)

where Pos{·} and Nec{·} denote the possibility and certainty of the event in {·}. According to
Equation (10), Pos

{
a ≤ b̃

}
and Nec

{
a ≤ b̃

}
are denoted by the following calculation equations.

Pos
{

a ≤ b̃
}
=


1, if a ≤ b2

a− b3/b2 − b3, if b2 ≤ a ≤ b3

0, if a > b3

(13)

Nec
{

a ≤ b̃
}
=


1, if a ≤ b1

a− b2/b1 − b2, if b1 ≤ a ≤ b2

0, if a > b2

(14)

Generally, pessimistic managers prefer to meet the constraints under a high degree of necessity.
On the contrary, for optimistic managers, the optimistic measure is much more acceptable. Therefore,
the mλ measure is introduced to balance them (see Figure 6). The mλ measure, which is a trade-off
measure of possibility and necessity, was employed to convert the fuzzy random variables into crisp
values to comprehensively reflect the decision maker’s pessimistic and optimistic preferences, and it
can be expressed as follow:

mλ{a ≤ b̃} = λPos{a ≤ b̃}+ (1− λ)Nec{a ≤ b̃} (15)

where preference parameter λ (λ ∈ [0, 1]) reflects the decision maker’s pessimistic and optimistic
preferences. Thus, we obtain the following mλ measures defined by Equations (13)–(15):

mλ{a ≤ b̃} =


1, if a ≤ b1

(1− λ)a + λb1 − b2/b1 − b2, if b1 ≤ a ≤ b2

λa− λb3/b2 − b3, if b1 ≤ a ≤ b2

0, if a > b3

(16)
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Then, Equation (16) can be transformed by the Equation (17), which are satisfied with at the least
level of ξ.

mλ

{
a ≤ b̃

}
≥ ξ (17)
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where ξ represents the predetermined confidence level. Let substitute
n
∑

j=1
aijxj for the a. Thus, vector.

X is feasible if and only if the necessity measure of the event
n
∑

j=1
aijxj ≤ b̃i is at least ξ level. Then,

fuzzy constraint in Equation (2b) can be converted into the following defuzzification one [35–37].

mλ{
n

∑
j=1

aijxj ≤ b̃i} ≥ ξi, i = 1, 2, . . . m1 (18)

Generally, the constraints are meaningful only if the confidence level is greater than 0.5 [10]. Then,
according to Zhang et al. [34], the constraints in Equation (18) under different λ and ξ can be further
denoted into the following two scenarios:

n

∑
j=1

aijxj ≤
(1− ξi)bi2 + (ξi − λ)bi1

(1− λ)
, if λ ≤ ξi (19a)

n

∑
j=1

aijxj ≤
(λ− ξi)bi3 + λbi2

λ
, if λ > ξi (19b)

CCP is another effective method for dealing with uncertainty problems. In EPS planning, many
parameters are random, such as the availability of renewable energy resources. The verification of
constraints can be changed from “rigid satisfaction” to “flexible response”. Due to the stochastic nature
of the input data, decision-makers can be prepared to permit certain violations in the decision process.
CCP is effective for coping with random variables and analyzing the risk of violating constraints. If b±r
is a random right-hand-side parameter, the constraints in Equation (2c) can be transformed as follows:

Pr

{
n

∑
j=1

arjxj ≤ br

}
≥ δr, r = 1, 2, . . . , m (20)

This means that, for each constraint, the possible region of occurrence defined by the left-hand
side should lie within the satisfactory or tolerable region associated with the right-hand side. Thus,
by incorporating the CCP method and tolerance measures δr(0 ≤ δr ≤ 1), the Equation (20) can be
converted to the deterministic equivalents as follows.

n

∑
j=1

arjxj ≤ b(pr)
r , r = 1, 2, . . . , m2 (21)

where b(pr)
r = F−1

r (pr), r = 1, 2, . . . , m2; pr = 1− δr, given the cumulative distribution function of br

(i.e., Fr(br)) and the probability of violating constraint in Equation (21) (pr). The constraint of the model
in the optimization process is changed from “rigid satisfaction” to “flexible response”. Therefore,
the scheme can meet the optimization target with flexibility and maneuverability.

Accordingly, the FCFP model can be formulated as follows:

Max f̃ =
∑n

j=1 c̃jxj + α

∑n
j=1 d̃jxj + β

(22a)

mλ{
n

∑
j=1

aijxj ≤ b̃i} ≥ ξi, i = 1, 2, . . . m1 (22b)

n

∑
j=1

arjxj ≤ b(pr)
r , r = 1, 2, . . . , m2 (22c)
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Table 1. Previous studies related to the subject.

Ref. No.
Objective Type Mathematical Method Solution Type Analysis Mode

SO MO DO FMP SMP ILP FP Others MC MB MSE Others Scenario Sensitivity

[1] X - - - - X - - X - - - X X
[4] X - - X X X - - X - - - - -
[5] X - - X X X - - X - - - X -
[6] X - - - X X - - X - - - X -
[7] X - - X - X - - X - - - X -
[8] X - - - X - - - X - - - X -
[9] X - - X - - - - X - - - - -

[10] X - - X - X - - X - - - X -
[12] X - - - X X - - X - - - X X
[17] X - - X - - - - X - - - - X
[19] X - - - - - - X X - - - - X
[21] - X - - - - X - - - X - -
[24] - - X - X - X - - - X - X -
[26] - - X - X - X - - - X - X -
[31] X - - X - X - - X - - - - -
[33] X - - X - - - - - - - X - -
[37] X - - X X - - X - X - - - X

Note: SO: single objective; MO: multi-objective; DO dual objective; FMP: fuzzy mathematical programming;
SMP: stochastic mathematical programming; ILP: interval linear programming; FP: fractional programming; MC:
minimize the cost; MB: maximize the system benefit; MSE: maximize system efficiency; and X: literature type.

3.2. Fuzzy Chance-Constrained Fractional Programming-Shanxi Modeling Formulation

Based on the FCFP approach, this section will develop the FCFP-Shanxi model for planning
the EPS of Shanxi. We assumed coalbed methane resources as our clean energy power generation.
Accordingly, the objective is to maximize the ratio between clean power generation and economic cost,
while a series of constraints define the interrelationships among the system objective and conditions
such as environmental and end-users demands.

To reflect the dynamic features of the study system, three time periods (5-year for each period) are
considered in a 15-year planning horizon. A sufficient electric supply at minimum cost is important to
the electric generation expansion planning. The system cost C is denoted as a sum of the following:

C = f1 + f2 + f3 + f4 + f5 + f6 − f7 (23a)

(1) the total cost for primary energy supply:

f1 =
T

∑
t=1

I

∑
j=1

CPẼtj×APEtj (23b)

(2) fixed and variable operating costs for power generation:

f2 =
T

∑
t=1

J

∑
j=1

K

∑
k=1

CPGtj × APGtjk (23c)

(3) cost for capacity expansions:

f3 =
T

∑
t=1

J

∑
j=1

M

∑
m=1

CEPtj × ECAtjm ×Ytjm (23d)

(4) cost for pollutant mitigation:

f4 =
T

∑
t=1

I

∑
j=1

N

∑
n=1

K

∑
k=1

CPMtjn × APGtjk × c ftjn (23e)
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(5) penalty for pollutant emission:

f5 =
T

∑
t=1

I

∑
j=1

N

∑
n=1

K

∑
k=1

CEEtjn × APGtjk× c ftjn × (1− ηtjn) (23f)

(6) transmission cost of electricity export:

f6 =
T

∑
t=1

K

∑
k=1

J

∑
j=1

CTDtk × APGtjk (23g)

(7) fiscal subsidy of renewable energy generation and pollution treatment:

f7 =
T

∑
t=1

I

∑
j=1

K

∑
k=1

SPTtj × APGtjk +
T

∑
t=1

J

∑
j=I

K

∑
k=1

SRGtj × APGtjk (23h)

Max f =
renewable power generation + coalbed methane generation

system cos t

=

T
∑

t=1

J
∑

j=I+1

K
∑

k=1
APGtjk+

T
∑

t=1

k
∑

k=1
APGt2k

f1+ f2+ f3+ f4+ f5+ f6− f7

(24a)

Renewable energy resources are intermittent and unreliable, such as solar energy and wind energy,
which are subject to fluctuations in spatial and/or temporal [4]. The coalbed methane generation with
low carbon dioxide emissions can stabilize the risk of the intermittent and unpredictable nature of
renewable energy generation. Thus, in this study, we assumed natural gas resources as the clean energy.

The constraints are listed as follows:

(1) electricity demand constraints:

J

∑
j=1

APGtjk ≥ DMt × (1 + θtk), ∀t, k = 1 (24b)

J

∑
j=1

APGtjk ≥ DEt × (1 + θtk), ∀t, k = 2 (24c)

(2) capacity limitation constraint for power generation facilities:

K

∑
k=1

APGtjk ≤
(

RCAtj +
M

∑
m=1

(
ECA(t−1)jm ×Y(t−1)jm

)
− RET(t−1)j

)
× STMtj, ∀t, j (24d)

(3) primary energy availability constraints:

APEtj ≤ UPEtj, ∀t, j = 1, 2 (24e)

K

∑
k=1

APGtjk × r ftj ≤ APEtj, ∀t, j = 1, 2 (24f)

(4) capacity expansion constraints:

RCAtj +
M

∑
m=1

(
ECA(t−1)jm ×Y(t−1)jm

)
− RET(t−1)j ≤ UCAtj, ∀t, j (24g)
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(5) expansion options constraints:
M

∑
m=1

Ytjm ≤ 1, ∀t, j (24h)

Ytjm = 1, if expansion is undertaken
Ytjm = 0, otherwise

(6) renewable energy availability constraints:

K

∑
k=1

APGt3k

/
cr ft3 ≤ AVHt, ∀t (24i)

K

∑
k=1

APGt4k

/
cr ft4 ≤ AVW(pr)

t , ∀t (24j)

K

∑
k=1

APGt5k

/
cr ft5 ≤ AVS(pr)

t , ∀t (24k)

(7) export electricity constraints:

J

∑
j=I+1

APGtjk ≥
(

J

∑
j=1

APGtjk

)
σt, ∀t, k = 2 (24l)

According to the government’s planning requirement, power export needs contain a certain
percentage of the electricity generation from renewable energy sources. Thus, σt is used to represent
the lowest ratio of power generated from renewable resources.

(1) pollutants emission constraints:

I

∑
j=1

K

∑
k=1

APGtjk × c ftjn ×
(
1− ηtjn

)
≤ EM̃tn, ∀t, n (24m)

(2) export constraints:
J

∑
j=1

APGtj2 ≤ UHVt × STt, ∀t (24n)

(3) non-negativity constraints:

APEtj, APGtjk, Ytjm ≥ 0 ∀t, j, k, m (24o)

4. Data Collection and Results Analysis

The planning horizon is 15 years (three 5-year periods). The relevant cost parameters were
collected from Shanxi Province Statistical Yearbook; technical data and other parameters were obtained
from official reports, such as the 13th Five-Year Plan for Economic and Social Development of the
Shanxi Province, 13th FYP development plan for renewable energy of the Shanxi Province, etc. Table 2
lists the cost of primary energy supply and the related conversion parameters. Table 3 presents the
capacity expansion options, the residual capacity, and the planned retirement unit capacity.



Energies 2018, 11, 2723 13 of 21

Table 2. Cost of primary energy supply and conversion parameters.

Period t = 1 t = 2 t = 3

Energy supply cost (103 $/TJ)
Coal [3.26,4.05,4.48] [4.46,4.68,5.19] [5.38,5.76,5.90]

Coalbed methane [6.36,6.86,6.96] [7.14,7.42,7.77] [7.98,8.18,8.38]

Units of energy carrier per units
of power generation (TJ/GWh)

Coal 9.23 9.06 8.89
Coalbed methane 7.81 7.54 6.79

Emission factor of the pollutant
(tonne/GWh)

Coal
SOx 3.9 3.315 2.702
NOx 3.6 3.06 2.6
PM 0.8 0.65 0.5

Coalbed methane
SOx 3.734 3.174 2.698
NOx 1.881 1.599 1.359
PM 0.703 0.563 0.45

Table 3. Parameters for the capacity of different power generation technology.

Residual Period

Capacity t = 1 t = 2 t = 3

Capacity expansion options (GW) m = 1 m = 2 m = 3 m = 1 m = 2 m = 3 m = 1 m = 2 m = 3

Coal 59.43 2.2 6.55 10.9 2.2 6.55 10.9 2.2 6.55 10.9
Coalbed methane 3.88 3.12 5.12 7.12 3.12 5.12 7.12 3.12 5.12 7.12

Wind 8.72 5.28 6.28 7.28 5.28 6.28 7.28 5.28 6.28 7.28
PV 5.9 4.1 6.1 8.1 4.1 6.1 8.1 4.1 6.1 8.1

Hydro 2.44 0.6 1.35 2.07 0.6 1.35 2.07 0.6 1.35 2.07

Retirement unit capacity of
coal-fired (GW) 7.86 12.6 10.13

The above mentioned FCFP model aims at maximizing the clean energy utilization per unit of
economic cost. A least-system-cost model is developed to focus on the economic aspect with the
objective of minimizing the system cost. The advantages and advances of the developed FCFP model
are further demonstrated by a comparison with the least-system-cost model. The optimal-ratio problem
can be converted into a least-system-cost objective by applying the following objective:

Min f = system cos t = C = f1 + f2 + f3 + f4 + f5 + f6 − f7 (25)

Figure 7 compares the solution for capacity expansion corresponding to the FCFP and the least-cost
model over three planning periods. Differences in capacity-expansion option can be found between the
results of two models. The FCFP model leads to a relatively higher percentage of capacity expansion
of clean energy; in comparison, the least-cost model leads to relatively higher percentages of capacity
expansion of coal-fired facilities. Take coal-fired power as an example, the capacity expansion solution
from the least-cost model would respectively be 2.2 GW, 6.55 GW, and 10.9 GW in Period 1, Period 2,
and Period 3. Comparatively, the FCFP model would only add 2.2 GW to the residual coal-fired power
capacity in Period 3. The coalbed methane power facility would have no capacity expansion in Periods
2 and 3 from the least-cost model; whereas it would have the capacity expansion over three planning
periods from the FCFP model. In addition, these two models lead to similar capacity expansion
schemes for hydropower and PV facilities in Period 1 and Period 2. According to the solution from
the FCFP model, the wind power facilities would be expanded with a capacity of 7.28 GW in Period 1
(the same as the least-system-cost model) and another 5.28 GW in Period 2, which is different from
the least-cost model in Period 2. Consequently, the proportion of total clean energy power installed
capacity from FCFP model solution would be significantly higher than those from the least-cost model.

Figure 8 displays the power generation schemes output from FCFP and the least-cost
model. These two models lead to the same total power generation over three planning periods
(340.27 × 103 GWh in period 1384.91 × 103 GWh in Period 2, and 427.97 × 103 GWh in Period 3),
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but there are significant differences in the power generation sources from the two models. For example,
to meet local electricity demand, the total coal-fired power generation obtained from the least-cost
model would be 190.81 × 103 GWh, 231.93 × 103 GWh, and 299.30 × 103 GWh in Periods 1, 2,
and 3, respectively. In comparison, the FCFP model results in coal-fired power generations would be
159.25 × 103 GWh, 213.63 × 103 GWh, and 217.27 × 103 GWh, respectively, which are significantly
lower than the least-cost model. In contrast, the coalbed methane power generation obtained from
the FCFP model would be 49.5 × 103 GWh, 81.54 × 103 GWh, and 113.58 × 103 GWh, respectively,
which are higher than those of the least-cost model (34.91× 103 GWh, 0 GWh, and 0 GWh, respectively).
The alternative scheme from the FCFP model may be of more interest to decision makers due to its
high clean energy power generation.Energies 2018, 11, x 14 of 21 
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Figure 8. Comparison of power generations from FCFP and Least-system-cost models. (a) FCFP model;
and (b) least-system-cost model.

Figure 9 compares the system cost obtained from FCFP and least-cost models. The FCFP model
would lead to higher system cost than the least-cost model over three planning horizons. According
to the solutions from the FCFP model, the system cost would be 67.74 × 109 $, 62.31 × 109 $,
and 58.44 × 109 $ in Periods 1, 2, and 3, respectively. In comparison, the least-cost model achieves
lower system costs over three periods (i.e., 63.41 × 109 $, 60.09 × 109 $, and 44.34 × 109 $, respectively).
In planning Period 3, the system cost obtained from the least-cost model is 24.12% lower than that of
the FCFP model. This is because more strict emission policies in planning Period 3 lead to a significant
increase in the proportion of clean energy power generation.
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Figure 9. Comparison of system cost from FCFP and Least-system-cost models.

Electricity export is one of the main demands for the development of renewable energy resources.
The proportion of renewable energy power generation in the electricity export is usually no less
than 30% in China. Thus, three renewable power generation export proportion scenarios (30%, 40%,
and 50%) are set in this study. Figure 10 depicts the power generation patterns under different scenarios
(when λ = 0.5, ξ = 0.9, pi = 0.01). The FCFP model treats coalbed methane as an alternative energy
source to generate electricity, which can both stabilize the fluctuation of renewable energy power
generation and mitigate the emission of pollutants. Therefore, in the solution given by the FCFP model,
the coalbed methane electricity supply would be 244.62 × 103 GWh (when σ = 30%), 89.43 × 103 GWh
(when σ = 40%), and 211.67 × 103 GWh (when σ = 50%), which are higher than the results obtained
from the least-cost model (34.91 × 103 GWh in all three scenarios). However, coal-fired electricity
supply still plays an essential role in EPS due to its high stability and competitive price during the
planning horizon.
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Figure 10. Power generation patterns under different export electricity scenarios.

Figure 11 shows the variations of the total system costs under different λ and ξ levels when
pi = 0.01. The results show that the system cost would present an upward trend with the descending
value of the preference parameter λ, corresponding to higher necessity degree and lower possibility
degree. For example, when ξ= 0.8, the system cost would increase from 182.868 × 109 $ (λ = 0.9) to
188.501× 109 $ (λ = 0.1). Similarly, the results under other ξ levels (ξ= 0.9 and ξ= 0.7) can be interpreted.
When λ ≤ 0.5, there would be a decrease tendency of system cost with decreasing ξ level. For instance,
when λ = 0.1, the system cost would drop from 192.859 × 109 $ (ξ= 0.9) to 183.631 × 109 $ (ξ= 0.7).
When λ > 0.5, with the ξ level decrease, the system cost would slightly decrease or remain unchanged.
For example, when λ = 0.9, with the ξ level decreasing, it would lead to the unchanged system cost of
182.868 × 109 $. When the proportion of necessity measures are higher than the possibility measures
(λ ≤ 0.5), it is more sensitive to change in ξ level. In general, a higher ξ level and a lower λ value would
correspond to tighter environmental conditions, thus leading to a higher system cost. An ascending λ

value and descending ξ level would bring the alternative of lower system cost but lead to the decrease
of system reliability. Through balancing the tradeoffs among expected system cost, emission-control
level, possibility degree, and necessity degree, decision alternatives can be generated with different λ

values and ξ levels (see Figure 12).
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Figure 11. Total system cost under different λ values and ξ levels.
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Figure 12. Power generation patterns under different λ values and ξ levels.

Figure 13 exhibits the power structures under different renewable energy availability levels (pi)
when the export percentage of renewable power generation is set to 40% and λ = 0.5, ξ= 0.9. Due to
the optimization objective in FCFP model is to maximize the proportion of clean energy supply,
coalbed methane power generation would keep the same proportion when the confidence levels in the
availabilities of renewable energy resources change. As shown in Figure 13, under different confidence
levels, the proportion of coalbed methane power generation would be 21.21%. The lower confidence
level means that the availability of renewable energy resources would increase, which would lead
to the decreased trend of coal-fired power generation. In detail, the percentage of coal-fired power
generation would have a slight decrease from 56.6% (when pi = 0.01) to 56.32% (when pi = 0.1).

The above alternatives denote a variety of options between economic and environmental tradeoffs.
In the FCFP model, the proportion of renewable power generation will be maximized, resulting in the
capacity expansion of renewable energy. At the same time, due to the higher capital and maintenance
cost of renewable power, the system cost will increase with a higher renewable penetration. On the
other hand, in the least-cost model, the system cost is well controlled and minimized. The consequence
of such an objective is the increasing expansion of cheap coal-fired power facilities. The significance of
economic and environmental effects between maximized renewable energy and minimized system cost
can be well reflected in the FCFP and least-cost models. Moreover, a willingness to accept a high system
cost will guarantee meeting the objective of increasing the proportion of clean energy. A strong desire
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to acquire the low system cost will cause the risk of violating emission constraints. Also, the variation
in results can be examined by giving different preference parameters and confidence levels. In general,
the above research results can reflect interrelationships among system efficiencies, decision preferences,
and constraint-violation risk levels favored by decision makers due to their flexibility and preference
for practical decision-making processes.

Energies 2018, 11, x 18 of 21 

 

increasing the proportion of clean energy. A strong desire to acquire the low system cost will cause 

the risk of violating emission constraints. Also, the variation in results can be examined by giving 

different preference parameters and confidence levels. In general, the above research results can 

reflect interrelationships among system efficiencies, decision preferences, and constraint-violation 

risk levels favored by decision makers due to their flexibility and preference for practical decision-

making processes. 

 

Figure 13. Power structure under different renewable energy availability confidence levels. 

5. Conclusions 

A FCFP method is presented for power systems management under uncertainties. It is applied 

to a case study of Shanxi province, China. In the developed model, mλ measure and CCP are 

incorporated into a FP optimization framework. The obtained results are useful for supporting Shanxi 

EPS management. The advantages of the presented FCFP-Shanxi model are summarized as below: 

(a) A FCFP approach could balance the dual objectives of maximizing clean energy generation and 

minimizing economic cost and the trade-offs between the environmental constraints and system 

efficiency. 

(b) A FCFP approach could convert the availability parameters of renewable energy with 

intermittent characteristics into determined model input parameters. 

(c) A FCFP approach could provide various decision alternatives with different risk preferences. 

Comparison and sensitivity analysis of results obtained from the alternatives could help decision 

makers make more appropriate decisions. 

(d) A FCFP approach could offer a large number of scenario-based results, which could capture the 

impact of different energy policies on an expansion scheme, power generation patterns, and 

system costs. 

This study compares the solution from the FCFP-Shanxi model with that from the traditional 

least-cost model. The comparative solutions indicated that the solution provided by the FCFP-Shanxi 

model has a lower share of coal-fired power generation in energy supply than the least-cost model. 

Accordingly, lower capacity expansions of coal-fired power facilities are undertaken. This study is 

the first attempt to address various complexities in Shanxi’s EPS through the developed FCFP-Shanxi 

model while exploring the transition pathways toward sustainability. The results reveal that FCFP 

could also be applicable in other coal-heavy electricity regions. 

Author Contributions: Writing—original draft preparation, C.Z. and J.C.; methodology, C.Z., J.C., and G.H. All 

authors made contributions to the study and the writing of the manuscript. 

Funding: This research was funded by the Fundamental Research Funds for the Central Universities, NCEPU 

Grant Number 2018BJ0293, the National Key Research and Development Plan Grant Number 2016YFC0502800, 

the Natural Sciences Foundation Grant Numbers 51520105013, 51679087, and the 111 Program Grant Number 

B14008. 

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

Figure 13. Power structure under different renewable energy availability confidence levels.

5. Conclusions

A FCFP method is presented for power systems management under uncertainties. It is applied
to a case study of Shanxi province, China. In the developed model, mλ measure and CCP are
incorporated into a FP optimization framework. The obtained results are useful for supporting
Shanxi EPS management. The advantages of the presented FCFP-Shanxi model are summarized as
below:

(a) A FCFP approach could balance the dual objectives of maximizing clean energy generation
and minimizing economic cost and the trade-offs between the environmental constraints and
system efficiency.

(b) A FCFP approach could convert the availability parameters of renewable energy with intermittent
characteristics into determined model input parameters.

(c) A FCFP approach could provide various decision alternatives with different risk preferences.
Comparison and sensitivity analysis of results obtained from the alternatives could help decision
makers make more appropriate decisions.

(d) A FCFP approach could offer a large number of scenario-based results, which could capture
the impact of different energy policies on an expansion scheme, power generation patterns,
and system costs.

This study compares the solution from the FCFP-Shanxi model with that from the traditional
least-cost model. The comparative solutions indicated that the solution provided by the FCFP-Shanxi
model has a lower share of coal-fired power generation in energy supply than the least-cost model.
Accordingly, lower capacity expansions of coal-fired power facilities are undertaken. This study is
the first attempt to address various complexities in Shanxi’s EPS through the developed FCFP-Shanxi
model while exploring the transition pathways toward sustainability. The results reveal that FCFP
could also be applicable in other coal-heavy electricity regions.
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Nomenclature

Indices
t index for the time periods (t = 1, 2, . . . , T, 5 year for each period).

j
index for the power generation technology (j = 1, 2, . . . , J, and j = 1 coal-fired power, j = 2 coalbed
methane power, j = 3 hydropower, j = 4 wind power, j = 5 photovoltaic).

I the number of non-renewable power generation technology (I = 2).
k the type of electricity demand (where k = 1 for local demand, k = 2 for export).
m index for the capacity expansion options (m = 1, 2, . . . , M).
n the type of pollutant, n = 1, 2, 3 (where n = 1 for SOx, 2 for NOx, 3 for PM).
Decision Variables

APEtj
supply of primary energy resource (coal and coalbed methane) for power generation technology j in
period t (TJ).

APGtjk
decision variable and represents electricity generation from power generation technology j in period
t (GWh).

Ytjm capacity option m for power generation technology j in period t.
Parameters
AVHt availability of hydropower in period t.

AVW(pr)
t availability of wind energy in period t under level pr.

AVS(pr)
t availability of solar energy in period t under level pr.

CEPtj cost for expanding capacity for generating electricity technology j in period t (103 $/GW).
CEEtjn penalty of pollutant n emission of power generation technology j in period t (103 $/tonne).
CPẼtj cost for primary energy supply for power generation technology in period t (103 $/TJ).
CPGtj fixed and variable costs for generating electricity via technology j in period t (103 $/GWh).
CPMtjn cost for pollutant n mitigation of power generation technology j in period t (103 $/tonne).
CTDtk cost for transmission and distribution in period t (103 $/GWh).
DMt local electricity demand (GWh) in period t.
DEt export electricity demand of other provinces (GWh) in period t.

ECAtjm
capacity expansion option m of power generation technology j under different scheme in period
t (GW).

EM̃tn the permitted emission of air contaminant in period t (103 tonne).
RCAtj the current capacity of power generation technology j in period t (GW).
RETtj retirement capacity of power generation technology j in period t (GW).
SPTtj subsidy of pollution treatment from fossil-fired generation technology j in period t.
SRGtj subsidy of renewable energy generation technology j in period t.
STMtj the maximum service time of power generation technology j in period t (h).
STt the maximum service time of electric transmission line in period t (h).
UCAtj maximum capacity of generation technology j in period t (GW).
UPEtj available primary energy j in period t (TJ).
UHVt the maximum electric transmission capacity in period t.
c ftjn emission factor of the pollutant n in period t (103 tonne/GWh).
cr ft3 conversion rate from hydropower to electricity in period t.
cr ft4 conversion rate from wind energy to electricity in period t.
cr ft5 conversion rate from solar energy to electricity in period t.
r ftj energy consumption conversion rate by power generation technology j in period t (TJ/GWh).
θtk transmission loss in period t (k = 1, local; k = 2, export).
σt the minimum share of power generation by renewable energy in the whole energy supply.
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