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Abstract: In order to reduce the randomness of wind power and improve system 
consumption capacity, a jointly scheduling optimization model with energy storage 
systems (ESSs) and carbon emission trade (CET) is introduced. Firstly, the basic 
scheduling model for wind power and thermal power is established with the 
objective function of the maximum system benefit considering system operation 
constraints. Secondly, the carbon emission cost model for thermal power generation 
and the ESSs’ operation profit model are established, respectively. System 
comprehensive scheduling objective function considering CET and ESSs is also 
presented. Thirdly, the jointly scheduling model for wind power and thermal power 
considering ESSs’ operation condition, CET condition and newly system reserve 
condition are taken into consideration. Finally, the simulation system with 10 
thermal power units and 2800MW wind power turbines is proposed. The results 
show the large-scale wind power grid connection relies on thermal power to provide 
reserve service, which could reduce unit utilization efficiency and the overall coal 
consumption rate. The cleaning characteristics of wind power could be transformed 
into economic benefits by CET, which will promote wind power consumption and 
reduce abandoned wind power. The charge-discharge characteristics of ESSs could 
smooth load curve and enlarge the grid-connected space of wind power. However, 
the overall benefit reduces due to ESS’s high fixed costs. The system overall benefit 
reaches the maximum when ESSs and CET are simultaneously introduced, which 
indicates ESS and CET have synergistic optimization effect.  
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1 Introduction 

In recent years, greenhouse effect and energy-saving emission 
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reduction pressure drive wind power develop more rapidly. However, 
subjected to the natural wind uncertainty, wind power generation has 
strong volatility and intermittency. The grid-connection of large-scale 
wind power relies on sound peak shaving and reserve service [1]. 
Thermal power units often provide reserve power supply for wind 
power, but thermal power units will also produce pollutant emissions. 
Therefore, an alternative reserve power supply for wind power is 
necessary [2]. The charge-discharge characteristics of energy storage 
systems (ESSs) can smooth wind power output, suppress power 
fluctuation and provide reserve service [3]. Subjected to excessive 
initial investment cost, ESSs has not hit scale. As an important 
environmental policy for controlling carbon emissions, carbon 
emission trade (CET) can quantify environmentally friendly features 
and enhance the grid-connected advantages of clean energy power 
generation [4], which play an important role in promoting wind power. 
Therefore, based on the present combination situation of wind power 
and thermal power, the jointly scheduling optimization model for wind 
power and thermal power considering ESSs and CET has great 
practical significance to improve system operation capacity.  

In order to increase wind power grid-connection, scholars at 
home and abroad carried out much researches. Main achievements can 
be summarized into three aspects, namely constructing optimization 
model, selecting better reserve service and formulating relevant 
incentive policies. Firstly, in terms of constructing optimization model, 
the economic scheduling model established considered wind speed 
and power demand in literature [5]. Based on analysis of wind power 
output randomness, literature [6] calculated the possible extra costs to 
maintain system stability caused by unstable wind power 
incorporation, and proposed the stochastic optimization model for 
wind power and thermal power. Considering power distribution 
coordination, literature [7] established the economic dispatching 
model for thermal power and wind power to reduce the atmospheric 
pollutant emission level. The fuel cost, emission level and operation 
cost of wind power and thermal power units are considered 
synthetically. Literature [8] proposed a new robust model by 
integrating two-phase optimization theory and robust stochastic 
optimization theory. The new robust model was used to avoid the risk 
management uncertainty in day-ahead scheduling phrase. In order to 
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reduce wind power uncertainty in electric power system operation, 
literature [9] introduced demand response and robust stochastic theory 
to establish a stochastic scheduling model. The paper proved that the 
robust stochastic optimization theory can overcome wind output 
uncertainty and demand response can improve system wind power 
consumption. 

In terms of selecting superior reserve service, literature [10] 
found the energy storage systems with more effective control and 
coordination can not only increase wind power output, but also reduce 
the operation cost significantly. Aiming at wind power fluctuating 
characteristics, literature [11] proposed a new control strategy for 
controlling the smoothing time constant segmentally, which maximize 
the ability of energy storage systems to translate fluctuation. A jointly 
short-term scheduling model for wind power and ESS system was 
built in literature [12]. The adverse effects of wind prediction error on 
power grid scheduling operation were corrected by the short-term 
operation strategy. Literature [13] took the minimum wind prediction 
error as objective to optimize ESSs capacity. The optimal storage 
capacity under different conditions was analyzed by building function 
relationship between ESS capacity and wind prediction error. 
Literature [14] took the maximum grid-connected energy storage 
profit as the optimal objective. Literature [15] implemented 
segmented optimization for wind power and ESS system. Peak 
shaving was carried out according to energy storage capacity in 
day-ahead period and plan tracking implemented by energy storage 
operation limits in real-time scheduling period.  

Finally, in terms of relevant incentive policies, especially the 
carbon emission trade policy study, literature [16] explored the policy 
process and development state of China's carbon trading market to 
understand the market emergence and development and barriers. 
Literature [17] analyzed the economic impact of carbon emission 
trade on four energy-intensive industries in Guangdong province. The 
generation trading replacement model with and without carbon 
emission trade were compared in literature [18], which proved the 
proposed model can well improve the emission reduction initiative 
and generation replacement efficiency. For green certificate 
transaction study, literature [19] proposed the cost-effectiveness 
analysis of the international green-certificate trade market and 
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analyzes the positive effect of carbon emissions. Literature [20] 
pointed out that establishing transaction was beneficial to achieving 
the renewable energy consumption goal and reducing the emission 
reduction cost in the green certificate transaction market. Literature 
[21] showed the green certificate transaction, as a renewable energy 
quota system complementary mechanism, may not reach the expected 
economic-cost effectiveness. Based on the researches, CET has more 
market characteristics, which has more advantages in improving cost 
effectiveness and environmental effectiveness.  

The existing research results have been involved in many wind 
power optimization scheduling aspects. However, after analyzing 
different literatures research contents, there are still three deficiencies: 
1) Existing researches on wind power generation scheduling mainly 
focus on prediction and scheduling model. Few researches have been 
done to improve the applicability and economics of wind power 
scheduling model. The intermittence, uncertainty and 
anti-peak-shaving characteristics of wind power restrict the economic 
operation [22]. Therefore, in order to improve the economy of wind 
power and thermal power, jointly scheduling should become an 
important optimal objective. 2) Although the jointly optimization 
problem for wind power and ESSs is mentioned in many literatures, 
the established optimization models fail to consider ESSs excessive 
initial investment cost, which has an important impact on the economy 
of wind power and ESSs operation. 3) Few existing literatures 
analyzed the optimization and promotion effect of carbon emission 
trade on wind power consumption. In fact, CET can quantify the wind 
power economic characteristics, transform the environmental benefits 
into economic benefits, and play an important role in system 
optimization operation. Based on the studies above, the main 
contribution of the paper could be shown as following: 
 The basic scheduling optimization model for wind power and 

thermal power is built. The model takes the maximum system 
operation profit as the objective and considers condition constraints 
like load demand and supply balance, unit operation and system 
reserve, which provides the basis for analyzing influence of CET and 
ESSs on system scheduling. 
 The jointly scheduling optimization model for wind power 

and thermal power with ESSs and CET is proposed. The operation 
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efficiency and carbon emission cost are calculated. Based on the basic 
scheduling model, the maximum system profit is taken as objective 
function considering ESSs operation revenue and carbon emission 
cost of thermal power units. System scheduling model considering 
CET constraints, ESSs constraints and system reserve constraints is 
established.  
 Four simulation scenarios are constructed according to ESSs 

and CET, namely basic scenario, ESSs scenario, CET scenario and 
comprehensive scenario. The simulation scenarios could 
comparatively analyze the optimization effects of ESSs and CET on 
jointly scheduling for wind power and thermal power. 10 thermal 
power units and 2800MW wind power are selected to form the 
simulation system. 

The remainder of this paper is organized as follows: Section 1 
constructs the basic scheduling optimization model for wind power 
and thermal power, which takes the maximum system power 
generation revenue as the objective function. The jointly scheduling 
optimization model for wind power and thermal power with ESSs and 
CET is constructed in Section 2. Four simulation cases are set up to 
demonstrate the validity of the proposed model in Section 3. Section 4 
highlights the main conclusions of this study. 

2 Basic scheduling optimization model  

The reasonable scheduling optimization model for wind power 
and thermal power can effectively improve the utilization efficiency of 
clean energy, enhance the scheduling decision level and promote 
system safety economy operation [23]. In this section, a joint 
scheduling optimization model for wind power and thermal power is 
established with the objective function of the maximum system 
benefits and mainly condition constraints. 

2.1 Objective function 

More wind power consumed by system will bring better 
economic benefits. However, for power system, excessive wind power 
consumption level pursuit may lead to more thermal units to provide 
peak shaving service and increase the start-stop time of thermal power 
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units [24], which could also increase coal consumption. In order to 
achieve the optimal energy efficiency, the section takes the maximum 
system power generation revenue as objective function as shown in 
Eq.(1): 

                 1max w cz π π= +                                  
(1) 

Wherein, wπ  is the profit of wind farm. cπ  is the total profit of 
thermal power units. The profits of wind power and thermal power 
units are shown in Eq.(2) and Eq.(3): 

,
1

(1 )
T

w w w t w w w
t

p Q OM Dp θ
=

= − − −∑                        

(2) 

, , , ,
1 1 1 1

(1 )
I T I I

c c i t c i fuel c i c i
i t i i

p Q C OM Dp θ
= = = =

= − − − −∑∑ ∑ ∑               

(3) 
Wherein, wp is the benchmark price of wind power in transmission 
area. cp is the benchmark price of thermal power in transmission area. 

,w tQ is the real-time output of wind power at time t . ,i tQ is the 
real-time output of unit i  at time t . wθ is power consumption rate of 
wind power. ,c iθ is power consumption rate of unit i . fuelC is the fuel 
cost. wOM  is operation and maintenance cost of wind power. ,c iOM
is operation and maintenance cost of unit i . wD  is the depreciation 
cost of wind power. ,c iD is the depreciation cost of r unit i . 

The power generation cost of thermal power mainly includes 
generation fuel costs and start-stop cost as calculated in Eq.(4): 

, , , , 1 , 1 ,
1 1

[ ( ) (1 ) (1 ) ]
I T

fuel coal i t i i t i t i t i i t i t i
i t

C p u f Q u u SU u u SD− −
= =

= + − + −∑∑          

(4) 
Wherein, coalp  is standard coal price. , ,( )i t i i tu f Q  is standard 
generation coal consumption of unit i. ,i tu  is the start-stop status 
variable, when , 0i tu = , unit is not in operation, power generation 
coal consumption is 0. When , 1i tu = , the coal consumption is 
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determined by both unit consumption characteristic function ( )if   
and unit real-time power generation output ,i tQ . The relationship 
between coal consumption and power output is shown as follow: 

2
, , ,( )i i t i i i t i i tf Q a b Q c Q= + +                          (5) 

Wherein, ia , ib , ic  are relevant parameters of coal consumption 
function. , , 1(1 )i t i t iu u SU−−  is start cost of unit i at time t . iSU  is 
one-time start-up cost. , 1 ,(1 )i t i t iu u SD− −  is shutdown cost of unit i at 
time t , , 1 ,(1 ) 0i t i t iu u SD− − ≠ . iSD  is one-time shutdown cost. 

2.2 Constraint conditions 

In order to ensure system security and stability, the coordinated 
scheduling of wind power and thermal power should meet the 
conditions constraints of load supply and demand, system reserve, 
thermal power unit operation and wind power output. 

2.2.1 Load supply and demand constraints 

In order to ensure the real-time balance between electricity 
demand and power output, system power supply and demand should 
meet: 

, , ,
1

(1 ) (1 ) / (1 )
I

i t i t i w t w t
i

u Q Q G lθ θ
=

− + − = −∑                   

(6) 
Wherein, ,i tu  is the start-stop state variable of unit i  at time t , if 
unit i  is in start state, ,i tu =1, if not, ,i tu =0. ,i tQ  is the generating 
capacity of unit i  at time t . iθ  is the power consumption rate of 
unit i . tG  is the real time power demand for system load. l  is line 
loss rate. 



The Frontiers of Society, Science and Technology 
ISSN 2616-7433 Vol. 1, Issue 4: 299-323, DOI: 10.25236/FSST.20190347 

Published by Francis Academic Press, UK 

-306- 

2.2.2 System reserve constraints 

In order to ensure the real-time balance of power supply and 
demand, power generation output of thermal power units should meet 
a certain adjustment margin as follows [25]: 

          max
, , ,

1
( )(1 )

I
usr

i t i t i t i t
i

u Q Q Rθ
=

− − ≥∑                       

(7) 
                max
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Wherein, max
,i tQ  is the maximum possible output of unit i  at time t. 

usr
tR  is system upper reserve demand. iQ  is installed capacity of 

unit i . iQ+∆  is power ramp up rate of unit i . cβ  is reserve factor 
of thermal power units. wβ  is reserve factor of wind power units. 

min
, , ,

1
( )(1 )

I
dsr

i t i t i t i t
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,
dsr
t w w tR Qβ=                            (12) 

Wherein, min
,i tQ  is the minimum possible output of unit i  at time t. 

dsr
tR  is system lower reserve demand. iQ  is the minimum power 

output of unit i . iQ−∆  is power ramp down rate of unit i . 

2.2.3 Thermal power unit operation constraints 

（1）Unit power generation constraints  
The real-time power output of thermal power units are limited by 

unit installed capacity and the minimum power output [26]: 
, , ,i t i i t i t iu Q Q u Q≤ ≤                           (13) 

（2）Unit ramp rate constraints 
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In adjacent period, it has constraint for power output variation of 
the unit: 

, , 1i i t i t iQ Q Q Q− +
−∆ ≤ − ≤ ∆                        (14) 

（3）Unit start-stop time constraints 
The continuous unit start-up and shut-down time can be 

described as follows: 
on on
, 1 , 1 ,( )( ) 0i t i i t i tT M u u− −− − ≥                       (15) 
off off
, 1 , , 1( )( ) 0i t i i t i tT M u u− −− − ≥                      (16) 

Wherein, on
, 1i tT −  is continuous running time of unit i  at time 1t − . 

on
iM  is the minimum running time of unit i . off

, 1i tT −  is continuous 
downtime of unit i  at time 1t − . off

iM  is the minimum downtime of 
unit i . 

2.2.4 Wind power output constraints 

The real-time output of wind power is restricted by the actually 
available output of wind power at time t, set wind power output 
coefficient tδ , then the output of wind power could be calculated in Eq. 
(17):  

,w t t wQ Pδ≤                               (17) 

3 Jointly scheduling model with ESSs and CET 

This chapter establishes a jointly scheduling optimization model 
for wind power and thermal power based on the basic scheduling 
optimization mode considering ESSs and CET under the objective 
function of the maximum system benefit. 

3.1 Objective function 

3.1.1 Objective function with ESSs 

If considering ESSs, ESSs’ benefit should be taken into 
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consideration. In order to maximize the overall benefit, the optimized 
objective function is constructed. 

2max  c w sz π π π= + +                            (18) 
Wherein, sπ  is the profit of ESSs related to the price and capacity of 
charging and discharging power. 

, , , ,
1 1

T T

s s char s t s disc s t s
t t

p Q p Q Fp + −

= =

= − −∑ ∑                  (19) 

Wherein, ,s charp and ,s discp  are charge price and discharge price of 
ESSs. sF  is fixed cost. 

3.1.2 Objective function with CET 

When CET is considered, thermal power unit needs purchase 
carbon emission from CET market if the carbon dioxide emission of 
thermal power unit is higher than the initial allocated quota level [27]. 
Therefore, thermal power scheduling plan will change after CET. In 
order to maximize system overall benefit with CET, the maximum 
profits after CET is taken as the objective function as following: 

3max  c wz π π= +                            (20) 
Wherein, thermal power unit profit cπ  satisfies Eq. (21): 

( )2, , , ,
1 1 1 1

(1 )
I T I I

c c i t c i fuel co c i c i
i t i i

p Q C C OM Dp θ
= = = =

= − − + − −∑∑ ∑ ∑        

(21) 
Wherein, fuelC  is fuel cost calculated by Eq. (4). 

2coC  is carbon 
emission cost of thermal power unit calculated as following: 

2 2 20( )co co coC E E p= −                         (22) 
Wherein, 

2coE  is the actual carbon emission quantity during 
operation period. 0E  is the total initial carbon emission right of 
thermal power unit. 

2cop  is CET price. The actual carbon emission 
quantity of thermal power unit is related to unit power output in each 
time period. The real-time carbon emission is calculated as following: 

2 2 2

2
, , , , , ,( )i i t co i co i i t co i i tE Q a b Q c Q= + +                   (23) 
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Wherein, 
2 ,co ia ,

2 ,co ib ,
2 ,co ic  are relevant parameters in carbon emission 

function, the total system emission quantity is calculated as follows: 

2 ,
1 1

( )
T I

co i i t
t i

E E Q
= =

=∑∑                         (24) 

3.1.3 Objective function with ESSs and CET 

If considering ESSs and CET, system could consume more wind 
power. In order to obtain more profits, the maximum overall profit is 
taken as objective function. 

4max  c w sz π π π= + +                          (25) 

3.2 Constraint conditions 

The jointly scheduling model should also meet the condition 
constraints of system reserve, thermal power unit operation and wind 
power output, as Eq. (6)-Eq. (17). Besides, load supply and demand 
constraints, capacity constraints of ESSs charge-discharge power 
should also be considered. 

3.2.1 Power balance constraints 

Eq. (26) is satisfied by real-time output of wind power, thermal 
power, ESSs charge-discharge power and system load. 

, , , , ,
1

(1 ) (1 ) / (1 )
I

i t i t i w t w s t t s t
i

u Q Q Q G l Qθ θ − +

=

− + − + = − +∑           

(26) 

3.2.2 ESSs charge-discharge power constraints 

ESSs have dual characteristics of power supply and demand load. 
Wind power output is high at night, and ESS can be used as load to 
convert electricity energy into other energy forms for storage. Then in 
peak load, ESS releases electricity energy as power supply to meet 
load demand. ESSs can ease the volatility of thermal equivalent output 
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curve and promote system to consume wind power [28]. ESSs 
charge-discharge processes are restricted by power and capacity. 
Assuming the storage electricity capacity of ESSs is ,s tQ  at time t , 
ESSs charge-discharge power balance is calculated as follows: 

, , 1 , , / (1 )s t s t s t s t sQ Q Q Q θ+ −
−= + − −                     (27) 

Wherein, ,s tQ+  is charge capacity of ESSs at time t . ,s tQ−  is discharge 
capacity of ESSs at time t . sθ  is charge and discharge power loss 
coefficient. The charge and discharge capacity of ESSs is limited by 
system technology, which is calculated as follows: 

,s t sQ Q+ ≤                            (28) 

,s t sQ Q+ ≤                            (29) 

Wherein, sQ  is upper limitation of ESSs charge-discharge power. In 
addition, the storage electricity capacity of ESSs is also limited by 
capacity calculated as following: 

max
,s t sQ Q<                            (30) 

Wherein, max
sQ  is the maximum storage electricity capacity. For 

ESSs, the cumulative charge capacity and cumulative discharge 
capacity meet Eq.(31): 

, ,
1 1

(1 )
T T

s t s s t
t t

Q Qθ+ −

= =

− =∑ ∑                    (31) 

In order to make profits, system charge-discharge prices can be 
calculated as follow: 

, , / (1 )s char s disc sp p θ> −                    (32) 

4 Case simulation  

4.1 Basic data 

To verify the feasibility of the proposed model, 10 thermal power 
generator units and 2800MW wind power are chosen as simulation 
system. The benchmarking price of thermal power is 380 ¥/MWh (800 
¥/tce). The operation, maintenance and depreciation cost is ¥6,000,000. 
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The benchmarking price of wind power is 540 ¥ /MWh. The 
charge-discharge power of ESSs is 20 MW/h. The highest charge 
capacity is 80 MWh. The conversion loss coefficient is 15%. The 
charge price and discharge price of ESSs are 330 ¥/MWh and 500 
¥/MWh. ESSs’ fixed cost is ¥180,000 [29]. Table 1 is available wind 
power output and load demand in typical load daily. Table 2 and Table 
3 are the coefficients and cost of thermal power units, respectively.  

Table 1 The available wind power output and load demand in 
typical load daily (unit: MW) 

Tim
e 

Wind 
power 

Loa
d 

Tim
e 

Wind 
power 

Loa
d 

Tim
e 

Wind 
power 

Loa
d 

1 924 110
0 9 784 230

0 17 896 170
0 

2 1540 120
0 10 308 250

0 18 812 190
0 

3 1904 140
0 11 728 260

0 19 476 210
0 

4 2128 160
0 12 644 250

0 20 364 250
0 

5 1876 170
0 13 336 240

0 21 644 230
0 

6 1428 190
0 14 560 230

0 22 1064 190
0 

7 1008 200
0 15 252 210

0 23 924 150
0 

8 896 210
0 16 588 180

0 24 1064 130
0 

Table 2 Coefficients of thermal power units 

Unit iQ  
(MW) 

iQ  

(MW) 
iQ+∆  

(MW/h) 
iQ−∆  

(MW/h) 

on
iM  

(h) 

off
iM  

(h) 
iθ  

(%) 
1# 250 600 280 -280 8 8 4.9 
2# 200 500 240 -240 8 8 5.3 
3# 200 450 210 -210 7 7 5.2 
4# 180 400 180 -180 7 7 5.7 
5# 150 350 150 -150 6 6 6.1 
6# 150 300 150 -150 5 5 6.8 
7# 120 300 120 -120 4 4 6.9 
8# 100 250 100 -100 4 4 7.3 
9# 70 150 70 -70 3 3 8.3 
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10# 30 100 50 -50 2 2 8.7 

 
Table 3 Cost of thermal power units 

Unit ia  ib  ic /10−5 iSU  iSD  , ,c i c iOM D+  
2 ,co ia  

2 ,co ib  2 ,co ic
/10−5 

1# 11.71 0.274 0.644 38.4 38.4 80 29.04 0.680 1.60 
2# 9.79 0.282 0.808 34.7 34.7 64 24.77 0.713 2.04 
3# 8.88 0.293 1.12 35.0 35.0 60 22.64 0.747 2.86 
4# 8.48 0.297 1.84 29.4 29.4 57 21.54 0.754 4.67 
5# 7.27 0.304 2.40 24.3 24.3 53 18.97 0.793 6.26 
6# 6.17 0.308 3.66 23.1 23.1 45 15.80 0.788 9.37 
7# 5.26 0.317 3.74 18.5 18.5 44 13.57 0.818 9.65 
8# 4.65 0.328 4.59 12.2 12.2 39 12.18 0.859 12.03 
9# 3.54 0.332 4.15 6.5 6.5 30 9.35 0.876 10.96 

10# 1.43 0.337 9.01 3.2 3.2 25 3.82 0.900 24.06 

4.2 Case setting  

To analyze the effects of ESSs and CET on wind power 
consumption, four cases are set as following:  

Case 1: Basic scenario, self-scheduling of system without ESSs 
and CET. This case is classified into two scenes. One only considers 
thermal power units and the other one both consider thermal power 
and wind power.  

Case 2: ESSs scenario, self-scheduling of system only with ESSs. 
The optimizing effects of ESSs on wind power consumption are 
analyzed. The scheduling model of wind power, thermal power and 
ESSs is proposed. To study the facilitating effects of ESSs, three 
scenes are classified by ESSs number, namely with 0 ESS, 1 ESS and 
2 ESSs.  

Case 3: CET scenario, self-scheduling of system only with CET. 
The optimizing effects of CET on wind power consumption are 
mainly analyzed. The scheduling model of wind power and thermal 
power in CET is construct. The case is classified into three scenes, 
namely, no CET, 80¥/tce and 100¥/tce for carbon emission if initial 
carbon emission permit is out.  

Case 4: Comprehensive scenario, self-scheduling of system with 
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ESSs and CET. The optimizing effects of CET and ESSs collaboration 
are analyzed.  

4.3 Simulation result 

4.3.1 Results in Case 1 

Case 1 is the basic scenario and discusses the jointly scheduling 
optimization of wind power and thermal power without considering 
ESSs and CET. The carbon emission cost is not considered in this case. 
Since wind power output has the characteristic of inverse load 
distribution. Wind power output is higher when load demand is lower 
at nighttime, whereas, wind power output is lower when load demand 
is higher at daytime. This characteristic increases the peak-shaving 
pressure for thermal power. Fig.1 is the output distribution of wind 
power and thermal power. 
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Fig. 1 Output distribution of wind power, thermal power and system 
load 

As Fig.1 shows, the maximum load and minimum load are 2860 
MW and 1230 MW, respectively. The difference is 1630 MW and load 
peak-to-valley ratio is 2.33. If wind power is not covered in system, 
thermal power units will be scheduled by this load level. However, 
after considering wind power, the share of wind power generation 
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growing more at valley period, the output equivalence curve of 
thermal power declines more sharply in the valley and peak periods. 
As Fig.1 shows, the maximum load and minimum load of equivalent 
thermal power output curve are 2458 MW and 204 MW. The 
difference is 2254 MW, and load peak-to-valley ratio is 12.07. By 
comparison, it is known that the peak pressure of thermal power units 
increased if considering wind power. Table 4 is the startup and 
shutdown status of thermal units with and without wind power. 

Tab. 4 Startup and shutdown status of thermal units with and 
without wind power scenes 

tim
e 

with wind power without wind power 

1 2 3 4 5 6 7 8 9 1
0 1 2 3 4 5 6 7 8 9 1

0 
1 0 1 1 0 0 0 0 0 0 0 1 1 1 1 1 1 0 1 0 0 
2 0 1 1 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 0 0 
3 0 1 1 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 0 0 
4 0 1 1 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 0 0 
5 0 1 1 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 0 0 
6 0 1 1 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 0 0 
7 1 1 1 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 0 0 
8 1 1 1 0 0 0 1 0 0 0 1 1 1 1 1 1 1 1 0 0 
9 1 1 1 1 1 0 1 1 0 0 1 1 1 1 1 1 1 1 0 0 

10 1 1 1 1 1 0 1 1 0 1 1 1 1 1 1 1 1 1 0 1 
11 1 1 1 1 1 0 1 1 0 1 1 1 1 1 1 1 1 1 1 1 
12 1 1 1 1 1 0 1 1 0 0 1 1 1 1 1 1 1 1 1 1 
13 1 1 1 1 1 0 1 1 0 0 1 1 1 1 1 1 1 1 1 1 
14 1 1 1 1 1 0 1 1 0 0 1 1 1 1 1 1 1 1 1 1 
15 1 1 1 1 1 0 1 1 0 0 1 1 1 1 1 1 1 1 1 1 
16 1 1 1 1 1 0 1 1 0 0 1 1 1 1 1 1 1 1 1 1 
17 1 1 1 1 1 0 1 1 0 0 1 1 1 1 1 1 1 1 1 1 
18 1 1 1 1 1 0 1 1 0 0 1 1 1 1 1 1 1 1 1 1 
19 1 1 1 1 1 0 1 1 0 0 1 1 1 1 1 1 1 1 1 1 
20 1 1 1 1 1 0 1 1 0 0 1 1 1 1 1 1 1 1 1 1 
21 1 1 1 1 1 0 1 1 0 0 1 1 1 1 1 1 1 1 1 1 
22 1 1 1 1 1 0 1 1 0 0 1 1 1 1 1 1 1 1 1 1 
23 1 1 1 1 1 0 1 1 0 0 1 1 1 1 1 1 1 1 1 1 
24 1 1 1 1 1 0 1 1 0 0 1 1 1 1 1 1 1 1 1 1 

As Table 4 shows, if considering wind power, thermal power 
units encounter an increase in peak pressure and the start-stop counts 
increased. Most thermal power units have changes in start-stop times. 
Considering start and stop cost, the start-stop cost of thermal power 
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units is ¥1,292,000 with wind power. However, the starts-stop cost is 
only ¥282,000 without wind power. The start-stop frequency of 
thermal power unit increases and the start-stop cost also increases. 
Table 5 is utilization efficiency of thermal power units under different 
scenarios. 

Tab.5 Utilization efficiency of thermal power units under 
different scenes 

Scene 
Unit (%) 

1 2 3 4 5 6 7 8 9 10 
With wind 

power 60.2 72.7 65.9 42.3 33.4 - 30.7 27.2 - 2.5 

Without 
wind 
power 

93.7 85.3 76.3 66.6 60.4 58.1 41.3 41.0 27.2 18.8 

Note: "-" means the unit is not called 
Since wind power need more reserve capacity, system reserve 

demand increases, which means more thermal power units are 
required to reduce power output to provide reserve. As shown in Table 
5, in the scene with wind power, all thermal power units are less 
efficient than the scene without wind power. Given the less efficient 
utilization, the coal consumption is higher. In view of the whole 
system, the average coal consumption of thermal power units is 324.6 
kg/kWh，326.0 kg/kWh in the scene with wind power. The average 
coal consumption of thermal power units is 326.0 kg/kWh in the scene 
without wind power. That is because small capacity units with lower 
energy consumption level have higher utilization level. However, 
concerning the coal consumption level of all units, the coal 
consumption level in the scene with wind power is higher than that in 
the scene without wind power.  

4.3.2 Results in Case 2 

Case 2 is self-scheduling of system only with ESSs, which could 
analyze the optimization effects of ESSs on wind power consumption. 
Case 2 is classified into three scenes, namely, 0 ESS, 1 ESSs, and 2 
ESSs. Table 6 is system scheduling result under different scenes. 
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Table 6 system scheduling result under different scenes in Case 2 

Scenes 

Wind power Thermal power 
Profit/ 
(104¥) Power 

 (MWh) 

On-grid  
ratio 
(%) 

Abandoned  
energy 
rate(%) 

Power 
(MWh) 

On-grid  
ratio 
(%) 

coal 
consumption 
(kg/MWh) 

1 18407.1 35.1 16.9 35274.8 64.9 343.5 327.8 
2 18542.1 35.3 16.3 35237.2 64.7 344.3 301.1 
3 18620.6 35.4 15.9 35252.5 64.6 344.6 290.0 

As Table 6 shows, after considering ESSs, the abandoned wind 
power decreases and the unit utilization efficiency gradually rises. In 
the scene of no ESSs, the abandoned wind power rate is 16.9%. If 20 
MW ESSs is accessed to system, the rate reduces to 16.3% and 
on-grid power increases 135.0 MW. If 40 MW ESS is accessed to 
system, the abandoned wind power rate reduces to 15.9% and on-grid 
power increases 213.5 MW. As the abandoned wind power rate falls, 
on-grid power proportion of thermal power units show a downward 
trend and the coal consumption rate in power supply rises. In the 
scene without ESSs, the coal consumption rate is 343.5 kg/MWh. If 
20 MW ESS is accessed to system, the rate rises to 344.3 kg/MWh, 
0.8 kg/MWh more than that in the scene without ESSs. If 40 MW ESS 
is accessed to system, the rate rises to 344.6 kg/MWh. Considering 
system profits, the overall profit shows downward trend when ESSs 
are accessed.  

4.3.3 Results in Case 3 

Case 3 is self-scheduling of system only with CET and mainly 
analyzes the optimization effects of CET on wind power consumption. 
The case is classified into three scenes: no CET, 80¥/tce and 100¥/tce 
for carbon emission if initial carbon emission permit is out. In scene 1, 
the total carbon emission of thermal power units is 29079.7 ton. 
Assuming that carbon emission permit is distributed by 98%, the 
initial carbon emission of thermal power is 28498.1 ton. In Case 3, the 
total carbon emission of thermal power is 28765.3 ton, which is 267.2 
ton higher than the initial allocation limitation and ¥26,700 is charged 
for this. Table 8 is the dispatching optimization result of power system 
under different scenarios.  
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Table 8 System scheduling result under different scenes in Case 3 

Scene 

Wind power Thermal power 
Profit/ 
(104 ¥) 

Power 
 

(MWh) 

On-grid  
ratio 
(%) 

Abandoned  
energy 
rate(%) 

Power 
(MWh) 

On-grid  
ratio 
(%) 

coal 
consumption 
(kg/MWh) 

1 18407.1 35.1 16.9 35274.8 64.9 343.5 327.8 
2 18413.6 35.1 16.9 35294.8 64.9 346.8 295.9 
3 18896.9 36.0 14.7 34772.9 64.0 344.4 305.6 

As Table 8 shows, if considering CET, wind power shows 
upward trend while the abandoned wind t rate falls gradually with the 
rise of CET prices. Before CET, wind power output is 18407.1 MWh. 
After CET, the cost for out-of-tolerance emission is charged in 
standard of 80 ¥/tce. Wind power output reached 18413.6 MWh, 
showing a small increase. When cost for out-of-tolerance emission is 
100 ¥/tce, wind power output is 18896.9 MWh, and the abandoned 
wind rate falls to 14.7%. Fig.2 is the comparison of thermal power 
under different carbon prices. 
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Fig.2 Comparison of thermal power under different carbon prices 
As Fig.2 shows, with the rises of CET price, the structure of 

power generation units shows no remarkable change restricted by 
reserve capacity and the maximum output.  

4.3.4 Results in Case 4 

Case 4 is a comprehensive scenario of self-scheduling of system 
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with ESSs and CET and mainly analyzes the synergic optimization 
effects of CET and ESSs. Case 4 is classified into four scenes: the 
jointly scheduling of wind power and thermal power scene without 
ESSs and CET (scene 1), the jointly scheduling of wind power and 
thermal power scene with ESSs (scene 2), the jointly scheduling of 
wind power and thermal power scene with CET(scene 3, 100¥/tce for 
carbon emission if initial carbon emission permit is out) and the 
jointly scheduling of wind power and thermal power scene with ESSs 
and CET(scene 4). The carbon emission of thermal power units in 
Case 4 is 28685.4 ton, which is 187.3 ton higher than the initial 
allocation limitation, and ¥18,700 is charged for carbon emission. 
Table 8 is the dispatching optimization result of power system under 
different scenarios。 

Tab.8 System scheduling result under different scenes in Case 4 

Scene 

Wind power Thermal power Profit/ 
(104 
¥) 

Power 
 

(MWh) 

On-grid  
ratio 
(%) 

Abandoned  
energy 
rate(%) 

Power 
(MWh) 

On-grid  
ratio 
(%) 

coal 
consumption 
(kg/MWh) 

1 18407.1 35.1 16.9 35274.8 64.9 343.5 327.8 
2 18620.6 35.4 15.9 35252.5 64.6 344.6 290.0 
3 18896.9 36.0 14.7 34772.9 64.0 344.4 305.6 
4 18963.2 36.1 14.4 34837.5 63.9 342.6 296.4 

As Table 8 shows, in terms of wind power, when it is in only 
combined with thermal power units, the abandoned wind rate is 16.9%. 
When ESSs or CET is introduced, the rate reduces. When both ESS 
and CET are introduced, the abandoned wind rate is down to 14.4%. 
As for thermal power, units’ power output decreases with the increase 
of wind power output, and the proportion of on-grid electricity 
consumption decreases synchronously. Concerning the overall profit, 
since fixed cost of ESSs is higher, so the profit is lower than that 
without ESSs. Fig.3 is the charge-discharge optimization result of 
energy storage system. 
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Fig.3 Charge-discharge optimization result of ESS 
Fig.3 shows that the charge power and discharge power of ESSs 

are 488.1 MWh and 346.9 MWh. The final system storage energy is 
80 MWh. The gross profit of ESSs is -¥348,000. The charge-discharge 
revenue of ESSs is ¥12,000. Fig.4 is the comparison of wind power 
output and charge-discharge power of ESSs. 
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Fig.4 Comparison of wind power output and charge-discharge 
power of ESS 

As Fig.4 shows, in terms of ESSs, it needs to fully release all 
electric energy and gain economic benefit by selling storage electric 
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energy to maximize the profits at the end of scheduling period. 
However, to reduce the fluctuation effects of wind power output and 
reduce the peak pressure of thermal power, ESSs make 
charge-discharge decisions generally based on output fluctuation of 
wind power. ESSs charged while wind output rises, and discharged 
while wind output falls.  

5 Conclusion 

Due to the volatility and intermittency of wind power, the 
abandoned wind problem is more serious, which make the optimize 
wind power consumption has important practical significance. The 
paper establishes a jointly scheduling model for wind power and 
thermal power with ESSs and CET and studies the wind power 
consumption level under different cooperation optimization. The 
results are as follow: 

(1) The large-scale grid connection of wind power need thermal 
units to provide reserve, thermal power unit utilization efficiency 
decreased and coal consumption increased. With four cases analyzed, 
the model can effectively make the scheduling arrangement of the 
wind power and thermal power and reduce the overall coal 
consumption rate. 

(2) CET can convert the cleaning characteristics of wind power 
into economic benefits. After considering CET, the carbon emission of 
thermal power units shows a downward trend, and wind power 
consumption increases gradually with carbon emission price 
increasing, which effectively promotes wind power consumption and 
reduces abandoned wind power. ESSs can improve wind power 
consumption level, reduce the abandoned wind power rate, improve 
unit utilization efficiency and enhance the grid-connected space. 

(3) The overall system efficiency reach maximum after 
introducing ESSs and CET. ESSs and CET have synergistic 
optimization effect, which could optimize the wind power 
consumption and improve economic benefit of wind power and 
thermal power. 

Conflict of Interests 
The authors declare that there is no conflict of interests regarding 



The Frontiers of Society, Science and Technology 
ISSN 2616-7433 Vol. 1, Issue 4: 299-323, DOI: 10.25236/FSST.20190347 

Published by Francis Academic Press, UK 

-321- 

the publication of this paper. 

Acknowledgement 

This paper is supported by the National Science Foundation of 
China (Grant No: 71271081). 

References 

[1] Y Lin, JX. Johnson, JL. Mathieu. Emissions impacts of using 
energy storage for power system reserves[J]. Applied Energy, 
2016, 168(15): 444-456 

[2] KG Xie, JZ Dong, C Singh. Optimal capacity and type planning 
of generating units in a bundled wind–thermal generation 
system[J]. Applied Energy, 2016, 164(15): 200-210 

[3] M. Jannati, S.H. Hosseinian, B. Vahidi. ADALINE (ADAptive 
Linear NEuron)-based coordinated control for wind power 
fluctuations smoothing with reduced BESS (battery energy 
storage system) capacity[J]. Energy, 2016, 101(15): 1-8 

[4] Y. Zhu, Y.P. Li, G.H. Huang,et al. A dynamic model to optimize 
municipal electric power systems by considering carbon emission 
trading under uncertainty[J]. Energy, 2015, 88(8): 636-649 

[5] K. Geetha, V. Sharmila Deve, K. Keerthivasan. Design of 
economic dispatch model for Gencos with thermal and wind 
powered generators[J]. International Journal of Electrical Power 
& Energy Systems, 2015, 68(7): 222-232 

[6] CH Peng, HJ Sun, JF Guo, et al. Dynamic economic dispatch for 
wind-thermal power system using a novel bi-population chaotic 
differential evolution algorithm[J]. International Journal of 
Electrical Power & Energy Systems, 2012, 42(1): 119-126 

[7] SH Jiang, ZC Ji, Y Wang. A novel gravitational acceleration 
enhanced particle swarm optimization algorithm for wind–
thermal economic emission dispatch problem considering wind 
power availability[J]. International Journal of Electrical Power & 
Energy Systems, 2015, 73(12): 1035-1050.  

[8] J Ling, GH Huang, LC Huang, et al. Inexact stochastic 
risk-aversion optimal day-ahead dispatch model for electricity 
system management with ind power under uncertainty[J]. Energy, 
2016, 109(15): 920-932 



The Frontiers of Society, Science and Technology 
ISSN 2616-7433 Vol. 1, Issue 4: 299-323, DOI: 10.25236/FSST.20190347 

Published by Francis Academic Press, UK 

-322- 

[9] ZF Tan, LW Ju, B Reed, et al. The optimization model for 
multi-type customers assisting wind power consumptive 
considering uncertainty and demand response based on robust 
stochastic theory[J]. Energy Conversion and Management, 2015, 
105(15): 1070-1081 

[10] TKA Brekken, A Yokochi, A Von Jouanne, et al. Optimal energy 
storage sizing and control for wind power applications[J]．IEEE 
Trans Sustain Energy, 2011, 2(1): 69-77. 

[11] MH Shan, CL Li, TT Lian, et al. A real-time optimal control 
strategy for battery energy storage system to smooth active output 
fluctuation of renewable energy sources[J]. Power System 
Technology, 2014, 38(2): 469-477 

[12] J Lee, JH Kim, SK Joo. Stochastic Method for the Operation of a 
Power System With Wind Generators and Superconducting 
Magnetic Energy Storages (SMESs)[J]. IEEE Transactions on 
Applied Superconductivity, 2011, 21(3):2144-2148 

[13] H Bludszuweit, J A Domínguez-Navarro. A Probabilistic Method 
for Energy Storage Sizing Based on Wind Power Forecast 
Uncertainty[J]. IEEE Transactions on Power Systems, 2011, 26(3): 
1651-1658 

[14] S Gill, E Barbour, IAG Wilson, et al. Maximising revenue for 
non-firm distributed wind generation with energy storage in an 
active management scheme[J]. IT Renewable power generation, 
2013, 7(5): 421-430 

[15] M Dicrato, G Forte, M Pisani, et al. Planning and operating 
combined wind-storage system in electricity market[J]. IEEE 
Trans on Sustainable Energy, 2012, 3(2): 209-217  

[16] LW Liu, CX Chen, YF Zhao, et al. China׳s carbon-emissions 
trading: Overview, challenges and future[J]. Renewable and 
Sustainable Energy Reviews, 2015, 49(9): 254-266 

[17] W Li, ZJ Jia. The impact of emission trading scheme and the ratio 
of free quota: A dynamic recursive CGE model in China[J]. 
Applied Energy, 2016, 174(15): 1-14 

[18] K Chang, C Zhang, H Chang. Emissions reduction allocation and 
economic welfare estimation through interregional emissions 
trading in China: Evidence from efficiency and equity[J]. Energy, 
2016, 113(15): 1125-1135 

[19] PE Morthorst. National environmental target and international 



The Frontiers of Society, Science and Technology 
ISSN 2616-7433 Vol. 1, Issue 4: 299-323, DOI: 10.25236/FSST.20190347 

Published by Francis Academic Press, UK 

-323- 

emission reduction instrument[J]. Energy Policy, 2003, 31:72-83 
[20] FR Aune, HM Dalen, C Hagem. Implementing the EU renewable 

target through green certificate markets[J]. Energy Economics, 
2012(34): 922-1000 

[21] V Colcelli, The problem of the legal nature of green certificates in 
the Italian legal system[J]. Energy Policy, 2012, 40: 301-306 

[22] A Berrada, Khalid Loudiyi. Operation, sizing, and economic 
evaluation of storage for solar and wind power plants[J]. 
Renewable and Sustainable Energy Reviews, 2016, 59(6): 
1117-1129 

[23] KB Porate, KL Thakre, GL Bodhe. Impact of wind power on 
generation economy and emission from coal based thermal power 
plant[J]. International Journal of Electrical Power & Energy 
Systems, 2013, 44(1): 889-896 

[24] A Panda, M Tripathy. Solution of wind integrated thermal 
generation system for environmental optimal power flow using 
hybrid algorithm[J]. Journal of Electrical Systems and 
Information Technology, 2016, 3(2)151-160 

[25] M Kia, MS Nazar, M S Sepasian. Optimal day ahead scheduling 
of combined heat and power units with electrical and thermal 
storage considering security constraint of power system[J]. 
Energy, 2016, 19(11) 

[26] LG Wang, M Lampe, P Voll, et al. Multi-objective 
superstructure-free synthesis and optimization of thermal power 
plants[J]. Energy, 2016, 116(1):1104-1116 

[27] RG Cong, YM Wei. Potential impact of (CET) carbon emissions 
trading on China’s power sector: A perspective from different 
allowance allocation options[J]. Energy, 2010, 35(9): 3921-3931 

[28] RM Dickinson, CA Cruickshank, SJ Harrison. Charge and 
discharge strategies for a multi-tank thermal energy storage[J]. 
Applied Energy, 2013, 109(9): 366-373 

[29] X Jin, ZL Zhang, XQ Shi. A review on wind power industry and 
corresponding insurance market in China: Current status and 
challenges[J]. Renewable and Sustainable Energy Reviews, 2014, 
38(10): 1069-1082 


	Low Carbon-based Scheduling Optimization Model for Wind Power and Thermal Power Considering Energy Storage Systems
	1 Introduction
	2 Basic scheduling optimization model
	2.1 Objective function
	2.2 Constraint conditions
	2.2.1 Load supply and demand constraints
	2.2.2 System reserve constraints
	2.2.3 Thermal power unit operation constraints
	2.2.4 Wind power output constraints
	3 Jointly scheduling model with ESSs and CET
	3.1 Objective function
	3.1.1 Objective function with ESSs
	3.1.2 Objective function with CET
	3.1.3 Objective function with ESSs and CET
	3.2 Constraint conditions
	3.2.1 Power balance constraints
	3.2.2 ESSs charge-discharge power constraints
	4 Case simulation
	4.1 Basic data
	4.2 Case setting
	4.3 Simulation result
	4.3.1 Results in Case 1
	4.3.2 Results in Case 2
	4.3.3 Results in Case 3
	4.3.4 Results in Case 4
	5 Conclusion
	Conflict of Interests
	Acknowledgement
	References

