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Abstract. Faced with the deregulation of power grid in China, the traditional operation 
dispatch of system and the management of customers will change enormously. In the new 
environment, the power consumption of customers could be adjusted with the information and 
communication technology, which provide a new approach for system operator to maintain the 
power balance between supply and demand during contingencies. In China, thermostatically 
controlled loads (TCLs) account for a large proportion of power consumptions and have a great 
potential to provide regulating reserve for system. Therefore, a strategy for contingency 
management with TCLs is proposed in this paper to guarantee the reliable operation of power 
system. Firstly, the regulating capacity models of aggregated TCLs are proposed by the 
aggregation of the model for one individual TCL considering the customer behaviour and 
electric-thermal characteristics. What’s more, an optimization model integrating the aggregated 
TCLs and conventional generators is proposed to determine the operation dispatch during 
contingencies. The proposed methods are validated using the modified IEEE 30-bus system. 

1.  Introduction 
The power industry in China is experiencing restructuring nowadays. In 2015, the Chinese 
government has issued “No. 9 Document” and launched a new round of power industry reform [1, 2]. 
One of the objectives in the “No. 9 Document” is to transform the State Power Corporation (SPC) to 
public utility organization and develop competitive, efficient and dynamic electricity market. Besides, 
the customers in demand side are permitted to buy electricity directly from the generation companies 
or electricity markets instead of SPC [2]. Hence, customer choices will have great impacts on the 
system operation, electricity pricing and emergency control.  

In conventional power system, the planning mechanism of power industry in China remain vertical 
monopoly [3]. During the real-time operation, the SPC determines the dispatch plans of different 
generators based on their predefined production quota and tariff results [4]. When the system transits 
from stable state into contingency state caused by random failures, the contingency management plans 
will be developed by SPC to guarantee the reliable operation of system. The corresponding 
contingency management plans mostly focus on the adjustments of generation output, and usually 
ignore the regulation of power consumption in demand sides. In the new environment, the system 
operator will determine the dispatching plans based on the bids and offers submitted by the customers 
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and generators. Besides, customers will adjust their behaviors of power consumption based on the 
change of electricity price [5]. If the cost paid for the demand is higher than the benefits produced by 
the same amount of electricity, the customers will accordingly reduce their demand. Hence, similar to 
the reserve provided by conventional generators, the demand side resources could provide the system 
operator with a strategy for contingency management by reducing or shifting loads.  

As important demand side resources, thermostatically controlled loads (TCLs), such as heaters and 
air conditioners, account for a large proportion of power consumptions. It is estimated that the share of 
TCLs in the power consumptions approach 40% during peak loads in China [6]. Under the premise 
that consumer’s comfort are not affected, the operating status of TCLs could be adjusted in 
cooperation with the power output of generators by system operator. Many studies [6-8] have agreed 
the feasibility and effectiveness of TCLs for providing operating reserve. The literature [6] proposes a 
quantitative evaluation methods to evaluate the operating reserve of aggregated TCLs without 
sufficient measurement data. In the literature [7], a novel strategy is proposed for the aggregation of 
TCLs based on resetting the temperature of each TCL. Besides, many studies investigate the method 
and strategy to integrate the aggregated TCL models into operation control of power system [9-11]. In 
the literature [11], the centralized load controllers to control TCLs are proposed to provide operating 
reserve. An operation planning framework for the dispatch of large-scale TCLs is proposed to improve 
the efficiency in real-time operation [10]. The previous studies mainly investigate the evaluation and 
control of TCLs at the level of end-users. However, faced with the deregulation of power grid in China, 
how the aggregated TCLs cooperate with conventional generators at system level to determine the 
operation dispatch in contingency states have not been discussed.  

In this paper, a new strategy integrating the aggregated TCLs with generation sources to deal with 
the contingencies of system is proposed. Firstly, the regulating capacity model for one individual TCL 
is proposed based on customer behavior and electric-thermal characteristics. These models for 
different TCLs in one region are aggregated to determine the regulating capacity of aggregated TCLs. 
Moreover, the capacity models for aggregated TCLs are integrated with conventional generators to 
obtain the operation dispatch based on optimal power flow model during contingencies.  

2.  A strategy for contingency management with aggregated TCLs 
During contingencies such as transmission line failures, based on the bids and offers submitted by 
generators and customers, operation dispatch will be determined by system operator using optimal 
power flow [12]. Figure 1 shows the framework for optimal dispatch integrated with aggregated TCLs 
during contingency state. As shown in figure 1, the loads in demand side can be divided into two 
categories: conventional loads and aggregated TCLs. Given that the capacity of one individual TCL is 
relatively small which cannot participate in the electricity market directly, a number of TCLs in one 
region could be aggregated together as an aggregator. Compared to conventional loads, the power 
consumption of aggregated TCLs can be regulated with smart devices equipped in each household. 
The system operator could control the working states of aggregated TCLs by sending signals to their 
smart devices. Therefore, similar to generators, the aggregated TCLs could submit its regulating 
capacity and price in electricity market. 

In the clearing of electricity market, optimal power flow model will be applied to determine the 
dispatch results for both the power generation and aggregated TCLs. Based the clearing results in the 
market, system operator will send control signals to the aggregated TCLs to regulate their power 
consumption. The regulation of power consumption of TCLs could be implemented by regulating their 
set temperature. Generally, adjusting the set temperature of TCLs to a higher level in cooling state 
could reduce their power consumption. If the aggregated TCLs are regulated during real-time 
operation, the owners of TCLs could earn the corresponding benefits.  
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Figure 1. A framework for optimal dispatch integrated with aggregated TCLs. 

2.1.  Regulating capacity evaluation of individual TCL 
The regulating capacity of one individual TCL is related to the customer behaviour and the electric-
thermal characteristics. With regard to customers, their preferences for the room temperature and the 
benefits earned from raising the set temperature of TCL are different. According to the thermal model 
in the literature [7], the regulating capacity of individual TCL TCLP  can be determined by the 

reduction of power consumption with the regulation of the set temperature from initial temperature to 
final temperature, as shown in Figure 2.  
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where TCLP  represents the regulating capacity provided by TCL by regulating temperature from 
1k

setT   to k
setT . R is the equivalent thermal conductance and EER  is the energy efficiency ratio.  

Considering the difference of the TCLs’ operation state when receiving control signals, the 
duration time that TCLs provide regulating capacity can be different [7]. Generally, the operating 
states of TCLs can be divided into two categories: cooling state and standby state. Hence, the duration 
time TCLDT  depends on the operating state of TCL receiving control signals, which can be represented 

as:  
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where det  is the end moment of duration time, SSt  is the moment of sending control signal and SRt  

is the moment of receiving control signal. RT  is the response time which denotes the time delay of 
TCL starting to provide regulating capacity after control signal is sent. coolPD  and stybPD  represent 

the time periods of cooling state and standby state, respectively.  
It should be noted that the duration time TCLDT  has a positive relationship with the regulating 

range of set temperature. That is to say, the more set temperatures are regulated, the longer duration 
time is.  

With the regulation of set temperature from 1k
setT   to k

setT , different customers with TCLs have 

various references for benefits. For example, the benefits paid for customer m  to regulate the set 
temperature 1℃ can be low. However, with the adjusting magnitude of set temperature increase, the 
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benefits paid for customers will inevitably increase. Generally, the cost kC  corresponding to the 

regulating capacity of TCL m  can be represented as a ladder [6], as shown in Figure 2.(c). When the 

set temperature of TCL m  is regulated from 1k
setT   to k

setT , the customer could be paid by the 

corresponding cost 1kC  . The cost 1kC   is the expectation of benefits that customers can get by 

regulating their set temperatures of TCL, which is related to their living standards and their 
preferences for the room temperature.  

Figure 2. The regulating capacity provided by one individual TCL and its cost: (a) the variation 
curve of the temperature in the room, (b) the power consumption of TCL and (c) the costs paid 

for TCL. 

2.2.  Regulating capacity evaluation of aggregated TCLs 
Based on the regulating capacity evaluation model of individual TCL, the regulating capacity provided 
by aggregated TCLs is analysed here. The aggregated TCLs contain multi-TCL, whose set 
temperature, duration time and the corresponding costs can be different. Hence, for a given time 
period from 1 to T, the regulating capacity of aggregated TCLs TCLAC  could be determined by the 

aggregation of each individual TCL, as shown in Figure 3. It should be noted that, the regulating 
capacity provided individual TCL at time t  is related to the length of duration time. When the time t  

is in the duration time, the regulating capacity is TCLP  and otherwise is zero. Hence, for a time period 

T, the regulating capacity of aggregated TLCs can be represented as:  
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where I(True) 1  and I(False) 0 , ,m TCLP  represents the regulating capacity provided by TCL 

m  at time t , ,m TCLDT  is the duration time of TCL m  to provide regulating reserve, and M  is the 

number of TCLs.  
Likewise, the costs paid for the aggregated TCLs for the regulation of set temperatures can also be 

obtained by the aggregation of each individual TCL. Hence, the costs paid for the aggregated TCLs 
can be represented as:  

 ,
1 1

=
T M

ATCL m TCL
t m

C C
 
   (4) 

where ,m TCLC  is the costs paid for the TCL m  to provide regulating capacity ,m TCLP .  
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Figure 3. The regulating capacity provided by aggregated TCLs. 

2.3.  Operation dispatch integrated with aggregated TCLs 
Based on the regulating capacity evaluation of aggregated TCLs, the aggregated TCLs could provide 
system operator with an approach to regulate the power consumption in real-time operation for a given 
time period T. Considering the random failures of power grid, the operation dispatch is developed 
according to optimal power flow model, where the generation and aggregated TCLs are dispatched [5, 
13]. Therefore, when system state transits from normal state to contingency state l , the generation 
output and the reduction of power consumption of aggregated TCLs could be determined by solving 
the following optimization problem. 

The objective is to minimize the total system cost including generation cost and the regulation cost 
for aggregated TCLs for a given time period T.  
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where l
igC  and l

igP  are the cost function and the power output of generator g  at node i , 

respectively. ing  represents the number of generators at node i  and N  is the number of nodes in 

system. l
iLC  and ,

l
i ATCLC  are the reduction of power consumption and the corresponding cost of 

aggregated TCLs at node i , respectively. 
Equation is subject to the following constraints: 
Power balance constraints: 
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Generation limits: 
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Regulating capacity limits of aggregated TCLs: 
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Line flow limits: 
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In the optimization problem, lB  and lθ  represent the admittance matrix of transmission network 

and phase angle vector of the node voltages, respectively. l
igP  and l

igP  are the upper limit and lower 

limit of power generation g  at node i , respectively. ,
l
i TCLAC  represents the regulating capacity of 
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aggregated TCLs. ijx  and max
ijF  denote the reactance and maximum power flow of the transmission 

line between node i  and j . i  and l
iDP  are the phase angle of voltage and the load at node i .  

3.  Case study 
The modified IEEE 30-bus system is restructured to demonstrate the proposed models and techniques, 
as shown in Figure 4. The power system consists of 6 generating nodes, 27 load nodes, 41 
transmission lines and 9 generating units. It is assumed that aggregated TCLs located at each load 
nodes. The physical parameters (such as equivalent thermal conductance and energy efficiency ratio) 
used to calculate the regulating capacity of TCLs can be found in [6]. Besides, the cost paid for the 
aggregated TCLs to regulate the set temperature is set according to the consumer satisfaction 
quantization in [6].  

Considering the random failures of power grid, N-K principle is introduced in this paper to simulate 
the contingency states of system [13]. The simulation results are compared with the results without 
considering the integration of aggregated TCLs during contingencies. Among several contingencies, 
two contingency states are selected to evaluate the effects of aggregated TCLs on the operation of 
power system. The simulation results in Figure 4 correspond to the failures of two generators at node 2 
and one generator at node 11 and the simulation results in Figure 5 correspond to the failures of three 
generators at node 2.  

It can be noted in Figure 5 and Figure 6 that with the integration of aggregated TCLs, the power 
output of generators at node 8 and 11 are smaller than that without considering aggregated TCLs. This 
is mainly because that the aggregated TCLs reduce the power consumption by regulating set 
temperature. Under this circumstance, the generating capacity is relatively sufficient and the reliability 
of power grid is improved. It can be seen from Figure 5 that aggregated TCLs provide about 
72.4MWh regulating capacity by reducing their power consumption at contingency state 1.  

Besides, the integration of aggregated TCLs can also lower the operation cost of power grid, which 
can be shown in Figure 7 and Figure 8. According to the simulation results, the nodal price at most 
nodes is only 43.6 $/MWh at normal state and 77.9 $/MWh at contingency state 1. When integrated 
with aggregated TCLs, the nodal price decreases to 57.1 $/MWh at contingency state 1. Moreover, the 
total system cost considering aggregated TCLs at contingency state 1 are 16462.02 $/MWh, which is 
much smaller than 17661.86 $/MWh without considering aggregated TCLs. Therefore, regulating the 
power consumption of aggregated TCLs could be of great benefits to the safety and economy 
operation of power system.  

 

Figure 4. The modified IEEE 30-bus system. 
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Figure 5. The comparison between the 
operation dispatch considering and without 
considering TCLs at contingency state 1. 

Figure 6. The comparison between the 
operation dispatch considering and without 
considering TCLs at contingency state 2. 

 

Figure 7. The comparison between the 
operation dispatch considering and without 
considering TCLs at contingency state 1. 

Figure 8. The comparison between the operation 
dispatch considering and without considering 

TCLs at contingency state 2. 

4.  Conclusions 
The deregulation of power grid in China will provide the system operator with an approach to regulate 
TCLs to maintain the power balance between supply and demand during contingencies. This paper 
presents an optimization model for integrating aggregated TCLs with conventional generators to 
guarantee the reliable operation of power system during contingencies. Firstly, the regulating capacity 
of aggregated TCLs is evaluated by the aggregation of individual TCL considering the customer 
behavior and electric-thermal characteristics. What’s more, the optimal power flow model considering 
the total cost of generators and aggregated TCLs is proposed to determine the operation dispatch of 
power system. The simulation results show that the integration of aggregated TCLs could improve the 
reliability of power grid by regulating the power consumption. Besides, it is also an effective method 
to lower the total operation cost of power grid. However, when applied to the real operation of power 
system, the installation costs of smart devices can be relatively high. 

Acknowledgement 
The research is supported by technology projects of State Grid Zhejiang Electric Power Corporation 
(the market dispatching mechanism of Zhejiang power grid under the environment of spot market, 
SGTYHT/16-WT-227).  



EEEP2018

IOP Conf. Series: Earth and Environmental Science 227 (2019) 032010

IOP Publishing

doi:10.1088/1755-1315/227/3/032010

8

 
 
 
 
 
 

References 
[1] Zeng M, Yang Y, Wang L, Sun J 2016 The power industry reform in China 2015: Policies, 

evaluations and solutions Renewable and Sustainable Energy Reviews 57 94-110 
[2] Yu D, Qiu H, Yuan X, Li Y, Shao C, Lin Y, et al 2017  Roadmap of retail electricity market 

reform in China: assisting in mitigating wind energy curtailment  in IOP Conference Series: 
Earth and Environmental Science 012031 

[3] Zhao X, Lyon T P, Song C 2012 Lurching towards markets for power: China’s electricity policy 
1985–2007 Applied energy 94 148-155 

[4] Ding Y, Yang H 2013 Promoting energy-saving and environmentally friendly generation 
dispatching model in China: Phase development and case studies Energy Policy, 57 109-118 

[5] Wang P, Ding Y, Xiao Y 2005 Technique to evaluate nodal reliability indices and nodal prices 
of restructured power systems IEE Proceedings-Generation, Transmission and Distribution, 
152 390-396 

[6] Xie D, Hui H, Ding Y, Lin Z 2018 Operating reserve capacity evaluation of aggregated 
heterogeneous TCLs with price signals Applied Energy 216 338-347 

[7] Hui H, Ding Y, Liu W, Lin Y, Song Y 2017 Operating reserve evaluation of aggregated air 
conditioners Applied energy 196 218-228 

[8] Shahidehpour M, Gao C, Song M, Lu S, Lin G, Li Z 2018 Multi Time-Scale Modeling and 
Parameter Estimation of TCLs for Smoothing Out Wind Power Generation Variability  IEEE 
Transactions on Sustainable Energy  

[9] Lu N , Chassin D P 2004 A state-queueing model of thermostatically controlled appliances 
IEEE Transactions on Power Systems, 19 1666-1673 

[10] Chang-Chien L-R, An L N, Lin T-W, Lee W-J 2012 Incorporating demand response with 
spinning reserve to realize an adaptive frequency restoration plan for system contingencies  
IEEE Transactions on Smart Grid, 3 1145-1153 

[11] Lu N, Zhang Y 2013 Design considerations of a centralized load controller using 
thermostatically controlled appliances for continuous regulation reserves IEEE Transactions 
on Smart Grid 4 914-921 

[12] Voropai N, Reshetov V, Efimov D 2005 Organization principles of emergency control of 
electric power systems in a market environment in Power Tech, 2005 IEEE Russia 1-8 

[13] Billinton R, Allan N R 1996 Reliability evaluation of power systems, 2nd ed New York, NY, 
USA: Plenum 

 


