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Abstract. It is an effective way to improve the safety operation of power system to tap 

into the potential of demand-side regulation capacity with a reasonable demand-side re-

sponse mechanism, especially in power system with a high proportion of renewable en-

ergy resources. On basis of reviewing demand-side response compensation mechanisms 

in typical electricity markets, this paper proposes a model and method for demand-side 

response to participate in the electricity spot market transactions based on the stackelberg 

game model. And the method has been theoretically validated from both system-side and 

demand-side. The effectiveness of the model and method is verified through a real cal-

culation case. This method not only ensures the market benefits of demand-side response 

but also helps enhance the proactive engagement of demand-side response resources in 

power system regulation. It provides valuable references for grid companies in designing 

demand-side response mechanisms and facilitating the participation of such resources in 

market transactions. 

Keywords: Electricity spot market, demand-side response, trading-decision method, 
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1 Introduction 

of demand-side regulation resources to participate in system regulation will be one of 

As electricity spot markets across the country have successively entered the phase of 

continuous settlement trial operation, China's national unified electricity market has 

been established initially. The market system is composed of medium and long-term 

market, spot market and auxiliary services market, etc. With the accelerated construc-

tion of the new-type power system and the gradual increase in the proportion of new 

energy installed capacity, the demand for power system regulation resources will con-

tinue to grow. For old times, China has mainly focused on the development of regula-

tion resources on the power generation side or grid side, with measures such as flexible 

transformation of coal-fired thermal power, promoting the proportional configuration 

of energy storage for new energy, and developing pumped storage. In contrast, the ex-

ploitation of demand-side regulation resources has been relatively insufficient. With 

the integration of a higher proportion of new energy, how to mobilize the enthusiasm 
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the key tasks to be addressed in the future. To tap into the potential of demand-side 
regulation, it is necessary to adopt reasonable approaches to stimulate the initiative of 
the demand-side in actively participating in system regulation. 

A number of relevant studies on demand response have been conducted both domes-
tically and internationally, mainly focusing on how to design demand response mecha-
nisms from the perspective of the entire power system[1][2][3], or how to help participants 
on the demand side achieve higher market-oriented benefits[4][5][6]. To better adapt to 
the progress of China's electricity spot market construction and explore effective deci-
sion-making methods for demand-side response participation in the spot market, and to 
improve the safety operation of power system, this paper provides a tading-decision 
model for research, which considers both the system optimization and the users’ reve-
nue from DR mechanism. Additionally, the rationality of the model is verified against 
different incentive methods. 

2 The Mechanism of Supply-Demand Coordination and 
Interaction Under the Electricity Spot Market 

2.1 Incentive Mechanism for Demand Response Participation in the 
Electricity Spot Market 

In countries with a high degree of electricity market maturity, the incentive mechanism 
for demand-side response can be categorized into two types based on different response 
methods[7]. One is price-based demand-side response, and the other one is incentive-
based demand-side response. In other words, including price-based mechanisms and 
incentive-based mechanisms, as shown in Table 1. 

Table 1. Main Measures of Demand-Side Response 

Categories Measures 

Price-based 
Mechanism 

Time-
Critica

Real

-use Pricing 
Peak Pricing 
me Pricing 

of
l 

-ti
Policy-Subsidy 

Measures 
Load Control 

Interruptible Load 

Price-based demand-side response mechanism is to regulate electricity load ac-
cordding to price[8], including Time-of-use pricing(TOU), Real-time pricing(RTP) and 
Critical-peak pricing(CPP). Through internal economic decision-making processes,
loads adjust their electricity consumption to low-price periods and reduce usage during 
high-price periods to achieve the goal of lowering electricity costs. Users participating 
in such demand-side response (DR) programs may sign relevant pricing contracts with 
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DR implementation agencies, while maintaining full voluntary participation in load ad-
justment. 

Incentive-based mechanism refers to mechanisms where agencies (RTO or regula-
tory organization) design certain policies to encourage users to promptly respond and 
curtail load when system reliability is compromised or electricity prices are high. This 
includes direct load control (DLC), interruptible load (IL), demand-side bidding (DSB), 
emergency demand response procurement (EDRP), and capacity market/ancillary ser-
vice programs (CASP). Subsidy standards are generally independent of or superim-
posed on users' retail electricity prices, with two main forms: electricity price discounts 
and load curtailment compensation. Users participating in such DR programs typically 
sign contracts with DR implementation agencies, which specify key terms including 
the calculation methods for users' baseline load consumption and curtailment volume, 
the determination of subsidy standards, and penalty measures for non-compliance with 
contractual response obligations. 

2.2 Approaches and Implementation Mechanisms of Supply-Demand 
Coordination and Interaction in the Electricity Spot Market 

The electricity spot market serves as a crucial link for price discovery and optimal re-
source allocation. By generating comprehensive electricity price signals, it guides mar-
ket participants in conducting medium and long-term electricity transactions, transmis-
sion right trading, and electricity futures trading, thereby achieving short-term supply-
demand balance and promoting the integration of new energy. As a key means of sup-
ply-demand interaction, DR facilitates the coordinated optimization of resources on 
both the generation and demand sides, aligning closely with the development require-
ments of energy conservation and environmental protection, green and low-carbon de-
velopment, and efficiency and benefit improvement. Against this backdrop, the intro-
duction of DR mechanisms into the electricity spot market creates a category of nega-
tive or equivalent generation (reserve) capacity resources. Under given conditions, such 
negative capacity resources incur lower costs than positive generation resources while 
still enabling system supply-demand balance and enhancing operational reliability.
Therefore, DR constitutes an important approach to supply-demand coordination and 
interaction in the electricity spot market. 

While DR programs have been implemented for many years, their effectiveness re-
mains limited. A primary reason for this is the lack of in-depth understanding of the 
implementation mechanisms underlying user-side DR. In integrated resource planning 
(IRP), demand-side resources are accorded equal status to supply-side resources and 
jointly participate in power system planning. Consequently, this report systematically 
analyzes the implementation mechanisms of DR with reference to the steady-state op-
erational characteristics of generators on the supply side. 

As alternative resources to supply-side resources, demand response’s key perfor-
mance indicators are defined with reference to the operational characteristics of power 
generating units, as follows: 

Economics: Price is typically the most influential factor affecting user electricity 
consumption behavior, which is quantitatively described using electricity demand price 
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elasticity. Additionally, quantifiable indicators for curtailment/avoidable capacity, user 
electricity costs, and system energy losses include electricity consumption volume, user 
satisfaction (or participation rate). 

Technical Performance: Changes in electricity consumption behavior are meas-
ured using indicators such as response volume, response speed, frequency of DR pro-
gram implementation, load recovery time, response availability, and user load adjust-
ment capacity. 

Reliability: To ensure stable system operation, DR reliability is quantified using 
indicators such as planned outage rate, expected load curtailment probability, expected 
load curtailment frequency, and expected energy not supplied (EENS). 

3 Optimization Models for Demand Response Resources 
Participating in the Electricity Spot Market 

Since the price in the electricity spot market is determined through centralized clearing 
based on the bids (price and quantity) submitted by both supply and demand sides, the 
electricity purchase volume of power retailers becomes irrevocable once the spot mar-
ket price is finalized. Additionally, forecasting the spot market price for the next time 
period requires an ultra-short-term prediction of the price one hour ahead. Therefore, 
this report assumes that power grid companies can predict the spot market price for the 
next time period with relatively high accuracy. 

Based on the prediction results, power grid company can announce the DR subsidy 
price during appropriate peak load periods to maximize DR benefits and to improve the 
regulation capacity. Each user adjusts their response volume according to the DR in-
centive level and their own response capacity, thereby improving the willingness to 
participate in system regulation. 

3.1 Power Grid Company's Demand Response Calculation 

During peak load periods, electricity prices in the spot market are relatively high. Power 
grid companies can reduce costs by launching DR programs; however, they will incur 
certain losses in transmission and distribution revenue due to the resulting decrease in 
electricity sales volume. 

Demand Response Compensation ,r drC . Power grid companies only need to consider 
launching DR programs during peak load periods with the peak load lasting for several 
time periods. During the DR implementation period, to encourage users to curtail their 
own loads, power grid companies are required to compensate users at a specific com-
pensation price. The compensation cost is calculated as follows: 

, , ,
1

N

r dr r t i t
i

C p x
=

= ∑  (1) 
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,r tp is the price subsidy price set by power grid companies for time period t. 

, 0r tp = indicates that power grid companies do not launch DR programs. ,r tx is the 

response amount of user i at time period t which is calculated based on the user's load 
baseline and actual load curve. N is the total amount of users. 

Reduction of Transmission and Distribution Fees ,r qC . When power grid companies 
implement DR, they can reduce transmission and distribution construction costs. How-
ever, there will also a reduction of transmission and distribution fees. Which is calcu-
lated as follows: 

, ,
1

N

r q t i t
i

C xλ
=

= ∑  (2) 

tλ is the transmission and distribution price at time period t. 

Avoidable Electricity Cost ,r qB . Assuming that the power loss during transmission 
and distribution shall be borne by power grid companies and the grid's avoidable elec-
tricity cost ,r qB  refers to the cost savings resulting from the reduction in line losses 
caused by the decrease in user electricity consumption. It is calculated as follows: 

, , ,
1

N

r q w t i t
i

B xαλ
=

= ∑  (3) 

,w tλ is the price of electricity spot market at time period t. α  is the loss factor of 

transmission and distribution. 
Based on the above analysis, the DR benefit of power grid companies in time period 

t is calculated as follows: 

, , ,

, , , , ,
1 1 1

, , ,
1

+

( )

r r dr r q r q

N N N

r t i t t i t w t i t
i i i

N

w t t r t i t
i

F C C B

p x x x

p x

λ αλ

αλ λ

= = =

=

= − − +

= − −

= − −

∑ ∑ ∑

∑

 (4) 

According to formula (4), to make 0rF ≥ , the subsidy price must

, ,r t w t tp αλ λ≤ − . 
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3.2 DR Revenue Calculation 

DR Cost. User response cost refers to the loss from adjusting the electricity consump-
tion behavior. Generally speaking, users' utility functions exhibit non-decreasing and 
convex characteristics with respect to electricity consumption. From this, it can be in-
ferred that response costs are non-decreasing and concave with respect to response vol-
ume, meaning that users' marginal response costs are increasing. Users can participate 
in DR by curtailment or load shifting, or by adopting both methods simultaneously. 
Specifically, the user response volume consists of two components: load curtailment 
volume ,i tx and load shifting volume. Assuming that to maximize their own benefits 

from participating in DR across all time periods, users only shift the load of the current 
time period to other time periods where they do not participate in DR. 

The response cost of load curtailment for User i is characterized by a quadratic func-
tion, which can be calculated as follows: 

2
, 1, , 2, ,( )q i i i t i i tC k x k xβ β′ ′ ′= +  (5) 

1,ik′ and 2,ik′ are the constants coefficient of the load curtailment cost function. β is 

the percentage of load curtailment volume in the total DR volume. 
Similarly, the response cost of load shifting for user i is characterized by a quadratic 

function, can be calculated as follows: 

2 2
, 1, , 2, ,(1 ) (1 )q i i i t i i tC k x k xβ β′′ ′′ ′′= − + −  (6) 

2,ik′′ are the constants coefficient of the load shifting cost function. k′′ and1,i

The total cost for user i can be calculates as follows: 

, , ,

2
1, , 2, ,

q i q i q i

i i t i i t

C C C

k x k x

′ ′′= +

= +  
(7) 

2 2
1, 1, 1, (1 )i i ik k kβ β′ ′′= + −

 
(8) 

2, 2, 2, (1 )i i ik k kβ β′ ′′= + −
 

(9) 

When , 0i tx > , , 0q iC > . So 1,ik
 
and 2,ik must be constants above 0. Due to dif-

ferences in the output value per unit of electricity consumption among different users, 
the costs varies for responding to the same DR amount. Therefore, the coefficients for 
different users are generally differs from each other. In practice, these coefficients for 
User i can be identified through their historical data on DR participation. 

Due to constraints on users' response power and continuous regulation time, as well 
as potential deviation penalties for changes in their electricity consumption, the user 
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response volume ,i tx
 
must also satisfy corresponding constraints. Assuming that the 

response volume ,i tx cannot exceed the maximum response capacity ,i tE of the user 

in Time Period t, the curtailment volume ,i txβ cannot exceed the deviation require-

ment ,i tW  in Time Period t, and the response volume of users participating in DR can-

not be negative. In summary, ,i tx must be within the ranges of

, , , ,0 min( , / )i t i t i t i tx E W Hβ≤ ≤ = . 

Electricity Costs Reduction. When User i participates in DR, it achieves DR objec-
tives by adjusting its electricity consumption behavior and reducing electricity usage. 
The reduced electricity costs for User i are also part of its DR benefits, which are only 
related to the load curtailment volume. ,r tλ is the TOU electricity price. The electricity 

costs reduction can be calculated as follows: 

, , ,q i r t i tB xλ β=  (10) 

DR Subsidy. The DR subsidies can be calculated as follows: 

, , ,dr i r t i tB p x=  (11) 

In summary, the DR benefit for user i at time period t can be calculated as follows: 

, , , ,

2
1, , 2, , , , , ,

2
1, , , , 2, ,

+

( )

( )

c i q i q i dr i

i i t i i t r t i t r t i t

i i t r t r t i i t

F C B B

k x k x x p x

k x p k x

λ β

λ β

= − +

= − + + +

= − + + −

 (12) 

According to fomular (12), if 2, ,i r tk λ β< , when , 0r tp = and ,i tx with a low value, 

then , 0c iF > . In other words, when electricity retailers do not launch DR programs, 

users would see an increase in their benefits by reducing their own electricity consump-
tion, which is obviously unreasonable. Therefore, we can conclude that 2, ,i r tk λ≥ . 

3.3 Optimization Model 

Model Establishment. During the DR process in Time Period t, both electricity retail-
ers and multiple user types aim to maximize their own interests. The power grid com-
pany’s goal is to determine the optimal subsidy price ,r tp  and to improve the safety 
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of power system. In contrast, each user decides the optimal response volume to max-
imize their own benefits based on the DR subsidy price announced by the electricity 
retailer and their own characteristics. In summary, the optimization model is formulated 
as follows: 

,
, , ,

1

, ,

max( )

. . 0
r t

N

w t t r t i tp i

r t w t t

p x

s t p

αλ λ

αλ λ
=


− −


 ≤ ≤ −

∑
 

(13) 

,

2
1, , , , 2, ,

, ,

max( ( ) )

. . 0 1,2,
i t

i i t r t r t i i tx

i t i t

k x p k x

s t x H i

λ β − + + −


≤ ≤ = …,N
 (14) 

The optimization models of both the power grid company and users collectively 
form a game model. In the process of maximizing their respective objectives, the strat-
egies of the two parties interact with each other, and a game equilibrium will ultimately 
be achieved. 

Model Anylasis. The solution methods for game models mainly include analytical 
methods and iterative methods. The process of the analytical method is as follows: ① 
Solve the optimization problem of the lower-level followers to obtain the analytical 
expression of the followers' optimal strategies; ② Substitute this expression into the 
leader's objective function to derive the leader's optimal decision; ③ Calculate the fol-
lowers' optimal decisions accordingly. 

When an analytical solution cannot be obtained for the master-slave game, the iter-
ative method is a commonly used approach to solve the game model. Its general process 
is as follows: ① Randomly determine the leader's decision variables within the feasi-
ble region, and the followers derive their own optimal decisions based on the current 
leader's decision variables; ② The leader substitutes the followers' optimal decision 
variables into its benefit function to obtain its own optimal decision, or adjusts its de-
cision variables based on mandatory constraints. This iterative cycle continues until the 
game equilibrium is achieved. 

According to Equation (14), the optimal response volume of User i in Time Period t 
is shown in Equation (15). 

, 2, ,

, , 2,
, 2, , , 1, , 2, ,

1,

, , 1, , 2, ,

0 0

ˆ 2
2

2

r t i r t

r t r t i
i t i r t r t i i t i r t

i

i t r t i i t i r t

p k
p k

x k p k H k
k

H p k H k

λ β

λ β
λ β λ β

λ β

 ≤ ≤ −


+ − − < < + −

 ≥ + −

 (15) 

According to the analytical method, substituting Equation (15) into Equation (13) to 
obtain the optimal solution ,ˆ r tp , and substituting it back into Equation (15) to calculate 
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,ˆi tx , the solution is derived. Since ,ˆi tx is a piecewise function of ,ˆ r tp , the expression 

of the power grid company’s benefit function needs to be discussed in multiple cases 
when substituting Equation (15) into Equation (13). Moreover, the total number of all 
possible cases increases exponentially with the number of users, making the analytical 
method unsuitable for solving the model in this report alone. As can be seen from Equa-
tion (4), rF is an explicit linear function of ,r tp , and the goal of selecting ,r tp is to 

maximize rF without meeting specific constraints, so the model cannot be solved by 
the iterative method either. 

Based on this, considering that solving the model can be converted into solving an 
optimization problem, this paper adopts the Particle Swarm Optimization (PSO) algo-
rithm to find the equilibrium solution of the optimazition model. 

Model Solution. Based on the above analysis, this paper solves the game model by 
combining the analytical method with the PSO algorithm. The subsidy price ,r tp

 
an-

nounced by the power grid company in Time Period t corresponds to the position of 
each particle, and the power grid company’s DR benefit rF  corresponds to the fitness 
value of each particle. The update formulas for the velocity and position of particles are 
as follows: 

1 1 , 2 2( 1) ( ) ( ( )) ( ( ))j j b j j g jv k wv k c r p p k c r p p k+ = + − + −  (16) 

, ,( 1) min(max( ( ) ( 1),0), )j j j w t r tp k p k v k λ λ+ = + + −
 

(17) 

max min
max

( )k w ww w
M
−

= −  
(18) 

k is the number of iterations. ( )jv k is the velocity of the particle j in the iteration k. 

( )jp k is the position of the particle j in the iteration k. w  is the Inertia weight, set to 

decrease linearly with the number of iterations within the range [ ]min max,w w . minw
and maxw  are contrants and can be valued 0.4 and 0.9. 1c and 2c are learning factors. 

,b jp is the best position achieved by particle j. gp is the global best position achieved 

by the entire particle swarm. M is the Maximum number of iterations. 1r and 2r are 
random numbers uniformly distributed within the interval [0,1]. 

To avoid the updated particle positions exceeding the limits and ensure the particles 
remain within the feasible region, the particle positions are corrected according to
Equation (17). The inertia weight w reflects the particle’s optimization capability, and 
w with a larger value enhances the algorithm’s global optimization performance, help-
ing to avoid local optima; w with a smaller value strengthens the local optimization 
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capability, which is conducive to improving the algorithm’s convergence speed. There-
fore, to balance the algorithm’s performance w  can be adjusted using Equation (18). 

The specific steps to solve the game equilibrium are as follows: 
Step 1 od t. : Initialize the subsidy price for each particle in Time Peri
Step 2: Calculate the response volume of each user corresponding to each particle 

based on Equation (15). 
Step 3: Compute the fitness value of each particle using Equation (4). 
Step 4: Update the particle velocity and the corresponding subsidy price according 

to Equations (16) and (17). 
Repeat Steps 2 to 4 for a certain number of iterations to obtain the optimal subsidy 

price for the electricity retailer. Combined with Equation (15), the game equilibrium 
solution of the DR model can be derived. 

4 Case Study 

This report selects 5 users in Province S as the objects of empirical analysis. It is as-
sumed that these 5 users (all assumed to be load curtailment-type users, i.e., the value 
of β for each user is set to 1) have the capability to participate in DR. The relevant 
parameters of the users are set as shown in Table 2, and the upper limit of the response 
volume for the same user is assumed to be consistent across different time periods. 

Table 2. Parameter of Users 

NO. k1,i(¥/MWh2) k2,i(¥/MWh) H2,i(MWh) 
1 1.615 232.56 77.52 
2 1.615 245.48 96.9 
3 1.615 258.4 116.28 
4 1.615 271.32 129.2 
5 1.615 284.24 155.04 

Spot market electricity price data from a single day in the U.S. PJM Interconnection 
market is selected to simulate the market electricity price predicted by the power grid 
company, which is used to validate and analyze the model. Additionally, TOU electric-
ity prices are set as illustrated in Figure 1 and Table 3-4. 

 
Fig. 1. Price of Spot Market and of TOU 
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Table 3. Price of Spot Market 

Time Period Spot Market 
Price(¥/MWh) Time Period Spot Market 

Price(¥/MWh) 
00:00-01:00 130.4274 12:00-13:00 225.6478 
01:00-02:00 123.5798 13:00-14:00 186.1126 
02:00-03:00 123.2568 14:00-15:00 341.088 
03:00-04:00 123.9028 15:00-16:00 299.0334 
04:00-05:00 126.2284 16:00-17:00 514.6036 
05:00-06:00 134.1096 17:00-18:00 181.6552 
06:00-07:00 186.9524 18:00-19:00 176.8102 
07:00-08:00 170.867 19:00-20:00 245.6092 
08:00-09:00 167.1202 20:00-21:00 334.2404 
09:00-10:00 180.7508 21:00-22:00 338.2456 
10:00-11:00 204.3944 22:00-23:00 154.2648 
11:00-12:00 251.1648 23:00-24:00 143.1536 
11:00-12:00 251.1648 23:00-24:00 143.1536 

Table 4. Price of TOU 

Time Period TOU(¥/MWh) 
00:00-07:00,23:00-24:00 140.6859 

07:00-09:00,13:00-17:00,21:00-
23:00 206.6832 

09:00-13:00,17:00-21:00 227.3358 
It can be seen from TOU electricity prices that the load during the period 14:00–

17:00 should originally belong to the off-peak period; however, the spot market elec-
tricity price reaches the highest level of the day. This indicates that during 14:00–17:00, 
certain uncertain factors led to a shortage of electricity supply relative to demand, caus-
ing the spot market electricity price to soar. 

Simulation programming was conducted based on the above data. Taking 1 hour as 
one time period, there are 24 time periods in a day. According to the electricity price 
data, the spot market electricity price ,w tλ  is higher than the TOU ,r tλ electricity price 

during Time Periods 7, 12, 15, 16, 17, 20, 21, 22, and 24, so the power grid company 
can launch DR during these time periods. 

Analysis shows that in Time Periods 15, 16, 17, 21, and 22, the difference between

,w tλ
 
and ,r tλ is relatively large, and correspondingly, the power grid company’s sub-

sidy price, users’response volume, and the benefits of both parties are also relatively 
large. In the remaining time periods, the difference between ,w tλ and ,r tλ is small. And 

the power grid company’s subsidy price, users’ response volume, and the benefits of 
both parties are also small. In Time Periods 7 and 24, users are unwilling to participate 
in DR. It can be concluded that the difference between ,w tλ and ,r tλ has a significant 

impact on the DR game results. The trend of the game results is consistent with the 
expected results, which verifies the rationality of the constructed game model to a cer-
tain extent. 
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5 Conclusions 

This paper focuses on the research of an auxiliary optimazition decision-making model 
for demand response (DR). Firstly, it investigates the mechanism of DR participation 
in the spot market and the supply-demand coordination methods of the spot market. 
Secondly, with the goal of maximizing the benefits of both power grid companies and 
users participating in DR, a decision-making model for DR resources participating in 
the spot market is constructed, and the equilibrium solution of the model is obtained 
using the Particle Swarm Optimization (PSO) algorithm. Finally, through case simula-
tion analysis, the rationality and effectiveness of the model are verified, providing ref-
erence and theoretical guidance for power grid companies to formulate and issue DR 
strategies. 
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