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To enhance the market participation initiatives from the power source and load
sides, we propose a novel power system optimal scheduling and cost
compensation mechanism for China’s peak regulation ancillary service market.
Owing to China’s energy structure, thermal power accounts for nearly half of the
country’s installed power generation capacity. Although the willingness of thermal
power units to participate in peak regulation auxiliary services is low, we propose a
peak regulation cost compensation and capacity-proportional allocation
mechanism. This mechanism comprehensively considers the source-load
initiative. From the source side, it encourages entities to participate in peak
regulation, and the restriction of the peak regulation initiative is set to ensure
that each entity benefits from the peak regulation transaction. From the load side,
it takes the shiftable and sheddable load as the hybrid demand response and uses
the price information to influence the power consumption behavior of the user
side. Subsequently, a peak regulation scheduling model was constructed with the
multi-objective minimum thermal power output fluctuation of the lowest system
operating cost and minimum renewable energy abandonment. This was solved
using a mixed-integer linear programming model and CPLEX. Finally, a power
system consisting of wind-solar-hydro-thermal-storage and hybrid demand
response with a modified IEEE 30-bus system was tested to verify the
effectiveness. It was proven that the proposed method improves the utilization
rate of renewable energy and optimizes the scheduling of the economic benefit
system of each power generation entity.
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1 Introduction

On 31 July 2023, a third-quarter regular press conference was held by the Chinese
National Energy Administration to meet the needs of the new energy power system
construction. The large-scale development of new energy is the basic path for low-
carbon transformation, and the transformation and development of coal-fired power is

OPEN ACCESS

EDITED BY

Bin Zhou,
Hunan University, China

REVIEWED BY

Bo Jie,
The University of Tokyo, Japan
Zhengmao Li,
Aalto University, Finland

*CORRESPONDENCE

Hui Hou,
houhui@whut.edu.cn

RECEIVED 06 August 2023
ACCEPTED 04 September 2023
PUBLISHED 19 September 2023

CITATION

Hou T, Fang R, Wang Z, Huang B and
Hou H (2023), Source-load cooperative
multi-modal peak regulation and cost
compensation mechanism in China’s
ancillary service electricity market.
Front. Energy Res. 11:1273354.
doi: 10.3389/fenrg.2023.1273354

COPYRIGHT

© 2023 Hou, Fang, Wang, Huang and
Hou. This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original author(s)
and the copyright owner(s) are credited
and that the original publication in this
journal is cited, in accordance with
accepted academic practice. No use,
distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Energy Research frontiersin.org01

TYPE Original Research
PUBLISHED 19 September 2023
DOI 10.3389/fenrg.2023.1273354

https://www.frontiersin.org/articles/10.3389/fenrg.2023.1273354/full
https://www.frontiersin.org/articles/10.3389/fenrg.2023.1273354/full
https://www.frontiersin.org/articles/10.3389/fenrg.2023.1273354/full
https://www.frontiersin.org/articles/10.3389/fenrg.2023.1273354/full
https://www.frontiersin.org/articles/10.3389/fenrg.2023.1273354/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenrg.2023.1273354&domain=pdf&date_stamp=2023-09-19
mailto:houhui@whut.edu.cn
mailto:houhui@whut.edu.cn
https://doi.org/10.3389/fenrg.2023.1273354
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org
https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/journals/energy-research#editorial-board
https://www.frontiersin.org/journals/energy-research#editorial-board
https://doi.org/10.3389/fenrg.2023.1273354


important for integrating new energy into the power system. Among
these, the auxiliary power service market mechanism plays a crucial
role (National Energy Administration, 2023).

With the development of the Chinese power auxiliary service
market, source-load cooperative multimodal peak regulation
strategies have become a research hotspot. As thermal power
accounts for nearly half of the country’s installed power
generation capacity in China, its willingness to peak regulation is
low, and it needs to invest a considerable amount in fuel costs,
resulting in a decline in its economic benefits. To promote the
transformation and development of coal-fired power-generation
enterprises, the state has issued policy documents, such as
Opinions on Improving the System, Mechanism, and Policy
Measures for Green and Low-carbon Energy Transformation
(National Development and Reform Commission and National
Energy Administration, 2022). This policy requires the
acceleration of the deep peaking transformation of thermal power
generators and mandates the improvement of peak regulation cost
compensation. Therefore, deep peak regulation (DPR) of thermal
power plants remains one of the main peak regulation methods for
the source side in China. The lower reserve capacity of thermal
power plants is used to provide peak regulation power generation
rights for renewable energy sources such as wind and solar energy.
The load side adopts demand response (DR) to optimize the load
curve.

Researchers have conducted relevant studies to accelerate the
absorption of renewable energy using thermal power DPR. Yin
and Duan (2022) proposed a pricing mechanism for DPR
services. Shi et al. (2021) considered the short-term start-stop
peak regulation of thermal power units. Tian et al. (2019), Peng
et al. (2020), Yang et al. (2021), Yang et al. (2022) modeled a peak
regulation ancillary service market. Although the above studies
provide effective strategies for improving the economy of peak
system regulations, they do not completely consider peak
regulation cost compensation. In fact, the cost of the thermal
power DPR is high. If not properly compensated, it may lead to
economic pressure on thermal power unit operators and affect
the stability of their production and operation.

This has led to in-depth research on peak regulation cost
compensation and allocation mechanisms. Ye et al. (2022), Wu
et al. (2023) used Shapley values to calculate peak regulation costs
for different entities. Wu et al. (2019), Jiang et al. (2022) calculated
the allocation of peak regulation electricity for wind farms based
on the “equal power quantity-following the load” method. Jian
et al. (2018) proposed a DPR model based on an improved
cardinality method. Most of the above studies aimed at the
global optimization of the system; however, there is a lack of
consideration of the economic benefits of thermal power units.
Therefore, some studies have attempted to introduce peak
regulatory initiatives. The goal is to meet the system demand
and ensure fairness and enthusiasm in the unit peak regulation.
Li et al. (2020), Zhao et al. (2022) proposed an optimal scheduling
strategy for a wind-solar-hydro-thermal-storage combined system
optimization and scheduling strategy considering the active
constraint of peak regulation. However, these methods typically
adopt hierarchical scheduling or multiple iterations. This increases
the complexity of the model and the solution time and may even
lead to loss of feasible solutions.

On the load side, the DR, as a flexible resource in power
systems, plays an increasingly important role in peak regulation
strategies. Most existing studies focus on a single type of DR, such
as an incentive-based demand response (IDR) or price-based
demand response (PDR). Ju et al. (2022), Li et al. (2023) guided
users to actively optimize the load curve through IDR on the
demand side. Cui et al. (2021a), Song et al. (2022) compensated
and allocated DPR costs based on an improved analytic hierarchy
process when the PDR was included. However, these studies have
often overlooked cases in which multiple types of DR may exist
simultaneously in a single system. The development of a
coordinated, unified, and effective DR strategy based on the
diversity and complexity of various types of DR is an urgent
problem. This is a crucial challenge in the current research on
power system peak regulation.

The aim of this research is to address the problems of insufficient
initiative of thermal power unit peak regulation, a single DR type,
and complex solutions of nonconvex functions. We propose an
active peak regulation optimal scheduling and compensation cost
allocation mechanism for wind, solar, hydro, and thermal storage
and a hybrid demand response. The goal is to ensure the overall
optimization of the system and consider the economic benefits of the
individual generators. We linearized the nonlinear functions in the
constraint conditions and objective functions using a mixed-integer
linear programming (MILP) model. The peak regulation model was
constructed with the aim of minimizing fluctuations in the thermal
power output, lowering the operating cost of the system, and
minimizing the abandonment of renewable energy. Finally,
CPLEX was used to solve the modified IEEE 30-bus system. This
proves that the proposed method has advantages in improving the
consumption level of renewable energy and promoting the peak
regulation enthusiasm of each peak regulation subject.

2 Cost compensation mechanism
structure

A structural diagram of the power-peaking system is shown in
Figure 1. It consists of two parts: the power system peak regulation
model and peak regulation scheduling model. Wind farms,
photovoltaic power plants, and hydropower units on the source-
side provide green and environmentally friendly power resources.
The thermal power unit DPR absorbs more renewable energy;
accepts the peak regulation compensation of wind power,
photovoltaic power, and other thermal power units; and shares
the compensation cost according to the proportion of the capacity.
In this process, special attention is paid to the entities’willingness for
peak regulation, and the initiative constraint is set to ensure that
each entity can benefit from peak regulation. HDR considers
shiftable and sheddable loads and uses price information to
influence the power consumption behavior of users. Energy
storage (ES) systems utilize batteries. The grid structure is a
modified IEEE 30-bus system, which allows the system to limit
the transmission and distribution of electricity. Three main
optimization objectives are set: minimum fluctuation of the
thermal power output, lowest operating cost of the system, and
minimum abandonment of renewable energy. During the operation
of the entire system, the power outputs of the entities and electricity
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prices for the load are used as input decision variables. An MILP
model was constructed to solve the objective function and decision
variable, and the nonlinear function was treated using square/
piecewise function linearization.

3 Peak regulation cost compensation
and capacity sharing mechanism

In research on the economic dispatch of power systems
considering peak regulation initiatives, the issue of benefit
allocation among various peak regulation entities is involved.
Therefore, this section focuses on analyzing the compensation
and capacity-proportional allocation mechanism for wind power,
photovoltaics, and thermal power units participating in peak
regulation.

3.1 Thermal power unit deep peak regulation
compensation mechanism

The thermal power DPR compensation case is related to the
output reduction behavior at dispatch time. Taking the compensated
peaking service case in Hubei Province, China, as an example, the
reference standard was set at 50% of the unit’s maximum output.
Compensation is based on the generation of thermal power below
the minimum technical output. The compensation case was divided
into five levels, as listed in Table 1 (National Energy Administration
and Central China Regulatory Bureau, 2022). where BG

i,t,peak is the
peak regulation compensation cost for the thermal power unit i;
pG
j,peak is the peak regulation compensation price for the j level of

thermal power unit; PG
i,j,t,peak is the compensated peak regulation

power for the j level of the thermal power unit i; and Δt is the
calculation time step.

FIGURE 1
Power peaking system structure diagram.

TABLE 1 Compensation case for DPR in Hubei Province, China.

Load factor Compensation standard/[RMB/(MW·h)]
45%–50% 200

40%–45% 300

35%–40% 400

30%–35% 500

below 30% 600

It is assumed that all the thermal power units in the system are DPR units, and the participating DPR service units are compensated according to their paid peak load capacity.
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BG
i,t,peak � ∑5

j�1
pG
j,peakP

G
i,j,t,peakΔt (1)

Thus, the total peak regulation compensation expenditure at
time t is

Bt,peak � ∑NG

i�1
∑5
j�1
pG
j,peakP

G
i,j,t,peakΔt (2)

where NG is number of thermal power units.

3.2 Peak regulation cost and capacity
sharing mechanism

Wind, photovoltaic, and thermal power share DPR compensation
costs. To further improve each entity’s enthusiasm for participating in
peak regulations, a different approach was adopted for the capacity-
sharing mechanism. Unlike the electricity allocation mechanism (Zhao
et al., 2022), the capacity allocation mechanism was determined based
on the proportion of each unit’s maximum output, whereas the
allocation of thermal power units was determined based on the
proportion of their non-DPR capacity.

WWT
l,t � PWT

l,t,maxBt,peak

∑NG

i�1
PG
i,basic + ∑NWT

l�1
PWT
l,t,max + ∑NPV

m�1
PPV
m,t,max

(3)

WPV
m,t �

PPV
m,t,maxBt,peak

∑NG

i�1
PG
i,basic + ∑NWT

l�1
PWT
l,t,max + ∑NPV

m�1
PPV
m,t,max

(4)

WG
i,t,basic �

PG
i,basicBt,peak

∑NG

i�1
PG
i,basic + ∑NWT

l�1
PWT
l,t,max + ∑NPV

m�1
PPV
m,t,max

(5)

PG
i,basic � PG

i,max − PG
i,min (6)

where WWT
l,t , WPV

m,t, and WG
i,t,basic represent the peak regulation cost

allocation for the wind farm, photovoltaic station, and thermal
power unit at time t; PWT

l,t,max and PPV
m,t, max represent the

maximum output of the wind farm and photovoltaic station at
time t; NWT is the number of wind farms; NPV is the number of
photovoltaic plants; PG

i,basic is the non-DPR capacity of the thermal
power unit i; and PG

i,max and PG
i,min represent the maximum and

minimum output of thermal power unit i, respectively.

3.3 Peak regulation initiative model

The proposed peak regulation initiative was quantified by the
extra profits obtained from each entity participating in the service.
The wind power profit and photovoltaic peak regulation are
composed of the profit from electricity sales, the allocation cost,
and the penalty for abandoning wind and light. The thermal power
peak regulation profit is composed of compensation, allocation, and
DPR costs. These are shown in Eqs. 7–9. The thermal power unit
DPR transfers peaking power generation rights to renewable energy.
However, renewable energy compensates for thermal power units.
When the profit is positive, each entity is willing to participate in the
peak regulation auxiliary service to ensure fairness of the
compensation and cost allocation mechanism.

(1) Wind power peak regulation profit:

BWT
l � ∑T

t�1
pWTPWT

l,t −WWT
l,t − θPWT

l,t,cur( )
BWT
l ≥ 0

⎧⎪⎪⎨⎪⎪⎩ (7)

where pWT is the wind power grid-connected electricity price,
PWT
l,t is the wind farm l’s output power at time t, θ is the penalty

factor for wind and photovoltaic curtailment, and PWT
l,t,cur

represents the wind curtailment power at time t.

(2) Photovoltaic peak regulation profits

BPV
m � ∑T

t�1
pPVPPV

m,t −WPV
m,t − θPPV

m,t,cur( )
BPV
m ≥ 0

⎧⎪⎪⎨⎪⎪⎩ (8)

where pPV is the grid-connected PV electricity price, PPV
m,t is

photovoltaic station m’s output power at time t, and PPV
m,t,cur is

the photovoltaic curtailment power at time t.

(3) Thermal power peak regulation profits

BG
i � ∑T

t�1
BG
i,t,peak −WG

i,t,basic − CG
i,t,peak( )

BG
i ≥ 0

⎧⎪⎪⎨⎪⎪⎩ (9)

CG
i,t,peak � Ci,t,unit + Ci,t,oil + pGΔPG

i,t − BG
i,t,coal (10)

ΔPG
i,t � max UG

i,tP
G
i,min − PG

i,t, 0( ) (11)
BG
i,t,coal � C

PG
i,min

i,t,coal − C
PG
i,min−ΔPG

i,t

i,t,coal (12)
where CG

i,t,peak is the DPR cost for the unit ; Ci,t,unit, Ci,t,oil are the
DPR loss cost and fuel cost for the unit, the detailed equations of
which will be presented in 5.1; ΔPi,t is the unit’s power generation
reduction due to DPR; pG is the grid-connected electricity price for
thermal power; PG

i,t is the unit’s output power;U
G
i,t is the unit’s on/off

status variable; BG
i,t,coal represents the unit’s coal-saving benefits due

to DPR; and CP
i,t,coal represents the unit’s coal consumption cost at

time p.

4 Hybrid demand response model

There are two types of HDR: incentive demand response IDR
and PDR (Hou et al., 2022a).

4.1 IDR model

The stimulated demand response (IDR) mainly includes two
types: shiftable and sheddable loads.

(1) Shiftable Load

A shiftable load generally refers to a load, that is, not interrupted
but can shift the entire electricity consumption period, such as in air
conditioning and factories. The subsidizing shiftable load’s cost CTL

in the system is denoted by
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CTL � ∑NTL

i�1
∑T
t�1
cTLP

TL
i,t,outΔt (13)

where cTL represents the unified subsidy unit price for the shiftable
load in the system, PTL

i,t,out represents type i shiftable load’s power
transfer-out at time t,NTL is the number of shiftable load types, and
T is the total number of scheduling time periods.

(2) Sheddable load Sheddable load refers to loads such as lighting
and computers that cannot be shifted but can be reduced or
interrupted for electricity consumption. The load schedule after
adopting the sheddable load control is

PRL
t � ∑Y

y�1
Uy,tSy,t (14)

where PRL
t represents the sheddable load demand for time period t,

Uy,t is the load-shedding state variable at time t, Sy,t is y user’s
sheddable capacity in the specific time period t, and Y is the number
of users with a reduced capacity.

The system’s subsidy cost for sheddable load is represented as

CRL � ∑T
t�1
cRL,tPRL,tΔt (15)

where cRL,t is the system’s unified subsidy unit price for RL.

4.2 PDR model

The PDR changes the way users use electricity by adjusting the price
signal based on the principle of consumer psychology. The electricity
price elastic matrix is used to model the PDR, as shown in Eqs. 16–18.

E �
ε11 ε12 / ε1T
ε21 ε22 / ε2T
..
. ..

.
1 ..

.

εT1 εT2 / εTT

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (16)

ε � ΔD
D

p

Δp (17)
ΔD1

D1

..

.

ΔDT

DT

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
� E

Δp1

p1

..

.

ΔpT

pT

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
(18)

where E represents the electricity quantity and price’s elasticity
matrix; ε is the demand price elasticity coefficient; and ΔD and Δp
represent the electricity quantity D and electricity price p’s
increments, respectively.

5 Peak regulation model for power
system

The peak regulation scheduling model was constructed with the
minimum fluctuation of the thermal power output, lowest operating
cost of the system, and minimum abandonment of renewable
energy.

5.1 Objective function

Thermal power units bear the residual net load deducting other
peaking resources (Li et al., 2020). In order to reduce the peak
regulation pressure of thermal power units and maximize the use of
resources such as wind, solar, water storage and DR to participate in
peak regulation auxiliary services, the minimum fluctuation of
thermal power output is taken as the objective function, as
shown in Eq. 19.

minf1 � 1
T
∑T
t�1

PG
t − PG

av

∣∣∣∣ ∣∣∣∣ (19)

PG
t � ∑NG

i�1
PG
i,t (20)

PG
av �

1
T
∑T
t�1
PG
t (21)

where PG
t is the output of all thermal power units at time t and PG

av is
the average thermal power output in time period T.

The comprehensive electricity cost of the system includes the
comprehensive operating costs of the thermal power units, ES, and
load, as shown in Eq. 22.

minf2 � CES + CMT − CLD (22)

(1) Comprehensive operating cost of thermal power units

a) Fuel and start-stop unit cost

Cbasic � Ccoal + Css (23)
Ci,t,coal � ai P

G
i,t( )2 + biP

G
i,t + ciU

G
i,t (24)

Ccoal � ∑T
t�1
∑NG

i�1
Ci,t,coal (25)

Css � ∑T
t�2
∑NG

i�1
Si,startU

G
i,t 1 − UG

i,t−1( )+[ Si,stopU
G
i,t−1 1 − UG

i,t( )] (26)

where Cbasic is the basic operation cost of thermal power; Ccoal and
Css represent the cost of coal consumption and the thermal power
unit’s start-stop operations, respectively; ai, bi, and ci represent the
secondary, primary, and constant coefficients of unit i’s
consumption, respectively; Si,start is unit i’s start-up cost; and
Si,stop is unit i’s shutdown cost.

The method used in Li et al. (2022) can reduce the difficulty of
solving and increase the rate, which linearizes the quadratic function
of unit i’s coal consumption cost.

According to Eq. 25, the abscissa of the cost function represents the
power output of the thermal power units and the ordinate represents
the cost. Assuming that the abscissa is divided into m segments, with
each segment having a length l, the expression is as follows:

L � PG
i,max − PG

i,min

m
(27)

PG
i,t,l is introduced to represent unit i’s actual output value in period t

and segment l; thus, Eq. 24 can be rewritten as

Ci,t,coal � ∑m
l�1
klP

G
i,t,l + UG

i,tP
G
i,0 (28)
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where kl represents each segment’s slope, calculated by Eq. 29. Pi,0

represents the unit cost at the lowest output, calculated by Eq. 30.

kl �
ai PG

i,t,l+1( )2 + biPG
i,t,l+1 + ci − ai PG

i,t,l( )2 + biPG
i,t,l + ci[ ]

PG
i,t,l+1 − PG

i,t,l

(29)

Pi,0 � AiP
2
i,min + BiPi,min + Ci (30)

b) Unit DPR loss cost
The additional unit losses caused by the unit DPR are

approximately calculated with reference to the widely used
Manson-Coffin formula (Lin and Tian, 2017), as shown in Eq. 31.

Ci,t,unit � βSunit,i/ 2Nf PG
i,t( )( ) (31)

where β is the influence unit operation’s coefficient, Sunit,i represents
unit i’s purchase cost; andNf(PG

i,t) represents the fatigue cycle until
rotor fracture occurs.

Linear fitting of the actual unit loss data was performed to obtain
the linear formula of the unit loss under different outputs:

Ci,t,unit �
−0.000045 PG

i,t

PN
+ 0.000033( )Sunit,i
T

(32)

where PN is the unit’s rated capacity, and T represents the test
impact frequency of 96 times/day.

c) Unit DPR-assisted fuel combustion cost

Ci,t,oil � Qi,t,oilpoil (33)
whereQi,t,oil is unit i’s DPR stage fuel injection quantity at time t, and
poil is the oil price.

Based on the different operating conditions of the thermal power
units, the comprehensive operating cost is expressed as

CMT �

Cbasic, PG
i,min <Pi,t ≤PG

i,max

Cbasic +∑NG

i�1
∑T
t�1
Ci,t,unit, Pi,a <Pi,t ≤PG

i,min

Cbasic +∑NG

i�1
∑T
t�1

Ci,t,unit + Ci,t,oil( ), Pi,b <Pi,t ≤Pi,a

⎧⎪⎪⎪⎪⎪⎪⎪⎨⎪⎪⎪⎪⎪⎪⎪⎩
(34)

where Pi,b is the limit of the DPR-assisted combustion power for the
thermal power units; Pi,a is the limit of the non-DPR-assisted
combustion power for thermal power units.

(2) ES comprehensive operating costs

CES � CS − BS (35)
where CS is the ES operating cost, and BS is the ES operating profit.

a) ES operating cost model
The ES operating cost model considers charging and

discharging.

CS � ∑T
t�1
cS Pdis

t + Pchar
t( ) (36)

where cS is the charge and discharge power cost coefficient of ES.
b) ES operating profit model
The ES operating profit depends mainly on its electricity sales

and environmental profits, as shown in Eq. 37.

BS � ∑T
t�1

pgrid
t Pdis

t ηd −
pgrid
t Pchar

t

ηc
( ) +∑T

t�1
∑M
k

ηdp
poll
k Pdis

t ξpollk (37)

where pgrid
t is the on-grid electricity price; ηc and ηd represent the

charging and discharging efficiencies of the ES, respectively; Pchar
t

and Pdis
t represent the charging and discharging power at time t of

the ES, respectively, respectively; ppoll
k is the penalty coefficient for

pollutant k; ξpollk is the environmental benefit coefficient of k
pollutant’s reducing emissions by replacing power generation
from the higher-level power grid with ES; and M is the pollutant
type number.

(3) Comprehensive load electricity cost

CLD � Cpro − CTL − CRL (38)
where Cpro is the profit from electricity sales to users, CTL is the
subsidy cost for the shiftable load, and CRL is the subsidy cost for the
sheddable load.

The profit from electricity sales to internal users can be
expressed as follows

Cpro � ∑T
t�1
pPDR
t PPDR

t (39)

where pPDR
t is the time-of-use electricity price for internal users in

the system after PDR and PPDR
t is the internal user load in the system

after PDR.
The minimum total abandoned consumption of wind power,

photovoltaic power, and hydropower in T periods is taken as the
objective function, as shown in Eq. 40:

minf3 � ∑NT

t�1
∑NWT

l�1
PWT
l,t,curΔt( ) +∑NT

t�1
∑NPV

m�1
PPV
m,t,curΔt( ) +∑NT

t�1
∑NH

h�1
PH
h,t,curΔt( )

(40)
where PH

h,t,cur is hydropower station h’s spilled water power in time
period t, and NH is the number of hydropower plants.

5.2 Constraints

(1) Power balance constraints

∑NWT

l�1
PWT
l,t + ∑NPV

m�1
PPV
m,t +∑NH

h�1
PH
h,t +∑NG

i�1
PG
i,t + Pdis

t + Pchar
t

� ∑NTL

i�1
PTL
i,t,in − PTL

i,t,out( ) − PRL
t + PPDR

t (41)

where PH
h,t is the hydropower’s actual grid-connected power at time

t, and PTL
i,t,in is the transferred power of type i’s shiftable load at time t.

(2) Thermal power unit power-output constraint

0≤PWT
l,t ≤PWT

l,t,max (42)
0≤PPV

m,t ≤P
PV
m,t,max (43)

0≤PH
h,t ≤P

H
h,t,max (44)

UG
i,tPi,b ≤PG

i,t ≤U
G
i,tPi,max (45)
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Uchar
t P char

min ≤Pchar
t ≤Uchar

t P char
max

Udis
t P dis

min ≤Pdis
t ≤Udis

t P dis
max

Uchar
t + Udis

t ≤ 1

⎧⎪⎨⎪⎩ (46)

where PH
h,t,max is the hydropower’s maximum output at time t; Uchar

t

andUdis
t represent the charging and discharging state variables of the

ES, respectively; P char
min and P char

max represent the upper and lower
limits of the charging power, respectively; and P dis

min and P dis
max

represent the upper and lower limits of the discharging power,
respectively.

(3) Thermal power unit ramping constraint:

PG
i,t − PG

i,t−1
∣∣∣∣ ∣∣∣∣≤ ri (47)

where ri is thermal power units’ maximum ramping rate.
(4) ES constraints

SSt � SSt−1 1 − δ( ) + Pchar
t ηcΔt
ES

− Pdis
t Δt
ηdES

S min ≤ SSt ≤ S max

⎧⎪⎪⎨⎪⎪⎩ (48)

SST � SS0 (49)
where SSt is the state of charge (SoC) of the ES at time t; δ represents
the self-discharge rate of the ES; ES is the ES’s capacity; S max and

FIGURE 2
Modified IEEE 30-bus system.

TABLE 2 Parameters of the energy storage system.

Parameter Energy storage
capacity/(MW·h)

Self-discharge
rate/%

Maximum charge and
discharge power/MW

Charge and
discharge

efficiency/%

State of charge
upper/lower

limit/%

Initial state
of charge/%

value 300 0.005 50 0.9 0.9/0.2 0.5

TABLE 3 Parameters of thermal power units.

Maximum output/MW Ramp rate/(MW·h) Start-stop cost/yuan Fuel cost factor

ai/[yuan/(MW)] bi/(yuan/MW) ci/yuan

460 180 31500 0.0211 21.05 1313.6

300 120 31500 0.07 23.9 471

243 100 31500 0.079 21.62 480.29

120 50 3850 0.048 23.23 639.4

130 50 3850 0.063 16.51 502.7
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Smin represent upper and lower limits of the charging state of the ES,
respectively; and SS0 and SST represent ES’s charge state at the
beginning and end of the time, respectively.

(5) Power grid transmission capacity constraint

Yi,j θi,t − θj,t( )∣∣∣∣∣ ∣∣∣∣∣≤PL
i,j,max (50)

FIGURE 3
Wind power, photovoltaic power generation, and load curves.

FIGURE 4
Electricity price of power grid and users.
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where Yi,j represents the admittance between nodes i and j; θi,t and θj,t
represent voltage’s phase angle at nodes i and j, respectively; andPL

i,j, max

is the maximum allowed transmission power between nodes i and j.
(6) IDR constraint

∑T
t�1
QTL

t,out � ∑T
t�1
QTL

t,in (51)

0≤QTL
t,out ≤Q

TL
max (52)

0≤QTL
t,in ≤Q

TL
max (53)

0≤PRL
t ≤PRL

t,max (54)
where QTL

t,out and Q
TL
t,in represent the transferred and received loads at

time t, respectively; Q TL
max is the maximum transferred and received

loads at each time; and PRL
t,max are the shiftable loads at time t.

(7) PDR constraint

FFR
t ≤FFR

t,max (55)

FFR
t � PPDR

t − PPDR
t−1

∣∣∣∣ ∣∣∣∣
PPDR
t

(56)

P L
min ≤PPDR

t ≤P L
max (57)

∑T
t�1
PPDR
t � ∑T

t�1
PL
t (58)

1 −
∑T
t�1

PPDR
t − PL

t

∣∣∣∣ ∣∣∣∣
∑T
t�1
PL
t

≥ms (59)

1 −
∑T
t�1

pPDR
t PPDR

t − pL
t P

L
t( )

∑T
t�1
pL
t P

L
t

≥mp (60)

where FFR
t is the load fluctuation rate at time t; FFR

t,max is the
maximum load fluctuation rate at time t; P L

min and P L
max

represent the original load’s minimum and maximum values,
respectively; PL

t is the original load’s forecasted value at time t;
ms and mp represent user satisfaction with electricity usage and
satisfaction lower limit with electricity expenses, respectively;
and pL

t is the original electricity purchase price for users at
time t.

6 Case study

The validity of the proposed model was verified by analyzing
the results of the previous 96 periods (15 min/period) (Huang
et al., 2023). The MILP model was solved using the MATLAB
2022A platform and calling CPLEX 12.9 through YALMIP. The
simulation was performed on an AMD Ryzen Threadripper
3970X processor with 64 GB RAM. The maximum runtime
was 100.3 s.

6.1 Case study parameters

The modified IEEE 30-bus system was used for the simulation
analysis to verify the effectiveness and applicability of the proposed
method, as shown in Figure 2 (Cao et al., 2023). The case study
included one wind farm, one photovoltaic power station, one
hydroelectric power station, five thermal power units, and one
energy-storage system. The parameters of each unit are listed in
Table 2 and Table 3 (Li et al., 2019).

The on-grid electricity price for wind power is 570 yuan/
(MWh), and that for photovoltaic power is 921 yuan/(MWh).
The penalty coefficient for wind and photovoltaic abandonment
was 536 yuan/(MWh). The wind power, photovoltaic power, and
load curves are shown in Figure 3 (Li et al., 2023). The on-grid
electricity price of the thermal power was 375 yuan/(MWh), and
the thermal power unit purchase cost was 4,394 yuan/kW. The
fuel consumption during the DPR stage of the unit was 4.8 t/h,
and the fuel price was 6,130 yuan/t. The profits from electricity
purchases and ES sales are based on the peak and grid valley
electricity prices, as shown in Figure 4. The charge and discharge

TABLE 4 Price elasticity matrix of demand.

Peak Flat Valley

peak −0.1 0.016 0.012

flat 0.016 −0.1 0.01

valley 0.012 0.01 −0.1

TABLE 6 Parameters of sheddable load.

Load type 1 Load type 2 Load type 3 Load type 4

maximum interruption duration/h 1 2 1 2

interrupt capacity/kW 50 50 50 50

TABLE 5 Parameters of shiftable load.

Load type 1 Load type 2 Load type 3 Load type 4

start time before transfer-out 20:00 19:00 18:00 19:00

operating time/h 2 3 3 1

hourly load transfer capacity/kW 20 30 40 50
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cost was 50 yuan/(MWh), and the ES environmental benefit was
converted to 314 yuan/(MWh) (Yang et al., 2022). In PDR, a
three-level load price is used to represent the peak, valley, and
flat power consumption characteristics, as shown in Figure 4.
Assuming that 5% of the users participate in the PDR every hour,
the elastic matrix parameters of the electricity price are listed in
Table 4 (Cui et al., 2021b). In the IDR, the user compensation fee
for the shiftable and sheddable load was 140 yuan/(MWh), and
the parameter settings are shown in Table 5 and Table 6 (Hou
et al., 2022b).

6.2 System peak regulation dispatch results
analysis

To develop an efficient and economical experimental design
model, we used an L4(23) orthogonal array in the orthogonal
experimental design (Hou et al., 2022c). Considering the
dependency relationship between the depth peak regulation and
the peak regulation initiative, four cases were designed, as listed in
Table 7.

The above four cases were simulated and analyzed, and the
power output curves and optimization results for each entity are
presented in Figure 5 and Table 8.

By comparing Cases 2 and 4, it can be seen that the renewable
energy consumption significantly improved after the
implementation of the demand response. The load curve was
optimized by guiding users to change their power consumption
behavior through demand response, and the wind power
abandonment rate was reduced from 2.2% to 1.2%. In addition,
the demand response can effectively reduce the peak–valley
difference in the system net load, peak load pressure, and energy
storage of the thermal power units. By comparing the output of the
thermal power units in Figure 5, we can see that in Case 4, the
thermal power unit output fluctuation is smaller and the operating
cost is lower.

By comparing Cases 2 and 3, we found that Case 3 gives up
the DPR because it considers the peak regulation initiative. This
is because of the following reasons: although DPR improves the
system’s flexibility, with an increase in the peak regulation
depth, thermal power units face greater economic pressure
owing to the unit loss cost and fuel injection cost and the
reduced power generation. The peak regulation
compensation obtained by thermal power units cannot fully
compensate for the increased cost due to the DPR; therefore,
they choose to withdraw from the peaking cooperation

TABLE 7 Four cases for simulation.

DR DPR Peak regulation initiative Photovoltaic

case 1 ✓ ✓

case 2 ✓ ✓ ✓

case 3 ✓ ✓ ✓ ✓

case 4 ✓ ✓

FIGURE 5
Optimal scheduling results of each unit under different cases. (A)
Optimal scheduling results for case 1. (B) Optimal scheduling results
for case 2. (C) Optimal scheduling results of Case 3. (D) Optimal
scheduling results of Case 4.
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voluntarily, which proves the fairness of the cost compensation
and capacity-sharing mechanism.

Case 3 can be viewed as a case in which DPR is not
considered. Compared with Case 3, Case 2 considers DPR
and ES access to the thermal power units. Despite the
increased loss and fuel injection costs of the thermal power
units, the DPR reduces the wind abandonment rate by 4.4% and
increases the profit by 285,000 yuan. This is achieved while
ensuring the lowest total operating cost of the system. In
summary, the thermal power unit DPR has a significant
effect on the renewable energy consumption and system
operating costs.

To explore the impact of different renewable energy
penetration rates on the system peak regulation, cases 1 and
2 were compared. The results show that, in Case 1, the operating
cost of the thermal power units increases significantly with a
decrease in renewable energy penetration. This is because
thermal power units operate in the conventional peak
regulation stage, instead of renewable energy to provide more
electricity, need to face more coal consumption costs and start-
stop costs. Despite the increased cost of the thermal power units,
the system can still operate well in high-permeability wind and
low-permeability renewable energy systems, thereby
demonstrating good adaptability.

To further explore the effectiveness of the proposed model, this
section analyzes the output of each thermal power unit, as shown in
Figure 6.

In case 2, thermal power unit 1 is in the DPR state from 10:
00 to 15:00, whereas units 4 and 5 perform the start-stop peak
regulation. From the perspective of the system peak regulation
effect, the DPR can improve the flexibility of the system.
However, in Case 3, the DPR-related cost of the thermal
power units cannot be adequately compensated for. Unit
1 includes the DPR and enters a normal peak load-balancing
state after the active peak load-balancing constraint is
introduced. This is because of the lack of compensation in the
peak regulation service or the design of the compensation
mechanism. Considering the peak load balancing initiative, it
is essential to explore appropriate incentive mechanisms and
compensation strategies. These efforts aim to attract thermal
power units to participate actively in deep-peak regulations,
which can significantly improve the system economy.

Similar to Case 3, the thermal power units in Case 1 did not
participate in the DPR for different reasons. In Case 3, the
thermal power units exit the DPR because the system fails to
provide adequate compensation for the increased peaking cost.
In Case 1, although there is a large peak and valley difference in
the net load curve, the start–stop cost of small-capacity units is
relatively low because of the large number of thermal
power units; therefore, they can replace DPR by start-stop
peaking. The system can achieve better economy
and scheduling flexibility through a flexible start-stop peak
regulation strategy. This means that thermal power units
can not only combine depth peaking and start-stop peaking
strategies to provide a stable power supply to the system,
but can also reduce the peak-valley difference of the system.
Thus, it is an economical and efficient choice for system
operations. TA
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7 Conclusion

This study addresses the peak regulation issues arising from the
large-scale integration of renewable energy sources into the power
grid, as well as China’s ancillary service electricity market reform. It
proposes a source-load cooperative multimodal peak regulation and
cost compensation mechanism for wind-solar-hydro-thermal-
storage and hybrid demand-response power systems. The main
conclusions are as follows.

(1) The proposed optimal scheduling for peak regulation is
based on a capacity-proportional allocation mechanism. It
can effectively smoothen the net load peak-valley
difference and reduce the peak pressure on the thermal
power units. The renewable energy consumption level of
the system is increased by 4.4%, and the profit is increased
by 5.6%.

(2) To encourage more thermal power units to actively participate
in deep-peak load balancing, it is necessary to explore suitable
incentive mechanisms and compensation strategies. The
standard compensation system of auxiliary services for peak
regulation in China’s power market still requires improvement,
and the supporting policies require further strengthening.

(3) It should be pointed out that the proposed model still needs to
test its operability through practice. In the follow-up study, the
pilot work of peak regulation auxiliary service can be carried out
on a regional scale, and the existing models can be compared
and evaluated by using the cooperation and competition among
multiple peak regulation subjects.
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