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A B S T R A C T

The integration of wind power into energy systems is a critical global challenge in the context of limited peak 
shaving capacity of cogeneration units, observed in many regions with high wind energy potential. This study 
explores thermoelectric decoupling strategies to enhance wind power utilization and improve system efficiency. 
Four integrated thermoelectric peak shaving schemes are investigated, including electric boiler, electric heat 
pump, absorption heat pump, and mechanical heat pump, each integrated with thermal energy storage. A 
mathematical model was developed and validated using data from a combined heat and power plant in Jilin 
Province, China, demonstrating its scalability and applicability. The results indicate that the mechanical heat 
pump and electric heat pump schemes achieved the highest net incomes, with exergic efficiencies exceeding 65 
%. The electric boiler scheme achieved the highest wind power utilization, reducing the wind curtailment rate to 
0.1 %. All schemes contributed to significant coal savings, with the mechanical heat pump reducing standard coal 
consumption by 16.91 kg/MWh of electricity and 1.22 kg/GJ of heat. Furthermore, the schemes demonstrated 
substantial carbon emission reductions and improvements in overall energy efficiency. These findings provide 
more insights into enhancing the operational flexibility of combined heat and power systems and integrating 
renewable energy sources, offering a scalable solution for regions seeking to transition to low-carbon energy 
systems.

1. Introduction

Renewable energy systems are becoming a cornerstone of the global 
energy transition, with wind energy playing a critical role in decar
bonizing energy systems. However, wind power curtailment due to 
insufficient flexibility in combined heat and power (CHP) systems is a 
persistent issue worldwide, particularly in regions with growing 
renewable energy penetration. For example, China’s energy structure is 
undergoing a swift transformation towards low-carbon. The proportion 
of clean energy has been steadily increasing, reaching 25.9 % of total 
energy consumption in 2022. However, total coal consumption still 
accounts for 56.2 % of the total energy consumption[1]. While the 
proportion of coal consumption is decreasing, it remains difficult to 
change coal as the primary energy source in the short term. Therefore, 

improving the utilization of renewable energy is imperative in response 
to the “peak carbon dioxide emissions, carbon neutral” policy. By the 
end of 2022, China’s cumulative installed wind power capacity had 
reached 365 GW, increasing by 11.2 % compared to the previous year. 
However, the wind power waste remains a pressing concern[1]. District 
heating in northern China relies primarily on CHP units and coal-fired 
boilers. As the district heating area continues to expand, CHP units 
generate a considerable electricity while meeting user heat demands, 
constraining wind power’s utilization and leading to severe wind 
curtailment issues.

Enhancing the peaking capacity of CHP units through the trans
formation of CHP can effectively facilitate the integration and decar
bonization of renewable energy [2]. To a certain extent, the problem of 
wind abandonment in the ‘three north’ area can be alleviated. Sun et al. 
[3] determine the optimal thermal energy storage (TES) capacity and 
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Nomenclature

Abbreviation
CHP Combined heat and power
TES Thermal energy storage
CSP Concentrated solar power
EB Electric boiler
HP Heat pump
EHP Electric heat pump
AHP Absorption heat pump
MHP Mechanical heat pump
CON Condensing unit

Symbols
FCHP(t)FCHP(t) The operating cost of CHP units at time t, ten 

thousand yuan
fifi The operating cost of the i characteristic point of CHP 

units, ten thousand yuan
xi(t)xi(t) The value of decision variable coding operation area in the 

feasible area of CHP units
PCHP(t)PCHP(t) The electrical output of CHP units at time t, MW
pipi The electrical output of the i characteristic point of CHP 

units, MW
QCHP(t)QCHP(t) The thermal output of CHP units at time t, MW
qiqi The thermal output of the i characteristic point of CHP 

units, MW
FCON(t)FCON(t) The operating cost of CON units at time t, ten 

thousand yuan
kk The unit power generation cost of CON units, ten thousand 

yuan/MW
PCON(t)PCON(t) The CON units electrical output at t time, MW
FHB(t)FHB(t) The operation cost of the peaking boiler at time t, ten 

thousand yuan
QHB(t)QHB(t) The thermal output of the peaking boiler at time t, MW
fcaolfcaol The standard coal price, yuan /t
ηHBηHB The operating efficiency of the peaking boiler, %
q0q0 The calorific value of standard coal, 29.27 MJ/kg
FeFe The heating season CHP units, CON units sales income, ten 

thousand yuan/year
FhFh The heating season sales heat income, ten thousand yuan/ 

year
FwFw The revenue gained from selling wind power during 

heating season, ten thousand yuan/year
FcostFcost The operating cost of the heating system in the season, ten 

thousand yuan /year
CeCe The sale of electricity power prices, ten thousand yuan
ChCh The sale of heat power prices, ten thousand yuan
CwCw The sale of wind power prices, ten thousand yuan
PCHP

i (t)Pi
CHP(t) The electrical output of the i CHP units at time t. MW

PCon
j (t)Pj

CON(t) The electrical output of the j CON units at time t. MW
QD(t)QD(t) The system heat load at time t, MW
Pw(t)Pw(t) The wind power at time t, MW
FCHP

i (t)Fi
CHP(t) The operating cost of the i CHP units at t time, ten 

thousand yuan
FCON

j (t)Fj
CON(t) The operating cost of the j CON units, ten thousand 

yuan
Ff (t)Ff (t) The operating cost of the auxiliary heat source equipment, 

ten thousand yuan
PCHP,i(t)Pi

CHP(t) The CHP units electrical output at t time, MW
PCHP,i(t − 1)Pi

CHP(t − 1) The CHP units electrical output at t-1 time, 
MW

PCHP,rPCHP,r The climbing power of CHP units, MW/h
PCHP,maxPCHP,max The upper limit of the electric output of CHP units, 

MW

PCHP,minPCHP,min The lower limit of the electric output of CHP units, 
MW

QCHP,maxQCHP,max The upper limit of thermal output of CHP units, 
MW

QCHP,minQCHP,min The lower limit of thermal output of CHP units, MW
PCON,maxPCON,max The upper limit of the power output of CON units, 

MW
PCON,minPCON,min The lower limit of the power output of CON units, 

MW
PCON,i(t)Pi

CON(t) The CON units electrical output at t time, MW
PCON,i(t − 1)Pi

CON(t − 1) The CON units electrical output at t-1 time, 
MW

PW,pre(t)PW,pre(t) The forecast amount of wind power at time t, MW
QD(t)QD(t) The system heat load at time t, MW
QCHP

i (t)Qi
CHP(t) The heat produced by the i thermoelectric unit at 
time t, MW

Qf (t)Qf (t) The heat supply of auxiliary heat source equipment at 
time t, MW

ED(t)ED(t) The electrical load on the system at time t, MW
QTES(t)QTES(t) The heat in TES at t time, MWh
QTES(t − 1)QTES(t − 1) The heat in TES at t-1 time, MWh
ηTES,SηTES,S The heat storage efficiency of the TES, %
QTES,S(t)QTES,S(t) The heat stored at time t, MW
QTES,R(t)QTES,R(t) The heat discharged at time t, MW
QS,maxQS,max The maximum heat storage rate of TES, MW
QR,maxQR,max The maximum heat storage rate of TES, MW
PEB(t)PEB(t) The power consumption of EB at time t, MW
PEB,maxPEB,max The maximum operating power of EB, MW
QEB(t)QEB(t) The thermal output of EB at time t, MW
ηEBηEB The operating efficiency of EB, %
PEHP(t)PEHP(t) The EHP power consumption at t time, MW
PEHP,maxPEHP,max The maximum power of EHP, MW
QEHP(t)QEHP(t) The EHP heating output at t time, MW
Qq,AHP(tQq,AHP(t) The AHP drive steam heat at t time, MW
Qq,AHP,maxQq,AHP,max AHP’s maximum drive steam heat, MW
QAHP(t)QAHP(t) The heating output of AHP at t time, MW
PMHP(tPMHP(t) The MHP drive power at t time, MW
ηTηT The transmission efficiency between the turbine and the 

generator, %
ηMηM The generator efficiency, %
PMHP,maxPMHP,max The maximum power of MHP, MW
QMHP(t)QMHP(t) The heating output of MHP at time t, MW
FtzFtz The cost of amortizing the initial investment of the 

auxiliary heat source equipment to the entire life cycle of 
the equipment, ten thousand yuan /year

Cf Cf The initial investment per unit capacity equipment, ten 
thousand yuan /MW

Rf Rf The new peak load equipment capacity, MW
CTESCTES The cost per cubic meter of TES construction, ten thousand 

yuan /m3m3

VTESVTES The capacity of TES,m3m3

nn The service life of the equipment is, years, assuming that 
the service life is 20 years

ηWηW The system curtailment rate, %
PW,prePW,pre The forecast amount of regional wind power, MW
PWPW The amount of wind power connected to the system, MW
ηNηN The system’s wind capacity, %
PW,0PW,0 The amount of wind power connected to the traditional 

CHP system, MWh
a0a1a2a0, a1, a2 The fitting coefficient of coal consumption of CON 

units
b0b2b3b4b5b0, b2, b3, b4, b5 The fitting coefficient of coal 

consumption of CHP units
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heat release rate for the case system, enabling improved depth peaking 
capacity of the units and a coal consumption saving of 20.91 g/kWh for 
the system. Additionally, a feasible logic operation scheduling strategy 
for heat storage and heat release is proposed. Pablo[4] proposes an 
economic approach for estimating the heat accumulator volume through 
the historical heat load, specifically for the thermal power plant trans
formation. The findings indicate that increasing the TES can signifi
cantly reduce the operating hours of the CHP units’ maximum 
generating capacity. Zhang et al. [5] demonstrated through the estab
lishment of a model combining wind power generation and heat storage 
electric boilers (HSEB) for auxiliary heating that this approach possesses 
strong peak shaving capabilities, effectively reducing the impact of wind 
power fluctuations on the power grid. Ling et al. [6] conducted research 
on the control strategy of heat storage boilers using PLC, optimizing the 
operating mode of the thermal storage unit and achieving optimized 
control of multi–agent-based electric heat storage boilers. Cheng et al. 
[7] studied the model and control strategy of heat storage electric 
boilers, coupling them with CHP to decrease the output of the units and 
improve wind energy utilization. Chen et al. [8] analysis the heat stor
age system in thermoelectric peaking reveals that the capacity of TES 
decreases as the heat load increases. Getent et al. [9], utilizing popula
tion optimization, an optimal operation model of integrated heat and 
power is proposed. The model incorporates an extended energy hub 
method, which allows for the modular representation of regional energy 
system components. This approach takes into account the intermittency 
of renewable energy sources and the variability of electricity prices. 
Through simulation analysis, it is determined that the utilization rate of 
wind power can surpass 97 %. Xu et al. [10], proposed a scheme and 
operation scheduling strategy for concentrated solar power (CSP) power 
stations and electrode boilers to enhance the utilization of new energy. A 
numerical example analysis based on the IEEE30-node model demon
strated that the system can bolster renewable energy capacity in 
regional energy systems while reducing carbon emissions. The electric 
boiler (EB) and TES enable efficient thermoelectric decoupling. How
ever, accurate EB power and TES capacity are necessary to ensure 
optimal system operation benefits. But the simulation of the trans
formation scheme in the literature is based on a 24-hour system, lacking 
a comprehensive analysis of the operational effects over the entire 
heating season and economic considerations.

In addition to EB, heat pumps (HP) are also commonly used for 
cogeneration peak shaving. The utilization of high-power heat pumps 

can enhance the peak shaving capacity of CHP units and enable the 
utilization of power plant waste heat. This approach is beneficial for 
reducing system operating costs and minimizing energy waste. Liu et al. 
[11], utilized 350 MW CHP units to quantitatively analyze the contri
bution of EB and HP in cogeneration peak shaving. The results showed 
that when EB and HP are involved in peak shaving, the minimum 
electric load reduction of CHP units is 124.2 MW and 71.6 MW, 
respectively. Gao et al. [12], established an optimization model for EB 
and HP participating in the frequency regulation of CHP units. The re
sults indicated that the HP scheme can increase annual profit by 27.7 %, 
outperforming the 3.1 % increase achieved by EB. Wang et al. [13] used 
Ebsilon software to establish a model for 600 MW CHP units and 
analyzed the impact of thermoelectric decoupling technologies such as 
heat storage, EB, HP, and steam turbine transformation on the feasible 
range of CHP units. The study demonstrated that utilizing HP or a 
combination of HP and TES is the most energy-saving thermoelectric 
decoupling method. HP can be further categorized into electric heat 
pump (EHP), absorption heat pump (AHP), and mechanical heat pump 
(MHP) based on different driving energies. Wu et al. [14], developed a 
system model of AHP for recovering waste heat from thermal power 
plants and participating in thermoelectric peak shaving. The optimal 
capacity of the auxiliary heat source equipment was determined using 
the entropy method and comprehensive analysis of six evaluation in
dexes. Wang et al. [15], proposed a dynamic model of CHP based on the 
efficiency factor and analyzed the decoupling capability of combined 
AHP and EHP operation. The study revealed that EHP has a better effect 
when there is high heat demand and low power demand. Zhang et al. 
[16], introduced a series operation system of EHP and CHP units. The 
results showed that this new system effectively improves the operating 
efficiency, reduces coal consumption by 9.53 g/kWh, and decreases 
wind power curtailment by 10.75 %. Coskun et al. [17], studied the 
influence of control parameters of MHP on the performance of waste 
heat recovery. Experimental results demonstrated that applying MHP 
for waste heat recovery significantly enhances system performance. The 
utilization of heat pumps for collaborative peak shaving of heat and 
electricity improves the flexibility of CHP unit operations, enhances the 
thermal conditions of CHP and the stability of the heating network. 
However, due to the different driving energies and operating mecha
nisms of heat pumps, their effects on peak shaving may vary, necessi
tating further comparative analysis.

Addressing renewable energy integration requires innovative 

CCHPCCHP The carbon transaction cost of CHP units, ten thousand 
yuan

αα The carbon trading price, this paper takes 50 yuan /t 
CO2CO2

δCHPδCHP The carbon emission coefficient of CHP units, which is 
0.968 kg/kWh in this paper

γγ Carbon trading quota, this article takes 0.798 g/kWh
PCHP,d(t)PCHP,d(t) The generation power of CHP units at time t under 

equivalent pure The condensation condition, the electric 
power of CHP units at time t under equivalent pure 
condensation condition, MW

CvCv The electric power reduced when the unit thermal output 
of CHP units is increased, MW

CCONCCON The carbon trading cost of CON units, ten thousand yuan
δCONδCON The carbon emission coefficient of CON units, which is 

taken in this paper 0.849 kg/kWh
CWindCWind The carbon trading cost of wind power
ηexηex The exergic efficiency of system, %
EoutEout The system exited exergy, kW
EinEin The system entered in the system, kW
Ef ,CHPEf ,CHP The standard coal chemical exergy, kW
Bf Bf The coal consumption of a CHP system, t

q0q0 The calorific value of standard coal, kJ/kg
ERER The thermal exergy, kW
EgEg The exergy of supply water of heat supply network, kW
EhEh The exergy of return water of heat supply network, kW
DwDw The circulating water flow rate of the heat supply network, 

kg/s
T0T0 the ambient temperature, K
hghg The enthalpy value of water supply of the heat supply 

network,kJ/kgkJ/kg
hhhh The enthalpy value of water return of the heat supply 

network,kJ/kgkJ/kg
sgsg The entropy of supply water of the heat supply 

network,kJ/(kg • K)kJ/(kg • K)
shsh The entropy of return water of the heat supply 

network,kJ/(kg • K)kJ/(kg • K)
h0h0 The enthalpy of water at ambient temperature,kJ/kgkJ/kg
s0s0 The entropy of water at ambient 

temperature,kJ/(kg • K)kJ/(kg • K)
EPEP The electrical exergy, kW
PPPP The generating power of units, kW
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approaches that integrate thermoelectric decoupling technologies and 
peak shaving mechanisms. While previous studies have explored iso
lated cases, there is a need for a comprehensive and scalable framework 
applicable to diverse geographic and operational contexts. At present, 
most of the research works are analyzed from a single perspective of heat 
or electricity, and lack the consideration of thermoelectric coordinated 
peaking. At the same time, there are few studies on the participation of 
multiple heat sources in thermoelectric peaking, and the analysis of joint 
operation technology of equipment is lacking. The novelty of this study 
mainly lies in maximizing the renewable energy integration considering 
optimal flexibility of CHP with a wider range of different power-to-heat 
schemes. This paper proposes a mathematical model to optimize wind 
power utilization and improve the flexibility of CHP systems through the 
integration of auxiliary heating sources and TES. Coordination of wind 
power grid integration is an important goal of future energy develop
ment when realizing collaborative peak shaving of heat and power [18]. 
Based on the previous research, this study focuses on the thermoelectric 
collaborative peaking approach by utilizing EB, EHP, AHP, and MHP 
coupled with TES. Mathematical models for different schemes are 
established using Matlab software to examine the impact of these 
schemes on renewable energy consumption. The optimum capacity of 
auxiliary heat source equipment was determined by net income, wind 
curtailment rate, exergy efficiency, coal consumption and carbon 
emission and the advantages of different peaking schemes were deter
mined. By leveraging data from a thermal power plant in Jilin Province, 
China, this study extends its findings to inform international energy 
policy and operational strategies.

2. Methods

This study proposes four integrated thermoelectric peak shaving 
regulation schemes, including electric boiler (EB), electric heat pump 
(EHP), absorption heat pump (AHP), and mechanical heat pump (MHP). 
This section analyzes the system structure and operating mechanism of 
all schemes coupled with TES to explore the different renewable energy 
integration and peak shaving capabilities.

2.1. Analysis of integrated thermoelectric peak shaving schemes

The system configuration and operating mechanism of each peak 
shaving scheme will be analyzed to highlight unique features of each 
scheme.

2.1.1. Electric boiler coupled heat accumulator scheme
EB offer several advantages such as high operation efficiency, easy 

operation. Directly consuming wind power heating through EB is an 
important method for achieving thermoelectric decoupling and the 
utilization of wind curtailment [16]. Fig. 1 shows the system connection 
of EB coupled with TES for thermoelectric peaking. The EB directly 
consumes wind power to heat the return water of the primary network. 
This approach reduces the thermal output of CHP units while enhancing 
their flexible peaking capacity, meeting the heat load requirements of 
users. Moreover, during periods of high wind power generation at night, 
the extra heat produced by EB can be stored in TES. This stored heat can 
then be released during peak electricity demand periods during the day, 
alleviating the power generation strain on CHP units.

The peaking scheme of EB coupled with TES provides several ad
vantages, such as a simple structure, minimal impact from heat load 
fluctuations, a wide adjustment range, and rapid response speed. The 
scheme can directly consume wind power heating, reduce the lower 
limit of power output of the unit, and provide a certain space for wind 
power utilization. By storing extra heat generated by EB during periods 
of high wind power generation, the scheme enables the efficient use of 
renewable energy and ensures the stability of heating.

2.1.2. Electric heat pump coupled heat accumulator scheme
The implementation of EHP for consuming surplus wind power in 

heating, along with replacing CHP units to undertake a portion of heat 
load, enhances the flexibility of CHP units for both heating and power 
generation. This helps improve power grid stability and creates room for 
wind power generation. The TES system, with its low cost and ability to 
store excess heat, can effectively compensate for peak heat loads and 
expand the output power range of CHP units [19]. Fig. 2 illustrates the 
system connection of EHP coupled with TES for thermoelectric peaking.

The evaporation side of EHP is relates to the condensate water cir
culation system to recover the low-temperature waste heat in the frozen 
water of the cogeneration unit to heat the return water of the primary 
network, reduce the thermal output of the cogeneration unit. Addi
tionally, the EHP operates with high efficiency, effectively improving 
the overall energy utilization efficiency of the system.

2.1.3. Scheme of absorption heat pump coupled heat accumulator
The use of AHP for collaborative peak shaving of heat and power 

involves consuming a portion of the heating steam to drive the system. 
By absorbing low-temperature waste heat in the condensate water of the 
power plant for heating purposes, the energy efficiency of the system is 
improved. This approach effectively reduces operating costs, reduces 
carbon emissions, and resolves the problem of insufficient peak shaving 
capacity in large CHP units [20]. Fig. 3 shows the system connection 
mode of the AHP coupled with TES scheme. In this configuration, the 

Fig. 1. EB coupled TES scheme system structure diagram.
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Fig. 2. EHP coupled TES scheme system structure diagram.

Fig. 3. AHP coupled TES scheme system structure diagram.

Fig. 4. MHP coupled TES scheme structure diagram.
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evaporation side of the AHP is connected to the condensate water cir
culation system of the thermal power plant and the steam is pumped into 
the generator for driving, and then heated by the absorber and the 
condenser for heating. This method raises the upper limit of the units’ 
operation, and improves their thermal conditions.

2.1.4. Mechanical heat pump coupled heat accumulator scheme
MHP is driven directly by mechanical energy[21], reduces energy 

conversion losses and offers certain advantages over EB and EHP. The 
mechanical heat pump achieves a COP of 6 under specific conditions, 
including favorable temperature differentials between the condenser 
and evaporator. While the thermodynamic principles of mechanical and 
electrical heat pumps are similar, the mechanical heat pump may exhibit 
higher performance in scenarios where direct mechanical energy 
transfer minimizes conversion losses.

In the Fig. 4, MHP directly utilizes mechanical energy for drive, 
reducing a portion of the power output from CHP units in exchange for 
more heating. This adjustment helps reduce the thermal output of the 
units while effectively recovering waste heat from the condensate water 
of the thermal power plant for heating purposes.

All four schemes incorporate TES to achieve peak shaving and load 
shifting for both thermal and electric loads. The main difference lies in 
the operating mechanisms of the driving energy and peak shaving 
equipment. The EB scheme is unaffected by the thermoelectric ratio, 
easy to start-up and shutdown. It is suitable for the entire heating period 
and can directly utilize EB for heating during periods of low heat load 
before and after heating.

On the other hand, the HP scheme effectively recovers low- 
temperature waste heat from the thermal power plant, enabling the 
cascade utilization of energy and enhancing the system’s energy utili
zation efficiency. To maximize the system’s operating efficiency and 
utilize more wind power, the best power and capacity of the peak 
shaving equipment in the scheme need to be determined through system 
optimization.

2.2. Optimal scheduling model of integrated thermoelectric peak shaving 
scheme

In this paper, a traditional mathematical model is developed for the 
CHP system, with the objective of maximizing the net profit during the 
heating season. Taking the unique characteristics of different peak 
shaving equipment into account. On this basis, the optimal scheduling 
mathematical model of EB, EHP, AHP, MHP, and TES participating in 
thermoelectric cooperative peak shaving is established.

2.2.1. Modeling of traditional cogeneration system
The traditional CHP system comprises the equipment, including CHP 

units, pure condensing thermal (CON) units, and a peaking boiler. This 
section aims to establish the mathematical model and relevant con
straints for the heating and power generation of the traditional CHP 
system.

2.2.1.1. Mathematical model of cogeneration unit. (1) Combined heat 
and power units planning model.

CHP units are capable of simultaneous electricity and heat produc
tion, resulting in significantly improved energy efficiency. The feasible 
operating region of CHP units is a convex function, where different heat 
supply corresponds to varying power generation and cost. The charac
teristic point represents the highest efficiency of CHP units, and they can 
operate at any two different points within the feasible region as well as 
any point connected to it [22]. The power output, heating output and 
operating cost of CHP units are as follows: 

FCHP(t) =
∑I

i=1
fi • xi(t)FCHP(t) =

∑I

i=1
fi • xi(t) (1) 

PCHP(t) =
∑I

i=1
pi • xi(t)PCHP(t) =

∑I

i=1
pi • xi(t) (2) 

QCHP(t) =
∑I

i=1
qi • xi(t)QCHP(t) =

∑I

i=1
qi • xi(t) (3) 

∑I

i=1
xi(t) = 1,0 ≤ xi(t) ≤ 1

∑I

i=1
xi(t) = 1,0 ≤ xi(t) ≤ 1 (4) 

FCHP(t) where FCHP(t) is The operating cost of CHP units at time t, ten 
thousand yuan; fifi is the operating cost of the i characteristic point of 
CHP units, ten thousand yuan; xi(t)xi(t) is the value of decision variable 
coding operation in the feasible of CHP units; PCHP(t)PCHP(t) is the 
electrical output of CHP units at time t, MW; pipi is the electrical output 
of the i characteristic point of CHP units, MW; QCHP(t)QCHP(t) is the 
thermal output of CHP units at time t, MW; qiqi is the thermal output of 
the i characteristic point of CHP units, MW.

(2) Pure condensing thermal power units planning model.
The operating cost of CON units exhibits a linear relationship with its 

generating capacity, as demonstrated below [19], 

FCON(t) = k • PCON(t)FCON(t) = k • PCON(t) (5) 

FCON(t) where FCON(t) is the operating cost of CON units at time t, ten 
thousand yuan; kk is the unit power generation cost of CON units, ten 
thousand yuan/MW；PCON(t)PCON(t) is t time CON units electrical 
output, MW.

(3) Planning model of peaking boiler 

FHB(t) =
3.6 • QHB(t) • fcaol

ηHB • q0
FHB(t) =

3.6 • QHB(t) • fcaol

ηHB • q0
(6) 

FHB(t) where FHB(t) is the operation cost of the peaking boiler at time t, 
ten thousand yuan; QHB(t)QHB(t) is the thermal output of the peaking 
boiler at time t, MW; fcaolfcaol is the standard coal price, yuan /t; ηHBηHB is 
the operating efficiency of the peaking boiler, %; q0q0 is the calorific 
value of standard coal, 29.27 MJ/kg.

2.2.1.2. Objective function. The objective function of this paper is to 
maximize the system’s operating benefit. The operating income of the 
thermal power plant primarily comprises revenue generated from the 
sale of electricity, heat, and wind power. Meanwhile, the operating cost 
encompasses the operating costs of CHP units, Condensing (CON) units, 
and the peaking boiler, with the aim of meeting the user’s heat demand 
at the lowest possible operating cost. The objective function can be 
expressed as: 

Maxf(x) = Fe + Fh + Fw − FcostMaxf(x) = Fe + Fh + Fw − Fcost (7) 

Fh = Ch × QD(t)Fh = Ch × QD(t) (8) 

Fw = Cw ×
∑Tmax

t=1
Pw(t)Fw = Cw ×

∑Tmax

t=1
Pw(t) (9) 

Fe = Ce ×
∑Tmax

t=1

∑I

i=1
PCHP

i (t)+Ce ×
∑Tmax

t=1

∑J

j=1
PCON

j (t)Fe

= Ce ×
∑Tmax

t=1

∑I

i=1
Pi

CHP(t)+Ce ×
∑Tmax

t=1

∑J

j=1
Pj

CON(t) (10) 

Fcost =
∑Tmax

t=1

∑I

i=1
FCHP

i (t)+
∑Tmax

t=1

∑J

j=1
FCON

j (t)+
∑Tmax

t=1
Ff (t)Fcost

=
∑Tmax

t=1

∑I

i=1
Fi

CHP(t)+
∑Tmax

t=1

∑J

j=1
Fj

CON(t)+
∑Tmax

t=1
Ff (t) (11) 
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Fe where Fe is the heating season CHP units, CON units sales income, ten 
thousand yuan/year; FhFh is the heating season sales heat income, ten 
thousand yuan/year; FwFw is the income from selling wind power during 
heating season, ten thousand yuan/year; FcostFcost is the operating cost of 
the heating system in the season, ten thousand yuan/year; CeChCwCe, Ch, 
Cw are the sale of electricity, heat and wind power prices, ten thousand 
yuan; PCHP

i (t)PCon
j (t)Pi

CHP(t), P
j
CON(t) are the electrical output of the i CHP 

units and the j CON units at time t. MW; QD(t)QD(t) is the system heat 
load at time t, MW; Pw(t)Pw(t) is the wind power at time t, MW; 
FCHP

i (t)FCON
j (t)Ff (t)Fi

CHP(t), F
j
CON(t), Ff (t) are the operating cost of the i 

CHP units at t time, the operating cost of the j CON units, and the 
operating cost of the auxiliary heat source equipment, which is ten 
thousand yuan.

2.2.1.3. System constraint. (1) Constraints on coal-fired cogeneration 
units.

In addition to the constraints described in Eq. (4), the constraints for 
coal-fired CHP units also include unit ramping constraints. These con
straints limit the increase and decrease of power generation in two 
adjacent time steps, as well as the upper and lower limits of both heating 
capacity and power generation, in order to ensure the safe operation of 
the unit. 
⃒
⃒PCHP,i(t) − PCHP,i(t − 1)

⃒
⃒ ≤ PCHP,r

⃒
⃒Pi

CHP(t) − Pi
CHP(t − 1)

⃒
⃒ ≤ PCHP,r (12) 

PCHP,min ≤ PCHP(t) ≤ PCHP,maxPCHP,min ≤ PCHP(t) ≤ PCHP,max (13) 

QCHP,min ≤ QCHP(t) ≤ QCHP,maxQCHP,min ≤ QCHP(t) ≤ QCHP,max (14) 

PCHP,i(t)PCHP,i(t − 1) where Pi
CHP(t),Pi

CHP(t − 1) are t, t-1 time CHP units 
electrical output, MW; PCHP,rPCHP,r is the climbing power of CHP units, 
MW/h; PCHP,maxPCHP,minPCHP,max,PCHP,min are the upper and lower limit of 
the electric output of CHP units, MW; QCHP,maxQCHP,minQCHP,max,QCHP,min 

are the upper and lower limit of thermal output of CHP units, MW.
(2) Constraint of pure condensing thermal power units.
The constraints for CON units include the upper and lower limits of 

the unit’s electrical output as well as its ramping power limits. These 
constraints ensure that the electrical output of the CON units remains 
within specified ranges and that the rate of change in power generation 
is within acceptable limits: 

PCON,min ≤ PCON(t) ≤ PCON,maxPCON,min ≤ PCON(t) ≤ PCON,max (15) 

⃒
⃒PCON,j(t) − PCON,j(t − 1)

⃒
⃒ ≤ PCON,r

⃒
⃒
⃒Pj

CON(t) − Pj
CON(t − 1)

⃒
⃒
⃒ ≤ PCON,r (16) 

Where PCON,maxPCON,minPCON,max, PCON,min are the upper and lower limit of 
the power output of CON units, MW; PCON,i(t)PCON,i(t − 1)Pj

CON(t), 
Pj

CON(t − 1) are t, t-1 time CON units electrical output, MW.
(3) Peaking boiler confinement.
In order to ensure safety, the operation power of the peaking boiler 

should be less than the rated power: 

0 ≤ QHB(t) ≤ QHB,max0 ≤ QHB(t) ≤ QHB,max (17) 

(4) Wind power output constraint.
In the system, the wind power output is less than the wind power 

forecast: 

0 ≤ PW(t) ≤ PW,pre(t)0 ≤ PW(t) ≤ PW,pre(t) (18) 

PW,pre(t) where PW,pre(t) is the forecast amount of wind power at time t, 
MW.

2.2.1.4. Thermoelectric balance of system. During the operation of CHP 
system, it is necessary to meet the user’s thermal load and electrical load 
demand, and the thermoelectric balance of the system is expressed by 

Eqs. (19) and Eqs. (20): 

QD(t) =
∑I

i=1
QCHP

i (t)+Qf (t)QD(t) =
∑I

i=1
Qi

CHP(t)+Qf (t) (19) 

ED(t) =
∑I

i=1
PCHP

i (t)+
∑J

j=1
PCON

j (t)+Pw(t)ED(t)

=
∑I

i=1
Pi

CHP(t)+
∑J

j=1
Pj

CON(t)+Pw(t) (20) 

QD(t) where QD(t) is the system heat load at time t, MW; QCHP
i (t)Qi

CHP(t)
is the heat produced by the i CHP unit at time t, MW; Qf (t)Qf (t) is the 
heat supply of auxiliary heat source equipment at time t, MW; ED(t)ED(t)
is the electrical load on the system at time t, MW.

2.2.2. Mathematical model of heat accumulator
When modeling TES, it is necessary to consider the heat storage 

equation at time t and the influence of heat storage and heat release rate 
at time t-1[23]: 

QTES(t) − QTES(t − 1) = ηTES,S × QTES,S(t) − QTES,R(t)QTES(t) − QTES(t − 1)

= ηTES,SQTES,S(t) − QTES,R(t)
(21) 

QTES(t)QTES(t − 1) where QTES(t), QTES(t − 1) are the heat in TES at t and t- 
1 time, MW; ηTES,SηTES,S is the heat storage efficiency of the TES, %; 
QTES,S(t)QTES,R(t)QTES,S(t), QTES,R(t) are the heat stored and the heat dis
charged at time t, MW.

Assuming TES runs a cycle, the beginning and the end of the heat 
storage are the same and are 0: 

QTES(0) = QTES(Tmax) = 0QTES(0) = QTES(Tmax) = 0 (22) 

Storage and release power constraints: 

0 ≤ QTES,S(t) ≤ QS,max0 ≤ QTES,S(t) ≤ QS,max (23) 

0 ≤ QTES,R(t) ≤ QR,max0 ≤ QTES,R(t) ≤ QR,max (24) 

QS,maxQR,max where QS,max, QR,max are the maximum heat storage and 
release rate of TES, MW.

2.2.3. Modeling of coupled heat storage system of electric boiler
This section models the system in which the coupled TES of EB 

participates in the peaking of the unit. The difference between using EB 
instead of coal-fired boiler for CHP and traditional CHP system is mainly 
[24]:

(1) Peak load equipment operating costs 

∑Tmax

t=1
Ff (t) = Ce •

∑Tmax

t=1
PEB(t)

∑Tmax

t=1
Ff (t) = Ce •

∑Tmax

t=1
PEB(t) (25) 

PEB(t) where PEB(t) is the power consumption of EB at time t, MW.
(2) Electric boiler operation constraints 

0 ≤ PEB(t) ≤ PEB,max0 ≤ PEB(t) ≤ PEB,max (26) 

QEB(t) = ηEB × PEB(t)QEB(t) = ηEB × PEB(t) (27) 

PEB,max where PEB,max is the maximum operating power of EB, MW; 
QEB(t)QEB(t) is the thermal output of EB at time t, MW; ηEBηEB is the 
operating efficiency of EB, %.

(3) System thermoelectric balance constraints 
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QD(t) =
∑I

i=1
QCHP

i (t)+QEB(t)+ ηTES,S × QTES,S(t) − QTES,R(t)QD(t)

=
∑I

i=1
Qi

CHP(t)+QEB(t) − QTES,S(t)+QTES,R(t) (28) 

ED(t)+PEB(t) =
∑I

i=1
PCHP

i (t)+
∑J

j=1
PCON

j (t)+Pw(t)ED(t)+PEB(t)

=
∑I

i=1
Pi

CHP(t)+
∑J

j=1
Pj

CON(t)+Pw(t) (29) 

2.2.4. Modeling of electric heat pump coupled heat storage system
Compared to EB, EHP has a higher operating efficiency and can 

recover low-temperature waste heat from the condensate water of a 
thermal power plant for heating purposes. This improves the energy 
efficiency of the system and enhances its capacity to utilize wind power 
[15], the difference from the traditional CHP model is:

(1) Auxiliary heat source equipment operating costs.
EHP directly consumes electric energy to drive, so the operating cost 

is expressed as: 

∑Tmax

t=1
Ff (t) = Ce •

∑Tmax

t=1
PEHP(t)

∑Tmax

t=1
Ff (t) = Ce •

∑Tmax

t=1
PEHP(t) (30) 

PEHP(t) where PEHP(t) is t time EHP power consumption, MW.
(2) Electric heat pump operation constraints 

0 ≤ PEHP(t) ≤ PEHP,max0 ≤ PEHP(t) ≤ PEHP,max (31) 

QEHP(t) = COPEHP • PEHP(t)QEHP(t) = COPEHP • PEHP(t) (32) 

PEHP,max where PEHP,max is the maximum power of EHP, MW; 
QEHP(t)QEHP(t) is t time EHP heating output, MW.

(3) System thermoelectric balance constraints 

QD(t) =
∑I

i=1
QCHP

i (t)+QEHP(t)+ ηTES,S × QTES,S(t) − QTES,R(t)QD(t)

=
∑I

i=1
Qi

CHP(t)+QEHP(t) − QTES,S(t)+QTES,R(t) (33) 

ED(t)+PEHP(t) =
∑I

i=1
PCHP

i (t)+
∑J

j=1
PCON

j (t)+Pw(t)ED(t)+PEHP(t)

=
∑I

i=1
Pi

CHP(t)+
∑J

j=1
Pj

CON(t)+Pw(t) (34) 

2.2.5. Modeling of coupled heat storage system of absorption heat pump
AHP is a system that utilizes steam extraction from CHP units to 

drive. It effectively recovers low-temperature waste heat from the 
condensate water in thermal power plants for heating purposes. This 
method helps reduce the heat supply required by the unit. Assuming that 
all the driving steam is obtained from the heating steam, AHP demon
strates high operating efficiency and can supply a considerable heat. 
Furthermore, it enhances the flexibility of CHP units.

(1) Auxiliary heat source equipment operating costs.
AHP directly consumes part of the heat supply to be driven by 

extraction steam, and its operating cost is expressed as: 

∑Tmax

t=1
Ff (t) = Ch •

∑Tmax

t=1
Qq,AHP(t)

∑Tmax

t=1
Ff (t) = Ch •

∑Tmax

t=1
Qq,AHP(t) (35) 

Qq,AHP(t where Qq,AHP(t) is t time AHP drive steam heat, MW.
(2) Operating constraints of absorption heat pumps 

0 ≤ Qq,AHP(t) ≤ Qq,AHP,max0 ≤ Qq,AHP(t) ≤ Qq,AHP,max (36) 

QAHP(t) = COPAHP × Qq,AHP(t)QAHP(t) = COPAHP × Qq,AHP(t) (37) 

Qq,AHP,max where Qq,AHP,max is AHP’s maximum drive steam heat, MW; 
QAHP(t)QAHP(t) is the heating output of AHP at t time, MW.

(3) Restriction of heat supply of combined heat and power units 

Qq,AHP(t) ≤ QAHP(t) ≤ QAHP,maxQq,AHP(t) ≤ QAHP(t) ≤ QAHP,max (38) 

(4) System thermoelectric balance constraints 

QD(t)+Qq,AHP(t) =
∑I

i=1
QCHP

i (t)+QAHP(t)+ ηTES,S

× QTES,S(t) − QTES,R(t)QD(t)+Qq,AHP(t)

=
∑I

i=1
Qi

CHP(t)+QAHP(t) − QTES,S(t)+QTES,R(t) (39) 

ED(t) =
∑I

i=1
PCHP

i (t)+
∑J

j=1
PCON

j (t)+Pw(t)ED(t)

=
∑I

i=1
Pi

CHP(t)+
∑J

j=1
Pj

CON(t)+Pw(t) (40) 

2.2.6. Modeling of mechanical heat pump coupled heat storage system
In this system, MHP utilizes the shaft work of the turbine directly as 

its driving force. This approach helps minimize mechanical energy los
ses during the energy transfer process. It reduces the power generation 
of CHP units while enhancing the flexibility of the unit’s peak load 
operation. Additionally, this setup creates opportunities for integrating 
wind power into the grid [25].

(1) Auxiliary heat source equipment operating costs.
Since MHP directly consumes mechanical energy to drive, its oper

ating costs are calculated based on the reduced power generation of CHP 
units. 

∑Tmax

t=1
Ff (t) = Ce •

∑Tmax

t=1
ηT • ηM • PMHP(t)

∑Tmax

t=1
Ff (t) = Ce •

∑Tmax

t=1
ηT • ηM • PMHP(t)

(41) 

PMHP(t where PMHP(t) is t time MHP drive power, MW; ηTηT is the 
transmission efficiency between the turbine and the generator, %; ηMηM 
is the generator efficiency, %.

(2) Mechanical heat pump operation constraints 

0 ≤ PMHP(t) ≤ PMHP,max0 ≤ PMHP(t) ≤ PMHP,max (42) 

QMHP(t) = COPMHP × PMHP(t)QMHP(t) = COPMHP × PMHP(t) (43) 

PMHP,max where PMHP,max is the maximum power of MHP, MW; 
QMHP(t)QMHP(t) is the heating output of MHP at time t, MW.

(3) Combined heating and power unit constraints.
Due to the utilization of MHP, the lower limit of CHP power output 

will be changed: 

Max(PMHP,min, ηT • ηM • PMHP(t)) ≤ PMHP(t)

≤ PMHP,maxMax(PMHP,min, ηT • ηM • PMHP(t))

≤ PMHP(t) ≤ PMHP,max

(44) 

(4) System thermoelectric balance constraints 

QD(t) =
∑I

i=1
QCHP

i (t)+QMHP(t)+ ηTES,S × QTES,S(t) − QTES,R(t)QD(t)

=
∑I

i=1
Qi

CHP(t)+QMHP(t)+ ηTES,S × QTES,S(t) − QTES,R(t) (45) 
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ED(t)+ηT •ηM •PMHP(t)=
∑I

i=1
PCHP

i (t)+
∑J

j=1
PCON

j (t)+Pw(t)ED(t)

+ηT •ηM •PMHP(t)=
∑I

i=1
Pi

CHP(t)+
∑J

j=1
Pi

CHP(t)

+Pw(t)
(46) 

The decision variables in this study, which focus on optimizing the 
operational scheduling of a thermoelectric system, are mainly the heat 
and power productions of each peak shaving equipment at time step t, 
and thermal energy storage variables, i.e. charging, discharging and 
storage level at time step t. These variables are adjusted within the 
feasible operational range of each component to achieve the study’s 
optimization objectives: maximizing system efficiency, reducing coal 
consumption, minimizing carbon emissions, and enhancing wind power 
integration.

2.3. Case study

To validate the efficacy of the proposed integrated thermoelectric 
peak shaving model while enhancing the flexibility of CHP units, pro
moting regional wind power integration, and improving the system’s 
operating income during the heating season, this study employs MAT
LAB to establish mathematical models for optimal scheduling of various 
peak shaving schemes. CPLEX optimization software is used to solve the 
problem.

2.3.1. Example overview
A CHP plant located in Jilin Province is used for validating the 

developed model. Several key parameters, such as wind curtailment 
rate, wind power utilization capacity, coal consumption rate, carbon 
emission reduction rate, exergy efficiency, and energy utilization effi
ciency, are analyzed and evaluated to assess the performance of the 
system.

2.3.1.1. Load data. This paper conducts a simulation of a thermal 
power plant in Jilin Province during the heating season, which spans a 
total of 183 days (4392 h). The total electrical load demand in the 
heating season is 3679649MWh, and the total thermal load demand is 
2415852MWh. The data regarding wind power forecast, electricity load, 
and heat load are illustrated in Fig. 5 [26]. It can be observed that the 
heat load during the heating season exhibits distinct peak and valley 
periods, with relatively lower heat load before and after the heating 
period and a substantial increase in heat load during the middle of the 

heating season. On the other hand, the distribution of electric load 
uniform throughout the heating season.

2.3.1.2. Equipment parameters of thermal power plant. The plant consists 
of two 350 MW CHP units, model number C280/N350-16.7/537/537; 2 
200 MW CON units, model N200-12.75/535/535; and a 160 MW 
peaking boiler, operating efficiency of 78 %. The operating character
istic point coordinates and operating costs of CHP and CON units are 
shown in Table 1 and Table 2. The operating curve of thermoelectric 
units is shown in Fig. 6.

2.3.1.3. Mathematical model parameters of thermal power plant. The 
relevant parameter values of the mathematical model of CHP system are 
shown in Table 3.

2.3.1.4. Model parameters of thermoelectric peaking scheme. The relevant 
parameters of mathematical models of different integrated thermo
electric peak shaving schemes are shown in Table 4.

3. Results and discussion

In this section, a comparative analysis of the simulation results will 
be conducted, focusing on the economic aspects, environmental bene
fits, and wind power utilization.

3.1. Net income from system operation

When calculating the net profit of operating the thermoelectric 
collaborative peaking system, several factors need to be taken into ac
count. These include the income and operational costs associated with 
heat sales, electricity sales, and wind power utilization. Additionally, the 
cost of the new auxiliary heat source equipment needs to be considered. 
Therefore, in the simulation, it is essential to amortize the cost of the 
new peak load equipment over its entire lifecycle. 

Fig. 5. Heating season load data.

Table 1 
CHP units feature point data.

Name Point A Point B Point C Point D

Electric power /MW 383 267 175 175
Thermal power /MW 0 448 160 0
Running cost 

/Ten thousand yuan
7.34 7.31 4.39 3.70
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Ftz =
Cf • Rf + CTES • VTES

n
Ftz =

Cf • Rf + CTES • VTES

n
(47) 

Ftz where Ftz is the cost of amortizing the initial investment of the 
auxiliary heat source equipment to the entire life cycle of the equipment, 
ten thousand yuan per year; Cf Cf is the initial investment per unit ca
pacity equipment, ten thousand yuan/MW; Rf Rf is the new peak load 
equipment capacity, MW; CTESCTES is the cost per cubic meter of TES 
construction, ten thousand yuan/m3m3; VTESVTES is the capacity of TES, 
m3m3; nn is the service life of the equipment is, years, assuming that the 
service life is 20 years.

The initial investment data of different integrated thermoelectric 
peak shaving schemes are shown in Table 5.

The above parameters are put into the model of integrated thermo
electric peak shaving scheme for solving, and the net benefits of different 

schemes are shown in Fig. 7. The net income of the EB coupled TES 
scheme changes with the power of the EB is shown in Fig(a), where there 
is a noticeable peak value at 100 MW. The initial investment in the 
auxiliary heat source equipment affects the net income. In some cases, 
the net profit after the TES is lower than that without the TES. However, 
when the TES capacity is 20,000 m3, the system’s net income reaches its 
maximum at 674.85 million yuan. The net income curve of the three HP 
participating in integrated thermoelectric peak shaving scheme shows a 
similar trend. As shown in Fig (b), when equipped with 100 MW EHP 
and 10,000 m3 TES, the highest net income of the system is 725.04 
million yuan. The net income of the system with TES is higher than that 
without TES when the EHP power is relatively small, and the volume 
change of TES has little impact on the net income of the system opera
tion. However, with the increase of the EHP power, the net income of the 
scheme without TES becomes significantly higher than that with TES, 
except for the scheme with a 10,000 m3 TES, and the TES volume has a 
greater impact on the net income of the system operation. Fig (c) shows 
that when the driving power of AHP reaches 240 MW, the net income of 
the system decreases. The net income of the system reaches its peak 
value of 694.8 million yuan when the TES capacity is 20,000 m3. The 
larger the capacity of TES, the higher the net income of the system, when 
the AHP power is relatively small. The initial investment in new 
equipment reduces the net income of the system compared to that 
without TES. As shown in Fig (d), the net income curve of MHP is similar 
to that of EHP. When the MHP power is 110 MW, the net income of the 
scheme without TES is significantly higher than that with TES. However, 
when the TES capacity is 10,000 m3, the maximum net income of the 
system operation is 736.91 million yuan. The influence of the TES ca
pacity on the net operating income of the system increases gradually 
with the increase of the MHP power.

From the perspective of the net operating income of the heating 
season, MHP and EHP schemes have higher net income, followed by the 
AHP scheme, and finally, the EB scheme due to the lower operating 
efficiency of EB and AHP. The MHP scheme achieves higher exergy ef
ficiency due to the efficient conversion of mechanical energy into heat, 
leading to significant coal savings. The EHP scheme benefits from 
leveraging low-cost electricity during periods of high wind power 
availability, thus maximizing wind power utilization and minimizing 
curtailment penalties. It is evident that the economy of the system will 
be reduced if the volume of TES or HP power is too large. Therefore, this 
analysis can optimize the HP and TES capacity for the thermoelectric 
collaborative peaking system.

3.2. System curtailment rate

When the power generation of the CHP system fails to meet the user’s 
power load demand, a portion of the wind power is utilized as 
compensation. This helps in reducing the wind curtailment rate of the 
system and promotes the utilization of regional renewable energy. 

ηW =
PW,pre − PW

PW,pre
× 100%ηW =

PW,pre − PW

PW,pre
× 100% (48) 

ηW where ηW is the system curtailment rate, %; PW,prePW,pre is the forecast 
amount of regional wind power, MW; PWPW is the amount of wind 
power connected to the system, MW.

Table 2 
CON units feature point data.

Name Point 1 Point 2

Electric power /MW 100 200
Running cost 

/ten thousand yuan
2.62 4.71

Fig. 6. Operation curve of CHP units.

Table 3 
Relevant parameters of mathematical model of CHP system [26].

Parameter Numerical Parameter Numerical

PCHP,rPCHP,r 80 MW/h PCON,rPCON,r 70 MW/h
PCHP,maxPCHP,max 383 MW PCHP,minPCHP,min 175 MW
QCHP,maxQCHP,max 448 MW QCHP,minQCHP,min 0
PCON,maxPCON,max 200 MW PCON,minPCON,min 100 MW
ChCh 21.5 yuan/GJ CeCe 373.1 yuan/MWh
CwCw 570 yuan/MWh fcaolfcaol 650 yuan/t
ηHBηHB 78 % ηTES,SηTES,S 99.8 %

Table 4 
Mathematical model parameters of thermoelectric collaborative peaking 
scheme.

Parameter Numerical Parameter Numerical

ηEBηEB[27] 99 % COPEHPCOPEHP[28] 6.25
COPAHPCOPAHP[29] 1.95 COPMHPCOPMHP[21] 6.67
ηMηM[25] 95 % ηTηT[25] 95 %

Table 5 
Initial investment data of thermoelectric collaborative peaking 
scheme.

Parameter Investment cost

CEBCEB[30] 7.5 × 105 yuan/MW
CEHPCEHP[31] 1.5 × 106 yuan /MW
CAHPCAHP[32] 1.2 × 106 yuan /MW
CMHPCMHP[33] 1.16 × 106 yuan /MW
CTESCTES[26] 0.3 × 106 yuan /m3
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The wind curtailment rate of various integrated thermoelectric peak 
shaving schemes is calculated using the formula mentioned above. To 
clearly illustrate the difference between the wind curtailment rates of 
different schemes, the y-axis is standardized, and the calculation results 
are presented in Fig. 8.

As the capacity of the auxiliary heat source equipment increases, the 
curtailment rate of the system gradually decreases. There is an inverse 
correlation between the capacity of the auxiliary heat source equipment 
and the curtailment rate. In Fig (a) and (b), it can be observed that as the 
power of the auxiliary heat source equipment increases, the impact of 
the TES volume on the wind curtailment rate diminishes. A larger TES 
volume results in a smoother curve for the wind curtailment rate. The EB 
scheme achieves the lowest wind curtailment rate of 0.1 %, utilizing 
almost all the wind power. In Fig (c), the AHP scheme exhibits a higher 
curtailment rate compared to the other schemes. However, the overall 
trend of the curtailment rate curve remains the same. When the capacity 
of the auxiliary heat source equipment is small, the change in TES vol
ume has a greater impact on the wind curtailment rate. In Fig (d), the 
influence of the volume of the heat accumulator on the abandonment 
rate is small, and the influence is almost negligible compared with that 
of the auxiliary heat source equipment. From the perspective of the 
curtailment rate, the EB and EHP schemes directly consume electric 
energy, while the MHP scheme reduces the electric output of CHP units. 
Consequently, the curtailment rates of these three schemes are low, 
thereby weakening the influence of TES on the system curtailment rate.

3.3. Wind power accommodation

(1) Wind power utilization
According to the simulation results, the total predicted wind power 

in the system is 367546MWh. For the traditional CHP system, the wind 
power on-grid capacity is 276557MWh, as depicted in Fig. 9. The wind 
power on-grid capacity varies based on different schemes and auxiliary 
heat source equipment capacities. The upper and lower limits of the 
rectangle in the Fig represent the maximum and minimum wind power 
utilization of the system within the range of the auxiliary heat source 
equipment’s capacity. It is evident from the Fig that the AHP scheme has 
relatively poor wind power utilization. Conversely, the EB scheme ex
hibits a high level of wind power utilization.

(2) Wind power utilization capacity.
In order to analyze the improvement of system wind power utiliza

tion capacity of different schemes after thermoelectric transformation, 
the concept of system wind power utilization capacity is introduced: 

ηN =
PW − PW,0

PW,0
× 100%ηN =

PW − PW,0

PW,0
× 100% (49) 

ηN where ηN is the system’s wind capacity, %；PW,0PW,0 is the amount of 
wind power connected to the traditional CHP system, MW.

The wind power utilization capacity of each scheme after thermo
electric transformation is determined based on the calculations con
ducted earlier. The results are summarized as follows.

The wind power utilization capacity of the system is directly asso
ciated with the capacity of the auxiliary heat source equipment. As 

Fig. 7. Net benefits of different peak shaving schemes.
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illustrated in the Fig, the wind power utilization curve demonstrates a 
gradual increase and eventually levels off. In comparison to the original 
system, both MHP and EHP exhibit higher absorption capacities, with 
HP improving wind power utilization capacity by at least 24 % and AHP 
by at least 9.11 %. As the capacity of auxiliary heat source equipment 
increases, the influence of the TES volume on the system’s wind power 
utilization capacity gradually diminishes. However, for AHP, the vol
ume of TES has a more significant impact on enhancing the system’s 
wind power utilization capacity. In contrast, the volume of TES has little 

effect on the wind power utilization capacity of MHP. Fig. 10.

3.4. Production unit heat, electricity consumption of coal

In CHP system model, the primary operating cost is associated with 
coal, and the coal consumption per unit of heat and electricity is a key 
metric for evaluating cogeneration systems. Based on the simulation 
results of different schemes and the coal consumption characteristics of 
CHP and CON units, this section conducts an analysis of various 
cogeneration collaborative peaking schemes to assess their performance. 
[34]. 

FCON(t) = a0 + a1 • PCON(t)+ a2 • P2
CON(t)FCON(t)

= a0 + a1 • PCON(t)+ a2 • P2
CON(t) (50) 

FCHP(t) = b0 + b1 • PCHP(t)+ b2 • QCHP(t)+ b3 • P2
CHP(t)+ FCHP(t)

= b0 + b1 • PCHP(t)+ b2 • QCHP(t)+ b3 • P2
CHP(t)+

b4 • PCHP(t) • QCHP(t)+ b5 • Q2
CHP(t)b4 • PCHP(t) • QCHP(t)+ b5 • Q2

CHP(t)
(51) 

Where a0a1a2a0, a1, a2 are the fitting coefficient of coal consumption of 
CON units; b0b2b3b4b5b0, b2, b3, b4, b5 are the fitting coefficient of coal 
consumption of CHP units..

The fitting coefficients of CHP and CON units are selected in this 
paper are shown in Table 6 and Table 7.

Eqs. (50) and Eqs. (51) were utilized to calculate the coal con
sumption of the unit in operation, combined with the system heat 

Fig. 8. Wind abandonment rate of different peak loading schemes.

Fig. 9. System wind capacity.
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generation and power generation simulated by the software, and the 
results were shown in Fig. 11.

Compared to the original system, the EB, EHP, AHP, and MHP so
lutions can respectively reduce the range of coal consumption per unit of 
electricity generation is 2.69 kg/MWh, 22.47 kg/MWh, 10.72 kg/MWh, 
16.91 kg/MWh. Similarly, the range of coal consumption per unit of 
heat is, 0.2 kg/GJ, 1.61 kg/GJ, 0.77 kg/GJ, 1.22 kg/GJ. Among these 
schemes, the capacity of the auxiliary heat source equipment in the EB 
scheme has minimal influence on reducing the system’s coal consump
tion, while the MHP scheme achieves the maximum reduction in coal 
consumption.

3.5. Carbon cost reduction rate

Traditional CHP systems have difficulty considering economic, 
environmental, and energy utilization benefits holistically. To address 
this issue and respond to the strategic goals of “peak carbon dioxide 
emissions” and “carbon neutrality,” it is crucial to improve the 

operational efficiency of thermal power plants by promoting collabo
rative peak shaving of heat and power and regional energy utilization. 
The cost of the system’s carbon emissions should also account for carbon 
allowances[10].

For CHP units, the thermal output of the unit must be translation to 
the electrical output of the unit under pure condensing conditions: 

CCHP = α • (δCHP − γ) •
∑TMax

t=1
PCHP,d(t))CCHP = α • (δCHP − γ) •

∑TMax

t=1
PCHP,d(t))

(52) 

PCHP,d(t) = PCHP(t)+Cv • QCHP(t)PCHP,d(t) = PCHP(t)+Cv • QCHP(t) (53) 

CCHP where CCHP is the carbon transaction cost of CHP units, ten thou
sand yuan; αα is the carbon trading price, this paper takes 50 yuan /t 
CO2CO2[35]; δCHPδCHP is the carbon emission coefficient of CHP units, 
which is 0.968 kg/kWh in this pipe [36]; γγ is carbon trading quota, this 
article takes 0.798 g/kWh[37]; PCHP,d(t)PCHP,d(t) is the generation power 
of CHP units at time t under equivalent pure condensation condition, the 
electric power of CHP units at time t under equivalent pure condensation 
condition, MW; CvCv is the electric power reduced when the unit thermal 
output of CHP units is increased, MW.

For CON units: 

CCON = α • (δCON − γ) •
∑TMax

t=1
PCON(t))CCON = α • (δCON − γ) •

∑TMax

t=1
PCON(t))

(54) 

CCON where CCON is the carbon trading cost of CON units, ten thousand 
yuan；δCONδCON is the carbon emission coefficient of CON units, which 
is taken in this paper 0.849 kg/kWh[38].

For wind turbines, wind power is a clean energy, so the carbon 

Fig. 10. Wind power utilization capacity of different peak-loading schemes.

Table 6 
Fitting coefficient of coal consumption characteristics of CON units.

Name a0a0 a1a1 a2a2

CON units 11.5370 0.1705 0.00017

Table 7 
Fitting coefficient of coal consumption characteristics of CHP units.

Name b0b0 b1b1 b2b2 b3b3 b4b4 b5b5

CHP 
units

14.6180 235,592 0.0593 0.000072 0.000037 0.0000048
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emissions during its operation are not calculated: 

CWind = α • (0 − γ) •
∑TMax

t=1
PWind(t))CWind = α • (0 − γ) •

∑TMax

t=1
PWind(t)) (55) 

CWind where CWind is the carbon trading cost of wind power.
Based on the calculations in Eqs. (52), (54), and (55), the original 

system incurs an operating carbon transaction cost of 17.16 million yuan 
during the heating season. The addition of auxiliary heat source 
equipment for thermoelectric transformation is conducive to reducing 
carbon emissions. The reduction rates of carbon transaction costs for 
various peaking schemes are illustrated in Fig. 12.

In Fig. 12(a), the EB scheme’s reduction rate of over 17.78 % in 
carbon transaction costs. As the TES capacity increases, the impact of the 
EB power on the system’s carbon transaction cost diminishes. In Fig. 12
(b), when the EHP power is low, the TES volume has a significant effect 
on the system’s carbon transaction cost. The curves for the 40000 m3 
and 50000 m3 TES schemes are relatively close, and increasing the TES 
capacity further does not lead to any changes in the system’s carbon 
trading cost. In Fig. 12(c), the AHP scheme has a lower reduction rate for 
the system’s carbon transaction cost than other schemes, but the TES 
capacity has a greater influence on the reduction rate. In Fig. 12(d), the 
MHP scheme curves are relatively smooth, indicating that the impact of 
the TES volume on the system’s carbon transaction cost is negligible. 
However, the scheme boasts low overall carbon transaction costs and 
has excellent environmental benefits.

3.6. Exergic efficiency and energy utilization analysis

Exergic efficiency and energy utilization rate are utilized to evaluate 
cogeneration peaking schemes from both the perspectives of ‘quality’ 
and ‘quantity’[13].

(1) Exergic efficiency.
It is important to note that different energy sources possess different 

grades, with heat being classified as low-grade energy and electric en
ergy as high-grade energy. In a cogeneration system, the exergic effi
ciency of electrical energy plays a crucial role. The exergic efficiency of a 
CHP system refers to the ratio of the exergic exergy input to the exergic 
exergy output, which encompasses chemical exergy input as well as 
electrical and thermal exergy outputs.

Exergic efficiency of CHP system: 

ηex =
Eout

Ein
ηex =

Eout

Ein
(56) 

ηex where ηex is the exergic efficiency of system, %；EoutEout is the system 
exited exergy, kW;EinEin is the system entered in the system, kW.

Chemical exergy from standard coal burning: 

Ef ,CHP = Bf • q0Ef ,CHP = Bf • q0 (57) 

Ef ,CHP where Ef ,CHP is the standard coal chemical exergy, kW; Bf Bf is the 
coal consumption of a CHP system, t; q0q0 is the calorific value of 
standard coal, kJ/kg

System thermal exergy: 

ER = Eg − EhER = Eg − Eh (58) 

Eg = Dw[hg − h0 − T0
(
sg − s0

)
]Eg = Dw[hg − h0 − T0

(
sg − s0

)
] (59) 

Eh = Dw[hh − h0 − T0(sh − s0)]Eh = Dw[hh − h0 − T0(sh − s0)] (60) 

ER where ER is the thermal exergy, kW; EgEhEg, Eh are the exergy of 
supply and return water of heat supply network, kW; DwDw is the 
circulating water flow rate of the heat supply network, kg/s; T0T0 is the 
ambient temperature, K; This paper assumes that the room temperature 
in the heat source plant is 8℃,281.15 K; hghhhg, hh are the enthalpy 
value of water supply and return of the heat supply network, 
kJ/kgkJ/kg; sgshsg, sh are the entropy of supply and return water of the 
heat supply network, kJ/(kg • K)kJ/(kg • K); h0h0 is the enthalpy of 
water at ambient temperature, kJ/kgkJ/kg; s0s0 is the entropy of water 
at ambient temperature, kJ/(kg • K)kJ/(kg • K).

System energy exergy: 

EP = PPEP = PP (61) 

EP where EP is the electrical exergy, kW；PPPP is the generating power of 
units, kW.

Based on the heating data of the thermal power plant, the water 
supply pressure for the heat supply network is 1.4 MPa, the design water 
supply temperature and return water temperature are 115℃, 65℃, the 
circulating water flow of heat supply network is 3146 kg/s. Referring to 
the enthalpy and entropy chart of water, hg, hh, hghhh0h0 respectively 
are 483.62 kJ/kg kJ/kg, 273.42 kJ/kg kJ/kg, 34.21 kJ/kg kJ/kg; 
sgshs0sg, sh, s0 respectively are 3.19 kJ/(kg • K) kJ/(kg • K), 2.65 
kJ/(kg • K) kJ/(kg • K), 1.93 kJ/(kg • K) kJ/(kg • K). By inputting these 
parameters and simulation results into the aforementioned formula for 
calculation, the exergic efficiency of different schemes is presented in 
Fig. 13.

As the capacity of auxiliary heat source equipment increased, the 
exergic efficiency initially rose and then gradually declined. In the EB 
scheme, when the power of EB is below 110 MW, a larger TES capacity 
leads to higher exergic efficiency. However, when the power of EB is 
below 110 MW, a larger TES capacity results in lower exergic efficiency. 
The capacity of the auxiliary heat source equipment in the EB scheme 

Fig. 11. Production unit heat, electricity consumption of coal.
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has minimal impact on exergic efficiency, with only a maximum in
crease of 0.2 %.

In the AHP scheme, the change in TES capacity significantly affects 
the system’s exergic efficiency. For the EHP and MHP schemes, the 
impact of TES capacity on exergic efficiency is negligible, and a larger 
capacity of peak regulating equipment leads to higher exergic efficiency, 
albeit at a slower rate. From the perspective of system exergic efficiency, 
if the MHP scheme is implemented for integrated thermoelectric peak 
shaving, there is no need to install TES. For EHP, when the power ex
ceeds 50 MW, increasing TES capacity does not improve the overall 
system efficiency.

In order to explore the relationship between exergic loss and carbon 
emission, exergic loss and carbon emission data of four schemes are 
fitted and analyzed, as shown in Fig. 14.

In the AHP scheme shown in Fig. 14(a), the system’s carbon emis
sions gradually increase with the rise of exergy destruction. As the 
volume of the heat accumulator increases, the system gains greater peak 
shaving capacity for heating. At the same time, with the increase in AHP 
power, the system’s carbon emissions gradually decrease, and the rate of 
increase in carbon emissions slows down. In the MHP scheme, due to the 
higher COP, the exergy efficiency and carbon emissions are less affected 
by the volume of the heat accumulator. As seen in Fig. 14(b), the curves 
of exergy destruction and carbon emissions largely overlap, with only 
minor differences in slope and intercept. In the EB scheme, shown in 
Fig. 14(c), increasing the volume of the heat accumulator or the power 
of EB results in a reduction in both exergy destruction and carbon 
emissions to varying degrees, with a nearly linear relationship between 
the two. However, since EB consumes electricity directly for peak 
heating, its energy efficiency is low compared to that of the heat pump. 
Consequently, the impact of adding EB on the system’s overall exergy 

efficiency is relatively small. At the same time, as the volume of the heat 
accumulator increases, the reduction in carbon emissions and exergy 
destruction occurs at different rates, which leads to the staggered 
arrangement of the curves in the figure. In the EHP scheme, exergy 
destruction and carbon emissions are positively correlated as shown in 
Fig. 14(d). As the volume of the heat accumulator increases, the impact 
of accumulator volume on the system’s carbon emissions becomes 
negligible when the volume reaches 40,000 m3 or 50,000 m3. As a 
result, the curves for these two volumes nearly overlap and follow a 
linear trend. Moreover, with the increase in EHP power, the effect of 
EHP on both exergy destruction and carbon emissions gradually di
minishes. This effect decreases further as the volume of the heat accu
mulator increases. When the heat accumulator volume is relatively 
small, the relationship between exergy destruction and carbon emissions 
appears exponential, with the rate of carbon emissions increasing faster 
as exergy destruction rises.

(2) Energy efficiency.
The energy utilization efficiency of a system is defined as the ratio of 

its output energy to input energy. In CHP system, the output energy 
comprises of the system’s power generation and heat supply. The input 
energy is the heat generated by burning coal. During the CHP trans
formation process, the system’s energy utilization efficiency is improved 
by adding auxiliary heat source equipment. Fig. 15 illustrates the impact 
of different auxiliary heat source equipment on the energy efficiency of 
the system.

The Fig. 15 depicts a rectangle that represents the upper and lower 
limits of the system’s energy efficiency within the simulation range of 
the auxiliary heat source equipment. The maximum and minimum 
values of the energy efficiency are shown. From the Fig, it can be 
observed that the EB scheme has a lower overall energy utilization 

Fig. 12. Carbon trading cost reduction rate of different schemes.
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efficiency compared to the other schemes, ranging from 63 % to 64 %. 
On the other hand, both the EHP and MHP schemes exhibit higher 
overall energy efficiency, surpassing 65 %. The AHP scheme falls in the 
range of 64 % to 67 % for energy efficiency. The HP scheme is effective 
in recovering waste heat from the power plant for heating purposes, 
resulting in a higher system energy efficiency compared to the EB 
scheme, which solely relies on electric energy for heating. However, the 
AHP scheme is constrained by operating efficiency limitations, leading 
to a lower system energy efficiency compared to the EHP and MHP 
schemes.

4. Conclusions

This study presents an integrated thermoelectric peak shaving 
framework to enhance renewable energy integration in combined heat 
and power (CHP) systems. By optimizing the operation of auxiliary heat 
sources—electric boilers (EB), electric heat pumps (EHP), absorption 
heat pumps (AHP), and mechanical heat pumps (MHP)—coupled with 
thermal energy storage (TES), the framework demonstrates significant 
improvements in system flexibility, efficiency, and environmental per
formance. The key findings are as follows: 

Net Operating Income: The MHP and EHP schemes achieved the 
highest net benefits, attributed to their superior energy efficiency 
and reduced operational costs. Optimal configurations include a 110 

MW mechanical heat pump with a 10,000 m3 TES and a 110 MW 
electric heat pump with the same TES capacity.
Wind Power Integration: The EB scheme exhibited the lowest wind 
power curtailment rate of 0.1 %, effectively maximizing wind power 
utilization. Conversely, the AHP scheme, though effective in some 
scenarios, showed limited capacity for wind power absorption.
Coal Consumption Reduction: Retrofitting CHP systems with auxil
iary heat sources reduced coal consumption by up to 16.91 kg/MWh 
of electricity (MHP) and 1.22 kg/GJ of heat (MHP). The EB scheme 
showed the least impact on coal savings due to its higher reliance on 
electricity for heating.
Carbon Emission Mitigation: All schemes significantly lowered car
bon transaction costs, with MHP demonstrating the best performance 
due to its efficient energy utilization. The TES capacity had minimal 
impact on carbon cost reduction for EHP and MHP, highlighting their 
inherent efficiency.
Energy Efficiency: The MHP and EHP schemes achieved exergic ef
ficiencies exceeding 65 %, demonstrating superior performance in 
enhancing system energy utilization compared to EB and AHP 
schemes.

This research provides insights for improving the operational flexi
bility of CHP systems and integrating renewable energy sources, offering 
scalable solutions for regions transitioning to low-carbon energy sys
tems. Future work will focus on extending this framework to 

Fig. 13. Exergic efficiency of different schemes.
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accommodate additional renewable sources, such as solar and biomass, 
and exploring its applicability in more complex energy systems.
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