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Abstract 

District heating systems (DHS) are the largest energy consumers in the building 

energy sector. Substituting electricity in DHS is a pivotal way to achieve its low-

carbon development. Existing studies configure the electric heating equipment on the 

heat source or load side, ignoring the influence of the thermal characteristics of the 

heat network on the system design and scheduling operation. The impact of the 

configuration location of the electric heating equipment on system performance is 

also not emphasized. This paper proposes a new renewable electricity based heating 

mode in substations of DHS. A bi-level optimal configuration model based on 

thermal-electricity synergy is proposed to determine the ideal placement, capacity, 
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and operational planning for these heating equipment. The results show that the 

proposed model reduces operational and environmental benefit costs by 13.31% and 

5.35% during the heating season. Additionally, it lowers the annualized cost by 6.24% 

and curtails the annual discarded wind/photovoltaic power output by 88.76% through 

a bi-level optimal configuration model. This method realizes the integration of 

electrical and thermal energy, enhancing renewable energy consumption while 

concurrently diminishing operating expenses. Consequently, the heating system 

achieves superior economic and environmental performance. 

Keywords: district heating system; renewable energy; electric heating; bi-level 

optimization model 
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Nomenclature  inj
iP  Active power of node 

Acronyms  
inj
iQ  

Reactive power of 

node 

DHS District heating system   
the unit tax amount 

[¥/g] 

CHP Combined heat and power iV  
Voltage modulus of the 

node i  

DOM 
Dynamic-objective 

method jV  
Voltage modulus of the 

node j  

PV Photovoltaic i  
Voltage phase angle of 

node i  

Symbols  j  
Voltage phase angle of 

node j  

tC  
Annual investment cost of 

the system[¥] ij ijY   

Element of node 

admittance matrix 

located in the position 

of row i  and column 
j  

 f x  

Function of annual 

maintenance cost and 

annual operation cost of 

the system[¥] 

G  
the diagonal matrix of 

absolute flow value of 

pipe segment 

,i ehQ  
Configurable rated power 

of the electric heating 

equipment[kW] 
A  

the basic correlation 

matrix of the heating 

pipe network 

H  Hydraulic loss G  

the flow column 

vector of the pipe 

segment 

T  Thermal loss g  the flow column 

vector of the node 

,j shQx  
the configuration location 

of electric heating 

equipment 
B  the basic loop matrix 

,j ehQx  the configuration location 

of heat storage equipment 
S  

the diagonal matrix of 

resistance loss in the 

pipe segment 

pX  
the permitted 

configuration location busN  Total number of nodes 

 maif x  
System maintenance 

cost[¥] pH  the flow direction of 

pump head 

 opef x  System operation cost[¥] T  
the node temperature 

column vector 

 envf x  

the pollutant emission tax 

and carbon emission cost 

generated during the 

system operation[¥] 

 ,j tpP t  

the electric quantity 

supplied by the i  

fossil-fuel power unit 

at the time t [kW] 
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 purf x  
System purchasing power 

cost[¥] 
∅ 

the heat exchange 

column vector 

 powerP t  
the power demand at the 

time t [kW] 
 purP t  

the purchased power at 

the time t [kW] 

 ,i chpP t  
the electric quantity 

supplied by the i  thermal 

power unit at the time t  

 hP t  
the operating power of 

the direct electric 

heating module[kW] 

 stP t  

the operating power of the 

regenerative thermal 

power heating 

module[kW] 

 ,k wtP t  
the power supply of 

the k  wind turbine at 

the time t [kW] 

,l pvP  
the power supply of the l  

photovoltaic unit at the 

time t [kW] 

 eQ t  

the heat load output of 

the new electric 

heating module at time 

t[kW] 

 hQ t  
the heat load output of the 

original heat source 

module at the time t [kW] 

 Q t  

the transmission and 

distribution loss of the 

heating system at the 

time t [kW] 

 iQ t  
the heat load demand of 

the i th  substations at 

the time t [kW] 

m  
the number of 

substations 

,i chpP  
Electrical power output of 

thermal power unit i [kW] ,i chpH  
Thermal output of the 

thermal power unit i

[kW] 

,j tpP  

Electrical power output of 

fossil-fuel power unit j

[kW] 

 ,s eP t  

the conventional 

electric load of 

residents in area s  at 

the time t [kW] 

 ,s ehP t  

the electricity 

consumption of direct 

heating in the area s  at 

the time t [kW] 

,max s dP  

the maximum 

electricity supply 

capacity of the 

distribution network in 

this area[kW] 

N  Population size   inertia weight 

maxGen  
Maximum number of 

iterations 2c  
the population learning 

factor 

1c  
the individual learning 

factor pcFUEL  Fuel cost[¥] 

maxv  
the maximum particle 

speed pcENV  
Environmental benefit 

cost[¥] 

pcEQU  
Equipment investment 

cost max_PV WT  
Maximum wind/PV 

output 

maxEP  
Maximum power of the 

distribution network lossNET  
Heat network 

transmission and 

distribution loss 
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 over  

the number of substations 

or heat sources under the 

two configuration 

scenarios 

0x  
the total number of 

substations and heat 

sources in scenario 4 

0X  
the configuration location 

of electric heating 

equipment in scenario 4 
X  

the configuration 

location of electric 

heating equipment in 

scenario 4 

vq  

the heating volume heat 

index of the building 

[kW/(m3·℃)] 
0T  

the standard 

temperature [℃] 

wT  
the calculated outdoor 

temperature [℃] 
'

0T  
the interior design 

temperature [℃] 

 ,m gbH t  
the heat supply of the m-

th gas boiler at time t 
e
iC  

the unit power 

configuration cost of 

the i-th electric heating 

equipment [¥] 

st
kC  

the unit capacity 

configuration cost of the 

k-th heat storage 

equipment [¥] 

e
iQ  

the configured power 

of the i-th electric 

heating equipment 

[kW] 

st
kQ  

the configured capacity of 

the k-th heat storage 

equipment [kW] 
r  

the discount rates for 

the  electric heating 

equipment 

PRI  
the cost of the heating 

retrofit [¥] 
l  the service life [Year] 

PF  
the emission coefficients 

[g/kWh] 
 i t  

the variable 

maintenance cost per 

unit of output of the i-

th equipment [¥/kWh] 

 coal x  
the price of standard 

thermal coal [¥/kg] ,
p

i chp  

the power supply coal 

consumption rate of 

the i-th cogeneration 

unit [kg/kWh] 

,
h
i chp  

the heating coal 

consumption rate of the i-

th cogeneration unit 

[kg/kWh] 

 ,i chpP t  

the electric power 

output of the i-th 

cogeneration unit at 

time t [kW] 

 ,i chpH t  
the thermal power output 

of the i-th cogeneration 

unit at time t [kW] 
 p t  

the purchase price of 

electricity at time t 

[¥/kWh] 

,m gas  

the heating gas 

consumption rate of the 

m-th gas boiler 

[Nm3/kWh] 

 gas t  
the natural gas price at 

time t [¥/Nm3] 
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eh  Electric heating min  Minimum 

max  Maximum hs  Heat storage 

p  Permitted mai  Maintenance 

ope  Operation env  Environment 

pur  Purchase h  Heat 

seh  Storage electric heating chp  
Combined heat and 

power 

tp  Fossil-fuel power plant wt  Wind turbine 

pv  Photovoltaic gb  Gas boiler  
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1. Introduction 

1.1 Background 

Reaching net zero emissions globally by 2050 is a critical and formidable goal, with 

the buildings sector playing a major part in achieving this vision. In 2021, the 

operation of buildings accounted for 30% of global final energy consumption and 27% 

of total energy sector emissions [1]. In the building sector, the district heating system 

(DHS) is the key object of energy saving and emission reduction, occupying 20% of 

the total energy consumption. As of 2021, the urban heating area in Northern China 

expanded to 16.2 billion m2, and the total energy consumption during building 

operation was 1.1 billion tce [2]. Coal-fired cogeneration and regional coal-fired 

boilers have always been the main heat sources of northern China's current DHS, with 

a low renewable energy utilization rate and severe environmental pollution [3]. As the 

DHS in northern China continues to expand, regulating the hydraulic and thermal 

balance of the heat network has become increasingly complex. This expansion also 

results in common challenges such as mismatches between supply and demand, 

uneven heating distribution, and frequent overheating. 

Electricity is a major secondary energy with the advantages of safety, cleanliness, and 

convenience. Integrated electricity-heat complementary energy systems have the 

potential to significantly enhance energy utilization efficiency by optimizing energy 

configuration [4]. Configuring electric heating equipment in the heating area of the 

original DHS, takes on part of the heat load of the original heat source, thus 

improving the thermal-electricity characteristics of the thermal power plant and 

alleviating the problem of the contradiction between heat and power. Electricity 

heating can realize the coordination and complementarity of electric and thermal 

energy, reduce energy consumption, increase the consumption of renewable energy 

generation, and reduce the energy curtailment of hydro, wind, and solar power 

generation [5]. 

Previously, electricity heating was applied on the heat source side as a means to 

improve the thermal-electricity characteristics of the unit. In some scenarios, small-
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scale electric heating equipment is configured in the end building of the heating 

system to meet the load demand of users [6]. These two configuration methods ignore 

the influence of the thermodynamic characteristics of the heating network on the 

system, which still does not change the problems of large scale, single heat source, 

severe heat loss, and insufficient flexible regulation capacity of urban centralized 

heating systems [7]. 

Therefore, combined with the characteristics of local energy, it is essential to adjust 

the urban energy structure to adopt the complementary heating mode of clean 

electricity and traditional DHS according to local conditions. It is of great guiding 

significance to study the heating mode and its optimal configuration of distributed 

electric heating coupling for urban clean heating and energy structure adjustment. 

1.2 Literature review 

Research on low-carbon electric heating technologies for DHS is divided into two 

main technology routes: source-side electric heating technology around combined 

heat and power (CHP) [8] and electric boilers [9]; load-side electric heating 

technology around heat pumps [10] and heat storage devices [11]. 

CHP integrates power generation and heating, thereby enhancing the overall energy 

utilization efficiency [12]. Li conducted a study focusing on the optimization of 

overall operational costs as the primary goal, investigating the contribution of CHP 

systems to renewable resource optimization strategies [13]. According to Kiviluoma's 

[14] research findings, flexible operation of heart storage and electric boilers is the 

optimal technology for enhancing the flexibility of the DHS. Manni et al. [15] 

researched the electrical-to-thermal conversion performance of electric boilers, and 

their findings indicated that efficiencies can reach as high as 97%. Zhang et al. [16] 

investigated the benefits achievable in power systems through the deployment of 

electric boilers, which can utilize increased electric load to meet the heat supply 

demands of CHP facilities, thereby enhancing the flexibility and renewable energy 

accommodation of the system. 
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The application of heat pumps in DHS is an important way to achieve cleaner heating 

in buildings. Current research focuses on the design and performance improvement of 

heat pump heating systems. Chua et al. [17] reviewed various methods to enhance 

heat pump efficiency and examined major hybrid heat pump systems applicable 

across diverse heat sources. Huang designed a heating system integrating heat storage 

with a wastewater source heat pump and analyzed its application in load shifting for 

peak shaving and valley filling [18]. Li et al. studied the heat storage performance 

under various heat storage control strategies in heat pump systems [19]. Han proposed 

a multi-source hybrid heat pump system with seasonal heat storage functionality [20]. 

Simon et al. [21] conducted a comprehensive study on the factors influencing the 

performance of ground-source heat pumps and introduced a multivariate regression 

model tailored to manufacturer-provided data for predicting the performance of such 

systems. 

For the equipment configuration of the heating system under the scenario of large-

scale renewable energy access, it is necessary to fully consider the coordinated 

matching of multiple energy sources and reduce the negative impact of uncertainty of 

renewable energy output [22]. Bi-level optimization models are widely used in 

equipment configuration and operation optimization of integrated energy systems [23-

25]. Zhao et al. present a two-stage optimization approach for low-carbon planning 

within integrated energy systems. The initial stage is dedicated to capacity allocation, 

aiming to balance investment costs against life-cycle carbon emissions. In the second 

stage, a max-min robust model is utilized, designed to minimize operating costs and 

effectively manage uncertainties in user load demands [26]. Zhou et al. introduced an 

innovative two-stage collaborative planning model for DHS. This model is designed 

to supply electricity, cooling, heating, and domestic hot water to various users. The 

primary objective is to boost performance efficiency and resident satisfaction within 

integrated energy systems [27]. Beuzekom et al. proposed an optimization framework 

for long-term, multi-stage integrated investment planning of urban multi-energy flow 

systems with improved renewable energy consumption by combining the path effects 

of techno-economic development, policy measures, and weather changes [28]. Wu et 
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al. established a bi-level optimization model for district heating systems by 

considering residents' comfort and the system's economic efficiency. The upper layer 

aims to minimize users' costs and maximize energy producers' benefits, and the lower 

layer aims at users' thermal comfort [29]. Shen et al. developed a two-stage robust 

planning model based on the energy hub model by clustering and sub-clustering 

several typical daily load scenarios to fully exploit the multi-energy complementary 

characteristics of the coupled thermal-electricity system [30]. 

Table 1 Summary of existing research 

Ref 
Source-side 

electric heating 

Electric heating 

on network 

Load-side 

electric heating 

Single-level 

optimization 

Bi-level 

optimization 

[13] √ × × √ × 

[14] √ × × √ × 

[15] √ × × × × 

[16] √ × × √ × 

[18] × × √ √ × 

[20] × × √ √ × 

[21] × × √ √ × 

[26] √ × × × √ 

[27] × × √ × √ 

[29] × × √ × √ 

[30] √ × × × √ 

 

This study considers the impact of the heating network on system performance and 

establishes a new renewable electricity based heating mode. A bi-level optimization 

model is proposed to analyze the ideal position and capacity of the electric heating 

equipment and the operation optimization of the system. 

1.3 Gap and main contribution 

Based on the above literature review, there is still a lack of systematic research on 

how to implement electric heating renovation in large DHS and determine the 

configuration plan of new electric heating equipment for China's heating situation. 

Most of the current researches focus on the electric heating technology of the source 

side or load side in small-scale DHS, ignoring the influence of thermal characteristics 
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of heat network on system design and dispatching operation. When the optimal 

configuration of the system is carried out, only the configuration type and 

configuration capabilities of the electric heating equipment are considered, and the 

influence of the configuration location on the system performance is ignored. The 

main contributions of this work are as follows: 

1) This paper proposes a new renewable electricity based heating mode in 

substations of DHS, which can effectively improve the heating flexibility and 

reduce the system's overall heat loss. 

2) This paper proposes a bi-level optimal configuration model based on thermal-

electricity synergy for the DHS. 

3) Combined with a specific case, the optimal configuration capacity, configuration 

position, and operation scheduling of electric heating equipment in the DHS are 

studied in this paper. 

The remainder of this paper is organized as follows. Section 2 introduces the structure 

of the new heating mode and the proposed bi-level optimal configuration model for 

the DHS based on thermal-electricity synergy. The primary information of the case is 

introduced in section 3. In section 4, this paper makes a comparative analysis of the 

research results from three different perspectives. Section 5 concludes the whole paper. 

An overview of the main content of this paper is shown in Fig. 1. 
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Fig. 1 Overview of the main content of this paper 

2. Methodology 

2.1 New renewable electricity based heating mode in substations 

This paper presents a novel renewable electricity based heating mode in substations of 

DHS to fully utilize the flexibility of electric heating equipment installation, enhance 

the performance characteristics of cogeneration units, and boost the utilization of 

clean electricity. The design of this heating mode integrates the thermodynamic 

characteristics of the heating network and aims to optimize energy efficiency and 

environmental sustainability. The heating mode is to install electric heating devices at 

the substations of the original DHS, using the electric grid for electric heating to meet 

the heating demand through the complementarity of the two heating methods.  

The heating system primarily comprises three integral components: the electricity 

system, the heating system, and energy coupling conversion equipment, each playing 
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a vital role in efficient energy utilization and conversion. The heating system typically 

encompasses a heat source, a heating pipeline network, substations, and heat 

exchangers. In contrast, the power system generally includes power supply units 

(cogeneration, thermal, and other clean energy units) and municipal power grids. The 

energy coupling conversion equipment discussed in this paper refers to components 

that facilitate the mutual conversion between electric and thermal energy, specifically 

cogeneration units and electric heating devices (like electric boilers and heat pumps). 

The specific operation process of the heating mode is shown in Appendix A. The 

overall structure of the system is shown in Fig. 2, where the orange line is the heating 

system water supply, the blue line is the heating system return water, and the green 

line represents the power supply. 

 

Fig. 2 System structure of the renewable electricity based heating mode in 

substations of DHS 

The optimal configuration of the DHS necessitates thoroughly evaluating various 

influencing factors. This approach aims to determine the most effective capacity and 

location for electric heating equipment, balancing economic efficiency with 

environmental sustainability. This paper introduces a bi-level optimal configuration 

model for a large-scale DHS in this context. This model is predicated on the principle 

of thermal-electricity synergy, aiming to achieve an equilibrium between thermal and 

electrical energy efficiencies. The upper-level configuration model obtains the 

capacity of electric heating equipment at each substation with the optimization 

objective of minimizing the annual cost and the optimal operation strategy found in 
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the lower-level model; the lower-level optimal scheduling model takes the capacity of 

electric heating equipment at each substation given in the upper-level model and 

considers the system demand-side load, system network structure, environmental 

conditions and clean electricity supply on a typical day of the planning period as 

inputs and the energy supply capacity at each substation. With the lowest annual 

operating cost as the optimization objective, the operation and scheduling strategy of 

the DHS is solved. To intuitively reflect the positive effects of electric heating in 

urban heating systems to reduce pollution and carbon emissions, based on pollutant 

emission taxes and carbon trading costs, we explicitly quantify the implicit costs of 

environmental benefits and incorporate them into the system's operating costs. The 

basic framework of the system's bi-level optimal configuration is shown in Fig. 3. 

 

Fig. 3 A framework of the proposed bi-level optimal configuration model  

2.2 Upper-level optimization configuration model 

The operation of electric heating equipment needs to meet multiple constraints such as 

the power of the distribution network and the thermal and hydraulic balance 

constraints of the heating system. The configuration of the equipment should not be 

too centrally located, so that a pipe network exceeds its heating capacity or the 

operating power of the equipment exceeds the power supply capacity of the 

distribution network. This paper analyzes the configuration location of the electric 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



heating equipment and its impact on the economics of the system and finally obtains 

the optimization configuration location solution. This is reflected in the constraints of 

the model and the solution process. 

(1) Objective function 

The upper-level optimization configuration model takes the lowest annual cost value 

as the objective function. The annual value of cost mainly includes the annual 

investment cost of equipment, the annual maintenance cost of the system, and the 

annual operating cost of the system, where the annual operating cost of the system is 

calculated only for the heating season and is not considered for the non-heating 

season.  

𝑚𝑖𝑛𝐹(𝑥) = 𝐶𝑡 + 𝑓(𝑥)  (1) 

Where: 𝐶𝑡 is the annual investment cost of the system, ¥; 𝑓(𝑥) is the function of the 

annual maintenance cost and annual operation cost of the system, ¥. 

The annual investment cost of the system consists of the investment cost of the 

electric heating equipment and the annual heating retrofit cost. It can be expressed 

through Eq. (2), with the meaning of each component in the equation detailed in 

Appendix A. 

𝐶𝑡 =∑(𝐶𝑖
𝑒𝑄𝑖

𝑒 𝑟𝑖((1 + 𝑟𝑖)
𝑙𝑖)

(1 + 𝑟𝑖)𝑙𝑖 − 1
) +∑(𝐶𝑘

𝑠𝑡𝑄𝑘
𝑠𝑡
𝑟𝑘((1 + 𝑟𝑘)

𝑙𝑘)

(1 + 𝑟𝑘)𝑙𝑘 − 1
) +

𝑛𝑠𝑡

𝑘=1

𝑛𝑒

𝑖=1

∑ 𝑃𝑅𝐼𝑗
𝑚
𝑗=1

𝑚𝑖𝑛𝑙𝑗
 (2) 

The annual maintenance and operating costs are mainly related to the type of 

equipment and the operating power and are determined by the operating strategy 

given by the lower-level model. 

(2) Constraint condition 

A. Equipment capacity constraints 

Due to the limitations of investment cost, installation space, equipment parameters, 

and other conditions, the capacity configuration of all kinds of electric heating 

equipment has upper and lower limits. This constraint can be expressed as Eq. (3). 

𝑄𝑖,𝑒ℎ
𝑚𝑖𝑛 < 𝑄𝑖,𝑒ℎ < 𝑄𝑖,𝑒ℎ

𝑚𝑎𝑥 (3) 

Where 𝑄𝑖,𝑒ℎ is the maximum configurable rated power of the 𝑖 − 𝑡ℎ electric heating 

equipment, kW. 

B. Thermal system loss limitation constraint 
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An essential role of configuring electric heating equipment is to improve the hydraulic 

imbalance of the heating system, so this study places restrictions on the maximum 

hydraulic losses 𝑚𝑎𝑥∆𝐻 and thermal losses 𝑚𝑎𝑥∆𝑇 in the choice of configuration 

locations. The heat and hydraulic losses before the retrofit are taken as the maximum 

heat and hydraulic losses. 

0 ≤ ∆𝐻 ≤ 𝑚𝑎𝑥∆𝐻 (4) 

0 ≤ ∆𝑇 ≤ 𝑚𝑎𝑥∆𝑇 (5) 

C. Configuring location constraints 

The traditional DHS's electric heating renovation must be done without affecting the 

original urban planning. Therefore, the site selection of electric heating equipment 

configuration is restricted, and the expression of this constraint is Eq. (6). 

∀𝑗 ∈ (1,2, … , 𝑛𝑠), 𝑥𝑄𝑗,ℎ𝑠 , 𝑥𝑄𝑗,𝑒ℎ ∈ 𝑋𝑝 (6) 

Where 𝑥𝑄𝑗,ℎ𝑠 and 𝑥𝑄𝑗,𝑒ℎ  are the configuration location of heat pumps, electric boilers, 

and other electric heating equipment and heat storage equipment; 𝑋𝑝 is permitted 

configuration location. In this study, the allowed configuration position is at the heat 

source and each substation. The electric heating equipment configured at the 

substations can only provide heat load for the users under the jurisdiction of the 

substations, and the maximum heating capacity shall not exceed the heat load demand 

at the substations, and the electric heating equipment configured at the heat source can 

output heat load to all the users in the system. 

2.3 Lower-level optimization scheduling model 

(1) Objective function 

The lower-level optimization scheduling model takes the known conditions of the 

system demand side load, system network structure, environmental conditions and 

equipment configuration under typical days and takes the minimum comprehensive 

operation cost as the objective function. 

𝑚𝑖𝑛𝑓(𝑥) = 𝑓𝑚𝑎𝑖(𝑥) + 𝑓𝑜𝑝𝑒(𝑥) + 𝑓𝑒𝑛𝑣(𝑥) + 𝑓𝑝𝑢𝑟(𝑥) (7) 

Where 𝑓𝑚𝑎𝑖(𝑥) is system maintenance cost, ¥; 𝑓𝑜𝑝𝑒(𝑥) is system operation cost, ¥; 

𝑓𝑒𝑛𝑣(𝑥)  represents the pollutant emission tax and carbon emission cost generated 

during the system operation, i.e., the explicit quantified cost of environmental benefits, 
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¥; 𝑓𝑝𝑢𝑟(𝑥) is the system purchasing power cost, ¥.  

The cost function above can be expressed as Eq. (8), (9), and (10), with the meaning 

of each component in the equation detailed in Appendix B. 

𝑓𝑚𝑎𝑖(𝑥) =∑(𝜀𝑖(𝑡)∑𝑃𝑖(𝑡)

𝑡∈𝑇

)

𝑖∈𝐼

 (8) 

𝑓𝑜𝑝𝑒(𝑥) = ∑

(

 
 
 
 𝜆𝑐𝑜𝑎𝑙(𝑡) (∑ ((𝜇𝑖,𝑐ℎ𝑝

𝑝
𝑃𝑖,𝑐ℎ𝑝(𝑡) + 𝜇𝑖,𝑐ℎ𝑝

ℎ 𝐻𝑖,𝑐ℎ𝑝(𝑡)))

𝑛𝑐ℎ𝑝

𝑖=1

+∑(𝜇𝑗,𝑡𝑝𝑃𝑗,𝑡𝑝(𝑡))

𝑛𝑡𝑝

𝑗=1

)

∑ (𝜆𝑔𝑎𝑠(𝑡)𝜇𝑚,𝑔𝑎𝑠𝐻𝑚,𝑔𝑏(𝑡))

𝑛𝑔𝑏

𝑚=1 )

 
 
 
 𝑛𝑐ℎ𝑝

𝑡

 (9) 

𝑓𝑒𝑛𝜈(𝑥) =∑ 

𝑡

∑ 

𝑛

𝑖

𝑃𝑖(𝑡)Δ𝑡(𝑃𝐹𝑖,𝑆𝑂2𝛿𝑆𝑂2 + 𝑃𝐹𝑖,𝑁𝑂𝑥𝛿𝑁𝑂𝑥 + 𝑃𝐹𝑖,𝐶𝑂𝛿𝐶𝑂 + 𝑃𝐹𝑖,𝐶𝑂2𝛿𝐶𝑂2) (10) 

𝑓𝑝𝑢𝑟(𝑥) =∑𝜆𝑝(𝑡)𝑃𝑝𝑢𝑟(𝑡)

𝑡

 (11) 

(2) Constraint condition 

A. System network power flow constraints 

The power flow constraint of the system network is composed of the power flow 

constraint of the power system and the thermal and hydraulic constraint of the heating 

system. 

{
  
 

  
 
𝑃𝑖
𝑖𝑛𝑗

= 𝑉𝑖 ∑ 𝑉𝑗𝑌𝑖𝑗cos⁡(𝛿𝑖 − 𝛿𝑗−∅𝑖𝑗)

𝑁𝑏𝑢𝑠

𝑗=1

𝑄𝑖
𝑖𝑛𝑗

= 𝑉𝑖 ∑ 𝑉𝑗𝑌𝑖𝑗sin⁡(𝛿𝑖 − 𝛿𝑗−∅𝑖𝑗)

𝑁𝑏𝑢𝑠

𝑗=1

⁡𝑖 = 1,2, … ,𝑁𝑏𝑢𝑠 (12) 

{
  
 

  
 

𝐴𝐺 = 𝑔
𝐵∆𝐻 = 0

∆𝐻 = 𝑆|𝐺|𝐺 − 𝐻𝑝
𝐴𝐺𝑇 = ∅/𝑐𝑝

𝑇𝑖𝑛 = 𝐴
𝑇𝑇𝑛

𝐺∆𝑇 = 𝑘 ((𝑇𝑖𝑛 + 𝑇𝑜𝑢𝑡)/2 − 𝑇𝑔) /𝑐𝑝

 (13) 

Where 𝑃𝑖
𝑖𝑛𝑗

 and 𝑄𝑖
𝑖𝑛𝑗

 are the active power and reactive power of the node, 

respectively. When there is an input of electricity supply, the power is registered as 

positive; For the load output, the power is negative; 𝑉𝑖 and 𝑉𝑗 are the node i and node j 

voltage modulus respectively; 𝛿𝑖 and 𝛿𝑗  represent the voltage phase angle of node i 

and node j respectively. 𝑌𝑖𝑗∠∅𝑖𝑗 is the element of the node admittance matrix located 
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in the row and column position j; 𝑁𝑏𝑢𝑠 is the total number of nodes. 

𝐴 represents the basic correlation matrix of the heating pipe network, order (v-1)×w; 

𝐺 is the flow column vector of the pipe segment, order w×1; 𝑔 is the flow column 

vector of the node, order (v-1)×1. 𝐵 is the basic loop matrix, order (w-v+1)×w; ∆𝐻 is 

the column vector of resistance loss in pipe segment, order w×1; 𝑆 is the diagonal 

matrix of resistance loss in pipe segment, order w×w; |𝐺|is the diagonal matrix of 

absolute flow value of pipe segment, order w×w; 𝐻𝑝 is the flow direction of pump 

head, w×1 order. 𝑇 represents the node temperature column vector, order v×1; ∅ is the 

heat exchange column vector, order v×1. 

B. System supply and demand balance constraints 

The balance constraint of supply and demand of the system is to meet the demand of 

electricity and heat load of users based on the constraint of power flow of the system 

network to ensure that the electricity and heat of residents are not affected before and 

after the transformation of electricity substitution heating. The constraint for 

balancing electricity demand and supply is represented in Eq. (14). 

𝑃𝑝𝑜𝑤𝑒𝑟(𝑡) + 𝑃ℎ(𝑡) + 𝑃𝑠𝑒ℎ(𝑡) = ∑ 𝑃𝑖,𝑐ℎ𝑝(𝑡)

𝑛𝑐ℎ𝑝

𝑖=1

+∑𝑃𝑖,𝑡𝑝(𝑡)

𝑛𝑡𝑝

𝑗=1

+ 

∑𝑃𝑘,𝑤𝑡(𝑡)

𝑛𝑤𝑡

𝑘=1

+∑𝑃𝑙,𝑝𝑣(𝑡)

𝑛𝑝𝑣

𝑙=1

+ 𝑃𝑝𝑢𝑟(𝑡) 

(14) 

Where 𝑃𝑝𝑜𝑤𝑒𝑟(𝑡) is the power demand at time t, kW; 𝑃ℎ(𝑡) is the operating power of 

the direct electric heating module, kW; 𝑃𝑠𝑒ℎ(𝑡) represents the operating power of the 

storage electric heating module, kW; 𝑃𝑖,𝑐ℎ𝑝(𝑡) is the electric quantity supplied by the i 

thermal power unit at time t, kW;  ,j tpP t  is the power supply of the j  fossil-fuel 

power plant at time t, kW; 𝑃𝑘,𝑤𝑡(𝑡) is the power supply of the k wind turbine at time t , 

kW; 𝑃𝑙,𝑝𝑣(𝑡) is the power supply of the l photovoltaic unit at time t, kW; 𝑃𝑝𝑢𝑟(𝑡) 

represents the purchased power at time t, kW. 

It must be ensured that the overall heat load of the system and the heat load supply 

and demand of each substation are balanced. 
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𝑄ℎ(ℎ) + 𝑄𝑒(𝑡) = ∆𝑄(𝑡) +∑𝑄𝑖(𝑡)

𝑚

𝑖=1

 (15) 

𝑄𝑖(𝑡) = 𝑄𝑒,𝑖(𝑡) + 𝑄ℎ,𝑖(𝑡), 𝑖 = [1,2, … ,𝑚] (16) 

𝑄ℎ(ℎ) is the heat load output of the original heat source at time t, kW; 𝑄𝑒(𝑡) is the 

heat load output of the new electric heating equipment at time t, kW; ∆𝑄(𝑡) is the 

transmission and distribution loss of the heating system at time t, kW; 𝑄𝑖(𝑡) is the 

heat load demand of the 𝑖 − 𝑡ℎ  substations at time t, kW; 𝑚  is the number of 

substations. 

C. Equipment Performance Constraints 

The performance constraints of thermal power units, fossil-fuel power units, wind 

power units, gas boilers, and various electric heating equipment are mainly considered 

in the operation process of the DHS. 

The electricity and thermal output of the thermal power unit should be guaranteed 

within the allowable range. 

𝑚𝑖𝑛𝑃𝑖,𝑐ℎ𝑝 < 𝑃𝑖,𝑐ℎ𝑝(𝑡) < 𝑚𝑎𝑥𝑃𝑖,𝑐ℎ𝑝 (17) 

0 < 𝐻𝑖,𝑐ℎ𝑝(𝑡) < 𝑚𝑎𝑥𝐻𝑖,𝑐ℎ𝑝 (18) 

Where 𝑚𝑖𝑛𝑃𝑖,𝑐ℎ𝑝 and 𝑚𝑎𝑥𝑃𝑖,𝑐ℎ𝑝 respectively represent the minimum and maximum 

electricity output of thermal power unit i, kW; 𝑚𝑎𝑥𝐻𝑖,𝑐ℎ𝑝 represents the maximum 

thermal output of the thermal power unit i, kW. For a thermal power unit, the 

minimum thermal output can be zero. 

The fossil-fuel power unit performance constraint is shown in Eq. (19). 

𝑚𝑖𝑛𝑃𝑗,𝑡𝑝 ≤ 𝑃𝑗,𝑡𝑝(𝑡) ≤ 𝑚𝑎𝑥𝑃𝑗,𝑡𝑝 (19) 

Where 𝑚𝑖𝑛𝑃𝑗,𝑡𝑝 and 𝑚𝑎𝑥𝑃𝑗,𝑡𝑝 represent the minimum and maximum electrical output 

of fossil-fuel power unit j, kW; 

Electric heating equipment such as electric boilers, heat pumps, and supporting heat 

storage units need to meet the following constraints: 

0 ≤ 𝑃𝑒𝑏 ≤ 𝑃𝑒𝑏,𝑚𝑎𝑥 (20) 

0 ≤ 𝑃ℎ𝑝 ≤ 𝑃ℎ𝑝,𝑚𝑎𝑥 (21) 

0 ≤ 𝐶𝑠𝑡 ≤ 𝐶𝑠𝑡,𝑚𝑎𝑥, 0 ≤ 𝐻𝑠𝑡,𝑖𝑛 ≤ 𝐻𝑠𝑡,𝑖𝑛
𝑚𝑎𝑥 (22) 

Where 𝑃𝑒𝑏,𝑚𝑎𝑥 and 𝑃ℎ𝑝,𝑚𝑎𝑥 is the maximum operating power of the electric boiler and 

heat pump, respectively, kW; 𝐶𝑠𝑡  is the amount of heat stored in heat storage 

equipment; 𝐻𝑠𝑡  is the heat storage and heat release efficiency of heat storage 
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equipment. 

D. Incremental load constraints 

In this study, the sum of the added heating and the original conventional electric load 

shall not exceed the maximum electric load the regional power grid can provide in the 

electricity substitution heating planning process. 

𝑃𝑠,𝑒(𝑡) + 𝑃𝑠,𝑒ℎ(𝑡) + 𝑃𝑠,𝑠𝑡(𝑡) ≤ 𝑚𝑎𝑥𝑃𝑠,𝑑 (23) 

Where 𝑃𝑠,𝑒(𝑡) is the conventional electric load of residents in the area s at time t, kW; 

𝑃𝑠,𝑒ℎ(𝑡) represents the electricity consumption of direct heating in the area s at time t, 

kW; 𝑃𝑠,𝑠𝑡(𝑡) is the energy consumption of heat storage and heating configured in the 

area s at time t, kW; 𝑃𝑠,𝑑  is the maximum electricity supply capacity of the 

distribution network in this area, kW. 

2.4 Solving process of bi-level optimization configuration model 

The standard genetic algorithm is used to solve the upper-level optimization model, 

and the improved particle swarm algorithm is used to solve the lower-level optimal 

scheduling model. Based on the dynamic-objective method (DOM), this paper 

proposed a constraint handling mechanism for particle swarm optimization problems 

with complex constraints, reconstructing the objective function and the corresponding 

solution strategy to accommodate the optimal scheduling of the DHS. The specific 

solution process is shown in Fig. 4. Compared with the basic particle swarm 

optimization algorithm, the improved particle swarm optimization algorithm based on 

DOM can transform the constraint into a new objective function called the distance 

function. For the optimization problem with 𝑝 inequality constraint and 𝑞  equality 

constraint, the transformation equation is as follows: 

min𝑓(𝑥) 𝑠. 𝑡. {
𝑔𝑖(𝑥) ≥ 0 𝑖 = 1,2, … , 𝑝

ℎ𝑗(𝑥) = 0 𝑗 = 1,2, … , 𝑞
 (24) 

𝜙(𝑥) =∑max

𝑝

𝑖=1

{0, 𝑔𝑖(𝑥)} +∑{0, |ℎ𝑗(𝑥)| − 𝜀}

𝑞

𝑗=1

 (25) 

Where 𝑓(𝑥)  is the original objective function; 𝑔𝑖(𝑥)  and ℎ𝑗(𝑥)  represent the i 

inequality constraint and the j equality constraint, respectively. 𝜙(𝑥) is the distance 

function of the constraint condition; 𝜀 is an arbitrarily small positive number, which is 
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taken 𝜀 = 0.001 in this paper. 

The distance function of the constraint condition is set as the new objective function, 

then the objective function of the original optimization problem becomes: 

min(𝜙(𝑥), 𝑓(𝑥)) (26) 

For the particle swarm optimization algorithm using the DOM constraint, in the 

optimization process, when the particles are in the infeasible domain, the distance 

function 𝜙(𝑥) is optimized first, so that the particles gradually approach the feasible 

domain; when the particle distance function 𝜙(𝑥) = 0  or 𝜙(𝑥) ≤ 𝛿  ( 𝛿  is the 

constraint allowed error, this paper takes 𝛿 = 0.1), that is, when the particles are 

already in the feasible domain, the optimization 𝑓(𝑥) begins; when the particles leave 

the feasible domain again in the process of optimizing 𝑓(𝑥), the algorithm will return 

to optimize 𝜙(𝑥). Such an improved particle swarm algorithm can make the particles 

more concurrent to the feasible region and increase the accuracy of the algorithm 

optimization. 

 

Fig. 4 Flowchart for solving the bi-level optimal configuration model 

3. Case study 

Based on a large-scale DHS in Northern China, according to the distribution of 

environmental resources, the structure of energy system and the future development 
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plan of this region, renewable electricity based heating is added to the original 

substations. The optimal configuration scheme and system performance are studied 

before and after the configuration. 

3.1 Configuration parameters in this case 

(1) Heating system parameters 

As shown in Fig. 5, there are currently 291 substations in the DHS, with a heating 

area of 15.5 million m2, mainly supplied by three centralized heating sources, A, B, 

and C. A is provided heat load by thermal power plant 1; B is provided with heat load 

by thermal power plant 2; C is mainly provided with heat load by two gas boilers, 

called peak boiler plant 1. The heat load demand before the transformation of the 

centralized heating system is mainly satisfied by thermal power plant 1, thermal 

power plant 2, and peak boiler plant 1, and after the transformation, an electric 

heating device and heat storage device are added as distributed heat sources to bear 

part of the heat load. 

 

Fig. 5 District heating network topology diagram 

The maximum heating output of the peak boiler plant 1 is 200 MW, and the 

maintenance cost is 0.03 ¥/kWh. In this study, the overall heating season operation 

data of the region was selected as the sample data for the case study, which started on 

November 15 of the year and ended on March 15 of the following year, totaling 121 
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days. The heat load time series distribution in the heating season is shown in Fig. 6. 

The maximum heat load is 938.10 MW, and the average heat load is 541.89 MW. The 

total heating capacity of the heating season in the region is 1573.66 GWh. The 

pollutant emission data of each unit in the system are shown in Table 2. 

 

Fig. 6 Time-series distribution of heat load during the heating season 

Table 2 Pollutant emission data for different heat load sources (g/kWh) 

Electricity sources NOX CO2 CO SO2 

Thermal power plant 1 1.42 312.32 0.04 1.72 

Thermal power plant 2 1.35 304.14 0.03 1.38 

Fossil-fuel power plant 0.62 225.16 0.17 0.07 

 

(2) Power system parameters  

The electric load in this region is currently provided mainly by thermal power plant 1, 

thermal power plant 2, and fossil-fuel power plant. In the future, another wind power 

plant and a PV power station are planned to be built. To ensure the entire consumption 

of wind and PV output, the centralized heating system in this region is planned to be 

transformed into electricity substitution heating. The equipment parameters of each 

power unit are shown in Table 3. 

Table 3 Equipment parameters of power units in this region 

Unit equipment 
Installed 

capacity 

Maintenance costs 

(¥/kWh) 
Notes 

Thermal power plant 1 250 MW2 0.05 Put into operation 

Thermal power plant 2 300 MW2 0.05 Put into operation 

Fossil-fuel power plant 500 MW2 0.06 Put into operation 
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Wind power plant 500 MW 0.04 To be put into service 

PV power plant 500 MW 0.04 To be put into service 

 

As shown in Fig. 7, the electric load demand in this case has almost no seasonal 

fluctuation throughout the heating season, and the daily variation pattern is similar. 

The maximum electric load is 2099.07 MW, the minimum electric load is 901.03 MW, 

and the average electric load is 1380.21 MW, with a total electric load demand of 

4008.11 GWh during the whole heating season. The pollutant emission data of each 

unit in the system are shown in Table 4. 

 

Fig. 7 Time-series distribution of electric load 

Table 4 Pollutant emission data for different sources of electric load (g/kWh) 

Electricity sources NOX CO2 CO SO2 

Thermal power plant 1 2.48 705.74 0.14 3.85 

Thermal power plant 2 2.07 632.40 0.11 3.28 

Fossil-fuel power plant 3.09 831.04 0.12 5.48 

 

(3) Wind-solar resource setting 

Fig. 8 and Fig. 9 show the temporal distribution of wind speed and solar radiation 

intensity per unit during 121 days of the heating season, respectively. The analysis 

shows that the maximum regional solar radiation intensity is 820.02 W/m2; the 

average solar radiation intensity is 128.02 W/m2; the maximum wind speed is 21.70 

m/s, and the average wind speed is 5.52 m/s. Other wind-solar resource parameter 

settings are shown in Table 5. 

Table 5 Wind-solar resource parameters setting 
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Parameters Value 

Specific light intensity 𝐼𝑐=200 W/m2 

Unit light intensity in the standard environment 𝐼𝑠𝑡𝑑=500W/m2 

Cut-in wind speed of wind turbine  𝑣𝑚𝑖𝑛=3m/s 

Cut-out wind speed of wind turbine 𝑣𝑚𝑎𝑥=25m/s 

Rate wind speed of wind turbine 𝑣𝑟=10m/s 

 

 

Fig. 8 Heat map of time-series distribution of solar radiation intensity per unit in 

heating season 

 
Fig. 9 Heat map of time-series distribution of wind speed in heating season 
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In this study, the DHS is modified by economic analysis, considering the scenario of 

configuring heat pumps and heat storage devices. The parameters of the electric 

heating equipment to be configured refer to the literature [31] and are shown in Table 

6. 

Table 6 Electric heating equipment parameters to be configured 

Equipment type Equipment parameters Numerical value 

Heat pumps 

Investment costs 2500 ¥/kW 

Maintenance costs 0.05 ¥/kWh 

Serviceable life 15 years 

Comprehensive energy efficiency ratio 3.0 

Discount rate 8.0% 

Heat storage 

devices 

Investment costs 50 ¥/kWh 

Maintenance costs 0.013 ¥/kWh 

Serviceable life 15 years 

Charge and discharge heat efficiency 1 

Maximum charging and discharging power 50% capacity 

Heat loss coefficient 0.001 

Discount rate 8% 

 

The local emission equivalent taxes of major air pollutants refer to the literature [32] 

and are shown in Table 7. In addition, the standard coal price in the region is 700 ¥/t, 

the unit price of gas is 2.5 ¥/Nm3, and the purchased electricity price of the system is 

0.62 ¥/kWh according to the two-part system. The renovation cost at a substation or 

heat source is ¥0.15 million. 

Table 7 Equivalent tax on pollutant emissions in the area [32] 

Pollutant type Pollution equivalent value (kg) Tax amount per pollution equivalent (¥) 

SO2 0.95 12.00 

NOx 0.95 12.00 

CO 16.7 12.00 

CO2 120 ¥/t 

 

3.2 Typical daily electric/heat load and wind/solar resource data 

To ensure the generality of the research results, the k-means clustering method and 

average method in the literature [33] are used to select the typical day data in this 

study. The effects of electricity and heat load characteristics and weather (wind speed 

and light intensity) on energy equipment are also considered. Fig. 10 shows six 

typical day operation scenarios that were finally selected. It can be seen that the 
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electricity and heat loads and wind and PV output data under each typical day 

scenario have certain complementary characteristics in terms of time distribution. 

 
Fig. 10 Electrical/heat load and wind/solar resource per unit value under typical 

day scenario 

The parameters of the upper-level optimal configuration model-solving algorithm are 

set as shown in Table 8. 

Table 8 The parameters set of the bi-level optimal configuration model 

Model type Parameter type Value 

Upper-level model 

Population size N=100 

Variation rate 0.1 

Maximum iteration max Gen=500 

Lower-level model 

Population size N=100 

Inertia weight w(Gen)=0.5+rand( )/2 

Individual learning factor 1c  and 

population learning factor 2c  
1 2 2c c   

Maximum particle speed vmax=0.5 

Maximum iteration max Gen =300 

 

After statistical analysis of the equipment's operating parameters and market 

information in this religion, each unit's cost per unit power output is shown in Fig. 11. 

It can be seen that the output cost of a gas boiler is higher than that of the thermal 

power plant, and the output of the gas boiler is preferentially reduced in the 
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optimization process. The cost of wind power and PV power output is much lower 

than other units, and renewable energy power will be preferred in the optimization 

process. 

 

Fig. 11 Per unit power output cost of each unit of equipment 

4. Results and discussions 

By solving the bi-level optimal configuration model of the DHS in this area, the 

optimal configuration capacity and configuration location of the electric heating 

equipment are obtained. The best economic and environmental protection can be 

obtained by configuring electric heating equipment at 72 substations and heat source 

C. The blue markings in Fig. 12 show the heat stations in the central heating system 

where electric heating equipment is added. The area to which the equipment-

configured substations belong is marked by a red line. The configuration capacity of 

each electric heating equipment is shown in Table 9. 
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Fig. 12 Optimal configuration location of the electric heating equipment at 

substations 

Table 9 Electric heating equipment configuration capacity under the bi-level 

optimal configuration method 

Number 
Heating retrofit area 

(Million m2) 

Heat pumps 

(MW) 

Heat storage device 

（MWh） 

D 111.60 17.69 140.11 

E 186.00 29.42 233.52 

F 153.45 24.27 193.65 

G 57.35 9.07 72.00 

Heat source C - 164.71 1306.69 

 

The substations implementing electric heating renovation are mainly located in areas 

D, E, F, and G. These four substations are farther away from the heat source and have 

larger heat and hydraulic losses. The implementation of electric heating renovation in 

these areas can maximize the system performance and reduce heat network losses. 

After calculation, 245.16 MW of heat pumps and 1945.97 MWh of heat storage 

devices are required. 

To verify the effectiveness of the bi-level optimal configuration method and to further 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



demonstrate the superiority of the heating mode, four different operating scenarios are 

set up in this study for comparative analysis. 

(1) No electric heating equipment setting, using gas boilers to bear 20% of the heat 

load and thermal power plants 1 and 2 to bear 80% of the basic heat load on average; 

(2) Based on scenario 1, electric heating equipment is used instead of gas boilers to 

take 20% of the heat load; electric heating equipment is scattered in equal proportions 

at each substation; 

(3) Based on scenario 2, using a lower-level optimal scheduling method to optimally 

allocate the electricity and heat loads to each unit of equipment; 

(4) Bi-level optimal configuration scenario. 

With the same basic operating parameters of electric heating equipment, this study 

simulated and calculated the annual values of costs and total annual consumption of 

wind/PV power under scenario 1, scenario 2, scenario 3, and scenario 4 based on the 

operational data of typical days, and the results are shown in Table 10. 

Table 10 Results of heating system scheduling operation under three different 

scenarios 

Scenarios 

Annual 

investment 

cost (¥ million) 

Annual 

operation and 

maintenance 

cost (¥ million) 

Environmental 

benefit cost 

(¥ million) 

Annual 

cost value 

(¥ million) 

Annual 

curtailment 

of wind/light 

power 

(MWh) 

1 0 1,251.62 777.80 2,029.42 320.57 

2 65.27 1,161.47 771.20 1,997.94 108.14 

3 65.27 1,109.30 748.23 1,922.79 42.09 

4 81.47 1,085.01 736.21 1,902.70 36.03 

 

4.1 Comparison analysis of fixed operation mode and optimized 

scheduling operation 

This paper studied the influence of the operation scheduling strategy of electric 

heating equipment on the system performance. Under the condition that the 

configuration scheme of electric heating equipment and the typical daily operation 

data are the same, the performance changes of DHS under fixed operation mode 

(scenario 2) and optimal operation mode (scenario 3) are compared and analyzed. 
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As shown in Table 10, using the bi-level optimization model in DHS, the operation 

and maintenance cost and environmental benefit cost in scenario 4 decreased by 13.31% 

and 5.35%, respectively, compared with the original centralized heating system 

(scenario 1), the annual cost decreased by 6.24%, the annual wind curtailment/total 

PV power decreased by 88.76%, and the consumption of renewable energy increased 

significantly. This fully demonstrates the feasibility of optimizing scheduling 

operations. 

To further illustrate the improvement of system performance by optimal scheduling, 

this study took the typical day 1 with abundant wind/solar resources as the operation 

boundary condition and simulated the operation of each unit under scenarios 1, 2, and 

3, respectively. Fig. 13 shows the system wind/PV power consumption of typical day 

1.  

 

Fig. 13 Wind/PV dissipation in three scenario settings 

As can be seen from Fig. 13(a), the system can completely consume renewable energy 

output between 9:00 to 11:00 and 15:00 to 23:00, but the actual wind/PV power 

output in the rest of the time is much smaller than the predicted value, the system not 

only has more serious wind/PV curtailment phenomenon from 0:00 to 8:00, but also 
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cannot guarantee the wind/PV power in the time from 11:00 to 15:00 completely 

consumed in scenario 1. As shown in Fig. 13(b), the renewable energy output 

consumption of the system between 0:00 and 9:00 increases significantly after the 

conversion to the DHS. However, the wind/PV curtailment of the system between 

11:00 and 15:00 still does not get any relief. In Fig. 13(c), after using the particle 

swarm algorithm to optimally schedule the system's electrical and heat loads, the 

utilization of wind and PV power between 11:00 and 15:00, when the wind/PV 

curtailment phenomenon is more serious, is greatly improved, and the system can 

fully consume the renewable energy output between 0:00 and 9:00. 

 

Fig. 14 Electric load output of each device in three operating scenarios 
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Fig. 15 Heat load output of each device in three operation scenarios 

As shown in Fig. 14 and Fig. 15, in scenario 1, from 0:00 to 8:00, the residential heat 

load demand is large. In order to ensure the heating demand, the electric output of the 

cogeneration unit cannot be reduced by the heat output constraint. Although the 

wind/solar resources are abundant at this time, the system still has a serious wind/PV 

curtailment phenomenon. From 10:00 to 15:00, the heat load demand decreases, and 

although the PV unit output increases significantly, the system cannot entirely 

consume the renewable energy output. In scenario 2, the system uses heat pumps and 

heat storage devices to replace the higher cost gas boilers. The heat pumps replace 20% 

of the heat load between 0:00 and 8:00, and complete the heat storage devices to store 

heat. The heat storage devices assume 20% of the heat load between 9:00 and 23:00. 

However, the configuration of electric heating equipment can increase wind power 

consumption. However, because it does not change the heat output of the 

cogeneration unit, the system still has a certain degree of wind curtailment 

phenomenon during the night due to the constraints of the unit's cogeneration 
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characteristics. Compared with the fixed operation mode in scenario 2, the output time 

and range of each equipment are no longer restricted in scenario 3, and the output of 

each unit is more flexible. As shown in Fig. 15(c), especially at noon when wind/PV 

curtailment is serious, the heat output of other equipment is increased appropriately. 

The heat output of cogeneration units is reduced to improve the electric load 

regulation capacity of cogeneration units and ensure the consumption of renewable 

energy output in this period. 

Based on the above analysis, under the same investment cost, compared with the fixed 

operation mode, the optimization model of this study is used to find the optimal 

output of each unit, which can fully play the output flexibility of electric heating 

equipment, better realize the coordination and complementarity of electricity and 

thermal energy. This approach not only reduces the system's operational costs but also 

significantly enhances the consumption of renewable energy. As a result, it offers 

improved economic and environmental benefits. 

4.2 Comparison analysis of the fixed configuration method and bi-

level optimal configuration method 

Based on the analysis in section 4.1, this study further compared and analyzed the 

changes in system performance under the bi-level optimal configuration method based 

on genetic algorithm, improved particle swarm algorithm, and the fixed configuration 

method. As seen from Table 10, the heat pump configuration capacity is increased in 

scenario 4 under the optimal configuration method compared to scenario 3 with the 

fixed configuration method. The heat storage device configuration capacity is reduced, 

which increases the annual investment cost of the system, but the annual value of the 

system cost is reduced by ¥20.99 million. Renewable energy consumption is 

increased by 606.29 MWh with better equipment capacity fit. In this section, the 

operation of each equipment unit under scenario 4 is simulated and calculated, again 

using typical day one as the boundary operation condition, to illustrate the superiority 

of the bi-level optimal configuration model. 
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Fig. 16 Wind/PV consumption and optimization and scheduling of each unit 

From Fig. 16, it can be seen that in scenario 4, the system has almost completely 

consumed the renewable energy output. Combined with Fig. 14(c), Fig. 15(c), and Fig. 

16(b)(c), in Scenario 4, the system has achieved a large amount of heat transfer 

without a significant increase in investment cost by increasing the configured capacity 

of heat pumps and configuring heat storage equipment of suitable capacity. On the 

one hand, during the low electric load hours, increasing the operating power of heat 

pumps has increased the wind/PV power consumption and heat storage equipment 

storage at night. On the other hand, during the peak hours of electric load, increasing 

the output of heat storage equipment and reducing the heat output of cogeneration 

units increases wind/PV power consumption during the daytime. By comparison of 

heat output and heat demand in the four scenarios, it can be found that the heat output 

and demand to some extent, among which scenario 4 exceeds the least, scenarios 2 

and 3 follow, and scenario 1 exceeds the most seriously, which further proves the 

positive effect of the DHS in reducing heat network losses and improving the energy 
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structure of the system. 

To further verify the positive effect of the bi-level optimal configuration method in the 

equipment configuration of large-scale DHS, the centralized configuration (scenario 5) 

and equal-ratio decentralized configuration (scenario 6) were studied for comparative 

analysis, and the annual values of system cost and total annual wind/PV power 

curtailment under scenarios 4, 5 and 6 are shown in Table 11. 

Table 11 Annual value of system cost and total annual wind/PV power 

curtailment under different configuration methods 

Scenarios 

Annual 

investment 

cost 

(¥ million) 

Annual 

operation and 

maintenance 

cost 

(¥ million) 

Environmental 

benefit cost 

(¥ million) 

Annual cost 

value  

(¥ million) 

Annual 

curtailment of 

wind/light 

power (MWh) 

4 81.47 1,085.01 736.21 1,902.70 36.03 

5 80.76 1,133.08 767.51 1,981.35 37.15 

6 83.64 1,084.79 736.16 1,904.58 36.03 

 

As can be seen from Table 11, the large-scale DHS with the bi-level optimal 

configuration method has the best economic and environmental performance. 

Compared with the centralized configuration method, the bi-level optimal 

configuration method can reduce the annual value of cost by ¥78.56 million and 

increase the renewable energy consumption by 111.95 MWh; compared with the 

equal-ratio decentralized configuration method, the bi-level optimal configuration 

method reduces the annual value of cost by ¥1.89 million with the same total annual 

wind/PV power curtailment.  

4.3 Sensitivity analysis 

Under the premise of the same residential electrical and heat load demand and heating 

system topology, the optimal configuration scheme of the large-scale DHS is mainly 

influenced by the operating parameters such as fuel cost 𝐹𝑈𝐸𝐿𝑝𝑐 , environmental 

benefit cost 𝐸𝑁𝑉𝑝𝑐 , equipment investment cost 𝐸𝑄𝑈𝑝𝑐 , maximum power of the 

distribution network 𝐸𝑃𝑚𝑎𝑥 , wind/PV output 𝑃𝑉 −𝑊𝑇𝑚𝑎𝑥 , and heat network 

transmission and distribution loss 𝑁𝐸𝑇𝑙𝑜𝑠𝑠 . This study further conducted a 

comparative sensitivity analysis of each influence factor of the model. Taking 

scenario 4 as a comparison, this study simulated the change rate of the system 
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optimization objectives when a single operating parameter increased by 10% and 

decreased by 10%, with other parameters unchanged. The system optimization 

objectives mainly included the configuration capacity of the heat pump and heat 

storage device, the configuration position of the electric heating equipment, and the 

annual cost value. 

The rate of change of the electric heating equipment configuration location site  can 

be quantified by Eq. (27). 

𝜇𝑠𝑖𝑡𝑒 =
𝑜𝑣𝑒𝑟[𝑋0, 𝑋]

𝑥0
 (27) 

Where 𝑜𝑣𝑒𝑟 is the number of substations or heat sources that do not overlap in the 

configuration location of electric heating equipment under the two configuration 

scenarios; 𝑥0  is the total number of substations and heat sources configured with 

electric heating equipment under scenario 4; 𝑋0 and 𝑋 are the configuration locations 

of electric heating equipment after a 10% increase or decrease of individual 

parameters and in scenario 4, respectively. 

 

Fig. 17 System optimization target change rate for 10% increase and 10% 

decrease in individual operating parameters 

As shown in Fig. 17, the sensitivities of each optimization objective to each operating 

parameter differ significantly. Equipment investment cost does not influence the 

system optimization objective among the price parameters, while the annual cost is 

more sensitive to fuel and environmental benefit costs. Among the non-price 

parameters, the configuration position of electric heating equipment is more sensitive 
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to the loss of heat network, the electric heating configuration scheme and annual cost 

are most sensitive to the maximum power of the distribution network, and the 

sensitivity of each optimization objective to wind/PV power output is not apparent. 

The above analysis of the sensitivity of the operating parameters shows that the 

distribution network power constraint and the heat network transmission and 

distribution losses are the main factors affecting the electric heating equipment 

configuration scheme. Due to the low sensitivity of wind/PV power output, it can be 

considered that under the condition that the maximum power of the distribution 

network is certain, unquestioningly increasing the configuration capacity of wind/PV 

units does not bring the corresponding system benefits. In addition, when each 

operating parameter is increased or decreased by 10%, the change rate of each 

optimization target of the system does not exceed 10%, which proves that the bi-level 

optimal configuration model proposed in this paper has good robustness. 

5. Conclusion 

The bi-level optimal configuration method proposed in this paper can be effectively 

applied to planning and designing a large-scale DHS, making the system more 

economical and environmentally friendly. The case study optimizes and analyzes the 

configuration capacity, location, and operation strategy of the system's electric heating 

equipment. The comparative analysis of different scenarios further verifies the 

validity and feasibility of the proposed model. According to the case study and 

analysis results, the following conclusions can be drawn: 

1) Adding renewable electricity heating in substations can effectively improve the 

performance of the DHS and reduce the loss of the heat network. 

2) The operating cost and environmental benefit cost in the heating season are 

reduced by 13.31% and 5.35%, respectively, after adopting the bi-level 

optimization configuration model for the DHS. The annualized cost is reduced by 

6.24%, and the annual discarded wind/PV power is reduced by 88.76%. 

3) The distribution grid power constraints and heat network transmission and 

distribution losses are the main factors affecting the configuration scheme of 
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electric heating equipment. 

Overall, this paper proposes a novel renewable electricity based heating mode in 

substations of the DHS. Further, a bi-level optimization configuration model is 

developed, and the superiority of the optimization model in terms of economy and 

system energy efficiency is verified through the case study. With access to large-scale 

electric heating equipment, influenced by the high volatility and uncertainty of 

renewable energy output, it is necessary to build a simulation model of the system 

dynamics considering the components' characteristics and network topology. Heating 

networks and buildings have specific time-delay characteristics that can be used for 

heat storage. In the future, by combining the heat storage characteristics of district 

heat networks, buildings, and heat storage tanks, the optimal scheduling model for the 

operation of DHS will be further studied. 
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Appendix A 

The new heating mode of DHS should not only meet the system heat load balance 

during operation but also ensure the heat load balance at each substation, which can 

be expressed by Eq. (A1). 

𝑄𝑖(𝑡) = 𝑄𝑒,𝑖(𝑡) + 𝑄ℎ,𝑖(𝑡),⁡𝑖 = [1,2, … ,𝑚] (A1) 

Where 𝑄𝑖(𝑡) is the total design heat loads of all users in the area covered by the i-th 

substations, kW; 𝑄𝑒,𝑖(𝑡)  is the design heat load of electric heating at the i-th 

substations at time t, kW; 𝑄ℎ,𝑖(𝑡) is the design heat load of heating from the original 

centralized heat source at the i-th substations at time t, kW; m is the total number of 

substations. 

The DHS starts running first, reducing the heating design index temperature of the 

DHS from ≥⁡𝑇0 to 𝑇0
′. At this point, the decentralized electric heating equipment has 

not yet been started, and the calculation is carried out following the volume heat index 

method: 

𝑄𝑖
′(𝑡) = 𝑄ℎ,𝑖

′ (𝑡) =∑𝑞ν,𝑖 𝑉𝑖(𝑇0
′ − 𝑇𝑤) (A2) 

Where 𝑄ℎ,𝑖
′ (𝑡) is the design heat load of the original DHS when the heating standard 

temperature is designed to be 𝑇0
′, kW; 𝑞ν,𝑖 is the heating volume heat index of the 

building, 𝑘𝑊/(𝑚3 ∙ ℃) ; 𝑉𝑖  is the building volume, m3; 𝑇0
′  is the interior design 

temperature, ℃; 𝑇𝑤 is the calculated outdoor temperature, ℃. 

Due to hydraulic and heat losses in the heating network during the transmission 

process, the actual heat load obtained at the heating substation is reduced (𝑄ℎ,𝑖
′′ < 𝑄ℎ,𝑖

′ ). 

To meet the user's designed heating load, the distributed electric heating equipment 

starts and progressively increases the heat load to 𝑄𝑒,𝑖
′ (𝑡)  until the user's indoor 

heating temperature reaches 𝑇0
′ at the calculated outdoor temperature of 𝑇𝑤. At this 

point, the user's required heating load is fulfilled: 

𝑄𝑖
′(𝑡) = 𝑄𝑒,𝑖

′ (𝑡) + 𝑄ℎ,𝑖
′′ (𝑡) =∑𝑞ν,𝑖 𝑉𝑖(𝑇0

′ − 𝑇𝑤) (A3) 

𝑄𝑒,𝑖
′ (𝑡) = 𝑄ℎ,𝑖

′ (𝑡) − 𝑄ℎ,𝑖
′′ (𝑡) (A4) 

Next, the operating power of the distributed electric heating equipment is further 

increased to 𝑄𝑒,𝑖
′′ (𝑡) , until the indoor heating temperature of the user reaches the 
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standard temperature 𝑇0
′  under the outdoor calculated temperature 𝑇𝑤  so that the 

heating heat load required by the user meets the following conditions: 

𝑄𝑖(𝑡) = 𝑄ℎ,𝑖
′′ (𝑡) + 𝑄𝑒,𝑖

′′ (𝑡) =∑𝑞ν,𝑖 𝑉𝑖(𝑇0 − 𝑇𝑤) (A5) 

In the DHS, when the outdoor temperature is 𝑇𝑤 , the heat load of the original 

centralized heat source reaches its design heat load ⁡𝑄ℎ,𝑖
′ , the actual heating load 

reaches 𝑄ℎ,𝑖
′′ , and the distributed electric heating equipment also achieves its design 

heat load 𝑄𝑒,𝑖
′′ . When the actual outdoor temperature is lower or higher than 𝑇𝑤, to 

fully utilize the flexible and timely adjustment of the electric heating equipment, 

priority is given to adjusting the operating power of the electric heating equipment 

and gradually changing its heat load output until the user's indoor temperature reaches 

the standard temperature 𝑇0 at actual outdoor temperature 𝑇𝑤
′  (where 𝑇𝑤

′ ⁡≠ 𝑇𝑤), and 

the distributed electric heating load becomes  𝑄𝑒,𝑖
′′′ . Only when the electric heating 

equipment cannot meet the adjustment requirements, the original centralized heat 

source output is changed. 

𝑄𝑖(𝑡) + Δ𝑄𝑖(𝑡) = 𝑄ℎ,𝑖
′′ (𝑡) + 𝑄𝑒,𝑖

′′ (𝑡) = ∑𝑞𝜈,𝑖𝑉𝑖(𝑇0 − 𝑇𝑤
′ ) (A6) 

Where Δ𝑄𝑖(𝑡) is the amount of change in the user's design heat load due to changes in 

outdoor temperature, kW. 
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Appendix B 

The annual investment cost of the system consists of the investment cost of the 

electric heating equipment and the annual heating retrofit cost. 

𝐶𝑡 =∑(𝐶𝑖
𝑒𝑄𝑖

𝑒 𝑟𝑖((1 + 𝑟𝑖)
𝑙𝑖)

(1 + 𝑟𝑖)𝑙𝑖 − 1
) +∑(𝐶𝑘

𝑠𝑡𝑄𝑘
𝑠𝑡
𝑟𝑘((1 + 𝑟𝑘)

𝑙𝑘)

(1 + 𝑟𝑘)𝑙𝑘 − 1
) +

𝑛𝑠𝑡

𝑘=1

𝑛𝑒

𝑖=1

∑ 𝑃𝑅𝐼𝑗
𝑚
𝑗=1

𝑚𝑖𝑛𝑙𝑗
 (B1) 

Where 𝑛𝑒  and 𝑛𝑠𝑡  are the numbers of electric heating equipment and heat storage 

equipment, respectively; 𝐶𝑖
𝑒  is the unit power configuration cost of the i-th electric 

heating equipment, ¥/kW; 𝐶𝑘
𝑠𝑡 is the unit capacity configuration cost of the k-th heat 

storage equipment, ¥/kWh; 𝑄𝑖
𝑒  is the configured power of the i-th electric heating 

equipment, kW; 𝑄𝑘
𝑠𝑡  is the configured capacity of the i-th heat storage equipment, 

kWh; 𝑟𝑖 and 𝑟𝑘  represent the discount rates for the i-th electric heating equipment and 

the k-th heat storage equipment, respectively; 𝑙𝑖 and 𝑙𝑘  are the service life of the i-th 

electric heating equipment and the k-th heat storage equipment, respectively; 𝑃𝑅𝐼𝑗 is 

the cost of the heating retrofit at the i-th substations, ¥; 𝑚𝑖𝑛⁡𝑙𝑗  is the minimum 

serviceable year for the heating retrofit of this substations. 

System maintenance costs mainly include equipment overhaul and device 

replacement costs, and equipment maintenance costs are related to the type of 

equipment and equipment operating power. 

𝑓𝑚𝑎𝑖(𝑥) =∑(𝜀𝑖(𝑡)∑𝑃𝑖(𝑡)

𝑡∈𝑇

)

𝑖∈𝐼

 (B2) 

Where 𝜀𝑖(𝑡) is the variable maintenance cost per unit of output of the i-th equipment 

at time t, ¥/kWh; ∑ 𝑃𝑖𝑡∈𝑇 (𝑡) is the operating power of the i-th equipment at time t, kW. 

In this paper, to simplify the calculation and not take into account the change of the 

maintenance cost per unit of power over time, 𝜀𝑖(𝑡)⁡is taken as a fixed value. 

The system operating cost mainly includes the fuel consumption cost of thermal 

power units, fossil-fuel power units, and gas boilers, while the operating cost of wind 

turbines and photovoltaic units can be ignored and set to 0. Therefore, the system 

operating cost is calculated by Eq. (8): 
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𝑓𝑜𝑝𝑒(𝑥) = ∑

(

 
 
 
 𝜆𝑐𝑜𝑎𝑙(𝑡) (∑ ((𝜇𝑖,𝑐ℎ𝑝

𝑝
𝑃𝑖,𝑐ℎ𝑝(𝑡) + 𝜇𝑖,𝑐ℎ𝑝

ℎ 𝐻𝑖,𝑐ℎ𝑝(𝑡)))

𝑛𝑐ℎ𝑝

𝑖=1

+∑(𝜇𝑗,𝑡𝑝𝑃𝑗,𝑡𝑝(𝑡))

𝑛𝑡𝑝

𝑗=1

)

∑ (𝜆𝑔𝑎𝑠(𝑡)𝜇𝑚,𝑔𝑎𝑠𝐻𝑚,𝑔𝑏(𝑡))

𝑛𝑔𝑏

𝑚=1 )

 
 
 
 𝑛𝑐ℎ𝑝

𝑡

 (B3) 

Where 𝜆𝑐𝑜𝑎𝑙(𝑡) is the price of standard thermal coal at time t, ¥/kg; 𝜇𝑖,𝑐ℎ𝑝
𝑝

 is the power 

supply coal consumption rate of the i-th cogeneration unit, kg/kWh; 𝜇𝑖,𝑐ℎ𝑝
ℎ  is the 

heating coal consumption rate of the i-th cogeneration unit, kg/kWh; 𝑃𝑖,𝑐ℎ𝑝(𝑡) and 

𝐻𝑖,𝑐ℎ𝑝(𝑡) are the electric power and thermal power output of the i-th cogeneration unit 

at time t, kWh; 𝜇𝑗,𝑡𝑝is the power supply coal consumption rate of the i-th fossil-fuel 

power unit, kg/kWh; 𝑃𝑗,𝑡𝑝(𝑡)is the electric power output of the i-th fossil-fuel power 

unit at the time t, kWh; 𝜆𝑔𝑎𝑠(𝑡) is the natural gas price at time t, ¥/Nm3; 𝜇𝑚,𝑔𝑎𝑠 is the 

heating gas consumption rate of the m-th gas boiler, Nm3/kWh; and 𝐻𝑚,𝑔𝑏(𝑡) 

indicates the heat supply of the m-th gas boiler at time t, kWh. 

Depending on the amount of taxes on various pollutants, the environmental indicators 

can be explicitly quantified as economic costs, which can be a more intuitive 

reflection of the environmental friendliness of the system. 

𝑓𝑒𝑛𝜈(𝑥) =∑ 

𝑡

∑ 

𝑛

𝑖

𝑃𝑖(𝑡)Δ𝑡(𝑃𝐹𝑖,𝑆𝑂2𝛿𝑆𝑂2 + 𝑃𝐹𝑖,𝑁𝑂𝑥𝛿𝑁𝑂𝑥 + 𝑃𝐹𝑖,𝐶𝑂𝛿𝐶𝑂 + 𝑃𝐹𝑖,𝐶𝑂2𝛿𝐶𝑂2) (B4) 

Where 𝑃𝑖(𝑡) is the electric or thermal power output of unit i at time t, kW; Δ𝑡 is the 

operation time, h; 𝑃𝐹𝑖,𝑆𝑂2, 𝑃𝐹𝑖,𝑁𝑂𝑥, 𝑃𝐹𝑖,𝐶𝑂 and 𝑃𝐹𝑖,𝐶𝑂2 are the emission coefficients of 

SO2, NOx, CO, and CO2 of unit i, respectively, g/kWh; 𝛿𝑆𝑂2, 𝛿𝑁𝑂𝑥, 𝛿𝐶𝑂 and 𝛿𝐶𝑂2 are 

the unit tax amount of SO2, NOx, CO, and CO2, respectively, ¥/g. 

When the system is unable to meet its power requirements, it can purchase power 

from outside sources to meet the requirements. 

𝑓𝑝𝑢𝑟(𝑥) =∑λ𝑝(𝑡)𝑃𝑝𝑢𝑟(𝑡)

𝑡

 (B5) 

Where λ𝑝(𝑡)  is the purchase price of electricity at time t, ¥/kWh; 𝑃𝑝𝑢𝑟(𝑡)  is the 

amount of purchased electricity at time t, kWh. 
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