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Abstract:  

Background 

With the rapid development of social economy, energy consumption has continued to grow, and 

the contradiction between energy supply and demand has become increasingly tense. Cities account 

for two-thirds of global primary energy demand that makes urban energy systems become a center of 

sustainable transitions. 

Methods 

This paper builds a bi-level planning model for steady state optimal configuration to realize the 

reasonable planning of the urban energy structure. The first level mainly analyzes the relationship 

between coal, petroleum, natural gas, and renewable energy when the energy system is in a stable 

state. Based on the steady-state relationship of multiple energy sources, the second level is mainly 

aiming at energy allocation of the city, to achieve the minimization of construction and operating 

costs of the urban energy system, as well as the pollutant emissions. And nonlinear system dynamics 

and the non-dominated sorting genetic algorithm II (NSGA-II) algorithm are implemented to solve 

the model. 

Results 

The model studies the interaction between four energy sources to find out the demand of each 

energy source when the urban energy system is in a stable state. To illustrate the advantage of the 

method, the application of the planning model proposed in this paper is discussed in the energy 

system of city J of China. Under the premise of ensuring the stability of the urban energy system, the 

city J has two energy planning schemes: mainly coal or mainly high-quality energy. 

Conclusion 

The coal-based energy structure can save economic costs. However, from the perspective of 

actual demand or ecological environment, the urbanization level of city J is relatively high, and the 

coal-based energy structure is unreasonable and may cause greater environmental pollution. Under 

the type of high-quality energy development model, city J should continue to strengthen the 

adjustment of the industrial structure and optimize and upgrade the urban development path. The 

focus is on strengthening the use of clean energy and improving energy efficiency, thereby further 

reducing the demand for traditional fossil energy in the process of economic development. 

Keywords: urban energy system; bi-level planning; nonlinear system dynamics; NSGA-II algorithm; 

economic and environmental cost 



2 

 

1. Introduction 

Cities account for two-thirds of global primary energy demand that makes urban energy systems 

become a center of sustainable transitions [1]. Growing demands and technological shifts are 

changing global energy systems. For example, innovative technologies such as electric vehicles in 

the transport sector, and new equipment in the buildings sector, are projected to increase electricity 

demands in city areas. Cooling demands are the fastest growing in buildings, with subsequent extra 

load on electricity networks [2]. The Paris Climate Agreement added further traction to the growing 

international clout of cities as potent actors in both climate change mitigation and adaptation 

interventions [3]. At present, more than 50% of the world's population lives in city areas, and this 

number is expected to rise to 70% by 2050 [4]. 

As is shown in Figure 1, the impact of economic activities on cities could be decomposed into 

scale effect, structure effect and technology effect [5]. Firstly, the increase of economic aggregate is 

accompanied by more resource input and energy consumption, which also produces more 

environmental pollutants and has a negative effect on the environment, which is called scale effect. 

The change of productivity is often accompanied by the optimization of economic structure, which is 

reflected in the more reasonable allocation of resources and other factors and has a positive effect on 

the environment, which is the structural effect. Secondly, with the development of economy, the 

optimization and upgrading of industrial structure is often reflected in the transformation and 

upgrading of energy-intensive heavy industry, and the vigorous development of service industry 

including high-tech industry, to promote the sustainable development of cities. Therefore, city areas 

have the potential to contribute significantly to global CO2 emissions reductions through careful 

urban energy systems planning and community participation.  
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Fig.1 The relationship between urban energy structure and urban sustainable development 

In recent years, with the rapid development of China social economy and the increasing 
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improvement of people's living standards, energy consumption has continued to grow, and the 

contradiction between energy supply and demand has become increasingly tense [6]. As the main 

body of energy production and consumption, cities play an important role in the strategy of energy 

revolution. However, the way of energy configuration is mainly the high pollution and high carbon 

emission, which is the lack of top-level design, planning integration and action integration between 

energy and city development and between different energy sources [7]. Urban energy system refers 

to the use of advanced physical information technology to integrate coal, petroleum, natural gas, 

electric, thermal, and other energy sources in the region to achieve coordinated planning, optimized 

operation and coordinated management among various heterogeneous energy subsystems. Under the 

dual pressures of economic development and environmental protection in cities of China, the 

reasonable planning and efficient operation of urban energy systems are the prerequisites for the 

rational use of urban energy, and it is also a hot spot at home and abroad [8]. 

The rest of this article is organized as follows. Section 2 introduces the literature review closely 

related to the establishment of urban energy system planning, identifies the main issues related to the 

methodological methods adopted, and illustrates the relevance and novelty of this research. Section 3 

puts forward the typical structure of the urban energy system, and establishes a two-level 

programming model that considers the economic and environmental costs of the steady-state optimal 

allocation of urban energy. At the same time, some methods to solve the above models are proposed, 

including nonlinear system dynamics and NSGA-II. In Section 4, in order to verify the validity and 

rationality of the method proposed in this paper, the application of this model in the planning of a 

Chinese urban's energy system is discussed and analyzed. Section 5 discusses some conclusions 

about the research, these conclusions are of great significance for readers to understand our research 

content and innovation. 

2. Literature review 

The sustainable development of cities faces the triple dilemma of economic growth, energy 

sustainability and environmental protection. A stable and reliable urban energy supply is essential to 

support economic growth and environmental protection. Therefore, many scholars have carried out 

extensive research on urban energy system planning, mainly focusing on three aspects: urban energy 

demand forecasting, urban energy system evaluation results, and related urban energy system 

planning technologies. In terms of urban energy forecasting, Yeo I A et al. [9] categorized urban 

facilities according to energy use characteristics and were modeled to make forecasts of energy 

demand. Mouzourides P et al. [10] investigated the link between urban form characteristics with the 

associated urban energy demands for heating and cooling. Rok Hribar et al. [11] implemented and 

compared different forecast models for residential natural gas demand of an urban area. The model 

forecasts are based on past temperatures, forecasted temperatures and time variables, which include 

markers for holidays and other occasional events. In order to improve the accuracy of short-term 

power load forecasting. Chen Li [12] used a denoising method based on decomposition and 

reconstruction, and used the multi-objective optimization algorithm (MOGOA) to optimize the 
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parameters of the artificial neural network. Sybil Sharvelle et al. [13] developed and demonstrated 

the Integrated Urban Water Model (IUWM) for forecasting urban water demand with options to 

assess effects of water conservation and reuse, and the capacity of IUWM for the assessment of the 

spatiotemporal variability of water consumption. Regarding the evaluation of the urban energy 

system, most scholars analyzed from the aspects of reliability, sustainability, and stability. Rui Jing et 

al. [14] introduced the ecological network analysis (ENA) as a general systematic analysis tool to 

simulate and assess urban energy supply security. The evaluation included overall sustainability 

assessment, system property analysis, and structure analysis of energy supply systems. Rui Jing et al. 

[15] introduced a generalized system value approach to quantify the contribution of an individual 

design decision towards improving the system design. It measured the contribution of an individual 

technology to the whole system in the range between two benchmarks that respectively represent 

complete exclusion of the technology and the optimal penetration level. 

Based on the research results of urban energy demand and urban energy system evaluation, 

some scholars have also carried out widely research on urban energy system planning technology. Su 

M et al. [16] proposed a multi-objective optimization model at urban sector scale to achieve 

sustainable development of energy, economic, and environmental systems, by integrating objectives 

of minimal energy consumption, energy cost, and environmental impact. To comprehensively 

measure the environmental objective, the life cycle assessment method was used to calculate the 

environmental impact caused by various pollutants in the chain of energy production, transportation, 

and consumption. Xuyue Zheng et al. [17] presented an approach for modeling and optimizing 

decisions for retrofitting urban energy systems, with a focus on the optimal configuration and 

operation to satisfy the energy requirements, which was required by supply side and demand side 

technologies. A mixed integer nonlinear programming model was formulated in GAMS and solved 

using Lindo optimizer. Chiara Delmastro et al. [18] presented a spatial and temporally resolved urban 

energy system optimization model with specific features in order to describe the interactions between 

energy efficiency in buildings and heat supply strategies. Yongli Wang et al [19] established a novel 

multi-objective optimization model for the design of integrated energy system with electric, thermal 

and cooling subsystem to simultaneously minimize the economic, technical and environmental 

objectives. Aiming at the integrated energy system formed by multi-energy coupling, Yongli Wang et 

al. [20] adopted three investment restraint schemes, simulated the economic operation of the system 

based on typical daily load characteristic curves in different seasons, and established an optimal 

capacity allocation model of the integrated energy system, which took into account the investment 

cost restraint and minimizing the total annual cost and carbon dioxide emissions. L. Yu et al. [21] 

developed an interval possibilistic-stochastic programming (IPSP) method that can deal with 

multiple uncertainties existed in the real-world mixed energy system (MES). Then, the IPSP method 

was applied to planning MES in the City of Qingdao (China) that aims to encourage developing 

renewable energies based on subsidy policy. Mashael Yazdanie et al. [22] aimed to understand the 

impacts of different national energy strategies on long-term urban energy systems planning through a 

case study for the city of Basel in Switzerland. A cost optimization modeling approach was employed 
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and heat and electricity demand sectors were considered. 

Due to the lack of a scientific urban energy system planning method, there are still many 

problems in the planning process. For example, the management of system is fragmented, whose 

information between energy subsystems is not shared, and the different energy systems focus on 

solving their own problems, which are lack of integrated optimization solutions for urban energy 

systems, etc. Therefore, there is an urgent need to carry out related research on the theory and 

technology of urban energy system and multi-energy comprehensive planning, and establish a 

method for the steady state optimization of urban energy system. Nonlinear system dynamics is a 

discipline that studies the variation of state variables of a nonlinear system with time. In 1892, 

Russian scholar Lyapunov published the paper "General Problems of Motion Stability", giving two 

methods to analyze the stability of ordinary differential equations. Among them, the first method of 

Lyapunov analyzes the local stability of the corresponding equilibrium point of the nonlinear system 

[28]. In Ref [29], the Lyapunov optimization was used to design the general energy management 

algorithm Energy Hub base station under the condition of unknown Energy Hub process, energy 

demand and time-varying electricity price. Sun Yi et al. [30] studied the complex dynamic 

characteristics and nonlinear characteristics of floods and analyzed the real-time flood forecasting 

problems, and constructed a chaotic flood real-time forecast model based on the largest Lyapunov 

exponent. From the perspective of stability, Xue Hua et al. [31] proposed a nonlinear control strategy 

based on the Lyapunov function for the inner loop current loop to realize the decoupling control of 

the reactive power compensation current. 

In the urban energy system planning, in order to clarify the advantages and disadvantages of the 

proposed model, this paper compares the existing typical research results from the aspects of 

research object, goal, solving algorithm, whether it is bi-level, qualitative analysis or quantitative 

analysis. The comparison results are shown in Table 1 below. It can be found that there are a lot of 

studies on urban energy systems and their planning, but there are still some unresolved problems: 1) 

the existing planning models mostly aim at the lowest system cost, but have less environmental 

considerations, which is not conducive to urban sustainable development. 2) under the existing urban 

energy system planning, less consideration is given to the substitution relationship between different 

forms of energy, which may cause duplication of planning. 

Based on these unresolved problems, this article established a Bi-level planning model for urban 

energy steady state optimal configuration. The main contributions of the paper may be summarized 

as follows: 

1) The concept and structure of urban energy system are put forward, and the bi-level 

optimization problem of multi-energy comprehensive planning and steady-state configuration of the 

urban energy system is proposed.  

2) A bi-level model was established. The first level is the analysis model of the steady-state 

relationship of multiple energy sources, and the second level is the steady-state configuration 

optimization model. 

3) The first level mainly analyzes the relationship between coal, petroleum, natural gas, and 
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renewable energy when the energy system is in a stable state. 

4) Based on the steady-state relationship of multiple energy sources, the second level mainly 

focuses on the energy allocation of the urban energy system in a steady state, to achieve the 

minimization of construction and operating costs of the urban energy system, as well as the pollutant 

emissions. 

Table.1 Comparison with several related papers 

Ref Research object Bi-level Objectives Solving algorithm 
Qualitative/ 

Quantitative 

[16] 

Coal, petroleum, 

natural gas, 

electricity, renewable 

energy 

No 

Minimum energy cost, 

energy consumption and 

environmental impact 

Life cycle assessment Quantitative 

[17] 

Urban energy 

equipment 

configuration 

planning 

No Minimum system cost 
MINLP model and 

GAMS 
Quantitative 

[18] 
Natural gas, biomass, 

diesel, electricity 
No Minimum system cost 

Integrated MARKAL 

EFOM System 

(TIMES) model 

Quantitative 

[19] 
Electric, thermal, and 

cooling 
No 

Minimum annual total 

cost, external electricity 

ratio and carbon emission 

value 

NSGA-II Quantitative 

[20] 
Urban integrated 

energy system 
Yes 

Minimum system cost and 

pollutant emissions 
SPEA2 and TOPSIS Quantitative 

[21] 
Coal and renewable 

energy 
No Minimum system cost 

Interval 

Possibilistic-Stochastic 

Programming method 

Quantitative 

[22] 

Petroleum, natural 

gas, hydrogen, and 

waste 

No Minimum system cost 

The Integrated 

MARKAL-EFOM 

System 

Quantitative 

[23] 

Diesel, gas, LPG, 

electricity, biomass 

and solar thermal 

No Minimum system cost 
TIMES_EVORA 

model 
Quantitative 

Erro

r! 

Refer

ence 

sourc

e not 

foun

d. 

Solar thermal, 

Photovoltaic,  

Bioenergy, Heat 

pump 

No --- 
Sustainable Energy 

Action Plan analysis 
Qualitative 

[24] Water No 
Maximal Resource 

efficiency 
Case study Qualitative 

[26] Smart energy system No --- 
Mapping scientific 

literature 
Qualitative 

[27] 
Renewable energy, 

non-renewable 
Yes --- 

General emergy 

synthesis approach and 
Quantitative 
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energy, and imported 

energy 

comprehensive 

evaluation method 

This 

paper 

Coal, petroleum, 

natural gas, and 

renewable energy 

Yes 
Minimum economic costs 

and environmental cost 

Nonlinear system 

dynamics and 

NAGA-II 

Qualitative 

and 

quantitative 

3. Model of bi-level programming 

The urban energy system is an integrated system of energy production, processing conversion 

and transmission allocation, which can realize the coordination and optimization of different energy 

sources in urban planning, construction, and operation. It mainly consists of three subsystems: 

energy supply system, energy conversion system and energy consumption system. Figure 2 is a 

typical structural diagram of an urban energy system. 
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Fig.2 Typical structure of Urban Energy System 

Urban energy system is an important concern for future energy development. The planning and 

allocation of urban energy is the key to urban economic operation. Aiming at the problem of urban 

energy steady state optimal configuration, this paper establishes a bi-level programming optimization 

model with bi-level hierarchical structure. The first level is a four-dimensional urban energy system 

model based on nonlinear system dynamics, which is used to find the demand for each energy source 

when the system is in a steady state. The optimization goal of the second level can be described as 
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minimizing the economic cost and the environmental cost of the energy system under various 

constraints. The bi-level optimization consists of two levels. The output results of the first level 

model are the input parameters of the second level model, which will affect the optimization results 

of second level model. Figure 3 is a bi-level optimization logic diagram. 
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Fig.3 Structure of the bi-level optimization 

3.1 Four-dimensional the urban energy system model of first level 

In order to reduce consumption and optimize urban energy structure, based on the competition 

system, we established a nonlinear model that is dominated by coal and diversifies the development 

of natural gas, petroleum, and renewable energy (mainly including wind and photovoltaic). The 

model studies the interaction between the four to find out the demand for each energy source when 

the urban energy system is in a stable state. The objective function is: 
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int 1 1 1 1 2 2 2 2( , , , ) {( , , , ),( , , , ),..., ( , , , )}
balance po n n n n

F x y z r F x y z r x y z r x y z r    (1) 

Where ( )X t  is the coal consumption, ( )Y t  is the natural gas consumption, ( )Z t  is the 

petroleum consumption, ( )R t  is the consumption of renewable energy (mainly including wind and 

photovoltaic). ( , , , )X Y Z R  is the consumption of coal, petroleum, natural gas and renewable energy 

under the constraints of each target when the urban energy system is in a stable state. In order to 

solve the consumption of energy in the urban energy system under steady state, a four-dimensional 

nonlinear urban energy system model X-Y-Z-R is established as shown in equation (2): 

 1 2 3

1 2 3

1 2 3

1 2

1

[ ( )]

( )

dx x
a x a y z d r

dt M

dy
b y b x b xz N x z

dt

dz
c z c x c

dt

dr
d r d x

dt

         


    

  

  


 (2) 

 

, , , ,
i i i i

a b c d M are energy system steady state coefficients and , , , , 0
i i i i

a b c d M   in the energy 

system, 1a  is the coal consumption elasticity coefficient and 2a  is the influence coefficient of 

petroleum and natural gas on coal. 1b  is the natural gas consumption elasticity coefficient in the 

energy system; 2b  is the influence coefficient of coal on natural gas in the energy system; and 3b  is 

the influence coefficient of environmental pollution caused by coal and petroleum in the energy 

system on consumption of natural gas. 1c  is the petroleum consumption elasticity coefficient in the 

energy system; 2c  is the income from the unit coal in the energy system; and 2c  is the clean coal 

technology cost in the energy system. 1d  is the renewable energy consumption elasticity coefficient 

in the energy system; 2d  is the influence coefficient of coal, petroleum and natural gas on 

renewable energy in the energy system; and 3d  is the influence coefficient of renewable energy on 

coal in the energy system. M is the maximum energy gap and N is the threshold of environmental 

pollution in the energy system. 

The model idea is as follows: 

 1 2 31
x

a x a y z d r
M

     
 

 indicates that the coal consumption rate in the urban energy 

system is proportional to the energy gap and the potential gap share 1 /X M  in the current energy 

system; the input of petroleum and natural gas reduces the demand gap of coal; the utilization of 

renewable energy will reduce the demand for coal. 

1 2 3 [ ( )]b y b x b xz N x z     indicates that the consumption rate of natural gas to its own gap; 
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the ultimate return from coal can introduce more natural gas or vigorously develop coal-to-gas 

technology, thereby increasing the consumption of natural gas, so the rate of natural gas consumption 

is directly proportional to the final return from coal; 3 [ ( )]b xz N x z    indicates that when the 

amount of environmental pollution generated by coal and petroleum in the urban energy system is 

less than the threshold ( ( ( ) ( ))x t z t N  ), the consumption rate of natural gas decreases with 

increasing ( )x t  and ( )z t , but when the amount of environmental pollution generated is greater 

than the threshold at time ( ( ( ) ( ))x t z t N  ), since the amount of environmental pollution is 

controlled within the specified range, the consumption rate of natural gas increases with ( )x t  and 

( )z t . 

1 2 3( )c z c x c  indicates that the consumption rate of petroleum is proportional to its own gap; at 

the same time, due to the final income generated by coal, more petroleum can be introduced or the 

coal-to-petroleum technology can be developed to increase the consumption of petroleum. Therefore, 

the rate of petroleum consumption is directly proportional to the final return from coal. 

1 2d x d r  indicates that the consumption rate of renewable energy decreases with the increase 

of ( )x t , and the consumption rate of renewable energy is proportional to its own gap. 

3.2 City’s energy system planning model of second level 

3.2.1 Objective function 

The goal of steady-state optimal allocation of urban energy systems is to minimize the 

economic cost of the energy system and minimize the amount of environmental pollution emissions 

during the planning period. Therefore, the optimal planning model is proposed to include the 

economic scheduling model and the environmental scheduling model. 

1. Economic model 

Economic costs consider energy supply costs (energy production, supply, imports) and energy 

conversion costs (only power generation is considered). The cost of power generation technology is 

divided into two categories: fuel cost and operation and investment cost. The cost of fuel is mainly 

the cost of coal, petroleum, and natural gas, which is included in the energy supply cost. The 

operating investment cost is included in the energy conversion cost. The energy conversion 

technology mainly refers to the power generation technology. The cost includes the operating costs 

of the newly built units or equipment, the newly-built units or the equipment investment costs. 

cos

, , , , , , , , ( , ) ( , ) ( , ) ,

min

[ ] [ ( )]

t s c

n

C t C t NG t NG t O t O t RE t RE t G k t S k t G k t k t

t k

C C C

P L P L P L P L C G N C G

 

             (3) 

Where cost
C  is the total cost of the urban energy system; s

C  is the energy supply cost; c
C  is the 

energy conversion cost, t is the different period of the planning period; ,C t
P  is the price of coal 

during the period t; ,C t
L  is the supply of coal during the period t; and ,NG t

P  is The price of natural 

gas during the period t; ,NG t
L  is the supply of natural gas in the t period; ,O t

P  is the price of 

petroleum during the period t; ,O t
L  is the supply of petroleum during the period t; ,RE t

P  is the price 

of renewable energy in the t period; ,RE t
L  is the supply of renewable energy during the period t; 
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( , )G k t
C  is the operating cost of local power generation technology k during the period t (power 

generation technology k includes coal power, gas power generation, wind power, solar power 

generation, etc.), ( , )S k t
G  is the power generation capacity of local power generation technology k 

during t period; and ( , )G k t
N  is the new capacity of local power generation technology k during the 

period t; ,( )n

k t
C G  is the unit investment cost of the new capacity of local power generation 

technology k during the period t. 

2. Environmental model 

When the total amount of pollutant discharge does not exceed the maximum amount of 

pollutant discharge, the environmental cost is equal to the amount of each pollutant discharged from 

each source multiplied by its environmental price. When the total amount of pollutant discharge 

exceeds, the environmental cost includes the excess fine cost. 

1

R

e r r

r

C K V Z


                                   (4) 

Where e
C  is the environmental cost; r

K  is the environmental value of the pollutant; r
V  is the 

pollutant discharge; and Z  is the penalty cost due to excessive emissions. 

3.2.2 Constraint conditions 

Considering the factors affecting the urban energy system structure, the constraints of the 

second phase of the urban energy system include energy supply and demand balance constraints, 

energy exploitation capacity constraints, technical capacity constraints, energy planning policy 

constraints, and environmental constraints. 

(1) Energy supply and demand balance constraints 

Consider coal, petroleum, natural gas supply and demand balance constraints and converted 

energy supply and demand balance constraints: 

( , ) ( , ) ( , ) ,S n t SM n t XS n t n t
L I E D                               (5) 

( , ) ( , ) ( , ) ( , ) , ,(1 )
S k t SM k t XS k t G k t k t k k t

L I E N h D                          (6) 

Where ( , )S n t
L  is the local production of energy n during the period t; ( , )SM n t

I  is the local amount of 

energy n during the period t; ( , )XS n t
E  is the local volume of energy n during the period t; and ,n t

D  is 

the predicted value of energy n during the period t; ,k t
h  is the annual operating time of the newly 

added capacity of the power generation technology k during the period t; k
  is the power 

consumption of the power generation technology k during the period t; and ,k t
D  is the predicted 

value of the demand for the energy n during the period t. 

(2) Energy maximum mining capacity 

( , ) ,S n t n t
L                                   (7) 

Where ,n t
  is the upper limit of the production capacity of energy n during the period t. 

(3) Technical capacity constraint 

,( , ) ( , ) (1 )k tS n t C k t k
L G h                             (8) 

Where ( , )C k t
G  is the upper limit of the installed capacity of the energy conversion technology k 
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during the period t; and ,k th  is the average annual running time of the energy conversion 
technology k during the period t. 

(4) Energy planning policy constraints 

( , ) ,S n t n t
L                                  (9) 

Where ,n t
  is the upper limit of the supply capacity of energy n controlled in the government 

energy planning document during the period t. 

(5) Environmental constraints 








 

  





max

1

max

1

R

r r r r

r

e R

r r r r

r

K V K K

C

K V Z K K

                      (10)

 

Where maxr
K  is the maximum allowable emissions specified by environmental policy. 

3.3 Model solving method 

3.3.1 Solution of the first level based on nonlinear system dynamics 

Nonlinear dynamic equations must express progressive laws. These nonlinear dynamic 

equations generally use ordinary differentials containing time parameters. Nonlinear dynamic 

equations typically generally use regular differentials containing time parameters. The comparison or 

partial differential equation, i.e. the evolution equation, is defined, and the solution of the equation 

represents the motion of the system (how the state changes with time). The stability of the solution 

indicates whether the motion of the system is stable or not. Therefore, this article uses the stability of 

the nonlinear system solution and the Lyapunov theorem to study how urban energy changes over 

time. 

1. Dissipative analysis 

1
1 1 1 2 1 3

1
1 2 1 1 1 3

2

2
( ) ( )

a xx y z
a b c c x c c

x y z M

a
c c x a b c c

M

  
        

  

    
                (9)

 

When 1 1 1 3a b c c  1 1 1 3a b c c   and 1
1 2

2a
c c

M
  the urban energy system is dissipative. 

2. Balance point stability 

When 0
dx

dt
 , 0

dy

dt
 , , 

 1 2

1 2 3

1 2 3

1 0

[ ( )] 0

( ) 0

X
a X a Y Z

M

bY b Z b X N X Z

c Z c X c

             
  


 gets three balance point: 

S1(0, 0, 0), S2(x2, y2, z2), S3(x3, y3, z3),  

0
dz

dt
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where 
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            (11) 

When 2 3 1 1a b N a b , since M>N, then 2 3 1 1a b M a b . 

And at this time 2 3 1 1
1

2 3 1 1

0
a b MN a b N

x N
a b M a b


  


， 3

1 1 1 1

1

( ), 0
b

y x N x y
b

   。 

When 3

2

c
N

c
 , urban energy system has two balance points 1S , 2S ; when 3

2

c
N

c
 , there are 

three balance points 1S , 2S , 3S . 

(1) For the balance point S1(0, 0, 0), the coefficient matrix of the linear approximation system is 

1 2 2

0 3 1 2

1 30 0

a a a

J b N b b

C C

  
    
  

                           (12) 

 

The characteristic equation is 1 3 1 3 1 3( )[ ( )]( ) 0c c a a b b         

The characteristic root of 0J  is: 

1 1 3

2
1 1 1 1 2 3 1 1

2,3

0,

( ) 4( )

2

c c

a b b a a B N a b





  

    


               (13) 

This article assumes that 2
1 1 2 3 1 1( ) 4( )b a a B N a b   , namely 2

1 1 2 3( ) 4a b a b N  , the 

conclusions can be obtained as following:  

When 1 1a b , 2,3  is a pair of conjugate complex roots with negative genuine parts, so that the 

three characteristic roots 1 2 3, ,    all have negative real parts, then the system is stable at S3 (0, 0, 

0). When 1 1a b , 2,3  is a pair of conjugate complex roots with positive real parts, so that S3 (0, 0, 

0) is the unstable saddle focus. When 1 1a b , 2,3 i   . 
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(2) For the balance point S2 (x2, y2, z2) 

1 2 2

1 3 1 2 3

1 2 3

2
(1 )

( 2 )

0 0 ( )

x
a a a

M

J b N x b b b x

c c x c

    
 

     
 
 
 

 can be obtained from its Jacobian matrix. 

The characteristic equation is 1 2 1 3
1 3 3 1 1 3

1

( )
( )[( ) ]( ) 0

b b a a M
c c a a b b

a
  

       . 

The characteristic roots are 1 1 3c c   , 2 3 1a a   ,

1 2 1 3 3
3 1 3 1 2 3

1 1

( )
[ (1 ) ]

b b a a M a
b b b b M b

a a
 

     . 

If 1 3 1 3,a a c c  , 2 1 3
3

1

( )b a a M
b

a


 , the three roots are all negative, then S2 is the stable 

equilibrium point. If 1 3a a  or 1 3c c , there is at least one positive root, then S2 is the unstable 

equilibrium point. If 1 3a a  or 1 3c c , there is at least one zero root, and S2 is in a critical state, 

and the system produces a bifurcation. 

(3) For the balance point S3(x3, y3, z3) 

By its Jacobian matrix 

2
1 2 2

2 3 2 2 1 2 3 2

1 2 2

2
(1 )

( 2 )

0 0

x
a a a

M

J b N x z b b b x

c c z
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The characteristic equation can be obtained as  

1
1 3 1 3 1 2 3 2 1 2

2 1 2 2 2 1 2 3 2 2

2
( ){( )[ ( ) ] }

{ [ ( )]} 0

a x
c c a a b b x b a b b y

M

a b b c xy c y b b x b a c y

  



       

     
          (15) 

Let 1
1 3

2a x
a a A

M
   , 3

1 2 3 1 2 3

2

( ) ( ) 0
b

b b x b b b b B
b

     , 1 3c c C  , 2 1 2a b b y P ,

2 1 2 2 2 1 2 3 2 3 1 2{ [ ( )]}a b b c xy c y b b x b Q a b b c y      , 2 2a c y H  . 

The original formula becomes 3 2( ) ( ) ( )A C AC P H Q PC O          . 

3.3.2 Solution of the second level based on NSGA-II 

Multi-objective optimization is usually used as an effective method to find the optimal solution 
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among different objectives. Because these objectives may be nonlinear, contradictory, or unmeasured, 

the global optimal solution of multiple objectives is usually obtained by the Pareto optimal solution 

set. Pareto is a compromise solution of different objectives, and decisions can be made according to 

the Pareto front and requirements of different objectives. It avoids the introduction of transforming 

the multi-objective problem into a single-objective problem. In this paper, in the second level 

NSGA-II algorithm is used to solve multi-objective system planning problems in MATLAB 2016b 

toolbox. In the NSGA-II algorithm, the population number is 800, the iteration number t is 500, the 

crossover rate is 0.85, and the variation rate is 0.2. As shown in Figure 4, the flow of solving the 

second level optimization problem based on the NSGA-II multi-objective genetic algorithm can be 

described as follows. 

1) System initialization. Input system parameters: energy system steady state coefficient, energy 

demand, energy price, pollutant emissions and environmental cost factors and others; 

2) Population initialization. Generate an initialized population P; Population algebra 1
gen

N  , 

t=1; 

3) Simulation. Call the second level optimization strategy to calculate the economic and 

environmental target value; 

4) Genetic manipulation. Genetic manipulation of the parent population: Selecting, crossing, 

mutating, generate a progeny population Q; 

5) Simulation and calculate. Calculate the economic and environmental target and the individual 

fitness of the population Q; 

6) Combining. Combine the current population P with the sub-generation population Q to obtain 

a population t
Q , calculating the dominance relation and the aggregation distance of each individual 

according to the fitness function value, and performing Pareto sorting on the individual; 

7) Termination conditions. Judging a termination condition, if the termination condition is met, 

outputting optimal energy combination, economic cost, environmental cost, and otherwise returning 

to Step 4. 
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Start

Population initialization; Generate 
an initialized population P; 
Population algebra Ngen=1

NSGA-II flow

System initialization. 
Input system parameters

Simulation, calculate the 
economic and 

environmental target value

Selecting, crossing, 
mutating

Generate a progeny 
population Q

Simulation, calculate the 
economic and environmental 

target value

Calculating the individual fitness 
of the population Q

Layering{PUQ}, and obtaining a 
sexual population Qt

Reaching the maximum
genetic algebra?

Output the economic cost and 
environmental cost

End

Ngen=Ngen+1

Yes
No

 

Fig.4 Flow chart of the second level based on NSGA-II 

4. Simulation 

4.1 Parameters 

A city in China was selected as the research object in this paper. At the end of 2019, city J had a 

permanent population of 21.53 million, an urban population of 18.65 million, an urbanization rate of 

86.6%, and a permanent migrant population of 7.94 million. In 2019, city J achieved a regional GDP 

of 353.713 billion yuan, an increase of 6.1% over the previous year at comparable prices. The total 

retail sales of consumer goods were 1227.01 billion yuan. The urban energy sources are mainly coal, 

petroleum, natural gas, and renewable energy. 

(1) Input parameters of the first level 

Figure 5 shows the consumption of coal, petroleum, natural gas, and renewable energy in city J 

during 2003-2019. 

http://dict.cnki.net/javascript:showjdsw('jd_t','j_')
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Fig.5 Energy consumption of city J in 2003-2019 

(2) Input parameters of the second level 

In addition to the parameters mentioned above, Table 2 shows the forecast value of energy price 

in urban energy system and Table 3 is the pollutant emissions and environmental cost factors. And 

estimates that the energy demand of city J in 2020 is 14,400 tons of standard coal. 

Tab. 2 Forecast value of energy price in the urban energy system 

Energy Price 

Coal (yuan/ t Standard coal) 839.98 

Petroleum (yuan/ t Standard coal) 3009.04 

Nature Gas (yuan/ t Standard coal) 2701.15 

Renewable Energy (yuan/ t Standard coal) 
Wind 1410.89 

Solar: 1856.44 

 

 

 

 

Tab.3 Pollutant emissions and environmental cost factors (Unit standard coal) 

Pollutants SO2 NOx CO2 CO 

Emission 

Coal(kg/t) 18 8 1731 0.26 

Nature Gas(kg/106m3) 11.6 0.0062 2.01 0 

Petroleum (kg/t) 12 10.1 1592 0.33 

Environmental value(yuan/kg) 6.00 8.00 0.023 1.00 

4.2  The first level simulation 

(1) Determination of parameters of the nonlinear system 1a  and M 

javascript:showjdsw('showjd_0','j_0')
http://dict.cnki.net/javascript:showjdsw('jd_t','j_')
http://dict.cnki.net/javascript:showjdsw('jd_t','j_')
http://dict.cnki.net/dict_result.aspx?searchword=%e7%8e%af%e5%a2%83%e4%bb%b7%e5%80%bc&tjType=sentence&style=&t=environmental+value
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The expression of the energy structure Logistic model is 1 1
dX X

a X
dt M

   
 

, where 

0 0|
t

X X  . 

The solution is 
1
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a t
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. 

To estimate the equation, let 
0

1 , ln
M M X

e F
X X

 
   . Transform the solution to obtain the 

following linear equation 1F a t  . 

Estimate 1,a  by the least-squares method. For the sample data  ; 1,2,...,17
t

X t  , construct 

the variable ln t
t

t

M X
F

X


  and determine the approximate range of the maximum energy gap M  

of the urban energy system based on the sample data and use the determination coefficient 

2

2

( )
1

( )

t

t

F F
R

F F


 





 as the standard. Take points one by one, substitute  tF , calculate  tF  

under different M values, and estimate the parameters 1,a . 

According to Figure 4 and the above-mentioned theoretical knowledge of determining 

parameters 1a  and M , it is determined that the approximate value range of M  is [1.1,1.8] , and 

the regression analysis results of Table 4 are obtained by computer selection. 

Tab. 4 Regression analysis result 

M 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 

R2 0.81503 0.845683 0.916619 0.855389 0.993331 0.995554 0.99678 0.996837 

  -1.174 -0.791 -0.5343 -0.9564 -0.1711 -0.0312 0.0911 0.1253 

1a  0.1081 0.0778 0.0636 0.1333 0.0496 0.0456 0.0426 0.0466 

(2) Identification and determination of other nonlinear system parameters 

The other parameters in the four-dimensional nonlinear urban energy system are identified by 

the Forcal program. After the debugging error reaches 10-4, the results of the parameters obtained are 

as shown in Table 5. 
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Tab. 5 Parameter identification results 

1a  2a  1b  2b  3b  1c  2c  3c  1d  2d  3d  M  N  

0.0466 0.15 0.06 0.082 0.06 0.2 0.5 0.4 0.1 0.06 0.13 1.8 1 

As can be seen from Table 4, when 1.8M  , the fitting coefficient R2 has the highest degree of 

fit, so it can be determined that 1a  is 0.0466. And the three-dimensional view of the urban energy 

system is shown in Figure 6. 

 
a Three-dimensional view of x-y-z                  b Three-dimensional view of x-y-r 

 
c Three-dimensional view of x-z-r                  d Three-dimensional view of y-z-r 

Fig. 6 Three-dimensional view of the city energy system 

It can be seen from Figure 7 that in a short period, the elastic relationship of the energy sources 

( ), ( ), ( ), ( )x t y t z t r t  in the urban energy system is relatively stable. As time goes by, the stable state of 

the system will be destroyed, but the fluctuation range will continue to decrease over time. small. 

Over a long period, the elastic inertia of each energy source in the urban energy system shows a 

relatively stable state: regular fluctuations within a specific range. Figure 7 shows that when 

3 0.13d  , the urban energy system ( ), ( ), ( ), ( )x t y t z t r t  will stabilize after a period. 
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Fig. 7 3 0.13d   and time series of ( ), ( ), ( ), ( )x t y t z t r t  

4.3  The second level simulation 

The nonlinear system dynamic parameters calculated in the first level are used as the input 

parameters of the second level of urban energy planning. Since the two objectives of the lowest 

economic cost and the lowest environmental cost are mutually exclusive, 20 sets of feasible solutions 

can be obtained. Therefore, when analyzing the relationship between different energy sources and 

objective values, it is necessary to analyze both economic and environmental costs. The Pareto 

results is shown in Figure 8. 

 

Fig.8 Pareto results of economic goals and environmental objectives 

According to the simulation results of the first level, a feasible solution for the stability of 

multiple sets of energy combinations is obtained. Still, the difference between the advantages and 
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disadvantages of different feasible solutions is obvious. In the second level the NSGA-II algorithm is 

used for simulation. The result of the first level is used as the input value of the second level. Under 

the objective function conditions and various constraints that satisfy the minimum economic cost and 

environmental cost, the target value is better. The 20 sets of feasible solutions are analyzed for 

operational conclusions. The specific results are shown in Table 6. 
Tab. 6 Second level simulation results 

No. 

Coal 

(10,000 tons 

of standard 

coal) 

Natural Gas 

(10,000 tons 

of standard 

coal) 

Petroleum 

(10,000 tons 

of standard 

coal) 

Renewable 

Energy 

(10,000 tons 

of standard 

coal) 

Economic 

cost 

(Billion yuan) 

Environmental 

cost 

(Billion yuan) 

1 0.431885409 0.400346589 0.016227261 0.624552446 330.6338092 193.6766361 

2 0.307915537 0.430287245 0.014855649 0.623654008 250.4515677 186.1370679 

3 0.163769308 0.449337899 0.013225338 0.59653623 156.9980795 168.4352068 

4 0.030632606 0.452986089 0.011700065 0.553422303 70.5408957 159.933346 

5 0.403222837 0.297291733 0.0009248 1.113912957 247.6206412 192.4216718 

6 0.187650579 0.336434923 0.000835972 1.042430204 117.9765388 181.4745739 

7 0.602982133 0.322441807 0.018182392 0.554282462 441.3970003 72.76593041 

8 0.531510779 0.363596454 0.017329108 0.600545082 395.0105866 84.32441609 

9 1.223222143 0.084486551 0.000717157 0.520514905 737.6377162 176.0332609 

10 1.23253118 0.083563165 0.000756146 0.629394813 743.4596253 192.4520151 

11 1.225144883 0.082584003 0.000797321 0.730605559 739.2684847 189.8653556 

12 1.207153448 0.083162826 0.000832799 0.809391871 728.6800754 150.5531197 

13 1.179411369 0.086001846 0.000867776 0.881071872 712.2418522 140.2292337 

14 1.142718874 0.091766228 0.000901193 0.945140393 690.4312409 132.3944984 

15 1.097732662 0.100890899 0.000931912 1.001174452 663.6385144 127.3137253 

16 1.031886602 0.11698691 0.000964226 1.058524505 624.3604742 121.5998734 

17 0.955122458 0.138414925 0.00098856 1.102813626 578.5061408 117.4752378 

18 0.868065361 0.16467288 0.001002937 1.133707255 526.4402196 103.1215876 

19 0.771152721 0.194787951 0.001005602 1.150942565 468.4142455 99.45308016 

20 0.598403545 0.246772582 0.00098234 1.150005826 364.8346072 65.09821296 

Since the optimization variables and the target dimensions are inconsistent, the above feasible 

solutions are normalized, and the processing results are shown in Figure 9.  
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Fig.9 Energy structure and cost structure of different planning solutions 

According to the proportion of coal in the energy structure, the 20 groups of planning results are 

divided into two categories, as shown in Figure 10. The first category is the energy planning model 

based on coal. Under this type of development model, coal accounts for more than 50%; the second 

category It is an energy planning model based on high-quality energy. Under such development 

models, oil, natural gas, and renewable energy account for more than 50%. 

 
Fig.10 Two planning schemes: mainly coal or high-quality energy 
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4.4  Analysis results and discussion 

4.4.1 The first type of planning schemes 

Under the first planning scheme, the urban energy system mainly uses coal as the primary 

energy source, with petroleum, natural gas, and renewable energy sources as auxiliary energy sources. 

The feasible solution under the first planning scheme is shown in Figure 11. 

Although the urban energy system can still maintain a stable state under this planning scheme, if 

city J chooses this development model, it should try to use clean coal technology and coal to oil to 

make coal a clean energy source. Simultaneously, city J must make efforts to reduce the proportion 

of coal in the energy consumption structure through industrial structure transformation and other 

measures, and continuously reduce the proportion of direct coal consumption in final energy 

consumption. 

For city J, the coal-based energy structure can save economic costs. However, from the 

perspective of actual demand or ecological environment, the urbanization level of city J is relatively 

high, and the coal-based energy structure is unreasonable and may cause greater environmental 

pollution. 

 
Fig.11 The first type of planning schemes: based on coal 

4.4.2 The second type of planning schemes 

Under the second type of planning schemes, the urban energy system mainly uses natural gas 
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and renewable energy as the main energy supply, and coal and petroleum are the auxiliary supply 

energy, which are environment-friendly planning schemes. Although the amount of coal planning for 

the second type of program has increased, at the same time, the amount of planning for oil has been 

drastically reduced, effectively reducing the level of pollutant emissions, thereby reducing 

environmental costs. The feasible solution under the second type of planning scheme is shown in 

Figure 12. 

With the development of urbanization, the society's extensive attention to environmental 

protection, the improvement of people's living standards, and the continuous improvement of the 

market economy system, the growth momentum of social development for high-quality energy such 

as natural gas and oil is gradually growing.  

Under this type of energy development model, city J should continue to strengthen the 

adjustment of the industrial structure and optimize and upgrade the urban development path. The 

focus is on strengthening the use of clean energy and improving energy efficiency, thereby further 

reducing the demand for traditional fossil energy in the process of economic development. 

Secondly, place the construction of urban energy infrastructure in an important position in urban 

planning and construction. Judging from the development experience of urbanization abroad, the 

construction of urban energy systems is as important as the construction of roads, transportation, 

communications, and drainage systems. The urban energy system includes electricity, heat, gas pipe 

network, transmission and distribution system and management system. The unified planning and 

construction of the urban energy system must appropriately advance the development of the city. 

While avoiding “urban diseases”, will further improve the level of urbanization and realize the 

sustainable development of the city and the energy system. 

Thirdly, the strategy of “self-production and self-sale of regional energy” can be implemented to 

transform the efficiency of energy production, transmission, and conversion processes. For example, 

through the implementation of combined cooling, heating and power, the thermal energy associated 

with thermal power generation can be directly supplied to users with the shortest flow line, which 

significantly improves the efficiency of primary energy conversion. 
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Fig.12 The second type of planning schemes: based on high-quality energy 

In short, urban energy system planning is an important part of the top-level design of urban 

development, which is closely related to the sustainable development of cities. However, no matter 

what development mode is adopted, the ultimate goals are to ensure the stability of urban economic 

development and reduce the emission of pollutants based on the meeting the energy demand. The 

construction of smart cities not only forms the basis for scientific development but also guides the 

optimized development of urban energy structure. Through municipal energy assessment and 

planning, it is essential to consider the development of the urban energy system from the city's 

overall perspective. Then expect and carefully consider the city's development strategy and 

development needs. 

4. Conclusion 

In order to realize the economic and environmental benefits of the urban energy system, a 

bi-level planning model for the steady optimal allocation of urban energy is established in this paper. 

The conclusions are as follows: 

(1) In order to reduce consumption and optimize urban energy structure, based on the 

competitive system, a nonlinear model dominated by coal was established to diversify the 

development of natural gas, petroleum, and renewable energy (mainly including wind energy and 

solar energy).The model studies the interaction between four energy sources to find out the demand 

of each energy source when the urban energy system is in a stable state. 

(2) An optimal planning model is proposed. The objectives of steady-state optimal allocation of 

the urban energy system are to minimize the economic cost of the energy system and environmental 

http://dict.cnki.net/javascript:showjdsw('jd_t','j_')
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pollution emissions during the planned period. 

(3) Based on the bi-level planning model of the steady-state optimal allocation of urban energy, 

the energy system of city J is planned and simulated, and corresponding suggestions for the 

construction of the urban energy system are put forward respectively for the coal-based development 

schemes and the high-quality energy development schemes. 
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Figures

Figure 1

The relationship between urban energy structure and urban sustainable development



Figure 2

Typical structure of Urban Energy System



Figure 3

Structure of the bi-level optimization



Figure 4

Flow chart of the second level based on NSGA-II

Figure 5

Energy consumption of city J in 2003-2019



Figure 6

Three-dimensional view of the city energy system

Figure 7

d=0.13 and time series of x(t), y(t), z(t), r(t),



Figure 8

Pareto results of economic goals and environmental objectives

Figure 9

Energy structure and cost structure of different planning solutions



Figure 10

Two planning schemes: mainly coal or high-quality energy

Figure 11

The �rst type of planning schemes: based on coal



Figure 12

The second type of planning schemes: based on high-quality energy


