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Highlights 

 An urban sustainability system dynamics model for Chinese cities is established.

 The sustainability performance of Beijing from 2005 to 2030 is simulated based

on three scenarios.

 Under high speed scenario, Beijing’s sustainability performance would decline in

future.

 A low speed of urbanization policy should be adopted by Beijing for a sustainable

development.

Highlights (for review)
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A system dynamics model for simulating urban sustainability performance: A 

China case study 

Abstract 

China has been experiencing a rapid urbanization process. Various relevant policies 

and strategies have been implemented for sustainable urbanization. For a better 

understanding of sustainable urbanization, many research efforts have been made on 

urban sustainability assessment. The traditional indicator index is normally used to 

evaluate the urban sustainability performance. However, the urban development is a 

complex system, and the existing methods cannot reflect the systemic interactions 

among variables. Therefore, this paper aims to develop a system dynamics model for 

simulating urban sustainability performance. The system dynamics model comprises 

four sub-systems, namely, the economic sector, social sector, environment sector and 

resource sector. Then, the system dynamics model is used to simulate the 

sustainability performance of the city, Beijing, with three scenarios. The results 

indicate that the system dynamics modelling is a useful tool for simulating urban 

sustainability performance and can help policy makers formulate relevant strategies 

for a better sustainable development of cities. 

Keywords: Sustainable development, System dynamics, Urban sustainability 

performance, China 
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1 Introduction 

Urbanization has been widely appreciated as one of the most important national 

development strategies, especially for the developing countries (Shen and Zhou, 

2014). For example, as the biggest developing country in the world, China 

experienced a rapid urbanization process over the past 30 years. According to 

statistics, the urbanization level of China increased dramatically from 17.9% in 1978 

to 54.8% in 2014 and nearly 600 million people migrated from rural to urban areas 

(Huang et al., 2016). This movement has been appreciated as a momentous event and 

attracted wide international attention (Yang, 2013). Many researchers have recognized 

that urbanization plays a positive role in promoting economic development, 

improving the living and medical environment, upgrading industrial structure and per 

capita income (Zhou et al., 2015a；Madlener and Sunak，2011; Spence and Buckley, 

2009). However, the rapid speed of urbanization could also result in a myriad of 

environmental problems and social inequities, such as air pollution, acid rain, water 

and land pollution and solid wastes (Vafa-Arani et al., 2014, Lin et al., 2014; Shen and 

Zhou, 2014). 

Based on this background, much attention has been paid to the sustainable 

development of cities. It has been well appreciated that the sustainable development 

principles need be adopted to guide the urbanization practices by organizations and 

governments throughout the world because sustainable urbanization is an effective 

way to promote the sustainable development of urban areas (Tan et al., 2017; Shen et 

al., 2016a ; Wang et al., 2015). Moreover, it is predicted that the developing countries 
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will still have rapid urbanization over the next several years, and thus have to deal 

with the sustainable urbanization issues. For example, the urbanization level of China 

is projected to be 77.5% in 2050, a further increase of 22.7% compared with the 

urbanization rate in 2014 (Wu et al., 2014). The Chinese government is aware of the 

importance of sustainable urbanization and is putting efforts in a New-type 

urbanization path. The most notable aspect of New-type urbanization is the transfer 

from land-centered urbanization to people-oriented urbanization(Chen et al., 2015). 

Therefore, an accurate assessment of urban sustainability has become necessary, 

which not only provides decision makers a better understanding of sustainable 

urbanization, but also provides useful references for developing relevant sustainable 

urban development strategies (Han et al., 2009; Uwasu and Yabar, 2011; Zhou, et al., 

2015). 

Numerous indicators and assessment tools have been developed by previous 

researchers for assessing the performance of sustainable urbanization from different 

perspectives. These indicators and tools have been widely used in academia and 

practice to assess and monitor the urbanization process (Huang et al., 1998, Zhao and 

Chai, 2015; Huang, et al., 2016, Shen, et al., 2011；Zhou, et al., 2015b; Michael, et al., 

2014; Charan and Venkataraman, 2017). Nevertheless, there are some limitations by 

using indicators to assess urban sustainability. Huang et al. (2009) pointed out that as 

urban development is a complex system including various variables, the indicators 

cannot reflect the systemic interactions among these variables, and so cannot provide 
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normative indications of future directions of urban development. It is echoed by 

Uwasu and Yabar (2011) that the existing sustainable indicators and tools may ignore 

some important features of sustainability and do not explicitly address the relations 

between environmental aspects and socio-economic aspects. 

  

Based on above discussion, there is a need to introduce a method to evaluate urban 

sustainability performance by considering the interactions among the indicators. 

Therefore, this study aims to (1) develop a simulation model to assess the level of 

sustainable urbanization based on the principle of System dynamics; (2) demonstrate 

the application of the SD model through the case study of the city Beijing in China; (3) 

analyze the simulation results based on different scenarios. 

 

2. Literature review 

System Dynamics (SD) was firstly proposed by Forrester in 1956 for investigating the 

information-feedback character of industrial systems and improving the 

organizational form (Thompson and Bank, 2010). It is well appreciated that SD is an 

effective tool to analyze the relationships and interactions among the variables in a 

system. It can help to understand the impact of various factors on the objectives 

defined in a system and provide useful information for decision-makers (Guan et al., 

2011；Yao et al., 2011). It is a typical simulation technique for evaluating the 

decision-making performance. It can analyze the complex and inter-dependent 

relationships between the variables in a system and improve the accuracy of the 
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evaluation results.  

 

The system dynamics method has been used in various fields, such as transportation 

(Egilmez and Tatari, 2012; Shepherd, 2014), land use (Yu et al., 2011; Shen et al., 

2009), waste management (Yuan et al., 2012), environment management (Chen et al., 

2006; Güneralp and Seto, 2008), and project management (Zhang et al., 2014; Yao et 

al., 2011). For example, Fong et al. (2009) adopted System Dynamics Model to 

forecast the CO2 emission trends with the case of Iskandar Development Region of 

Malaysia. Shen et al. (2009) applied a system dynamics model for the sustainable land 

use and urban development in Hong Kong. Guan et al. (2011) developed an integrated 

evaluation model to assess the urban environment development level of the city 

Chongqing in China by integrating system dynamics with Geographic Information 

System (GIS). Yuan et al. (2012) used a System Dynamics method to assess the 

effects of management strategies on the reduction of construction and demolition 

waste. Rehan et al. (2012) developed causal loop diagrams and a system dynamics 

model for financial sustainable management of urban water distribution networks and 

simulated a series of policy levers between financial sustainability and household 

affordability. 

 

However, there are a few existing studies that have used the System Dynamic for 

simulating and evaluating urban sustainability performance. Huang and Chen (1999) 

developed a dynamic urban system model, which includes six subsystems: land use, 
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population, transportation, water resource, solid waste and waste water treatment, to 

simulate the performance of the urban sustainability of the city Taipei. This model 

cannot be used for evaluating the cities in China directly because China has different 

characteristics of urban development. Han et al. (2009) presented an integrated system 

dynamics and cellular automata model for assessing the speed of urban growth. He 

selected the city, Shanghai, in China as a case study, which is not for sustainable 

urbanization. Mavrommati et al. (2013) proposed a System Dynamics approach for 

Ecologically Sustainable Development (ESD) in urban coastal systems, which mainly 

focused on the relationship between environmental and economic dimensions, without 

the variables of social dimensions. 

Based on above literature review, it can be summarized that the System Dynamics 

method has been used by many researchers in various fields. However, there are few 

studies  on applying System Dynamics to sustainable urbanization. The existing 

studies can provide useful references for simulating urban sustainability performance 

in this study. This research will apply System Dynamics to simulate the performance 

of sustainable urbanization in China. 

 

3 Methodology  

In this study, the method of System Dynamics was used for simulating urban 

sustainability performance. There are three main elements of System Dynamics, 

including feedback loops, variables, and equations (Vafa-Arani et al., 2014). The 

feedback loop is defined as a closed chain of causes and effects. Figure 1(a) is an 
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example of the feedback loop of population change (Trappey et al., 2011). The 

population is influenced by two variables, Birth Rate and Death Rate. When the birth 

rate increases, the population will increase. When the death rate increases, the 

population will decrease. Therefore, the left of the diagram shows a positive feedback 

loop and the right shows a negative feedback loop. 

 

<Please insert Figure 1 here> 

 

There are three main kinds of variables in a feedback loop, including the stock 

variable, the rate variable, and the auxiliary variable. The stock variable accumulates a 

flow over continuous time periods; the rate variable represents a flow during a time 

period; and the auxiliary variable identifies rate variables. The three kinds of variables 

are linked by equations with the form of integral, differential, or other types. Figure 

1(b) shows a simple system dynamics model for simulating the population growth of 

a city (Trappey et al., 2011). In Figure 1(b), the variable—Population will change with 

time, and is defined as stock variable. The variables— Birth and Death are defined as 

rate variables. The rates of birth and death are the auxiliary variables. 

System dynamics has three general steps: articulation of the problem or 

conceptualization, dynamic hypothesis formulation, and then testing and analysis, as 

shown in Figure 2 (Espinoza et al., 2017). Therefore, in this study, the first step, 

identifying the key variables of the SD model will be based on the review of the 

existing urban sustainability assessment indicators, such as the urban sustainable 

development index issued by McKinsey Company and Tsinghua University in China 
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(Urban Sustainability Index, 2014), Shen et al. (2011), Uwasu and Yabar (2011), Shen 

and Zhou (2014), Zhang (2015) and Tan et al. (2016). The availability of data is also 

considered when identifying the key variables. Finally, 19 basic indicators under four 

dimensions are identified, as shown in Table 1, and will be used as key variables for 

the SD model. 

 

<Please insert Figure 2 here> 

 

<Please insert Table 1 here> 

 

After identifying the key variables, the next step is to establish the stock-flow diagram 

among the variables. A stock-flow diagram is to depict the relationships between the 

variables in the system through the above two kinds of flows. The existing SD models 

related to sustainable urbanization, such as Shen et al. (2009), Han et al. (2009), Guan 

et al. (2011) and Mavrommati et al. (2013), are used as references to analyze the 

relationships between the variables in this study. 

 

4. SD model development 

Based on the 19 indicators selected in Table 1, and through the stock-flow diagram 

analysis of the variables, a system dynamics model of urban sustainability is 

established in this study, as shown in Figure 3. The software Vensim PLE 5.1 was 

used for developing the diagrams. The SD model consists of four sub-systems, 

economic sector, social sector, environment sector and resource sector. The stock-flow 

diagrams of the four sub- systems will be presented in each sector, respectively. 
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<Please insert Figure 3 here> 

  

Economic sector 

The economic sector plays an important role during the urbanization process of a city. 

Previous study suggests that good economic sustainability during urbanization is 

characterized by several indicators such as a high GDP level and stable economic 

condition (Shen et al., 2016a). Therefore, the total economic index is mainly 

determined by three key variables, GDP from service industry, Government 

investment in R&D per capita and Disposable income per urban capita in this study. 

The stock-flow diagram of the economic sector is shown in Figure 34. In Figure 4, 

stock variables describe the cumulative effect of the system, which can react to the 

accumulation of material, energy and information over time. There are three stock 

variables, Total population, Urbanization rate and GDP in economic sector. Rate 

variable describes the speed of the system's cumulative effect and reflects the changes 

of stock variables over time, representing the speed of change in the system or the 

amplitude of a decision. Four rate variables, Annual GDP growth, Population growth 

(natural increase), Population growth (migratory increase), Annual urbanization rate 

growth are introduced. Auxiliary variables are the intermediate variables, which run 

through the entire decision-making process and 13 auxiliary variables are in the 

economic sector. Figure 4 also shows the relationships among interacting variables. 

For example, the key auxiliary variable, GDP from service industry, is mainly 

influenced by three auxiliary variables: Total population, Urbanization rate and GDP 
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(Han et al., 2009). The Government investment in R&D is mainly from the local 

government annual fiscal revenue. The variable of Disposable income per urban 

capita is highly related to the GDP per capita. The higher GDP per capita, the higher 

Disposable income per urban capita is. The stock variable, Total population, is 

determined by two rate variables: Population growth (natural increase) and Population 

growth (migratory increase), (Shen et al., 2009).  

 

<Please insert Figure 4 here> 

 

Social sector 

It has been pointed out that urbanization should bring social benefits in the areas of 

medical treatment, education, health and others (Dye, 2008; Zhou et al., 2015). 

Therefore, the social index was determined by five key variables: Urban 

unemployment rate, Number of doctors per 10,000 urban population, Number of 

elementary school students per 10,000 urban population, Pension security coverage 

and Health care security coverage. The stock-flow diagram of the social sector is 

shown in Figure 5. Similar to the economic sector, there are also three stock variables, 

Total population, Urbanization rate, GDP; four rate variables, Annual GDP growth, 

Population growth (natural increase), Population growth (migratory increase), Annual 

urbanization rate growth in this sector and 23 auxiliary variables. Furthermore, in the 

social sub-system, the variables of Local government annual fiscal revenue and 

Disposable income per urban capita are defined as two core variables because they 

have influence on other variables. For example, the auxiliary variable Number of 
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elementary school students is in high correlation with the two auxiliary variables: 

Disposable income per urban capita and financial education investment (Gao and Shi, 

2008).   

 

<Please insert Figure 5 here> 

 

Environment sector 

The Chinese government has been putting more attention on environmental issues in 

recent years. The ecological degradation and environmental pollution due to fast 

economic development are two major problems in China. Moreover, the environment 

sector is influenced by the economic sector and social sector. The whole environment 

sub-system includes five stock variables, six rate variables and 42 auxiliary variables, 

as shown in Figure 6. The stock-flow diagram shows the relationships among the 

variables. For example, the auxiliary variable of Urban green area is directly 

influenced by the variable of local government annual fiscal revenue (Han et al., 2009) 

and the Annual waste water emissions is determined by two auxiliary variables: 

Annual domestic waste water emissions and Annual industrial waste water emissions 

(Guan et al. 2011). 

  

<Please insert Figure 6 here> 

 

Resource sector 

Rapid urbanization consumes a lot of resources including land, water and fossil 

energy (Tan et al., 2016; Han et al., 2017). The stock-flow diagram of the resource 
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sector is shown in Figure 7. There are four stock variables, Total population, 

Urbanization rate, GDP and Urban area; five rate variables, Annual GDP growth, 

Population growth (natural increase), Population growth (migratory increase), Annual 

urbanization rate growth, Annual urban area growth, and 15 auxiliary variables, in this 

sector. For example, the auxiliary variable of Annual total water consumption is 

considered from three aspects: Annual domestic water consumption, annual industrial 

water consumption and annual agricultural water consumption (He et al., 2011). 

 

<Please insert Figure 7 here> 

 

5 Model simulation and results analysis  

The application of the established SD model was demonstrated by a case study of the 

city, Beijing in China. Beijing, as the capital of China, is one of the largest cities in 

China. It’s population reached 21.7 million and the total GDP was nearly 23 thousand 

billion Yuan by the end of 2015 (National Bureau of Statistics, 2016). However, the 

rapid urbanization process has caused some environmental and social problems, 

especially the air pollution, hazy weather and traffic congestion, that have become 

serious in Beijing and have raised dramatic attention in China. In order to solve these 

problems, relevant measures for prompting sustainable development in Beijing have 

been implemented, such as developing an urban public transportation system, and 

reducing carbon emissions (Beijing Municipal Commission of Development & 

Reform, 2016). Therefore, Beijing is a good case for studying sustainable urban 

development in China.   
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5.1 Model validation  

Firstly, it is imperative to test the accuracy and feasibility of the SD model. This can 

be fulfilled by obtaining a match between the simulated results (SR) and historical 

data (HD) of the variables in the system. The data for Beijing were collected from the 

website of the National Bureau of Statistics in China. To validate the SD model, the 

time horizon for the variables was set as 10 years, from 2005-2014. Matching results 

were obtained through the software Vensim PLE 5.1 and the matching results of the 

five variables, Total population, Service industry output value, Number of health 

workers, Annual total water consumption and Farmland area, were selected for 

demonstration of the SD model validation. The matching results are shown in Table 2. 

It can be seen that the simulated values of variables are very close to the real values, 

with very low relative errors. This indicates the high validity of the SD model. 

Therefore, the established SD model is reliable to represent the causal feedback 

relationships among the variables, and simulate the urban sustainability performance. 

 

<Please insert Table 2 here> 

 

5.2 Simulation scenarios  

Scenario analysis is useful for assuming a possible range of futures, based upon which 

effective strategies and actions are to be sought (Kishita et al., 2016). The values of 

variables and parameters in the SD model can be adjusted based on different scenarios, 

and the simulation results will be different. Subsequently, relevant sustainable 
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development strategies can be developed based on different simulation results. These 

developing strategies and their influence on cities’ future sustainability performance 

can be further examined by re-using the SD model.  

 

In this study, three different development scenarios were assumed for SD model 

simulation. The first scenario is that the current economic development speed is 

maintained, with all parameters and variables at their current growth rate. The 

investment on sustainable development is still at the current rate. Secondly, a faster 

urbanization process with higher economic and population growth rate was assumed. 

Under this scenario, the values of the variables, Annual GDP growth, Population 

growth, Annual urbanization rate growth were higher than the current growth rate. 

The investment on sustainable development was held still at the current rate. Thirdly, 

as a contrast, a slower urbanization process with slower economic and population 

growth rate was assumed. Under this scenario, the values of the variables, Annual 

GDP growth, Population growth, Annual urbanization rate growth were lower than the 

current growth rate, but the investment on sustainable development was set higher 

than the current rate. The simulation time horizon of the SD model for the three 

simulation scenarios is 25 years, from 2005 to 2030. 

 

5.3 Simulation results 

The software Vensim PLE 5.1 was used simulate the urban sustainability performance 

of Beijing, based on the three scenarios. The stock-flow diagrams developed above 
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were used for scenario analysis. The equations were developed based on the relevant 

studies and regression analyses among the variables (Shen et al., 2009; Han et al., 

2009; Guan et al., 2011). Due to the limitation of the paper length, eight equations in 

the SD model were selected for demonstration and are illustrated as follows： 

1) Total sustainable urbanization performance=Economic index*0.17+ Environment 

index*0.33+Social index*0.33+Resource index*0.17 

2) Annual household waste emissions= Domestic solids waste emissions per 

capita*Total population (Unit：ten thousand tons) 

3) Annual Industrial waste water emissions=Secondary industry output value*Waste 

water emission of per 10,000 secondary output value (Unit: ten thousand tons) 

4) Annual total water consumption=Annual agricultural water consumption+ Annual 

industrial water consumption+ Annual domestic water consumption (Unit: 

hundred million m³) 

5) Annual waste water emissions= Annual Industrial waste water emissions+ Annual 

domestic waste water emissions (Unit: ten thousand tons) 

6) Financial Education Investment=Proportion of educational funds expenditure in 

fiscal revenue*Local government annual fiscal revenue (Unit: hundred million 

Yuan/RMB) 

7) Public transport journeys per capita=Total number of public transport 

journeys/Total population (Unit: number of public transport journeys per person) 

8) Urban green area=16,525*LN (Local government annual fiscal revenue)-74,153 

(Unit: square kilometer) 

 

Simulation results of the economic sector 

The simulation result of the economic sector of the city, Beijing, from 2005 to 2030, 

is shown in Figure 8. It can be seen that the difference between the three scenarios is 

small, and the economic sector will keep a steady growth in future. According to the 

results of UCI (2012), the economic index of Beijing is ranked 1
st
 among the surveyed 

185 cities in China from 2005 and 2011.  Moreover, the urbanization rate of Beijing 

was 86.5% by the end of 2015 and Beijing has reached to a terminal stage of 

urbanization, according to Northam's theory of urbanization stage division 

(Northam,1975). From the past experience of the urbanization process in China, 
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economic development is the primary work in the initial urbanization stage. Through 

the past 30 years’ rapid development, the economic level of Beijing has already 

reached to a steady stage. Therefore, there are minor differences between the three 

scenarios of Beijing’s economic development. 

 

<Please insert Figure 8 here> 

 

Simulation of social sector 

Figure 9 presents the simulation performance of the social sector of Beijing from 2005 

to 2030. Under the low speed scenario, the performance of the social sector of Beijing 

will keep a steady growth in future. Under the current speed, the social performance 

will have a slow growth until 2021, with no changes after that. Under the high speed 

scenario, the performance of the social sector of Beijing has a declining trend during 

the period of 2021 to 2030.  

 

A comparison of these three results indicates that a low speed of urbanization process 

should be adopted by Beijing to maintain a sustainable social development.  Previous 

studies appreciated that the social development is also a main purpose of urbanization, 

and urbanization should have positive effects on social aspects, including social 

mobilization, literacy, political participation, education, and health, especially at the 

initial stage of urbanization (Dye, 2008). Now, Beijing is the educational, cultural and 

healthcare centre of China. High quality services in education, social welfare and 

healthcare are provided in Beijing. According to the calculated results of UCI (2012), 
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the social index of Beijing is ranked 4
th

 among the surveyed 185 cities in China in 

2011. It also indicates that the social development level of Beijing has reached a high 

level.  

 

<Please insert Figure 9 here> 

 

Simulation results of the environment sector 

The simulation results under the three simulation scenarios are quite different in the 

environment sector, as shown in Fig. 10. This shows that, under the low speed 

development, the environment sector performs much better than the other two 

scenarios. Under the low speed scenario, the environmental performance will reach 

the peak value in 2016-17, and decline until 2021, then gain another growth until 

2027. Under the current speed scenario, the environmental performance also has some 

fluctuations, which will reach the peak value in 2016, and decline until 2020, then 

gain another low growth until 2025. Under high speed scenario, the environmental 

performance will decline during the period of 2016 to 2030.  It can be seen that the 

lower speed economic development and higher investment on environment protection 

are very effective for improve Beijing’s environmental performance. The government 

needs to balance the economic development and environment protection (Shen et al., 

2017). Air pollution is considered as a major environmental problem in Beijing and its 

environmental performance was just ranked 27
th

 among 185 cities in China according 

to the ranked results of UCI in 2005. However, many efforts have been put in by the 

Beijing government to improve the environmental condition in recent years, such as 
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the “Clean Air Action Plan” and “Air Pollution Prevention and Control regulations” 

(Zhang, et al., 2016) and it has achieved a good level of progress. It is also reported by 

the United Nations Environment Programme (2015) that the air quality of Chinese 

cities is improving notably, such as Beijing, Shanghai, and the air management 

experiences in these cities are a good reference for other cities in the world.  

 

 <Please insert Figure 10 here> 

 

Simulation results of the resource sector 

The simulation results are shown in Fig. 11. The differences between the three 

scenarios are obvious. Under the current and high speed scenarios, the resource sector 

performance will decline. Under the low speed scenario, the performance will keep a 

low steady growth. Water resource shortage is a major problem in Beijing. According 

to statistics, the average shortage volume of water in Beijing from 2005 and 2014 is 

0.6 billion m
3 

(Beijing Municipal Commission of Development & Reform, 2016). 

Farmland shortage is another major problem in Beijing. It was reported that, from 

1996 to 2009, the loss of farmland in Beijing is around 87 square kilometres per year 

(Ministry of Land Resource of the People’s Republic of China, 2016). 

 

<Please insert Figure 11 here> 

 

Simulation results of total performance 

By integrating the four sectors, the total sustainable urbanization performance of 

Beijing was simulated and the result is shown in Fig. 12. It can be seen that the total 
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sustainable urbanization performance of Beijing is high. According the ranking of 

UCI, the sustainability performance of Beijing was ranked within the top 10 among 

185 surveyed cities in China from 2005 -2011. As shown in Fig. 10, under the high 

speed scenario, the sustainability performance of Beijing would be declining.  Under 

the low speed scenario, there would be a steady growth until 2030. Under the current 

scenario, the total sustainability performance would have a low growth from 2016 to 

2024, then decline.  It indicates that a low speed of urbanization policy should be 

adopted by Beijing for achieving a sustainable development. The relationship between 

urban sustainability and urbanization depicted by Shen et al. (2012) is that in the 

initial urbanization stage, the impact of urbanization on economic and social 

development is low, and therefore, the sustainable urbanization performance is low. 

When urbanization continues, its effect on the economy, society, and environment 

increases; thus, the urbanization sustainability increases. But, the improvement of 

sustainability will be slow in the terminal stage of urbanization and the sustainability 

will maintain a certain level.  

 

<Please insert Figure 12 here> 

 

5.4 Policy suggestions 

Based on the above scenario analysis, it can be summarized that that the urbanization 

speed has an impact on Beijing’s sustainable development. The low speed 

development pattern will contribute to a higher urban sustainability performance than 

other two scenarios. The total performance will keep declining even at the current 
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urbanization speed. Therefore, the imperative task of Beijing is to improve the quality 

of urbanization rather than the speed of urbanization (Jiao et al., 2016). The economic 

and social sectors of Beijing perform better than the environment and resource sectors. 

In order to improve the total urban sustainability performance of Beijing, the 

government should put more efforts on the environment and resource sectors, and 

improve the balance between sectors. With the above analysis, relevant policy 

suggestions can be proposed for the four sectors. 

 

Economic sector 

Economic development is still the primary task of urbanization in China. However, 

those mega cities, such as Beijing, and Shanghai, are already the leaders in economic 

development in China, and are already at the terminal stage of urbanization, according 

to Northam's urbanization development theory (Shen et al., 2017). Berry (1973) 

suggested that the positive relationship exists between GDP per capita and 

urbanization, which is obvious at the initial stage of urbanization. However, Shen et al. 

(2012) assumed that the economies will grow slowly and even stop growing at a 

certain level in the later stage of urbanization because the impact of urbanization to 

economic development will decreased in the later stages. Therefore, in order to 

promote the economic development, other patterns need to be considered. For 

example, the National New-type Urbanization Plan (2014-2020) issued by the 

Chinese government places emphasis on people (Wang et al., 2015) and it defined 

three main tasks in the future urbanization:- (1) gradually settle the former agricultural 
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population who have migrated to the cities; (2) optimize urbanization; , and (3) 

increase the sustainability of cities to eventually achieve unified urban and rural 

development. With the increasing level of urbanization in China, the economic 

development will keep growing. Yet, there is a need for government to balance the 

development of different sectors. Perhaps surprisingly, a lower economic development 

speed may be a better choice for those cities with a high level of urbanization.  

 

Social sector 

Similar with the economic sector, the effect of urbanization on the social sector would 

be decreased when at the mature stage of urbanization, and even become negative if 

urbanization goes beyond the carrying capacity of a city (Shen et al., 2012). The 

simulation performance of the social sector of Beijing is good, but the performance 

presents a tendency of decline under the high speed simulation scenario. It also 

pointed out by Cao et al. (2014) that in most large cities in China, the social welfare 

resources such as education, healthcare and insurance, are only provided to their 

registered residents. Therefore, it is imperative to promote equitable and universal 

public services for all residents, including social security, medical treatment, 

education, and culture in Beijing.  

 

Environment sector 

The performance of the environment sector of Beijing is the lowest of the other three 

sectors. Alberti and Marzluff (2004) pointed out that the rapid urbanization will 
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induce environmental degradation and decrease the city environment quality. If 

without external intervention, the deterioration would continue, which will result in 

the city’s demolition or abandonment. Based on the research result of Alberti and 

Marzluff (2004), Shen et al. (2012) argued that the environmental deterioration can be 

avoided and the environment quality can be improved and maintained at a certain 

level through proper policy intervention. The simulation results under the low speed 

scenario in this study show that proper policy intervention can help improve the 

environment performance of cities. It has been well appreciated that financial support 

by government is an effective tool for improving the environment management 

quality and energy saving by arousing the public and business awareness and 

enthusiasm of implementing environment management policies (Shen et al., 2016b; 

He et al., 2012; Kanada et al., 2013). Therefore, with the prosperous economic 

development, the Beijing government should provide financial support and relevant 

public policies to improve the city environment condition.  

 

 

Resource sector 

Similar with environment sector, the resource sector also presents a declining 

tendency under the current and high urbanization speed. Many previous studies have 

examined the relationship between urbanization and total energy consumption and it 

is well appreciated that urbanization and energy consumption are positively related.  

(Ni and Thomas, 2004; Zhou et al., 2012; Lenzen et al., 2006; Sun et al., 2014; Yang 
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et al., 2015; Martínez-Zarzoso, and Maruotti, 2011). For example, Zhou et al. (2012) 

reported that urbanization has profoundly affected on the energy consumption of 

residential households, transportation, and the building materials industry. Lenzen et 

al. (2006) found that as the process of urbanization develops further, the per capita 

energy consumption is generally higher in areas of high urbanization than that in areas 

of low urbanization, and the energy consumption structure is more advanced in the 

high urbanization areas, which is echoed by Sun et al. (2014). Therefore, it is 

suggested that the government should consider how to use resources more efficiently, 

such as new technologies for energy saving, green products, and low-carbon emission 

technologies (Ni and Thomas, 2004；Li et al., 2016; Wang et al., 2016).  

 

6 Summary and Conclusions 

Many developing countries will still experience the rapid development of urbanization 

in the future. Accurate assessment results of the sustainable urbanization are 

imperative for understanding the urbanization process and providing support to the 

implementation of urban development strategy. In this study, a System Dynamics 

model that comprises an integrated economic-social-environmental–resource 

subsystem is established to assist simulating the performance of sustainable 

urbanization. The case study of Beijing in China demonstrates that the SD model is 

helpful to simulate the performance of sustainable urbanization. The SD model has a 

number of advantages. First, the method provides a new angle in assessing the 

sustainable urbanization performance. Second, this method can improve the accuracy 
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of the assessment results by considering the complex and inter-dependent 

relationships between the variables in the process of urbanization. Third, through the 

results analyses under different simulation scenarios, different policies and strategies 

can be implemented to guide the development of urbanization.  

 

It is also appreciated that different cities may have had different main tasks in the 

urbanization process. For the city of Beijing, its major task is improving the 

urbanization quality, especially the environment condition and resource protection and 

utilization, since Beijing has already reached to the terminal stage of urbanization. For 

other cities in the central and west regions in China with a low urbanization rate, their 

major mission is coordinate between the speed of the urbanization and environment 

protection. It is the further research agenda of this research team to examine the 

sustainable urbanization performance of other cities in China by using the established 

SD model. 
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                     (a)                                                   (b) 

Figure 1(a) A population causal feedback loop (Trappey et al., 2011) (b) A population System dynamics model (Trappey et al., 2011) 
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Figure 2 The four steps of System dynamics method 



 

 

Figure 3 Stock-flow diagram of urban sustainability system dynamics model 



 

 

 

 

Figure 4 Stock-flow diagram of the economic sector 



Figure 5 Stock-flow diagram of the social sector 

 



Figure 6 Stock-flow diagram of the environment sector 

 



Figure 7 Stock-flow diagram of the resource sector 



 

Figure 8 Simulation result of the economic sector 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure 9 Simulation result of the social sector 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Figure 10 Simulation result of the environment sector 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure 11 Simulation result of the resource sector 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

Figure 12 Simulation result of total sustainable urbanization performance 

 



Table 1 Evaluation indicators for sustainable urbanization  

 

Dimensions Indicators 

Economic 

Disposable income per urban capita 

Government investment in R&D per urban capita 

GDP from service industry 

 

 

Social 

Urban unemployment rate 

Number of doctors per10,000 urban population 

Number of elementary school students per10,000 urban population 

Pension security coverage 

Health care security coverage 

 

Environment 

 

 

Persons per square kilometer of urban area 

Passengers using public transit per capita 

Coverage of public green space in built area 

Household access to Internet in total urban household 

Urban per capita green area 

Industrial SO2 discharged per unit GDP 

Wastewater treatment rate 

Domestic waste treated 

 

Resource 

Total energy consumption per unit GDP 

Water efficiency 

Farmland per capita 

 

 

 

 

 

 

 

 

Table



Table 2 Verification with historical data  

Year 
Total population 

( Unit: ten thousand ) 

Service industry output value 

( Unit: hundred million Yuan ) 

Number of health workers 

( Unit: ten thousand ) 

Annual total water 

consumption 

( Unit: hundred million 

m
3
) 

Farmland area 

( Unit: hectare ) 

 
HD SR 

error

% 
HD SR 

error 

% 
HD SR 

error 

% 
HD SR 

error 

% 
HD SR 

error 

% 

2005 1,538  1,538  0.00  4,854.33 4,971.13 0.02  15.7 15.94  0.02  33.4 33.56  0.00  2,334  2,433  0.04  

2006 1,601  1,570  -0.02  5,837.55 5,921.25 0.01  16.63 16.31  -0.02  32.68 32.53  0.00  2,330  2,343  0.01  

2007 1,633  1,607  -0.02  7,236.15 7,351.01 0.02  18.31 18.25  0.00  32.08 31.72  -0.01  2,330  2,325  0.00  

2008 1,695  1,651  -0.03  8,375.76 8,372.55 0.00  19.43 19.03  -0.02  31.88 31.33  -0.02  2,320  2,319  0.00  

2009 1,755  1,700  -0.03  9,179.19 9,188.89 0.00  21.17 22.69  0.07  31.91 31.10  -0.03  2,317  2,298  -0.01  

2010 1,962  1,753  -0.10  10,600.84 10,877.8 0.03  22.36 22.81  0.02  31.19 29.94  -0.04  2,317  2,208  -0.05  

2011 2,019  1,811  -0.10  12,363.18 12,667.5 0.02  23.57 23.77  0.01  31.49 30.14  -0.04  2,317  2,343  0.01  

2012 2,069  1,873  -0.09  13,669.93 13,999.9 0.02  25.32 24.63  -0.03  30.21 30.00  -0.01  2,210  2,309  0.04  

2013 2,115  1,938  -0.08  15,348.61 15,328 0.00  15.7 15.94  0.02  33.4 33.56  0.00  2,334  2,433  0.04  

2014 2,152  2,004  -0.07  16,627.04 16,834.9 0.01  16.63 16.31  -0.02  32.68 32.53  0.00  2,330  2,343  0.01  
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A system dynamics model for simulating urban sustainability performance: A 

China case study 

 

Abstract 

China has been experiencing a rapid urbanization process. Various relevant policies 

and strategies have been implemented for sustainable urbanization. For a better 

understanding of sustainable urbanization, many research efforts have been made on 

urban sustainability assessment. The traditional indicator index is normally used to 

evaluate the urban sustainability performance. However, the urban development is a 

complex system, and the existing methods cannot reflect the systemic interactions 

among variables. Therefore, this paper aims to develop a system dynamics model for 

simulating urban sustainability performance. The system dynamics model comprises 

four sub-systems, namely, the economic sector, social sector, environment sector and 

resource sector. Then, the system dynamics model is used to simulate the 

sustainability performance of the city, Beijing, with three scenarios. The results 

indicate that the system dynamics modelling is a useful tool for simulating urban 

sustainability performance and can help policy makers formulate relevant strategies 

for a better sustainable development of cities.  

Keywords: Sustainable development, System dynamics, Urban sustainability 

performance, China 
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1 Introduction 

Urbanization has been widely appreciated as one of the most important national 

development strategies, especially for the developing countries (Shen & and Zhou, 

2014). For example, as the biggest developing country in the world, China 

experienced a rapid urbanization process over the past 30 years. According to 

statistics, the urbanization level of China increased dramatically from 17.9% in 1978 

to 54.8% in 2014 and nearly 600 million people migrated from rural to urban areas 

(Huang et al., 2016). This movement has been appreciated as a momentous event and 

attracted wide international attention (Yang, 2013). Many researchers have recognized 

that urbanization plays a positive role in promoting economic development, 

improving the living and medical environment, upgrading industrial structure and per 

capita income (Zhou et al., 2015a；Madlener & and Sunak，2011; Spence & and 

Buckley, 2009). However, the rapid speed of urbanization could also result in a 

myriad of environmental problems and social inequities, such as air pollution, acid 

rain, water and land pollution and solid wastes (Vafa-Arani et al., 2014, Lin et al., 

2014; Shen & and Zhou, 2014).  

 

Based on this background, much attention has been paid to the sustainable 

development of cities. It has been well appreciated that the sustainable development 

principles need be adopted to guide the urbanization practices by organizations and 

governments throughout the world because sustainable urbanization is an effective 

way to promote the sustainable development of urban areas (Tan et al., 2017; Shen et 

al., 2016a ; Wang et al., 2015). Moreover, it is predicted that the developing countries 
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will still have rapid urbanization over the next several years, and thus have to deal 

with the sustainable urbanization issues. For example, the urbanization level of China 

is projected to be 77.5% in 2050, a further increase of 22.7% compared with the 

urbanization rate in 2014 (Wu et al., 2014). The Chinese government is aware of the 

importance of sustainable urbanization and is putting efforts in a New-type 

urbanization path. The most notable aspect of New-type urbanization is the transfer 

from land-centered urbanization to people-oriented urbanization(Chen et al., 2015). 

Therefore, an accurate assessment of urban sustainability has become necessary, 

which not only provides decision makers a better understanding of sustainable 

urbanization, but also provides useful references for developing relevant sustainable 

urban development strategies (Han et al., 2009; Uwasu & and Yabar, 2011; Zhou, et 

al., 2015). 

 

Numerous indicators and assessment tools have been developed by previous 

researchers for assessing the performance of sustainable urbanization from different 

perspectives. These indicators and tools have been widely used in academia and 

practice to assess and monitor the urbanization process (Huang et al., 1998, Zhao & 

and Chai, 2015; Huang, et al., 2016, Shen, et al., 2011；Zhou, et al., 2015b; Michael, 

et al., 2014; Charan & and Venkataraman, 2017). Nevertheless, there are some 

limitations by using indicators to assess urban sustainability. Huang et al. (2009) 

pointed out that as urban development is a complex system including various 

variables, the indicators cannot reflect the systemic interactions among these variables, 
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and so cannot provide normative indications of future directions of urban 

development. It is echoed by Uwasu & and Yabar (2011) that the existing sustainable 

indicators and tools may ignore some important features of sustainability and do not 

explicitly address the relations between environmental aspects and socio-economic 

aspects. 

  

Based on above discussion, there is a need to introduce a method to evaluate urban 

sustainability performance by considering the interactions among the indicators. 

Therefore, this study aims to (1) develop a simulation model to assess the level of 

sustainable urbanization based on the principle of System dynamics; (2) demonstrate 

the application of the SD model through the case study of the city Beijing in China; (3) 

analyze the simulation results based on different scenarios. 

 

2. Literature review 

System Dynamics (SD) was firstly proposed by Forrester in 1956 for investigating the 

information-feedback character of industrial systems and improving the 

organizational form (Thompson & and Bank, 2010). It is well appreciated that SD is 

an effective tool to analyze the relationships and interactions among the variables in a 

system. It can help to understand the impact of various factors on the objectives 

defined in a system and provide useful information for decision-makers (Guan et al., 

2011；Yao et al., 2011). It is a typical simulation technique for evaluating the 

decision-making performance. It can analyze the complex and inter-dependent 
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relationships between the variables in a system and improve the accuracy of the 

evaluation results.  

 

The system dynamics method has been used in various fields,  such as transportation 

(Egilmez & and Tatari, 2012; Shepherd, 2014), land use (Yu et al., 2011; Shen et al., 

2009), waste management (Yuan et al., 2012), environment management (Chen et al., 

2006; Güneralp & and Seto, 2008), and project management (Zhang et al., 2014; Yao 

et al., 2011). For example, Fong et al. (2009) adopted System Dynamics Model to 

forecast the CO2 emission trends with the case of Iskandar Development Region of 

Malaysia. Shen et al. (2009) applied a system dynamics model for the sustainable land 

use and urban development in Hong Kong. Guan et al. (2011) developed an integrated 

evaluation model to assess the urban environment development level of the city 

Chongqing in China by integrating system dynamics with Geographic Information 

System (GIS). Yuan et al. (2012) used a System Dynamics method to assess the 

effects of management strategies on the reduction of construction and demolition 

waste. Rehan et al. (2012) developed causal loop diagrams and a system dynamics 

model for financial sustainable management of urban water distribution networks and 

simulated a series of policy levers between financial sustainability and household 

affordability. 

 

However, there are a few existing studies that have used the System Dynamic for 

simulating and evaluating urban sustainability performance. Huang and Chen (1999) 
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developed a dynamic urban system model, which includes six subsystems: land use, 

population, transportation, water resource, solid waste and waste water treatment, to 

simulate the performance of the urban sustainability of the city Taipei. This model 

cannot be used for evaluating the cities in China directly because China has different 

characteristics of urban development. Han et al. (2009) presented an integrated system 

dynamics and cellular automata model for assessing the speed of urban growth. He 

selected the city, Shanghai, in China as a case study, which is not for sustainable 

urbanization. Mavrommati et al. (2013) proposed a System Dynamics approach for 

Ecologically Sustainable Development (ESD) in urban coastal systems, which mainly 

focused on the relationship between environmental and economic dimensions, without 

the variables of social dimensions. 

Based on above literature review, it can be summarized that the System Dynamics 

method has been used by many researchers in various fields. However, there are few 

studies  on applying System Dynamics to sustainable urbanization. The existing 

studies can provide useful references for simulating urban sustainability performance 

in this study. This research will apply System Dynamics to simulate the performance 

of sustainable urbanization in China. 

 

3 Methodology  

In this study, the method of System Dynamics was used for simulating urban 

sustainability performance. There are three main elements of System Dynamics, 

including feedback loops, variables, and equations (Vafa-Arani et al., 2014). The 
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feedback loop is defined as a closed chain of causes and effects. Figure 1(a) is an 

example of the feedback loop of population change (Trappey et al., 2011). The 

population is influenced by two variables, Birth Rate and Death Rate. When the birth 

rate increases, the population will increase. When the death rate increases, the 

population will decrease. Therefore, the left of the diagram shows a positive feedback 

loop and the right shows a negative feedback loop. 

 

<Please insert Figure 1 here> 

 

There are three main kinds of variables in a feedback loop, including the stock 

variable, the rate variable, and the auxiliary variable. The stock variable accumulates a 

flow over continuous time periods; the rate variable represents a flow during a time 

period; and the auxiliary variable identifies rate variables. The three kinds of variables 

are linked by equations with the form of integral, differential, or other types. Figure 

1(b) shows a simple system dynamics model for simulating the population growth of 

a city (Trappey et al., 2011). In Figure 1(b), the variable—Population will change with 

time, and is defined as stock variable. The variables— Birth and Death are defined as 

rate variables. The rates of birth and death are the auxiliary variables. 

System dynamics has three general steps: articulation of the problem or 

conceptualization, dynamic hypothesis formulation, and then testing and analysis, as 

shown in Figure 2 (Espinoza et al., 2017). Therefore, in this study, the first step, 

identifying the key variables of the SD model will be based on the review of the 

existing urban sustainability assessment indicators, such as the urban sustainable 
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development index issued by McKinsey Company and Tsinghua University in China 

(Urban Sustainability IndexUCI, 2014) (http://www.urbanchinainitiative.org/en/), 

Shen et al. (2011), Uwasu & and Yabar (2011), Shen & and Zhou (2014), Zhang 

(2015) and Tan et al. (2016). The availability of data is also considered when 

identifying the key variables. Finally, 19 basic indicators under four dimensions are 

identified, as shown in Table 1, and will be used as key variables for the SD model. 

 

<Please insert Figure 2 here> 

 

<Please insert Table 1 here> 

 

After identifying the key variables, the next step is to establish the stock-flow diagram 

among the variables. A stock-flow diagram is to depict the relationships between the 

variables in the system through the above two kinds of flows. The existing SD models 

related to sustainable urbanization, such as Shen et al. (2009), Han et al. (2009), Guan 

et al. (2011) and Mavrommati et al. (2013), are used as references to analyze the 

relationships between the variables in this study. 

 

4. SD model development 

Based on the 19 indicators selected in Table 1, and through the stock-flow diagram 

analysis of the variables, a system dynamics model of urban sustainability is 

established in this study, as shown in Figure 3. The software Vensim PLE 5.1 was 

used for developing the diagrams. The SD model consists of four sub-systems, 

economic sector, social sector, environment sector and resource sector. The stock-flow 
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diagrams of the four sub- systems will be presented in each sector, respectively. 

 

<Please insert Figure 3 here> 

  

Economic sector 

The economic sector plays an important role during the urbanization process of a city. 

Previous study suggests that good economic sustainability during urbanization is 

characterized by several indicators such as a high GDP level and stable economic 

condition (Shen et al., 2016a). Therefore, the total economic index is mainly 

determined by three key variables, GDP from service industry, Government 

investment in R&D per capita and Disposable income per urban capita in this study. 

The stock-flow diagram of the economic sector is shown in Figure 34. In Figure 4, 

stock variables describe the cumulative effect of the system, which can react to the 

accumulation of material, energy and information over time. There are three stock 

variables, Total population, Urbanization rate and GDP in economic sector. Rate 

variable describes the speed of the system's cumulative effect and reflects the changes 

of stock variables over time, representing the speed of change in the system or the 

amplitude of a decision. Four rate variables, Annual GDP growth, Population growth 

(natural increase), Population growth (migratory increase), Annual urbanization rate 

growth are introduced. Auxiliary variables are the intermediate variables, which run 

through the entire decision-making process and 13 auxiliary variables are in the 

economic sector. Figure 4 also shows the relationships among interacting variables. 

For example, the key auxiliary variable, GDP from service industry, is mainly 
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influenced by three auxiliary variables: Total population, Urbanization rate and GDP 

(Han et al., 2009). The Government investment in R&D is mainly from the local 

government annual fiscal revenue. The variable of Disposable income per urban 

capita is highly related to the GDP per capita. The higher GDP per capita, the higher 

Disposable income per urban capita is. The stock variable, Total population, is 

determined by two rate variables: Population growth (natural increase) and Population 

growth (migratory increase), (Shen et al., 2009).  

 

<Please insert Figure 4 here> 

 

Social sector 

It has been pointed out that urbanization should bring social benefits in the areas of 

medical treatment, education, health and others (Dye, 2008; Zhou et al., 2015). 

Therefore, the social index was determined by five key variables: Urban 

unemployment rate, Number of doctors per 10,000 urban population, Number of 

elementary school students per 10,000 urban population, Pension security coverage 

and Health care security coverage. The stock-flow diagram of the social sector is 

shown in Figure 5. Similar to the economic sector, there are also three stock variables, 

Total population, Urbanization rate, GDP; four rate variables, Annual GDP growth, 

Population growth (natural increase), Population growth (migratory increase), Annual 

urbanization rate growth in this sector and 23 auxiliary variables. Furthermore, in the 

social sub-system, the variables of Local government annual fiscal revenue and 

Disposable income per urban capita are defined as two core variables because they 
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have influence on other variables. For example, the auxiliary variable Number of 

elementary school students is in high correlation with the two auxiliary variables: 

Disposable income per urban capita and financial education investment (Gao & and 

Shi, 2008).   

 

<Please insert Figure 5 here> 

 

Environment sector 

The Chinese government has been putting more attention on environmental issues in 

recent years. The ecological degradation and environmental pollution due to fast 

economic development are two major problems in China. Moreover, the environment 

sector is influenced by the economic sector and social sector. The whole environment 

sub-system includes five stock variables, six rate variables and 42 auxiliary variables, 

as shown in Figure 6. The stock-flow diagram shows the relationships among the 

variables. For example, the auxiliary variable of Urban green area is directly 

influenced by the variable of local government annual fiscal revenue (Han et al., 2009) 

and the Annual waste water emissions is determined by two auxiliary variables: 

Annual domestic waste water emissions and Annual industrial waste water emissions 

(Guan et al. 2011). 

  

<Please insert Figure 6 here> 

 

Resource sector 

Rapid urbanization consumes a lot of resources including land, water and fossil 
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energy (Tan et al., 2016; Han et al., 2017). The stock-flow diagram of the resource 

sector is shown in Figure 7. There are four stock variables, Total population, 

Urbanization rate, GDP and Urban area; five rate variables, Annual GDP growth, 

Population growth (natural increase), Population growth (migratory increase), Annual 

urbanization rate growth, Annual urban area growth, and 15 auxiliary variables, in this 

sector. For example, the auxiliary variable of Annual total water consumption is 

considered from three aspects: Annual domestic water consumption, annual industrial 

water consumption and annual agricultural water consumption (He et al., 2011). 

 

<Please insert Figure 7 here> 

 

5 Model simulation and results analysis  

The application of the established SD model was demonstrated by a case study of the 

city, Beijing in China. Beijing, as the capital of China, is one of the largest cities in 

China. It’s population reached 21.7 million and the total GDP was nearly 23 thousand 

billion Yuan by the end of 2015 (National Bureau of Statistics, 2016). However, the 

rapid urbanization process has caused some environmental and social problems, 

especially the air pollution, hazy weather and traffic congestion, that have become 

serious in Beijing and have raised dramatic attention in China. In order to solve these 

problems, relevant measures for prompting sustainable development in Beijing have 

been implemented, such as developing an urban public transportation system, and 

reducing carbon emissions (Beijing Municipal Commission of Development & 

Reform, 2016). Therefore, Beijing is a good case for studying sustainable urban 
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development in China.   

5.1 Model validation  

Firstly, it is imperative to test the accuracy and feasibility of the SD model. This can 

be fulfilled by obtaining a match between the simulated results (SR) and historical 

data (HD) of the variables in the system. The data for Beijing were collected from the 

website of the National Bureau of Statistics in China. To validate the SD model, the 

time horizon for the variables was set as 10 years, from 2005-2014. Matching results 

were obtained through the software Vensim PLE 5.1 and the matching results of the 

five variables, Total population, Service industry output value, Number of health 

workers, Annual total water consumption and Farmland area, were selected for 

demonstration of the SD model validation. The matching results are shown in Table 2. 

It can be seen that the simulated values of variables are very close to the real values, 

with very low relative errors. This indicates the high validity of the SD model. 

Therefore, the established SD model is reliable to represent the causal feedback 

relationships among the variables, and simulate the urban sustainability performance. 

 

<Please insert Table 2 here> 

 

5.2 Simulation scenarios  

Scenario analysis is useful for assuming a possible range of futures, based upon which 

effective strategies and actions are to be sought (Kishita et al., 2016). The values of 

variables and parameters in the SD model can be adjusted based on different scenarios, 
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and the simulation results will be different. Subsequently, relevant sustainable 

development strategies can be developed based on different simulation results. These 

developing strategies and their influence on cities’ future sustainability performance 

can be further examined by re-using the SD model.  

 

In this study, three different development scenarios were assumed for SD model 

simulation. The first scenario is that the current economic development speed is 

maintained, with all parameters and variables at their current growth rate. The 

investment on sustainable development is still at the current rate. Secondly, a faster 

urbanization process with higher economic and population growth rate was assumed. 

Under this scenario, the values of the variables, Annual GDP growth, Population 

growth, Annual urbanization rate growth were higher than the current growth rate. 

The investment on sustainable development was held still at the current rate. Thirdly, 

as a contrast, a slower urbanization process with slower economic and population 

growth rate was assumed. Under this scenario, the values of the variables, Annual 

GDP growth, Population growth, Annual urbanization rate growth were lower than the 

current growth rate, but the investment on sustainable development was set higher 

than the current rate. The simulation time horizon of the SD model for the three 

simulation scenarios is 25 years, from 2005 to 2030. 

 

5.3 Simulation results 

The software Vensim PLE 5.1 was used simulate the urban sustainability performance 
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of Beijing, based on the three scenarios. The stock-flow diagrams developed above 

were used for scenario analysis. The equations were developed based on the relevant 

studies and regression analyses among the variables (Shen et al., 2009; Han et al., 

2009; Guan et al., 2011). Due to the limitation of the paper length, eight equations in 

the SD model were selected for demonstration and are illustrated as follows： 

1) Total sustainable urbanization performance=Economic index*0.17+ Environment 

index*0.33+Social index*0.33+Resource index*0.17 

2) Annual household waste emissions= Domestic solids waste emissions per 

capita*Total population (Unit：ten thousand tons) 

3) Annual Industrial waste water emissions=Secondary industry output value*Waste 

water emission of per 10,000 secondary output value (Unit: ten thousand tons) 

4) Annual total water consumption=Annual agricultural water consumption+ Annual 

industrial water consumption+ Annual domestic water consumption (Unit: 

hundred million  m³) 

5) Annual waste water emissions= Annual Industrial waste water emissions+ Annual 

domestic waste water emissions (Unit: ten thousand tons) 

6) Financial Education Investment=Proportion of educational funds expenditure in 

fiscal revenue*Local government annual fiscal revenue (Unit: hundred million 

Yuan/RMB) 

7) Public transport journeys per capita=Total number of public transport 

journeys/Total population (Unit: number of public transport journeys per person) 

8) Urban green area=16,525*LN (Local government annual fiscal revenue)-74,153 

(Unit: square kilometer) 

 

Simulation results of the economic sector 

The simulation result of the economic sector of the city, Beijing, from 2005 to 2030, 

is shown in Figure 8. It can be seen that the difference between the three scenarios is 

small, and the economic sector will keep a steady growth in future. According to the 

results of UCI (2012), the economic index of Beijing is ranked 1
st
 among the surveyed 

185 cities in China from 2005 and 2011.  Moreover, the urbanization rate of Beijing 

was 86.5% by the end of 2015 and Beijing has reached to a terminal stage of 

urbanization, according to Northam's theory of urbanization stage division 
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(Northam,1975). From the past experience of the urbanization process in China, 

economic development is the primary work in the initial urbanization stage. Through 

the past 30 years’ rapid development, the economic level of Beijing has already 

reached to a steady stage. Therefore, there are minor differences between the three 

scenarios of Beijing’s economic development. 

 

<Please insert Figure 8 here> 

 

Simulation of social sector 

Figure 9 presents the simulation performance of the social sector of Beijing from 2005 

to 2030. . Under the low speed scenario, the performance of the social sector of 

Beijing will keep a steady growth in future. Under the current speed, the social 

performance will have a slow growth until 2021, with no changes after that. Under the 

high speed scenario, the performance of the social sector of Beijing has a declining 

trend during the period of 2021 to 2030.  

 

A comparison of these three results indicates that a low speed of urbanization process 

should be adopted by Beijing to maintain a sustainable social development.  Previous 

studies appreciated that the social development is also a main purpose of urbanization, 

and urbanization should have positive effects on social aspects, including social 

mobilization, literacy, political participation, education, and health, especially at the 

initial stage of urbanization (Dye, 2008). Now, Beijing is the educational, cultural and 

healthcare centre of China. High quality services in education, social welfare and 
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healthcare are provided in Beijing. According to the calculated results of UCI (2012), 

the social index of Beijing is ranked 4
th

 among the surveyed 185 cities in China in 

2011. It also indicates that the social development level of Beijing has reached a high 

level.  

 

<Please insert Figure 9 here> 

 

Simulation results of the environment sector 

The simulation results under the three simulation scenarios are quite different in the 

environment sector, as shown in Fig. 10. This shows that, under the low speed 

development, the environment sector performs much better than the other two 

scenarios. Under the low speed scenario, the environmental performance will reach 

the peak value in 2016-17, and decline until 2021, then gain another growth until 

2027. Under the current speed scenario, the environmental performance also has some 

fluctuations, which will reach the peak value in 2016, and decline until 2020, then 

gain another low growth until 2025. Under high speed scenario, the environmental 

performance will decline during the period of 2016 to 2030.  It can be seen that the 

lower speed economic development and higher investment on environment protection 

are very effective for improve Beijing’s environmental performance. The government 

needs to balance the economic development and environment protection (Shen et al., 

2017). Air pollution is considered as a major environmental problem in Beijing and its 

environmental performance was just ranked 27
th

 among 185 cities in China according 

to the ranked results of UCI in 2005. However, many efforts have been put in by the 
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Beijing government to improve the environmental condition in recent years, such as 

the “Clean Air Action Plan” and “Air Pollution Prevention and Control regulations” 

(Zhang, et al., 2016) and it has achieved a good level of progress. It is also reported by 

the United Nations Environment Programme (2015) that the air quality of Chinese 

cities is improving notably, such as Beijing, Shanghai, and the air management 

experiences in these cities are a good reference for other cities in the world.  

 

 <Please insert Figure 10 here> 

 

Simulation results of the resource sector 

The simulation results are shown in Fig. 11. The differences between the three 

scenarios are obvious. Under the current and high speed scenarios, the resource sector 

performance will decline. Under the low speed scenario, the performance will keep a 

low steady growth. Water resource shortage is a major problem in Beijing. According 

to statistics, the average shortage volume of water in Beijing from 2005 and 2014 is 

0.6 billion m
3 

(Beijing Municipal Commission of Development & Reform, 2016). 

Farmland shortage is another major problem in Beijing. It was reported that, from 

1996 to 2009, the loss of farmland in Beijing is around 87 square kilometres per year 

(Ministry of Land Resource of the People’s Republic of China, 2016). 

 

<Please insert Figure 11 here> 

 

Simulation results of total performance 

By integrating the four sectors, the total sustainable urbanization performance of 
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Beijing was simulated and the result is shown in Fig. 12. It can be seen that the total 

sustainable urbanization performance of Beijing is high. According the ranking of 

UCI, the sustainability performance of Beijing was ranked within the top 10 among 

185 surveyed cities in China from 2005 -2011. As shown in Fig. 10, under the high 

speed scenario, the sustainability performance of Beijing would be declining.  Under 

the low speed scenario, there would be a steady growth until 2030. Under the current 

scenario, the total sustainability performance would have a low growth from 2016 to 

2024, then decline.  It indicates that a low speed of urbanization policy should be 

adopted by Beijing for achieving a sustainable development. The relationship between 

urban sustainability and urbanization depicted by Shen et al. (2012) is that in the 

initial urbanization stage, the impact of urbanization on economic and social 

development is low, and therefore, the sustainable urbanization performance is low. 

When urbanization continues, its effect on the economy, society, and environment 

increases; thus, the urbanization sustainability increases. But, the improvement of 

sustainability will be slow in the terminal stage of urbanization and the sustainability 

will maintain a certain level.  

 

<Please insert Figure 12 here> 

 

5.4 Policy suggestions 

Based on the above scenario analysis, it can be summarized that that the urbanization 

speed has an impact on Beijing’s sustainable development. The low speed 

development pattern will contribute to a higher urban sustainability performance than 
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other two scenarios. The total performance will keep declining even at the current 

urbanization speed. Therefore, the imperative task of Beijing is to improve the quality 

of urbanization rather than the speed of urbanization (Jiao et al., 2016). The economic 

and social sectors of Beijing perform better than the environment and resource sectors. 

In order to improve the total urban sustainability performance of Beijing, the 

government should put more efforts on the environment and resource sectors, and 

improve the balance between sectors. With the above analysis, relevant policy 

suggestions can be proposed for the four sectors. 

 

Economic sector 

Economic development is still the primary task of urbanization in China. However, 

those mega cities, such as Beijing, and Shanghai, are already the leaders in economic 

development in China, and are already at the terminal stage of urbanization, according 

to Northam's urbanization development theory (Shen et al., 2017). Berry (1973) 

suggested that the positive relationship exists between GDP per capita and 

urbanization, which is obvious at the initial stage of urbanization. However, Shen et al. 

(2012) assumed that the economies will grow slowly and even stop growing at a 

certain level in the later stage of urbanization because the impact of urbanization to 

economic development will decreased in the later stages. Therefore, in order to 

promote the economic development, other patterns need to be considered. For 

example, the National New-type Urbanization Plan (2014-2020) issued by the 

Chinese government places emphasis on people (Wang et al., 2015) and it defined 
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three main tasks in the future urbanization:- (1) gradually settle the former agricultural 

population who have migrated to the cities; (2) optimize urbanization; , and (3) 

increase the sustainability of cities to eventually achieve unified urban and rural 

development. With the increasing level of urbanization in China, the economic 

development will keep growing. Yet, there is a need for government to balance the 

development of different sectors. Perhaps surprisingly, a lower economic development 

speed may be a better choice for those cities with a high level of urbanization.  

 

Social sector 

Similar with the economic sector, the effect of urbanization on the social sector would 

be decreased when at the mature stage of urbanization, and even become negative if 

urbanization goes beyond the carrying capacity of a city (Shen et al., 2012). The 

simulation performance of the social sector of Beijing is good, but the performance 

presents a tendency of decline under the high speed simulation scenario. It also 

pointed out by Cao et al. (2014) that in most large cities in China, the social welfare 

resources such as education, healthcare and insurance, are only provided to their 

registered residents. Therefore, it is imperative to promote equitable and universal 

public services for all residents, including social security, medical treatment, 

education, and culture in Beijing.  

 

Environment sector 

The performance of the environment sector of Beijing is the lowest of the other three 
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sectors. Alberti and Marzluff (2004) pointed out that the rapid urbanization will 

induce environmental degradation and decrease the city environment quality. If 

without external intervention, the deterioration would continue, which will result in 

the city’s demolition or abandonment. Based on the research result of Alberti and 

Marzluff (2004), Shen et al. (2012) argued that the environmental deterioration can be 

avoided and the environment quality can be improved and maintained at a certain 

level through proper policy intervention. The simulation results under the low speed 

scenario in this study show that proper policy intervention can help improve the 

environment performance of cities. It has been well appreciated that financial support 

by government is an effective tool for improving the environment management 

quality and energy saving by arousing the public and business awareness and 

enthusiasm of implementing environment management policies (Shen et al., 2016b; 

He et al., 2012; Kanada et al., 2013). Therefore, with the prosperous economic 

development, the Beijing government should provide financial support and relevant 

public policies to improve the city environment condition.  

 

 

Resource sector 

Similar with environment sector, the resource sector also presents a declining 

tendency under the current and high urbanization speed. Many previous studies have 

examined the relationship between urbanization and total energy consumption and it 

is well appreciated that urbanization and energy consumption are positively related.  
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(Ni & and Thomas, 2004; Zhou et al., 2012; Lenzen et al., 2006; Sun et al., 2014; 

Yang et al., 2015; Martínez-Zarzoso, & and Maruotti, 2011). For example, Zhou et al. 

(2012) reported that urbanization has profoundly affected on the energy consumption 

of residential households, transportation, and the building materials industry. Lenzen 

et al. (2006) found that as the process of urbanization develops further, the per capita 

energy consumption is generally higher in areas of high urbanization than that in areas 

of low urbanization, and the energy consumption structure is more advanced in the 

high urbanization areas, which is echoed by Sun et al. (2014). Therefore, it is 

suggested that the government should consider how to use resources more efficiently, 

such as new technologies for energy saving, green products, and low-carbon emission 

technologies (Ni & and Thomas, 2004；Li et al., 2016; Wang et al., 2016).  

 

6 Summary and Conclusions 

Many developing countries will still experience the rapid development of urbanization 

in the future. Accurate assessment results of the sustainable urbanization are 

imperative for understanding the urbanization process and providing support to the 

implementation of urban development strategy. In this study, a System Dynamics 

model that comprises an integrated economic-social-environmental–resource 

subsystem is established to assist simulating the performance of sustainable 

urbanization. The case study of Beijing in China demonstrates that the SD model is 

helpful to simulate the performance of sustainable urbanization. The SD model has a 

number of advantages. First, the method provides a new angle in assessing the 
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sustainable urbanization performance. Second, this method can improve the accuracy 

of the assessment results by considering the complex and inter-dependent 

relationships between the variables in the process of urbanization. Third, through the 

results analyses under different simulation scenarios, different policies and strategies 

can be implemented to guide the development of urbanization.  

 

It is also appreciated that different cities may have had different main tasks in the 

urbanization process. For the city of Beijing, its major task is improving the 

urbanization quality, especially the environment condition and resource protection and 

utilization, since Beijing has already reached to the terminal stage of urbanization. For 

other cities in the central and west regions in China with a low urbanization rate, their 

major mission is coordinate between the speed of the urbanization and environment 

protection. It is the further research agenda of this research team to examine the 

sustainable urbanization performance of other cities in China by using the established 

SD model. 
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