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System dynamics modelling
of urbanization under energy
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The rapid urbanization in China has been associated with a growing hunger for energy consumption
and steadily-increasing CO, emissions. In this paper, an integrated system dynamics model composed
of four sub-models is developed to simulate the urbanization and energy consumption in China from
1998 to 2050. Three scenarios are provided: accelerated economic development, emission reduction
constraint, and low-carbon oriented. The result reveals that rapid economic growth and sufficient
energy supply will foster China’s urbanization in all three scenarios. Under the low carbon transition
scenario, China’s urbanization rate is expected to reach 76.41% in 2050, both reducing carbon emissions
and promoting eco-friendly development. All three scenarios witness a dramatic growth of residential
energy consumption and a steady increase of industrial energy consumption. China still has a long way
to achieve the low-carbon transition goal. China should promote renewable resources and energy,
pursue a low-carbon lifestyle, and reduce energy intensity over the next few decades.

There is a long and rich history of research exploring the association between energy demand and urbanization'->.
Energy consumption, and its socioeconomic and environmental impacts, have imposed a critical influence on
urban sustainability’. At the same time, the effects of urbanization on energy consumption vary across scales and
over countries* . China's dramatic urbanization and the associated energy demand as well as the pressure of CO2
emitted by such energy consumption is a major global scientific issue since this century’~. Previous research in
China has often focused on a specific field or aspect, such as urbanization theory', urbanization procedure'!,
energy policy'?, energy growth'?, CO, emission'?, climate change'®, and public health's.

Although urban expansion would accelerate energy consumption'’-", the automotive fuel use tends to cor-
relate negatively with the urbanization level due to economies of scale?*-22. For instance, more urbanized areas in
Canada consumed lower per capita energy®’. Additionally, total energy consumption of rural households is larger
than that of urban households, because more than 85% of rural households use inefficient solid fuel?*. According
to Customer Data Platform, 275 cities worldwide use hydropower, 189 cities use wind power, and 184 cities use
solar photovoltaic power. At least 100 cities use renewable energy to achieve 70% of electricity, such as Seattle,
Oslo, Vancouver, and Nairobi. In the United States, 58 cities, including Atlanta and San Diego, have plans to
transition to 100% clean and renewable energy. With the existing technology and energy storage, it is expected to
achieve 100% renewable energy supply worldwide and achieve zero carbon emissions by 2025. The global power
generation structure in 2050 is expected as below: solar photovoltaic (69%), wind power (18%), hydropower
(8%), and biomass (2%), with energy storage batteries covering 31% of power demand. It is noted that most of
the world's largest dams and power plants are located in China, while Yunnan Province and Guizhou Province
contribute 30% of China's hydropower. The Jinsha River alone has a 9-level dam. The electricity generated by
these hydropower is directly transmitted to Guangdong and Hong Kong through the high-voltage grid. Due to
the abundant hydropower resources available for cooling, Guizhou Province has recently become China’s most
important data center base. In 2018, Apple Corporation built the iCloud data center in Guizhou. Almost every
large IT company of China has set up data centers in Guizhou, including Alibaba, Huawei, and China Mobile.

1School of Architecture, Tsinghua University, Beijing, 100084, China. 2Department of Informatics, New Jersey
Institute of Technology, Newark, NJ, 07102, USA. 3School of Architecture, Tsinghua University, Beijing, 100084,
China. *School of Geographical Sciences, Nanjing Normal University and Jiangsu Center for Collaborative
Innovation in Geographical Information Resource Development and Application, Nanjing, 210023, China. *School
of Architecture and Urban Planning, Huazhong University of Science and Technology and Hubei Urbanization
Engineering Technology Research Center, Wuhan, 430074, China. ®School of Landscape Architecture and Planning,
University of Florida, Gainesville, FL, 32611, USA. ®e-mail: xye @njit.edu

SCIENTIFICREPORTS|  (2020) 10:9956 | https://doi.org/10.1038/s41598-020-66125-3


https://doi.org/10.1038/s41598-020-66125-3
mailto:xye@njit.edu
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-020-66125-3&domain=pdf

www.nature.com/scientificreports/

Urbanization is a non-linear open complex system, with multiple subsystems dynamically interacting with
each other?®~%’. Dramatic urbanization under energy constraints is challenging for China, which has topped
all the countries in population, energy consumption (since 2010), and CO, emissions (since 2008)*. To sys-
tematically examine the causality mechanism between energy consumption and urbanization, the SD (sys-
tem dynamics) model has been widely used in the domains such as energy consumption?, energy policy?*,
energy efficiency®’, carbon emission*>*, and energy industry***>. The SD model, Monte Carlo simulation, and
Hornberger-Spear-Young (HSY) algorithm were employed to analyze the urbanization patterns with the limit of
energy and environmental resources®. In addition, the baseline scenario was simulated from 2005 to 2020 using
the SD model of urbanization and the energy consumption complex system?®. The SD model was also developed
using the STELLA platform to model the energy consumption and CO, emission trends*. To dynamically pre-
dict future urban development trends under various scenarios has very important scientific values for the policy
formulation.

Methodology

Urbanization facilitates socioeconomic and industrial transitions®”. However, urbanization also has negative
impacts on social equity, public health, and the environment**-*. Though the effects of energy demand and supply
on the environment have been extensively investigated*~*’, the causality relationship between urbanization and
energy demand/supply/environmental impacts has not been conducted from the SD perspective. Admittedly, the
effects of urbanization on energy consumption have been examined by computable general equilibrium (CGE)
and regression models*->1. However, the causality relationship between urbanization and energy consumption is
difficult to be reflected using these methods*’. Therefore, this paper makes important contributions to the litera-
ture by constructing the SD model integrating the above three elements from the causal loop perspective, through
setting various energy constraint scenarios for policy implications in China. A SD model is conducted as below:
(1) define the problem; (2) establish a system’s functional model framework; (3) identify the causal relationship of
the model and a system flowchart of the feedback loop; (4) design the equations and parameters of each variable;
(5) test the validity of the model; (6) modify the model parameters for the improved performance; (7) evaluate
various policy implications based on the simulation results®->>.

The urbanization-energy SD model

Description of the model.  Since the Industrial Revolution, cities have shifted from center of politics and
trade to the consumption and production. Population-industry-capital-technology-urbanization constitutes a
city’s social-economic system. Entering the period of manufacturing-led urban development, energy and urban
development are closely related, due to the heavy use of fossil energy resulting in SO, and CO, emissions.

The system (Fig. 1) is comprised of two components: the socioeconomic subsystem and the energy
supply-demand-environmental subsystem. The socioeconomic subsystem consists of capital, population, urbani-
zation, industries, and public services. The energy supply-demand-environmental subsystem includes three parts:
(1) total energy sources: coal, oil, natural gas, and non-fossil energy; (2) energy consumptions: industrial energy
consumption, residential energy consumption, and energy for transportation; (3) energy-environment indexes:
energy intensity per unit of GDP, CO, and SO, emissions from energy consumption. In an SD model, stocks can
be calculated with the integration of their flows, described by Eq. (1). After defining stocks, it is then possible to
decide the flows and auxiliaries®. The stock and flow diagram is the algebraic representation of the model based
on the identified causal loops.

Stock(t) = fot [Inflows(s) — Outflows(s)]ds + Stock(t0) 1)

Socioeconomic sub-model. Economic growth and population migration are closely associated with energy con-
sumption®. China’s urbanization has been facilitated by rural labor force surplus, urban industrial development,
as well as the gap between high level of industrialization/urbanization as well as high quality of life and energy
shortage as well as low quality of ecological environment®. Based on the Cobb-Douglas Production Function, the
socioeconomic sub-model examines the interactions among economic growth, labor productivity, and the labor
force demands. There are nine indicators selected as the stock variables, including the output value of the primary
industry, output value of the secondary industry, output value of the tertiary industry, total capital stock, labor
force of the secondary industry, labor force of the tertiary industry, input of the agricultural labor force, rural
population, and urban population.
The relationship between labor force input and product output can be expressed as®:

G=L-P (2)

where G denotes gross national product (or gross national income), L represents labor force input, and P rep-
resents labor productivity. By transposition, we get Eq. (3).

L=G/P (3)

Equation (3) indicates that the labor force input, or labor force demand (job opportunity), is a function of the
gross national product (gross national income) and labor productivity. Through derivation, we get Eq. (4):

e=g—p (4)
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Figure 1. The causal loop diagram of urban socio-economic and energy system (drawn using Microsoft Visio
Professional 2013: https://microsoft-visio.en.softonic.com/).

where the growth rate of labor force demand e is equal to the difference between the growth rate of gross
national product g and the growth rate of labor productivity p. Since the growth rate of labor force demand is
equal to the quotient of added labor force demand divided by the labor force demand of the previous perio the
labor force of the primary and tertiaryd, the added labor force demand dL can be expressed by Eq. (5):

L=(g—pl (5)
As the total labor force demand for a current period is the sum of dL and L, the total labor force demand L in
Eq. (3) L= G/P should be expressed as:
L=00+g-plL, (6)
By following this procedure, we can have the labor force demand of the secondary industry Ly and the tertiary
industry L; expressed by Egs. (7, 8):

LZt_LZX(l—i_gz_pz) (7)

Ly—=Lyx (1+g = p,) ®)

where L, and L; are the labor force of the primary and tertiary industry respectively; g, and g; are the growth
rate of output value of both the secondary and tertiary industry respectively; p, and p; are the growth rate of the
labor force of the secondary and tertiary industry respectively.

With the advance of agricultural labor productivity, agricultural population will be partially transferred to
non-agricultural industries. The net rate of agricultural labor force transfer is the difference between the growth
rate of agricultural labor force supply and demand. So the net rate of agricultural labor force transfer is decided by
agricultural scale and agricultural labor productivity. Thus we have Egs. (9) and (10):

Li = G/(B x (1 +p)) 9)
where L/ is agricultural labor force demand; G, is agricultural output value, P, is agricultural labor productiv-
ity, and p, is the growth rate of agricultural labor productivity.
qu = qu - (th/(Ll - dLl) - 1) (10)
where L , is the rate of agricultural labor migration; L,, is the growth rate of the agricultural labor force; L, is
agricultural labor force input; and dL, is the annual added agricultural labor force.
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Figure 2. Socioeconomic sub-model of Chinese urbanization-energy SD model (drawn using Vensim PLE 7.2:
http://vensim.com/).

The relationship between fixed capital stock (denoted by K) and total output (denoted by Y) can be expressed
using Eq. (11):

dY/dK = Y/K (11)
Then, by transposition, we get
K = Y(dK/dY) (12)

where Y is GDP; dY is the annual change of GDP; K is fixed capital stock; dK is the annual net increment of
fix capital stock.

These elements can be briefly described in Fig. 2 regarding their relationship. Appendix A lists these variables
and equations in the socioeconomic sub-model.

Energy supply-demand-environmental sub-model.  Total primary energy supply is represented by indigenous
energy production and balance between imports and exports, including coal, petroleum, natural gas, and
non-fossil energy®. The energy supply can be defined as:

4
TES = Y EP, x (1 + EPR)) + EIE
j=1 (13)

Where TES is the total energy supply; EP; is the jth type of energy production; EPR; is the growth rate of the
jth type of energy production; EIE is the energy import and export balance. Energy production includes the pro-
duction of coal, oil and natural gas, and non-fossil energy. Non-fossil energy includes new energy and renewable
energy, such as wind, solar, hydro, biomass, geothermal, ocean energy and nuclear energy. Since fossil energy and
non-fossil energy cannot be converted into unified basic energy, the fossil fuel and non-fossil energy are calcu-
lated separately (Fig. 3).

Total energy demand is composed of the energy consumption from the industry, transportation, and resi-
dential sectors®. Transportation, warehousing, and postal services are considered as mobile sources, which are
calculated in the transportation sector®, differing from those of the terminal energy consumption in the indus-
try. Energy consumption of the production can be derived as the amount of the energy consumption from the
primary, secondary, and tertiary industries as well as their energy intensity (Fig. 3). Energy intensity can be
calculated as energy consumed per unit of GDP, reflecting that the industrial energy consumption rely on eco-
nomic development and technology innovation?°>¢%, Based on the 1998-2015 data, energy intensity is measured
(Appendix A). Energy consumption from the industry sector is calculated as below:
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Figure 3. Energy supply-demand-environmental sub-model of Chinese urbanization-energy SD model (drawn
using Vensim PLE 7.2: http://vensim.com/).

3
IEC =) AV x EI
i=1 (14)
EI = f(f(RDI, FTE, FDI), GPC) (15)

where the IEC is the industrial energy consumption; EI is the energy consumption per unit of industrial value
added; RDI is the R&D investment; FTE is the R&D full-time equivalent; FDI is foreign direct investment; GPC
is the GDP per capita.

Transportation includes railway, road, waterway, air, and pipeline, as well as loading and unloading services.
Since these data are unavailable, the transportation energy consumption is calculated using the consumption of
vehicles. Macroeconomic conditions and demographic factors affect the vehicle demand. China’s vehicle stock
is estimated by the Gompertz model, explaining the growth of the vehicle ownership (vehicle/population) as a
function of per capita income*. Energy demand in the transport sector is modeled as a product of quantity of
vehicles, activity level, and fuel efficiency as below:

VEC = P x (¢ x ") x AVT x CFE (16)

where VEC is the transportation energy consumption; P is the population; AVT is the average annual driving
distance of vehicles; CFE is the fuel consumption per unit distance.

Increasing incomes of residents have been accelerating the popularity of durable consumables, such as electri-
cal household appliances and cars as well as housing space, leading to the soaring energy consumption of domes-
tic sectors*!. Based on the correlation between per capita residential energy consumption and income (Appendix
A), the residential energy demand can be defined as:

REC = URP x f(UCI) + RUP x f(RCI) (17)

Where REC is the residential energy consumption; URP and RUP are the urban and rural population, respec-
tively; UCI is the urban disposable income per capita; RCI is the rural net income per capita; others are parame-
ters to be estimated.

Energy consumption produces a number of greenhouse gases and pollutants, especially CO, and SO,, which
have negatively influenced environmental quality®*. Coal consumption has contributed to most of SO, emissions
in China® (Fig. 3). The material balance method* is adopted to calculate the SO, emissions through the coal
consumption as below:

PFS =2 x (ECC x SCO, + TCC x SCO,) x TSC x (1 — NSO) (18)
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where PFS is the SO, emissions; ECC is electricity coal consumption; TCC is the terminal coal consumption;
SCO, and SCO, are the SO, conversion rate of coal consumption in electricity and terminal respectively; TSF is
the total sulfur content in coal; NSO is the desulfurization efficiency.

The CO, emissions are estimated based on energy consumption and carbon emission coefficient. The car-
bon emission coefficient of various energy types adopts the corrected value using the 2006 IPCC recommended
method!?%. CO, emissions are projected as below:

3
TCE = Y (EP, x CEF)
j=1 (19)

where TCE is the energy-related CO, emission in terms of ton of standard coal equivalent; EP; is the jth type
of energy consumption; CEF; is the CO, emission coefficient of the jth type of energy.

141 key performance indicators of the sub-systems are depicted in Appendix A. The model contains three
types of variables and one type of parameter, including stock variables, rate variables, auxiliary variables, and
constants.

Data. The datais mainly from China Compendium of Statistics 1949-2008, China Statistical Yearbook, China
Energy Statistical Yearbook, National Environment Statistic Communique, and the survey data of government
agencies, including the National Development and Reform Commission of China, Ministry of Transport of
China, and the National Energy Administration of China. The average travel distance of motor vehicles and fuel
data are from China Car Energy Outlook 2012. Since the data of Hong Kong, Macau, and Taiwan are unavailable,
the SD model only covers Mainland China. The subsystems are illustrated in the following sections, and the varia-
bles and equations in this model are detailed in Appendix A. The study period is from 1998 to 2050. The software
Vensim is used for model building.

Parameter Setting. In addition to the variables, the constants are included in the SD model through the
initial values of variables and parameters. Most parameters are calculated by the methods of historical data aver-
aging, extrapolation of development trends, table functions (in Appendix A), and the Cobb-Douglas Production
Function. In addition, because many factors affect China’s urbanization, and the interaction mechanism is very
complicated, this article uses grey relational analysis®”. GM (1,1) is a long-term forecasting Grey Model (GM),
which mainly solves the generation sequence with exponential change law. The calculation steps of GM (1, 1) are
as follows:

First, we select the system reference sequence and comparison sequence X; = {X,(t), t = 1, 2, ---n} (i=1,2,
..., n); the reference sequence and comparison sequence are initialized to make them dimensionless and normal-
ized. Second, we calculate the gray correlation coefficient between the reference sequence and comparison
sequence at time t = j:
min min

J
. B max max . B
[Xo)X,G) + @K ) — X,() 20)

1

i

Xo(DXi() + a== =X ) — XG)

where o is the resolution factor between 0 and 1, usually set to be 0.5. Lastly, the correlation is calculated as:

1 n
n==2_&0)
”; ! 21)

The energy data is in grams of the standard coal equivalent. To minimize the price effect from a data series, the
constant prices in 1990 are adopted as the initial values of the output value and capital variables. The constants
and their initial values are shown in Table 1.

Validation and sensitivity test. Validation of the SD model is performed using two approaches. A struc-
tural verification of the model seeks to determine whether it reflects the real world accurately. Another sensitivity
tests focuses on the model behavior during execution, and assesses the degree of confidence.

Structural validity. ~ Structural validity of the SD model is tested in terms of dimensional consistency®®. Structural
validation is performed using structural verification and extreme values. Based on the real data, preliminary
values of the model’s variables are examined and their rationality is ascertained. Then the above parameters
are entered into the model as the stocks flow test. The error rate between real data and simulated data demon-
strates the reliability of the model (Table 2).

Table 2 demonstrates that the error rate between real data and simulated data of the 14 key variables selected
from the model are mainly below 10%. More explanations are in 4.2. In addition, Table 2 in Appendix B lists the
details of the validation outcomes.

Sensitivity test. ~ Sensitivity test refers to examine how changing the threshold of parameters might affect the
output of the model. A robust model should be insensitive to the changes of most parameters. Therefore, after the
Energy-Urbanization SD model has passed the structural validity test based on historical data, sensitivity tests
are conducted®.

The sensitivity level of a parameter is measured as below:
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Methods Variables Parameter | Unit
Birth rate of rural population (source: National Population Statistics of China) 1.4 %
Capital accumulation rate (source: China Statistical Yearbook of Fixed Assets Investment, 49 %
China Statistical Yearbook) °
Death rate of rural population (source: National Population Statistics of China) 0.6 %
R&D investment proportion (source: China Statistical Yearbook) 2.64 %
Growth rate of the output value of the primary industry (source: China Statistical Yearbook) 5.52 %
Growth rate of the output value of the secondary industry (source: China Statistical Yearbook) | 9.4 %
Growth rate of the output value of the tertiary industry (source: China Statistical Yearbook) 11.7 %
Urban population birth rate (source: National Population Statistics of China) 1.11 %
Urban population death rate (source: National Population Statistics of China) 0.52 %
Employment index of the secondary industry (source: China Statistical Yearbook, China 0333 _
Population and Employment Statistical Yearbook) ’

Employment index of the tertiary industry (source: China Statistical Yearbook, China 04137 .
Population and Employment Statistical Yearbook) .

Growth rate of the agricultural labor force (source: China Statistical Yearbook, China _1.9 %

Population and Employment Statistical Yearbook) : °
Growth rate of the number of employees in the tertiary industry (source: China Statistical 276 %

Yearbook, China Population and Employment Statistical Yearbook) . ?

From the average of historical data in Growth rate of the labor force of the secondary industry (source: China Statistical Yearbook, 233 %

statistical yearbook China Population and Employment Statistical Yearbook) - °
Growth rate of the labor productivity of the secondary industry (source: China Statistical 6.9 %
Yearbook, China Population and Employment Statistical Yearbook) . 0
Growth rate of the labor productivity of the tertiary industry (source: China Statistical 8.7 %
Yearbook, China Population and Employment Statistical Yearbook) . ?
Growth rate of agricultural labor productivity (source: China Statistical Yearbook, China 77 %
Population and Employment Statistical Yearbook) . ?
Percentage of capital stock of the tertiary industry (source: China Statistical Yearbook, China 55 %
Population and Employment Statistical Yearbook) 0
Percentage of capital stock of the primary industry (source: China Statistical Yearbook, China 18 %
Population and Employment Statistical Yearbook) ’ °
Determinants of rural family planning (source: China Statistical Yearbook, National Population L15 _
Statistics of China) :

Determinants of urban family planning (source: China Statistical Yearbook, National
. - X 1.05 —

Population Statistics of China)
Determinants of rural health (source: China Statistical Yearbook, National Population Statistics 0.95 o
of China) :
Determinants of urban health (source: China Statistical Yearbook, National Population

- X 0.92 —
Statistics of China)
Medical determinants (source: China Statistical Yearbook, National Population Statistics of 0.98 _
China) :
SO, conversion rate of coal consumption in thermal power 0.9 —

From the government documents SO, conversion rate of terminal coal 0.8 —
Total sulfur content in coal 1.2 %

Table 1. Parameters of the constants in the SD model.
s |2 Xo
0= |— —
Qy AXy (22)
1 n
§=—21Sq,
i
nis (23)

where t is the time; Q(t) and..are the values of Q and xat time t, respectively; SQ is the sensitivity value of the
level variable Q to parameter X; .. and AX (nare the change values of Qand X at time t, respectively; n is the num-
ber of level variables; S, is the sensitivity value of Q; and S is the average sensitivity level of parameter X.

14 key variables are selected from the model to test the sensitivity of changes in urbanization level to these 14
parameters®>>. From 1998 to 2050, each parameter increases or decreases by 10% year by year, and such impact
on the level of urbanization is examined. According to Eq. (8), each variable can obtain two sensitivity values, so
the average of 28 sensitivity values can represent the sensitivity of urbanization level to a specific parameter. Using
Eq. (9) to calculate the average sensitivity of 14 variables to a specific parameter can lead to a total of 28 values.
The results are shown in Table 3.

Three among the 14 variables show a sensitivity value larger than 10%, including the birth rate of the rural
population, determinants of rural family planning, and education. Hence, the system is insensitive to changes of
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Error rate Error rate

Variables (%) Variables (%)

Urbanization level 0.813 Total population 0.510
GDP (price in 1990) 2.673 Output value of the primary industry | 7.298
Output value of the secondary industry | 5.530 Output value of the tertiary industry | 2.061
Production of coal 9.673 Production of petroleum 1.575
Production of natural gas 7.331 Production of non-fossil energy 3.644
Industry energy consumption 7.038 Residential energy consumption 3.810
Transportation energy consumption 5.191 Total energy consumption 6.125

Table 2. Stocks flow test of the Model (variable source: China Statistical Yearbook). Note: Error rate between
real data and simulated data (%).

Variables +10% | —10% | Variables +10% | —10%
Birth rate of the rural population 11.56 | 11.05 | Birth rate of the urban population 3.81 3.89
Determinants of rural family planning 11.56 | 11.05 | Determinants of urban family planning | 3.81 3.89

Growth rate of the labor force of the

Education factor 23.80 |6.05 . . 8.34 8.07
primary industry

Growth rate of the labor force of the 035 036 Grqwth rate of the labor force of the 0.63 0.67

secondary industry tertiary industry

Growth rate of coal production 1.42 1.38 Growth rate of petroleum production 0.11 0.11

Growth rate of natural gas production 0.34 0.33 Growth rate of non-fossil energy 0.41 0.49

The SO2 removal rate of per unit coal 0.45 0.41 Proportion of R&D investment 0.01 0.01

Table 3. The results of sensitivity analysis.

most parameters. In summary, through the structural validity analysis and sensitivity test, this model proves to be
robust and can be used for scenario simulation of the real system.

Scenario Simulation and Results

Scenario setting. To compare the evolution of China’s urbanization, energy and environmental conditions
under different scenarios from 2015 to 2050, eight parameters are used: primary industry growth, secondary
industry growth, tertiary industry growth, coal production growth rate, oil production growth rate, natural gas
production growth rate, non-fossil energy production growth rate, and the number of fuel-driven vehicles. Three
development modes are designed: the accelerated economic development scenario (AED), the emission reduc-
tion constraint scenario (ERC), and the low-carbon oriented development scenario (LOD), as shown in Table 2.
The AED scenario reflects China’s high energy consumption path; the ERC scenario shows a significant reduction
in fossil energy but no other energy policies; the LOD scenario is the active adjustment of the energy structure
with industrial restructuring through largely increasing non-fossil energy supply while significantly reducing
fossil energy (Table 4). The initial value of each variable is set to that in the year of 2015, with one year being the
temporal interval.

Accelerated economic development (AED) scenario. 'The emerging and developing economies have been wit-
nessing extraordinary paces of urbanization associated with rocketing energy consumption’. Energy is essen-
tial for the economic growth and urbanization’’. The production of coal, oil, natural gas, and non-fossil energy
will further rise under the AED scenario. Fossil energy is still the main source of energy supply for China. The
energy supply will increase tremendously with the growth of energy demand. Since 2015, China has entered a
new normal economic development model to adjust economic structure. For this reason, it is expected that the
growth rate of GDP will not exceed 8% in the near future’>”>. The growth rate of the primary industry, the sec-
ondary industry, and the tertiary industry is set according to the existing research on China’s economic growth
forecast, while the other five variables use China’s average historical growth rate from 1998 to 2015. Therefore,
the growth rates of the primary, secondary, and tertiary industrial output-values are estimated to be 4%, 7%, and
8%, respectively.

Emission reduction constraint (ERC) scenario. It is urgent to reduce the dependence on fossil fuels through strict
environmental and energy policies, especially considering the limited reserves of China’s fossil energy’. The
Chinese Academy of Engineering’s Medium- and Long-Term Energy Development Strategy Research Project
Group uses a comprehensive evaluation model to predict that energy consumption in 2050 will be 66.57 * 108tec
in the baseline scenario, 52.50 * 108tec in the low-carbon scenario, and 50.14 * 108tec under the low-carbon
scenario’”. Many other studies predict that total energy consumption in 2050 will be between 51.89 * 108tec
~ 89.33 * 108tec’®”. Hence, the peak of fossil energy consumption and capacity in China will be about 32.76-
49.35*10%tec between 2030 and 2035%%8!. Taking into account the predictions of total energy consumption and
the trend of the proportion of fossil energy in total energy, the peak of fossil energy production will be 38*10%tec
in 2030, and then decline to 29.5%108 tec in 2050 under the ERC scenario. The growth rates of coal, oil, and
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0.65% from 2031-2050

Scenario

Parameter AED ERC LOD

primary industry 4% 3% 3%
Growth rate of output secondary industry 7% 5% 5%

tertiary industry 8% 6% 8%

coal Adopt historical data 0.4679"/;(]£r0fm 2015-2030 0.47% from 2015-2030

—0.98% from 2031-2050 | —0.98% from 2031-2050

Growth rate of the production N 4.75% from 2015-2030 4.75% from 2015-2030
of fossil energy petroleum Adopthistorical data | 3760 (5m 5031-2050 | 3.61% from 2031-2050

natural gas Adopt historical data 5.67% from 2015-2030 5.67% from 2015-2030

0.65% from 2031-2050

Growth rate of the production

. Constant 7.64%
of non-fossil energy

Adopt historical data

phase out production and
sales of fossil fuel cars
by 2035

Motor vehicle policy Adopt historical data | Constant

Table 4. Parameters of three scenarios.

natural gas are set based on this assumption. As the supply of fossil fuels declines, the growth rate of the primary,
secondary, and tertiary industrial output-values will also slow down, in order to control the energy demand and
achieve the balance of energy supply and demand.

Low-carbon oriented development (LOD) scenario. 'The LOD scenario involves the optimization of energy struc-
ture to lower the reliance on the fossil energy®2. The growth rate of fossil energy production has been greatly
reduced, but a high growth rate of non-fossil energy has been set to ensure that the total energy supply can meet
socio-economic development needs. According to the China 2050 High Renewable Energy Penetration Scenario
and Roadmap Study by the Energy Research Institute of the National Development and Reform Commission,
renewable energy will be 60% of energy consumption by 2050%.

Transportation is a main source for energy consumption and carbon emissions, so low-carbon travel
is advocated. UK and France have announced a total ban on gasoline and diesel-powered cars from 2040. In
Environmental Protection Project 2030, Germany requires strict control of automobile CO, emissions and only
sells zero-emission vehicles from 2030. In 2015, China has become the world’s largest new energy vehicle produc-
tion and sales market. In the future, new energy vehicles will gradually replace fuel vehicles. The ban on the sale of
fuel vehicles in China is expected to be implemented in 2035%. Therefore, this scenario will regulate the number
of motor vehicles. Moreover, China might optimize the industrial structure by accelerating the service industry.

Results 1. This SD model has been verified using the data of 1998-2015. Table 2 of Appendix B shows: (1)
Urbanization level and Population: the gap between the actual value and simulation is less than 1.0%; (2) Output
value of tertiary industry (constant prices in 1990): except that the error in 2013 is more than 6.5%, the others are
within 3.5%. The foundation of tertiary industry was weak, and the development of the Producer Services indus-
try was relatively slow. They continued to develop with the promotion of government policies; (3) GDP (constant
prices in 1990): the average error is 2.67%, with the actual value larger than the simulated. It indicates that the
Chinese economy grew faster than expected during this period. Especially in 2007, 2008 and 2015, the real GDP
is more than 5.0% higher than the simulated.

From the perspective of the three industries, the actual value of output value of primary industry is less than
the simulated with an average error of 7.29%, especially over 5.0% between 2007 and 2009 and more than 10.0%
between 2000 and 2006. It indicates that the agricultural sector in this period showed a significant negative
growth. At the same time, the actual value of the output value of secondary industry is greater than the simulated,
with an average error of 5.53%, greater than 7.0% during 2006-2011, and more than 10.0% during 2007-2008,
indicating that the industrialization process has accelerated significantly during this period.

This trend is also seen in terms of energy production. In general, the actual output is larger than the simulated
amount, with an average error of 7.6%, especially between 2004-2008 and 2010-2011 and 2015 being greater than
10.0%. Since 1998, energy production has achieved the goal of "advance in quantity and ensure supply", compared
with production in the industrial sector. Because China’s coal resources are abundant and the number of private
coal companies is large, the actual coal output is much larger than the simulated. During 2000-2002 and 2013
and 2015, the actual output exceeded the simulated by 6.9- 9.8%, especially more than 10.0% from 2004 to 2012.

Because state-owned enterprises control oil resources and mining in China, little difference exist between
actual and simulated outputs, with an average error of only 1.56%. Natural gas, a new type of energy in China,
is greatly affected by national policies. The actual output is larger than the simulated, with an average error of
7.33%. In the years of rapid economic growth such as 2006 and 2011, such error was 11.0-13.6%. In 2007-2010
it exceeded 15.0%, and in 2008 it even reached 20.17%. For Non-fossil energy production, the actual output is
smaller than the simulated, with an average error of 3.6%, especially 8.7% less in 2011, indicating that the devel-
opment of non-fossil energy is not as good as expected. In terms of energy consumption, the actual output is
mainly larger than the simulated, with an average error of 6.12%. Except 11.0-15.0% during 1998-1999 and 5.0%
between 2004-2006 and 2008, the others were less than 5%.
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Figure 4. Comparison of simulation results for three development scenarios.

From the perspective of primary, secondary, tertiary industries energy consumption, the overall actual con-
sumption is larger than the simulated, with an average error of 7.04%. Especially during the rapid economic
growth of 1998-1999 and 2004-2006, the actual consumption was 10.0-15.97% more than the simulated. Even
in the financial crisis of 2007-08, the actual consumption was 8.4% more than the simulated. However, the actual
consumption was 18.8% less than the simulated since 2015. China’s production and economy have entered a
low-growth stage, reflected by Northeast China and Shandong Province’s economic recession and shrinking
energy demand. Except that the actual consumption of 2002 is less than 10.39% of the simulated, the actual
energy consumption of residents in most years is larger than the simulated, with an average error of 3.81%. In
terms of energy consumption (tce), the errors in most years are within 4%, with the average error being 5.19%.
The continued growth of energy in the areas of residential consumption and transportation is actually consistent
with the fact of accelerated urbanization promoted by the government since 2000.

Results 2.  The level of urbanization. Three alternative policy scenarios are implemented into the system
simulation, and the corresponding urbanization level is shown in Fig. 4(a) and Table 5. In the case of the AED
scenario, the total GDP volume will increase from 19.7 trillion Yuan in 2015 to 221.1 trillion Yuan in 2050, with
an annual growth rate of 7.1%. China’s urbanization level will reach 70.0% in 2035 and 76.79% in 2050. However,
economic growth rate will slow down to reduce energy demand substantially in the ERC scenario. By 2020, GDP
growth rate will drop by 13.79% compared to the AED scenario. Over time, this gap will continue to expand. By
2050, GDP growth rate under the ERC scenario is only 57.72% of the AED scenario. The growth rate of China’s
urbanization will drop with the slowdown of economic growth even though in this case scenario. The urbaniza-
tion level will reach 69.59% in 2035, and 75.96% in 2050. Under the LOD scenario, non-fossil energy growth goes
a long way towards speeding up the total energy supply and boosting urbanization and economic development.
Therefore, compared with the ERC scenario, the urbanization level in this scenario is projected to be 76.41% in
2050.

Energy demand and supply.  Simulation results of total energy consumption and energy demand of different
sectors are illustrated in Fig. 4(b) and Table 5 respectively. The total amount of energy consumption will increase
from 4126.16 Mtce in 2015 to 13313.46 Mtce in 2050, with an increase of 2.23 times under the AED scenario.
Energy consumption of the primary, secondary, and tertiary industries greatly contributes to the final energy
consumption. Due to the transformation of the heavy chemical industry and technological advancements, energy
consumption per unit GDP will drop gradually and the growth rate of the industry energy consumption tend to
slow down. The proportion of the industrial energy consumption will decrease from 78.03% in 2015 to 61.78% in
2050, while the proportion of residential energy consumption will rise from 12.32% in 2015 to 33.24% (4425.74
Mitce) in 2050. The total amount of transportation energy consumption will reach 662.41 Mtce, 1.66 times that
of 2015.

In the case of the ERC scenario constrained by the fossil energy supply, the total amount of energy consump-
tion will be 9238.31 Mtce, 30.45% less than that of the AED scenario in 2050. It is almost 63% in 2050 where
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the proportion of energy consumption of the primary, secondary, tertiary industries account for total energy
consumption. While compared with AED scenario, a decrease of 3.35% for the proportion of residential energy
consumption accounting for the total amount of primary energy consumption, arrives at 30.05% in 2050.

Under the LOD scenario, the total energy consumption will be 11416.15 Mtce in 2050. Among them, the
residential energy consumption will reach 3682.58 Mtce, whose proportion accounting for the total amount of
primary energy consumption increased by 1.78% in 2050 compared to ERC scenario. The proportion of trans-
portation energy consumption accounting for the total energy consumption will decline 1.31%, due to the policy
of the ban on fuel automobiles.

The structural changes of energy supply from 2015 to 2050 are listed in Table 5. The energy usage structure
of China varies across scenarios. In the case of AED scenario, the supply of coal in 2050 will be 3.22 times that of
2015, showing a robust growth trend. It still leads the portion of energy supply, reaching 61.78% in 2050. The total
oil supply increases but with a declining share in the energy structure. The supply of oil increases but with a flat
growth rate. The supply of natural gas soars rapidly, accounting for 10.5% of energy supply in 2050. The non-fossil
energy will increase from 14.47% in 2015 to 25.1% in 2050.

Regarding the energy supply structure of ERC scenario, the proportion of all kinds of fossil energy accounting
for total energy supply will drop tremendously. Among them, the proportion of coal supply to the total energy
supply in 2050 is 35.97%, a decrease of 36.13% than that in 2015. The proportion of oil and gas in the energy sup-
ply are 4.96% and 5.83% in 2050, respectively. The supply of fossil energy will reach its peak in 2030. Then, with
the gradual decrease of domestic supply, the dependence on external energy will increase, reaching 23.7% in 2050.

As for the LOD scenario, the supply volume of coal, oil, and natural gas will be almost the same with that
under the ERC scenario. However, due to the significant growth of non-fossil energy supply, the proportion of
fossil energy in the energy structure will further decrease. The major difference between ERC and LOD scenarios
is that they make different assumptions about China’s future energy structure. Although the amount of fossil
energy in the two scenarios is the same, the total energy supply in the LOD scenario is 37.36% higher than the
ERC scenario, due to the substantial increase in non-fossil energy production in the LOD scenario. It can bet-
ter meet China’s socioeconomic development needs. Correspondingly, the external energy dependence has also
decreased from 29.78% in the ERC scenario to 14.8%, ensuring national energy security.

Environmental effects of energy. 'The CO, and SO, emission values of different scenarios are listed in Fig. 4(c,d),
and Table 5, respectively. Due to the continuous and rapid growth of China’s energy consumption and the dom-
inating role of fossil energy in the energy structure, the CO, emissions from energy consumption will increase
from 7.05 billion tons in 2015 to 23.26 billion tons in 2050. It will exacerbate China’s CO, emission reduction
pressure in the AED scenario. The SO, emissions from coal combustion will be 31.67 Mt in 2050, another major
threat to the environment. However, in the ERC and LOD scenarios, the total amount of fossil energy is con-
trolled. By 2050, the CO, emissions caused by energy consumption will be reduced by 69.55% compared to the
AED scenario, which is only 7.07 billion tons, equivalent to the 2015 level. CO, emissions per 10,000 yuan of GDP
in 2020 will be only 28.87 tons. SO, emissions in the ERC scenario are reduced to 10.70 Mt, only 33.78% of that
in the AED scenario. Since the SO, removal rate of per unit coal is increased by 2.3% more than that in the case of
ERC, the SO, emissions of the LOD scenario will drop to 9.79 Mt%.

In summary, the rapid economic growth and sufficient energy supply will accelerate the development of
China’s urbanization in the case of AED scenario. However, this mode not only ignores the fact that the growth of
fossil energy supply capacity is limited, but also imposes huge environmental pressures. While the ERC scenario
will greatly reduce CO, emissions, it also hurdles fast economic growth and urbanization. Moreover, China will
face the risk of over dependence on external energy, with the increase of the gap between energy supply and
demand. It could be safely concluded that an ideal mode to achieve a healthy and rapid development of urbani-
zation is clearly illustrated in the case of low carbon oriented development, which is to prioritize the renewable
energy development, optimize energy structure, as well as improve household lifestyle. It will achieve CO, emis-
sion reductions, environmental protection, and the sustainable socio-economic development.

Discussion and Conclusion

The trends of China’s economy, urbanization, and energy structure have been widely studied recently (Table 3 in
Appendix C). Annual growth rate of GDP is estimated to be 5.5-7.0% in 2010-2035, 4.0-6.0% in 2035-2050, and
below 3% after 2050. The urbanization level will reach 70-72% in 2035, and above 75% in 2050. The total amount
of energy consumption (Mtce) will reach 5000-6000 Mtce in 2035, and 6000-6500 Mtce in 2050. Coal consump-
tion will drop from 63.0% to less than 45%, oil from 20% to about 15%, natural gas from 5.5% to about 12%, and
non-fossil energy from about 10% to about 30% by 2050. CO, emissions will also drop from about 8.0 billion
tons to about 5.0 billion tons by 2050. According to the simulation of energy-urbanization SD model, the GDP
growth rate is set (the primary industry growth rate of 3-4%; the secondary industry growth rate of 5-7%; the
tertiary industry growth rate of 6-8%) to achieve the urbanization rate of 75.0-80.0%. The total amount of energy
consumption (Mtce) will reach 5750.57-8353.86 Mtce in 2035, and 9238.31-13313.46 Mtce in 2050. Non-fossil
energy will be about 65% in 2050, and CO, emissions will be about 7.07 billion tons in 2050.

Energy is not only the necessary driver for China’s urbanization but also the constraint factor in urbanization
for fulfilling the mission of global CO, emission reductions®**’. In order to estimate the urbanization develop-
ment, energy demand and environmental status in China over 2015-2050, an integrated SD model composed
of four sub-models has been developed®. The validity of the model has been confirmed by the simulation and
sensitivity analysis using the data of 1998-2015, providing strong evidence that the effective energy planning and
management policies are needed for the low-carbon oriented urbanization.
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AED scenario ERC scenario LOD scenario
2015 2020 2035 2050 2015 2020 2035 2050 2015 2020 2035 2050

gﬁ)GDP volume (trillion 19.72 28.78 89.37 221.10 19.72 24.81 42.64 127.63 19.72 26.67 71.63 171.97
Urbanization level (%) 56.09 60.67 70.00 76.79 56.09 60.56 69.59 75.96 56.09 60.66 71.00 76.41
Total amount of energy 412616 | 452154 |8353.86 | 1331346 | 4126.16 |4238.78 |5750.57 |9238.31 |4126.16 |4407.88 |6929.79 | 11416.15
consumption (Mtce)
Industrialenergy | (Mtce) | 321948 | 337045 |584115 | 822531 321948 | 3209.56 | 365851 |5784.85 |3219.48 |3321.66 | 474239 | 7094.85
consumption (%) 78.03 74.54 69.92 61.78 78.03 75.72 63.62 62.62 78.03 75.36 68.43 62.15
Residential energy | (Mtce) | 50846 | 699.89 | 189374 | 442574 50846 | 611.33 1301.38 | 281601 |50846 | 658.74 | 167891 | 3682.58
consumption (%) 12.32 15.47 22.67 3324 12.32 14.42 22.63 30.48 12.32 14.94 2423 3226
Transportation (Mtce) |39822 |45120 | 61898 | 66241 39822 | 417.89 |579.62 | 637.45 39822 |42748 |60562 | 638.72
energy consumption | () 9.65 9.98 7.41 498 9.65 9.86 10.08 6.90 9.65 9.70 8.74 5.59
ol (Mtce) |2610.02 | 308494 |3646.27 |8411.29 261002 | 267321 |2707.86 |2332.90 |2610.02 |267321 |2707.86 | 2332.90

(%) 72.10 71.03 58.89 60.78 72.10 67.13 51.83 35.97 72.10 65.95 4534 2347
ol (Mtce) |307.70 | 33148 |41443 | 51813 307.70 | 388.10  |558.42 | 321.87 | 307.70  |388.10 | 558.41 321.87

(%) 8.50 7.63 6.69 3.74 8.50 9.75 10.69 4.96 8.50 9.57 935 324
Noturel ges (Mtce) | 17738 | 239.62 | 590.73 1456.34 17738 | 23371 | 41759 | 37837 |177.38  |23371 |41759 | 37837

(%) 4.90 5.52 9.54 10.52 4.90 5.87 7.99 5.83 4.90 5.77 6.99 3.81

(Mtce) | 52490 | 687.00 |1540.3 | 345330 52490 | 687.00 | 15403 | 34533 |52490 | 75848 | 22885 | 6904.87
Non-fossil energy

(%) 14.50 15.82 24.88 24.95 14.50 17.25 29.48 5324 14.50 18.71 38.32 69.48
CO, emissions (billion tons) 7.15 8.31 13.73 23.22 7.15 7.69 8.62 7.07 7.15 7.69 8.76 7.07
SO, emissions (Mt) 21.97 25.68 30.92 31.67 21.97 17.18 16.29 10.70 21.97 19.77 16.57 9.79

Table 5. Simulation values of three scenarios of Chinese Urbanization-energy SD model.

Hence, “a research priority entails undertaking new integrated studies that aim to close the loops: fully con-
nect the socioeconomic and environmental systems and understand their dynamic interplay and feedback™®.
This paper explores the implications of three urbanization models for energy consumption and emissions: accel-
erated economic development, emission reduction constraint, and low-carbon oriented scenarios. Our results
show that in the case of accelerated economic development, the urbanization level in China might reach 76.79%,
in spite of facing exacerbating environmental damage and increasing emission reduction pressure. CO, emissions
in China will arrive at 7.07 billion tons in the case of emission reduction constraints, but will result in negative
effects on the potential speed of China’s economic development and urbanization, a decline of GDP by 42.27%
and urbanization by 0.83% in 2050. The low carbon-oriented development is ideal for sustainability by combining
rapid urbanization (the urbanization level in China will reach 76.41% in 2050), a low carbon emission target, and
eco-friendly environment. The industrial energy consumption serves as a significant driving force for China’s
urbanization in all three scenarios. The urbanization leads to a rapid growth of residential energy consumption,
accounting for 30.48-33.31% of total energy consumption in 2050 as the second largest energy consumption
sector after industrial energy consumption. China’s energy demand of non-fossil energy production capacity will
grow from 14.5% of energy demand in 2016 to 53.24-69.48% in 2050.

To achieve a paradigm shift towards low-carbon transition associated with rapid urbanization, the follow-
ing key steps should be taken: (1) the reduction of energy intensity would be facilitated by promoting scien-
tific and technological innovation. It is urgent to improve the technological innovation in all industries that will
advance the energy intensity reduction and cut down CO, emissions. (2) Low carbon household units are crucial
in achieving low-carbon transition of urbanization. Although the gap between the energy consumption per cap-
ita in China and developed countries is still large, the top 10% individuals have reached the average per capita
energy consumption in developed countries. In the next 10 to 20 years, the challenges of energy, environment,
and adaptation to climate change will challenge Urban China’s social and economic development. In particular,
China's current urbanization model is associated with excessive energy consumption and environmental damage.
With the scientific and technological advances, both energy intensity of the three industries and the proportion
of industrial energy consumption in total consumption will also decrease. With the growth of urbanization rate,
the size of the urban population has gradually increased, and the per capita energy consumption in urban areas
is much higher than that in rural areas. Faced with the increasingly severe resource and environmental issues, it
is critical to implement a low-carbon urbanization transition. On the one hand, the development of a low-carbon
economy can avoid carbon lock-in and path dependence as well as the emergence of high energy-consuming
industrial production and urban infrastructure. On the other hand, controlling urban energy consumption is
important for China to deal with the increasingly serious energy crisis and climate change. It is needed to guide
household energy consumptions, and actively promote the use of solar power, wind power, biogas, and other
clean renewable energy. (3) It is vital to adopt a series of technical and institutional measures to advance new
energy development. Priorities should be given to establish non-fuel energy supply capacity. It is also important
to set up the integrated energy supply system. In addition, we need to recognize the geographical variance'?.

The scenarios in this paper are three most possible paths in China. We acknowledge the existence of other
scenarios such as: (a) no consideration of a scenario with robust economic development and a concurrent shift
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to low-carbon resources and (b) a low-carbon development scenario that does not include very large growth
in production of oil and gas (and to a lesser degree coal). We will investigate these topics in the follow-up

studies

76,77,89-119

Received: 27 July 2019; Accepted: 8 May 2020;
Published online: 19 June 2020

References

1.
2.

3.

10.
11.
12.
13.
14.
15.
16.
17.

18.

19.
20.
21.
. Kammen, D. M. & Sunter, D. A. City-integrated renewable energy for urban sustainability. Science 352(6288), 922-928 (2016).
23.
24,
. Maraseni, T. N. Selecting a CDM investor in China: A critical analysis. Energy Policy 53, 484-489 (2013).
26.
27.
28.

29.
30.

31.
32.
33.
34.
35.

36.

Jin, H. G., Lior, N. & Zhang, X. L. Energy and its sustainable development for China: Editorial introduction and commentary for
the special issue of Energy-The International Journal (vol 35, pg 4246, 2010). Energy 73, 1017-1017 (2014).

Giineralp, B. et al. Global scenarios of urban density and its impacts on building energy use through 2050. Proceedings of the
National Academy of Sciences 114(34), 8945-8950 (2017).

Bakirtas, T. & Akpolat, A. G. The relationship between energy consumption, urbanization, and economic growth in new emerging-
market countries. Energy 147, 110-121 (2018).

. Karanfil, F & Li, Y. Electricity consumption and economic growth: exploring panel-specific differences. Energy Policy 82, 264-277

(2015).

. Lenzen, M. et al. A comparative multivariate analysis of household energy requirements in Australia, Brazil, Denmark, India and

Japan. Energy 31(2-3), 181-207 (2006).

. Seto, K. C,, Golden, J. S., Alberti, M. & Turner, B. L. Sustainability in an urbanizing planet. Proceedings of the National Academy of

Sciences 114(34), 8935-8938 (2017).

. Li, S.S. & Ma, Y. Urbanization, economic development and environmental change. Sustainability 2014(6), 5143-5161 (2014).
. Liu, J. et al. Systems integration for global sustainability. Science 347, 6225, https://doi.org/10.1126/science.1258832 (2015).
. Bai, X. et al. Linking Urbanization and the Environment: Conceptual and Empirical Advances. Annual Review of Environment and

Resources 42,215-240 (2017).

Gu, C,, Kesteloot, C. & Cook, I. G. Theorising Chinese Urbanization: A Multi-Layered Perspective. Urban Studies 52(14),
2564-2580 (2015).

Gu, C., Hu, L. & Cook, I. G. China’s urbanization in 1949-2015: Processes and driving forces. Chinese geographical science 27(6),
847-859 (2017).

Dhakal, S. Urban energy use and carbon emissions from cities in China and policy implications. Energy Policy 37, 4208-4219
(2009).

Bai, X. ‘Eight energy and material flow characteristics of urban ecosystems, AMBIO: A. Journal of the Human Environment 45(no.
7), 819-830 (2016).

Davis, S. J., Caldeira, K. & Matthews, H. D. Future CO2 emissions and climate change from existing energy infrastructure. Science
329(5997), 1330-1333 (2010).

Mahmoud, S. H. & Gan, T. Y. Urbanization and climate change implications in flood risk management: Developing an efficient
decision support system for flood susceptibility mapping. Sci. Total Environ. 636, 152-167 (2018).

Keune, H. et al. Science-policy challenges for biodiversity, public health and urbanization: Examples from Belgium. Environ. Res.
Lett. 8,1-19. (2013).

Saidi, K. & Hammami, S. The impact of CO2 emissions and economic growth on energy consumption in 58 countries. Energy
Reports 1,62-70 (2015).

Xie, L., Yan, H., Zhang, S. & Wei, C. Does urbanization increase residential energy use? Evidence from the Chinese residential
energy consumption survey 2012. China Economic Review, p.101374. 9. Jones, D. W., 2004. Urbanization and energy. Encyclopedia
of Energy 6(1-6), 329-35 (2019).

Al-mulali, U,, Fereidouni, H. G., Lee, J. Y. & Sab, C. N. B. C. Exploring the relationship between urbanization, energy consumption,
and CO2 emission in MENA countries. Renewable and Sustainable Energy Reviews 23, 107-112 (2013).

Du, Z. & Lin, B. Changes in automobile energy consumption during urbanization: Evidence from 279 cities in China. Energy Policy
132, 309-317 (2019).

Ewing, R. & Rong, F. The impact of urban form on U.S. residential energy use. Housing Policy Debate 19(1), 1-30 (2008).

Lariviere, I. & Lafrance, G. Modelling the electricity consumption of cities: effect of urban density. Energy Economic 21(1), 53-66
(1999).
Pachauri, S. & Jiang, L. The household energy transition in India and China. Energy Policy 36(11), 4022-35. (2008).

Wang, K. & Wei, Y. M. China’s regional industrial energy efficiency and carbon emissions abatement costs. Applied Energy 130,
617-631 (2014).

Liu, Y. & Xie, Y. Asymmetric adjustment of the dynamic relationship between energy intensity and urbanization in China. Energy
Economics 36, 43-54 (2013).

Lu, S., Wang, Z., Bao, H. & Shang, Y. Research on Synergistic Development of Urbanization and Energy Consumption. Energy
Procedia 105, 3673-3676 (2017).

Ford, A. Using simulation for policy evaluation in the electric utility industry. Simulation 40(3), 85-92 (1983).

Qudrat-Ullah, H. MDESRAP: a model for understanding the dynamics of electricity supply, resources, and pollution. International
Journal of Global Energy Issue 23, 1-14 (2005).

Dyner, I, Smith, R. & Pena, G. System dynamics modeling for energy efficiency analysis and management. Journal of Operational
Research 46,1163-1173 (1995).

Wei, Z. & Hong, M. Systems dynamics of future urbanization and energy-related CO2 emissions in China. World Scientific and
Engineering Academy and Society Transactions on System 8, 1145-1154 (2009).

Feng, Y. Y, Chen, S. Q. & Zhang, L. X. System dynamics modeling for urban energy consumption and CO2 emissions: A case study
of Beijing, China. Ecological Modelling 252, 44-52 (2013).

Bunn, D. & Larsen, E. Sensitivity reserve margin to factors influencing investment behavior in the electricity market of England
and Wales. Energy Policy 29, 420-429 (1992).

Chi, K. C., Nuttall, W. J. & Reiner, D. M. Dynamics of the UK natural gas industry: system dynamics modelling and long-term
energy policy analysis. Technological Forecasting & Social Change 76, 339-357 (2009).

Zhang, W. & Wen, Z. Research on China’s Urbanization Pattern Constrained by Resource Limitation and Environmental Pollution.
China Population, Resources and Environment 26(5), 385-388 (2016).

. Gu, C. Urbanization: Processes and driving forces. Science China-Earth. Sciences 62(9), 1351-1360 (2019).
. Gu, C. Urbanization: positive and negative effects. Science Bulletin 64(5), 281-283 (2019).
. Tian, L. et al. Analyzing Mega City-Regions through Integrating Urbanization and Eco-Environment Systems: A Case Study of the

Beijing-Tianjin-Hebei Region. International journal of environmental research and public health 16(1), 114 (2019).

SCIENTIFIC REPORTS |

(2020) 10:9956 | https://doi.org/10.1038/s41598-020-66125-3


https://doi.org/10.1038/s41598-020-66125-3
https://doi.org/10.1126/science.1258832

www.nature.com/scientificreports/

40.

41.
42.

43.
44.
45.
46.
47.
48.
49.
50.
51.
52.
53.

54.
. Richardson, G. P. & Pugh, A. L. Introduction to System Dynamics Modeling, Pegasus Communications, Inc, Waltham, MA, p. 413

56.
57.
58.
59.
60.
6l1.
62.
63.
. Shahbaz, M., Mahalik, M. K., Shahzad, S. J. H. & Hammoudeh, S. Does the environmental K uznets curve exist between
65.

66.

67.
68.

69.
70.

71.
72.

73.
74.

75.

80.

81.
82.

83.

84.

Georgiadis, P. & Besiou, M. Sustainability in electrical and electronic equipment closed-loop supply chains: A system dynamics
approach. Journal of Cleaner Production 16(15), 1665-1678 (2008).

Meadows, D. H., Meadows, D. L., Randers, J. & Behrens, W. The limits to growth. Universe Books (1972).

Saysel, A. K. & Hekimoglu, M. Exploring the options for carbon dioxide mitigation in Turkish electric power industry: System
dynamics approach. Energy Policy 60, 675-686 (2013).

Ansari, N. & Seifi, A. A system dynamics model for analyzing energy consumption and CO2 emission in Iranian cement industry
under various production and export scenarios. Energy Policy 58, 75-89 (2013).

Trappey, A. J. et al. An evaluation model for low carbon island policy: The case of Taiwan’s green transportation policy. Energy
Policy 45,510-515 (2012).

Shih, Y. H. & Tseng, C. H. Cost-benefit analysis of sustainable energy development using life-cycle co-benefits assessment and the
system dynamics approach. Applied energy 119, 57-66 (2014).

Qudrat-Ullah, H. & Seong, B. S. How to do structural validity of a system dynamics type simulation model: The case of an energy
policy model. Energy policy 38(5), 2216-2224 (2010).

Aslani, A., Helo, P. & Naaranoja, M. Role of renewable energy policies in energy dependency in Finland: System dynamics
approach. Applied Energy 113, 758-765 (2014).

O’Neill, B. C., Ren, X,, Jiang, L. & Dalton, M. The effect of urbanization on energy use in India and China in the iPETS model.
Energy Economics 34, S339-5345 (2012).

Hsu, C. W. Using a system dynamics model to assess the effects of capital subsidies and feed-in tariffs on solar PV installations.
Applied Energy 100, 205-217 (2012).

Sadorsky, P. Do urbanization and industrialization affect energy intensity in developing countries? Energy Economics 37, 52-59
(2013).

Creutzig, F.,, Baiocchi, G., Bierkandt, R., Pichler, P. P. & Seto, K. C. Global typology of urban energy use and potentials for an
urbanization mitigation wedge. Proceedings of the National Academy of Sciences 112(20), 6283-6288 (2015).

Xue, B., Song, X. S. & Yan, D. H. Simulation and prediction of water resources carrying capacity based on a system dynamic model
in Tianjin (in Chinese). South-to-North Water Diversion. Water Sci Technol 9(6), 43-47 (2011).

Pei, T. Y. et al. Logistic Analysis in Eco-campus based on System Dynamics and Sensitivity Model. Sichuan. Environment 29(4),
64-67 (2010).

Forrester, J. W. Urban dynamics. MIT Press (1969).

(1989).

Egilmez, G. & Tatari, O. A dynamic modeling approach to highway sustainability: Strategies to reduce overall impact. Transport Res
A-Pol 46(7), 1086-1096 (2012).

Zhang, X. P. & Cheng, X. M. Energy consumption, carbon emissions, and economic growth in China. Ecological Economics 68(10),
2706-2712 (2009).

Letiche, J. M. Adam Smith and David Ricardo on Economic Growth, The Punjab University. Economist 1(2), 7-35 (1960).

Yang, X. J., Hu, H., Tan, T. & Li, J. China’s renewable energy goals by 2050. Environmental Development 20, 83-90 (2016).

Jiang, Z. & Lin, B. China’s energy demand and its characteristics in the industrialization and urbanization process. Energy Policy
49, 608-615 (2012).

Zhang, M., Li, H., Zhou, M. & Mu, H. Decomposition analysis of energy consumption in Chinese transportation sector. Applied
Energy 88(6), 2279-2285 (2011).

Fisher-Vanden, K., Jefferson, G. H., Liu, H. & Tao, Q. What is driving China’s decline in energy intensity? Resource and Energy
Econmics 26, 77-97 (2004).

Ma, C. & Stern, D. I. China’s changing energy intensity trend: A decomposition analysis. Energy Economics 30, 1037-1053 (2008).

globalization and energy consumption? G lobal evidence from the cross-correlation method. International Journal of Finance &
Economics 24(1), 540-557 (2019).

Sun, W. et al. Long-Term Trends of Anthropogenic SO2, NOx, CO, and NMVOCs Emissions in China. Earth’s Future 6(8),
1112-1133 (2018).

Cheng, Y., Wang, Z., Zhang, S., Ye, X. & Jiang, H. Spatial econometric analysis of carbon emission intensitu and its driving factors
from energy consumption in China. Acta Geographica Sinica 68(10), 1418-1431 (2013).

Deng, J. Control problems of grey systems. Systems & control letters 1(5), 288-294 (1982).

Sterman, J. Business dynamics: Systems thinking and modeling for a complex world. Boston: McGraw-Hill Higher Education
(2000).

Hearne, J. W. Sensitivity analysis of parameter combinations. Applied Mathematical Modelling 9(2), 106-108 (1985).

Shahbaz, M., Khan, S. & Tahir, M. I. The dynamic links between energy consumption, economic growth, financial development
and trade in China: Fresh evidence from multivariate framework analysis. Energy Economics 40(2), 8-21 (2013).

Thegersen, J. Housing-related lifestyle and energy saving: A multi-level approach. Energy Policy 102, 73-87 (2017).

Gu, C., Guan, W. & Liu, H. Chinese urbanization 2050: SD modeling and process simulation. Science China Earth Sciences 47(7),
818-832. (2017).

Asif, M. & Muneer, T. Energy supply, its demand and security issues for developed and emerging economies. Renewable and
Sustainable Energy Reviews 11(7), 1388-1413 (2007).

Musa, S. D., Zhonghua, T., Ibrahim, A. O. & Habib, M. China’s energy status: A critical look at fossils and renewable options.
Renewable and Sustainable Energy Reviews 81, 2281-2290 (2018).

China Energy Medium and Long Term Development Strategy Research Project Team. China Energy Medium and Long Term
(2030, 2050) Development Strategy Research (Comprehensive Volume). Beijing: Science Press, (2011).

. Fan, J. & Li, P. Analysis of China’s Energy Consumption Based on Urbanization and Some Thoughts on Carbon Emissions.

Advances in Earth Science 26(1), 57-65 (2011).

. Shen, L., Liu, L. & Wang, L. Forecast of China’s energy consumption in 2050. Journal of Natural Resources 30(3), 361-373 (2015).
. Jiang K., Hu X. & Liu Q. China’s Energy and Carbon Emissions Report for 2050. Beijing: Science Press (2009).
. Shi, M., Zhou, S., Li, N. & Yuan, Y. Prospects for Medium and Long-term Development of Chinese Economy under Energy

Constraints. Journal of Systems Engineering 29(5), 602-611 (2014).

China energy long-term development strategy research project team, China Medium and Long-Term Energy (2030,2050)
Development Strategy Study (Comprehensive Volume). Beijing: China Science Publishing Press (2011).

2050CEACER, 2009. 2050 China Energy and CO2 Emissions Report. China Science Publishing Press, Beijing.

Zhou, N. et al. A roadmap for China to peak carbon dioxide emissions and achieve a 20% share of non-fossil fuels in primary
energy by 2030. Applied Energy 239, 793-819 (2019).

Energy Research Institute National Development and Reform Commission, 2015. China 2050 High Renewable Energy Penetration
Scenario and Roadmap Study. Available at, http://www.efchina.org/Reports-zh/china-2050-high-renewable-energy-penetration-
scenario-and-roadmap-study-zh [Accessed 14 March 2018].

Xinhua, 2017. Economic Watch: China mulls timetable to ban fossil fuel vehicles. Available at, http://www.xinhuanet.com/
english/2017-09/11/c_136601024.htm [Accessed 14 March 2018].

SCIENTIFIC REPORTS |

(2020) 10:9956 | https://doi.org/10.1038/s41598-020-66125-3


https://doi.org/10.1038/s41598-020-66125-3
http://www.efchina.org/Reports-zh/china-2050-high-renewable-energy-penetration-scenario-and-roadmap-study-zh
http://www.efchina.org/Reports-zh/china-2050-high-renewable-energy-penetration-scenario-and-roadmap-study-zh
http://www.xinhuanet.com/english/2017-09/11/c_136601024.htm
http://www.xinhuanet.com/english/2017-09/11/c_136601024.htm

www.nature.com/scientificreports/

85.

86.
87.

88.
89.

90.
91.
92.

93.
94.

95.

96.

97.
98.
. Hu, A. Embracing China’ s ‘new normal’ why the economy is still on track. Foreign Affairs 94(3), 8-12 (2015).
100.
101.
102.
103.
104.
105.

106.
107.

108.
109.
110.
111.
112.
113.
114.
115.
116.
117.
118.

119.

NDRC (National Development and Reform Commission), 2016. China’s Policies and Actions for Addressing Climate Change.
Available at, http://ghs.ndrc.gov.cn/zcfg/201611/W020161108342237594465.pdf [Accessed 14 March 2018].

Weidou, N. & Johansson, T. B. Energy for sustainable development in China. Energy Policy 32(10), 1225-1229 (2004).

Huang, L., Kelly, S., Lv, K. & Giurco, D. A systematic review of empirical methods for modelling sectoral carbon emissions in
China. Journal of cleaner production (2019).

Richardson, G. P. System dynamics, the basic elements of. Encyclopedia of complexity and systems science, 1-10 (2014).
Lechtenbshmer, S., Nilsson, L. J., Ahman, M. & Schneider, C. Decarbonising the energy intensive basic materials industry through
electrification-Implications for future EU electricity demand. Energy 115, 1623-1631 (2016).

Bhuiyan, M. A., Khan, H. U. R., Zaman, K. & Hishan, S. S. Measuring the impact of global tropospheric ozone, carbon dioxide and
sulfur dioxide concentrations on biodiversity loss. Environmental research 160, 398-411 (2018).

Yu, S., Zheng, S., Zhang, X., Gong, C. & Cheng, J. Realizing China’s goals on energy saving and pollution reduction: Industrial
structure multi-objective optimization approach. Energy policy 122, 300-312 (2018).

He, C., Huang, Z. & Ye, X. Spatial heterogeneity of economic development and industrial pollution in urban China. Stochastic
environmental research and risk assessment 28(4), 767-781 (2014).

Park, S. H. Decomposition of industrial energy consumption: an alternative method. Energy economics 14(4), 265-270 (1992).
Dargay, J. & Gately, D. Income’s effect on car and vehicle ownership, worldwide: 1960-2015. Transportation Research Part A: Policy
and Practice 33(2), 101-138 (1999).

Wang, W, Niu, S., Qj, ], Ding, Y. & Li, N. The Correlation and Spatial Differences between Residential Energy Consumption and
Income in China. Resources. Science 36(7), 1434-1441 (2014).

MEP (Ministry of Environmental Prodtecton of the People’s Republic of China), 2017. Calculation of pollutant discharge
coefficient and material balance method. Available at, http://www.zhb.gov.cn/gkml/hbb/bgg/201712/t20171229_428887.htm
[Accessed 14 March 2018].

Jain, S., Creasey, R., Himmelspach, J., White, K. & Fu, M. Verification and validation of simulation models. In Proceedings of the
2011 Winter Simulation Conference (pp. 183-198) (2011).

Jones, D. W. How urbanization affects energy use in developing countries. Energy Policy 19(7), 621-30. (1991).

British Petro (2012). Energy outlook to 2035, https://www.bp.com/en/global/corporate/energy-economics/energy-outlook.html,
2012.

Eichengreen B., Park D. & Shin K. When Fast Growing Economies Slow Down: International Evidence and Implications for China:
NBER Working Paper No. w16919, https://ssrn.com/abstract=1801089 (2011).

Ouyang, X. & Lin, B. Carbon dioxide (CO2) emissions during urbanization: A comparative study between China and Japan.
Journal of Cleaner Production 143, 356-368 (2017).

Sun, D. et al. New-type urbanization in China: Predicted trends and investment demand for 2015-2030. Journal of Geographical
Sciences 27(8), 943-966 (2017).

U.S. Energy Information Administration (EIA). International energy outlook, http: //www.eia.gov/forecasts/ieo/pdf/0484(2013).
pdf, 2013.

Yang, S. & Shi, L. Prediction of long-term energy consumption trends under the New National Urbanization Plan in China. Journal
of Cleaner Production 166, 1144-1153 (2017).

Yuan, J. et al. Peak energy consumption and CO2 emissions in China. Energy Policy 68, 508-523 (2014).

Zhuang, J. Z., Vandenberg, P. & Huang, Y. P. Growing beyond the low-cost advantage: How the People’s Republic of China can
avoid the middle-income trap? Mandaluyong City, Philippines: Asian Development Bank, (2012).

Bai, C. & Zhang, Q. Forecast of China’s Economic Growth Potential: A Supply-side Analysis Considering the Convergence of
Transnational Productivity and the Characteristics of China’s Labor Force. Journal of Economics 4(4), 1-27 (2017).

Marcotullio, P. J. et al. Urbanization and the carbon cycle: Contributions from social science. Earth’s Future 2(10), 496-514, https://
doi.org/10.1002/2014EF000257 (2014).

Romero-Lankao, P. et al. A critical knowledge pathway to low-carbon, sustainable futures: Integrated understanding of
urbanization, urban areas, and carbon. Earth’s Future 2(10), 515-532, https://doi.org/10.1002/2014EF000258 (2014).

Fang, C., Zhou, C., Gu, C., Chen, L. & Li, S. A proposal for the theoretical analysis of the interactive coupled effects between
urbanization and the eco-environment in mega-urban agglomerations. Journal of Geographical Sciences 27(12), 1431-1449 (2017).
Gao, C. & Wei, H. Prediction of Urbanization Trends in China. Contemporary Economic. Science 35(4), 85-90+127 (2013).

LiS. & Liu Y. The Chinese Economy in 2030. Beijing: Economic Science Press, 6-65, (2011).

Liu S. Ten-year Outlook for China’s Economic Growth (2019-2028): Building a High-standard Market Economy. Beijing: CITIC
Publishing House 2019.

Lu D. & Fan J. 2050: Regional Development in China. Beijing: Science Press,2009.

Sheng, L. & Zheng, X. How fast does it take to achieve the second “hundred-year” goal? Management World 10, 1-7 (2017).

Joint Research Group of the World Bank and the Development Research Center of the State Council. China in 2030: Building a
Modern, Harmonious, and Creative Society. Beijing: China Finance and Economics Press, 1-80, (2012).

Zhu, Y., Wang, Z. & Pang, L. Forecast of China’s Energy Consumption and Carbon Emission Peak Based on Economic Simulation.
Acta Geographica Sinica 64(8), 935-944 (2009).

Customer Data Platform, http://news.bjx.com.cn/html/20180306/883787.shtm (2018).

Acknowledgements

This work was supported by the National Natural Science Foundation of China (Grant No. 41590844), National
Key Research and Development Project (2018 YFD1100105) and Beijing Outstanding Young Scientist Program
(JJWZYJH01201910003010).

Author contributions

C.G. and W.G. conceived the study. C.G. and X.Y. advised the analysis and interpretation of the data. C.P, Q.C.,
Y.W. and W.Z. provided the data. Q.C. drew the diagrams. X.Y., C.G., Q.C. and W.Z. updated the manuscript, and
all authors critically reviewed the manuscript for intellectual content and approved the final manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to X.Y.

Reprints and permissions information is available at www.nature.com/reprints.

SCIENTIFIC REPORTS |

(2020) 10:9956 | https://doi.org/10.1038/s41598-020-66125-3


https://doi.org/10.1038/s41598-020-66125-3
http://qhs.ndrc.gov.cn/zcfg/201611/W020161108342237594465.pdf
http://www.zhb.gov.cn/gkml/hbb/bgg/201712/t20171229_428887.htm
https://www.bp.com/en/global/corporate/energy-economics/energy-outlook.html
https://ssrn.com/abstract=1801089
https://doi.org/10.1002/2014EF000257
https://doi.org/10.1002/2014EF000257
https://doi.org/10.1002/2014EF000258
http://news.bjx.com.cn/html/20180306/883787.shtm
http://www.nature.com/reprints

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFICREPORTS|  (2020) 10:9956 | https://doi.org/10.1038/s41598-020-66125-3


https://doi.org/10.1038/s41598-020-66125-3
http://creativecommons.org/licenses/by/4.0/

	System dynamics modelling of urbanization under energy constraints in China

	Methodology

	The urbanization-energy SD model

	Description of the model. 
	Socioeconomic sub-model. 
	Energy supply-demand-environmental sub-model. 

	Data. 
	Parameter setting. 
	Validation and sensitivity test. 
	Structural validity. 
	Sensitivity test. 


	Scenario Simulation and Results

	Scenario setting. 
	Accelerated economic development (AED) scenario. 
	Emission reduction constraint (ERC) scenario. 
	Low-carbon oriented development (LOD) scenario. 

	Results 1. 
	Results 2. 
	The level of urbanization. 
	Energy demand and supply. 
	Environmental effects of energy. 


	Discussion and Conclusion

	Acknowledgements

	Figure 1 The causal loop diagram of urban socio-economic and energy system (drawn using Microsoft Visio Professional 2013: https://microsoft-visio.
	Figure 2 Socioeconomic sub-model of Chinese urbanization-energy SD model (drawn using Vensim PLE 7.
	Figure 3 Energy supply-demand-environmental sub-model of Chinese urbanization-energy SD model (drawn using Vensim PLE 7.
	Figure 4 Comparison of simulation results for three development scenarios.
	T­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­­a­­­­­­­­­­­­­b­­­­­le 1 Parameters of the constants in the SD model.
	Table 2 Stocks flow test of the Model (variable source: China Statistical Yearbook).
	Table 3 The results of sensitivity analysis.
	Table 4 Parameters of three scenarios.
	Table 5 Simulation values of three scenarios of Chinese Urbanization-energy SD model.




