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Abstract: The development and utilization of renewable energy has become an important measure of ensuring energy security, strengthening environmental protection and tackling climate change. At the Copenhagen
conference, the Chinese government have set a target of cutting carbon emission per unit of GDP by 40–45
percent by 2020 from the 2005 level, and this target also have been incorporated into China’s mid-and-long
term plan for national economic and social development. So, based on the complex coupling relationship among energy production, economic development, and carbon emission (EEC), we build a dynamic evolution
model to analyze them. The dynamic analysis of the EEC system reveals the presence of chaotic attractor. We
use GA to identify the model parameters, and then conduct the simulation analysis. The simulation results
show that China could cut carbon emission per unit of GDP 58.9 percent by 2020 from the 2005 level, the
Chinese government can keep its promises.
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1

Introduction

Renewable energy is an important part of energy system, has the characteristics of resources widely distributed, large
development potential, small impact on environmental and sustainable use. Renewable energy is conducive to the harmonious development of man and nature. With the development of society, energy demand continues to increase in China,
the problem of energy and environment become increasingly prominent, and accelerate the development and utilization
of renewable energy and reducing carbon emissions have become the only way to solve the energy and environmental
issues. The Chinese government have set a target of cutting carbon emission per unit of GDP by 40–45 percent by 2020
from the 2005 level. In the coming period, renewable energy will be in a stage of rapid development, its share in energy
use will rapidly increase. The gradual shifting from non-renewable energy to renewable energy is the development trend
of the world’s energy.
Some scholars analyze renewable energy policy with the qualitative methods. After analyzing the current development
status of renewable energy in China, Wang et al. [1] give four points recommends: Strengthen policy incentives for
power companies through a mandatory renewable portfolio requirement; Establish a market-based renewable portfolio
requirement; Strengthen regulation and monitor of grid enterprises; Guarantee the electricity consumer’s right of choice.
Zhao et al. [2] hold that China can benefit from the international cooperation on renewable energy, such as accessing
to finance and advanced technologies, developing human resources related to renewable energy, and enhancing related
policy framework. Simsek et al. [3] suggest that renewable energy investments should be encouraged by the government
instead of being solely left to the dynamics of the market. Governments should support renewable energy developments
with various incentive mechanisms. Yuan et al. [4] investigate the feasibility of clean energy target and carbon intensity
target in 2020 by testing their consistency under possible economic development scenarios, then propose a 17% clean
energy target that can reconcile the domestic plan with international expectation.
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Most scholars use some mathematical model to analyze renewable energy policy. Lund [5] use the Energy PLAN
model to evaluate whether a 100% renewable energy system is a possibility for Denmark and to identify key technological
changes and suitable implementation strategies. Rubio et al. [6] build a MINLP mathematical programming model
to analyze the tourist resort in Spanish. Pina et al. [7] present a modeling framework to optimize the investment in
new renewable generation capacity on the long-term. The results show that the inclusion of dynamics in the modeling
methodology can help avoid overinvestment and reduce the excess of electricity from renewable energy sources that
cannot be used by the system. Mediavilla et al. [8] use a dynamic model to study the exhaustion patterns of world fossil
and nuclear fuels and their possible replacement by renewable energy sources. The results show that peak oil will be
the first restriction and it will not be easily overcome. Ouyang et al. [9] use the EGC Spreadsheet model to predict the
levelized cost of electricity of renewables in China. The results indicate that: On one hand, government policy should
focus on solving the financing problem of RE projects; On the other hand, the problem of high cost could be solved by
providing subsidies in the short term and more importantly, by reforming electricity price in the mid- and long- term
to make the RE competitive. Kahia [10] explores the economic growth-energy consumption nexus for two samples of
MENA Net Oil Exporting Countries (NOECs) during the period of 1980-2012, finding strong evidence for the existence
of a long-run relationship between real GDP, renewable and non-renewable energy consumption, real gross fixed capital
formation, and the labor force. Using the Renewable Energy Country Attractiveness Index developed by the Ernst &
Young Global Limited, Bhattacharya [11] choose 38 top renewable energy consuming countries to explain the growth
process between 1991 and 2012. Some scholars prefer to using a multicriteria decision-making methodologies to study
the development of renewable energy. To explore the availability and potential of renewable energy sources and assess
related government policies, financial and environmental aspects of renewable energy projects in Turkey, Baris et al. [12]
use the multi-criteria analysis tool to evaluate the renewable energy source (RES) technologies, the results show that
biomass is the most appropriate renewable energy alternative for Turkey. Mourmouris et al. [13] build a multi-criteria
decision-making methodologies to analyze the exploitation of renewable energy. The results show that the first alternative
is wind and the combination of wind-biomass are the most efficient RESs in the region under consideration. Recently,
using the hybrid model to study the development of renewable energy is popular. Kabak et al. [14] propose a hybrid model
based on BOCR and ANP to determine Turkey’s energy status and prioritize alternative renewable energy sources. The
results show that the most important strategic criterion is economy and proposes hydro power as the optimal RE source for
the country. Liu et al. [15] construct a combined forecasting model with a GM(1,1), an ARIMA and a SOPR and improve
forecast accuracy by optimizing three coefficients of the individual aforementioned models with PSO. The results show
that by 2020 thermal power generation will reach 7258.83 billion KWh, CO2 emissions will reach 17379.90 million tons,
and CO2 emission intensity will be 0.21 kilogram per Yuan, which is almost twice as 40-45% of the 2005 level. Ito [16]
uses panel data of 42 developed countries over the period of 2002-2011, examining the linkage between CO2 emissions,
renewable and non-renewable energy consumption, and economic growth. The results suggest that non-renewable energy
consumption leads to a negative impact on economic growth for developing countries. Additionally, renewable energy
consumption positively contributes to economic growth in the long run.

The dynamic evolution model is a simulation model, in essence, it is a set of nonlinear differential equations. It
is first applied to the mathematical equations, such as Hale [17] and Park [18–20]. In view of the complex properties
of the energy-economy-carbon emission system (EEC), the dynamic evolution model can not only reflects the coupling
relationships among subjects studied but also catch the core factors. So, a few authors consider the method of dynamic
evolution in the energy field. To examine the impacts of carbon tax on energy intensity and economic growth, Fang et al.
[21] establish a four-dimensional dynamical model of energy-saving and emission-reduction, carbon emissions, economic
growth, and carbon tax to analyze it. However, there is little research are used in the EEC system. Vass [22] examines
whether renewable energies with learning-by-doing technical change can compete with forest carbon sequestration to
cost-efficiently achieve the EU carbon target for 2050. Cost-efficient abatement solutions are obtained using a dynamic
optimisation model. The results indicate that renewables are unable to compete with forest carbon sequestration unless
they receive continued government support. In this paper, we will build a dynamic evolution model of the EEC system in
China to explore how to achieve the goals of carbon emission in 2020.

The remainder of this paper is organized as follows. In the next section, we propose a dynamic evolution model of
the EEC system in China, and explain the meaning of the model. In Section 3, we analyze the dynamic of the evolution
system. We conduct the empirical analysis in Section 4. The last section is for the conclusions.
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Figure 1: The relationship graph.

2

Modeling

In order to study the relationship among energy production, economic growth, and carbon emission, a dynamic evolution model will be built to reflect the coupling relationships among non-renewable energy production, renewable energy
production, GDP, and carbon emission in this section.

2.1

System description

The dynamic evolution model of energy and economy system includes four subsystem: non-renewable energy production
subsystem, renewable energy production subsystem, GDP subsystem, carbon emission subsystem. We denote them by
four level variables, and then find the impact factors for four variables. Loss rate of non-renewable energy production,
energy prices, the impact of renewable energy production and non-renewable energy production, production technology
risk, social welfare subsidy to renewable energy, technology investments of renewable energy production, GDP growth
rate, the regulation on non-renewable energy production, and renewable energy production, the impact of carbon emission
to renewable energy and GDP, the development potential of carbon emission, carbon tax. To intuitively display the idea
of dynamic evolution model, the interaction relationships between level variables and impact factors are shown in Fig. 1.
In this figure, the boxed variables are the level ones (non-renewable energy production, renewable energy production,
GDP, carbon emission). The ’+’ indicate the positive correlation, and ’−’ indicate the negative correlation.

2.2

Index system

The meaning of variables and influence factors in this model is shown in Table 1, which are divided into exogenous
variables and endogenous variables.
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Notation
ẋ
ẏ
ż
ẇ
x
y
z
w
a1
e2
N
k2
b2
b3
b4
A
c1
c2
c3
c4
c5
B
d1
C
d2
d3

2.3

Table 1: Exogenous variable.
Variable name
Unit
annual variable in x
1010 ton standard coal
annual variable in y
1010 ton standard coal
annual variable in z
1014 yuan
annual variable in w
1011 ton
10
non-renewable energy production
10 ton standard coal
renewable energy production
1010 ton standard coal
economic growth (GDP)
1014 yuan
carbon emission
1011 ton
motivational factor of y to x
no dimension
elastic coefficient of y
no dimension
maximal demand of y
1010 ton standard coal
the rate of renewable energy products
no dimension
risk factors of y
no dimension
influence coefficient of z to y
no dimension
influence coefficient of w to y
no dimension
turning point of w to y
1011 ton
economic growth coefficient
no dimension
energy price of x
103 yuan/ton
energy price of y
103 yuan/ton
investment of z to y
103 yuan
influence coefficient of w to z
no dimension
turning point of w to z
1011 ton
emission growth coefficient
no dimension
peak value of w
1011 ton
carbon tax
102 yuan/ton
target value of carbon intensity
10−3 yuan/ton

Mathematical model

Based on the three-dimensional energy economy system [23] and the idea of Fig. 1, we propose a dynamic evolution
model of the EEC system in China as the following differential equations:


ẋ = a1 (e2 y(N − y − k1 x)) − a2 x − a3 y − a4 z,
(a)





ẏ
=
b
(e
x(M
−
x
−
k
y))
−
b
y
+
b
z
+
b
y(w/A
−
1),
(b)
1 1
2
2
3
4

(1)
ż = c1 z(c2 x + c3 y − c4 ) − c5 z(w/B − 1),
(c)



ẇ = d1 w(1 − w/C) − d2 (w − d3 z),
(d)



 x = x ,y = y ,z = z ,w = w .
(e)
0
0
0
0
The last term b4 y(w/A−1) in Eq.(1b) represents the impact of carbon emission to renewable energy. When w(t) < A,
due to carbon emissions is still relatively small at this time, which not yet attracted enough attention, it will increase the
non-renewable energy production and consumption and led to a competitive disadvantage of renewable energy production.
So, the relationship between ẏ and b4 y(w/A−1) is a negative correlation. When w(t) > A, carbon emission has exceeded
the turning point value A, the consumption of non-renewable energy has caused many environmental problems: global
warming, acid rain, and so on. In order to curb this negative trend, reduction task is urgent. The government should
vigorously promote renewable energy production and strictly control the production and consumption of non-renewable
energy. So, the relationship between ẏ and b4 y(w/A − 1) is a positive correlation.
The last term −c5 z(w/B − 1) in Eq.(1c) represents the impact of carbon emission to GDP. When w(t) < B, the
total amount of carbon emission is small, non-renewable energy production and consumption will continue to increase,
which will promote economic growth. So, the relationship between ż and −c5 z(w/B − 1) is a positive correlation.
When w(t) > B, carbon emissions has caused society concerns, the government should provide the special funds and
technology to reduce carbon emissions. So, the relationship between ż and −c5 z(w/B − 1) is a negative correlation.
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Eq.(1d) indicates that the development rate of carbon emission is influenced by potential emission and carbon tax.
1 − w/C represents the potential growth rate of carbon emissions, d1 w(1 − w/C) represents the amount of potential
development of carbon emissions. The larger the amount is, the more possibility to increase carbon emissions. So, the
relationship between ẇ and d1 w(1 − w/C) is a positive correlation. d3 z represents the target value of carbon emissions,
w − d3 z represents the difference between actual carbon emissions and carbon emissions target, d2 (w − d3 z) represents
income or cost generated by the difference. When w > d3 z, the cost incurred will curb carbon emissions. So, the
relationship between ẇ and d2 (w − d3 z) is a negative correlation. When w < d3 z, the difference d3 z − w can be sold
to other countries, d2 (d3 z − w) represents the incoming of carbon emission sold. So, the relationship between ẇ and
d2 (w − d3 z) is a positive correlation.
Eq.(1) is a continuous dynamic evolution system, changing model parameters will cause the variation of system
dynamic behavior. The carbon emission subsystem is incorporated into the three-dimensional energy economy system
[23] to explore the evolutionary mechanisms of the EEC system in China.

3

Dynamic analysis

In Section 2, we have set up a dynamic evolution system corresponding to Eq.(1) for EEC system in China. In this
Section, we will analyze the dynamic as well as the complexity of the evolution system. If the coefficients in Eq.(1) vary,
the evolution system will have different dynamic behavior. In order to research Eq.(1) thoroughly, after debugging many
times, we set the parameters of Eq.(1) as:
a1 = 0.45, e2 = 0.8, N = 1, k1 = 0.182, a2 = 0.0381, a3 = 0.011, a4 = 0.085,
b1 = 0.72, e1 = 0.5, M = 1, k2 = 0.14, b2 = 0.08, b3 = 0.0238, b4 = 0.0336, A = 0.08,
c1 = 0.084, c2 = 0.6, c3 = 0.78, c4 = 0.4, c5 = 0.000543, B = 0.0543,
d1 = 0.0246, C = 0.12, d2 = 0.0166, d3 = 0.0258.

(2)

Within the stipulated parameter space, the evolution system corresponding to Eq.(1) has six equilibrium points:
S0 (0, 0, 0, 0), S1 (0, 0, 0, 0.039), S2 (0.9274, 0.1511, 0, 0),
S3 (0.9344, 0.153, 0, 0.039), S4 (0.1039, 0.4204, 0.8983, −0.028), S5 (0.0556, 0.4722, 0.9478, 0.0681).
Because the divergence
∂ ẇ
∂ ẋ ∂ ẏ ∂ ż
+
+
+
∂x ∂y ∂z
∂w
= (c1 c2 − b1 e1 k2 )x + (c1 c3 − a1 e2 k1 )y + (b4 /A − c5 /B − 2d1 /C)w − a2 − b2 − b4 − c1 c4 + c5 + d1 − d2 ,

∇V =

where c1 c2 = b1 e1 k2 , c1 c3 = a1 e2 k1 , b4 /A = c5 /B − 2d1 /C, c5 + d1 < d2 + a2 + b2 + b4 + c1 c4 , the dynamic
evolution system is dissipative. Furthermore, we take initial condition (x0 , y0 , z0 , w0 ) as (0.619, 0.1, 0.5, 0.104) within
the stipulated parameter space, by using numerical simulation, time evolution series of x(t), y(t), z(t), w(t) are shown in
Fig. 2, and chaotic attractor phenomena of EEC in equilibrium point S is observed as Fig. 3. The existence of the chaotic
attractor means the complexity of evolution system.
Next, we will study the Lyapunov exponent spectrum and bifurcation involving the parameter c4 . Fixing other stipulated parameters, let c4 vary in the interval [0.4, 0.406] after debugging many times, we numerically simulate the Lyapunov
exponent spectrum and bifurcation of the variable y with respect to the changed parameter c4 . Figs. 4 and 5 show our
numerical simulate results.
The above analyses and numerical simulation results show the evolution system corresponding to Eq.(1) eventually
lead to a chaotic state. Thus, the evolution system shows the complex dynamic relationship of EEC system.

4

Empirical analysis for EEC

In this Section, on the basis of the statistical data of China, we will give an empirical analysis of this identified parameter
system.
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Figure 2: Time evolution series of x(t), y(t), z(t), w(t).

Figure 3: Chaotic attractors of EEC.
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Figure 4: Lyapunov exponents spectrum.

Figure 5: Bifurcation diagram of y.
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4.1

Data sources

The primary data are collected from China’s statistical year-book 2016, and we select statistical data on non-renewable
energy (coal, crude oil, natural gas), renewable energy (hydropower, nuclear power, wind power) and GDP of the year
1991-2015. Because there is no statistical yearbook of China’s annual carbon emissions, we use the carbon emission
data due to energy consumption in China in the book of “BP 2016 statistical review of world energy full report”. So, the
original database is shown in Table 2.

t/year
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2010
2011
2012
2013
2014
2015

Table 2: The original database.
x/1010 ton standard coal y/1010 ton standard coal
0.099916332
0.004927668
0.102107712
0.005148288
0.105172873
0.005886127
0.111723989
0.007005011
0.121033892
0.008000232
0.124917048
0.008114952
0.1247851
0.0086749
0.121005288
0.008828712
0.123623095
0.01236231
0.12790011
0.01066989
0.1344516
0.0129734
0.142524624
0.013752376
0.163856781
0.014442219
0.099916332
0.004927668
0.188794928
0.017313072
0.223958145
0.020804855
0.241454122
0.022718878
0.251064195
0.026354805
0.258054984
0.028037016
0.279664
0.032461
0.307520912
0.032657088
0.311724408
0.039316592
0.316447488
0.042336512
0.313737822
0.048128178
0.30951
0.05249

z/104 yuan
0.0220056
0.0271945
0.0356732
0.0486375
0.0613399
0.0718136
0.079715
0.0851955
0.0905644
0.1002801
0.1108631
0.1217174
0.137422
0.0220056
0.1618402
0.2194385
0.2702323
0.3195155
0.3490814
0.4130303
0.4893006
0.5403674
0.5952444
0.643974
0.6855058

w/1011 ton
0.02459355
0.02583273
0.02792124
0.02941133
0.03030891
0.0318045
0.03168511
0.03165698
0.03296817
0.03352671
0.03514958
0.03834211
0.04522606
0.02459355
0.05323306
0.06661573
0.07223889
0.07362312
0.07692532
0.08118674
0.08806716
0.0897938
0.09218752
0.09224102
0.09164453

Notes: The datas of x, y, z can be obtained at: http://www.stats.gov.cn/tjsj/ndsj/2016/indexch.htm, and the data of w comes from the “BP 2016
statistical review of world energy full report”.

4.2

Parameter identification

In order to simplify the parameter identification, after appropriate transformations, Eq.(1) is turned to

ẋ/x = a11 y(N − y − k1 x)/x − a2 − a3 y/x − a4 z/x,



 ẏ/y = b x(M − x − k y)/y − b + b z/y + b (w/A − 1),
11
2
2
3
4

ż/z
=
c
(c
x
+
c
y
−
c
)
−
c
(w/B
−
1),
1 2
3
4
5



ẇ/w = d1 (1 − w/C) − d2 (w − d3 z)/w.

(3)

We let ẋ/x = (x(i + 1) − x(i))/2(x(i + 1) + x(i)), and bring it to Eq.(3),
x(i + 1) =

2 + a11 y(i)(N − y(i) − k1 x(i))/x(i) − a2 − a3 y(i)/x(i) − a4 z(i)/x(i)
,
2 − a11 y(i)(N − y(i) − k1 x(i))/x(i) + a2 + a3 y(i)/x(i) + a4 z(i)/x(i)

where i = 1991, 1992, · · · , 2015. Then, the recurrence formula of y(i + 1), z(i + 1), w(i + 1) can be got.
Genetic algorithm (GA) [24, 25] is a global optimization probabilistic algorithms, its main advantages are:
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(c)

(d)

(e)

Figure 6: Model check.
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(a)

(b)

(c)

(d)

Figure 7: Phase diagram of the EEC system.

(b)

(a)

Figure 8: Prediction of z, w.
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• Genetic algorithm (GA) is without too much math requirements for solving optimization problems.
• The ergodicity of evolution operator makes genetic algorithm (GA) can be very effective in global search with
probabilistic sense.
• Genetic algorithm (GA) can provide great flexibility to construct mixed heuristic of separate areas, and ensure the
effectiveness of the algorithm.
Combined with the data in Table 2, we use genetic algorithm (GA) to identify the parameters in Eq.(4). Among them,
population size is 200, mutation rate is 0.1, crossover rate is 0.7, cross method is uniform crossover, selection method is
top mate selection, then we attain the identified system in Eq.(5).


ẋ = 0.99848y(0.8658 − y − 0.1699x) − 0.0013x − 0.0603y − 0.0004z,





ẏ
 = 0.0563x(0.9032 − x − 0.0708y) − 0.9814y + 0.0484z + 0.001y(w/0.1664 − 1),
(5)
ż = 0.08z(0.5984x + 0.6493y − 0.0671) − 0.1704z(w/0.3998 − 1),



ẇ = 0.1675w(1 − w/0.2078) − 0.1236(w − 0.1769z),



 x = 0.099916332, y = 0.04927668, z = 0.0220056, w = 0.02459355.
0
0
0
0
In order to test the effectiveness of the Eq.(5), taking the initial condition (x0 , y0 , z0 , w0 ) as (0.09991633, 0.004927668,
0.0220056, 0.02459355), we can attain the model check in Fig. 6 by simulating in MATLAB.

4.3

Stability analysis

By calculating the balance points in Eq.(5), we can get the only positive equilibrium piont S(1.1347, 0.6008, 12.5116, 0.6104),
and attain characteristic roots of the Jacobian matrix λ1 = −1.0551, λ2 = −0.8323, λ3 , 4 = −0.0737 ± 0.1310. Thus,
equilibrium piont S is a stable point. Then by taking the initial condition (x0 , y0 , z0 , w0 ) as (0.09991633, 0.004927668,
0.0220056, 0.02459355), with the help of numerical simulation, the phase diagram of the identified parameter system at
stable S is shown in Fig. 7.
Fig. 7 shows that x, y, z, w of the EEC system will evolve towards a stable state, the result fit the actual situation in
China, and verify the rationality of the identified parameter system.

4.4

Simulation results

In this section, to calculate GDP and carbon emission in 2020, we take the data in 2005 as initial value, then obtain
simulation results in Fig. 8.
Fig. 8 shows the prediction of z, w in the EEC system, from Fig. 8, we can easily calculate: the China could cut
carbon emission per unit of GDP 58.9 percent by 2020 from the 2005 level. These show that the Chinese government can
keep its promises at the Copenhagen conference.

5

Conclusions

In this work, we establish a dynamic evolution model which can reflect the complex coupling relationship among energy
production, economic development, and carbon emission (EEC) in China. The dynamic analysis of the EEC system
reveals the presence of chaotic attractor. We use GA algorithm to identify the model parameters, and then conduct the
simulation analysis. The simulation results show that the China could cut carbon emission per unit of GDP 58.9 percent by
2020 from the 2005 level. These show that the Chinese government can keep its promises at the Copenhagen conference.
We hope our work will provide a reference for policy makers in properly handling the complex relationship of EEC system
in China.
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