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Abstract: According to the actual situation of the domestic energy market changing, a net structure that element can conduct mutually has been founded based on the causal relationships among energy prices, energy
efficiency and economic growth during a given economic period. Furthermore, a novel dynamic system model
that can show the situation of the domestic energy market included energy prices-energy efficiency-economic
growth is given. And then this paper takes advantage of the dynamic system model and gives theoretical
analysis and empirical study. The results show that relaxing the Price Regulation and slowing down the rate
of economic growth will speed up the stability of the energy market.
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1

Introduction

Energy price ia an important indicator for measuring the stability of energy market. How to control the change of
the energy price to keep the stability of energy market and economic growth is the focus of the study. In recent years,
many scholars researched on the interrelation of energy prices, energy efficiency and economic growth by experimental
study. Cantore [1] focused on energy efficiency and economic growth. Chen had already studied energy prices and energy
efficiency [2,3]. Mahadevan made more in-depth work for us to analyze energy prices, energy consumption and economic
growth by statistical data [4,5]. Jin [6] analyzed the interrelation of energy prices, energy conservation and economic
growth. Zhao [7] used the VAR model to analyze the relation of energy prices, economic growth and energy intensity.
Chor Foon Tang and Eu Chye Tan explored the nexus of electricity consumption, economic growth, energy prices and
technology in Malaysia [8]. Qin Fei and Rajah Rasiah [9] researched on energy export dependency and development
levels matter of electricity consumption, technological innovation, economic growth and energy prices. These studies
looked at the energy price as a main element and gave a more in-depth research. However, numerous references were only
quantitative description of the policies and lack quantitative analyses.
It is common to use nonlinear dynamic theory to study the complexity of energy market. Tian established a threedimensional energy-saving and emission-reduction dynamic evolution system and a novel four-dimensional dynamic system based on carbon tax [10,11]. Zhang [12] used electricity prices-supply-electricity consumption to establish a novel
three-dimensional system . Wang [13] established a three-dimensional system included energy prices, energy supply and
economic growth and gave a theoretical analysis and empirical study. Researches of these papers made clear the causal
relationships of every variable, then established a dynamic system and gave theoretical analysis, empirical study and
reasonable strategy based on the above system.
This paper establishes a new model of the dynamic system based on energy prices, efficiency and economic growth.
By means of theoretical analysis and empirical study some constructive suggestions for the stability of energy market are
given. The remainder of this paper is organized as follows. In Section 2, according to the nonlinear dynamics theory we
introduce the establishment and analysis of the model. Section 3 is devoted to the empirical study. A brief conclusion will
be given in Section 4.
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2

Establishment and analysis of the model

2.1

Establishment of the dynamic system model

In order to describe the complicated interrelationships among energy prices, efficiency and economic growth quantitatively, the non-linear differential equation system has been applied. According to the causal relationships of every
variable, the model of the non-linear system can be built as follows: where x(t) is the time-dependent variable of energy
prices in the domestic market, y(t) is the time-dependent variable of energy efficiency in the domestic market, z(t) is the
time-dependent variable of economic growth in China.

(2.1a)
 ẋ = a1 (C − x)z − a2 y + a3 z( Lz −1),
ẏ = b1 x − b2 y(z − M ) + b3 z,
(2.1b)
(2.1)

ż = c1 xy + c2 z(1 − Nz ),
(2.1c)
All of the following parameters are positive constants: t ∈ I, I is an economic period; a1 is the influence coefficient of
the energy price and economic growth to itself; a2 represents the dispersion coefficient of the energy efficiency to energy
price; a3 is the influence coefficient of the economic growth to the energy prices; b1 is the the influence coefficient of
the energy price to energy efficiency; b2 is the influence coefficient of economic growth to energy efficiency; b3 is the
influence coefficient of economic growth to energy efficiency; c1 is the influence coefficient of energy price and energy
efficiency to economic growth; c2 represents the influence coefficient of economic growth to itself. C is the threshold
of the energy price; L is the threshold of the economic growth to the energy prices; M is the threshold of the economic
growth to the energy efficiency; N is the threshold of economic to itself. C, L, M, N would be changed according to the
variation of the macro-policies.
Eq. (2.1a) shows that there are tendencies of rising and dropping in energy prices. When C > x , i.e. C − x > 0,
energy price is smaller than the threshold C of energy price in the energy market. That is to say, when the energy price
is smaller than the purchasing power, which will result in the rising tendency of the energy demand, and then the rising
tendency of energy prices becomes weaker. When C < x, i.e. C − x < 0, energy price exceeds the threshold C of
energy price in the energy market. That is to say, when the energy price is bigger than the threshold C of energy price
in the energy market, which will result in the increasing tendency of the energy supply, and then the decreasing tendency
of energy prices becomes stronger. −b2 y indicates that energy efficiency is in negative correlation to energy prices.
a3 z( Lz −1) expresses the influence of economic growth to energy price. When z < L, i.e. z − L < 0, economic growth
is smaller than the threshold L of economic growth, which will result in the decrease tendency of energy price and the
decrease tendency also becomes stronger. Conversely, it will lead to the increase of energy price.
Eq.(2.1b), b1 x indicates that exorbitant energy price can impel the improvements of the energy efficiency. b2 y(z − M )
shows the promote function of energy efficiency to itself. b3 z expresses that economic growth is conducive to the rising
of energy efficiency.
Eq.(2.1c),c1 xy shows that the positive influence of energy price and energy efficiency to economic growth. c2 z(1 − Nz )
respects the self-deterring of economic growth.

2.2
2.2.1

Analysis of he dynamic system model
Equilibrium point of the dynamic system

The system (2.1) is a very complex dynamic system. When the coefficients are fixed different values, the system (2.1)
will show different dynamic behaviors. In order to study the dynamic system (2.1), the parameters of the system (2.1) are
fixed as follows:
{
a1 = 0.045, a2 = 0.700, a3 = 0.950, b1 = 0.315, b2 = 0.845, b3 = 0.400,
(2.2)
c1 = 0.100, c2 = 0.900, C = 0.530, L = 3.000, M = 2.000, N = 2.250.
The parameters of the system (2.1) are fixed as formula (2.2), the system has four equilibrium points in real number:
S0 (0, 0, 0), S1 (6.6105, 0.8783, −0.5234), S2 (−70.9762, −3.3985, 6.7215), S3 (−2.8518, 0.3004, 2.1503).
For the equilibrium point S0 (0, 0, 0), the Jacobian matrix is yielded as follows:
 

0
−0.7000
−a1 z
−a2
a1 C − a1 x + a3 ( 2z
L −1)
 =  0.3150 −1.6900
b2 z − b2 M
b2 y + b3
J 0 =  b1
0
0
c1 y
c1 x
c2 (1 − 2z
N)
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−0.7115
0.4000  .
0.9000

(2.3)
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According to formula (2.3), we can get the corresponding characteristic roots of S0 (0, 0, 0) as follows: λ1 = −0.1425
< 0, λ2 = −1.5475 < 0, λ. = 0.9000 > 0. Therefore, the equilibrium S0 (0, 0, 0) is unsteady. In the same way, we can
obtain the corresponding characteristic roots of the Jacobian matrix of the system at the other equilibrium points:
1) : S1 (6.6105, 0.8783, −0.5234) → λ1 = 0.1256 > 0, λ2 = 1.3704 > 0, λ3 = −2.2860 < 0;
2) : S2 (−70.9762, −3.3985, 6.7215) → λ1 = −8.5104 < 0, λ2 = 0.1568 > 0, λ3 = 7.5636 > 0;
2) : S3 (−2.8518, 0.3004, 2.1503) → λ1 = −0.7918 < 0, λ2 = −0.0009 − 0.5899i, λ3 = −0.0009 + 0.5899i.
Obviously, the system (2.1) at the equilibrium points:S0 , S1 and S2 are unstable, then S3 is stable.
To sum up, it can be seen that the system has a very complex dynamic properties from the stability of the equilibrium
points.
2.2.2

Dissipation of the dynamic system

For the system (2.1), there are relationships as follows:
∆V =

∂ ẋ ∂ ẏ ∂ ż
2c2
+
+
= (b2 −a1 −
)z+c2 −b2 M .
∂x ∂y ∂z
N

(2.4)

2
If b2 = a1 + 2c
N = 0.845, c2 −b2 M = 0.9 − 0.845 × 2= −0.79 < 0, then the dynamic system is a dissipative system.

2.2.3

Numerical simulation

The system (2.1) is very sensitive to the parameter. That is to say, a small changes will change the state of the system
in a certain parameter, which can been seen from the following analysis.
The parameters of the system (2.1) are fixed as the formula (2.2), set initial value as (0.2, 0.033, 0.8). Let a3 be equal
to 0.81, 0.92, 0.99, respectively and keep the value of the other parameters unchanged. Then, we can obtain different
phase diagrams. Let a3 = 0.81, then the orbit of system (2.1) is stable at a point, as shown in F ig.3; let a3 = 0.92, then
a chaotic state of the system (2.1) is produced, as shown in F ig.5; let a3 = 0.99, a limit cycle of the system (2.1) can be
seen, as shown in F ig.4.
According to Lyapunov exponents and bifurcation diagram of a3 , the sensitivity of the system (2.1) to the parameters
can be obtained, as shown in F ig.1. When a3 = 0.81, the maximum number of Lyapunov exponent is negative value in
F ig.1, which means the orbit of system (2.1) is stable at a point. When a3 = 0.92, the maximum number of Lyapunov
exponent is positive value in F ig.1 and there is a bifurcation in F ig.2, which indicates the system is unstable.

Figure 1: Lyapunov exponent spactrum
Therefore, we can identify the parameters of the actual system and judge the state of the system based on these
parameters. Then according to the actual significance and adjustment of the parameters, the effective controlling strategies
can be found. In the end, by means of analyzing various controlling strategies the optical policy can be obtained. As shown
in F ig.5, when a3 = 0.92, the system of energy market is chaotic state, which is bad to developing energy market. Thus in
order to make the system of the chaos become a steady state, a certain strategy should be measured to lead to the parameter
a3 to become small .
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Figure 2: Bifurcation diagram of z

Figure 3: Stable point of the system

Figure 4: Limit cycle of the system

3
3.1

Empirical study of the actual system
Parameter identification of the dynamic system

By means of the BP nerve net the system (2.1) will be discretized and the difference equation can be obtained as
follows:

Z(k)
 X(k + 1) = X(k) + ∆T [a1 (C − X(k))Z(k) − a2 Y (k) + a3 Z(k)( L −1)],
Y (k + 1) = Y (k) + ∆T [b1 X(k) + b2 Y (k)(Z(k) − M ) + b3 Z(k)],
(3.1)

Z(k)
Z(k + 1) = Z(k) + ∆T [c1 X(k)Y (k) + c2 Z(k)(1 − N )].
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Figure 5: Attractor of the system
According to the method of BP algorithm of artificial nerve net about BP nerve net, after repeating trials and operations the parameters of the actual system can be obtained as follows:
{
a1 = 0.0130, a2 = 0.1314, a3 = 0.0055, b1 = 0.3791, b2 = 0.1222, b3 = 0.1794,
(3.2)
c1 = 0.2726, c2 = 0.0079, C = 0.1746, L = 0.5142, M = 0.4514, N = 0.6375.
The parameters of the system are fixed as formula (3.2), we can obtain the actual system:

 Ẋ= −0.013XZ − 0.1314Y + 0.0055Z 2 −0.0032Z,
Ẏ = 0.3791X − 0.0552Y + 0.1222Y Z + 0.1794Z,

Ż= 0.2726XY − 0.0124Z 2 +0.0079Z,

(3.3)

Therefore, by means of the obtained system (3.3) the interrelationships of the energy prices, efficiency and economic
growth will be analyzed. The index number of energy prices, the data of energy efficiency and the indices of the GDP
in 2006 can be selected as the initial values. After these data is standardized we can obtain the standardization values
are 0.0581, 0.4574, 0.3724, respectively. At last, the standardization values are selected as the initial value and we can
obtain the evolution relationships of energy prices, energy efficiency and economic growth, as shown in F ig.6.
a
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Figure 6: Chaotic state of the actual system
From F ig.6 we can see: economic growth will improve the technological innovation, the energy efficiency is risen
by the technological innovation, the promotions of energy efficiency will lead to the growth of energy prices. However,
the rising of energy efficiency can also promote the growth of the economy, the growth of the economy will increase the
consumption of the energy, the growth of energy consumption can result in the growth of the energy prices. From here we
can see that there is an very complex relationships in the actual system (3.3). Because of the imbalance between supply
and demand the steady state of energy market can not be reached, which results in that the energy market is in unsteady
state, as F ig.7.

3.2

Empirical study

F ig.7 shows that decreasing the threshold N of economic growth and rising the threshold C of energy prices can
make the unsteady state reach a steady state. Rising the threshold C of energy prices means relaxing the Price Regulation,
decreasing the threshold N of economic growth means slowing down the rate of economic growth.
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Figure 7: Bifurcation diagram of state variable x with respect to parameter C and N
The parameters of the actual system are fixed as formula (3.2). Set the initial value (0.0581, 0.4574, 0.3724) and then
analyze the evolution state of the actual system (2.1) when we change the values of the parameters C and N :
1)when C : 0.4514 → 0.6 → 0.9. F ig.8(a), (b) shows the evolution relation of the system when C is equal to 0.6 and
0.9, respectively. Comparing with F ig.8(a), (b) we can see: F ig.8(b) reaches the steady state before F ig.8(a), which
indicates that rising the threshold C of energy prices can make the system reach the stability.
2)when N : 0.6375 → 0.15 → 0.05. F ig.8 : (c)(d) shows the evolution relation of the system when N is equal
to 0.15 and 0.05, respectively. Comparing with F ig.8 : (c)(d) we can see: F ig.8(d) reaches the steady state before
F ig.8(c), which indicates that rising the threshold N of economic growth can make the system get stability.
3)when (C, N ) : (0.4514, 0.6375) → (0.6, 0.15) → (0.9, 0.05). F ig.8(e), (f ) shows the evolution relation of
the system when (C, M ) is (0.6, 0.15) and (0.9, 0.05), respectively. Comparing with F ig.8 : (b), (e), (f ) we can see:
F ig.8(f ) reaches the steady state before F ig.8 : (b), (e) and has a optical level with every element.

Figure 8: The evolution results of the actual system
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Comparing F ig.6 with F ig.8 : (b), (e), (f ) can be obtained: relaxing the Price Regulation step by step aims to rising
the threshold C of energy prices and slowing down the rate of economic growth aims to decreasing the threshold N of
economic growth, which can make energy market of the unsteady state reach the steady state. In addition, the different
power of measured policies will result in different results, which has condition corresponding to the facts.

4

Conclusions

This paper using energy prices-efficiency-economic growth establishes a three-dimension non-linear dynamic system
and analyzes the dynamic behavior of the system. The empirical study shows that relaxing the Price Regulation and
slowing down the rate of economic growth can make chaotic state of energy market become steady state in a relatively
short time. Furthermore, owing to the policies measured with different levels that will get steady state in a different time.
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