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Abstract: Technological innovations in the power industry can help reduce electricity consumption
but may also have a negative result due to rebound effects. Estimation and refinement of electricity
demand rebound effects are important for assessing the impact of technological innovations. For
this purpose, this paper first constructs a Log Mean Divisia Index (LMDI) to measure the structural
and technical effects. Secondly, a Data Envelopment Analysis (DEA)–Malmquist Productivity Index
is used to calculate the change in the generalized rate of technological progress, narrow rate of
technological progress, and technical use efficiency. Thirdly, the electric power demand rebound
effect during the New Normal period is calculated to compare with the rebound effect of the overall
energy. Finally, a vector auto-regressive (VAR) model and an impulse response function (IRF) are used
to investigate the impact degree of electric power demand changes on other energy demand under the
“electrical energy substitution” strategy. The empirical results indicate that the general technological
progress rate of China’s electric power industry is increasing gradually in the New Normal period,
and the variations in electric demand exhibit the characteristics of the backfire effect and partial
rebound effect, respectively, in the context of generalized technological innovation and narrow
technological innovation. Meanwhile, contrary to the changing trend of the overall energy demand
intensity, electric power demand intensity increased continuously with the advancement of the
“electrical energy substitution” strategy, which led to a continuous decline in other energy demands.

Keywords: technological innovation; electric power demand; rebound effect; New Normal period;
electrical energy substitution

1. Introduction

As indispensable secondary energy in today’s society, electricity plays an important
role in economic growth and daily life, and its demand has increased gradually with the
growth of the economy. At the same time, with China’s economy entering a New Normal
period, the economic structure is constantly adjusting. Specifically, the New Normal period
refers to the period of economic development that began in 2012. In this period, along with
the optimization and upgrading of the economic structure, Chinese economic development
has shifted from high-speed growth to medium-high-speed growth, from factor-driven
growth and investment-driven growth to innovation-driven growth. On the one hand,
the secondary industry represented by high-end manufacturing, the tertiary industry
represented by the modern service industry [1], and the residential electricity consumption
driven by new urbanization [2,3] have gradually become a new economic growth point
to stimulate China’s electric power demand. It is expected that the demand for social
electricity consumption will continue to increase [4], which leads to great challenges for the
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stability of existing electric power supply systems. On the other hand, the research and
development (R&D) technology promoted by the new economic normal reform, including
electric transmission loss reduction technology via high-voltage (HV) and ultra-high-
voltage (UHV) methods, energy-saving technology, new energy technology, energy storage
technology [5], has become more mature. These technologies not only lead to an increase
in electric power supply, but also reduce the intensity of energy consumption, and affect
the environmental efficiency of the electric power industry [6].

However, whether the efficiency improvement brought by technological innovation
in the New Normal period will result in the reduction in final electric power demand
or further stimulate the growth of electric power demand due to the rebound effect is
a valuable issue. As a special phenomenon in energy management, the rebound effect
means that technological innovation does not reduce energy demand, but instead leads to
more energy demand because of the accompanying economic growth [7]. In terms of the
work of [8], the definitions of the specific rebound effect are defined below, as shown in
Table 1. Therefore, further deep research is needed to provide policy implications for the
development of the electric power industry reasonably.

Table 1. Definition of electric power demand rebound effect.

Definition Situation Implication

Backfire effect RE > 1 Electric power efficiency improvement increases
electric power demand.

Full rebound effect RE = 1
Power-saving improvement by electric power

efficiency is offset by the rebound amount, and the
electric power demand is unchanged.

Partial rebound effect 0 < RE < 1
Power-saving improvement by electric power

efficiency is partially offset by electric power demand,
and overall electric power demand is reduced.

Zero rebound effect RE = 0
Improvement of electric power efficiency only leads to

a reduction in electric power demand and does not
cause a rebound effect.

Super saving effect RE < 0
Not only does improvement of electric power

efficiency reduce the electric power demand, but also
the rebound effect is negative.

As an important phenomenon that cannot be ignored when the government formulates
energy policies [9,10], the rebound effect is often analyzed from different angles. In the
existing literature, many researchers applied different methods to measure the technological
innovation and the intensity of energy demand and analyze the relationship between the
two to describe the energy rebound effect from the perspective of overall energy [11,12].
For technological innovation, most scholars used the Solow residual method to measure
the degree of innovation [13–15]. They often constructed production functions to measure
the total factor productivity (TFP), which is used to estimate the technological progress rate.
For example, considering the spatial spillover effect in neighboring areas, Feng et al. [16]
used the Solow residual method to estimate the contribution rate of pure technological
progress and spatial spillover effect to economic growth. For the intensity of energy
demand, most of the existing studies first applied the Laspeyres index [17] or the Log
Mean Divisia Index (LMDI) methods [18,19] to decompose the energy intensity variation
factors, and then combined the technological progress indicators to analyze the energy
rebound effect. For example, both Lin et al. [20] and Dong et al. [21] pointed out that all the
rebound effect values of China’s macro energy are greater than zero, with the mean values
of 1981–2009 and 1996–2012 being 0.532 and 0.79, respectively, which exhibited partial
rebound effect. That is, the improvement in energy efficiency, caused by the advancement
of energy technology, instead increased the overall energy demand. This will reduce the
positive output of industrial energy efficiency projects [22].
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In the calculation of the rebound effect, some scholars used the state-space model with
time-varying parameters [23] or the dynamic panel model [24] to investigate the long-term
and short-term energy rebound effects at China’s macroeconomic level. Their studies found
that short-term technological innovation will lead to an increase in energy demand, but
the energy-saving effect of overall energy efficiency improvement will gradually emerge
in the long run, which will affect the profits of manufacturers in energy-intensive supply
chains [9,25]. Besides the macroeconomic level, some scholars analyzed the energy rebound
effects from the perspective of specific industries. Their analysis found that all the rebound
effect values of China’s construction industry [26,27], steel industry [28], light industry [29],
manufacturing industry [30], and six energy-intensive industries [18] are greater than
0, showing different degrees of partial rebound effect or backfire effect. Lin et al. [31]
used the LMDI method and the TFP model to measure the rebound effect of the Chinese
nonferrous metals industry and pointed out that the average rebound effect value from 1985
to 2014 was about 0.8302 and showed a downward trend, indicating that improving the
energy utilization level will become an important way to save energy and reduce emissions.
Similarly, Bataille et al. [32] found that there is a backfire effect in energy demand, such as
asphalt upgrading and shale gas mining, in Canada.

Focusing on the rebound effect of electric power energy demand, Deng et al. [33]
pointed out that the average rebound effect value of electric power in China from 1998 to
2013 was 0.7697, exhibiting a partial rebound effect. Lu et al. [8] found that the long-term
rebound effect of urban residents’ electricity was greater than zero by constructing co-
integration equations, panel error correction models, and input–output models. Likewise,
some scholars have refined the demand for residential electricity [9] and found that the
overall electric power rebound effect for the residential market was greater than zero, and
the electric power demand of partial electrical appliances had a backfire effect [34–36]. For
the rebound effect of electric power in various industries, Amjadi et al. [37] found that the
electric power demand of Swedish heavy industry was characterized by a partial rebound
effect. Finally, Table 2 lists the related literature as follows.

Table 2. The summary of the related literature.

Ref.
Assumptions Approach

Results
RE 1 PF 2 SW 3 SE 4 EM 5 DEA GT 6

Lin et al. [20]
√ √ √

partial rebound effect
Shao et al. [23]

√ √ √
energy-saving effect

Dong et al. [21]
√ √ √

partial rebound effect
Bataille et al. [32]

√ √ √
backfire effect

Jin et al. [24]
√ √ √

energy-saving effect
Wang et al. [28]

√ √ √
partial rebound effect

Chen et al. [30]
√ √ √

partial rebound effect
Su [35]

√ √ √
backfire effect

Safarzadeh et al. [38]
√ √ √ √

partial rebound effect
Our work

√ √ √ √ √

Note: 1 Rebound effect 2 Production function 3 Social welfare 4 Substitution effect 5 Econometric model 6 Game theory.

In the existing rebound effect analysis of electric power demand, only narrow tech-
nological progress is considered, which refers to the innovation of specific technologies,
such as UHV, energy-saving technology, etc. That is, the impact of generalized technologi-
cal progress, including narrow technological progress and technical use efficiency, is not
taken into account. In general, both the improvement of a specific technology (i.e., narrow
technological progress) and the technical use efficiency can improve production efficiency.
Therefore, the improvement of the narrow technological progress rate and the technical use
efficiency are collectively referred to as the generalized technological progress rate. Fur-
thermore, previous studies have not analyzed the changes in the rebound effect of China’s
electric power during China’s New Normal period. For this purpose, this paper will extend
the work of Lin et al. [20] and Dong et al. [21] to propose a new analytical framework to
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analyze China’s macro-energy rebound effect. In the proposed analytical framework, the
technological progress rate is selected as the proxy variable of technological innovation,
and the changes in electric power rebound effect caused by technological innovation since
China entered the New Normal period are deeply analyzed.

According to the proposed analytical framework, the paper first selects the Data
Envelopment Analysis (DEA)–Malmquist Productivity Index and Log Mean Divisia Index
(LMDI) methods to determine the technological progress rate and electric power demand
intensity of the electric power industry. Then, the analysis framework of the rebound effect
was used to measure the rebound effect of China’s electric power demand under the period
of the New Normal, which is compared with the rebound effect of overall energy, calculated
by Dong et al. [21]. Finally, in order to further analyze the substitution effect of electric
power demand, a vector autoregressive (VAR) model and impulse response function (IRF)
are constructed to determine the impact of electric power demand changes on other energy
demands. According to the conclusions, some policy implications are proposed to guide
the orderly development of the electric power industry in China. Clearly, the following
contributions describe the novelty of the presented study in detail.

(1) The presentation of a research framework for the electricity power demand rebound
effect in three dimensions including generalized technological progress, narrow tech-
nological progress, and technical use efficiency.

(2) The comparison of rebound effects between overall energy demand and electricity
demand during the New Normal period.

(3) The evaluation of the impact of electricity demand growth on other energy demand
under the “electrical energy substitution” strategy.

The rest of the paper is organized as follows. Section 2 presents the analytical frame-
work of the rebound effect of electric power demand. Section 3 reports the empirical results
and some discussions. Finally, the conclusions and policy implications will be given in
Section 4.

2. Analytical Framework

In this paper, the rebound effect of electric power demand from the perspective of
generalized technological progress will be analyzed deeply. Therefore, not only the narrow
technological progress, but also the structural adjustment of the three industries and the
change in electric power demand intensity caused by the improvement of electrical energy
efficiency are taken into account. For this purpose, this paper first constructs the Log
Mean Divisia Index (LMDI) to measure the structural and technical effects that trigger
changes in electric power demand intensity. Secondly, the Data Envelopment Analysis
(DEA)–Malmquist Productivity Index is used to calculate the change in the generalized rate
of technological progress, narrow rate of technological progress, and technical use efficiency.
Thirdly, combined with the analytical framework of the rebound effect, analysis of the
electric power demand rebound effect caused by the generalized technological progress
and the narrow technological progress during the New Normal period is carried out to
compare with the rebound effect of the overall energy. Finally, a vector auto-regressive
(VAR) model and the impulse response function (IRF) are used to investigate the impact
degree of electric power demand changes on other energy demand under the “electrical
energy substitution” strategy. In detail, the general analytical framework of the electric
power demand rebound effect is illustrated in Figure 1.

2.1. Contribution Rate Measurement of Structural Effect and Technical Effect

As a popular decomposition method in the field of energy consumption, the Log Mean
Divisia Index (LMDI) can effectively avoid the residual term generated in the decomposition
process, and thus it has a stronger explanatory power of the model than the Laplace
index [39,40]. Combined with the research framework, this paper assumes that the change
in power demand intensity is caused by the change in demand intensity within the industry
and the adjustment of industrial structure. Therefore, this paper chooses the LMDI method
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to measure the structural effect and technical effect factors that trigger the electric power
demand intensity. The detailed calculation process is shown below.
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(1) Define the ratio of electric power demand intensity and the output value of the three
industries using Equation (1).

It =
Et

Yt
= ∑i

(
Ei,t

Yi,t

)(
Yi,t

Yt

)
= ∑i Ii,tSi,t (1)

where It, Et, Yt represent the power demand intensity, electric power demand, and actual
total output in period t, respectively, Ei,t, Yi,t, Ii,t, and Si,t represent the electric power
demand, output level, electric power demand intensity, and output weight of the i-th
industries in period t, respectively.

(2) Calculate the technical and structural effects of electric power demand using Equations (2)–(4).

∆Itot = ∆Itec + ∆Istr = ∑iL(wi,t−1, wi,t) ln
(

Ii,t

Ii,t−1

)
+ ∑iL(wi,t−1, wi,t) ln

(
Si,t

Si,t−1

)
(2)

wi,t = Ii,tSi,t (3)

L(wi,t−i, wi,t) = wi,t − wi,t−1/ ln (
wi,t

wi,t−1
) (4)

where ∆Itot represents the whole change in electric power demand intensity; ∆Itec represents
the technical effect, which is used to measure the impact of the change in internal electric
power demand intensity on the total electric power demand intensity; and ∆Istr represents
the structural effect, which is used to measure the industrial restructuring to the total electric
power demand intensity. The effect of L(wi,t, wi,t−1) is called the logarithmic mean weight.

(3) Calculate the contribution rates of the technical effect and the structural effect using
Equations (5) and (6).

δ = ∆Itec/∆Itot (5)

1− δ = ∆Iinr/∆Itot (6)
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where δ and 1− δ represent the contribution rates of the technical effect and the structural
effect, respectively.

2.2. Contribution Rate Measurement of Technological Progress

For the contribution rate of technological progress, the DEA–Malmquist method
integrating DEA with the Malmquist productivity method by Färe et al. [41] is adopted
as a measurement tool. In the method, the Malmquist productivity index proposed by
Caves et al. [42] is first used to measure the generalized technological progress rate by
comparing the performance of two-stage reference technology and calculating the change
in total factor productivity (TFP). Then, the generalized rate of technological progress is
decomposed into the narrow rate of technological progress and technical use efficiency
to provide more comprehensive information [43] based on the Malmquist productivity
index. Specifically, considering the composition of the production function, this paper
assumes that the factors of production are capital stocks, labor, and electric power demand,
which are selected as the input variables, with the choice of GDP to represent the output
variable. Finally, the ratio between the technological progress rate and the real GDP growth
rate is calculated to obtain the contribution rate of technological progress. Generally, the
calculation process of the contribution rate of technological progress is shown below.

(1) Calculate the Malmquist Productivity Index using Equation (7).

Mt+1

(
yt+1, xt+1, yt, xt

)
=

√
Dt+1(yt+1, xt+1)

Dt+1(yt, xt)

Dt(yt+1, xt+1)

Dt(yt, xt)
(7)

where xt+1 and xt represent the element input vector in period t + 1 and period t, which
includes capital stocks, labor, and electric power demand; yt+1, yt represent the element
output vector in period t + 1 and period t, which is measured by GDP; Dt+1(yt+1, xt+1)
and Dt+1(yt, xt) represent the distance function of the input and output vectors in period
t + 1 and period t with the technology in period t + 1 as reference; and Dt(yt+1, xt+1) and
Dt(yt, xt) represent the distance function of the input and output vectors in period t + 1
and period t with the technology in period t as reference. When M > 1, it means that the
productivity increases; when M = 1, it means that the productivity does not change; and
M < 1 means that the productivity decreases.

(2) Decompose the productivity index using Equations (8)–(10).

Mt+1

(
yt+1, xt+1, yt, xt

)
= MTECt+1MTCt+1 (8)

MTECt+1 =
Dt+1(yt+1, xt+1)

Dt(yt, xt)
(9)

MTCt+1 =

√
(

Dt(yt, xt)

Dt+1(yt, xt)
)(

Dt(yt+1, xt+1)

Dt+1(yt+1, xt+1)
) (10)

where Mt+1, MTECt+1, and MTCt+1 respectively represent the generalized rate of techno-
logical progress, the narrow technological progress rate, and the technical use efficiency in
the t + 1 period.

(3) Calculate the contribution rate of technological progress using Equations (11)–(13).

ρ = (M− 1)/∆GDP (11)

ρ1 = (MTEC− 1)/∆GDP (12)

ρ2 = (MTC− 1)/∆GDP (13)
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where ∆GDP represents the real GDP growth rate and ρ, ρ1, and ρ2 represent the contribu-
tion degrees of the generalized rate of technological progress, narrow rate of technological
progress, and technical use efficiency to economic growth.

2.3. Rebound Effect Analysis

According to the definition of the rebound effect, it is measured by energy demand
intensity and energy efficiency, but there are many factors that affect energy efficiency, such
as specific technological progress or the improvement of technology use efficiency, so it
is necessary to refine the rebound effect caused by technological progress. Therefore, we
assume that technological progress includes generalized technological progress, specific
technological progress, and the improvement of technology use efficiency, which are
measured by the broad technological progress rate, narrow technological progress rate
and technical use efficiency, respectively. For the rebound effect of electric power demand
caused by the change in the generalized rate of technological progress, the narrow rate of
technological progress, and the change in technical use efficiency, the specific calculation
formulae are represented by Equations (14)–(16).

REt+1
1 =

∆E1

∆E2
=

It+1(Yt+1 −Yt)p
Yt+1(It − It+1)

(14)

REt+1
2 =

∆E3

∆E4
=

It+1(Yt+1 −Yt)p1

Yt+1(It − It+1)δ
(15)

REt+1
3 =

∆E5

∆E6
=

It+1(Yt+1 −Yt)p2

Yt+1(It − It+1)(1− δ)
(16)

where REt+1
1 , REt+1

2 , and REt+1
3 represent the rebound effect of electric power demand

caused by generalized technological progress, narrow technological progress, and technical
use efficiency.

2.4. Impact Analysis of Electric Power Demand Changes on Other Energy Demand Based on VAR
and IRF

In this section, a vector autoregressive (VAR) model and impulse response function
(IRF) are used to investigate the impact of electric power demand changes on other energy
demands in terms of the work of [44]. The VAR model has been widely used in many fields,
with strong system analysis advantages since its inception [45]. By adopting the form
of multiple equations, the VAR model regresses the hysteresis values of all endogenous
variables of the model in each equation to estimate the dynamic relationship between
the variables, which can be used to measure the potential substitution effect. This article
assumes that the increase in electricity demand will have an impact on other energy
demands; its general form can be expressed by Equation (17).

Ei,t = A1Ei,t−1 + A2Ei,t−2 + . . . + ApEi,t−p + εt (17)

where EDi,t represents the k-dimensional endogenous variable in the t period, which com-
bines the electric power demand and other energy demand; Al represents the corresponding
coefficient matrix in lag period l; and l represents the lag order of the endogenous variable.

Since the coefficients of the VAR model only reflect the local characteristics, it is
difficult to capture the comprehensive and complex dynamic relationship, so it is necessary
to combine an IRF for further analysis. By applying a standard deviation impact on the
random error term, the dynamic effects on endogenous variables are analyzed. In addition,
the unit root test [46], cointegration test [47], and Granger causality test [48] are used to
determine whether the corresponding time series variables can be analyzed using VAR
and IRF.
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3. Empirical Analysis

In this section, we present the main characteristics of China’s electric power demand
changes during the New Normal period. Afterward, the impact of the increase in electricity
demand is analyzed based on the assumption of the substitution effect.

3.1. Data Sources and Pre-Processing

For variable selection, based on the analytical framework and the availability of data,
the capital stock, labor, and electric power demand are selected as input variables and
the gross domestic product (GDP) is used as the output variable when calculating the
contribution rate of technological progress. The definition of capital stock selects the
perpetual inventory method for calculation with a depreciation rate of 10% in terms of the
overall energy rebound effect of Dong et al. [21]. In addition, the electric power demand
in three industries in different years was selected to measure the contribution rate of
technological progress. Considering that the energy consumption data by industry in the
2018 Statistical Yearbook is only updated to 2016, the data period selected in this paper is
from 1999 to 2016, when the rebound effect analysis is carried out. To build the VAR model
and the IRF for further analysis, the proportion of coal, oil, and natural gas in the total
energy consumption in the statistical yearbook is selected as the approximate measurement
of other energy demands, and the total electricity consumption is taken as the measurement
of electric power demand at the same time. Considering that the data on total electric
power demand in the statistical yearbook is updated to 2017, the selected data samples are
from 1999 to 2017. These data are collected and compiled in China’s 1999–2018 Statistical
Yearbook and 1999–2017 Energy Statistics Yearbook. Based on the 1998 constant price, the
annual national income and fixed asset stock data are adjusted, and a small amount of
missing data is interpolated and imputed.

3.2. Decomposition Results of Technological Progress and Electric Power Demand Intensity

According to the previous models, the above data can be used to calculate the technical
and structural effects of the electric power demand intensity, as well as the generalized rate
of technological progress, the narrow technological progress rate, and the technical use
efficiency. The corresponding results are shown in Table 3.

According to Figure 2 and Table 3, although the overall average value of electric
power demand intensity is negative, the declining trend is not obvious, and the electric
power demand intensity increased during 1999–2016, which implies that the decline in
electric power demand is due to technological progress and technical use efficiency im-
provement may be offset by the rebound effect. Since the Chinese economy entered the
New Normal period, the average demand intensity for electricity has dropped by an
annual average of 0.0023 (100 million kWh/100 million yuan), which is higher than the
average value of previous years. This indicates that the rate of decline in electric power
demand intensity has slowed down in recent years, and the demand for electricity has
gradually increased. Especially in 2013, after the State Grid Corporation proposed the
“electrical energy substitution” strategy, the proportion of electric power consumption
in user terminals has been increasing [49], and the variation of electric power demand
intensity increased from −0.0050 (100 million KWH/100 million yuan) in 2014 to −0.0013
(100 million KWH/100 million yuan) in 2016, further indicating that there may be a back-
fire effect in electric power demand. In addition, from the results of the decomposition
of electric power demand intensity, it can be seen that an obvious upward trend appears,
although the technical effect value still remained negative after 2014. This indicates that
the demand for electricity in each industry increases continually, and, at the same time, it
counteracts the impact of the structural effects caused by the adjustment of the industrial
structure, gradually resulting in a slowdown in the overall demand intensity for electricity.
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Table 3. Decomposition results of China’s technological progress and electric power demand intensity
(1999–2016).

Year M MTEC MTC ∆Itot ∆Itec ∆Istr

1999 0.9700 1.1537 0.8407 −0.0015 −0.0013 −0.0002
2000 1.0011 1.0802 0.9267 0.0008 0.0003 0.0005
2001 1.1157 1.1021 1.0124 −0.0009 −0.0002 −0.0007
2002 1.2443 1.1107 1.1203 −0.0001 0.0004 −0.0005
2003 1.3961 1.1088 1.2592 0.0055 0.0034 0.0021
2004 1.5165 1.0908 1.3902 0.0004 0.0001 0.0003
2005 1.5807 1.0284 1.5370 −0.0050 −0.0071 0.0021
2006 1.6977 1.0000 1.6977 −0.0041 −0.0051 0.0011
2007 0.8411 1.0000 0.8411 −0.0060 −0.0051 −0.0009
2008 0.9612 1.0000 0.9612 −0.0129 −0.0131 0.0002
2009 1.0817 1.0000 1.0817 −0.0083 −0.0072 −0.0012
2010 1.1872 1.0033 1.1834 −0.0002 −0.0009 0.0007
2011 1.3043 1.0066 1.2958 −0.0032 −0.0030 −0.0001

Mean value
(1999–2011) 1.2229 1.0527 1.1652 −0.0027 −0.0030 0.0003

2012 1.4161 1.0075 1.4056 −0.0076 −0.0064 −0.0012
2013 1.5432 1.0334 1.4933 −0.0005 0.0009 −0.0014
2014 1.6342 1.0222 1.5987 −0.0050 −0.0040 −0.0010
2015 1.7046 1.0077 1.6916 −0.0035 −0.0016 −0.0019
2016 1.7873 1.0000 1.7873 −0.0013 −0.0002 −0.0011

Mean value
(New Normal) 1.6171 1.0142 1.5953 −0.0036 −0.0023 −0.0013

As shown in Figure 3a and Table 3, the TFP growth rate of China’s electric power
industry has presented an overall upward trend since 1999, except before and after the
2008 financial crisis. In addition to the significant decline, the generalized technological
progress in the other years is greater than 1. Since 2012, the generalized rate of technological
progress is characterized by continuous increase. The overall average value of the New
Normal period is 1.6171, which is 0.32 percentage points higher than the previous years’
average. This is closely related to the policy support of the national basic industries under
the New Normal period, especially the support for the development of extra-high voltage
(UHV) and the strengthening of distribution network construction in recent years [50].
These support policies continuously improve the efficiency of power transmission and
utilization, thus leading to an increase in the generalized technological progress rate.

Based on Figure 3b and Table 3, the technical use efficiency of China’s electric power
industry continuously improved during the New Normal period, and the overall average
value for 2012–2016 is 1.5953, which is an increase of 36.92% over the previous year.
Additionally, although the narrow technological progress rate maintained a steady increase,
and the overall average value in the New Normal period was 1.0142, it decreased compared
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with the previous years. This shows that, in the New Normal period, the generalized
rate of technological progress mainly relied on technical use efficiency improvement to
achieve growth, power technology innovation was fully promoted, and the level of power
resource production and utilization continuously improved. These results are consistent
with the fact that the problem of light and wind abandonment in the development of new
energy significantly improved and the technical use efficiency of the electric power industry
continued to increase, as pointed out in the annual development report of “China’s electric
power industry 2018”.
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3.3. Analysis of the Rebound Effect of Electric Power Demand

In terms of the technological progress and the decomposition of energy intensity, the
contribution rate of technological progress, the contribution rate of technical use efficiency,
and the rebound effect of electric power demand can be calculated, as shown in Table 4.

Table 4. Rebound effect computation of China’s electric power demand from 1999 to 2016.

Year ρ ρ1 ρ2 δ 1−δ RE1 RE2 RE3

1999 −0.3097 1.5866 −1.6444 0.8503 0.1497 −1.8947 11.4166 −67.1924
2000 0.0151 1.1033 −1.0084 0.3592 0.6408 −0.2191 −44.4704 22.7836
2001 1.3049 1.1515 0.1399 0.1747 0.8253 18.7958 94.9682 2.4407
2002 2.4485 1.1095 1.2057 −3.7816 4.7816 328.2446 −39.3321 33.8039
2003 3.3229 0.9127 2.1745 0.6123 0.3877 −8.6067 −3.8608 −14.5274
2004 4.6450 0.8166 3.5092 0.2849 0.7151 −212.685 −131.249 −224.684
2005 3.8417 0.1879 3.5526 1.4314 −0.4314 15.9402 0.5446 −34.1661
2006 3.9626 0.0000 3.9626 1.2646 −0.2646 20.0256 0.0000 −75.6689
2007 −0.8776 0.0000 −0.8776 0.8505 0.1495 −3.1033 0.0000 −20.7600
2008 −0.1963 0.0000 −0.1963 1.0126 −0.0126 −0.2596 0.0000 20.5266
2009 0.4677 0.0000 0.4677 0.8590 0.1410 0.8064 0.0000 5.7206
2010 1.1998 0.0212 1.1755 4.4816 −3.4816 78.8303 0.3101 −22.1826
2011 2.2640 0.0491 2.2007 0.9556 0.0444 9.9181 0.2251 217.165

Mean value
(1999–2011) 1.6991 0.5337 1.1278 0.7196 0.2804 18.9071 −8.5729 −12.0570

2012 2.6810 0.0483 2.6133 0.8456 0.1544 4.2279 0.0901 26.6843
2013 3.8120 0.2344 3.4618 −1.6749 2.6749 60.8699 −2.2346 20.6653
2014 6.6641 0.2333 6.2911 0.7936 0.2064 10.6656 0.4704 48.7891
2015 7.1527 0.0782 7.0207 0.4569 0.5431 11.6348 0.2783 21.0272
2016 11.1032 0.0000 11.1032 0.1439 0.8561 49.4105 0.0000 57.7127

Mean value
(New Normal) 6.2826 0.1188 6.0980 0.1130 0.8870 27.3617 −0.2792 34.9757

Figure 4 shows that both generalized technological progress and narrow technological
progress have positively promoted economic growth. The average contribution of general-
ized technological progress increased from 1.6991 in the previous period to 6.2826 in the
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New Normal period. This indicates that China’s investment in technology is increasing
year by year, thus promoting the continued growth of the economy [51].
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As can be seen from Figure 5a, from the perspective of generalized technological
progress, the rebound effect of China’s electric power demand from 1999 to 2016 showed a
backfire effect as a whole, except for the super-saving effect and partial rebound effect in a
few years. This shows that electricity savings due to generalized technological progress are
not sufficient to offset the electric power demand generated by economic growth [33]. For
the rebound effect of China’s electric power demand in the New Normal period, it can be
seen that the rebound effect of electric power demand under the condition of generalized
technological progress had a backfire effect, and the electric power demand increased
gradually. The average value of the rebound effect in the New Normal period was 27.3617,
which represents an increase of 44.72 percent over the previous overall mean of 18.9071
in the previous period. In addition, the rebound effect brought about by the generalized
technological progress after 2014 increased continuously, which shows that the “electrical
energy substitution” strategy was effectively implemented.

Figure 5b exhibits the rebound effect of electric power demand caused by narrow tech-
nological progress, which fluctuated around zero after 2005. However, in the New Normal
period, it mainly showed the characteristics of the partial rebound effect, indicating that, in
recent years, although the innovation of technologies including HVH/UHV transmission
impairment technology, new electrical appliances technology, energy storage technology,
and energy conservation technology, were able to reduce power consumption and increase
technical use efficiency, the overall trend of electric power demand still rose due to the
rebound effect.

Sustainability 2022, 14, x FOR PEER REVIEW  12  of  19 
 

Normal period, it mainly showed the characteristics of the partial rebound effect, indicat‐

ing that,  in recent years, although the  innovation of technologies  including HVH/UHV 

transmission impairment technology, new electrical appliances technology, energy stor‐

age  technology, and  energy  conservation  technology, were able  to  reduce power  con‐

sumption and increase technical use efficiency, the overall trend of electric power demand 

still rose due to the rebound effect. 

     
(a)  (b)  (c) 

Figure 5. The rebound effect value of power: (a) under the generalized technological progress; (b) 

under the narrow technological progress; and (c) under the technical use efficiency. 

Figure 5c shows that the rebound effect of electric power demand due to technical 

use efficiency growth in the New Normal period has a backfire effect, indicating that the 

full promotion of electric technology innovation further stimulates the increase in electric 

power demand. 

Furthermore, it can be seen that, under the condition of narrow technological pro‐

gress, China’s overall energy and electric energy showed a partial rebound effect, indicat‐

ing that narrow technological progress increased the demand for both overall energy and 

electrical energy  from Table 5. Moreover,  the average  increase  in energy  intensity and 

electric power demand brought by each unit of narrow technological progress was 0.35 

tons of standard coal per 10,000 yuan and 20.84 million kWh per 100 million yuan, respec‐

tively. For the generalized technological progress, it can be seen that the rebound effect of 

overall energy had a super‐saving effect, but the rebound effect of electric power demand 

in the corresponding year had a backfire effect, indicating that China’s overall energy de‐

mand is declining, but the electric power demand is increasing gradually, which is con‐

sistent with the trend of increasing the proportion of electrical energy in the terminal con‐

sumption analyzed above. 

Table 5. Comparison of rebound effect between overall energy and electricity energy. 

  Year  𝑹𝑬𝟏  𝑹𝑬𝟐  𝑹𝑬𝟑 

Overall energy [21] 

2010  −0.3900  0.2100  3.2700 

2011  −0.1600  0.4700  2.3900 

2012  −0.1400  0.3700  512.9800 

Mean  −0.2300  0.3500  172.8800 

Electricity energy 

2010  78.8303  0.3101  −22.1826 

2011  9.9181  0.2251  217.1650 

2012  4.2279  0.0901  26.6843 

Mean  30.9921  0.2084  73.8889 

Similarly, Figure 6 shows the change in electric power demand and other energy de‐

mands. Along with the pressure of energy conservation and emission reduction during 

the “13th Five‐Year Plan” period in China, the continuous optimization of energy struc‐

ture also reduced the energy consumption intensity, while the proportion of power con‐

sumption  increased continuously  [52]. However, under  the “electrical energy substitu‐

tion” strategy（i.e., replacing the use of oil and natural gas with electricity in final energy 

Figure 5. The rebound effect value of power: (a) under the generalized technological progress;
(b) under the narrow technological progress; and (c) under the technical use efficiency.



Sustainability 2022, 14, 8263 12 of 18

Figure 5c shows that the rebound effect of electric power demand due to technical
use efficiency growth in the New Normal period has a backfire effect, indicating that the
full promotion of electric technology innovation further stimulates the increase in electric
power demand.

Furthermore, it can be seen that, under the condition of narrow technological progress,
China’s overall energy and electric energy showed a partial rebound effect, indicating
that narrow technological progress increased the demand for both overall energy and
electrical energy from Table 5. Moreover, the average increase in energy intensity and
electric power demand brought by each unit of narrow technological progress was 0.35 tons
of standard coal per 10,000 yuan and 20.84 million kWh per 100 million yuan, respectively.
For the generalized technological progress, it can be seen that the rebound effect of overall
energy had a super-saving effect, but the rebound effect of electric power demand in the
corresponding year had a backfire effect, indicating that China’s overall energy demand
is declining, but the electric power demand is increasing gradually, which is consistent
with the trend of increasing the proportion of electrical energy in the terminal consumption
analyzed above.

Table 5. Comparison of rebound effect between overall energy and electricity energy.

Year RE1 RE2 RE3

Overall energy [21]

2010 −0.3900 0.2100 3.2700
2011 −0.1600 0.4700 2.3900
2012 −0.1400 0.3700 512.9800

Mean −0.2300 0.3500 172.8800

Electricity energy

2010 78.8303 0.3101 −22.1826
2011 9.9181 0.2251 217.1650
2012 4.2279 0.0901 26.6843

Mean 30.9921 0.2084 73.8889

Similarly, Figure 6 shows the change in electric power demand and other energy
demands. Along with the pressure of energy conservation and emission reduction during
the “13th Five-Year Plan” period in China, the continuous optimization of energy structure
also reduced the energy consumption intensity, while the proportion of power consumption
increased continuously [52]. However, under the “electrical energy substitution” strategy
(i.e., replacing the use of oil and natural gas with electricity in final energy consumption),
the impact of the increase in electric power demand on other energy demands needs further
analysis by using VAR and IRF.
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3.4. Analysis of the Impact of Changes in Electric Power Demand

Before constructing the VAR model and the impulse response function, it is necessary
to perform a unit root test, Engle–Granger (EG) cointegration test, and Granger causal
test to determine the level of stability of the variable itself and its combination, and then
determine whether there is a statistical causal relationship between the variables.

3.4.1. Unit Root Test and Cointegration Test

To determine the level of stationarity of each time series and whether there is a
cointegration relationship between the variables, the ADF test and EG cointegration test
are performed on electric power demand data and other energy demand data.

In Table 6, we can see that E1,t and E2,t can not pass the 10% significance level, and
the original hypothesis cannot be rejected. That is, the unit root exists in each time series
and it is a non-stationary time series. After the first-order differential processing of the
variables, the unit root test is performed, and all variables pass the 10% significance level,
indicating that D(E1,t) and D(E2,t) are stationary time series. Therefore, the original time
series is a first-order single integer, and the cointegration test can be performed. The EG
test shows that there exists a cointegration relationship between the variables, which can
also be verified by the graph of AR root in Figure 7.

Table 6. Results of ADF test and EG cointegration test.

Variable ADF Test EG Test

E1,t (1.0075) −
E2,t (0.1402)

D(E1,t) (−3.0114) * (−2.6278) **
D(E2,t) (−4.2075) **

Note: * indicates a significance level of 10%, ** indicates a significance level of 5%.
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3.4.2. Granger Causality Test

After using the AIC criteria to determine the lagging order of 4, the VAR model is
constructed as shown in Equations (18) and (19), and a Granger causality test is performed.
Table 7 shows that both the electric power demand and other energy demand pass the
Granger causality test at a significance level of 1%, which is statistically causal. At the
same time, it can be seen from Equations (18) and (19) that the electric power demand
and other energy demand are substitutes for each other. The increase in demand for other
energy sources will reduce the demand for electricity in the long run, while the increase
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in electricity demand will significantly reduce the demand for other energy sources in the
medium- and long-term.

E1,t = −2807.51 + 0.69E1,t−1 − 1.12E1,t−2 + 1.90E1,t−3 − 0.83E1,t−4
+0.07E2,t−1 + 0.10E2,t−2 − 0.26E2,t−3 + 0.16E2,t−4

(18)

E2,t = 21023.27 + 0.49E1,t−1 − 8.55E1,t−2 + 8.84E1,t−3 − 2.48E1,t−4
+1.05E2,t−1 + 0.90E2,t−2 − 1.66E2,t−3 + 0.94E2,t−4

(19)

Table 7. Results of Granger causality test.

Null Hypothesis Chi-sq df Prob

E1,t is not the Granger reason for E2,t 19.3430 4 0.0007
E2,t is not the Granger reason for E1,t 16.2812 4 0.0027

3.4.3. Analysis of Impulse Response

From the Granger causality analysis, it is easy to find that electric power demand
and other energy demand are substitutes for each other. Subsequently, it is necessary to
understand the impact degree of power demand increase on other energy demand. Using
the impulse response function, the impulse curve of the effect of power energy demand on
other energy demand can be plotted in Figure 8.

In Figure 8, after a positive impact on electric power demand, the demand for other
energy sources will be significantly reduced in the short term, and it will be reduced to the
lowest value in the third period. Although it has rebounded, the overall demand is still
in a downward trend. This is further evidence that, in the New Normal period, with the
development of the “electrical energy substitution” strategy, the increase in electric power
demand will continue to reduce the demand for other energy sources.
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4. Discussions and Policy Implications

In this section, we present the most important findings of this study, considering the
previous analysis. Simultaneously, some policy implications are proposed, based on the
empirical results. Therefore, considering the obtained results, the change in electric power
demand during the New Normal period showed the following four characteristics.

(1) The generalized rate of technological progress in the electric power industry is increas-
ing gradually. The overall average value for 2012–2016 is 1.6171, which is 0.32 per-
centage points higher than the average of the previous period. Based on Table 3, the
improvement of technical use efficiency as the main factor promoted the increase in
the generalized rate of technological progress in the electric power industry.
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(2) It can be seen that the rate of decline in electric power demand intensity during the
New Normal period slowed down, and with the gradual promotion of the “electrical
energy substitution” strategy, the electric power demand shows an upward trend.

(3) Under the condition of generalized technological progress, the improvement of tech-
nical use efficiency of electric power instead increases the demand for electric power,
resulting in a backfire effect. However, the rebound effect of power energy caused
by narrow technological progress mainly presents the characteristics of the partial
rebound effect. In addition, compared with the super-saving effect of the overall
energy demand, the change in electricity demand shows an opposite trend, and
the proportion of electric energy consumption in the terminal energy consumption
continues to increase.

(4) The increase in electric power demand will reduce the demand for other energy
sources in the medium- and long-term. Furthermore, with the development of the
“electrical energy substitution” strategy, the increase in electric power demand will
reduce the demand for other energy sources continually.

According to the above findings, several policy implications can be summarized as
follows: (1) Based on the fact that the current generalized technological progress mainly
depends on the improvement of technical use efficiency, the power industry should increase
the R&D investment in key technologies, such as renewable energy grid connection, active
distribution network technology, etc., as mentioned in the action plan for energy technology
revolution innovation (2016–2030), thus increasing the rate of narrow technological progress.
(2) Facing increasing electric power demand, the power industry should optimize power
plant layout and improve power grid architecture to meet China’s electric power demand
and reduce the average outage time of users, so as to further improve power transmission
and technical use efficiency. (3) Facing declining demand and pressure from environmental
protection regulations, other energy industries, such as the petroleum and coal industries,
should accelerate the transition to green, environment-friendly enterprises and find new
demand growth points (e.g., high-end chemical materials, new energy), so as to ensure the
sustainable development of enterprises.

5. Conclusions

In terms of the analytical framework of the overall energy demand, this paper in-
vestigates the rebound effect of China’s electric power demand during the New Normal
period and compares it with the rebound effect of the overall energy. The empirical results
indicate that the general technological progress rate of China’s electric power industry is
increasing gradually in the New Normal period, and the variations in electric demand
exhibit the characteristics of the backfire effect and partial rebound effect, respectively, in
the context of generalized technological innovation and narrow technological innovation.
Meanwhile, contrary to the changing trend of the overall energy demand intensity, electric
power demand intensity increased continuously with the advancement of the “electrical
energy substitution” strategy, which led to the continuous decline in other energy demands.

This paper analyzes the impact of technology innovation on China’s electric power
demand, but what the subsequent effects of changes in power demand are and how to
determine a vertical influence mechanism on power upstream and downstream industries
can be proposed for future research.
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Nomenclature

TFP Total Factor Productivity
RE Rebound Effect
LMDI Log Mean Divisia Index
DEA Data Envelopment Analysis
VAR Vector Auto-Regressive
IRF Impulse Response Function
GDP Gross Domestic Product
∆GDP The real GDP growth rate
It The electric power demand intensity in period t
Et The electric power demand in period t
Yt The total output in period t, which is measured by GDP
Ii,t The electric power demand intensity of the i-th industries in period t
Ei,t The electric power demand of the i-th industries in period t
Si,t The output weight of the i-th industries in period t
Yi,t The output level of the i-th industries in period t
REt

1 The rebound effect of electric power demand caused by generalized
technological progress in period t

Dt(yt, xt) The distance function in period t with the technology in period t
HV High-voltage
∆Itot The whole change in electric power demand intensity
∆Itec The change in technical effect
∆Istr The change in structural effect
δ The contribution rates of the technical effect
xt The element input vector in period t
l The lag order of the endogenous variable
Kt Capital stock in period t
Lt Number of laborers in period t
MTCt The technical use efficiency in t period
Mt The generalized rate of technological progress in t period
MTECt The narrow rate of technological progress in t period
ρ The contribution degrees of generalized rate of technological progress to economic growth
ρ1 The contribution degrees of narrow rate of technological progress to economic growth
ρ2 The contribution degrees of technical use efficiency to economic growth
EDi,t The k-dimensional endogenous variable in t period
Al The corresponding coefficient matrix in lag period l
REt

2 The rebound effect of electric power demand caused by narrow technological progress
in period t

REt
3 The rebound effect of electric power demand caused by technical use efficiency in period t

UHV The ultra-high voltage
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