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Abstract: Using a sample of 14 prefecture-level cities in Liaoning Province, this study first ex-
plored the spatial hierarchy and structural characteristics of energy efficiency from the following
three viewpoints: energy technical efficiency based on data envelopment analysis, energy
consumption per unit of GDP, and energy utilization efficiency combining the previous two
indexes. After measuring and analyzing the advancement, rationality, and concentration of the
industrial structure in each city, we made some generalizations about the coupling features of
the energy efficiency and industrial structure in Liaoning, using the coupling degree rating
model. Some of our conclusions are as follows: (1) The 14 cities differ significantly in their en-
ergy efficiency, with Shenyang, Dalian, Anshan, and Jinzhou enjoying the highest energy effi-
ciency. Northwestern Liaoning and other heavy-industrial cities such as Fushun and Benxi
belong to low-efficiency and high-consumption areas. (2) In areas with higher efficiency, the
spatial patterns of the energy technical efficiency, energy consumption per unit of GDP, and
energy utilization efficiency are, respectively, “ 7 ”-, “11”- and “H’- shaped. Geographically, the
energy utilization efficiency shows different trends from east to west and from north to south.
Factors such as the binuclear structure of economic development have a major effect on this
spatial pattern of energy efficiency. (3) Southeastern Liaoning enjoys a highly advanced in-
dustrial structure. Areas with a highly rational industrial structure form an “H” shape, with
Shenyang and Dalian at the two poles. The urban agglomerations in middle and southern
Liaoning have a highly concentrated industrial structure. (4) Overall, the coupling between
energy efficiency and industrial structure is low in Liaoning, except for Shenyang and Dalian at
both ends, where the coupling between an advanced industrial structure and energy efficiency
is higher than in other cities.
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1 Introduction

With the increasingly apparent imbalance between energy supply and demand, conserving
energy and improving energy efficiency are the main approaches to a coordinated economic
and energy development program. Economic development strongly depends on energy and, at
the same time, has a direct influence on improving energy efficiency. Energy efficiency con-
tributes to energy consumption in order to maintain sustainable development of the whole
economy-society-environment system. Energy efficiency is a generalized term and can be
measured by a variety of indexes (Wei et al., 2007). Wei Yiming and Liao Hua (2010) di-
vided energy evaluation into seven indexes, including energy macroeconomic efficiency,
practice efficiency, physical efficiency, and so on (Wei et al., 2010). Energy efficiency is
usually calculated as single-factor or total-factor energy efficiency (Hu et al., 2006). Com-
pared with single-factor energy, total-factor energy efficiency can better reflect the interaction
between energy and the economy, and has been widely used by scholars and research institu-
tions (Boyd et al., 2000; Wei, 2007; Zhao, 2010). Total-factor energy efficiency is evaluated
mainly through the data envelopment analysis (DEA) method. Considering that labor, capital,
technology, and other elements are substituted for energy, this study first adopted the DEA
method to measure and analyze the energy efficiency of the 14 prefecture-level cities in
Liaoning Province. The energy efficiency measured by the DEA method is the technical effi-
ciency of various elements. Although the method has many advantages, it does not give due
consideration to energy as the most important input factor, nor does it effectively evaluate
areas with similar factor endowments. To solve this problem, this study used a new index —
the ratio of energy technical efficiency measured by DEA to energy consumption per unit of
GDP — to analyze the spatial characteristics of energy efficiency and its coupling relationship
with the industrial structure.

The regional spatial structure is the spatial distribution and the spatial combination of eco-
nomic activities in the area (Li, 2006). The spatial structure of economic development consists
of the positional relationships, the cluster degree, and the direction and intensity of economic
objects in the geographical space (Lu, 2001). It is the result of spatial coupling among the
natural environment, market, and government (Wang et al., 2007). The regional industrial
structure represents the internal relationship among various industries in the regional economy.
The most important function of the industrial structure is to obtain maximum economic bene-
fits from limited resources through industrial transformation and efficient allocation of re-
sources (Dang, 2011). In recent years, the academia has focused on a quantitative analysis of
the relationship between energy efficiency and the industrial structure (Qu, 2009; He et al.,
2009). However, the distribution structures and relationships were not adequately explored
from a spatial perspective. From an analysis of spatial characteristics based on the advance-
ment, rationality, and concentration of the industrial structure in each city, some generaliza-
tions are drawn about the spatial coupling features of energy efficiency and the industrial
structure.

2 Research area and methods

Liaoning Province is located in the south of Northeast China. Its geographical coordinates are
between 118°53'E—125°46'E and 38°43'—43°36'N. It lies in the east of the Eurasian continent
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and has a temperate continental monsoon climate. Jilin Province borders in the northeast of
Liaoning. To the northwest of Liaoning is Inner Mongolia Autonomous Region. To the
southwest is the adjacent Hebei Province. Along the southeast of Liaoning flows the Yalu
River, and on the other side is the Democratic People’s Republic of Korea. To the south of
Liaoning is the Yellow Sea and the Bohai Sea. The land area of Liaoning is about 140,000
km®, accounting for 1.5% of China’s land area. The province has 266 oceanic islands and
covers an area of 191.5 km®. Its coastline extends over 2292 km, accounting for 12% of
China’s total length. The terrain can be divided into the eastern hilly area, central plains, and
the western hilly area. This province has more than 300 rivers flowing though it. The drainage
area of more than 5000 km?” covers 17 rivers—Liaohe, Hunhe, and so on.

Liaoning is an important international shipping center and transportation junction of
Northeast Asia. It has nearly 100 years of industrial history, and its industrial system, charac-
terized by heavy industries such as petrochemicals, machinery, and metallurgy, plays an im-
portant role in the Chinese economy. As one of the important early industrial bases of China,
Liaoning uses a huge amount of energy. It consumed about 223.139 million tons of standard
coal in 2012, accounting for about 6% of the total national energy consumption. Besides, the
large proportion (over 70%) of coal in the energy consumption structure, low energy reserves
and exploitation, limitations of the environment, and transport capacity constraints are energy
bottleneck problems that will increasingly hamper economic development. Therefore, in the
process of transforming the economic structure, improving the energy utilization efficiency is
a problem that needs to be solved urgently.

We adopt DEA, a non-parametric statistical method based on the concept of relative effi-
ciency to measure total factor energy efficiency, and compare the relative efficiencies of a
group of decision-making units (DMU) with multiple inputs and outputs by constructing a
non-parametric envelope production frontier (Wei, 2000, 2011). Energy efficiency research is
an analysis of input-output productivity, for which DEA is a suitable technique (Fan et al.,
2014). The DEA method can help calculate the technical and allocation efficiencies of a group
of DMUs. Technical efficiency measures the ability of a DMU to minimize the input and
maximize the output, and allocation efficiency evaluates the ability of achieving an optimal
combination of elements, which gives the relative price of input factors. Allocation efficiency
is generally not considered as it involves price, but the technical efficiency of a DMU is re-
garded as a comprehensive efficiency measure. In the case of variable returns to scale (VRS),
the comprehensive technical efficiency can be divided into pure technical efficiency and scale
efficiency. Pure technical efficiency reflects the production efficiency of a unit of an input
factor of production under a certain scale, and scale efficiency represents the gap between the
actual scale and the optimal production scale (Liang et al., 2012). To highlight the signifi-
cance of energy consumption in energy efficiency, this study evaluated the total factor energy
efficiency measured by DEA and then analyzed the spatial characteristics of energy efficiency,
using a new index that combines the energy technical efficiency estimated by DEA with en-
ergy consumption per unit of GDP. At the same time, the geographical statistics method was
adopted to analyze the spatial pattern of energy efficiency in Liaoning. Spatial trends reflect
the main features of change in a geographical area of objects in a space, mainly revealing the
general rules of space objects and neglecting local variation. Trend surface analysis consists
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in fitting a mathematical surface based on spatial sampling data to reflect the spatial distribu-
tion, especially in the east-west and north-south directions (Liu et al., 2011).

After a full consideration of the choice of input and output indicators for each analysis, this
study chose GDP as the proxy for output and total investment in fixed assets, number of em-
ployees, and the total energy consumption of the whole society as proxies for capital, labor
force, and energy, respectively, to measure DEA energy efficiency. To calculate capital stock,
most scholars adopt the perpetual inventory method and Zhang Jun’s approach (Zhang et al.,
2004). Capital stock data for prefecture-level cities in Liaoning are difficult to obtain, so total
investment in fixed assets was selected as the proxy for capital. Based on the export-oriented
model of VRS, this study evaluated the comprehensive energy efficiency by DEA of prefec-
ture-level cities in Liaoning based on average values for the 2008 to 2012 period. All data
were derived from Liaoning Statistical Yearbook (2000-2013), 2013 Liaoning Yearbook, and
China Energy Statistical Yearbook 2013. The software used for data calculation and analysis
includes MaxDEA Pro5.2, Mapinfor11.0, and ArcGIS10.0.

3 Spatial patterns of energy efficiency
3.1 Energy technical efficiency

From the results of energy technical efficiency, five cities (Shenyang, Dalian, Anshan, Benxi,
and Jinzhou) were DEA efficient, constituting the energy efficiency frontier, and enjoyed the
highest energy efficiency in Liaoning. Four cities (Fuxin, Chaoyang, Yingkou, and Tieling)
were relatively inefficient, and their comprehensive energy technical efficiency was less than
0.750, far below the average of Liaoning. Five cities (Dandong, Liaoyang, Panjin, Huludao,
and Fushun) were regions with medium energy efficiency. Energy technical efficiency can be
divided into pure technical efficiency and scale efficiency. Pure technical efficiency is the
efficiency from technology and management, and scale efficiency reflects the gap between
actual scale and optimal production scale under the premise of a certain technology and man-
agement environment. Five cities (Shenyang, Dalian, Anshan, Benxi, and Jinzhou) were all
efficient with pure technical efficiency and scale efficiency. Of the other nine cities, Fuxin
and Liaoyang were pure technology effective but not scale effective. This showed that these
two cities could not reduce investment with the present output, and the input factors were
fully utilized. Three cities (Dandong, Panjin, and Huludao) failed to realize pure technical
efficiency and enjoyed medium energy efficiency. Yingkou was far below the average level
and was relatively inefficient. As far as energy scale efficiency is concerned, the nine cities
were all scale inefficient. Moreover, they had the facts that extra investment of energy and
other elements or lack of economic output, even increasing part of the input, the level of out-
put will not change currently. Huludao and Panjin are typical of this situation.

From the viewpoint of space, energy technical efficiency formed a “ 7z ”-shaped structure
composed of Jinzhou, Shenyang, Benxi, Anshan, and Dalian, all highly energy-efficient re-
gions. Low-energy-efficiency regions were mainly in the northwest of Liaoning (Tieling,
Fuxin, Jinzhou, and Chaoyang). Energy technical efficiency presented uneven development in
the cities of Liaoning Coastal Economic Zone. From Figure 1, Dalian, Jinzhou, Panjin, Dan-
dong, Huludao, and Yingkou represented five different grades of energy technical efficiency,
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similar to the Shenyang Economic Zone. The space distribution showed the following trends:
it first rose and then dropped from east to west; the high points were concentrated in the cen-
tral region; energy technical efficiency was higher in the eastern than the western regions; the
trend in north-south direction was mainly upward; the high points were concentrated in the
central and southern regions.
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(a) Energy technical efficiency (b) Energy consumption intensity (c) Energy utilization efficiency

Figure 1 Grade distribution of energy efficiency in Liaoning Province

3.2 Energy consumption intensity

Energy consumption intensity is the most commonly used economic indicator of energy effi-
ciency. It is the energy consumption of output per unit during a period of time in a country,
area, sector, or industry. The economic foundation, industrial structure, technical level, and
other factors differ across regions, leading to significant regional differences in energy con-
sumption. Energy consumption intensity usually refers to the energy consumption per unit of
GDP, and the reciprocal of energy consumption per unit of GDP is called energy productivity
or macroscopic energy efficiency.

The lower the energy consumption intensity is, the higher the energy efficiency. The dark
area in Figure 1b indicates the low-energy-intensity area, that is, the high-energy-efficiency
area. Intuitively, energy consumption intensity forms a “II ”-shaped structure composed of the
high-energy-efficiency regions of Chaoyang, Jinzhou, Shenyang, Tieling, Dalian, and Dan-
dong. These areas can be divided into three types. The first category includes Shenyang and
Dalian, the two poles of economic growth in Liaoning. The second category includes Dan-
dong and Jinzhou, the highlighted areas among the light and tertiary industries. The third
category includes Tieling and Chaoyang, which hosts a large proportion of primary industries
and are major grain-producing areas. High-energy-consumption areas are concentrated in two
major heavy industry bases: Fushun and Benxi. Yingkou too consumes an enormous amount
of energy. The energy consumption of Yingkou reflects the importance of economies of scale,
one of the factors determining energy consumption. The energy consumption per unit of GDP
showed the following trends: it initially dropped and then rose from east to west; the low
consumption points were concentrated in the central region; the eastern regions showed
higher consumption than the western regions; consumption first rose and then dropped from
north to south; the high points were concentrated in the central region; the northern regions
showed higher consumption than the southern regions (Figure 2b). From a national perspec-
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tive, Liaoning overall has a single energy structure, and a weak supply diversification capacity.
Coal accounts for about 76% of total energy consumption. This proportion is much higher
than the national average. Liaoning should actively adjust the uneven development of energy
intensity among regions, and gradually narrow the gap with other provinces.

Z z z

T
T

(a) Energy technical efficiency (b) Energy consumption intensity (c) Energy utilization efficiency

Figure 2 Trend distribution of energy efficiency in Liaoning Province

3.3 Energy utilization efficiency

Energy utilization efficiency is a technical term, and there is no clear quantitative criterion to
measure it. Generally speaking, energy utilization efficiency is the ratio of energy inputs to
the effective output. The energy utilization efficiency indicator constructed in this study is the
ratio of energy technical efficiency measured by DEA to energy consumption per unit of GDP,
which is equal to the product of energy technical efficiency measured by DEA and energy
productivity. This index, which combines technical factors with energy intensity, shows a
higher degree of differentiation for municipal energy efficiency evaluation.

As shown in Figure lc, the spatial patterns of energy utilization efficiency are obviously
different from those of energy technical efficiency and energy productivity. Energy utilization
efficiency had an “H”-shaped structure (but not the “ 7> and “II” forms), composed of the
high-energy-efficiency regions of Jinzhou, Shenyang, Liaoyang, Dandong and Dalian. The
“H” shape was obviously a combination of the “ 7z and “II ” shapes. Influenced by the dual
structure characteristics of economic development in Liaoning, the areas with higher energy
utilization efficiency formed an “H”-shaped structure, with Shenyang and Dalian representing
the two poles and the Shenyang-Dalian railway lines constituting the axis of the “H.”

The distribution of space showed the following trend: energy utilization efficiency first
rose and then dropped from east to west, and from south to north; it was higher in the eastern
regions than in the western regions, and in the southern regions than in the northern regions.
Overall, this spatial trend was opposite to that of energy consumption per unit of GDP. How-
ever, it was similar to the energy technical efficiency trend in the east-west direction, and op-
posite to the north-south trend. On the one hand, these results indicated that the energy utili-
zation efficiency indicator constructed in this study was greatly influenced by energy con-
sumption intensity and that energy technical efficiency could be taken as the coefficient of the
reciprocal of energy consumption intensity. On the other hand, the spatial difference between
the three kinds of energy efficiency was mainly reflected in the north-south direction, sug-
gesting that the energy efficiency imbalance is more pronounced in the latitudinal direction.
Figure 2 shows an obvious directivity in the spatial distribution of the equal-efficiency area
and an irregular zonal pattern in the northeast-southwest distribution. The spatial distribution
of the main traffic arteries in the northeast-southwest direction had a great relevance to the
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spatial distribution of energy utilization efficiency. Overall, the spatial structure of energy
utilization efficiency showed a point-axis mode.

3.4 Energy efficiency driven by differences

Regional difference in natural conditions is the basic reason for the spatial character of energy
utilization efficiency in Liaoning. The terrain in Liaoning can be divided into the eastern hilly
area, the central plain area, and the western hilly area. The central plain area is rich in re-
sources, has a developed traffic system, and enjoys immense location advantages. Areas with
high energy efficiency are concentrated in the central plains. Precipitation is the main water
source in Liaoning. Near the Yellow Sea, the rainfall in southeastern mountains is abundant.
The rainfall in the northwest is less because of drought and a sandy wind. The water resources
in Liaoning decrease from southeast to northwest. Water resources in central area constitute
30% of the province’s total. Drought, barren, and other natural conditions in northwest area
restrict the improvement of energy utilization efficiency.

The binuclear structure formed by Shenyang and Dalian, as the growth poles of economic
development, is the economic rationale of the spatial pattern of energy efficiency. Shenyang,
the capital of Liaoning, is located in the middle of the province and is the center of the north-
east Asia economic circle and Bohai economic circle. Shenyang has a strong manufacturing
base and technological strength; its industrial structure has a highly complementary and asso-
ciative relationship with that of the surrounding city. Located in the southernmost tip of the
Liaodong peninsula, Dalian is the core city of the historic northeastern industrial base and the
Liaoning coastal economic zone. With obvious geographical and industrial advantages, Da-
lian is well placed to undertake international industrial transfer and realize industrial structure
optimization and upgrading. Shenyang and Dalian, two cities with a strong economic founda-
tion and economic status, are the two poles of the spatial pattern of energy efficiency.

The resource-oriented industry layout is the historical reason for the formation of spatial
patterns of energy efficiency. The oil resources of Liaoning are mainly distributed in the mid-
dle and lower reaches of the Liaohe River, Panjin, southwest of Shenyang, and the west of
Liaoyang. Coal resources are mainly distributed in Shenyang, Tieling, Fuxin, Fushun, and
Liaoyang. Fushun is an important national base for the energy and raw materials industries, is
the largest petrochemical city in northern China, and hosts the Liaoning power plant, the
largest in Northeast China. Benxi is a production base for the iron and steel industry in China.
The economic development of these cities is founded on energy-intensive industries, in which
energy consumption per unit of GDP is relatively high. This is a common problem faced by
the old industrial cities of the northeast.

4 Spatial characteristics of industrial structure

4.1 Advanced industrial structure

Industrial structure optimization denotes the dynamic transformation process of the industrial
structure from a low level to a high level, as well as the successive transfer processes from
primary to secondary and tertiary industries. Using the industrial weighting vector and the
corresponding angle of axis ratio, which varies with industry proportionality, this study con-
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structed an index of advanced degrees (Zheng et al., 2011). IH =6, + 6, , where 6, denotes the
effect of the transformation of a primary industry to a secondary and tertiary industry. The
greater the value of 6, and 6,, the higher the transfer level is. The greater the value of /H,
the higher the level of industrial structure is. 6 =7 —u, — 4, . 1, and g, denote the vector
angles from (xy, x5, x3) to (0, 1, 0) and from (xy, x5, x3) to (0, 0, 1), respectively. X;, X, and X3
denote, respectively, the proportion of primary, secondary, and tertiary industries’ value
added in GDP. 6, =7/2—-0,. o, denotes the vector angle between (x,, x3) and (0, 1). The

following is the calculation formula for the two- and three-dimension angles.
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This paper evaluates the degree of advancement of the industrial structure according to the
IH index for 14 cities of Liaoning. The results showed that, for Shenyang, Dalian, Anshan,
Fushun, Benxi, and Liaoyang, the industrial structure did not change from 2008 to 2012. The
industrial structure continued to grow for Yingkou, Panjin, Tieling, and Huludao; it changed
to the V type for Dandong, Jinzhou, Fuxin, and Chaoyang. For a more reasonable comparison
of the current industrial structure of cities, the analysis was based on the five years’ mean
values. The following analysis of the reasonableness and concentration of the industrial
structure was also based on the five years’ mean values.

According to the high-low regional development type, Shenyang, Dalian, Anshan, Dan-
dong, and Huludao are highly developed regions as far as industrial structure is concerned.
Jinzhou, Yingkou, Fuxin, and Fushun are moderately developed regions. Benxi, Liaoyang,
Chaoyang, Liaoning, and Panjin are the least-developed regions. The industrial structure of
Liaoning is mainly based on secondary industries. Among the secondary industries, the pro-
portion of heavy and basic industries is relatively large. Compared with the southeast coastal
provinces, Liaoning has a lower-level industrial structure. Shenyang and Dalian have a sig-
nificant binuclear spatial industrial structure. Areas with highly developed industrial struc-
tures are mainly concentrated in the south of Liaoning coastal cities, where most industries are
competitive. Besides, new high-technology industries are highly developed, and coastal tour-
ism and other modern service industries play an important role.

4.2 Reasonable industrial structure level

Rationalization is the basis of an advanced industrial structure. Industrial structure rationaliza-
tion refers to the adoption of production processes needed for proportionality. It is the process
of pursuing harmonious growth on a moderate scale. It is also the process of strengthening
coordination and improving relationships among industries continuously. There are numerous
methods and parameters for the evaluation of rationalization. The criterion selected in this
study is to judge whether the industrial structure, in different stages of economic development,
is reasonable according to the international benchmark based on a standard industrial structure
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proposed by Chenery. The analysis is based on a deviation index to evaluate the reasonable-
ness of the industrial structure, as well as the traditional industry classification method. X;
denotes the proportion of industrial added value in GDP. In terms of the industrial structure
corresponding to the global GDP per person as the reference, the exchange rate method was
used to measure the standard industrial structure in Liaoning. According to the criterion of
GDP per person and the industrial structure changes in the 2010 World Development Report
of the World Bank and research findings on Liaoning (Li ef al., 2012), this study adopted
X*=(8.32, 34.74, 56.94) as a standard vector to measure the reasonableness of the industrial
structure in Liaoning. The deviation index is as follows:

P30 —xy @)
i=1

P indicates the deviation in the industrial structure, that is, the gap between the regional
industry structure (i.e., the lower level of industrial structure rationalization) and the standard
structure. According to the results for each city in Liaoning, the spatial characteristics were
similar between reasonable-level and advanced-level industrial structures. Shenyang, Dalian,
Anshan, Huludao, and Jinzhou are highly developed regions. Dandong, Fuxin, Fushun,
Yingkou, and Chaoyang are moderately developed regions. Tieling, Benxi, Liaoyang, and
Panjin are less-developed regions. The spatial distribution of reasonable industrial structure
levels formed an H shape, similar to energy efficiency. Shenyang, Dalian, and Huludao were
the leaders, and Panjin and Liaoyang the laggards. Industrial structure represents not only the
state of regional economic development but also the resource and environmental foundation.
Primary industries are mainly based on water and land resources. Secondary industries mainly
depend on mineral and energy resources. Tertiary industries cover elements such as the envi-
ronment and human intelligence. A reasonable industrial structure represents rational devel-
opment and utilization of resources. Reasonable degrees of industrial structure, to some extent,
also reflect the degree of rational utilization of energy resources.

4.3 Concentration of the industrial structure

Industrial layout is an important spatial resource allocation system. Differences in the distri-
bution of factors such as natural resources lead to differences in the regional industrial layout.
At the same time, the imbalance in economic development promotes the industrial agglom-
eration phenomenon and industrial structure convergence. The centralization index is an indi-
cator to evaluate the degree of spatial concentration of geographic elements, or degree of spe-
cialization of economic factors. It can be used to analyze the concentration of regional indus-
try, as well as its changes, in a certain period. The formula of the centralization index is [ = (A
- R)/(M - R), where A, M, and R denote the total cumulative percentages of the three indus-
tries in each city. The total cumulative percentage assumes that the three industries are con-
centrated, and evenly distributed, in each city. The centralization index ranges from 0 to 1; 1
indicates absolute concentration, and 0 represents even distribution.

The calculation showed that cities with high-concentration industrial structures were
mainly located in the central and southern urban agglomerations of Liaoning. This suggested
that the industrial structure of the urban agglomerations was greatly isomorphic, and regional
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industrial division was not obvious. This would hinder the growth of comprehensive competi-
tiveness in urban agglomerations. Panjin and Benxi were the cities with the highest degree of
concentration. Cities with heavy industry, such as Fushun and Anshan, had a relatively high
degree of concentration, too. Concentration was low in the cities of Dandong, Jinzhou, and
Chaoyang, which showed remarkable changes during the five years. Obviously, these areas
had dynamic factors leading to a variety of industrial structures. From Figure 3c, regions with
low-concentration industrial structures were mainly located in the northwest of Liaoning.
These regions were characterized by a relatively great proportion of traditional agriculture and
a low-level economy. The agglomerations in Liaoning are backward (Guan et al., 2008, 2012),
and improving their crop productivity and ensuring food security through all development
stages is one of the toughest tasks (Zhang et al., 2014).
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Figure 3 Spatial distribution of industrial structure in Liaoning Province

S Spatial coupling relationships
5.1 Rating model for the degree of coupling

The degree of coupling is an effective measure of the interaction between systems. Industrial
development creates stress effects on energy resources, which in turn lead to constraint effects
on the industrial structure. They interact with each other, constituting coupling interaction.
Coupling between systems can be measured in discrete degrees between the variables, and
the coefficient of variation is an important indicator of the degree of coupling. The coupling
model, which is based on the coefficient of variation, can effectively analyze the coupling
relationship between two systems. The greater the value of C in the coupling model, the
higher the degree of coupling is.

EWS,(») "

C=[ﬂm+&qu 3)
2

where E(x) and Si(y) represent the comprehensive index of energy efficiency and industrial
structure. E(x) is the value of energy utilization efficiency. Si(y) represents the advanced,
reasonable, and concentration degrees of industrial structure. K is the difference coefficient,
ranging from 2 to 5. To clearly differentiate the degrees, this study assumed a & value of 4. C
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is the horizontal axis and R the longitudinal axis that divide the spatial coupling type of en-
ergy efficiency and industrial structure. R is the coupling coefficient, whose weights are set
at 0.6 and 0.4.

R=/Cx(0.6E(x)+0.4S;(»)) 4

Before calculation, the min-max standardized methods are applied for standardization of
data. The values of C and R are both between 0 and 1 (Ma et al., 2012) according to the me-
dian method for the segmentation of coupling degrees, as shown in Table 1.

Table 1 The reference standard of coupling & coordinating stage

. . Coupling Coupling Comprehensive
Coupling degree Coupling stage soordination degres coordination degree coordination stage
0<C<03 Separate stage 0<R<0.3 Low gouplmg Low coordination

coordination stage separate stage
0.3<C<0.5 Antagonistic stage 0.3<R<:0.5 Mlddl.e coup ling Middle (_:0(_)rd1nat10n
coordination stage antagonistic stage
0.5<C<0.8 Run-in stage 0.5<R<0.8 High coupling High coordination
coordination stage run-in stage
0.8<C<1 Coupling stage 0.8<R<1 Extre{ne (%oupllng Extreme coordination
coordination stage coupling stage

5.2 Spatial coupling between energy efficiency and industrial structure

Figure 4 shows the coupling conditions for energy efficiency and industrial structure in
Liaoning. Figures 4a, 4b, and 4c show the spatial coupling distribution of energy efficiency
for the advanced, reasonable, and concentrated industrial structure types, respectively. The
figures do not show some cities because their degree of coupling was close to zero. Intui-
tively, the coupling distributions in the three figures show similar structural features. On the
whole, the most notable features of spatial coupling between energy efficiency and industrial
structure were as follows: energy efficiency and industrial structure showed a low degree of
coupling in Liaoning, except for Shenyang and Dalian. Anshan, Fushun, Benxi, Yingkou,
Panjin, and Huludao were each at a low stage of coordination. These cities manifested a vague
and uncoordinated relationship between energy efficiency and industrial structure. Of these
cities, Anshan displayed a significantly higher degree of coupling than the other six cities, and
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Figure 4 Coupling distribution of energy efficiency and industrial structure
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had great potential for a coordinated approach to economic development through energy effi-
ciency. In addition to Shenyang and Dalian, the cities of Jinzhou, Dandong, Liaoyang, and
Chaoyang had a high degree of coupling. Jinzhou and Dandong were coupled with a high
level and Liaoyang and Chaoyang with a low level of energy efficiency and industrial de-
velopment.

Specifically, in the coupling relationship between energy efficiency and advanced indus-
trial structure, Dandong was at the middle antagonistic coordination stage, Tieling was at a
low antagonistic coordination stage, Liaoyang and Chaoyang were at the middle coordination
run-in stage, and Jinzhou was at a high coordination run-in stage. In the coupling relationship
between energy efficiency and rational industrial structure, Dandong was at the middle an-
tagonistic coordination stage, Liaoyang was at the middle coordination run-in stage, and Jin-
zhou was at a high coordination run-in stage. In the coupling relationship between energy ef-
ficiency and concentration of industrial structure, Dandong and Chaoyang were at a high co-
ordination stage.

On the whole, the coupling relationship between an advanced industrial structure and en-
ergy efficiency is significantly better than in the other two charts; the coupling points in Fig-
ure 4a are more evenly distributed. Moreover, regarding the value of each coupling point, the
mean and median degrees of the coupling between energy efficiency and industrial structure
advancement were both higher than the degrees of rationality and concentration of the indus-
trial structure. This shows a close relationship between upgrading the industrial structure and
improving energy efficiency; upgrading the industrial structure is the key to improving energy
efficiency and implementing an energy conservation policy (Wang et al., 2011). This is
mainly due to the huge energy density differences among different industries, such as metal-
lurgy, chemicals, and construction, in which the energy consumption per unit is about 3 to 4 t
standard coal. It is more than 50 times in electronic, communication equipment, and precision
instrument manufacturing industries (Zhang, 2005).

6 Conclusions and discussion
6.1 Conclusions

(1) From the perspective of regional differences and spatial characteristics of energy effi-
ciency, regional energy efficiencies were significantly different, and the spatial distribution
structure had generally been established. The binuclear structure of economic development
and other factors had a major effect on the formation of the spatial pattern of energy effi-
ciency. The northwestern part of Liaoning and cities with heavy industries, such as Fushun
and Benxi, were the key areas for improving energy efficiency.

(2) From the development and industrial structure perspectives, the advancement and ra-
tionality of the industrial structure were characterized by the same spatial pattern, but the in-
dustrial structure concentration showed a quite different spatial pattern. The southeastern re-
gions of Liaoning enjoyed a highly advanced industrial structure.

(3) From the perspective of the spatial coupling relationship between energy efficiency and
industrial structure, the overall degree of coupling was low and imbalanced in geographical
space. The degree of coupling between the industrial structure and energy efficiency was rela-
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tively high. Upgrading the industrial structure was an important means to improving energy
efficiency.

6.2 Discussion

(1) According to the inverted “U”-shaped theory proposed by Jeffery G. Williamson in the
1960s, regional development first presents balances with economic growth, then shows an
imbalance, and finally achieves equilibrium. This is partly because of the unbalanced and
non-coupling condition of energy utilization efficiency in Liaoning and the impossibility of
establishing an industrial structure based on regional development in the economic develop-
ment stage. As regards its social and economic development status, Liaoning is a microcosm
of China. Ever since China adopted reforms and opened up its economy, the country has fol-
lowed an unbalanced development policy, which has led to economic disparity among East,
Central, and West China. This disparity in development is also reflected within provinces,
Liaoning Province is a typical case because of the large proportion of state-owned enterprises.

(2) The lack of harmony between energy efficiency and industrial structure in Liaoning is
mainly due to the following reasons: Liaoning has failed to establish a rational division of
labor system based on the comparative advantages of its three economic zones, to fully ex-
ploit its complementary advantages, and to implement resource sharing. A unified planning
system to promote regional economic integration has not been established on a sound footing.
The extensive energy use and industrial structure convergence have not been integrated with
economic factors. The polarization and diffusion effects have not been given full play in their
respective roles.
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