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h i g h l i g h t s

� Booming regional economies increase their energy impacts and effects across China.
� China’s three major economic circles generated huge demands for embodied energy.
� The three areas used 2/5 of domestic energy supply to provide 2/5 of national GDP.
� These areas were far from self-sufficient and outsourced energy demands via trades.
� Real energy use patterns and interregional energy spillover effects were examined.
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a b s t r a c t

Regional imbalance in development is amongst the most important challenges for China. As the country’s
leading economic engines, three major economic circles representing 6.5% of the national land territory
contributed to more than 2/5 of national gross domestic product (GDP). This paper focuses on the impact
of these three growth poles in China’s regional development, particularly for their embodied energy uses
in light of multi-regional input-output analysis. Significantly, the three developed areas generated huge
demands for embodied energy, 1237.52 Mtce and 40.1% of the total domestic supply in 2010, but far from
self-sufficient. In Yangtze-River-Delta, Pearl-River-Delta and Jing-Jin-Ji, 93.1%, 85.1% and 63.4% of their
embodied energy uses respectively can be traced back to the energy-supply provinces such as Shanxi,
Inner Mongolia and Shaanxi and other trade partners. Over a half of the national interregional transfers
of embodied energy via domestic trade were induced by the three economic circles’ final demand, largely
resulted from their large-scale infrastructure construction, upgraded consumption structures, high
export dependency and ongoing urbanization process. The results indicate that demand-driven embodied
energy is a comprehensive indicator to reflect the real energy use patterns of developed regions or
megacities and reveal their industrial positions in domestic and even global supply chains.
Understanding the temporal and spatial energy transition along with regional development from
consumption-based insights is a vital step toward appropriately targeted policy making for the nation-
wide energy saving and emission reduction.

� 2016 Elsevier Ltd. All rights reserved.

1. Introduction

In the past three decades, China has witnessed rapid economic
growth and urbanization, especially in the developed coastal areas
[1–3]. Three major economic circles, i.e., Jing-Jin-Ji in North China,

Yangtze-River-Delta in East China and Pearl-River-Delta in South
China, containing a group of cities with similar development routi-
nes, cultures, scales and geographical locations [4], have attracted
great concerns for their economic impact on China’s regional
development. Prominently, the three areas only accounted for
6.5% of the national land territory, but hosted 27.5% of the total
population of the whole country (365.15 million, larger than the
U.S. population and about 5.2% of the world’s population) and con-
tributed to 41.4% of national gross domestic product (GDP) in 2014
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[3]. The booming economy and fast growing urban population in
the three circles are fueled by a continued reliance on energy
resources [5,6]. Some studies have focused on the increasing
energy demands and related environmental impact of the devel-
oped areas or their subsidiary megacities such as Jing-Jin-Ji, Shang-
hai and Pearl-River-Delta [7–14], in view of their prominent socio-
economic positions.

If only considering the imported energy products, regional real
energy demands cannot be fully addressed. The developed regions’
specialization in the production of high value-added industries
such as service industry and high per capita income levels imply
that these regions have shown a tendency to purchase much more
final goods from other provinces rather than produce them locally
[4,8]. As the production processes of the imported goods also need
energy inputs, the consumption of imported goods and services
also lead to energy use in related trade partners, implying that
the three economic circles have indirect effects on energy demand
outside their geographic boundaries [12]. Given the close trade ties
with other provinces, the information on direct primary energy
input solely is far from enough to depict the true energy picture
of China’s three growth poles in regional development. Therefore,
a more comprehensive indicator rather than direct energy use is
necessary to evaluate the real energy status of the three economic
circles.

Embodied energy, defined as the direct plus indirect primary
energy input to produce the goods used for final demand, is an
appropriate indicator used as alternative to direct energy use,
which can reflects the total physical energy resources supply for
production to satisfy final demand [15,16]. Since an input-output
model is a method for quantifying economic interactions including
but not limited to final demand, an environmental input-output
modeling makes it possible to identify how much ecological ele-
ment such as energy can be attributed to a specific economic out-
put [17–19]. A large number of studies have employed this method
to illustrate the energy used by a specific economy from the per-
spective of consumption [20–25], i.e., considering both the direct
energy due to on-site immediate energy use and the indirect
energy related to goods provided by the supply chains.

As multi-regional input-output (MRIO) model provides a pow-
erful tool to look into the intraregional and interregional economic
characteristics [26], it has been widely used to analyze the
consumption-based accounting of China’s region-specific resource
uses [12,16,27], water footprints [28–30], greenhouse gas emis-
sions [31–42], and other environmental emissions such as PM2.5,
mercury and SO2 [43–47]. Especially, MRIO analysis can be applied
to identify the resource requirements and energy spillover of cer-
tain regions through the interregional economic flows. Embodied
energy use associated with cross-boundary exchange of goods
and services measures a region’s direct primary energy inputs
caused by other regions’ total final demand or one region’s energy
spillover to other regions through domestic supply chains [12,16].
Some scholars have combined energy statistic data with China’s
multi-regional input-output tables to elucidate the regional energy
uses [4,16,48–52]. Zhang et al. [16,52] reported the impacts and
effects of China’s interregional trade on the energy requirement
of regional economies over 2002–2007. By using a MRIO model,
Zhang et al. [12] focused on the embodied energy uses by China’s
four municipalities: Beijing, Tianjin, Shanghai and Chongqing. A
recent study by Zhang et al. [49] also revealed that developed
regions’ final demand led to spatial distribution of production
activities across China by tracking interregional embodied energy
flows. These studies have contributed to people’s understanding
on regional and urban economies’ energy profiles. Moreover, they
have provided strong evidence that MRIO model is also a valuable
practical technology to quantify a region’s embodied energy use.
Nevertheless, the literature list of using MRIO embodiment analy-

sis on regional demand-derived energy requirements is still very
short.

The purpose of this paper is to examine the energy use patterns
of China’s three major economic circles and capture their interre-
gional energy spillover effects in domestic trade networks, based
on the latest statistical data and recently available MRIO table for
China 2010. The compiling of both direct production-based and
embodied consumption-based energy use inventories by consider-
ing frequent trade exchanges help to understand and identify
regional real energy uses under the influence of industrial posi-
tions, consumption demands and trade (interregional trade and
international exports) linkages along the production chain to final
consumption. Furthermore, a case study of three major economic
circles will contribute to illustrating energy implications of China’s
regional development and offering fundamental information for
exploring energy-saving and emission-reduction potentials across
China.

The remainder of this paper is organized as follows. In Section 2,
the algorithms for MRIO analysis, data sources and background
information for the three economic circles are introduced. In Sec-
tion 3, the results of embodied energy uses in final demand and
interregional trade of the three areas are presented. Regional
energy use inventories between 2007 and 2010 are compared,
and we also track the embodied energy flows via interregional
and intraregional trades in Section 4. Energy implications of regio-
nal urbanization and economic development are further discussed
in this section. Concluding remarks will be made in the ending
section.

2. Material and methods

2.1. Multi-regional input-output model

The MRIO table for Chinese economy 2010 adopted in this study
is compiled by scholars from Chinese Academy of Science [53],
which provides economic flows of China’s 30 regions (excluding
the Hong Kong Special Administrative Region, the Macau Special
Administrative Region, Taiwan province and the Tibet autonomous
region) with 30 economic sectors in each region (see Table S1 in
Supplementary materials). This MRIO table is the latest version
with the highest regional and sectoral data resolution currently,
which is compiled based on the 2007 MRIO table and 30 provincial
extended input-output tables for the year of 2010. Since only 17
provincial regions have their provincial extended input-output
tables in 2010, the main data sources for compiling the extended
IO tables of the rest 13 regions are their 2007 benchmark input-
output tables and economic statistics in 2010. Industrial and trade
statistics concerning the target province are rectified in a consis-
tent basis, and then interprovincial trade matrixes are corrected
by cross-regional and cross-sectoral balancing, referring to the
direct consumption coefficients of the 2007 MRIO table and the
RAS method (for more information, see Liu et al. [53] and SI in Feng
et al. [31]). As the study focuses on the primary energy input
within China, international imports are not considered based on
the non-competitive import assumption in the initial MRIO table.

For the MRIO model, the basic row balance can be expressed as
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where x f
i represents the total output of Sector i in Region f; zf ;si;j is the

intermediate use of Sector j in Region s supplied by Sector i in

Region f. df ;s
i;t stands for the domestic final consumption of Region

s supplied by Sector i in Region f, covering rural household con-
sumption (t = 1), urban household consumption (t = 2), government
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