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Abstract: Cities are regarded as the main areas for conducting strategies for energy sustainability and
climate adaptation, specifically in the world’s top energy consumer—China. To uncover dynamic
features and main drivers for the city-level energy consumption, a comprehensive and systematic
city-level total energy consumption accounting approach was established and applied in China’s
megacity, which has the highest industrial electricity consumption. Compared with previous studies,
this study systematically analyzes drivers for energy consumption based on industrial and residential
perspectives. Additionally, this study analyzes not only the mechanisms by which population
size, economic growth, and energy intensity affect energy consumption but also the effects of
population and industry structural factors. According to the extended Logarithmic mean Divisia
index (LMDI) method, the main conclusions drawn from this research are as follows: (1) The total
energy consumption of Suzhou presented an overall increasing trend, with 2006-2012 as a rapid
growth stage and 2013-2016 as a moderate growth stage. (2) The energy consumption structure was
mainly dominated by coal, which was followed by outsourced electricity and natural gas. (3) Scale-
related factors have dominated changes in energy consumption, and structural and technological
factors have had profound effects on energy consumption in different development periods. (4)
Population size and economic output were the main drivers for increments in industrial energy
consumption, whereas energy intensity and economic structure performed the important curbing
effects. The income effect of urban residents was the biggest driver behind the increase in residential
energy consumption, whereas energy intensity was the main limiter. These findings provide a
scientific basis for an in-depth understanding of the determinants of the evolution of urban energy
consumption in China’s megacity, including similar cities or urban areas in the developing world.

Keywords: urban energy consumption accounting; industrial energy consumption; residential energy
consumption; LMDI

Sustainability 2021, 13, 764. https:/ /doi.org/10.3390/su13020764

https:/ /www.mdpi.com/journal/sustainability


https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0001-9987-0353
https://doi.org/10.3390/su13020764
https://doi.org/10.3390/su13020764
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/su13020764
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/2071-1050/13/2/764?type=check_update&version=1

Sustainability 2021, 13, 764

20f21

1. Introduction

As public resources for human survival and social and economic development, energy
resources are basic material resources for modern societies and are the most powerful
engine for regional economic development [1,2]. Particularly, since the Industrial Rev-
olution, the acquisition of affordable, stable, and clean energy supplies has become the
cornerstone of economic growth and social prosperity worldwide [3]. Additionally, since
the reforms and opening-up of China’s economy, the rapid process of industrialization
and urbanization has made the country’s total energy production and consumption grow
rapidly [4,5]. China has already become the world’s largest energy producer and consumer.
As of 2016, the total global primary energy consumption had reached 13.276 billion tons of
oil equivalent, and 23% of which was consumed by China [6].

The rapid economic growth and energy consumption in China have increased the
pressure to guarantee its energy supply and security, which has also brought a series
of problems in the fields of ecology and the environment [7,8]. Under the pressure of
global climate change and ecological and environmental protection, controlling energy
consumption is not only a need for the sustainable development of China but also an
urgent requirement for the whole world [9-12]. To actively respond to the energy issue, in
the “11th Five-year Plan” (2006-2010), the energy consumption per unit gross domestic
product (GDP) aimed to be reduced by approximately 20% by 2010 compared with 2005. In
2009, the Chinese government made a commitment at the Copenhagen Climate Conference
that the country will have its proportion of non-fossil energy consumption reach 15% by
2020. Moreover, in the “12th Five-year Plan” (2011-2015), the energy consumption per unit
GDP was proposed to be reduced by 16%, and the proportion of non-fossil energy should
account for 11.4% of the primary energy consumption by 2015. In 2013, the State Council
drew the red line for energy consumption in 2015 to keep the total at four billion tons of
standard coal equivalent (tce). Furthermore, in the “13th Five-year Plan” (2016-2020), the
energy consumption per unit GDP is proposed to be reduced by 15%, and the proportion
of non-fossil energy shall account for 15% of primary energy consumption by 2020. In the
“13th Five-year Plan” Development Plan for Energy, the National Energy Administration
proposed for the first time that the entire country had to implement dual control of energy
intensity and total energy consumption during the “13th Five-year Plan” period. Therefore,
ecological, clean, and efficient energy uses are the core of China’s energy strategy [13].

Based on a geographical perspective, research on a country’s energy consumption
issues should not only make assessments in terms of changes to the total but also consider
the changes in the regional pattern. Moreover, the country must implement national
energy conservation, emission reduction, and consumption reduction policies from the
perspective of the regional spatial pattern to provide them with clearer pertinence and
better operability [14,15]. Cities are areas in which human economic and social activities are
concentrated, and industrial production and urban life consume considerable energy [16].
Approximately 85% of China’s carbon emissions come from urban energy consumption,
and this proportion is far higher than that of the European Union and the United States,
which are 69% and 80%, respectively [17]. Therefore, understanding the increasing trend of
energy consumption on a city scale and its influencing factors will be important to control
total energy consumption and reduce energy consumption intensity [18-20]. Additionally,
an in-depth analysis of the urban energy system is regarded as the main measure for
conducting policy and regulation for energy transition and sustainability, especially for
climate mitigation and adaptation in the future.

Presently, studies regarding urban energy consumption can be roughly divided into
those with a few main goals. Examples include estimating and accounting of total energy
consumption, determining the influencing factors of total energy consumption and their
mechanisms of action, analyzing scenarios and having a simulation prediction of total
energy consumption, and recommending implementation paths and policy measures for
energy conservation and emission reduction. Among them, accounting for total energy
consumption is the basis of energy system research. Moreover, analyzing the influencing
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factors of total energy consumption is the key to the implementation of scenario analysis
and the formulation of energy conservation and emission reduction measures. Regarding
urban statistics, energy consumption data for urban areas are comparatively limited,
whether on a city or an industry scale [21]. Data collection is the precondition to calculate
total energy consumption on a city scale, and the key issue in this accounting is the
determination of urban boundaries and the scope of accounting. The first type of accounting
system is for total direct energy consumption within the boundaries of a city. Then, the
second type is for outsourced energy, electricity, heat, and others outside the boundaries of
a city. Finally, the third type is for the embodied energy in a city, such as the consumption
of goods and services [22,23]. The accounting methods for total urban energy consumption
mainly include the inventory analytical method [24], the input-output (IO) analytical
method [25], the life cycle analysis (LCA) method [26,27], and the night light data [28]. The
applicability of the inventory analytical method is relatively high. Its advantages are in the
time series analysis of continuous periods, which account for the total energy consumption
based on different industrial sectors and energy types [21,24].

Research on the influences of energy consumption on a city scale mainly uses meth-
ods, such as index decomposition analysis (IDA), structural decomposition analysis (SDA),
or regression analysis, to analyze the key influencing factors of growth in urban energy
consumption. As shown in Table 1, the IDA-based logarithmic mean Divisia index (LMDI)
method has been widely applied to research on the influencing factors of energy consump-
tion and its carbon emissions on a city or regional scale [29-33]. For example, Fernandez
Gonzélez used the IDA-based LMDI method to uncover the driving factors of energy
consumption intensity in 20 European Union countries from 1995 to 2010 [34]. Jung et al.
adopted the LMDI method to identify the main drivers for energy-related carbon emissions
in eco-industrial parks in South Korea [35], their results confirmed the role of reduced
energy intensity in eco-industrial parks in reducing energy-related emissions. Cansino
et al. used the LMDI method with six decomposition factors to evaluate the performance
of Chile’s energy-related emissions and found that energy intensity is the main curbing fac-
tor [36]. Moreover, Wang et al. combined the LMDI method and C-D production function
to analyze the driving factors dominating China’s energy consumption in 1991-2011 [37].
Then, Ma et al. adopted the LMDI and decoupling methods to confirm whether the car-
bon intensity in the commercial building sector decouples from economic development
in China’s top five urban agglomerations [38]. Chen et al. decomposed energy-related
emission changes using the LMDI method in 2000-2011 in Macao [39]. Chong et al. also
examined the influencing factors of energy consumption in Guangdong in 2004-2014 using
the LMDI method [40]. Then, Gu et al. used the LMDI method to explore determinants
of energy-related carbon emission changes in 1995-2016 in Shanghai [41]. Furthermore,
Shao et al. adopted the extended LMDI method to explore techno-economic drivers of
energy-related industrial carbon emission changes in Shanghai in 1994-2011 [42]. Research
on these city or regional scale energy consumptions and carbon emissions have provided a
useful reference for understanding the composition and evolutionary trends in total urban
energy consumption and its underlying mechanism.

Table 1. Summary of selected logarithmic mean Divisia index (LMDI)’s application in urban energy consumption or carbon

emissions studies.

Authors Time Period Indicator Cities or Countries
Ang et al. [43] 1974-1990 Industrial energy consumption Singapore
Ang et al. [44] 1990-2000 Industrial energy consumption Canada
Ang et al. [45] 1985-2000 Industrial energy consumption United States
Choi et al. [46] 1987-2004 Energy intensity United States
Xu et al. [47] 2000-2010 Residential energy consumption Singapore
Chung et al. [48] 1990-2007 Residential energy consumption Hong Kong
Achao et al. [49] 1980-2007 Residential energy consumption Brazil

Ali et al. [50]

1997-2008 Industrial energy intensity California
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Table 1. Cont.

Authors Time Period Indicator Cities or Countries

Balez ~entis et al. [51] 1995-2009 Energy intensity Lithuania

Chontanawat et al. [52] 1991-2011 Industrial energy intensity Thailand

Fernandez Gonzalez et al. [34] 1995-2010 Energy intensity European countries

Jung et al. [35] 2002-2009 Energy-related carbon emission South Korea

Cansino et al. [36] 1991-2013 Energy-related carbon emission Chile

Chen et al. [39] 2000-2011 Energy-related carbon emission Macao

Wang et al. [53] 2000-2010 Residential carbon emissions Beijing

Zhao et al. [54] 1996-2007 Energy-related carbon emission Shanghai

Shao et al. [42] 1994-2011 Energy-related carbon emission Shanghai

Kang et al. [55] 2001-2009 Energy-related carbon emission Tianjin

Tan et al. [56] 2000-2012 Energy-related carbon emission Chonggqing

Liu et al. [57] 1995-2009 Energy-related carbon emission g;l] e/ Shanghal, Tianjin, and
ongging

Research on energy consumption in China at the city scale has mostly focused on
metropolises, such as Beijing and Shanghai [58-60]. Additionally, their large popula-
tions and economic aggregation have given these cities a high total energy consumption
(Figure 1). Using total electricity consumption in a city as an example, the electricity con-
sumption in Suzhou has presented a rapidly increasing trend since 2000, growing from
19 billion kWh in 2000 to 102 billion kWh in 2010 and then 150 billion kWh in 2017. The
total electricity consumption of Suzhou has grown steadily nearer to that of Shanghai,
which ranks first in China. Moreover, the industrial electricity consumption in Suzhou
exceeded that of Shanghai in 2009. Hence, the former became the city with the highest
industrial electricity consumption among the seven cities with the largest GDP in the
entire country and has maintained this increasing trend. In 2017, the industrial electricity
consumption in Suzhou was higher than that of the sum of Guangzhou and Shenzhen;
Tianjin and Chonggqing; and Beijing and Shanghai. As a major industrial city in China and
a second-batch low-carbon pilot city, Suzhou is in a critical period of transitional upgrade
and innovative development. Thus, the city urgently should adopt new industrialization
technologies with low energy consumption and low emissions. Suzhou is facing strong
pressures for energy conservation, emission reduction, and consumption reduction. Hence,
the city urgently should transform its own industrial structure, optimize its energy struc-
ture, and improve its technological level to accomplish the goals of energy conservation,
emission reduction, and consumption reduction. This background highlights the necessity
of learning the basic underlying causes of energy consumption including the influencing
factors of energy consumption.

The marginal contributions of this research are as follows: (1) This study achieves
meticulous energy consumption accounting by the energy type and industry sector on
a city scale. (2) This study further expands and optimizes the LMDI model by drawing
lessons from classic IDA theory and the Kaya identity equation to analyze the factors
influencing energy consumption. (3) This study analyzes not only the mechanisms by
which population size, economic output, and energy intensity affect energy consumption
but also the effects of population structural factors and industry structural factors.
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Figure 1. Total electricity consumption in megacities in China.

2. Methodology and Data Collection
2.1. City-Level Total Energy Consumption Accounting

The inventory analytical method is currently one of the more widely applied methods
for energy consumption and carbon emission accounting on a city scale. This method
mainly refers to the technical process of greenhouse gas emission inventory compiled
by the Intergovernmental Panel on Climate Change (IPCC) [61]. This study adopts the
accounting process based on the energy balance table [21,24] because of the inconsistency in
the statistical data on energy in China [62]. The objectives are to account for the total energy
consumption in Suzhou by energy variety and industry type and screen the dominant
energy varieties and key industry categories of energy consumption.

The specific accounting processes for total energy consumption in Suzhou are as
follows: (1) The accounting period was determined to be from 2006 to 2016. (2) The total
energy consumption of industrial enterprises above the designated size by the sector and
type was directly obtained from the Suzhou Statistical Yearbook. However, particular
attention was paid to the statistical item of “comprehensive energy consumption = total
production and consumption of various energy industries — secondary energy yield of
processing and conversion.” During conversion to total energy consumption, attention was
paid to the deduction of the amount of coke in repeated calculations. (3) The total energy
consumption of the industrial enterprises was calculated from the reverse deduction of the
industrial enterprises above the designated size. In this process, certain ratios and empirical
parameters were used to convert raw coal, gasoline, diesel, fuel oil, liquefied petroleum
gas, natural gas, and liquefied natural gas. Nevertheless, the consumption of cleaned
coal and coke by the industrial enterprises above the designated size prevailed. (4) For
the total energy consumption of the primary industry, the construction industry, tertiary
industry, and residents’ living activities, data on the total energy consumption of Jiangsu
Province by the sector and type were used as an essential reference. The Energy Balance
Table of Jiangsu Province (Physical Quantity) was used as the basis for decomposition.
Additionally, the primary, construction, and tertiary industries were decomposed according
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to the percentage of added value. The residential consumption was decomposed according
to the proportion of the urban to the rural population. Meanwhile, the statistical data
on energy for Jiangsu Province and Suzhou were incomplete. Hence, the total energy
consumption of Jiangsu Province was mainly gathered from the Jiangsu Statistical Yearbook
and the China Statistical Yearbook. Then, the data on total energy consumption by the
sector and type were mainly based on the China Energy Statistical Yearbook and the
Energy Balance Table of Jiangsu Province (physical quantity) for calculation and sorting.
(5) Based on the principle of total energy balance, although simultaneously using relevant
research reports and policy documents as references to verify the data, the data on total
energy consumption by the sector and type for the entire Suzhou from 2006 to 2016 were
systematically constructed.

2.2. Extended LMDI Method Based on the Kaya Identity

Based on the index number theory [63,64], an IDA aims to uncover the impacts of a
number of pre-defined factors on an aggregate of interest [64], which begins with defining
a governing function [65]. IDA has been popularly adopted in energy and environmental
studies [66] since it was first use to analyze industrial energy consumption in the late 1970s
and 1980s [64], as shown in Table 1. In the course of IDA application and optimization,
from Ang’s systematic elaboration on methods, such as the Laspeyres index decomposition
and Divisia index decomposition [67], the LMDI was recommended for the decomposition
of the total index [44]. This method not only eliminates the decomposition residual error in
the Laspeyres method but also solves the “0” value problem in the Divisia method [66].
Compared with various IDA methods, the LMDI method is the preferred one [44,65].

The Kaya identity equation is one of the best-known IDA methods [68-70] and de-
composes total energy consumption into three influencing factors as follows:

E:Px(ﬁ)x(a) 1)

where P represents the population size, G represents the GDP, E represents total energy
consumption, G/P represents per capita GDP, and E/G represents the energy consump-
tion intensity.

However, the classic Kaya identity equation evidently fails to consider all the effects
of structural changes, such as in the economic structure (G), energy structure (E), and
population structure (P), on energy consumption. Given the current evolutionary trend of
diversification in the industry structure and the urban—rural population structure [23], we
further expanded and optimized the classic Kaya identity equation as follows:

E=FE1+Ey+E3+E4+ Es+ Eg (2)

where E; represents energy consumption by agriculture (i = 1), energy consumption by
production (i = 2), energy consumption by construction (i = 3), energy consumption by
service (i = 4), energy consumption by urban residents (i = 5), and energy consumption by
rural residents (i = 6).

Formula (2) can be expressed as:

b GDPleDPxP:elxslxgxp 3)

Ev = Gbp, *Gpp X P

E, GDP, GDP
P = 4
GDPZXGDPX P X ey XS XgXp 4)

_ E GDP; GDP _
E; _GDP3X cDp X P XP=e3xs3xgxp (5)

E GDP, GDP
Ey4 :GD4P4X GD;X P XP=e4xXsyxgxp (6)

E, =
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Es = =2 X Alypan X —22% 5 P = e5 X Alpay X UR X p )
TLyrpan
o E6 Prural _
Es = X Alpyrar X X P =ec X Alyyrq X (1 - UR) xp 8
Tlyra p

where GDP; (i = 1, 2, 3, 4) represents the GDP of agriculture, industry, the construction
industry, and the service industry, respectively; p = P represents the total population size; g
is the per capita GDP;e; (i=1, 2, 3,4, 5, 6) is the energy consumption intensity of industries
and residents; s; (i =1, 2, 3, 4) is the industrial structure; Py, and P,,,,,; represent the urban
and rural population sizes, respectively; T1,,4,, and T, characterize the total income of
urban and rural residents, respectively; AL, and Al represent the per capita income
of urban and rural people; and UR is the urbanization level.

The difference in total energy consumption from Years 0 to T is referred to as the total
effect AE, whose formula is

AE=ET —E°
= AE, + AEg + AE,, + AEs, + AEy,

urban

+ AEa;g (9)

rural

+ AEUR + AEp

rural

Finally, AE was further decomposed without a residual by using the further expanded
and optimized LMDI decomposition technique [44,66]:

6 Et EO pt
AE, = —+t 1t —In(— 10
) ;gnEt g0 (00 (10)
4 EO
4
AE, = In( <2 11
8 Z lnEt lnEO (gl)) (1)
6 Et EO et
AE, = In(- 12
& ; nEt lnEO (8?>> ( )
4 EO Sﬁ
AE;. = In(— 1
5i ; nEt lnEO (S?)) (13)
EL — E2 Al .
5 5 urban
Ef —E Al
AEAIrumI = ? : 0 11’1( }E)uml) (15)
InE; —InEg AL
EL - EY UR!
AEgjr = —2>—2_1In 16
UR = i g0 R0 (16)
EP — Eé _ E(é) 11'1( Prtuml ) (17)
rural
In Eé —In Eg Proural

According to Formulas (10)—(17), the mechanism of action for energy consumption
can be decomposed into the following: the population size effect (AE, o), the economic
output effect (AE; o), the energy intensity effect (AE, f), the economic structure effect
(AEg_effect), the urbanization effect (AEyg ¢fect), and the income effect of urban and rural
residents (AEAL efpect)-

2.3. Data Sources

The population size, population structure, economic aggregate, industry structure,
and energy data used in this study came from the Suzhou Statistical Yearbook (2007-2017),
Jiangsu Statistical Yearbook (2007-2017), China Statistical Yearbook (2007-2017), and China
Energy Statistical Yearbook (2007-2017), including the statistical bulletins of the relevant
years, which mainly included the population size, total urban and rural population, GDP,
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and industrial value-added. Other data included the energy consumption of industrial
enterprises above the designated size by the sector and type in Suzhou from 2006 to 2016,
the total energy consumption in Jiangsu Province by the sector and type, and the Energy
Balance of Jiangsu Province (Physical Quantity). To enhance the comparability of the data,
the GDP and the GDP by the industry are expressed in 2006 prices.

3. Empirical Analysis in Suzhou
3.1. Analysis of the Economic Growth Process in Suzhou

GDP was adopted to characterize the economic growth process. Since the reform and
opening-up, Suzhou has been in a stage of rapid economic growth overall. In 2016, the
entire city achieved a regional GDP of 1389.57 billion yuan (Figure 2). Then, in 2016, the
economic aggregate of the city was higher than that of the 12 provinces of Yunnan, Inner
Mongolia, Heilongjiang, Shanxi, Jilin, Guizhou, Xinjiang, Gansu, Hainan, Ningxia, Qinghai,
and Tibet. The economic aggregate of Suzhou was also higher than that of most large-
and medium-sized cities in China, ranking seventh behind Shanghai, Beijing, Shenzhen,
Guangzhou, Chongqing, and Tianjin in GDP. This city had the largest economic aggregate
among prefecture-level cities. Since 2002, the economic growth in Suzhou has presented a
two-stage character. After entry to the World Trade Organization, the GDP accelerated at a
rate higher than 10% per year. Then, after the 2008 financial crisis, the GDP growth rate
has slowed every year. Although its GDP growth rate has been higher than the national
average, the gap has gradually reduced. The GDP growth rate was higher than the national
average by 2.7 percentage points in 2010 but only by 0.8 percentage points in 2016.

500 ] —s—GDP-1978 ] 50

450 4 ¢ GDP growth rate, Suzhou | 45
— ] g ---- GDP growth rate, China —
5 400 et
] i R=
S =
S 350 4 _ 35 S
a8 1 30 §
= 300+ | =
9 s}
Z : 25 g
& 250 172
£ : 20 g
S 200 1 &
; 1 15 =
o . - -
- 150 " E
a 1 2 | &h
S 1004 5 &
i i @)

50 0
0 I I ' I ' I " I ' I ' I '5

L N o
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Year

Figure 2. Economic growth in Suzhou.

3.2. Total Energy Consumption and the Trends of Structural Changes in Energy Consumption
in Suzhou

Total energy consumption in Suzhou presented an overall increasing trend (Figure 3),
with 2006-2012 being a rapid growth stage and 2013-2016 being a moderate growth
stage. From 2006 to 2012, the total energy consumption in Suzhou rapidly increased
from 50.1 million tons of coal equivalent (Mtce) in 2006 to 79.58 Mtce in 2012, with an
average annual growth rate of 8.93%. During the same period, the average annual growth
rate of energy consumption in Jiangsu Province was 7.17%, and the national average



Sustainability 2021, 13, 764

9 of 21

annual growth rate of energy consumption was 5.75%. From 2013 to 2016, total energy
consumption in Suzhou slowly increased from 80.34 Mtce in 2013 to 84.7 Mtce in 2016.

90
~~ -
3
2 304
s |
g 70-
S B Rencwabl
= I — [ enewables
2 60 . | I Electricity
-, _EEE i
é 50 — I Natural gas
g i LPG
2 40 N I Fuel oil
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2 ] I Clean coal
L 204 I Raw coal
< J
°
= 10
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Year

Figure 3. Total energy consumption by different types in Suzhou from 2006 to 2016.

From 2006 to 2016, the energy structure of Suzhou has consistently presented mainly
coal-based properties with diversification and mutual supplementation of natural gas,
petroleum, electricity, and other sources (Figure 4). The energy consumption structure
was mainly based on coal, but the predominant position of coal has gradually abated; the
proportion of raw coal in the total energy consumption decreased from 59.79% in 2006
to 54.20% in 2016. The total amount and percentage of cleaned coal gradually decreased,
and the proportion out of total energy consumption decreased from 12.15% in 2013 to
9.06% in 2016. Moreover, the total amount and percentage of coke gradually increased,
and its proportion increased from 7.18% in 2014 to 8.84% in 2016. Then, the proportion
of total natural gas consumption out of total energy consumption rapidly increased from
3.78% in 2006 to 8.71% in 2016. The proportion of outsourced electricity out of total energy
consumption grew to 12.57%. Furthermore, the proportion of renewable energy (photo-
voltaic power, biomass power, wind power) has continued to grow, and local renewable
energy power generation has reached 2.42 billion kWh. Although the energy consump-
tion structure mainly based on coal did not fundamentally change, the proportions of
raw and clean coal out of total energy consumption in Suzhou have trended downward
year by year. Therefore, the adjustment of the energy structure in Suzhou has achieved
preliminary effects.

Energy consumption in Suzhou is mainly focused on the industry. Total energy
consumption by the industry continuously increased from 42.47 Mtce in 2006 to 68.26 Mtce
in 2016. However, the proportion of energy consumption by the industry has decreased to
80.57% in 2016, followed by living consumption and the transportation sector. The total
energy consumption by residents’ living activities rapidly increased from 5.28% in 2006
to 6.76% in 2016, and the percentage of energy consumption by the transportation sector
increased from 3.91% in 2006 to 5.22% in 2016. The proportion of energy consumption by
the industry in Suzhou was comparatively high mainly because its industrial structure
has been upgraded relatively slowly. Moreover, the economic scale of the urban industry
in Suzhou is large. In 2016, the industrial enterprises above the designated size realized
3071.39 billion yuan in the total output value. This value was second only to that of
Shanghai, ranking the second-largest industrial city in the nation. Furthermore, the heavy
industrialization characteristics of the manufacturing industry in Suzhou are more evident.
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In 2016, the proportion of the total output value of heavy industrial enterprises above the
designated size out of the total value output of industry was 76.07%, which was far higher
than the 55.44% in 2002.

90
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N Industry
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30 <

20

Total energy consumption by sectors (Mtce)
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Year
Figure 4. Total energy consumption by different sectors in Suzhou from 2006 to 2016.

3.3. Analysis of the Driving Factors of Change in Total Energy Consumption in Suzhou
3.3.1. Population-Economy-Technology Decomposition of total Energy Consumption
in Suzhou

Under the analytical framework of IDA, a population (P)-economy (G/P)-technology
(E/G) decomposition analysis was performed on the total energy consumption in Suzhou
from 2006 to 2016 according to Formula (1). Total energy consumption in Suzhou came
mainly from the interaction between the driving effect of economic growth and the braking
effect of technological progress. Significant differences were observed in the contribution
functions of the three major factors in each stage (Figure 5). During this period, the
evolution of total energy consumption in Suzhou can be divided into three key stages:

Although the rapid growth period in 2006-2010 included the 2008 global financial
crisis, the economic growth in Suzhou was still substantial. After the 2008 global financial
crisis, the economy of Suzhou rapidly rebounded in 2009. During the same period, the
energy consumption intensity in Suzhou decreased from 0.099 tce/thousand yuan in 2007 to
0.085 tce/thousand yuan in 2010. Additionally, the energy consumption per unit GDP was
between the average level in Jiangsu Province and the national average. Despite the decline
in the energy consumption per unit GDP, the rapid growth of the economic aggregate has
caused the total energy consumption of Suzhou to grow rapidly. The technological progress
effect with lower energy consumption intensity failed to fully realize energy conservation
and emission reduction effects. In 2006-2007 and 2009-2010, the population size effect was
mainly caused by the rapid growth of the permanent population.

For the moderate growth period in 20102013, in this stage (post-financial crisis era),
Suzhou'’s economy entered a period of profound adjustment by taking advantage of the
opportunity and accelerating the replacement of old growth drivers with new ones. The
contribution of the tertiary industry to the GDP from 2011 to 2012 was significantly higher
than that of the secondary industry. Since then, the contribution of the tertiary industry to
the GDP has become increasingly greater than that of the secondary industry. After 2010,
the scale of GDP growth in Suzhou gradually slowed down, the economy entered a new
normal, and the pulling effect of economic growth on total energy consumption decreased
year by year. Energy consumption intensity started to experience a full braking effect,
which kept the growth of energy consumption within limits. Furthermore, the reduction
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in total energy consumption caused by the technological progress effect increased from
1.13 Mtce in 2010-2011 to 4.78 Mtce in 2011-2012 and then 6.57 Mtce in 2012-2013 (Table 2).
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Figure 5. Contributions of driving forces of energy consumption changes in Suzhou in 2006-2016.

Table 2. Decomposition of energy consumption change in Suzhou.

AE (Mtce) p-Effect g-Effect e-Effect
2006-2007 7.3367 4.5886 3.4257 —0.6776
2007-2008 1.8510 1.9853 5.2503 —5.3846
2008-2009 1.8318 1.5819 49711 —4.7212
2009-2010 8.5551 7.2274 0.9271 0.4006
2010-2011 7.1657 0.3677 7.9280 —1.1299
2011-2012 2.7417 0.2257 7.2990 —4.7830
2012-2013 0.7563 0.2240 7.1057 —6.5735
2013-2014 0.4037 0.1924 6.2295 —6.0182
2014-2015 1.1199 0.0920 5.7878 —4.7599
2015-2016 2.8599 0.2460 5.7772 —3.1633

For the slow growth period from 2013 to 2016, the energy consumption intensity
in Suzhou continued to decrease, falling from 0.067 tce/thousand yuan in 2014 to 0.061
tce/thousand yuan in 2016. However, the rate of reduction in energy consumption inten-
sity was significantly lower than that in the moderate growth period from 2010 to 2013.
Although Suzhou'’s current economy is in a new normal state, the braking effect of techno-
logical progress on total energy consumption from 2013 to 2016 presented a weaker pulling
effect than that of the economic growth on total energy consumption. This case became
the most important contributing factor to the slow growth of total energy consumption in
that stage.

After 2010, the economic new normal gradually decreases or even tends toward
stability the pulling effect of the economic growth effect on total energy consumption.
However, the growth rate of total energy consumption presented a U-shaped trend overall.
The main reason was that the braking effect of the technological progress effect on total
energy consumption presented a changing trend from weak to strong and then from strong
to weak.
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3.3.2. Population-Economy-Technology-Structure Decomposition of Total Energy
Consumption in Suzhou

According to the expanded and optimized LMDI decomposition technique, a multifac-
tor decomposition analysis was conducted on the changes in the total energy consumption
of all sectors in Suzhou from 2006 to 2016 (Table 3). By contrast, the influence mecha-
nisms of the population size, economic output, and energy intensity effects on total energy
consumption were analyzed simultaneously, along with the influence of population and
industry structural factors on total energy consumption. The evolution of energy con-
sumption in Suzhou was divided into three stages: the first stage is in 2006-2010, the
second stage is in 2010-2013, and the third stage is in 2013-2016. Additionally, energy
consumption in Suzhou was divided into two major sectors, namely, industrial activities
(agriculture, industry, construction industry, and service industry) and consumption by
residents (consumption by urban residents and consumption by rural residents).

Based on the three stages shown in Figure 6, the changes in the energy consumption
of the industrial sector in Suzhou and their influencing factors were analyzed.
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Figure 6. Contributions of each factor and the energy consumption change in the industrial sector of
Suzhou in 2006-2016.

The first stage (2006-2010): In the Outline of the 11th Five-year Plan for National Eco-
nomic and Social Development in Suzhou (2006-2010), the following is evidently proposed
“the average annual growth in regional GDP will be approximately 12%, per capita regional
GDP will be quadruple that of 2000, the level of urbanization will reach approximately 70%,
and great effort will be made to double the total in the service industry.” The permanent
population of Suzhou rapidly increased from 8.098 million in 2006 to 10.466 million in
2010, with an average annual growth rate of 6.62%. During the same period, the registered
household population in Suzhou increased from 6.16 million in 2006 to 6.38 million in
2010, illustrating the comparatively strong population aggregation capacity of Suzhou.
Furthermore, the employment absorption capacity in Suzhou continuously increased to
6.875 million employed personnel at the end of 2010. With the increase in population
aggregation and employment absorption capacities, its population aggregation effect and
structural change enabled the level of urbanization in Suzhou to rapidly increase from
65.08% in 2006 to 70.03% in 2010. The per capita GDP rapidly increased from 61,097.84 yuan
in 2006 to 78,494.37 yuan in 2010. This growth made the population size and economic
output effects the main driving factors of the increase in energy consumption during
this period.
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Table 3. Decomposition of energy consumption change in the industrial and residential sectors of Suzhou in 2006-2016.

2006-2007 2007-2008 2008-2009 2009-2010 2010-2011 2011-2012 2012-2013 2013-2014 2014-2015 2015-2016 2006-2016

p-effect 4.3719 1.8907 1.5128 6.9282 0.3478 0.2119 0.2102 0.1809 0.0862 0.2294 16.9164

g-effect 3.2639 5.0002 4.7540 0.8887 7.5005 6.8526 6.6658 5.8561 5.4230 5.3873 46.9213

e-effect-Agriculture —0.0590 0.0094 —0.0875 0.0398 0.0248 0.0067 —0.0774 —0.0134 0.0207 —0.0121 —-0.1677
e-effect-Production 2.3221 —4.8615 0.2564 0.0414 0.0814 —4.4646 —2.4262 —2.3636 —3.3580 0.4059 —12.2806

e-effect-Construction —0.1069 0.0506 —0.2199 0.0849 0.1126 —0.0093 —0.0509 0.0039 —0.0986 —0.1331 —0.3602

Economic activities e-effect-Service —0.9643 0.3908 —1.8958 0.8064 —0.5710 1.1781 —1.2623 —0.5526 —0.0002 —1.0069 —4.1845
s-effect-Agriculture —0.0207 —0.0141 —0.0075 —0.0222 —0.0049 —0.0078 0.0045 —0.0017 0.0009 —0.0139 —0.1039
s-effect-Production —1.4518 —1.6514 —1.5455 —1.8655 —1.6286 —1.7354 —2.6293 —2.8910 —2.0085 —2.5707 —18.0533

s-effect-Construction —0.0291 0.0039 0.0298 0.0011 0.0112 —0.0050 0.0101 0.0127 —0.0080 —0.0211 0.0117

s-effect-Service 0.2864 0.2601 0.1757 0.2451 0.1948 0.2465 0.3598 0.3719 0.2796 0.3768 2.8411

AE-Economy 7.6125 1.0786 2.9724 7.1481 6.0689 2.2736 0.8042 0.6032 0.3372 2.6418 31.5405

p-effect 0.1260 0.0555 0.0411 0.1858 0.0122 0.0084 0.0086 0.0073 0.0037 0.0108 0.6775

g-effect-AUI 0.2024 0.1887 0.1530 0.1754 0.3123 0.3543 0.2831 0.3849 0.2519 0.2757 2.6636

g-effect-ARI 0.1250 0.1303 0.0921 0.1178 0.2439 0.2153 0.1992 0.1559 0.1493 0.1558 1.6456

Residential consumption e-effect-U —0.4451 0.1854 —0.7618 0.3707 0.2489 —0.0399 —0.3776 —0.4368 0.2108 —0.1139 —1.4818
e-effect-R —0.3685 0.1775 —0.6889 0.4719 0.2940 —0.0511 —0.1450 —0.2944 0.1903 —0.0977 —0.6696

Urbanization-effect 0.0117 0.0087 0.0071 0.0932 0.0438 0.0414 0.0348 0.0332 0.0420 0.0291 0.3677

AE-Resident —0.2758 0.7724 —1.1406 1.4070 1.0968 0.4681 —0.0480 —0.1994 0.7827 0.2181 3.0814
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From 2006 to 2010, the industry structure was predominated by the secondary industry,
followed by the tertiary and then the primary. However, the tertiary industry rapidly grew
(from 41.13% to 45.81%), and the predominant position of the secondary industry gradually
weakened. The proportion of the industry out of GDP decreased from 55.54% in 2006 to
48.99% in 2010. This change made the industry structure effect (s-effect-Production) the most
important contributing factor to keeping the rapid growth in energy consumption within
certain limits during this period.

In this stage, computers, steel, textiles, electrical machinery, chemicals, and general
equipment became the six leading industries in Suzhou. The service industry focused
on the development of modern logistics, finance, business services, tourism and exhi-
bitions, and others. The energy consumption intensity of the industry decreased from
0.1406 tce/thousand yuan in 2006 to 0.1349 tce/thousand yuan in 2010. Additionally, the
energy consumption intensity of the service industry decreased from 0.0259 tce/thousand
yuan in 2006 to 0.0178 tce/thousand yuan in 2010. Then, the energy consumption intensity
effect of the industry (e-effect-Production) and the energy consumption intensity effect of
the service industry (e-effect-Service), respectively, became the second and third leading
contributors keeping the growth of energy consumption within their limits.

The second stage (2010-2013): After the financial crisis, advantage, emerging, and
high-tech industries became the dominant force driving Suzhou'’s industrial economy out of
its low valley. The economic scale of Suzhou continued to grow. The GDP rapidly increased
from 936.65 billion yuan in 2010 to 1319.13 billion yuan in 2013, with an average annual
growth rate of 10.56%. Then, the per capita GDP rapidly increased from 78,494.37 yuan
in 2010 to 104,954.93 yuan in 2013, with an average annual growth rate of 10.17%, which
made the economic output effect the main contributing factor to the growth in energy
consumption during this period.

Since 2010, the growth rate of investment in industrial fixed assets slipped downward,
and power conversion was relatively lagging. Furthermore, the average annual growth
rate of the output value in the high-energy-consumption steel, textile, and chemical fiber
industries fell. However, the equipment manufacturing industry, representing the future
direction and overall strength of advanced manufacturing, replaced the steel industry as the
second-largest industry in Suzhou. Suzhou vigorously developed new, high-technology
industries and continued to change its mode of industrial growth. Additionally, the
city actively used new and advanced applied technologies to transform the traditionally
advantaged ones.

The energy consumption intensity of the industry decreased from 0.1349 tce/thousand
yuan in 2010 to 0.1216 tce/thousand yuan in 2013. The total energy consumption decreased
by the energy consumption intensity effect of the industry (e-effect-Production) was 6.54 Mtce.
Additionally, Suzhou actively constructed a modern industrial system that was adapted
for the development of a modern metropolis. The proportion of the industrial added value
out of the GDP decreased from 53.75% in 2010 to 48.99% in 2013, and the total energy
consumption decrease by the industry structure effect of industry (s-effect-Production) was
5.83 Mtce. The energy consumption intensity effect of the industry and the industry
structure effect of the industry became the main contributing factors that limited the
growth of energy consumption in this stage.

The third stage (2013-2016): From 2013 to 2016, the increase in energy consump-
tion in Suzhou was significantly lower than that from 2010 to 2013. During this period,
Suzhou’s economic development grew steadily, where the per capita GDP increased from
104,954.93 yuan in 2010 to 130,507.95 yuan in 2016, with an average annual growth rate of
7.53%. The economic output effect was still the main contributing factor to the growth of
energy consumption, but its rate of contribution significantly decreased from the previous
stage. Suzhou’s economy had entered a new normal. That is, the emerging kinetic energy
continued to grow, and the proportion of tertiary industry rapidly increased from 45.81%
in 2013 to 51.21% in 2016. The industry structure of Suzhou continued to be optimized
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and was entering a critical transition period of high-quality development. High-energy-
consumption industries were effectively suppressed, electrical machinery had replaced
steel to become the second-largest leading industry, and textiles had fallen from the list of
the six largest industries. The total energy consumption decrease by the industry structure
effect of the service industry was 7.57 Mtce, and the total energy consumption decrease
by the energy consumption intensity effect of the industry was 5.42 Mtce. Moreover, the
industry structure effect of the service industry and the energy consumption intensity effect
of the industry became essential contributors to limiting the growth of energy consumption
in this stage.

The percentage of energy consumption accounted for by Suzhou residents remains
comparatively small presently. However, its growth rate is comparatively fast, specifically
that of urban residents, which should be a key facet worthy of attention in the efforts
to make Suzhou into a low-carbon energy-conservation city. Changes in the energy con-
sumption of the residential sector of Suzhou and their influencing factors were analyzed
according to three stages (Figure 7).
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Figure 7. Contributions of each factor and energy consumption change in the residential sector of
Suzhou in 2006-2016.

The first stage (2006-2010): The energy consumption by Suzhou residents increased
from 2.65 Mtce in 2006 to 3.41 Mtce in 2010, and 78.35% of the growth in energy consump-
tion by residents came from consumption by urban residents. In the process of rapid
population growth and continued advancement of urbanization, several nonnative person-
nel and rural residents moved into the city. This event leads to continued growth in the
consumption demand and consumption level of residents, which had a significant effect on
the increase in energy consumption. As the level of urbanization in Suzhou continued to
advance, the per capita disposable income of urban residents increased from 18,532 yuan
in 2006 to 29,219 yuan in 2010. The population size effect (p-effect) and the income effect
of urban residents (g-effect-AUI) became the main contributing factors to the growth in
energy consumption in this stage. Total energy consumption by urban residents increased
from 1.53 Mtce in 2006 to 2.13 Mtce in 2010. However, the energy consumption intensity
decreased from 0.0156 tce/thousand yuan in 2006 to 0.0099 tce/thousand yuan in 2010.
This case made the energy consumption intensity effect of urban residents (e-¢ffect-U) the
main factor limiting the growth of energy consumption.

The second stage (2010-2013): Energy consumption by Suzhou residents rapidly
increased from 3.41 Mtce in 2010 to 4.93 Mtce in 2013, and 61.33% of which came from
consumption by urban residents. The per capita disposable income of urban residents
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increased from 29,219 yuan in 2010 to 41,143 yuan in 2013, and the per capita disposable in-
come of rural residents increased from 14,657 yuan in 2010 to 21,578 yuan in 2013. Moreover,
the income effects of urban residents (g-effect-AUI) and rural residents (g-effect-ARI) became
the main contributing factors to the growth in energy consumption in this stage. The energy
consumption intensity of urban residents slowly decreased from 0.0099 tce/thousand yuan
in 2010 to 0.0096 tce/thousand yuan in 2013. The rapid increase in the income level of
residents and the slow decline in the energy consumption intensity of residents were the
key reasons why the increase in energy consumption in this stage was significantly higher
than that in the previous stage.

The third stage (2013-2016): Energy consumption by Suzhou residents increased
from 4.93 Mtce in 2013 to 5.73 Mtce in 2016, and 87.19% of which growth came from
consumption by urban residents. The per capita disposable income of urban residents
increased from 41,143 yuan in 2013 to 54,341 yuan in 2016. Such a rapid increase made
the income effect of urban residents (g-effect-AUI) the main contributing factor to the
growth in energy consumption in this stage, and its rate of contribution was far higher
than that of the previous two stages. During this period, the energy consumption intensity
of Suzhou residents continued to decrease. That is, the energy consumption intensity of
urban residents decreased from 0.0096 tce/thousand yuan in 2013 to 0.0086 tce/thousand
yuan in 2016. Then, the energy consumption intensity of rural residents decreased from
0.0305 tce/thousand yuan in 2013 to 0.0273 tce/thousand yuan in 2016. Finally, the total
energy consumption decrease from the energy consumption intensity effect of urban
residents (e-effect-U) and the energy consumption intensity effect of rural residents (e-effect-
R) was 0.37 and 0.21 Mtce, respectively.

4. Discussion and Conclusions
4.1. Discussion

Our study mainly contributes by providing an in-depth analysis of energy consump-
tion at the city level in regional China. Compared with previous studies, we develop the
LMDI method that focuses on the scale, structural, and technological factors to system-
atically identify the key factors driving energy consumption. We also provide temporal
variations in the influence factors of energy consumption in regional China over a long
period. In the evolutionary process of energy consumption in Suzhou, the scale-related
factors have dominated changes in energy consumption. Additionally, the impacts and
influences of structural and technological factors performed significant differences in vari-
ous development periods and policy environments. Compared with previous studies, the
present study also found that energy consumption mainly exists in industrial sectors in
Beijing, Shanghai, Tianjin, and Chongqing, and economic activities drove the growth [57].
Then, energy fuels were also mainly burning in industrial sectors in Nanjing [71], and
the affluence effect was also the main driver for energy consumption in Guangzhou in
southern China [23]. However, transportation was the biggest energy consumer in Macao
in southern China [72], because its industrial structure was dominated by the tertiary
industry. Additionally, structural and technological factors played different effects on
energy consumption in varying cities. Moreover, industrial structure, energy structure, and
energy intensity performed positive or negative effects during the different periods in a
particular city [42,57]. Therefore, city-level energy conservation strategies should focus on
the optimization of structural factors (energy structure, industrial structure, etc.) and the
improvement of technological factors (energy intensity, etc.), specifically in the developing
countries. From the current energy balance table statistics, the energy consumption sector
is only divided into agriculture, manufacturing industry, construction, transportation,
wholesale and retails, and urban and rural sectors. In the future, industrial and energy
structure adjustment and energy intensity improvement at the detailed industrial sec-
tors should receive more attention for these indicators to have more negative effects on
energy consumption.
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The local conventional primary energy on which Suzhou City relies is extremely
scarce, and the endowment of renewable resources is limited. The characteristics of
energy resource endowment are very similar to those of first-tier cities, such as Beijing,
Shanghai, Guangzhou, and Shenzhen. Based on the case analysis of Suzhou City, the
gradual improvement of clean energy supply and application should be one of the main
directions of Suzhou’s energy system reform in the future. Therefore, when Chinese cities
solve the problem of excessive coal consumption, they can consider increasing the capacity
of external clean energy consumption, particularly the relatively abundant clean energy;,
such as hydropower and photovoltaic power in the western region, while increasing the
proportion of local renewable energy (e.g., photovoltaic power).

Additionally, the import and export trades are driving economic growth. Its energy-
intensive mode of processing imported materials and exporting products for trade is the
main influencing factor of the increase in energy consumption in Suzhou. The export-
oriented economy and rapid industrialization of Suzhou have led to a high proportion
of energy consumption by energy-intensive industries. Presently, Suzhou is in a critical
period of industrial structure transformation jointly led by tertiary and secondary industries.
Mechanical, electrical, and high- and new-technology products account for a very large
proportion of total import and export trade. However, the proportion of high-energy-
consumption products represented by textiles, chemicals, and paper among total import
and export trade has increased from 11.29% in 2008 to 12.29% in 2017. Suzhou should
actively adjust the production and trade structures of high-energy-consumption industries
and high-energy-consumption products. Then, the city should urge industrial producers
to gradually move upstream in the entire industry chain, increase their added value,
and reduce their energy consumption. Therefore, when Chinese cities are adjusting their
industrial structure and cultivating leading industries, they should pay additional attention
to the position of industrial products in the entire supply chain and increase the high added
value of products, thereby reducing industrial energy consumption and comprehensively
improving energy efficiency.

4.2. Conclusions

In this study, the energy balance table was initially utilized to calculate the total
energy consumption on a city scale. Then, the study used the classic IDA theory and
the LMDI model that was expanded and optimized from the Kaya identity equation to
conduct decomposition analysis on multiple elements to characterize changes in total
energy consumption on a city scale. Taking Suzhou as an example, time series analysis
was conducted on the main driving factors of its energy consumption in the two sectors
of industrial activities and consumption by residents from 2006 to 2016. The roles of
various influencing factors in the three different development stages, namely, 2006-2010,
2010-2013, and 2013-2016, were quantified. The main conclusions drawn from this work
are as follows:

(1)  The total energy consumption of Suzhou presented an overall increasing trend, with
2006-2012 as a rapid growth stage and 2013-2016 as a moderate growth stage. The
energy structure of Suzhou consistently had mainly coal-based properties, with
diversification and mutual supplementation by natural gas, petroleum, electricity,
and others. Moreover, the effect of outsourced electricity on the optimization of the
energy consumption structure in Suzhou was significant.

(2) The energy consumption in Suzhou was mainly focused on the industry, but the
proportion of energy consumption by the industry decreased to 80.57% in 2016. The
proportion of energy consumption by the industry in Suzhou was comparatively high
mainly because its industrial structure has been upgraded relatively slowly. Energy
consumption by residents accounted for a comparatively small proportion in the
study period but presented a comparatively rapid increasing trend with the increase
of urbanization.
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(3) The study finds significant differences in the effects of different influencing factors on
energy consumption under certain developmental measures and policy environments
in different stages of development. Scale-related factors have dominated changes in
energy consumption, and structural and technological factors have had profound
effects on energy consumption in different development periods. Population size
and economic output were the main drivers for increments in industrial energy con-
sumption, whereas energy intensity and economic structure performed the important
curbing effects. The income effect of urban residents was the biggest driver behind
the increase in residential energy consumption, whereas energy intensity was the
main limiter.

This work is a systematic analysis of the multivariable driver model and multiperiod
mechanism of action of the total energy consumption in Suzhou. Our findings provide
a scientific basis for an in-depth understanding of the determinants of the evolution of
urban energy consumption in Suzhou. Our findings also provide a basis for developing
precise scenarios in prediction analyses of total energy consumption in Suzhou. Finally, our
findings provide a reference for decision making in the systematic formulation of policies
and measures for the energy structure transition and industrial structure optimization in
Suzhou, including similar cities or urban areas in the developing world.
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