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Abstract: Carbon emissions (CE) in Anhui Province are closely related to carbon emissions from
industrial land (CEIL). In this study, based on industrial land, industrial energy consumption, and
related statistical data in Anhui Province from 2000 to 2016, the carbon emissions coefficient method
and the standard deviational ellipse were used to measure and analyze the CEIL and their spatial and
temporal evolution characteristics, aiming to provide a basis for the relevant government departments
to formulate CE policies. The main results showed that: (1) The total amount of CEIL followed an
inverted U-shaped trend of rapid increase followed by a decrease, while the overall carbon emission
intensity from industrial land (CEIIL) followed a downward trend. (2) The CE had an evident spatial
differentiation, with those from resource-based cities being much higher than those of industrial and
tourism-based cities; (3) The overall pattern of CEIL in Anhui Province showed that the increase in the
north-south direction is significantly higher than that in the east-west direction, and mainly expanded
in the north-south direction. The overall industrial growth rate of Southern Anhui, represented by
the Wanjiang City Belt, was higher than that of Northern Anhui, although its CEIL center showed to
move towards Northern Anhui.

Keywords: industrial land; carbon emissions; spatiotemporal evolution; Anhui Province

1. Introduction

One of the primary causes of climate change, which is a hazard to the entire planet,
is carbon emissions (CE) [1]. Since the industrial revolution, the expansion of human
economic activity has increased the need for fossil fuels and dramatically increased the
emission of greenhouse gases, which has resulted in sea level rise, glacier melting, and
a sharp decline in biodiversity. These effects have put the survival and advancement of
human society in severe danger [2,3]. As a significant source of CE, the industrial sector has
become the focus of increasing academic attention [4-6]. As countries and the public have
become more aware of the dangers of climate warming, a global wave for “energy saving
and emission reduction” has emerged [7,8], and the low-carbon economic development
model has been adopted by several countries around the world [9].

Typically, methods, including physical measurement, the material balance approach,
and the carbon emission coefficients (CEC) method, are used to quantify estimates of
industrial CE [10-12]. The actual measurement method is mainly based on continuous
monitoring equipment recognized by the relevant authorities for the pollutants to be
measured. This method has better reliability and accuracy, but the method is only applicable
to the pollutants put into production and is not very operable. Consumption of human,
material and financial resources will increase as a result of continual monitoring in the
field [13]. The rule of conservation of mass serves as the foundation for the material
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balancing technique, which quantifies the CE of materials in industrial production processes.
This approach is presently only utilized in a small number of industrial businesses since
it requires a significant amount of first-hand production data on industrial production
processes [14]. As the CEC for industrial energy is more stable in accordance with IPCC
assumptions and can be measured directly in accordance with the CE equations provided
by the IPCC for developing countries, the CEC method, which calculates the CE from the
consumption of energy, has evolved. The CEC method, with simple data acquisition and
easy calculation, is currently a mainstream method for CE measurement and is widely used
by scholars [15-19].

In recent years, CE has become one of the hot spots of research, and the research on
carbon emissions from industrial land (CEIL) has been gradually deepened [20], and the
research on CEIL mainly includes CE performance [21], economic and intensive use of
industrial land [22], CE intensity of industrial land [23], and the influence of different land
space on CEIL [24], etc., but nowadays, the research mainly focuses on the national or
urban clusters, etc. However, the current studies are mainly focused on the national level
or city clusters, and there are few studies on the spatial and temporal evolution of CEIL
and the characteristics of industrial land. In this paper, we take the Anhui province of
China as an example to study the spatial and temporal evolution characteristics of CEIL
to provide a basis for industrial land regulation and control policies with the goal of low
carbon development.

Anhui province is an underdeveloped province in central China and an important part
of the Yangtze River Delta economic belt [25,26]. After full integration into the Yangtze River
Delta, Anhui’s economy has grown rapidly, with GDP increasing from 123.533 billion yuan
in 2010 to 429.592 billion yuan in 2021, with an average annual growth rate of 11.99%,
exceeding the national average. On the other hand, Anhui Province is a typical “coal-rich,
oil and gas-free” province, where coal has long dominated energy consumption. The
rapid progress of industrialization and the consequent CE problems also face serious chal-
lenges [27,28]. The 14th Five-Year Plan for Energy Conservation and Emission Reduction
promulgated by Anhui Province in 2022 aims to improve the quality of the ecological
environment and increase the efficiency of energy utilization. In the plan, it is clear that
“to promote high-quality development and comprehensively implement the dual control
of energy consumption intensity and total amount.” The continuous expansion of An-
hui Province’s economy and industrial scale has made the contradiction between energy
demand expansion and energy conservation, and the task of energy conservation and
emission reduction is arduous [29].

Industrial land is the spatial carrier of industrial development. Economic development
and CE are closely related to CEIL. This study calculates the CEIL in Anhui Province, ana-
lyzes its spatial and temporal evolution characteristics of it, and makes a judgment on the
evolution trend of CE, which can provide data support for the decomposition of energy sav-
ing and emission reduction targets in different regions and provide a reference for relevant
government departments to designate corresponding energy consumption and low carbon
development. Secondly, the discussion of CEIL during the accelerated industrialization
process in less developed provinces can also provide new ideas and references for the
industrial restructuring of regions and provinces with similar background characteristics.

2. Study Area

Anhui Province is located in the middle latitudes of East China (29°41'—34°38' N,
114°54' —119°37' E) (Figure 1); it belongs to the transition zone between the subtropical
climate and the warm temperate climate [30]. Anhui Province is split into the Huaibei
Plain, South Anhui Plain, and Jianghuai Hills. This province is rich in mineral resources,
especially coal resources, while oil and gas resources are limited.
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Figure 1. Study area: (a) location of Anhui province in China. (b) geographical map of Anhui province.

3. Materials and Methods
3.1. Data Collection

The socioeconomic statistical data and the energy data of Anhui Province from 2000 to
2016 were mainly derived from the Anhui Statistical Yearbook. The data on the industrial
land area of Anhui Province from 2000 to 2016 come from the Statistical Yearbook of China’s
Urban Construction. Finally, the gross industrial output value (GIOV) by industry of each
city was taken from the China Industrial Enterprises Database. Based on the availability
of data, the study period about the GIOV by industry of each city was limited from 2000
to 2013.

The administrative division of Chaohu City was adjusted in 2011, and the districts
and counties were merged into other cities. In order to ensure the consistency, integrity,
and operability of relevant information, the relevant data of Chaohu City from 2000 to 2010
were merged into those of the other cities according to the existing divisions. The vector
data were taken from the land use change survey database of Anhui Province in 2016.

3.2. Calculation Methods of Carbon Emissions

In this research, industrial land is defined as the property utilized for manufacturing
facilities, storage facilities, and auxiliary infrastructure of industrial and mining businesses,
including specialized trains, ports, supplementary roads, and parking lots, but excludes
open-pit land. The main emphasis of this definition is on the specific land required for
industrial production.

As CO, is the main greenhouse gas, CE is usually a general term for, or a synonym
of, greenhouse gas emissions [31]. In this study, CE refers to the total amount of direct
and indirect greenhouse gas emissions generated by a certain entity within a certain
period, represented by carbon [32,33]. CE is mainly divided into renewable energy and
non-renewable energy CE. Renewable energy CE is mainly the CE of various biological
systems on the earth’s surface, including also those generated by various renewable energy
utilization processes. Non-renewable energy CE mainly refers to those generated during
the combustion of fossil energy [34]. Using fossil fuels for energy is the major source of
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industrial CE [35]. Based on previous research, this study defined CEIL as the CE generated
by the fossil energy consumed by industrial production in urban areas and industrial
land [36-38].

The amount of carbon emitted for every unit of gross industrial production is referred
to as industrial carbon emission intensity (ICEI) [39,40]. ICEI can reflect the relationship
between CE and industrial development. The formula is as follows:

T=¢ M

where T represents the ICEI C denotes CE, and N is GIOV.

Carbon emission intensity from industrial land (CEIIL) measures the CE per unit of
industrial land area. It reflects the CE burden generated by industrial activities across space.
The greater the value, the more CE generated by industrial activities on industrial land,
and the higher the economic benefits and the environmental burden [41,42]. The formula is
as follows:

Cl= < 2)
Al
where CI represents CEIIL, C is CE, and the industrial land area is represented by AI [43].

At present, China does not release authoritative data on CE from the industry and its
various sectors [44]. In existing studies, national, regional, and sectoral CE data are mostly
calculated based on energy consumption and energy CEC. China’s industrial CE mainly
originates from the consumption of fossil energy [45]. So, in this paper, the CEIL at the
provincial level is calculated according to the IPCC-recommended method of estimating
energy CEC.

The selected energy consumption includes coal, cleaned coal, liquefied petroleum gas,
crude oil, gasoline, kerosene, diesel oil, fuel oil, coke, gas field natural gas, oilfield gas, and
coke oven gas. When calculating CE using energy CEC, it is necessary to first convert the
physical amount of energy consumption into the standard amount of energy consumption
according to the conversion factor of 10,000 tons of standard coal and then multiply by its
corresponding energy CEC to obtain [46,47]. The calculation formula was as follows:

Cji = ZEjki X Fe X My 3)
k

G = chi 4
j

where ¢j; indicates the CE of the industrial sector j in the year i; Ej; represents the con-
sumption of fossil fuel k in industrial sector j in the year i; F, and My are the standard
coal conversion coefficient and the CEC, respectively; and G; indicates the CE of all indus-
trial sectors in a province, namely the CEIL, in the year i. The China Energy Statistical
Yearbook’s standard coal conversion coefficient was utilized. In this paper, the CEC was
adopted following Peng [48], as shown in Table 1.

Due to some incomplete energy data, the CEIL in each city in Anhui Province was
measured by using the indirect method [49]. The CE per unit of GIOV was obtained by
assessing the CEIL in each province and the GIOV of each industry, on which basis the
CEIL in each city was indirectly obtained according to the GIOV of each city, as follows:

Cii
Hyi = Z %amﬁ ()
j

where H,;; is the CEIL in city m in the year i; ¢j; represents the CE of industry j in the year i;

D;; represents the GIOV of industry j in the year i; and a,,;; represents the GIOV of industry
] ]

jin the year i in city m.
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Table 1. CEC for each type of fossil energy.

The Standard Coal
Energy Type Conversion Coefficient CEC
(kg kg1/kg/m?3)

Coal 0.7143 0.7599
Cleaned coal 0.9 0.7599
Liquefied petroleum gas 1.7143 0.5042
Crude oil 1.4286 0.5847
Gasoline 1.4714 0.5538
Kerosene 1.4714 0.5714
Diesel oil 1.4571 0.5921

Fuel oil 1.4286 0.6185

Coke 0.9714 0.855

Gas field natural gas 1.2143 0.4483
Oilfield Gas 1.33 0.4483
Coke oven gas 0.5714 0.3548

3.3. Standard Deviational Ellipse Method

Lefever initially presented the standard deviational ellipse (SDE) method in 1926 as a
technique for statistically analyzing geographical patterns [50]. It is expressed by shape
characteristics, density, distribution, orientation, and centrality, which can objectively reflect
the global characteristics of geographical factors in spatial distribution [51]. Currently, it is
extensively used in economics, ecology, geology, sociology, and other disciplines [52-55].

The SDE method mainly uses azimuth, short axis, center, and long axis as the basic
parameters of a spatial distribution ellipse, to quantitatively reflect the characteristics of
the spatial layout of the research object. The elliptical spatial distribution range, where the
center reflects the relative positions of the geographical elements in the two-dimensional
spatial distribution. The short axis represents the dispersion degree of geographical com-
ponents in the secondary direction, while the long axis represents the core edge structure
of the dispersion degree of geographical elements in the main trend direction [56,57]. The
following is the calculation formula for the SDE’s primary parameters:

n n
_ Zl wl xl o 21 wlyl
Average center : X = Ifn ;Yo = an (6)
Y w; Y w;
i=1 i=1
2
)n:w25c‘2—iw2~2 + fjw%z—fjw%z +4iw2£2“2
i lyi . [ad . iyi i 1yz
Azimuth : tanf = ~—" =l = =l =l (7)
: n
2Y W% i
i=1
n N . 5
Y (w; Xjcos 0 — w; y;sinb)
x — axis standard deviation : o, = i=1 - (8)
y w?
i-1
n . . 5
Y (w; X;sin® — w; y; cos 0)
y — axis standard deviation : 0, = =1 - 9)

where (x;, ;) denotes the spatial location of the object of study; w; denotes the weight;
(X7, Vi) denotes the weighted average center; 6 is the azimuth angle of the ellipse, indicating
the angle formed by the clockwise rotation of the north to the long axis of the ellipse; X;



Land 2022, 11, 2084

6 of 18

50,000
45,000
40,000
35,000
30,000
25,000
20,000
15,000
10,000

(100 million yuan)

&
o 8

Carbon emissions fron industrial land (10
thousand tons)/Goss industrial output vale

»«4
]
B

and yj; represent the coordinate deviation between the location of each research object to
the average center; and 0y and ¢y, represent the standard deviation along the x-axis and
y-axis, respectively.

Because the SDE analysis can intuitively reflect the spatial pattern characteristics
of geographical elements, this study applied the weighted SDE method in ArcGIS 10.2
software to determine the SDE of each variable in spatial distribution based on the spatial
location of each administrative unit of each province and municipality. Moreover, the
corresponding CE and industrial variable indicators were used to represent the weight,
and the ArcGIS 10.2 spatial statistical module was employed to calculate the parameters
and create spatial visualization. In this way, the SDE parameters of GIOV and CEIL in
Anhui Province from 2000 to 2013 were obtained, reflecting the spatial distribution pattern
changes of different factors according to the standard deviation of the long and short axes,
the location of the center point, and the specific movement and shape index.

4. Results and Discussion
4.1. Evolution Characteristics at the Provincial Level

At the provincial level, CEIL and GIOV in Anhui Province had an overall growth
trend (Figure 2), although the growth rate of the former was significantly lower than
that of the latter. For example, the GIOV increased from 166.144 billion yuan in 2000 to
434.3635 billion yuan in 2016, with an average annual growth of 12.26 %. In the same years,
the CEIL increased from 262.2284 Mt to 1122.974 Mt, an average annual increase of 9.51%.
In addition, under the condition that the growth rate of GIOV was stable, the CEIL in Anhui
Province showed an inverted U-trend of rapid increase followed by a gradual decrease
(Figure 3). Anhui Province has achieved some achievements in promoting the transforma-
tion of the economic development model and industrial low-carbon transformation during
the 12th five-year plan.
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Figure 2. Changes in CEIL, GIOV, and ICEI in Anhui Province from 2000 to 2016.

4.1.1. Relationship between CEIL and Economic Development

During the research phase, the value of CE per unit of GIOV first increased and
then decreased from 1.58 tons per million yuan in 2000 to 0.39 tons per million yuan in
2012, i.e., less than 1/3 of the original value, after which the decline began to slow down,
finally reaching 0.26 tons per million yuan in 2016 (Figure 2).

Meanwhile, the GDP per capita of Anhui Province increased from 4779.46 yuan per
person in 2000 to 39091.81 yuan per person in 2016. Anhui Province’s GDP per capita
and CEIL showed a clear exponential positive correlation (Figure 4), and it still did not
reach its peak in 2016, indicating that economic growth is the main driving force for carbon
emission growth.
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Figure 4. Relationship between CEIL and GDP per capita in Anhui Province from 2000 to 2016.

4.1.2. Time Series Relationship between CEIL and Structure of Energy Consumption

From the analysis of the industrial energy consumption structure (Table 2), it can be
found that the CEIL from coal consumption was the highest during the study period. This
indicates evident structural problems in industrial energy consumption in Anhui Province,
the proportion of clean oil and natural gas consumption was too low.

Table 2. The proportion of CEIL from the consumption of various types of fossil energy in Anhui
Province in 2000 and 2016.

Type ((Vo) 2000 (0/0) 2016 (o/o)
CEIL from raw coal 69.55 80.16
CEIL from crude oil 10.98 4.02
CEIL from natural gas 0.00 0.06

CEIL from other energy sources 19.47 15.76
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4.2. Evolution Characteristics at the City Level
4.2.1. Spatiotemporal Characteristics of CEIL

CEIL in Anhui Province was found to have a clear spatial differentiation. Figure 5
shows the CEIL in each city in 2000 and 2013, from which it can be seen that the ¢ CEIL
in resource-based cities are significantly larger than those in industrial and tourism-based
cities (Resource-based cities refer to those cities with mining and processing of natural
resources such as minerals and forests in the region as the leading industry, industrial
cities refer to those cities with industry as the pillar industry, and tourism-based cities
refer to those cities with unique tourism resources and cultural tourism industry as the
main industry [58]. Typical resource-based cities in Anhui Province include Huainan,
Ma’anshan, and Huaibei; typical industrial cities include Hefei, Wuhu, and Anging, and
typical tourism-based cities include Huangshan [59,60]). For example, Huainan had the
highest level of CEIL among all cities in the province throughout the whole study period,
followed by Huaibei and Ma’anshan. On the contrary, Huangshan, whose economy is
predominantly based on tourism, had the lowest level of CEIL.
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Figure 5. CEIL in 16 prefectural cities in Anhui Province in 2000 and 2013.

Overall, during the period 2000-2013, the CEIL of 16 prefecture-level cities had an
increasing trend; in particular, this growth trend was highest in Bozhou and Chizhou
(i.e., more than 20% annually) and lowest in Ma’anshan, Huangshan, and Angqing (i.e., less
than 10%).

From 2000 to 2013, among the changes in the growth rate of CEIL in 16 cities in Anhui
Province, only Ma’anshan City showed a polynomial growth trend, reaching a maximum
in 2008, and then began to decline (Figure 6b). In parallel, the CEIL of Anging, Xuancheng,
Tongling, Huangshan, and Hefei followed a linear growth trend (Figure 6a). A total of
10 cities recorded exponential growth in CEIL, following an accelerating upward trend
(Figure 6¢). On this premise, it is possible to forecast that Anhui Province’s industrial land
will continue to produce more carbon dioxide overall in the future.

4.2.2. Spatiotemporal Characteristics of ICEI

During the research phase, the ICEI of 16 prefecture-level cities in Anhui Province
declined continuously, although the performance was not the same across cities. The ICEI
in Anging, Suzhou, Ma’anshan, Huaibei, and Huainan was higher than the provincial
average in 2000, and the ICEI in Suzhou, Bozhou, Ma’anshan, Huaibei and Huainan was
higher than the provincial average in 2013. See Table 3.
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Table 3. Changes in the ICEI of prefecture-level cities in Anhui Province from 2000 to 2013. Unit: ton/
ten thousand yuan.

City 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
Huangshan 095 095 078 085 096 060 048 038 028 021 016 014 020 0.14
Hefei 0.59 1.06 070 091 070 058 053 046 029 023 019 016 010 0.14
Lu’an 083 082 09 102 09 071 067 053 034 031 026 022 021 018
Chuzhou 039 043 035 042 054 045 052 048 048 027 026 023 022 020
Wuhu 080 073 053 054 060 048 039 033 036 035 029 024 017 021
Tongling 1.11 136 122 122 102 08 057 047 038 042 029 024 020 021
Bengbu 060 066 055 060 046 037 046 036 040 020 031 029 023 023
Xuancheng 079 088 084 102 122 09 071 065 049 040 031 026 021 0.28
Anqging 249 239 233 220 211 172 148 111 083 063 052 041 032 034
Chizhou 1.01 1.00 098 152 149 133 142 123 091 062 049 045 034 038
Fuyang 074 092 08 08 078 072 119 110 091 076 069 063 043 0.39
Suzhou 258 257 246 269 241 130 112 141 087 073 0.1 0.41 040 048
Bozhou 066 0.84 0.81 084 09 09 094 087 080 054 058 047 036 0.52
Ma’anshan 327 326 264 229 171 1.59 151 1.30 107 103 085 066 052 054
Huaibei 428 351 355 291 247 328 251 209 205 193 146 119 1.04 1.01
Huainan 520 485 426 436 349 333 267 272 234 245 203 180 144 173
Average 164 164 149 152 136 119 107 097 080 069 058 049 040 044

By analyzing the dynamic change characteristics of ICEI from 2000 to 2013, it was

possible to classify the 16 prefecture-level cities in Anhui Province into three groups: cities
with a stable decrease, cities with a first increase followed by a decrease, and cities with a
“fast-slow” decrease.

@

Cities with a stable decrease

This group includes cities such as Anqing, Ma’anshan, Lu’an, Tongling, Suzhou,
Huaibei, and Huainan, characterized by the fact that the ICEI has always been higher than
the average of the whole province during the whole study period. This, in turn, indicates a
large room for the decline, which indeed took place steadily since 2000 (Figure 7a).

@)

Cities with a first increase followed by a decrease

Chuzhou, Xuancheng, Chizhou, Fuyang, and Bozhou are the representative cities of
this group, where ICEI increased first, generally reaching the highest value in 20052006,
after which they began to decline and stabilize (Figure 7b).

®)

Cities with a “fast-slow” decrease (exponential convergence)

This group includes cities such as Huangshan, Hefei, Wuhu, and Bengbu, character-
ized by a level of ICEI that was the lowest in the whole province and by an exponential
downward trend during the study period. In the first half of the study period, the decline
rate was relatively high, with a turning point generally observed from 2006 to 2008, after
which the decline rate gradually slowed down and stabilized (Figure 7c).
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Figure 7. Classification of the 16 prefectural cities of Anhui Province according to their ICEI from
2000 to 2013: (a) cities with a stable decrease; (b) cities with a first increase followed by a decrease;
and (c) cities with a “fast-slow” decrease (exponential convergence).

This group includes cities such as Huangshan, Hefei, Wuhu, and Bengbu, character-
ized by a level of ICEI that was the lowest in the whole province and by an exponential
downward trend during the study period. In the first half of the study period, the decline
rate was relatively high, with a turning point generally observed from 2006 to 2008, after
which the decline rate gradually slowed down and stabilized.

4.2.3. Spatial and Temporal Characteristics of CEIIL

CEIIL is mainly related to the efficiency of land use intensity and the concentration
of different industrial sectors. Table 4 demonstrates that in 2000 the CEIIL exceeded the
provincial average in Anqing, Ma’anshan, Huainan, and Huaibei, while in 2013, it exceeded
the provincial average in Wuhu, Suzhou, Chizhou, Huainan, and Huaibei.

Table 4. Changes in the CEIIL of prefecture-level cities in Anhui Province from 2000 to 2013. Unit: 10

thousand tons /km?.

City 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013
Hefei 6.10 13.01 9.63 15.03 15.26 10.23 12.37 14.36 14.41 12.53 12.18 12.50 10.49 15.89
Wuhu 921 10.39 722 9.72 14.59 13.37 12.96 14.25 20.52 24.47 28.39 31.23 57.17 77.16
Bengbu 6.07 7.39 7.12 9.36 5.11 488 7.40 5.80 6.76 5.18 11.38 19.18 16.07 17.95
Huainan 24.03 24.43 26.62 33.54 38.45 44.00 37.61 4291 57.60 7029 10354 10391 9570 11116
Ma’anshan 30.11 33.98 29.07 29.94 34.16 40.71 40.93 50.52 50.34 46.72 41.99 38.12 49.83 33.46
Huaibei 38.83 36.27 38.96 35.89 4550 53.54 51.34 46.13 62.03 65.22 67.30 73.58 75.89 8225
Tongling 11.10 14.01 14.15 19.25 24.84 2557 30.52 3057 27.10 29.45 34.54 39.63 32.67 29.00
Anging 26.78 24.07 25.10 25.77 28.15 23.96 28.25 24.95 21.97 19.85 21.37 21.96 19.79 25.59
Huangshan 5.69 7.54 6.15 8.99 15.55 10.48 14.65 16.44 10.10 8.47 9.10 8.27 12.18 8.64
Chuzhou 420 493 434 598 9.82 6.48 8.36 8.02 9.97 6.12 8.12 9.91 12.38 11.81
Fuyang 7.75 8.86 8.32 9.92 741 10.20 23.56 3153 31.50 34.49 42.40 3823 32.04 34.37
Suzhou 753 7.32 7.63 8.54 12.39 8.46 18.85 3441 29.97 28.76 31.52 35.37 24.89 40.15
Lu'an 5.61 576 6.27 752 12.13 11.41 15.19 17.04 13.95 15.95 17.64 20.34 23.16 21.67
Bozhou 491 5.00 491 598 8.90 10.68 14.42 17.20 19.14 16.50 23.74 20.07 17.25 29.80
Chizhou 6.73 6.84 8.54 19.09 21.30 20.47 24.50 22.74 27.73 31.25 27.61 31.68 37.06 47.16

Xuancheng 12.97 1?;.52 12.93 18.56 27.73 21.26 24.54 30.69 26.45 23.32 21.40 22.84 11.75 1791

The 16 cities under investigation were divided into three groups based on an examina-
tion of the features of the dynamic changes in the CEIIL in Anhui Province between 2000
and 2013 (Figure 8):

(1) Cities with a continuous increase

This group includes eight cities, namely Lu’an, Fuyang, Chizhou, Huaibei, Bozhou,
Suzhou, Wuhu, and Huainan, where the CEIIL continuously increased during the study
period (Figure 8a). More in detail, the increased rate of CEIIL in Huainan and Huaibei was
significantly higher than in other cities, mainly because these are coal resource-based cities,
and the industries include mainly mining and heavy chemical industries. In addition, the
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intensive use of industrial land in these cities is generally not high, which is also one of the
reasons for the high CEIIL.

(2) Cities with a first increase followed by a decrease

This group includes the cities of Huangshan, Xuancheng, Anqing, Tongling, and
Ma’anshan (Figure 8b), which are all located along the Yangtze River and are characterized
by a yearly increase in the degree of industrial land intensity. In these cities, the CEIIL
increased rapidly, at first reaching a peak in 2006-2008 and then gradually decreasing.
Among these cities, the ICEI and CEIIL of Huangshan City were the lowest in the whole
province, mainly because this is a tourist city and hosts relatively few industries.

(8) Cities with fluctuating increase

This group includes the cities of Chuzhou, Hefei, and Bengbu (Figure 8c), where the
CEIIL fluctuated greatly from 2000-2013, following an overall upward trend.
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Figure 8. Changes in CEIIL of 16 prefectural cities in Anhui Province from 2000 to 2013: (a) cities
with a continuous increase; (b) cities with a first increase followed by a decrease; and (c) cities with
fluctuating increase.

4.3. A Comprehensive Analysis of Evolution Characteristics
4.3.1. Spatial Distribution Features

According to Tables 5 and 6 and Figures 9 and 10, the geographical distribution of
CEIL in Anhui Province is mostly defined by a northwest-southeast trend, showing a
significant increase in the x-axis direction from 368.46 km in 2000 to 373.05 km in 2013 and
a downward trend along the y-axis direction from 173.93 km in 2000 to 157.27 km in 2013.
This indicates that the increase in CEIL in Anhui Province from 2000-2013 was significantly
higher in the NS direction than that in the EW direction. The spatial pattern of CEIL was
mainly a north-south expansion. From the comparative analysis of the SDE (Figure 9) of
CEIL and GIOV, both consistency and differences in spatial distribution were observed
among these two.

The consistency is manifested in the northwest-southeast pattern, while the differences
are manifested in the spatial distribution of the SDE of the GIOV in Anhui Province, which
is mainly close to the northeast region. The length of the long axis of the ellipse was smaller
than that of the long axis of CEIL, although the length of the short axis was significantly
larger than that of the short axis of CEIL. This clearly shows the spatial differentiation and
spatial aggregation characteristics of the GIOV and its CEIL and reflects the fact that the
spatial dispersion of the GIOV in Anhui Province was significantly smaller than that of
the CEIL. It can also be seen from Figure 9 that the regions with the rapid growth of GIOV
in Anhui Province were mainly located in Southern Anhui and Northern Anhui, which
indicates that the CEIL in Anhui Province was mainly related to the rapid growth of the
industrial sector. However, by comparing the shape index of the two (Figure 10), it can be
found that the shape index of CEIL was significantly lower than that of the GIOV.
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Table 5. Standard deviation ellipse parameters of GIOV in Anhui Province from 2000 to 2013.

Length Along the Length Along the Corner Center Point Location Center Point Travel
Year X-Axis (km) Y-Axis (km) e/ Shape Index Longitude Latitude Distance (km)
2000 332.5648 185.9253 148.8502 0.5591 117.4815 31.87549 -
2001 329.8621 184.5526 149.3329 0.5595 117.503 31.87627 2.0063
2002 316.7730 179.3950 148.3463 0.5663 117.5082 31.91052 3.8854
2003 332.1035 177.4020 148.4271 0.5342 117.5287 31.90536 2.0018
2004 297.4051 179.1823 146.5859 0.6025 117.5613 31.74423 18.3888
2005 305.7318 204.8776 145.7331 0.6701 117.629 31.73695 6.3682
2006 325.2200 200.8603 140.3168 0.6176 117.5295 31.72676 9.3542
2007 319.1689 201.2809 146.4969 0.6306 117.6355 31.64998 13.1403
2008 350.0887 195.8500 147.7696 0.5594 117.5267 31.89085 28.9476
2009 376.3077 206.4175 149.7956 0.5485 117.5371 31.85602 4.0383
2010 339.9784 192.1851 158.3078 0.5653 117.4205 31.67886 22.7152
2011 339.5637 192.7145 150.1284 0.5675 117.4669 31.84986 19.7251
2012 315.5482 184.7639 148.6076 0.5855 117.4183 31.85691 4.5960
2013 354.6385 194.8166 149.1212 0.5493 117.4523 32.01192 17.7341
Table 6. Standard deviation ellipse parameters of CEIL in Anhui Province from 2000 to 2013.
Length Along the Length Along the h I Corner Center Point Location Center Point Travel
Year X-Axis (km) Y-Axis (km) Shape Index e/° Longitude Latitude Distance (km)
2000 368.4625 173.9290 0.4720 158.2997 117.4290 32.0134 -
2001 359.9858 172.5175 0.4792 155.9261 117.4780 32.0405 5.5235
2002 350.1577 170.7132 0.4875 156.5649 117.4570 31.9960 5.3978
2003 359.4039 169.6379 0.4720 155.1829 117.4890 32.0213 4.1235
2004 349.7740 170.0246 0.4861 155.3808 117.5170 91.9387 9.6706
2005 361.6847 165.0617 0.4564 155.1621 117.5020 32.0146 8.6744
2006 361.5075 174.9090 0.4838 155.0922 117.4820 32.0324 2.7294
2007 362.6224 175.1150 0.4829 152.6779 117.4820 32.0812 5.4922
2008 355.7807 164.1931 0.4615 151.1164 117.4500 32.1585 9.1917
2009 360.0115 158.2403 0.4395 151.4397 117.4200 32.2541 11.1228
2010 364.2466 159.3147 0.4374 152.4104 117.3960 32.2713 2.9744
2011 368.4817 160.3891 0.4353 153.3811 117.3680 32.3015 4.2475
2012 370.0547 158.7944 0.4291 153.4240 117.3760 32.2852 1.9519
2013 373.0478 157.2671 0.4216 153.6727 117.3480 32.3169 4.4103

Note: Shape index = y-axis standard deviation/x-axis standard deviation.

The shape index of GIOV was relatively stable, except for the period 2004-2007,
when it increased to more than 0.6, after which it declined slowly and was around 0.5. In
addition to being significantly lower than the shape index of GIOV, the shape index of
CEIL also showed a downward trend year by year, from 0.47 in 2000 to 0.42 in 2013. In
parallel with the decline of the shape index of GIOV, the shape index of CEIL after 2013
followed a continuous downward trend. This indicates that the spatial dispersion of CEIL
in Anhui Province strengthened, and its CEIL increment was mainly concentrated in the
northwest and southeast endpoints (i.e., Northern and Southern Anhui). Although the
overall industrial growth rate in south Anhui, represented by the Wanjiang City Belt, was
higher than that in north Anhui, its CEIL center was found to move towards north Anhui.

4.3.2. Center Change Feature

Hefei (Feidong County—Changfeng County) was the location of the spatial pattern
of CEIL in Anhui Province throughout the research period, which was consistent with its
geographical and economic center (Figure 11). It moved from the northeast (2000-2002)
to the southeast (2002-2004) and then to the northwest (2004-2013), showing an overall
direction south-east-northwest. From the point of view of the movement rate, a serrated and
unstable change trend was observed, and the average movement distance was 5.81 km/year.
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During the 10th Five-Year Plan period, the center position was generally located at the
junction of Feidong County and Changfeng County; however, its location was not stable,
and the Center gradually changed from the northeast to the southeast. The movement
rate was slow at first and then accelerated, reaching 9.67 km from 2003 to 2004. Since the
11th Five-Year Plan, the migration direction of the center was reversed by 180° and moved
from the southeast to the northwest; the movement rate significantly accelerated, with an
average rate of 7.44 km/year, and the center reached the first Changfeng County in 2010.
During the 12th Five-Year Plan period, the center moved stably in the northwest direction
and continued to penetrate the hinterland of Changfeng County, although the movement
rate slowed to 3.40 km/year.
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—o—shape index of carbon emissions from

industrial land
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Figure 9. Comparison of the standard deviation ellipse shape indices of GIOV and CEIL in Anhui
Province from 2000 to 2016.
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Figure 10. Comparison of the standard deviation ellipses of GIOV and CEIL in Anhui Province:
(a) CEIL standard deviation ellipse; (b) GIOV standard deviation ellipse.
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Figure 11. Positional changes in the elliptical center points of GIOV and CEIL standard in Anhui
Province from 2000 to 2013.

)

Compared with the movement of the center of GIOV, it can be found that:

The movement trend of the center of CEIL was consistent with that of the industrial
sector, although the scope and extent of the latter were larger and more dispersed,
and the industrial center was more oriented towards the southeast. In particular, from
2004 to 2007, Anhui’s industrial center moved significantly to the southeast, reaching
Chaohu, mainly due to the transfer of a large number of manufacturing industries
from the Yangtze River Delta to Anhui Province during this period, particularly to the
Wanjiang urban belt area. After 2008, with the implementation of the “Rise of Central
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China” Plan and the rapid rise of Hefei, its industrial center began to move to the
northwest and gradually stabilized in Hefei.

(2) The movement trend and the rate of the CEIL center were consistent with, although
lower than, those of the industrial center, indicating that CE followed industrial
development (Figure 12).
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Figure 12. Comparison of the movement rates of the standard deviation ellipses of the GIOV center
and CEIL center in Anhui Province from 2000 to 2016.

4.3.3. Spatial Rotation Angle Change

During the study period, the rotation angle 0 of the GIOV remained stable between
147°-148°, while that of CEIL was between 153.67° and 158.30°. The specific analysis
showed that, although the main axis direction of CEIL was always northwest-southeast,
the rotation angle decreased year by year, and there was a trend of northward rotation.
Although the rotation angle decreased, the decrease was small, demonstrating a persistent
geographical pattern of CEIL in the province of Anhui.

5. Conclusions

This study assessed the spatial and temporal evolution characteristics of CEIL in
Anhui Province from the perspectives of CE, CE intensity, and CE center, reaching the
following conclusions.

(1) The CEIL in Anhui Province from 2000 to 2016 followed an inverted U-shaped trend
of rapid increase at first, followed by a decrease, while the overall CEIIL showed
to follow a downward trend. This shows that Anhui Province has achieved some
progress in promoting the transformation of its economic development model and
industrial low-carbon transformation during the 12th five-year Plan period, and the
rapid growth momentum of CE has been curbed to some extent.

(2) At the city level, the spatial differentiation of CEIL in Anhui Province is obvious, with
those from resource-based cities being much higher than those from industrial and
tourism-based cities. Based on their ICEI, the 16 cities in Anhui Province were divided
into three types: cities with a stable decrease, cities with a first increase followed by a
decrease, and cities with a “fast-slow” decrease. In parallel, depending on their CEILI,
the 16 cities were divided into three types: cities with a continuous increase, cities
with a first increase followed by a decrease, and cities with a fluctuating increase.

(38) The overall CEIL spatial pattern of industrial land in Anhui Province was character-
ized by the fact that the increase in the north-south direction was significantly higher
than that in the east-west direction. The overall industrial growth rate of Southern
Anhui, represented by the Wanjiang City Belt, was higher than that of Northern Anhui,
although its CEIL center showed to move towards Northern Anhui.
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In this paper, the accounting of CEIL mainly adopts the CEC method, which mainly
considers CE from fossil energy consumption of industrial production. In the future, for
CE from industrial production processes, field monitoring of CE from micro-enterprises
can be considered and based on the results of long-term field monitoring, a database of
CEIL of enterprises in different industries can be established, thus enhancing the actual
measurement of CEIL research data.
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