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Abstract: Low-carbon governance at the county level has been an important issue for sustainable
development due to the large contributions to carbon emission. However, the experiences of car-
bon emission governance at the county level are lacking. This paper discusses 5 carbon emission
governance zones for 1753 counties. The zoning is formed according to a differentiated zoning
method based on a multi-indicator evaluation to judge if the governance had better focus and had
formulated a differentiated carbon emission governance system. According to zoning results, there
is 1 high-carbon governance zone, 2 medium-carbon governance zones, and 2 low-carbon zones.
The extensive high-carbon governance zone and medium-carbon zones are key governance areas, in
which the counties are mainly located in the northern plain areas and southeast coastal areas and
have contributed 51.88% of total carbon emissions. This paper proposes differentiated governance
standards for each indicator of the 5 zones. The differentiated zoning method mentioned in this
paper can be applied to other governance issues of small-scale regions.

Keywords: carbon emission governance; classification approach; zoning method; county

1. Introduction

Targeted climate change mitigation policies can have co-benefits and have led to
an interest in sub-national climate action. In particular, there is a growing emphasis on
low-carbon city construction in developing countries. To achieve the low-carbon goal
announced by the Paris Agreement, China should take different types of domestic low-
carbon policies and actions into consideration. County is the basic administrative unit for
the overall planning of Chinese urban and rural development. Different from city district,
county is located in a more marginal area, and governs towns and villages. It usually has
a lower level of industrialization and urbanization. However, it still plays a vital role in
carbon control and emission reduction. In 2015, a total of 1929 counties, which covered
88% of the land area and contained 74% of the population, accounted for 60% of total
carbon emissions. Carbon emission governance at the county level is very important for
the achievement of low-carbon development goals. Compared with cities and regions,
counties are smaller in size and face a more specific governance scenario. Most of the
experiences of carbon emission governance in the typical large cities do not apply to the
counties. Moreover, at the county level, there are great differences in carbon emission
governance as a result of their wide differences between populations, distribution regions,
and levels of urbanization. Therefore, at the county level, carbon emission governance
needs to build a more detailed and systematic method of assessment for addressing more
specific issues of low-carbon development. According to the systematic characteristics
of low-carbon development issues, the counties should be classified into different zones
as a basis on which a systematic and differentiated carbon emission governance path for
Chinese counties can be constructed.
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In the past decades, scholars from different disciplines have conducted a large number
of carbon emission governance studies in different regions and on different spatial scales,
and the studies mainly focus on the following three categories: low-carbon city indicators,
governance methods, and case studies. First, a large number of studies on low-carbon
indicators have been conducted on urban clusters [1-3], large cities [4,5], and other large-
scale objects, such as research on low-carbon urban assessment [6,7] and carbon emission
estimation methods [8,9]. Second, studies on governance methods have proposed some
carbon emission governance tools [10,11] or models [12-15], targeting one aspect, such
as production or building, of governance, at the city level [16-18]. Third, many carbon
emission governance case studies have been conducted on small-scale objects, such as
urban centers [19], communities [20-22], and industrial parks [23,24]. Also, more than
80 low-carbon pilots were set up in China from 2010 to 2017 and some research was
conducted to analyze the carbon emission governance effects of the pilots. The studies
attempted to realize the universal application of carbon emission governance through
the governance method in a case-study city or the governance mode of a specific topic.
To date, the research on carbon emission governance has focused on large scales, such as
cities and regions, or some specific small-scale areas, and has provided many theoretical
and methodological bases. However, the main drivers of carbon emissions in cities and
counties are different because the overall levels of the development of the cities are higher
than those of the counties whose levels of development are varied. It is indicated that
the proposed low-carbon city indicators were not completely applicable to counties and
that the policy tools and governance models for low-carbon cities could not work for all
counties. To draw on the experiences of low-carbon cities, carbon emission governance for
the counties requires further discussion considering the characteristics of the county.

On the county level, there are two difficulties in carbon emission governance. The large
number of counties means that it is unrealistic to achieve targeted governance, such as
pilot establishment. The huge differences in geographical locations and the levels of
economic development among the counties have caused differences in the carbon emission
drivers and have resulted in the consequence of applying uniform standards of low-carbon
constraints in all counties during unified governance. However, based on preliminary
estimates of the counties’ carbon emissions combined with the conclusions of some scholars
on the counties” economic and social development, this study found that the counties in
the neighboring areas had similar levels of low-carbon development [25]. It provides for
the possibility of classified governance. For example, the average carbon emissions of
the construction sector in counties north of the heating demarcation line (the north-south
demarcation line, where the Chinese government subsidizes central heating in winter)
were nearly twice those of the counties south of the line. The average industrial carbon
emissions of the developed counties in the eastern region are nearly three times that of the
less developed counties in the western region [26].

Due to the above difficulties and findings, this study attempted to introduce the
classification approach toward achieving differentiated carbon emission governance for
counties. The specific goal of the study is to analyze the regional differences of the carbon
driving factors and further establish a zoning system for carbon emission governance
based on these factors. It will be helpful for the country to carry out macro-level regula-
tion, and convenient for local governments to formulate specific and feasible low-carbon
management measures based on local conditions, thereby reducing carbon emission in
counties nationwide. To achieve the above goals, the study needs to solve the following
problems: (1) identify the carbon emission governance elements in counties by formulating
a cause-effect chain among the county’s level of development, carbon emission governance,
and carbon emissions, and (2) classify all counties according to their performances on
carbon emission governance elements in order to propose differentiated carbon emission
governance frameworks for each type of county that would act as guides for policymakers
and planners.
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Considering the two problems above, methods for establishing a low-carbon evalua-
tion indicator system and for zoning by geographical type have been extensively discussed.
For the first method, scholars have mainly used literature inquisition [27,28], Triple Bot-
tom Line, pressure-state-response (PSR) framework and its expansion framework, such
as the driving force-pressure-impact-state-response (DPISR) framework [29] and driving
force-pressure-state-impact-response-management (DPSIRM) framework [30], to formulate
the indicator system. For example, Yang set up a three-tier low-carbon city evaluation
indicator system with the PSR model and calculated the low-carbon city comprehensive
score for Beijing in 2009 [31]. Song and Li used the DPSIR model to build a low-carbon city
indicator system and assessed the low-carbon development of the Yangtze River Delta [32].
The PSR and its expansion framework have been widely used in research on city carbon
emission governance [33] and have proven advantages in building indicator systems and
developing political goals related to environmental issues [30]. For geographical zoning,
the classical zoning methods can be categorized as clustering analysis [34-36], spatial
auto-correlation [37,38], and analytic hierarchy process (AHP) [39,40]. More suitable for
governance-oriented zoning, clustering analysis is used mostly for multi-factor integrated
zoning because it can reflect the differences and convergences among regions by integrating
many governance elements. The zoning method is widely used in research on geograph-
ical zoning, such as geological zoning [41,42], climate zoning [35,43,44], and ecological
functional zoning [45—48], but rarely used in research on carbon emission governance.
Moreover, most zoning research has focused on reflecting the external differences in the
carbon emissions of regions directly [49] but has disregarded the differences in the internal
motivations. In general, both the PSR framework and clustering analysis have solid ap-
plication foundations. The PSR framework is widely used to establish a carbon emission
evaluation system, which can identify the cause-effect chain of governance indicators and
carbon emissions to establish a carbon emission governance indicator system at the county
level. Clustering analysis is used mainly in multi-factor comprehensive classification,
which is suitable for carbon emission governance zoning. It is worth mentioning that the
zoning in previous studies was mainly cognitive-oriented zoning rather than governance-
oriented zoning. The zoning’s results do not reflect the internal differences in governance
elements that could affect external differences in carbon emissions, so it was difficult to de-
rive a governance strategy. In fact, governance elements such as population, land use, and
facilities, can affect carbon emissions by affecting the energy consumption of the building
and transportation sectors [50-53]. Therefore, to establish a zoning system oriented toward
carbon emission governance, it is essential to find the effects of governance elements on
carbon emissions. This study attempted to reflect the differences in the counties” carbon
emissions through the governance elements, then guide the counties” low-carbon develop-
ment by the governance elements. Finally, to derive differentiated governance standards,
the current Code for County Management, which has set the standard thresholds for most
governance elements, can be referenced. Although this document does not consider carbon
emission governance, a comparison of its proposed standard scenarios and the realistic
scenarios of the counties in different zones is of much relevance to clear, differentiated
carbon emission governance targets for the counties.

The framework of “identifying the cause-effect chain among county development,
carbon emission governance, and carbon emissions—establishing carbon emission gover-
nance indicator and carbon emission governance zoning systems for the counties—setting a
differentiated governance system” consisted of the following steps (Figure 1): (1) introduce
the county governance elements into the PSR framework and identify the cause-effect
chain so that the governance elements in the chain would be used to build the initial carbon
emission governance indicator system, (2) further screen the initial governance indicators
that do affect carbon emissions by analyzing their carbon effects to establish a modified
indicator system, (3) collect data for the counties” indicators and classify all the counties
with the clustering analysis method to draw a carbon emission governance zoning map at
the county level, and (4) reference the current Code for County Management, so that the
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differentiated governance system, including key governance indicators and the low-carbon
target thresholds of the indicators, would be established for each zone.

Procedure Framework Method

Organize County Governance Elements

Build Cause-Effect Chain Between
County Development, Carbon Emission

Import PSR framework

Governance and Carbon Emissions i
Carbon effect analysis of

indicators

Modify Carbon Emission Governance
Indicator System

Clustering analysis

County Level

Compare with the current
Code for County Management

[Carbon Emission Governance Zoning at}\

Propose Differentiated Governance
System

Figure 1. Research framework.

This paper intends to construct a governance-oriented carbon emission zoning at
the county level. This research will help policymakers develop differentiated and locally
applicable strategies for controlling and reducing carbon emissions, which is important
for sustainable development. The zoning presented in this paper can help to clarify the
differences in carbon management among the counties and the directions of governance
for the counties in different zones. The proposed differentiated zoning method is based
on multi-indicator evaluation and optimizes the classical zoning method to establish
governance-oriented zones that can reflect the differences in both external carbon emissions
and internal motivations, as well as provide new ideas for the carbon emission governance
of small-scale regions with large populations.

2. Materials and Methods
2.1. Data Sources

The statistics of the counties’ energy consumption in 2015 are relatively complete for
1753 of the 1903 counties (county-level cities) in China, so these counties were selected
for this study. The data of both the planning indicators (such as socio-economic devel-
opment, and urban and rural construction) and the energy consumption used for carbon
emission estimation were obtained from the “China County (City) Social and Economic
Statistical Yearbook 2016”, “China County Construction Statistical Yearbook 2015”, “China
County Statistical Yearbook 2016”, China Energy Statistical Yearbook 2016, and “Statistical
Communiqué on Economic and Social Development 2015”.

The Intergovernmental Panel on Climate Change (IPCC) is the current, mainstream
regional Greenhouse Gas (GHG) accounting system. In this study, the IPCC’s emission
inventory method was applied to estimate the counties” carbon emissions for an analysis
of the carbon effects of the indicators.

2.2. PSR Framework for Low-Carbon Counties

PSR is an environmental model proposed by the Organization for Economic Co-
operation and Development (OECD) in 1993 [54]. The framework is a common method
used by policymakers to measure climate adaptation [55] and has evolved expansion
frameworks.

Carbon reduction should not only control energy consumption directly but also re-
duce energy consumption by changing people’s production and living styles, as well as
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improve energy efficiency, from the perspective of urban governance. Reducing energy
consumption through carbon emission governance requires clarifying the causal relation-
ships among city governance, human activities, and carbon emissions. The pressures of
county development (e.g., population increase, land expansion, and economic develop-
ment) have led to environmental changes, i.e., carbon emissions. The governance sector
improves urban construction (infrastructure improvement, energy efficiency improvement,
ecological environment protection, etc.) for controlling carbon emissions. Such improve-
ment in urban construction affects the socio-economic development of the counties. Both
urban construction and socio-economic development are covered by the content of county
governance. The classic PSR framework can provide a systematic and complete represen-
tation of the causal relationship analyzed above. The cause-effect chain for low-carbon
county governance based on the PSR framework is shown in Figure 2. “P” represents the
pressure of the county’s development that affects carbon emissions, “S” represents the
environmental state of the carbon emissions, and “R” represents the governance response
for carbon reduction.

Envirnmental State

« Carbon emission

Drive Feedback

o - e e e e e e e e e e e e e e e e e

Pressure from Development U

1
I

I

I

I

1| « County scale and structure

I Impact
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Governance Response
« Low-carbon building
« Low-carbon transportation

« Economic development « Ecological protection

- e e e -
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Content of county governance

Figure 2. Pressure-state-response (PSR) framework for county-level carbon measurement.

By the sorting and classifying of the contents of county governance, as well as the
introducing of the governance indicators into the cause-effect chain [56], governance
indicators that constituted a causal relationship with carbon emissions were found and
formed the initial county-level carbon emission governance indicator system, as shown in
Table 1. To ensure that the selected indicators were representative and justified, this study
referred to the low-carbon planning indicators in 15 typical papers on low-carbon city
indicator systems [7,49,57-69]. The initial indicators’ reference rates in the 15 references
were counted and most were higher than 30%. In addition, the indicator of total investment
in fixed assets, which reflects the reproduction of fixed assets in the county governance
content, was added to economic development. Combined with the indicator of the density
of heating pipelines, the indicator of the floor-area ratio of heating was added to the
low-carbon building sector in order to reflect building heating in both the density and
intensity dimensions.
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Table 1. Initial carbon emission governance indicators for counties.

Group Sector Indicator Reference Rate
Environmental State Carbon emissions Carbon emissions 60.0
Built-up areas 26.7
Scale and Land urbanization rate 33.3
cale and structure Population 20.0
Population urbanization rate 33.3
Gross domestic product (GDP) 333
Pressure from development Gross domestic product (GDP) 40.0
Economic development per capita '

Proportion of secondary industry to

gross domestic product (GDP) 400
Proportion of tertiary industry to 60.0
gross domestic product (GDP) ’
Total investment in fixed assets -
Coverage rate of population with 133
access to gas '
Buildings Density of heating pipelines 20.0
Floor-area ratio of heating -
Living density 40.0
Density of road network 20.0
Public transportation vehicles per 86.7
10,000 people '
Transportation Possession of motor vehicles 400
Governance response per capita .
Parks per 10,000 people 60.0
Matching ratio of hospital 20.0
accommodations '
Matching ratio of educational 20.0
facilities '
Proportion of sidewalk area 13.3
Ecology Carbon sink capacity 60.0
Ton of standard coal equivalent (TCE)
Energy efficiency per unit gross domestic product 66.7

(GDP)

Note: After a consideration of the matching ratio of facilities, such as hospitals and schools, which affect the carbon emissions of the
transportation sector and the efficiency of residents” access to the facilities, such indicators were included in the transportation sector.

2.3. Carbon Emission Governance Indicator System for Counties

To ensure that each selected indicator did affect carbon emissions, the carbon ef-
fect analysis of the indicators was conducted for screening the initial indicators. The
methods of the logarithmic mean weight division Index (LDMI) model [51], stochastic
impacts by regression on population, affluence, and technology (STIRPAT) model, decou-
pled model [70,71], regression analysis, and correlation analysis [51,64,72] were usually
used in previous research to analyze the carbon effects of multi-indicators. Correlation
analysis is a more suitable method for judging the correlation between a comprehensive
multi-indicator and carbon emissions. In addition to the carbon emission indicator, all
22 indicators in the “P” and “R” groups in the initial indicator system belonged to the
county’s direct governance content, whereas the carbon emission indicator was an environ-
mental indicator indirectly affected by carbon emission governance. The carbon effects of
20 governance indicators were analyzed by the correlation analysis method, but the other
2 indicators of carbon sink capacity and energy intensity were not analyzed because they
were absolute effect indicators of low-carbon development. The results show that some of
the indicators widely used in the urban carbon emission evaluation of the transportation
sector were not significantly related to carbon emissions at the county level but may have
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been related to the lower levels of the development of the counties rather than those of
the cities. The number of motor vehicles in the counties is lower than in the cities, traffic
congestion is not as widespread, and the construction of public transport systems is also
less complete. Therefore, some indicators, such as the number of motor vehicles per capita,
in the transportation sector had little effect on carbon emissions, but other indicators related
to rigid travel demand still had close relationships. In addition, according to the county
governance content, the calculations of the 3 indicators that reflected the services of parks,
schools, and medical facilities in the initial indicator system were adjusted. The attributes
of the Ty indicator were different from those of T3. This difference may be due to the
tendency of most residents to choose hospitals with the best service quality. This tendency
weakens the indicator’s effect on carbon emissions; however, a county with a high hospital
matching ratio tends to have a higher level of economic development, which has a positive
effect on carbon emissions according to the Kaya Identity. When the effect of the indicator is
weakened, the positive effect of socio-economic development factors on carbon emissions
is revealed.

Finally, the carbon emission governance indicator system was set up to reflect the
carbon emission governance problem. Each indicator has its own meaning and affects
carbon emissions in different ways. Table 2 shows the final indicators, the results of the
correlation analysis, and the attributes of the indicators. The attribute of “+” represents its
positive effect on carbon emissions. The higher the indicator’s value, the more critical is
the governance problem. The indicator attribute of “—" means the opposite of “+”. The 17
governance indicators with carbon effects constitute the final indicator system (Table 2).
The measurement methods of some indicators can be seen in Appendix A. The 6 indicator
sectors to which they belong can separately reflect the internal carbon emission governance
problems in 6 aspects and the indicator in the “CE” sector directly shows the external
carbon emissions affected by governance problems.

Table 2. Carbon emission governance indicator system for counties.

Sector Indicator Unit Sig. Attribute
Carbon emissions (CE) Carbon emissions (CE) 10,000 tons / /
Built-up area (Sy) km? 0.0001 ** +
Scale and structure (S) Population (Sy) 10,000 people 0.0001 ** +
Population urbanization rate (S3) Y% 0.0001 ** +
GDP (EDy) $ 0.0001 ** +
Economic development Proportion of secondary industry to GDP (ED,) Y% 0.0001 ** +
(ED) Proportion of tertiary industry to GDP (ED3) Y% 0.0001 ** —
Total investment in fixed assets (EDy) $ 0.0001 ** +
Coverage rate of population with access to gas (B1) % 0.0980 * +
a1 Density of heating pipelines (By) km/km? 0.0880 * —
Build B
uildings (B) Floor-area ratio of heating (B3) - 0.0001 ** -
Living density (By) 10,000 people/km? 0.0001 ** -
Average service area per park (T1) hm? 0.0030 ** +
. Average service population per medical bed (T5) person 0.0200 ** -
T tat T
ransportation (T) Average service area per educational facility (Ts) hm? 0.0140 ** +
Proportion of sidewalk area (T4) Y% 0.0430 * —
Ecology (EC) Carbon sink capacity (ECy) ton / —
Energy efficiency (EE) GDP per tce (EE;) $/tce / —

Note: The significance (Sig) of “*” means a significant correlation with carbon emissions, “**” means a very significant correlation. The
attribute of “+” represents positive effect on carbon emissions and “—" represents negative effect on carbon emissions.
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2.4. Clustering Analysis

Clustering analysis was used to classify the carbon emission governance of the 6 sec-
tors in 1753 counties in 2015 with the clustering analysis. The weights of the 17 indicators
and the 6 governance sectors to which they belong needed to be clarified. The entropy
weight method is a mathematical method for calculating the weights of the indicators
according to the comprehensive consideration of the amount of information provided by
various factors [73] and is widely used in the weight calculations of low-carbon city evalu-
ation indicators [59]. A larger difference in the values of an indicator means that it plays
a greater role in the comprehensive evaluation and has a higher indicator weight. AHP
is a simple, flexible, and practical multi-criteria decision-making method for quantitative
analysis of qualitative problems. It is convenient to comprehensively judge the carbon
effect of the indicators and the degree of difficulty in governance. The combination of the
two models is helpful to comprehensively judge the weight of governance indicators. The
specific steps are as follows:

(1) Suppose that there are m counties and n indicators. Ry, is the value of county M
under indicator N. An original matrix R is established:

Ry -+ Rin
R=| & - M
Ryt -+ Ruy
(m=1,2,...,1753n=1,2,...,17)

(2) Suppose that the normalized value of Ry is Qumn, which is calculated by the min-max
normalization method. For indicators with the “+” attribute:

mXxn

Qun = (Run — min Ry |)/ (max Ry —min Ry |) )

For indicators with the “—" attribute:

Qumn = (max |Ryn|—Rwmn) / (max |Ry | —min Ry |) (3)
(3) Calculate Py of Qumin:

Pun = Qun/ ), Q 4)

M=1 MN

(4) Calculate the entropy value ey of indicator N:

m
eN:—l/lnmx 2 (PMNXII’IPMN) (5)
M=1

When Py = 0, suppose Pyn X In Py = 0.

(5) Determine the entropy weight o of the indicator N:

oan = (1—en)/ i (1—-en) (6)

N=1

(6) Suppose that the comprehensive weight is Wy, The index weight obtained according
to the AHP is determined as BN. The Wy can be calculated by combining &, and .

wn = an BN/ Y on BN @)
N=1
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Suppose Zjy is the value of county M under sector J, which has i indicators. Calculate
Zpv to determine the sector level’s entropy weight:

: Y (Wn % Qun) 8)

N=1

— |

Determine the entropy weight of sector J, W}, with Equations (4)—(7).
The entropy weight of each indicator and sector was derived as shown in Table 3.

Table 3. Entropy weight statistics.

Sector Wy Sector Wy Sector Wy
Scale and structure (S) 0.1649 Economic development (ED) 0.1657 Buildings (B) 0.1681
Transportation (T) 0.1678 Ecology (EC) 0.1673 Energy efficiency (EE) 0.1671

The linear weighted summation model was used to calculate the values of each county
in the 6 sectors. Suppose that the value of county M under sector ] is Spy:

Sim = Wy X Zjm )

The linear weighted values of the 6 governance sectors were used to classify the 1753
counties with the K-means clustering analysis method. Euclidean distance and between-
groups linkage were used to measure the similarity and form classification, respectively.
The results of the geographic classification were visualized by geographic information
system (GIS).

3. Results
3.1. Overall Analysis of Zoning Results

Following the differentiated zoning method mentioned above, 1753 counties were
taken as the objects and the values of the 6 sectors were taken as the classification variables
for clustering. When the number of clusters is 5, the classification results can reflect the
differences in the governance problems among the zones relatively clearly and reasonably.
Table 4 lists the 5 zones and some of the included counties.

Table 4. County data description in 5 zones.

Zone Number County
1 390 Taikang, Weishi, etc.
2 212 Zhangjia Gang, Gaozhou, etc.
3 686 Wugi, Dingbian, etc.
4 325 Magqin, Dari, etc.
5 140 Jingdong, Menyuan, etc.

In every zone, the average and total value of each sector of the counties were calculated
to reflect the zones’ carbon emission governance problems in each sector and the overall
level of low-carbon development. The higher the average value of the sector, the more
critical is the governance problem in it. For a zone as a whole, a high total value means
relatively high carbon emissions. The table in Figure 3 shows the average and total values
of the 5 zones in the 6 sectors.
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zone + [ I
0 0.2 04 0.6 0.8 1 1.2 14 16
HS MED WMEC mT mB WMEE

Sector Zone 1 Zone 2 Zone 3 Zone 4 Zone 5

S 0. 3005 0. 2857 0. 1593 0. 1259 0. 1286

ED 0.2282 0.2353 0.2177 0.1414 0. 1824

EC 0.2061 0.2047 0.2053 0. 1987 0. 1996

T 0.2312 0. 2306 0.2279 0.2319 0. 0955

B 0. 2360 0. 1201 0.2282 0.2199 0.2152

EE 0. 1953 0.2026 0.2191 0.1891 0. 2069

Total 1. 3973 1. 2790 1. 2575 1. 1069 1. 0282

Figure 3. Values and total values for each sector of the 5 zones.

There are wide gaps between the total value and the coverage area of the 5 zones. The
first zone, whose total value is significantly higher than the other districts, is identified as a
high-carbon governance zone. It covers 22.25% of the counties. The second and third zones,
with a medium total value, are identified as medium-carbon governance zones, covering
12.09% and 39.13% of the counties, respectively. The fourth and fifth zones, which have the
lowest total value, are identified as low-carbon governance zones. The two zones cover
18.54% and 7.99% of the counties, respectively.

3.2. Map of Carbon Emission Governance Zones at the County Level

The classification results were visualized into a zoning map by GIS and the values
of the 6 sectors in each zone were displayed with radar charts for an analysis of the
differences, which together form the map of the county-level carbon emission governance
zones (Figure 4). The high-carbon problems and governance focuses of each zone were
analyzed according to the total value and sector value of each zone.

The first zone is revealed as the high-carbon governance zone, in which the counties
are located mainly in the Northeast Plain and the North Plain Area. Each sector value is high
in the zone. The sector values of “Scale and structure (S)”, “Ecology (EC)”, and “Buildings
(B)” are the highest of the 5 zones and the sectors value of “Economic development (ED)”
and “Transportation (T)” are the second highest. The large-scale developments, ecological
erosion, and housing energy consumption mainly caused the carbon-intensive model of
development. Meanwhile, economic development and transportation play an important
role. It could be inferred as these counties adopt the development path of expansion. They
have expanded production through extensive land expansion to drive the growth of the
secondary industry. This growth caused the erosion of carbon sink resources as a result of
the lack of attention paid to ecological protection. In addition, extensive land expansion has
led to the selection of bigger houses and the scattered distribution of buildings, resulting in
high energy consumption caused by residential heating and long-distance transportation.
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The second zone is a medium-carbon governance zone with low buildings value and
high economy development value. It is widely distributed in the south and clustered in
the southeast coastal area. The sector value of “B” of this zone is the lowest among the
5 zones, however, the sector value of “ED” is the highest. Meanwhile, the sector value of
“S” is only second to the first zone. The value of “Energy efficiency (EE)” and “T” is also
high. It can be concluded that the county housing energy consumption is low lie, due to
two reasons: First, most of these areas do not have heating demands in winter. Second,
the higher residential density in these region leads to higher residential energy efficiency.
Meanwhile, the counties in this zone have a strong economic development orientation.
It can be inferred that they take the mean of land expansion to promote the development
of the secondary industry.

The third zone is revealed as medium-carbon governance zone of low scale and
structure value and high energy efficiency value. The counties are mainly gathered in
Inner Mongolia and the Loess Plateau Area. The sector value of “S” is the lowest in the
5 zones. However, the sector value of “EE” is the highest. The values of “B” and “T” are
also high. Because of the limitation of plateau terrain, these counties tend to have less
land expansion and less population concentration. Thus, the characteristics of scale and
structure are not obvious, and the associated carbon emissions are less. But, at the same
time, these areas have a high proportion of fossil energy applications, resulting in a large
amount of energy consumption.

The fourth zone is revealed as a low-carbon governance zone with high transportation
value. The counties belonging to the zone are mainly gathered in the western region and
northeast border. They receive the lowest sector values of “S”, “ED”, “EC”, and “EE”.
But, they also have a high sector value of “T”, which causes much carbon emissions.
The low emissions of these counties can be inferred as backward economic development,
lower modernization and urbanization level, and less population concentration. However,
most of these counties have complex terrain and large land area, resulting in high energy
consumption of long-distance transportation.

The fifth zone was revealed as the efficient low-carbon zone. The counties of the zone
are scattered across the Northeast and Midwest. The sector values of “S”, “ED”, “EC”,
“EE”, and “T” are all very low and the sector value of “T” “is the lowest of the 5 zones.
The low-carbon development of such areas benefits from a compact land-use model, perfect
public facilities, and soothing economic growth. This zone has a low potential for further
emission reduction through governance.

4. Discussion
4.1. The Availability Analysis of the Zoning Results

From the use of the grading symbol to show the differences in the carbon emissions
from the first to the fifth zones, it can be seen that the spatial distribution of carbon emission
governance zones had a high coupling degree with the 3 classical Chinese geographical
zonings. The first zone is a high-carbon zone, the second and third zones are medium-
carbon zones, and the fourth and fifth zones are low-carbon zone. And the Chinese
graphical zoning are the winter heating demarcation line based on the Qinling-Huaihe
line [74] (Figure 5a), the comparison line proposed by Huanyong in 1935 to divide the
population density [75] (Figure 5b), and the Chinese geomorphic zones to distinguish
the overall topography of the country [76] (Figure 5c). The Qinling-Huaihe Line (north
area) and the heating demarcation line (winter heating area) (Figure 5a) are the important
dividing lines that distribute the main areas of the high-carbon zone and medium-carbon
zone. The high-carbon zone and medium-carbon zone are mainly distributed in the
east of Hu Line (high population density area) (Figure 5b) and the third step area (flat
terrain area) (Figure 5c). According to the conclusions of Qin [77], Wang (2017) [27],
and Yang [78], differences in carbon emissions due to heating and population density
have been supported. This comparison reflects not only the differences in the carbon



Land 2021, 10, 197

13 of 19

emission governance demands due to winter heating, population density, and geographical
conditions, but also partly reflects the reasonableness of the zoning results.

A Zonel A Zone? A Zone 3 A Zone 4 » Zone 3 No Data

Figure 5. Comparison of 3 classical Chinese geographical zoning and carbon emission governance zones. Comparison of

winter heating zone (a), comparison of population density zone (b) and comparation of geomophic zone (c).

Compared with the previous research on the low-carbon development of major urban
clusters or provinces in China in 2015 [79,80], the spatial distribution of the carbon emission
levels indicated by the carbon emission governance zones has a high consistency with
the conclusions of the existing results of research at the provincial and municipal levels.
This comparison verifies the accuracy of the zoning results to some extent. In addition,
the present study’s conclusion about the carbon effects of some indicators can be confirmed
by the previous research on the low-carbon indicator system and its carbon effects. How-
ever, compared with such research, which usually contains only indicators of the productive
or household sectors [81], this study has formulated a sector-wide, governance-oriented
indicator system based on the PSR framework. The carbon emission governance-oriented
zones simultaneously compensate for the deficiency of most of the existing research, which
has focused only on cognizing carbon emissions but has ignored the differences in the
carbon emission drivers, and thus, has resulted in different carbon emission governance
focuses [28,82].

4.2. The Carbon Emission Governance System at the County Level

The carbon emission governance zones established by this study can reflect the differ-
ences in the carbon emission governance of the zones, as well as help to identify the key
sectors and areas for governance at the macro-level, so that it can be used by policymakers
to formulate a carbon emission governance system.

Zoning is a process of reflecting the qualitative differences in county governance by
the analysis of quantitative data, so differentiated zoning governance strategies should be
pushed back by the analysis of qualitative differences. Since zoning governance should
consider the difficulty of both the emission reduction of different indicators and of steady
socio-economic development, it is obviously unreasonable and incomplete to put forward
completely quantitative or qualitative strategies for all the indicators. Following the current
county governance document, this study divided all the indicators into target-controlled
indicators and guided indicators. Sector in a zone would be considered a high carbon sector
if its value were higher than the average value of the 5 zones; otherwise, it is a non-high
carbon category. The standard threshold of target-controlled indicators can be calculated
by taking population as a benchmark (population indicator would not be considered in
the adjustment strategy because of the small elasticity of population growth). The guided
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indicators do not have a standard threshold, but the national average value or the mean
rate of change can be used as a reference. Therefore, according to the levels of the low-
carbon development of the 5 zones and their various governance problems, this study
formulated quantitative goals and qualitative guidance objectives respectively, for the two
types of indicators, thereby forming a differentiated carbon emission governance system.
Among the zones, the high-carbon zones were assigned reduction and optimization. The
medium-carbon zones took optimization as the governance direction. The low-carbon zone
was not adjusted. Figure 6 shows the governance strategies for the indicators marked “+”

in Table 2. The opposite governance strategies were adopted for indicators marked “—".

The zoning governance strategy is shown in Table 5.

7

High carbon department of a zone

Non high carbon department of a zone

department
Target d
threshold o an Target-controlled indicators Guided Target-controlled indicators Guided
indicator | (Compared with the threshold stipulated by the current indicators (Compared with the threshold indicators
Code for County Management) stipulated by the current Code for
County Management)
Zones and >standard Estandard* <standard estandard <standard
governance direction threshold threshold threshold threshold threshold
Minimum Tt 90% of The optimal Reference to
. standard standard value, value of the zone, Minimum value of the zone,  national
High carbon zones: threshold average value of Minimum Reference standard value, 90% of average value
reduction and optimization the zogne standard value to national average value of Minimum or annual
average the zone standard value growth rate
90% of The optimal value or
Medium carbon zones: — Minimum value of the zone, ~ annual
Optimization and (non- standard value, 90% of growth rate —
maintenance existent) average value of Minimum

Low carbon zone:
Maintenance

the zone

standard value

Target-controlled indicators: S, B,, B,, T,, T,, T5, T,
Guided indicators: S;, ED,, ED,, ED,, ED,, B,, B;, EC,, EE,

Figure 6. Differentiated carbon emission governance strategies by zone. The superscript of ”*” means that the current

governance standard may not be suitable for low-carbon development. In this case, adjustment recommendations should

be proposed.
Table 5. County low-carbon planning and governance strategies by zone.
Indicators Zonel Zone 2 Zone 3
S1 (per capita) (65,85) (25,72) -
By (90%, 100%) - (90%, 100%)
By (27,4.2) - (27,42)
Target- indicators T (200,700) - -
T3 (100,240) - -
Ty >25% >23% -
Annual growth rate should be
S, controlled below 0.10% except Annual growth rate should be controlled below

for less developed counties

0.10% except for less developed counties
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Table 5. Cont.

Indicators

Zone 1 Zone 2 Zone 3

Guided indicators

ED, Reference to 40% Reference to 40% -

Annual growth rate
should be controlled
below 0.10% except for
less developed counties

EDj Reference to 50% -

Annual growth rate should be Annual growth rate

EDy4 controlled below 10% should be controlled -
below 10%
B, Reference to 3.90 for heating ) )
area

B3 Reference to 0.40 - -

ECy Reference to 15.20 nf green Reference to 15.20 m? green space per capita
space per capita
EE Annual growth rate should be Annual growth rate
! higher than 5% should be higher than 5%

The population was used as the benchmark for calculating the standard thresholds
of the other indicators. For social and economic development to be unaffected, the gross
domestic product (GDP) should not be restricted. The attribute of the T, indicator is obvi-
ously influenced by residents’ special needs for medical treatment. The carbon emission
governance strategy for this indicator requires further discussion. So, the indicators of
Sy, Tp, and EDj are not in the scope of governance. The reasonable threshold of built-up
areas (S1) should be determined according to the population, so it is adjusted by the per
capita built-up area indicator. According to the governance system, the current Code for
County Management should adjust the standard thresholds of the B4 and T4 indicators.
It is recommended that the standard threshold of the B, indicator should be adjusted to
(2.70, 4.20) and the lower limit of the T4 indicator should be adjusted to 25%.

The first zone and the second zones are typical high-carbon zone and medium-carbon
zones and should be considered as a key carbon emission governance area. The 34.33% of
the counties covered by the zones have been emitting 51.88% of carbon emissions at the
county level, indicating that the potential for carbon reduction is relatively high, so higher
carbon reduction targets for the zones should be set at the national level. If the county-level
average carbon emissions were referenced to set carbon reduction targets for the counties
in the first and second zones, then the first and second zones’ total carbon emissions would
fall by 33.8% and the counties’ total carbon emissions would achieve a 17.54% reduction.

5. Conclusions

This study constructed a cause-effect chain for low-carbon county development and
proposed a differentiated zoning method based on a multi-indicator evaluation to establish
carbon emission governance zones for 1753 counties and reflect the differences in carbon
emissions through governance elements. The results show: (1) there are 5 governance zones,
in which 22.25% of the counties are located in 1 high-carbon governance zone, 51.23% are
in 2 medium-carbon governance zones, and 26.53% are in 2 low-carbon zones, and (2) the
first zone and the second zones, which are mainly clustered in North China Plain and
Southeast China Coastal Area, should be treated as the key governance area. According
to the zoning results, this study proposed a county-level governance system, which is
obviously different from the carbon emission governance strategies for cities proposed in
the previous study. The difference occurs in the governance approach: compared to the
governance approach by pilots and sectors at the city level [83,84], the classified governance
method is more suitable for low-carbon county governance. The difference also occurs in
the governance indicators, which have been shown in the analysis of the carbon effects
of the indicators: some important low-carbon city governance indicators, such as the
number of motor vehicles and public transportation vehicles [58,59], are not critical for
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the counties. Presumably, most counties are at an earlier urbanization stage and a lower
level of economic development than the cities. The lifestyles of the residents are also
different, so the main carbon emission drivers are different. Therefore, the experience of
carbon emission governance for cities is not fully applicable to towns or villages. However,
towns and rural areas, which have made large contributions to carbon emissions, cannot
be ignored and should be targeted for carbon reduction.

The differentiated zoning method can type regions with large diversity, forming a basis
for the regional governance policy. The zoning results can help policymakers identify the
key governance sectors and areas, as well as develop differentiated governance strategies
for each type of area. The application of the zoning results can provide new ideas to address
the carbon emission governance issues of other towns or villages. However, the zoning
results have certain limitations and there is still improvement needed in future applications.
It is a static system because only the cross-sectional data from 2015 were used rather than
the panel data in a larger time span. The carbon emission governance zoning can be further
extended to a dynamic system that analyzes and monitors the changes in the differences
between the zones and the year-by-year feedback on carbon emission governance effects.
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Appendix A

Table Al. Measurement methods of some indicators.

Measure Method Unit
Population urbanization rate (S3) Urban Population/population x 100% %
Coverage rate of population with access to gas (By) ~ Population with access to gas/population x 100% %
Density of heating pipelines (B,) Length of heating pipelines/builtup area km/km?

Floor area of heat — supply service/area of heat —

Floor-area ratio of heating (B3) -

supply service

Living density (B4) Population/area of residential land people/km?
Average service area per park (T7) Builtup area/number of parks hm?
Average service population per medical bed (T3) Population/number of medical beds person
Average service area per educational facility (T3) Builtup area number of educational facilities hm?
Proportion of sidewalk area (T4) Sidewalk area/road area x 100% %

The measurement of carbon sink capacity (EC;) is based on the land-use map identified
by the environment for visualizing images (ENVI) using Landsat satellite imagery. The four
land-use types of forest land, grassland, and water body are used to calculate the carbon
sink capacity by:

3
Co=) Si=) Aa(i=1,2 3)
i=1

Cs: carbon sink capacity, i: land-use type, S;: the ith land-use type, A;: area of the ith
land-use type, and a; : the carbon fixation coefficient of the ith land-use type.



Land 2021, 10, 197 17 of 19

References

1. Tang, D.; Zhang, Y.; Bethel, B.J. A comprehensive evaluation of carbon emission reduction capability in the Yangtze river economic
belt. Int. J. Environ. Res. Public Health 2020, 17, 545. [CrossRef] [PubMed]

2. Heinonen, J.; Junnila, S. Implications of urban structure on carbon consumption in metropolitan areas. Environ. Res. Lett. 2011,
6,014018. [CrossRef]

3. Al G.; Pumijumnong, N.; Cui, S. Decarbonization action plans using hybrid modeling for a low-carbon society: The case of
Bangkok Metropolitan Area. |. Clean. Prod. 2017, 168, 940-951. [CrossRef]

4. Mohsenizadeh, M.; Tural, M.K.; Kentel, E. Municipal solid waste management with cost minimization and emission control
objectives: A case study of Ankara. Sustain. Cities Soc. 2020, 52, 101807. [CrossRef]

5. Cam, W.C.N. Fostering interconnectivity dimension of low-carbon cities: The triple bottom line reinterpretation. Habitat Int. 2013,
37, 88-94. [CrossRef]

6. Lou, Y, Jayantha, W.M,; Shen, L.; Liu, Z.; Shu, T. The application of low-carbon city (LCC) indicators—A comparison between
academia and practice. Sustain. Cities Soc. 2019, 51, 101677. [CrossRef]

7. Azizalrahman, H.; Hasyimi, V. Towards a generic multi-criteria evaluation model for low carbon cities. Sustain. Cities Soc. 2018,
39, 275-282. [CrossRef]

8.  Liu, L.-Y,; Zheng, B.-H.; Bedra, K.B. Quantitative analysis of carbon emissions for new town planning based on the system
dynamics approach. Sustain. Cities Soc. 2018, 42, 538-546. [CrossRef]

9. Feiock, R.C.; Bae, ]. Politics, institutions and entrepreneurship: City decisions leading to inventoried GHG emissions. Carbon
Manag. 2011, 2, 443-453. [CrossRef]

10. Warbroek, B.; Hoppe, T. Modes of governing and policy of local and regional governments supporting local low-carbon energy
initiatives; exploring the cases of the Dutch regions of Overijssel and Fryslan. Sustainability 2017, 9, 75. [CrossRef]

11. Freeman, R.; Yearworth, M. Climate change and cities: Problem structuring methods and critical perspectives on low-carbon
districts. Energy Res. Soc. Sci. 2017, 25, 48-64. [CrossRef]

12. Haley, B.; Gaede, J.; Winfield, M.; Love, P. From utility demand side management to low-carbon transitions: Opportunities and
challenges for energy efficiency governance in a new era. Energy Res. Soc. Sci. 2020, 59, 101312. [CrossRef]

13.  Pan, H.; Page, J.; Zhang, L.; Chen, S.; Cong, C.; Destouni, G.; Kalantari, Z.; Deal, B. Using comparative socio-ecological modeling
to support Climate Action Planning (CAP). J. Clean. Prod. 2019, 232, 30-42. [CrossRef]

14. Van Sluisveld, M.A ; Hof, A.F; Carrara, S.; Geels, EW.; Nilsson, M.; Rogge, K.; Turnheim, B.; Van Vuuren, D.P. Aligning integrated
assessment modelling with socio-technical transition insights: An application to low-carbon energy scenario analysis in Europe.
Technol. Forecast. Soc. Chang. 2020, 151, 119177. [CrossRef]

15. Pan, H,; Page, J.; Zhang, L.; Cong, C.; Ferreira, C.; Jonsson, E.; Nasstrom, H.; Destouni, G.; Deal, B.; Kalantari, Z. Understanding
interactions between urban development policies and GHG emissions: A case study in Stockholm Region. Ambio 2020, 49, 1313—
1327. [CrossRef]

16. Yu, Z.; Huang, P. Local governments’ incentives and governing practices in low-carbon transition: A comparative study of solar
water heater governance in four Chinese cities. Cities 2020, 96, 102477.1-102477.9. [CrossRef]

17.  Papachristos, G.; Jain, N.; Burman, E.; Zimmermann, N.; Mumovic, D.; Davies, M.; Edkins, A. Low carbon building performance
in the construction industry: A multi-method approach of project management operations and building energy use applied in a
UK public office building. Energy Build. 2020, 206, 109609. [CrossRef]

18. Cauvain, J.; Karvonen, A.; Petrova, S. Market-based low-carbon retrofit in social housing: Insights from Greater Manchester.
J. Urban Aff. 2018, 40, 1-15. [CrossRef]

19. Wang, M,; Che, Y,; Yang, K.; Wang, M.; Xiong, L.; Huang, Y. A local-scale low-carbon plan based on the STIRPAT model and the
scenario method: The case of Minhang District, Shanghai, China. Energy Policy 2011, 39, 6981-6990. [CrossRef]

20. Rickenbacker, H.; Brown, F; Bilec, M. Creating environmental consciousness in underserved communities: Implementation and
outcomes of community-based environmental justice and air pollution research. Sustain. Cities Soc. 2019, 47, 101473. [CrossRef]

21. Walnum, H.T.; Hauge, AL, Lindberg, K.B.; Mysen, M.; Nielsen, B.F.; Sernes, K. Developing a scenario calculator for smart energy
communities in Norway: Identifying gaps between vision and practice. Sustain. Cities Soc. 2019, 46, 101418. [CrossRef]

22. Ramaswami, A.; Main, D.; Bernard, M.; Chavez, A.; Davis, A.; Thomas, G.; Schnoor, K. Planning for low-carbon communities
in US cities: A participatory process model between academic institutions, local governments and communities in Colorado.
Carbon Manag. 2011, 2, 397-411. [CrossRef]

23. Maes, T.; Van Eetvelde, G.; De Ras, E.; Block, C.; Pisman, A.; Verhofstede, B.; VandenDriessche, F.; Vandevelde, L. Energy
management on industrial parks in Flanders. Renew. Sustain. Energy Rev. 2011, 15, 1988-2005. [CrossRef]

24. Coté, R.P; Liu, C. Strategies for reducing greenhouse gas emissions at an industrial park level: A case study of Debert Air
Industrial Park, Nova Scotia. J. Clean. Prod. 2016, 114, 352-361. [CrossRef]

25. Jia, X.; Zhang, X.; Zhao, Y.; Wang, M.; Jin, ]. Comparative analysis of co? background concentration between China Mainland
and neighboring countries and regions. J. Atmos. Environ. Opt. 2017, 12, 120-127.

26. Xiong, D.; Shi, C. Spatial-temporal differences of imbalance and inadequate development in China—based on the panel data of
two kinds of counties from 2000 to 2016. Econ. Forum 2019, 43-52.

27. Wang, S.; Liu, X.; Zhou, C.; Hu, J.; Ou, J. Examining the impacts of socioeconomic factors, urban form, and transportation

networks on CO? emissions in China’s megacities. Appl. Energy 2017, 185, 189-200. [CrossRef]


http://doi.org/10.3390/ijerph17020545
http://www.ncbi.nlm.nih.gov/pubmed/31952175
http://doi.org/10.1088/1748-9326/6/1/014018
http://doi.org/10.1016/j.jclepro.2017.09.049
http://doi.org/10.1016/j.scs.2019.101807
http://doi.org/10.1016/j.habitatint.2011.12.020
http://doi.org/10.1016/j.scs.2019.101677
http://doi.org/10.1016/j.scs.2018.02.026
http://doi.org/10.1016/j.scs.2018.08.006
http://doi.org/10.4155/cmt.11.37
http://doi.org/10.3390/su9010075
http://doi.org/10.1016/j.erss.2016.11.009
http://doi.org/10.1016/j.erss.2019.101312
http://doi.org/10.1016/j.jclepro.2019.05.274
http://doi.org/10.1016/j.techfore.2017.10.024
http://doi.org/10.1007/s13280-019-01290-y
http://doi.org/10.1016/j.cities.2019.102477
http://doi.org/10.1016/j.enbuild.2019.109609
http://doi.org/10.1080/07352166.2018.1439340
http://doi.org/10.1016/j.enpol.2011.07.041
http://doi.org/10.1016/j.scs.2019.101473
http://doi.org/10.1016/j.scs.2019.01.003
http://doi.org/10.4155/cmt.11.34
http://doi.org/10.1016/j.rser.2010.11.053
http://doi.org/10.1016/j.jclepro.2015.09.061
http://doi.org/10.1016/j.apenergy.2016.10.052

Land 2021, 10, 197 18 of 19

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

56.

Price, L.; Zhou, N,; Fridley, D.; Oshita, S.; Lu, H.; Zheng, N.; Chen, F. Development of a low-carbon indicator system for China.
Habitat Int. 2013, 37, 4-21. [CrossRef]

Pirrone, N.; Trombino, G.; Cinnirella, S.; Algieri, A.; Bendoricchio, G.; Palmeri, L. The Driver-Pressure-State-Impact-Response
(DPSIR) approach for integrated catchment-coastal zone management: Preliminary application to the Po catchment-Adriatic Sea
coastal zone system. Reg. Environ. Chang. 2005, 5, 111-137. [CrossRef]

Zhang, E; Zhang, J.; Wu, R.; Ma, Q.; Yang, J. Ecosystem health assessment based on DPSIRM framework and health distance
model in Nansi Lake, China. Stoch. Environ. Res. Risk Assess. 2016, 30, 1235-1247. [CrossRef]

Yang, Y.; Li, L.; Zheng, H. Analysis on Beijing’s Low-Carbon City Evaluation Index System. In Education and Management,
Proceedings of the International Symposium, ISAEBD 2011, Dalian, China, 6—7 August 2011; Zhou, M., Ed.; Springer: Berlin/Heidelberg,
Germany, 2011; pp. 163-169.

Song, L.; Li, F. The assessment index system of low-carbon city development. Adv. Mater. Res. 2011, 347-353, 1287-1294.
[CrossRef]

Shushu, L.; Yong, M. Urbanization, economic development and environmental change. Sustainability 2014, 6, 5143-5161.
Zhang, J.; Liu, C.; Chang, F. A new approach for multifunctional zoning of territorial space: The Panxi area of the upper Yangtze
river in China case study. Sustainability 2019, 11, 2325. [CrossRef]

Praene, J.P.; Malet-Damour, B.; Radanielina, M.H.; Fontaine, L.; Riviere, G. GIS-based approach to identify climatic zoning;:
A hierarchical clustering on principal component analysis. Build. Environ. 2019, 164, 164. [CrossRef]

Giuseppe, E.D.; Lasinio, G.J.; Esposito, S.; Pasqui, M. Functional clustering for Italian climate zones identification. Theor. Appl.
Climatol. 2013, 114, 39-54. [CrossRef]

Xie, H.; Liu, G.; Liu, Q.; Wang, P. Analysis of spatial disparities and driving factors of energy consumption change in China Based
on Spatial Statistics. Sustainability 2014, 6, 2264-2280. [CrossRef]

Li, J.; He, ].; Liu, Y,; Wang, D.; Rafay, L.; Chen, C.; Hong, T.; Fan, H.; Lin, Y. Spatial autocorrelation analysis of multi-scale damaged
vegetation in the Wenchuan earthquake-affected area, Southwest China. Forests 2019, 10, 195. [CrossRef]

Chen, N.; Chen, L.; Ma, Y.; Chen, A. Regional disaster risk assessment of China based on self-organizing map: Clustering,
visualization and ranking. Int. J. Disaster Risk Reduct. 2018, 33, 196-206. [CrossRef]

Jia, J.; Wang, X.; Hersi, N.A.M.; Zhao, W.; Liu, Y. Flood-risk zoning based on analytic hierarchy process and fuzzy variable set
theory. Nat. Hazards Rev. 2019, 20, 04019006. [CrossRef]

Li, Y,; Li, Y.; Fan, P; Sun, J.; Liu, Y. Land use and landscape change driven by gully land consolidation project: A case study of a
typical watershed in the Loess Plateau. J. Geogr. Sci. 2019, 29, 719-729. [CrossRef]

Li, Y,; Cao, Z.; Long, H,; Liu, Y.; Li, W. Dynamic analysis of ecological environment combined with land cover and NDVI
changes and implications for sustainable urban—rural development: The case of Mu Us Sandy Land, China. J. Clean. Prod. 2017,
142, 697-715. [CrossRef]

Verichev, K.; Zamorano, M.; Carpio, M. Assessing the applicability of various climatic zoning methods for building construction:
Case study from the extreme southern part of Chile. Build. Environ. 2019, 160, 106165. [CrossRef]

Walsh, A.; Céstola, D.; Labaki, L.C. Comparison of three climatic zoning methodologies for building energy efficiency applications.
Energy Build. 2017, 146, 111-121. [CrossRef]

Liu, Y,; Fu, B.; Zhao, W.; Wang, S.; Deng, Y. A solution to the conflicts of multiple planning boundaries: Landscape functional
zoning in a resource-based city in China. Habitat Int. 2018, 77, 43-55. [CrossRef]

Yang, X.; Zhang, F; Luo, C.; Zhang, A. Farmland ecological compensation zoning and horizontal fiscal payment mechanism in
Wuhan agglomeration, China, from the perspective of ecological footprint. Sustainability 2019, 11, 2326. [CrossRef]

Nikoli, T.; Radii, D.; Osi, N.; Diaz-Delgado, R.; Irovi, D. Landscape heterogeneity effects on keystone rodent species: Agroecologi-
cal zoning for conservation of open grasslands. Biodivers. Conserv. 2019, 28, 3139-3158. [CrossRef]

Li, Y.; Zhang, X.; Cao, Z.; Liu, Z.; Lu, Z.; Liu, Y. Towards the progress of ecological restoration and economic development in
China’s Loess Plateau and strategy for more sustainable development. Sci. Total Environ. 2021, 756, 143676.

Guo, H,; Yang, C.; Liu, X,; Li, Y.; Meng, Q. Simulation evaluation of urban low-carbon competitiveness of cities within Wuhan city
circle in China. Sustain. Cities Soc. 2018, 42, 688-701. [CrossRef]

Gong, Y.; Song, D. Life cycle building carbon emissions assessment and driving factors decomposition analysis Based on
LMDI—A case study of wuhan city in China. Sustainability 2015, 7, 16670-16686. [CrossRef]

Yang, Y.; Zhao, T.; Wang, Y.; Shi, Z. Research on impacts of population-related factors on carbon emissions in Beijing from 1984 to
2012. Environ. Impact Assess. Rev. 2015, 55, 45-53. [CrossRef]

Fu, B.; Wu, M.; Che, Y.; Yang, K. Effects of land-use changes on city-level net carbon emissions based on a coupled model.
Carbon Manag. 2017, 8, 245-262. [CrossRef]

Ewing, R.; Rong, F. The impact of urban form on U.S. residential energy use. Hous. Policy Debate 2008, 19, 1-30. [CrossRef]
Huang, H.E; Kuo, J.; Lo, S.L. Review of PSR framework and development of a DPSIR model to assess green-house effect in
Taiwan. Environ. Monit. Assess. 2011, 177, 623-635. [CrossRef] [PubMed]

Markolf, S.A.; Klima, K.; Wong, T.L. Adaptation frameworks used by US decision-makers: A literature review. Environ. Syst. Decis.
2015, 35, 427-436. [CrossRef]

Li, Y,; Long, H.; Liu, Y. Industrial development and land use/cover change and their effects on local environment: A case study
of Changshu in eastern coastal China. Front. Environ. Sci. Eng. China 2010, 4, 438-448. [CrossRef]


http://doi.org/10.1016/j.habitatint.2011.12.009
http://doi.org/10.1007/s10113-004-0092-9
http://doi.org/10.1007/s00477-015-1109-2
http://doi.org/10.4028/www.scientific.net/AMR.347-353.1287
http://doi.org/10.3390/su11082325
http://doi.org/10.1016/j.buildenv.2019.106330
http://doi.org/10.1007/s00704-012-0801-0
http://doi.org/10.3390/su6042264
http://doi.org/10.3390/f10020195
http://doi.org/10.1016/j.ijdrr.2018.10.005
http://doi.org/10.1061/(ASCE)NH.1527-6996.0000329
http://doi.org/10.1007/s11442-019-1623-0
http://doi.org/10.1016/j.jclepro.2016.09.011
http://doi.org/10.1016/j.buildenv.2019.106165
http://doi.org/10.1016/j.enbuild.2017.04.044
http://doi.org/10.1016/j.habitatint.2018.01.004
http://doi.org/10.3390/su11082326
http://doi.org/10.1007/s10531-019-01810-y
http://doi.org/10.1016/j.scs.2018.04.030
http://doi.org/10.3390/su71215838
http://doi.org/10.1016/j.eiar.2015.06.007
http://doi.org/10.1080/17583004.2017.1314704
http://doi.org/10.1080/10511482.2008.9521624
http://doi.org/10.1007/s10661-010-1661-7
http://www.ncbi.nlm.nih.gov/pubmed/20814739
http://doi.org/10.1007/s10669-015-9572-3
http://doi.org/10.1007/s11783-010-0273-3

Land 2021, 10, 197 19 of 19

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.
75.

76.
77.

78.
79.

80.

81.

82.

83.

84.

Wang, C.; Lin, J.; Cai, W.; Zhang, Z.X. Policies and practices of low carbon city development in China. Energy Environ. 2013,
24,1347-1372. [CrossRef]

Khanna, N.; Fridley, D.; Hong, L. China’s pilot low-carbon city initiative: A comparative assessment of national goals and local
plans. Sustain. Cities Soc. 2014, 12, 110-121. [CrossRef]

Shi, L.; Xiang, X.; Zhu, W.; Gao, L. Standardization of the Evaluation Index System for Low-Carbon Cities in China: A case study
of Xiamen. Sustainability 2018, 10, 3751. [CrossRef]

Tan, S.; Yang, J.; Yan, J. Development of the Low-carbon City Indicator (LCCI) framework. Energy Procedia 2015, 75, 2516-2522.
[CrossRef]

Ali, G.; Abbas, S.; Pan, Y.; Chen, Z.; Hussain, J.; Sajjad, M.; Ashraf, A. Urban environment dynamics and low carbon society:
Multi-criteria decision analysis modeling for policy makers. Sustain. Cities Soc. 2019, 51, 101763. [CrossRef]

Tan, S.; Yang, J.; Yan, J.; Lee, C.; Hashim, H.; Chen, B. A holistic low carbon city indicator framework for sustainable development.
Appl. Energy 2017, 185 (Pt 2), 1919-1930. [CrossRef]

Lowry, ]. H.; Lowry, M.B. Comparing spatial metrics that quantify urban form. Comput. Environ. Urban Syst. 2014, 44, 59-67.
[CrossRef]

Ou, J,; Liu, X,; Li, X.; Chen, Y. Quantifying the relationship between urban forms and carbon emissions using panel data analysis.
Landsc. Ecol. 2013, 28, 1889-1907. [CrossRef]

Yun, W.; Meiling, C.; Zhiduan, C. The Analysis and construction on index system for regulatory detailed planning of low-carbon
eco-city. Urban Dev. Stud. 2013, 21, 46-53.

Kotharkar, R.; Bahadure, P.; Sarda, N. Measuring compact urban form: A case of Nagpur City, India. Sustainability 2014,
6,4246-4272. [CrossRef]

Abrantes, P; Rocha, J.; da Costa, E.M.; Gomes, E.; Morgado, P.; Costa, N. Modelling urban form: A multidimensional typology of
urban occupation for spatial analysis. Environ. Plan. B Urban Anal. City Sci. 2019, 46, 47-65. [CrossRef]

Huang, J.; Lu, X; Sellers, .M. A global comparative analysis of urban form: Applying spatial metrics and remote sensing. Landsc.
Urban Plan. 2007, 82, 184-197. [CrossRef]

Debbage, N.; Bereitschaft, B.; Shepherd, ].M. Quantifying the spatiotemporal trends of urban sprawl among large U.S. metropoli-
tan areas via spatial metrics. Appl. Spat. Anal. Policy 2017, 10, 317-345. [CrossRef]

Yang, Y.; Meng, G. The decoupling effect and driving factors of carbon footprint in megacities: The case study of Xi’an in western
China. Sustain. Cities Soc. 2019, 44, 783-792. [CrossRef]

Qin, B,; Han, S.S. Planning parameters and household carbon emission: Evidence from high- and low-carbon neighborhoods in
Beijing. Habitat Int. 2013, 37, 52-60. [CrossRef]

Yang, T.; Liu, W. Inequality of household carbon emissions and its influencing factors: Case study of urban China. Habitat Int.
2017, 70, 61-71. [CrossRef]

Xu, S5.-C.; Zhang, W.-W.; He, Z.-X_; Han, H.-M.; Long, R.-Y.; Chen, H. Decomposition analysis of the decoupling indicator of
carbon emissions due to fossil energy consumption from economic growth in China. Energy Effic. 2017, 10, 1365-1380. [CrossRef]
Chen, J. The geographical boundaries of our country. Teach. Ref. Middle Sch. Geogr. 2004, 11, 17-18. (In Chinese)

Hu, H. The distribution of population in China—With statistical tables and density maps. Acta Geograpuica Sinica 1935, 2, 33-74.
(In Chinese)

Zhong, Y. Comparison of main topographic areas in China. Geogr. Educ. 2002, 5, 29-31. (In Chinese)

Baur, A.H.; Forster, M.; Kleinschmit, B. The spatial dimension of urban greenhouse gas emissions: Analyzing the influence of
spatial structures and LULC patterns in European cities. Landsc. Ecol. 2015, 30, 1195-1205. [CrossRef]

Shannon, C.E. A mathematical theory of communication. Bell Syst. Tech. ]. 1948, 27, 379-423. [CrossRef]

Liu, H.; Nie, J.; Cai, B.; Cao, L.; Wu, P,; Pang, L.; Wang, X. CO, emissions patterns of 26 cities in the Yangtze River Delta in 2015:
Evidence and implications. Environ. Pollut. 2019, 252, 1678-1686. [CrossRef] [PubMed]

Cai, B,; Cui, C; Zhang, D.; Cao, L.; Wu, P; Pang, L.; Zhang, ].; Dai, C. China city-level greenhouse gas emissions inventory in 2015
and uncertainty analysis. Appl. Energy 2019, 253, 113579. [CrossRef]

Yang, Z.; Fan, Y.; Zheng, S. Determinants of household carbon emissions: Pathway toward eco-community in Beijing. Habitat Int.
2016, 57, 175-186. [CrossRef]

Li, J.; Huang, X,; Yang, H.; Chuai, X.; Wu, C. Convergence of carbon intensity in the Yangtze River Delta, China. Habitat Int. 2017,
60, 58-68. [CrossRef] [PubMed]

Fu, Y,; Zhang, X. Planning for sustainable cities? A comparative content analysis of the master plans of eco, low-carbon and
conventional new towns in China. Habitat Int. 2017, 63, 55-66. [CrossRef]

Li, Z;; Quan, S.J.; Yang, PP-J. Energy performance simulation for planning a low carbon neighborhood urban district: A case
study in the city of Macau. Habitat Int. 2016, 53, 206-214. [CrossRef]


http://doi.org/10.1260/0958-305X.24.7-8.1347
http://doi.org/10.1016/j.scs.2014.03.005
http://doi.org/10.3390/su10103751
http://doi.org/10.1016/j.egypro.2015.07.253
http://doi.org/10.1016/j.scs.2019.101763
http://doi.org/10.1016/j.apenergy.2016.03.041
http://doi.org/10.1016/j.compenvurbsys.2013.11.005
http://doi.org/10.1007/s10980-013-9943-4
http://doi.org/10.3390/su6074246
http://doi.org/10.1177/2399808317700140
http://doi.org/10.1016/j.landurbplan.2007.02.010
http://doi.org/10.1007/s12061-016-9190-6
http://doi.org/10.1016/j.scs.2018.11.012
http://doi.org/10.1016/j.habitatint.2011.12.017
http://doi.org/10.1016/j.habitatint.2017.10.004
http://doi.org/10.1007/s12053-017-9522-7
http://doi.org/10.1007/s10980-015-0169-5
http://doi.org/10.1002/j.1538-7305.1948.tb01338.x
http://doi.org/10.1016/j.envpol.2019.06.102
http://www.ncbi.nlm.nih.gov/pubmed/31284210
http://doi.org/10.1016/j.apenergy.2019.113579
http://doi.org/10.1016/j.habitatint.2016.07.010
http://doi.org/10.1016/j.habitatint.2016.12.012
http://www.ncbi.nlm.nih.gov/pubmed/32287708
http://doi.org/10.1016/j.habitatint.2017.03.008
http://doi.org/10.1016/j.habitatint.2015.11.010

	Introduction 
	Materials and Methods 
	Data Sources 
	PSR Framework for Low-Carbon Counties 
	Carbon Emission Governance Indicator System for Counties 
	Clustering Analysis 

	Results 
	Overall Analysis of Zoning Results 
	Map of Carbon Emission Governance Zones at the County Level 

	Discussion 
	The Availability Analysis of the Zoning Results 
	The Carbon Emission Governance System at the County Level 

	Conclusions 
	
	References

