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Abstract: The construction of a reasonable evaluation index system for low-carbon cities is an
important part of China’s green development strategy in urban areas. In this study, based on
the theoretical framework for the concept of low-carbon cities, the perspectives from three index
systems—that is, the Drivers, Pressures, State, Impact, Response model of intervention (DPSIR),
a complex ecosystem, and a carbon source/sink process—were integrated to extract common
indicators from existing evaluation index systems for low-carbon cities. Subsequently, a standardized
evaluation index system for low-carbon cities that contained five indicators—carbon emission,
low carbon production, low carbon consumption, low-carbon policy, and social economic
development—was established. Thereafter, Xiamen was selected for an empirical analysis
by determining the indicator weight with an entropy weight method and by carrying out a
comprehensive evaluation using a linear summation model. The results showed that the weights
of the five selected primary indicators for the evaluation of low-carbon cities were: low-carbon
production > low-carbon consumption > social economic development > carbon emission >
low-carbon policy. Among the secondary indicators, the average entropy weight of “pollution
emission” was the highest at 0.1591, while the average entropy weight of “urbanization rate” was
the lowest at 0.0360. Furthermore, the comprehensive index of low-carbon development in 2015 was
higher than that in 2010, while the rate of economic growth was greater than the growth rate of carbon
emission, which indicated that the relative decoupling of economic growth from carbon emission
was basically achieved.

Keywords: low-carbon city; evaluation index; standardization; entropy weight method; level

1. Introduction

In recent years, global warming has led to the gradual adoption of developmental models
involving green, low-carbon, and circular economies [1]. China has become the largest energy
producer and consumer in the world [2]. In 2016, China’s carbon emissions accounted for
27.3% of the world’s total carbon emissions, making China the world’s largest carbon emitter [3].
Cities are the main contributors to carbon emissions, accounting for 75% of total emissions, and this
proportion continues to rise with urbanization [4]. The UN’s publication, “Transforming our World:
the 2030 Agenda for Sustainable Development”, contains 17 sustainable development goals, and one
of the key objectives is to take urgent action to address climate change and its impacts and promote
sustainable development [5]. In the 2015 United Nations Climate Change Conference held in Paris,
China submitted the Intended Nationally Determined Contributions (INDC) documents, which stated
that China would reach its peak in CO; emissions around 2030 and would strive to decrease its CO,
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emission per unit Gross Domestic Product (GDP) in 2030 by 60-65% compared to that in 2005 [6].
In this context, the low-carbon development model has become the best choice for long-term global
development [7]. Scholars have conducted extensive research focused on low-carbon development,
and the evaluation of low-carbon cities has become a popular area of research. The study reviewed
the four representative international low-carbon indicator systems and 14 representative Chinese
low-carbon indicator systems. The primary indicators selected by scholars in constructing the index
system are mainly related to energy, economy, society, and environment. The scope of evaluation is
extensive, including an evaluation of the low-carbon development level of the world, the country,
and the city. The evaluation results provide a realistic basis for city decision makers and managers
to formulate and manage low-carbon development of cities, and may have a great role in promoting
the low-carbon development of cities (Table 1). However, the lack of adequate standards related to
low-carbon cities significantly constrains the strategic development, planning, and construction of
low-carbon cities.
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Table 1. The low-carbon evaluation index system at home and abroad.

Country Year Source Indicator Category Specific Evaluation Aspect
. . Azizalrahman, H.; Ecopomy, energy, land use, carbon and Evaluate the low-carbon development of ten
Saudi Arabia 2018 L. environment, transportation, . .
Hasyimi, V. [8] low-carbon pilot cities at home and abroad.
waste and water
Collect information from these sectors in
Cambodia 2017 Hak, M.; Matsuoka, Y Demography, economy, energy, Cambodia and formulate strategies for
Gomi, K. [9] transportation and cross sector
low-carbon development.
Economic, energy pattern, technology, It is used to evaluate the low-carbon
Malaysia 2015 Tan, S.T.; Yang, J.; Yan, J.Y. [10]  social and living, carbon and environment, development level of 10 major domestic and
urban accessibility and waste foreign cities.
. Kalnins, S.N.; Blumberga, D.; Technological, economic, social,
Latvia 2015 Gusca, J. [11] environmental, climate -
. e . Energy/climate, water, air quality, waste,
America 2012 Zhou, 1\;” I(;Ile ! G]SVEflllzliams, C; mobility, economic health, land use and —
ey, 2 social health
German 2010 Lu, Q. [13] Environment, economy, social culture and Evaluating the overall performance of
y e function, technology and process urban areas.
. direct emissions, embedded emissions and LCCI (Low-Carbon City Index): Evaluating
Global 2009 Pamlin, D. [14] global solutions the low-carbon development of global cities.
The low-carbon development level of
Fconomic, livine quality, environment 40 cities in China is evaluated and it is found
2018 Zhang, L.P; Zhou, P. [15] g g 9 Y ’ that the low-carbon development of coastal
consumer behavior e . .
cities in China is generally superior to
other regions.
- . - GDP per Capita and Carbon emission per
Carbon emission per capita, carbon emission capita are used to evaluate the low-carbon
2018 Yang, X.; Wang, X.C.; }C);e];; m(;trocfaG;;ss BOEZi;;;PL?‘(;Zgz(gg?’ development of 36 low-carbon pilot cities in
China Zhou, Z.Y. [16] p p1ta, pop ’ the country and divide them into four types:

rate, proportion of tertiary industry,
main functional zone

Leading Cities, Developing Cities,
Latecomer Cities and Exploring Cities.

3 0f20
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Table 1. Cont.
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Country Year Source Indicator Category Specific Evaluation Aspect
Evaluate the low-carbon development of
2018 Du, H.B.; Chen, Z.N.; Mao, G.Z,; Society, economy, enerey. environment 30 provinces in the country from 2003 to
Li, RY.M.; Chai, L.H. [7] Y Y, energys 2013, and divide these cities into the highest,
middle, and lowest three levels.
Ohshita, S.; Zhang, J.; Yang, L CQLCI (China Green Low-Carbon Evaluating the status of green and
2017 etal. [17] City Index): economy, energy & carbon, low-carbon development for a large number
’ environment & land use, policy & outreach of Chinese cities.
Price, L.; Zhou, N.; Fridley, D.;  Residential buildings sector, commercial Evaluation of low-carbon development of
2013 Ohshita, S.; Lu, H.Y,; Zheng, N.;  buildings sector, industry sector, provincial and municipal cities from the
Fino-Chen, C. [18] transport sector, power sector perspective of a variety of sectors.

2010 Fu, Y; Liu, YJ.; Wang, Y.L. [19] Economy, societv. environment o

2011 Hua, J.; Ren, J. [20]; Xin, L. [21] ¥ R4

2017 Zhu, J; Liu, XM.; Zhang, Y. [22]  DPSIR model (involving energy

2010 Shao, C.F; Ju, MLT. [23] consumptl(?n, carbon emissions, mdu'stry, —
transportation, construction, waste disposal)

2012 Zhang, X.P; Liu, J.; Fang, T. [24]

2011 Zharég, LS; ihe;é KL; Carbon source (energy, industry, .

ao, S.K. [25] construction, transportation), carbon sink
2011 Chu, C.L;; Ju, M.T;; Wang, Y.N.;  (land, green space)
Wang, Y.S. [26]

Low-carbon development planning media
communication, new and renewable sources
of energy, low-carbon product application

2011 The Media Alliance of China rate, percentage of greenery coverage, Chinese mainland cities.

Low-Carbon Economy. [27] low-carbon commuting, low-carbon
buildings, air quality, urban direct carbon
reduction, public satisfaction and
support rate, veto power
Chatham House;
Chinese Academy of Social Low-carbon productivity, low-carbon Evaluating and managing the city’s
2010 Sciences; Energy Research consumption, low-carbon resources, low-carbon construction, which is used in

Institute; Jilin University;
E3G. [28]

low-carbon policy

Jilin’s low-carbon development plan.
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Therefore, based on a systematic review of existing index systems for low-carbon cities, this study
comprehensively compared the advantages and disadvantages of each index system. In addition,
by extracting reasonable common indicators and using relevant standards of urban construction
promulgated by the Chinese government as a reference, this study attempted to construct a
standardized evaluation index system for low-carbon cities. It is expected that this index system
can be used by urban-level management departments to evaluate low-carbon development within
cities, as well as by national-level management departments to evaluate and compare low- carbon
development among different cities, so that a better path for the development of low-carbon cities can
be explored.

2. Construction of the Index System

2.1. Theoretical Basis for Standardization of the Evaluation Index System

We conducted an in-depth comparison and systematic analysis of representative evaluation index
systems for low-carbon cities in China and elsewhere. Subsequently, all index systems were classified
into three categories according to the perspective from which the index system is constructed, while all
indicators in each category of index systems were then summarized according to their frequency
and commonality. It was found that the index systems were mainly constructed from the following
three perspectives:

2.1.1. Orientation from the Drivers-Pressures-State-Impact-Response (DPSIR) Model of Intervention

Some evaluation index systems for low-carbon cities were constructed based on the DPSIR
model, which emphasizes economic operations and their impact on the environment, as well as the
relationships between economic operations and the environment. The DPSIR model is comprehensive,
systematic, holistic, and flexible. Most of its “Drivers” are selected from the aspects of GDP,
industrial output, and disposable income, while its “Pressures” are mainly selected from the aspects
of resource consumption, energy consumption, and the mode of consumption. The “State” of the
DPSIR model is mainly selected from the aspects of pollutant discharge and industry/energy structure,
the “Impact” is mainly selected from the aspects of social development, ecological environment,
and public evaluation, and the “Response” is mainly selected from the aspects of pollution control and
carbon sink capacity (Table 2).

Table 2. Evaluation indicators of low-carbon cities, established based on the DPSIR model.

Category Most Frequently Selected Indicator

Gross regional product/per capita gross regional product, per capita

Drivers . . . ..
disposable income of urban residents, urbanization rate

Unit GDP energy/electricity /water consumption, per capita
energy /water/electricity consumption, energy/electricity /water

P . 7. . . .
ressures consumption per unit of industrial added value, public transportation
vehicles per 10,000 people
Unit GDP carbon emissions, per capita carbon emissions, percentage of
State S .
tertiary industry in GDP
Number of days with good or adequate ambient air quality,
Impact . - . I
Engel coefficient, public perception of low-carbon cities
Response Forest coverage, green coverage of built-up areas, per capita public

green space

Source Index: [22-24,29].

The evaluation index systems constructed based on the DPSIR model summarizes the
development level of low-carbon cities in terms of Drivers, Pressures, State, Impact, and Response.
Such index systems help to facilitate an intuitive understanding of the assuring factors, problems,
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status quo, and countermeasures required to maintain the development of low-carbon cities. As a
result, such index systems can solve the problems faced by decision-makers with regard to developing
effective urban management policies, which are difficult to achieve because it is often unclear which
departments are responsible for low-carbon development, and the level of low-carbon development in
specific sectors can be difficult to determine.

2.1.2. Orientation from the Complex Ecosystem

Based on the concept of the complex ecosystem, the index system for the evaluation of low-carbon
cities can be set up by configuring indicators for the three subsystems of a city—that is, the social,
economic, and environmental systems.

As a complex ecosystem, the indicators of low-carbon cities mainly characterize low-carbon
development in the social, economic, and environmental subsystems. The indicators for the
economic system are mainly relevant to total production output and per capita disposable income
of urban residents. The indicators for the social system are mainly related to aspects of quality
of life, consumption mode, transportation systems, and social security. The indicators for the
environmental system are related to aspects of energy consumption structure, resource consumption,
pollution emissions, carbon emissions, and ecological environment quality (Table 3).

Table 3. Evaluation indicators of low-carbon cities, established based on the complex
ecosystem perspective.

Category Most Frequently Selected Indicator

Economic system GDP per capita, per capita disposable income of urban residents

Urbanization rate, Engel coefficient, number of public transportation vehicles per
Social system 10,000 people, proportion of clean energy vehicles, share of travel by public
transportation, registered urban unemployment rate

Proportion of non-fossil energy consumption in total primary energy
consumption, per capita energy/electricity /water consumption, sulfur dioxide,
Environmental system ammonia nitrogen and nitrogen oxide emissions and chemical oxygen demand,
total carbon emissions, per capita carbon emissions, carbon emission intensity,
forest coverage, green coverage in built-up areas, per capita public green space

Source index: [19-21,30-34].

It is easier for urban managers to understand the specific conditions of various sectors or industries
in cities and to divide responsibilities among relevant decision makers if a low-carbon city is treated
as a complex ecosystem, so that the level of low-carbon development can be analyzed systematically
based on the social, economic, and environmental subsystems. However, such systems are only
applicable to the internal evaluation of urban development, and are not applicable to the external
evaluation of urban development. From the perspective of existing index systems, the indicators
selected by each system and individual departments are not homogeneous, and the nature of such
indicators does not consider all aspects of Drivers, Pressures, State, Impact, and Response.

2.1.3. Orientation from the Carbon Source/Sink Process Perspective

The index system for the evaluation of low-carbon cities can be established from the perspective
of the carbon source/sink process (resources, production, consumption, emissions, and treatment).

In essence, the construction of an index system from the perspective of a carbon source/sink is
an analysis of the level of low-carbon development in cities, with a focus on resources, production,
consumption, emissions, and treatment. The process of production using resources and subsequent
consumption and emissions can be considered as carbon source generation, and treatment is the
carbon sink process. The carbon sources in cities mainly come from the industrial, transportation,
and construction sectors, as well as from the household consumption of residents. In previous
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research, the indicators to characterize carbon sources have mainly been selected from five aspects:
energy, industry, transportation, construction, and household consumption of residents. In contrast,
the indicators used to represent carbon sinks have mainly been related to aspects of green space
(Table 4).

Table 4. Evaluation indicators of low-carbon cities, established based on the carbon
source/sink process.

Category Most Frequently Selected Indicator

Energy consumption per unit of GDP, proportion of clean energy vehicles, number of
public transport vehicles owned by 10,000 people, share of travel via public
transportation, proportion of energy-saving buildings, carbon emissions per unit of
building area, carbon emissions per capita, per capita disposable income of urban
residents, Engel coefficient, per capita water/electricity consumption of residents,
and per capita energy consumption

Carbon source

Carbon sink Per capita green public area, green area coverage of built-up area, forest coverage

Source index: [25,26].

The statuses of resource production and consumption, as well as pollution discharge and
treatment, can be more clearly understood if the carbon level in cities is analyzed with a focus
on resources, production, consumption, emission, and treatment. Therefore, such an approach is
applicable for comparisons of the levels of low-carbon development among different low-carbon
cities. However, based on the analysis using the DPSIR model, the index systems constructed
from this perspective lack indicators characterizing the Drivers of low-carbon urban development.
In addjition, the low-carbon development profile of specific urban sectors is not fully reflected in such
an approach—that is, indicators applicable to the internal evaluation of cities are not fully reflected.

In summary, the index systems constructed from the three perspectives described above have
distinct advantages and disadvantages. Index systems generated from a single perspective can no
longer meet the growing demand for more scientific and reasonable evaluation of the low-carbon
development of cities. Therefore, we integrated the three perspectives described above to establish
an evaluation index system for low-carbon cities that can be used for both internal (i.e., vertical) and
external (i.e., horizontal) evaluation.

2.2. Low-Carbon Evaluation Index System Constructed from Three Perspectives

Based on our review of current evaluation index systems, and in strict accordance with
pertinent scientific, systematic, hierarchical, dynamic, and operable principles, an index system
was established from the perspectives of the DPSIR model, the complex ecosystem, and the carbon
source/sink process. This model was constructed in reference to recognized index systems in
China and elsewhere. The evaluation of the model was focused on low-carbon development,
eco-cities, green cities, and sustainable development. After several rounds of systematic comparison,
analysis and screening of existing index systems, ISO37120, the “Low-carbon eco-city evaluation
tool for China”, the “Plan for low-carbon development in Jilin city”, the “Media alliance standard
of China’s low-carbon economy”, the “China Green Development Index”, and the “Index system
for the evaluation of low-carbon city construction in China” were selected as the primary
references from which common indicators corresponding to low-carbon urban construction were
extracted [12,22,27,28,35,36]. Subsequently, individual indicators were adjusted by consulting with
experts in this field to construct a final standardized index system for low-carbon evaluation,
which included five aspects: carbon emissions, low-carbon production, low-carbon consumption,
low-carbon policies, and socio-economic development (Figure 1).
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Figure 1. Framework for the evaluation index system of low-carbon cities.
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From the range of evaluation indicators, the external evaluation selected carbon emission
indicators to evaluate the low-carbon development of different cities, while the internal evaluation
selected a set of indicators to reflect the low-carbon construction of different industries and departments
within a city. The evaluation conducted with these indicators showed that they reflect the current
status of low-carbon development, as well as low-carbon strategies and approaches for further
improvement. The attributes of these indicators are also balanced with regard to positive and negative
aspects. The positive indicators reflect social and economic development, carbon source and sink

capacities, and energy conservation and environmental protection. The negative indicators reflect

carbon emissions, pollution emissions, and resource consumption (Table 5).

Table 5. Evaluation index system for low-carbon cities.

Indicator Name Indicator
Pri{nary Secondary Indicator Tertiary Indicator Attribute
Indicator
Amount of carbon Total carbon emissions -
Carbon emissions emissions Per capita carbon emissions —
Intensity of carbon L .
ty o Carbon emissions per unit of GDP —
emissions
Energy consumption per unit carbon emissions -
Resource consumption Water consumption per unit carbon emissions —
Electricity consumption per unit carbon emissions —
Ammonia nitrogen emissions per unit of carbon emissions —
Low-carbon . . Chemical oxygen demand per unit of carbon emissions -
production Pollution emissions
Nitrogen oxide emissions per unit of carbon emissions -
Sulfur dioxide emissions per unit of carbon emissions —
Energy consumption Proportion of non-fossil energy in primary energy .
structure consumption
Carbon productivity GDP per unit carbon emissions +
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Table 5. Cont.

Indicator Name Indicator

Il:‘r(;;?:gr Secondary Indicator Tertiary Indicator Attribute
Proportion of clean energy vehicles +
tr];i‘;\;f)i:ggn Share of travel via public transportation +
Low-carbon Public transportation vehicles owned by every 10,000 people +
consumption Per capita household water consumption -
Low carbon life Per capita household electricity consumption -
Per capita production of household garbage -
Per capita green public space +
Loxl/;l(—)chacr}l]aon Carbon sink capacity Green coverage in built-up areas +
Forest coverage +
Urbanization Urbanization rate -
Engel coefficient -
Sezzlj(l)xg Quality of life Average life expectancy +
development Registered urban unemployment rate +
Level of economic Per capita GDP +
development Annual per capita disposable income of urban residents +

Note: (+) in the table indicates a positive indicator and (—) indicates a negative indicator.

3. Methodology

The evaluation method is mainly reflected in the two key links of index weight determination
and comprehensive evaluation. There are two main methods to determining the weight of indicators:
subjective evaluation and objective evaluation. Subjective evaluation mainly focuses on the Analytic
Hierarchy Process and the Delphi method. For example, Hua evaluated the low-carbon construction
of 13 prefecture-level cities in Jiangsu Province based on an analytic hierarchy process, and the
Media Alliance of China’s Low-Carbon Economy used the Delphi method to evaluate the low-carbon
development of mainland Chinese cities [20,27]. Objective evaluation methods mainly use the
correlation coefficient method, the entropy weight method, and the factor analysis method. Tan used
the entropy weight method to evaluate the low-carbon development of 10 domestic and foreign cities,
and Yi used the factor analysis method to make an empirical analysis of the development level of
low-carbon cities in the six central provincial capitals in 2008 [10,37]. In general, the subjective
evaluation method determines the importance of each index according to subjective judgment,
which has the advantages of a clear concept, simplicity, and feasibility; however, it is more easily
interfered with by subjective factors. According to the standardized data of each index, the objective
evaluation method automatically entrust weight according to certain rules. Although its advantages
are rigorous calculation and objective evaluation, the results can change along with the data and
the stability is poor. Furthermore, the comprehensive evaluation model mainly concentrates on
Technology for Order Preference by Similarity to an Ideal Solution (TOPSIS), the Analytic Hierarchy
Process (AHP), Fuzzy Comprehensive Evaluation (FCE), the Synthetical Index method, and the Content
Analysis method, where comparisons of each method is presented in Table 6. The comprehensive
evaluation model and weight-quantifying methods have their own advantages and disadvantages.
In the actual evaluation, it is necessary to select the appropriate evaluation method according to the
actual conditions.
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Table 6. Comparison of various low-carbon evaluation models.

10 of 20

Method Method Description Advantages Limitations Reference
. . - Making full f the original inf; tion,
According o the approaching degree of imited L1 LyiCore kely to be consitent with reaity
TOPSIS evaluation objects and idealized goals, the relative . Y . ' Low sensitivity Zhang, X.L. [38]
. . . is able to sort out the merits and faults of each
merits of existing objects are evaluated. . .
evaluation object.
This refers to the decision-making method which -
P There are less quantitative
decomposes the elements related to the decision in . . -
. Systematic; results are simple and clear; data, more qualitative
AHP regard to goals, criteria, schemes, and so on, M . Yang, Y.F. [39]
o - - . less quantitative data needed components, and is less
and facilitates qualitative and quantitative analysis .
. . convincing.
on this basis.
According to th bership d th f . . .
ccorcing 0 the membersiup degree Fieory o Good for solving fuzzy and difficult problems; Evaluation subjectivity is
fuzzy mathematics, qualitative evaluation is . . . . ) . s .
. S . . is also suitable for solving various obvious, and the evaluation Ma, L.; Liu, X.G.;
FCE transformed into quantitative evaluation—that is, . )
. . non-deterministic problems; results are not Liu, Z.W. [40]
fuzzy mathematics makes an overall evaluation of . .
. . . . strong systematicness. comprehensive enough
things or objects restricted by various factors.
The original data needs to
This is done through the comparison of two . . . be complete and the reliance
. . . The evaluation process is systematic and . .
Synthetical comprehensive total amounts to comprehensively . S on comparative standards is Wang, Y.Z.; Zhou, Y.Y,;
. comprehensive, the calculation is simple, and the .
Index reflect the total change degree of multiple e too strong; Deng, X.Y. [41]
g data can be fully utilized. .
individuals. evaluation result lacks
certain intuition
Non-quantitative literature materials are
converted into quantitative data, the content of the e Zhou, G.H.; Singh, J.; Wu,
Content : . - . — L The classification and the : .
. literature is quantitatively analyzed, Systematic, objective, and quantitative S . J.C,; Sinha, R.; Laurenti, R.;
Analysis operation is complicated

and judgement and inference about the facts are
made according to these data.

Frostell, B. [29]
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3.1. Carbon Emission Calculated Based on IPCC Assessment

Based on the IPCC Guidelines for Greenhouse Gas Inventories, calculation of urban carbon
emissions primarily involves greenhouse gases generated by activities in five areas: energy activities,
industrial processes, changes in land use, forestry and agricultural activities, and waste disposal [42].
The calculation principle is:

Emissions = Activity level x Emission factor

The data on activity level were directly obtained or calculated from the statistical yearbook.
The emission factor data were mainly obtained according to the “Guidelines for the Accounting Tools
of Urban Greenhouse Gas (Test Version 1.0)” and relevant studies [43,44].

3.2. An Entropy Weight Method to Determine the Weight of Different Indicators

The entropy weight method is a mathematical method for calculating a comprehensive index
based on the comprehensive consideration of the amount of information provided by various
factors [45,46]. As an objective and comprehensive weighting method, the entropy weight method
mainly determines the weight according to the amount of information transmitted by each indicator
to the decision maker. For a certain indicator X;, a larger difference in the values of X;; indicates a
greater role of this indicator in the comprehensive evaluation. If the values of an indicator are all equal,
this indicator does not play a role in the comprehensive evaluation. The specific steps are as follows:

(1) Establish an original matrix, X

)

mXxn
where m is the number of objects to be evaluated, # is the number of evaluation indicators, and Xl-]-

is the evaluation value of object i under indicatorj,i=1,... ,m,j=1,... ,n,m=2,and n =27.
(2) Matrix the indicators according to the same ratio and calculate the weight p;; of indicator j in

protocol i:
= @
pi ] Z:n: . Xij
(3) Calculate the entropy value ¢; of indicator j:
—1 1
4= g B
Note: If p;; = 0, define p;; X Inp;; =0.
(4)  Determine the entropy weight w; of indicator j:
1-— €j

4)

W, = —————
! 17‘1:1(1_31')
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3.3. Comprehensive Evaluation Using a Linear Summation Model

The so-called linear summation model involves multiplying the weights of indicators by the
processed data, followed by a simple summation [38]. It is performed as follows:

n
j=1

where Y} is the comprehensive evaluation level of object k, w; is the weight of object k under indicator j,
X; is the normalized value of object k under indicator j, and 7 is the number of indicators for the
evaluation object.

3.4. Overview of the Study Area

Xiamen is located in the central part of the west bank of the Taiwan Strait, at the center of the
Golden Triangle of southern Fujian (north latitude 24°23’ to 24°54’ and east longitude 117°52’ to
118°26). Xiamen has a tropical monsoon climate with long, hot, humid summers and warm winters.
The annual level of precipitation in Xiamen is relatively high, and it receives a relatively large amount
of solar radiation. At the end of 2015, Xiamen had a total population of 3.86 million, including an
urban population of 1.68 million. In 2010, the National Development and Reform Commission of
China issued the “Notice on Launching Pilot Projects for Low-Carbon Provinces and Low-Carbon
Cities”, which included Xiamen as one of the “five provinces and eight cities” in the pilot study.
Therefore, the analysis of Xiamen’s low-carbon development between 2010 and 2015 has practical
guiding significance for the construction of low-carbon cities in Xiamen and across China.

3.5. Data Sources

The data used in this study were either obtained directly from statistical yearbooks, literature,
and the websites of relevant departments, or by calculation. The yearbooks used in this study
included the “Xiamen Special Economic Zone Yearbook 2011” and “Xiamen Special Economic Zone
Yearbook 2016”, the “Fujian Statistical Yearbook 2011” and “Fujian Statistical Yearbook 2016”7, and the
“Fujian Energy Balance Sheet 2011” and “Fujian Energy Balance Sheet 2016”.

4. Results

4.1. Entropy Weight of Indicators and Changes in Entropy Weight

By selecting the profile of low-carbon development in Xiamen between 2010 and 2015 as the
research object, five primary indicators, 12 secondary indicators, and 27 tertiary indicators were
selected, and the weights of secondary indicators in 2010 and 2015 were calculated by the entropy
weight method (Table 7). From the overall situation of indicator weights, the weights of indicators
for pollution emissions, low-carbon life, and resource consumption were relatively higher than those
of other indicators. From the perspective of changes in indicator weights, the weights of indicators
for carbon emissions and pollution emissions decreased over time, while the weights of indicators
for resource consumption, low-carbon life, and low-carbon transportation increased significantly
over time. Among these indicators, the negative indicator “pollution emission” had the highest
average entropy weight (0.1591). Therefore, this indicator played the most important role in the
comprehensive evaluation of low-carbon development in Xiamen. The indicator “urbanization rate”
had the smallest average entropy weight (0.0360).
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Table 7. Entropy weight of evaluation indicators.

Year 2010 2015 Average
Carbon Emissions 0.0733 0.0714 0.0722
Intensity of Carbon Emissions 0.0416 0.0338 0.0376
Resource Consumption 0.1048 0.1143 0.1095
Pollution Emissions 0.1724 0.1456 0.1591
Energy Structure 0.0349 0.038 0.0365
Carbon Productivity 0.0343 0.041 0.0376
Low-Carbon Transportation 0.105 0.1139 0.1094
Low-Carbon Life 0.1094 0.1114 0.1109
Carbon Sink Capacity 0.1088 0.1082 0.1085
Urbanization 0.036 0.0363 0.036
Quality of Life 0.1107 0.1063 0.1084
Economic Development Level 0.0688 0.0798 0.0743

The entropy weights of the indicators were ranked as follows (largest to smallest):
pollution emissions > low-carbon life > resource consumption > low-carbon transportation > carbon
sink capacity > quality of life > economic development level > amount of carbon emissions > carbon
productivity > intensity of carbon emissions > energy structure > urbanization. The importance of
each primary indicator in the comprehensive evaluation of low-carbon development was ranked
as follows (most to least important): low-carbon production > low-carbon consumption > social
and economic development > carbon emissions > low-carbon policy. In addition, several secondary
indicators, including pollution emissions, low-carbon life, and resource consumption, were found
to be important factors for the evaluation of the level of low-carbon development in cities, as
their entropy weights were relatively high. The entropy weights for the indicators of resource
consumption, energy structure, carbon productivity, low-carbon transportation, low-carbon life,
urbanization, and economic development level increased from 2010 to 2015, while the entropy weights
for the indicators of amount of carbon emissions, intensity of carbon emissions, pollution emissions,
carbon sink capacity, and quality of life decreased from 2010 to 2015. In the evaluation of the increase
in entropy weight, the entropy weight of the indicator for low-carbon transportation increased the
most (by approximately 32.38%), while the entropy weight of the indicator for urbanization increased
the least (by approximately 0.83%). Among the indicators with entropy weights that decreased from
2010 to 2015, the entropy weight of the indicator for the intensity of carbon emissions decreased the
most (by approximately 18.75%), while the entropy weight of the indicator for carbon sink capacity
decreased the least (by approximately 0.55%) (Figure 2).
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Figure 2. Entropy weights of the evaluation indicators.
4.2. Comprehensive Status Assessment

Overall, after five years of exploration and practice, low-carbon construction achieved remarkable
results by the end of 2015. Based on the IPCC Guidelines for Greenhouse Gas Inventories and
relevant research results in China and elsewhere, the carbon emission inventory from different routes
(energy consumption, agricultural activities, land use change and forestry, and waste disposal) in
Xiamen between 2010 and 2015 was roughly calculated (Figure 3).
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Figure 3. Carbon emissions in Xiamen in 2010 and 2015.

In addition, it should be noted that Xiamen has some particular natural geography and resource
conditions. For example, steel, cement, and other industrial materials are not produced locally in
Xiamen, but are imported from other places. Therefore, the industrial processes in Xiamen produce
very little carbon emission, and hence was excluded from this study. From the perspective of carbon
emissions, carbon emissions in Xiamen were mainly from energy consumption, followed by changes in
land use and forestry, waste disposal, and agricultural activities. In 2015, after five years of low-carbon
development in Xiamen, the carbon emissions generated by agricultural activities, and changes in land
use and forestry were significantly reduced to levels lower than those in 2010. In addition, as compared
to 2010, although the amount of carbon emission generated by energy consumption and waste disposal
in 2015 increased and led to the increase in total carbon emissions, the growth rate of carbon emissions
had slowed.
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At the same time, compared with 2010, GDP in 2015 increased significantly. According to
the decoupling theory [44], the relationship between carbon emissions and economic development
showed that GDP increased, and carbon emissions also increased; however, the economic growth
rate was higher than the growth rate of carbon emissions. Therefore, while economic growth was
achieved, energy consumption was gradually reduced and decoupled from economic growth, to a
relative decoupling state (Figure 4). In addition, the intensity of energy consumption for each unit of
carbon emissions increased, and the efficiency of resource utilization gradually increased. In addition,
pollutant emissions for each unit of carbon emissions decreased, thus improving the quality of the
local air and environment to some extent.

BN carbon emission e GDP
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Figure 4. Changes in carbon emissions and GDP.

The values of positive evaluation indicators of low-carbon cities in Xiamen all increased from
2010 to 2015. The indicators of urbanization rate, energy consumption structure, low-carbon
transportation, and carbon sink capacity changed the most. The values of the most negative evaluation
indicators were reduced, with the exceptions of electricity consumption and waste generation.
The increase in electricity consumption and waste generation is closely related to the large influx of
residents into the city and the nature of the city itself. In 2015, the indicators of low-carbon development
were significantly higher than those in 2010, in terms of low-carbon consumption, low-carbon policy,
and social and economic development, while low-carbon development in terms of carbon emissions
and low-carbon production require further improvement. However, in general, the comprehensive
index of low-carbon development in Xiamen increased from 2010 to 2015, indicating that, after five
years of construction and practice, the level of low-carbon development in Xiamen has increased

(Figure 5).
carbon emission m]ow carbon production m]ow carbon consumption

m]ow carbon policy social and economic development

0 10 20 30 40 50 60

Figure 5. Level of low-carbon development in Xiamen.
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5. Discussion

The major innovation of this study was the assessment of representative index systems in
China and elsewhere to select a set of indicators for index standardization and construction of an
index system for low-carbon cities. By combining the perspectives of three types of index systems,
this study avoided the incompleteness of prior index systems constructed from a single perspective
and fully integrated the advantages of each perspective, thus allowing us to build a more scientific
and reasonable evaluation index system for low-carbon cities. In order to ensure the objectivity
of the results, the indicators were all quantitative indicators, which reduced the impact of human
subjective factors. At the same time, this approach ensured that the data for the selected indicators
were easy to obtain, which made the evaluation protocol realistic and feasible. Another innovation
of this research was the selection of an objective weighting method and the entropy weight method,
which directly determines the importance of indicators according to changes in indicator data
in order to assign weights to the indicators. As a result, fair evaluations can be ensured when
different types of cities are compared. In the past, most of the relevant studies adopted qualitative
weighting methods, such as the analytic hierarchy process. The shortcoming of this method is that
it is too subjective, which makes the results of the evaluation less convincing. Based on the two
innovations described above, this study established an evaluation index system for low-carbon cities
that consisted of five primary indicators: carbon emissions, low-carbon production, low-carbon
consumption, low-carbon policies, and socio-economic development. In addition, evaluations of
low-carbon development in cities can be divided into two categories: internal evaluations and external
evaluations. Internal evaluations mainly focus on vertical comparison within cities and evaluate the
low-carbon development of cities by selecting indicators relevant to five aspects: carbon emissions,
low-carbon production, low-carbon consumption, low-carbon policies, and social and economic
development. In this way, low-carbon development, related to all the different aspects of cities, can be
evaluated. External evaluations mainly involve horizontal comparisons of low-carbon development
among all provincial capital cities and municipalities directly under the central government of China.
By comparing the overall low-carbon development among these cities in terms of indicators related
to carbon emissions, a comprehensive index ranking can be determined to reflect the real level of
low-carbon development in these cities. At the same time, the relevant government administrations
can also scientifically and reasonably evaluate the level of low-carbon development among similar
cities using external evaluation, so that the cities can develop various improvement measures that are
conducive to low-carbon development (Figure 6).

External (i.e., horizontal)

[ Carbon emissions ]
evaluation

Low carbon policy ]

Low carbon production

Internal (i.e., vertical)

evaluation

Low carbon consumption ]

Social and economic development ]

Figure 6. Method for selecting low-carbon evaluation index.
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There are some shortcomings of this study. Due to limited data availability, some indicators
were discarded despite their usefulness for evaluating low-carbon cities. For example, indicators for
low-carbon buildings (proportion of energy-saving buildings, and energy consumption per unit
building area), low-carbon technologies (capture and storage ratio of carbon dioxide), and low-carbon
policies (completeness of low-carbon policies and regulations, public satisfaction with low-carbon
cities) were excluded from this study. At the same time, when the carbon emissions of Xiamen
were calculated according to the IPCC Guidelines for Greenhouse Gas Inventories, carbon emissions
generated by industrial production were ignored because Xiamen has a particular natural geography
and resource conditions. For example, steel, cement, glass, and other industrial products with high
carbon emissions are not produced locally in Xiamen, but are instead imported from other places.

In future studies, we will explore a weighting method that utilizes qualitative and quantitative
indicators, try to find an alternative for necessary indicators with limited data availability, and study the
level of low-carbon development in cities with a longer time scale, while simultaneously considering
the spatial scale of the analysis. At the same time, as this research is aimed at the standardization
of indicators, we need to refer to the relevant standards of domestic and foreign cities to set the
benchmark indicators. It is necessary to expand to a wider range of cities for comparison, such as at
the global, regional, and national level.

6. Conclusions

Based on the results of previous studies, this study integrated three perspectives used to construct
evaluation index systems for low-carbon cities. By extracting common indicators and adjusting
individual indicators, a standardized evaluation index system for low-carbon cities was established.
The established evaluation index system can be used to horizontally compare the levels of low-carbon
development among different cities, as well as to evaluate the levels of low-carbon development in
specific sectors or industries within a city. The content of these indicators reflects current problems
and routes to improve low-carbon development. The newly developed index system uses a balanced
configuration of positive and negative indicators, including five primary indicators for carbon
emissions, low-carbon production, low-carbon consumption, low-carbon policies, and social and
economic development. In addition, all indicators in the index system are quantitative indicators,
and the relevant data can be obtained directly or calculated from statistical yearbooks. Therefore, in the
future, quantitative comparisons of the levels of low-carbon development among different cities can
avoid the uncertainty caused by human subjective factors, and the results of such evaluations will be
more objective and comparable than the results of evaluations conducted using current index systems.
Moreover, in comparison with current index systems, the newly developed index system can be used
in a broader range of applications.

Using the entropy weight method, low-carbon development in Xiamen from 2010 to 2015 was
evaluated quantitatively and comprehensively. Pollution emissions had the greatest impact on
low-carbon development in Xiamen, while urbanization had the least impact. In terms of the
comprehensive index of low-carbon development in Xiamen, the level of low-carbon development in
2015 was better than that in 2010 due to efforts at promoting energy conservation, emission reduction,
and green development. In addition, in terms of carbon emissions, the growth rate of carbon emissions
from energy activities, agricultural activities, changes in land use and forestry, and waste treatment
slowed significantly in 2015 compared with that in 2010. In addition, the amount of carbon emission
generated from agricultural activities, and changes in land use and forestry in 2015 was less than
that in 2010. These changes were closely related to efforts at increasing afforestation and improving
forest resource management. At the same time, the growth rate of carbon emissions was slower than
the growth rate of economic development, and these rates were decoupled. Although the growth
rate of carbon emissions slowed from 2010 to 2015, the total amount of carbon emission in 2015 was
higher than that in 2010, mainly because energy activities were still the main source of urban carbon
emissions. Furthermore, the amount of carbon emission generated by waste disposal was still high,
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mainly because of Xiamen’s large population, which generated a large amount of household waste.
Moreover, most of the waste produced in Xiamen was destroyed by incineration, which also acted as
an important contributor to carbon emissions.
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