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Abstract: In recent years, in order to promote the construction of low-carbon communities (LCCs) in
China, many scholars have proposed an evaluation indicator system of LCC. The existing indicator
systems are mostly established from the macro perspective of environmental impact and resource
conservation, but few are from the micro technical perspective. Thus, the aim of this study is to
construct a micro technical evaluation indicator system for LCCs. Firstly, the index system was
divided into three categories: low-carbon building, low-carbon transportation, and low-carbon
environment. Then, the technical indicators were selected through empirical analysis. The indicator
weights were assigned by the improved analytic hierarchy process (AHP) and the multi-level fuzzy
comprehensive evaluation method was used as the evaluation method of the indicators. Finally,
in order to examine the practicality of the indicator system, two typical communities in Tianjin
and Shanghai were selected as case studies. The results showed that the indicator system gave a
reasonable low-carbon level for the two communities, which was in line with the actual low-carbon
construction status of each community. In addition, the evaluation results pointed out that the low-
carbon community (LCC) in Tianjin needs to further strengthen the construction of the low-carbon
environment, including community compactness, rainwater collection and utilization, and waste
recycling. For the LCC in Shanghai, it was pointed out that the construction of the low-carbon
building and low-carbon transportation needs to be strengthened. The indicator system can be used
as a tool for urban planning and construction personnel to evaluate the construction progress and
low-carbon degree of LCC.

Keywords: low-carbon community; technical indicators; improved analytic hierarchy process; multi-level
fuzzy comprehensive evaluation method

1. Introduction

In recent decades, with the rapid development of different countries, global carbon
emissions have increased rapidly [1,2]. The increasing carbon emissions have increased
the pressure on natural systems and resources, which directly leading to global climate
change and the deterioration of the ecological environment [3]. The rapid urbanization
process is one of the main factors leading to the increase in carbon emissions. Urban areas
contribute more than 70% of the total energy demand and a corresponding proportion
of the world’s CO, emissions [4]. As the most basic unit in urban construction, the
urban community is not only the main space carrier of human life, entertainment, and
industrial production, but also the main carrier of urban carbon emissions [5,6]. Low
carbon research at the community level is the foothold of the implementation of low-carbon
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urban planning strategies, and also plays a role in improving the low-carbon technology of
single buildings [7,8]. Therefore, how to build an LCC has become a research hotspot in
many countries.

As the largest developing country and the second largest economy in the world,
China’s rapid urbanization process consumes a lot of energy and produces a lot of carbon
emissions, accounting for about a quarter of the world’s total carbon emissions in the
past five years [9]. The research on LCC in China is of great significance for both China
and the world to reduce carbon emissions. At present, the research on LCC is mainly
divided into quantitative and qualitative evaluation. In terms of quantitative evaluation of
LCCs, song et al. [10] proposed an accounting framework for community carbon emissions
based on the method of life cycle assessment (LCA), including direct fossil fuel combus-
tion emissions, energy purchase (electricity, heat, and water) emissions, and supply chain
emissions reflected in commodity consumption, which quantified the scale and mitigation
potential of community carbon emissions. Yildirim et al. [11] collected data on energy
use, land demand, raw material consumption, and carbon emissions of communities, and
quantified the environmental impact of different wastewater treatment options using LCA.
Lin et al. [12] established a comprehensive accounting model based on the guidelines of
the Intergovernmental Panel on Climate Change (IPCC) and the LCA method to more
comprehensively and accurately quantify the carbon emissions and carbon sinks of com-
munities. Although quantitative evaluation can give more intuitive results, its time and
data requirements, complexity, and cost-benefit ratio have great uncertainty. There are still
some difficulties in the application of quantitative evaluation in the actual LCC planning.
The qualitative evaluation of LCC has the characteristics of simplicity, fewer data, and
strong comprehensiveness, which is welcomed by scholars and urban planners. The United
Kingdom has proposed a BREEAM community evaluation system for the construction
of sustainable communities. The United States established the LEED-ND system to eval-
uate the sustainable development of community planning and construction. Japan has
established the CASBEE-UD system to guide the ecological and green construction of
communities [13,14]. Most of these evaluation index systems are built from the perspective
of ecology, livability, and sustainability, and rarely from the perspective of low carbon. In
terms of the construction of LCC evaluation indicators, the Chinese National Development
and Reform Commission issued the Pilot Low-Carbon Communities Construction Guide,
which defines the construction objectives, contents, and standards of China’s LCCs. From
the perspective of “carbon source control” and “carbon sink expansion”, Wang et al. [15]
established six evaluation indicators of LCCs. Based on the actual situation of urban LCCs
in Guangdong Province, Xie et al. [16] established an evaluation system. Based on the the-
ory and practice of LCC, Luo and Zhan [17] constructed the evaluation index of renewable
energy utilization and green vegetation. Jiang and Guo [18] developed the evaluation index
of LCC from the planning experience of LCC, such as energy conservation and creating
a suitable ecological environment. Moghadam et al. [19] developed a new multicriteria
spatial decision support system, which established the relationship between the energy of
urban communities and the economic, social, technical, and environmental performance of
transformation interventions, and provided meaningful community energy transformation
schemes. However, most of the above LCC evaluation indicators are established from the
macro perspective of reducing environmental impact and saving resources, and there are
no evaluation indicators established from the micro technical perspective. Macroscopic
evaluation indices can grasp the construction direction of LCCs, while technical evaluation
indices are specific measures to reduce carbon emissions in each construction direction.
Therefore, it is necessary to establish a technical evaluation index system of LCCs. The
purpose of building the indicator system is to provide a useful tool for community plan-
ners to evaluate the low-carbon degree of a low-carbon community in the planning and
construction stage or operation stage, and point out the low-carbon technologies that need
to be further strengthened in a community.
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In this study, firstly, combined with the previous construction contents of LCCs and the
construction management departments of Chinese communities, the technical indicators of
LCCs were divided into three categories: low-carbon building, low-carbon transportation,
and low-carbon environment. Based on the examples of the LCC evaluation index system at
home and abroad, and combined with the actual situation of China, a technical index pool
was established, and the appropriate indicators were selected through empirical analysis.
Then, the weight of the selected index was calculated by using the improved AHP, and the
multi-level fuzzy comprehensive evaluation method was selected as the evaluation method
of the index. Finally, two typical communities in Tianjin and Shanghai were selected to
verify the practicality of the index system. The indicator system constructed in this study
gave a reasonable low-carbon level for the two communities, which was in line with the
actual low-carbon construction status of each community. The indicator system can not
only evaluate the degree of low carbon in a community, but also indicate the aspects in
which a community needs to strengthen the use of low-carbon technology, which can
be used as a tool for community planning and construction personnel to evaluate the
construction progress and degree of low carbon in LCCs.

2. Methodology

In the process of constructing an indicator system, the selection of the indicator and
the assignment of the indicator weight are the two most important steps [20,21]. In terms of
the selection of indicators, some scholars use frequency analysis; that is, the indicators with
higher frequency are used preferentially [22,23]. However, in this method, the important in-
dicators with lower frequency are often ignored. Lu et al. [24] established some sustainable
indicator systems according to local regional geographical characteristics and the ecological
environment, drawing lessons from the existing LCC evaluation indicator system, which
are often not systematic. In this study, based on the current LCC evaluation system and
famous LCC cases (including BedZED in the U.K., the Vauban District in Germany, the
Hammarby community in Sweden, Beder in Denmark, and the Changxindian community
in Beijing [25]), an indicator pool was established, and then the technical indicators were
selected through empirical analysis to build a comprehensive technical indicator system for
constructing LCCs [26]. For the assignment of indicator weight, the most commonly used
method is the analytic hierarchy process (AHP) [27,28]. However, the traditional AHP is
suitable for the comparative judgment of a small number of indicators, which is difficult to
apply to the more complex evaluation indicators of LCCs. Additionally, the consistency
test of the traditional AHP comparison matrix is complicated [29,30]. In this study, the
improved AHP overcame the shortcomings of the traditional AHP, and the weight of each
indicator could be calculated quickly and conveniently [31,32]. Then, for the index system,
a suitable comprehensive evaluation method needs to be selected. Currently, the more
commonly used comprehensive evaluation methods include the Grey Correlation Method,
Artificial Neural Network Method, Technique for Order Preference by Similarity to an
Ideal Solution (TOPSIS) Method, and Fuzzy Comprehensive Evaluation Method. The Grey
Correlation Method is applicable to a large number of evaluation indicators, and some
indicators have the characteristics of correlation or repetition [33,34]. The Artificial Neural
Network Method is more suitable for the case of a large amount of data [35]. Because
the TOPSIS Method has no definite method for the transformation of neutral indicators,
the final result of comprehensive evaluation is not very accurate [36,37]. The Fuzzy Com-
prehensive Evaluation Method is a comprehensive evaluation method based on fuzzy
mathematics. It has the characteristics of clear results and strong systematization, and it
can better solve fuzzy and difficult-to-quantify problems [38]. The technical indicator sys-
tem constructed in this study is a qualitative indicator that have the problem of being fuzzy
and difficult to quantify in the evaluation. Based on the comprehensive analysis of the
characteristics of different comprehensive evaluation methods, the Fuzzy Comprehensive
Evaluation Method was selected. The technical route of this study is shown in Figure 1.
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Figure 1. The technical route of the study.

2.1. Classification of the Technical Indicator System

Before constructing the evaluation technical indicator system for LCCs, it is necessary
to clarify the classification of the indicator system for LCCs, which plays a very important
role in the selection of the technical indicator and determines whether the technical indicator
system is systematic [39,40]. At present, in China and the wider international context, there
is the same definition of LCCs. It is generally believed that the construction of LCCs
can reduce resource consumption and improve energy efficiency, thereby delaying global
warming and ultimately achieving the development of a low-carbon economy [41,42].
Wang et al. [15] constructed an indicator system for LCCs based on six indicator categories:
layout planning, transportation planning, architectural planning and design, environmental
planning, municipal engineering planning, and construction management. Zhang et al. [43]
analyzed the construction of indicators such as energy, transportation, waste management,
and water management through cases in four communities. Jiang and Guo [18] summarized
five aspects based on the successful experiences of two communities in terms of low-carbon
planning including public participation, especially the important role of the government,
making full use of energy, such as wind energy and solar energy, reasonable use of land, a
reasonable layout of road traffic, and a convenient pedestrian transportation system.

To summarize, the indicator categories of LCCs mainly include building, transporta-
tion, land planning, and environmental life. In China, the construction of communities
mainly involves three departments: building, transportation, and environment. In this
study, the evaluation technical indicator system of LCCs was divided into three categories:
low-carbon building, low-carbon transportation, and low-carbon environment. These three
categories cover the main content of low-carbon community construction, and the indica-
tors of each category can be managed by the corresponding departments. The following is
an explanation of the three categories of indicators.
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1.  Low-carbon building: Buildings are the main sources of carbon emissions in com-
munities. At present, there is no construction standard for low-carbon building in
China. In this study, the detailed technical indicators for the construction of low-
carbon building were established. The relevant evaluation technical indicators for the
construction of LCCs that were established in this study were based on low-carbon
buildings being used as a base point to radiate to low-carbon transportation and
low-carbon environment.

2. Low-carbon transportation: Low-carbon transportation refers to optimizing a network
structure, attaching importance to the construction of a slow-moving transportation
system, and improving the convenience of a public transportation system. Every
community needs to strengthen the management of motor vehicles and the application
of advanced traffic management technology. At the same time, a community should
pay attention to the promotion of low-carbon and environmentally friendly modes of
transportation for residents.

3.  Low-carbon environment: Low-carbon environment refers to scientific and reasonable
community land layout planning, water environment planning, and household waste
management. Low-carbon environment affects the choice of resident travel methods,
which can create a good microclimate for a community and reduce environmental
pollution.

2.2. Screening Method for Technical Indicators
2.2.1. Establishment of Technical Indicator Pool

In order to comprehensively construct the evaluation technical indicators of LCCs, in
this research, a technical indicator pool was built by drawing on the concept of the topic
pool in the “General Framework for Compiling Guidelines for Corporate Social Respon-
sibility Reports in China”. According to the research on the current development status
of LCC assessments, all the main indicators related to LCCs, green ecological community,
and sustainable community are defined in this framework.

China’s indicator systems related to LCCs, which were mainly referred to in this study,
include:

1. Technical announcement of the 11th Five Year Plan of the Ministry of Construction;

2. “Low carbon Housing Technology System Framework and Emission Reduction Indi-
cators”, issued by the China Real Estate Research Association and Housing Industry
Development and Technology Committee;

3. “Key Points and Technical Guidelines for the Construction of Green Ecological Resi-
dential Areas”, organized and compiled by the Housing Industrialization Promotion
Center of the Ministry of Construction;

4. “Eco-residential Neighborhood Assessment Manual”, published by the Industrializa-
tion Promotion Center Group, the Ministry of Construction; and

5. The Guide for Evaluation Technology for Low-Carbon Urban Areas and The Guide
for Evaluation Technology for Low-Carbon Communities based on local Beijing
standards.

The international common indicator system related to low-carbon communities that
this study mainly referred to includes:

1.  The LEED-ND formulated by the U.S. Green Building Council;

2. The BREEAM Communities formulated specifically for neighborhoods by the U.K.;

3. The CASBEE-UD created based on the CASBEE formulated by Japan, after taking
into account urban areas and buildings.

2.2.2. Empirical Analysis

Empirical analysis is a method for comprehensively analyzing various factors based on
researchers’ professional knowledge and previous work experience. This method belongs
to the category of qualitative analysis and has certain artificial subjectivity, but it is the most
simple and feasible analysis method. In application, the method of increasing the number
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of researchers and synthesizing opinions can reduce subjectivity as much as possible and
improve the accuracy of a conclusion [26]. As far as this study is concerned, there are
many relevant evaluation technical indicators of LCCs, and there are overlapping concepts,
inconsistent statistical calibers, and inconsistent data availability among some indicators.
At the time of this study, the empirical analysis method could be used to compare and
discriminate indicators to select the most appropriate evaluation technical indicators for
LCCs. Experts judged each indicator according to the following standards: (1) each
indicator is related to the community’s carbon emissions; (2) each indicator should be
logically related to each other; (3) the selected indicators should be typical and wraparound
research field terms; (4) the indicators should be practical in a real situation and should
be simple, accompanied by an explicit definition; (5) each indicator not only considers
the present development condition of LCCs, but also includes the possibility of future
development and changes. The results are denoted by “agreement, unsure, disagreement”.

In the community, building carbon emissions, transportation carbon emissions, and
living environment carbon emissions account for 54%, 40%, and 6%, respectively [44—46].
According to this feature, this study stipulated that the proportion of the number of experts
in each field selected to the total number of experts should not be less than the proportion
of carbon emissions in this field, so that more important indicators could be screened
out. In addition, the experts selected by the research team have at least two professional
backgrounds, which is to avoid the problem that experts with only one professional
background often only choose indicators in their familiar field. A total of 24 experts were
selected for this study. Experts in the field of building carbon emissions, transportation
carbon emissions, and living environment carbon emissions accounted for 92%, 71%, and
63%, respectively, meeting the specified requirements. The results are shown in Table 1. In
each row, the number of filled circles represents the number of professions that the expert
is familiar with. The three filled circles represent experts with professional backgrounds in
the three fields. The two filled circles represent experts with professional backgrounds in
the two fields. Experts were asked to select indicators by filling out questionnaires. When
experts selected indicators, only the ones agreed by more than two-thirds of the experts
were selected into the system, which ensures the scientificity of indicator selection. Experts
screened the indicators in the technical indicator pool according to the above criteria,
eliminated indicators not related to LCC construction, and developed specific descriptions
for each removed indicator.

Table 1. Professional background information of 24 experts.

>
-]
@)

Serial Numbers of the Experts
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Table 1. Cont.

Serial Numbers of the Experts A B C
21 °
22 °
23 °
24 ) °

Note: “A” represents the field of building carbon emissions. “B” represents the field of transportation carbon
emissions. “C” represents the field of living environment carbon emissions.

2.3. Weight Calculation Method for the Technical Indicators
2.3.1. Improved AHP

The technical evaluation indicators for low-carbon communities were characterized by

strong systematization, wide coverage, and large quantities. The improved AHP was easy
to operate, which overcame the difficulty of using fuzzy words such as “slightly” important,
“relatively” important, and “extremely” important to express the relationship between the
two elements accurately, and it did not require consistency tests to be conducted separately.
The process was clear and simple.

1.

After setting n indicators for a certain decision system A, i.e., G, Gy ... Gy, the
corresponding weights were W1, Wy ... W, and W1 + W, + ... + W;; = 1. In order
to construct the judgment matrix, a comparison matrix was established using the
three-scale method.

C11 Ci2 ... C1pn
Cx1 € ... OC(2p

c=1 . . .| =, @
Cul Cu2 .. Cun

where, if Gi is more important than Gj, cij is 1; if Gi is as important as Gj, cjj is 0; if Gi is less
important than G, ¢;; is 1.

2.

The comparison matrix C was used to calculate the optimal transfer matrix O through
mathematical conversion.

1 n
Oij = =Y (cit +¢tj) 2)
i3
Oll Olz PPN Oli’l
021 022 “eo 02n
0= : : : : = (04j) e ®)
Onl OnZ oo Opn

The optimal transfer matrix O was transformed into the consistency matrix D, which
was also called the judgment matrix of the indicator.

Djj = exp(0;j) @)
Dll D12 “ e Dln
Dzl D22 oo D2n

D=1 . . . . [=Dy,, ®)
Dyi Dy ... Dun

The solution for the eigenvector W of D was determined.
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The square root method was used to find W = ( Wy, Wy, ... , W, )T, and the ob-
tained eigenvector W; could be used as the weight of each indicator [31,32].

2.3.2. Establishment of Tree Hierarchy Mode

Before calculating the weight of technical indicators, the hierarchical structure of an
indicator model is established first. The tree hierarchy model uses a “directed tree” data
structure to represent various entities and the relationships between entities. Each node
in the tree represents a record type, and there is a clear structure and simple relationship
between nodes [47]. This model takes the research object as a system and makes decisions
according to the thinking mode of decomposition, comparative judgment, and synthesis.
It has become an important tool of system analysis developed after mechanism analysis
and statistical analysis. The establishment of the index model with tree structure is of great
significance to the research and calculation of index weight.

2.4. Evaluation Method of Technical Indicators
2.4.1. Fuzzy Comprehensive Evaluation Method

The fuzzy comprehensive evaluation method is a comprehensive evaluation method
based on fuzzy mathematics, which is based on the fuzzy set theory [48,49]. The following
is the basic principle of the fuzzy comprehensive evaluation method.

The evaluation target is regarded as a fuzzy set composed of many factors, which is
called the factor set. Then, the evaluation level that these factors can select is set. The fuzzy
set that makes up the evaluation is called the evaluation set. The membership grade of each
single factor for each evaluation level is called the fuzzy matrix. Then, according to the
weight distribution of various factors in the evaluation target, the quantitative solution of
the evaluation is obtained through calculation (called fuzzy matrix synthesis). The specific
steps are as follows.

1.  Determination of the factor set of the evaluation object:

U={uy,up ... un} (6)
where U is the object of evaluation and u, is m evaluation indices of the evaluation object.

2. Determination of the evaluation level set:

V ={vy,vp, ... ,0n} (7)

For the evaluation target U, the evaluation results in # may be made, V represents
the evaluation set of target U, and the specific level needs to be described in appropriate
language according to the evaluation content. The ratings of the technical indicators

screened out in this study were rated as “excellent”, “good”, “general”, and “poor”, as
shown in Table 2.

Table 2. Ratings of the technical indicators.

Ratings Specifications

The application of the low-carbon technologies corresponding to the technical
indicator is in full compliance with the local climate, resources, and other
Excellent aspects. The specifications and installation position of the technical components
are reasonable, the construction meets the requirements, and the operation is in
good condition, which has a good effect on reducing carbon emissions.

The application of the low-carbon technologies corresponding to the technical
indicator is in line with the local climate, resources, and other aspects. The
specification and installation position of the technical components are relatively
reasonable, the construction essentially meets the requirements, and the
operation condition meets the relevant standards, which has a certain effect on
reducing carbon emissions.

Good
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Table 2. Cont.

Ratings Specifications

The application of low-carbon technologies corresponding to the technical
indicator did not fully meet the local conditions of climate and resources. The
General specifications and installation position of the technical components are not
reasonable, the construction did not meet the corresponding requirements, and
the emission reduction effect achieved is limited.

The application of low-carbon technologies corresponding to the technical
indicator did not conform to the local climate, resources, and other aspects, and
it had little effect on reducing carbon emissions, or there is no low-carbon
technology corresponding to this technical indicator.

Poor

By analyzing the detailed planning diagram, construction description diagram, actual
operation report, and other relevant documents of a low-carbon community, relevant
professionals can evaluate the technical indicators constructed in this study according to
the evaluation criteria.

3. Single factor evaluation and establishment of the fuzzy relationship matrix R:

R11 Rlz “ e Rln
Ry Ry ... Ry

R= . S ®)
Rm1 Rz .. Rum

where Rjj (i=1,2,...,mj=1,2,...,n),indicating the membership degree of the evaluation
target to the evaluation set v; from the perspective of the factor u;. In this step, experts or
relevant personnel usually evaluate each factor of the evaluation target. R;; refers to the
ratio of the number of people whose evaluation result is v; to the total number of evaluators
for factor u;,

4. According to the factor weight W = ( Wi, W, ..., W, )T obtained by the improved
AHP, the evaluation result of F is calculated.

F=WxR ©)

2.4.2. Multi-Level Fuzzy Comprehensive Evaluation Method

The evaluation technical indicator system of the LCCs is multi-level, so the multi-level
fuzzy comprehensive evaluation method is needed. The principle is the same as that of
the first level fuzzy comprehensive evaluation method, but the factor set U is divided into
S subsets according to the type of attribute, and the subsets are recorded as U1, U2, ...,
US. For each subset Ui, the fuzzy comprehensive evaluation is carried out according to the
first-level model. After the evaluation results are obtained, each Ui is taken as an element to
continue to build the evaluation matrix, and so on [50]. The comprehensive scoring system
of the LCCs in this study was divided into four grades according to the comprehensive
scoring results of the low-carbon level, namely, grade I, grade II, grade III, and grade IV.
The details are shown in Table 3.

Table 3. Comprehensive rating of low-carbon communities.

Level I II III 1Y

Excellent Good Genera
Total score 85-100 70-85 160-70
(including 85) (including 70) (including 60)

Not low carbon
0-60




Buildings 2021, 11, 479

10 of 21

3. Results and Discussion
3.1. Technical Evaluation Indicators of LCC

Through the establishment of the indicator pool and the empirical analysis of the
indicator, the experts in the field of carbon emissions selected 34 indicators from the
73 indicators in the indicator pool. The selected indicators were highly systematic and sci-
entific, and they fully represented the construction content of LCCs. The final determination
results are shown in Table 4.

Table 4. Technical index and its specific explanation.

Indicators

Specifications

D1 Green planting system

Tree transplantation technology, artificial greening cultivation technology,
and anti-seasonal planting technology

D2 Roof greening system

Light roof greening technology, thin substrate roof greening and vertical
cultivation technology, and planting concrete planting roof technology

D3 Vertical greening system

Placement of suitable green plants on the exterior surface of a building

D4 Solar energy utilization technology

Passive solar energy utilization technology, solar power generation, solar
heating, solar light utilization, solar thermal utilization, solar air
conditioning, and refrigeration

D5 Geo-energy utilization technology

Geothermal power generation technology and geothermal heating
technology

D6 Wind energy utilization technology

Passive wind energy utilization technology and wind power generation
technology

D7 Biomass energy utilization technology

Straw gasification technology, and biogas application technology

D8 Wall

Wall insulation technology, coating insulation technology, and phase change

wall materials

D9 Roof

Ventilation roofing, thermal insulation roofing, cold roof systems, and water

storage roofing

D10 Door and window

Broken bridge energy-saving windows, composite energy-saving windows,
and insulating glass doors and windows (inert gas insulating glass, low-E
insulating glass)

D11 Shading technology

External shading systems, internal shading systems, body shading systems

(hollow glass louver shading technology), and light-guided shading systems

D12 Building ground system

Floating floors, overhead floors, and phase change heat storage floors

D13 Water supply and drainage system

Water supply and drainage system optimization technology and
water-saving appliances

D14 Heating system

Pipe insulation technology, central heating technology, decentralized heating

technology, and heating supply end systems

D15 Ventilation system

Passive ventilation systems and high efficiency and energy-saving
ventilation systems

D16 Lighting system

High efficiency and energy-saving lamp systems, light guide lighting
systems, and light collection lighting systems

D17 Air conditioning system

Ice water storage air conditioning systems, air conditioning systems, variable

air volume air conditioning systems, and air conditioning water systems

D18 Intelligent monitoring system

Intelligent lighting control systems, air conditioning, heating and ventilation

equipment intelligent control systems, electrical equipment remote
intelligent control systems

D19 Property management system

Waste disposal systems, building property intelligent management centers,
and building property digital management control platforms

D20 Design technology for building outdoor
environment

Reasonable building spacing, building plot ratios, and building densities
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Table 4. Cont.

Indicators

Specifications

D21 Building design technology

Building shape coefficient controls, window wall ratio controls, and building
orientation design

D22 High-quality public transportation system

The establishment of intelligent public transportation microcirculation
networks, the establishment of one-stop transportation platforms, and the
distance from the entrance and exit to the public transport station
conforming to the national high quality public transport requirements

D23Slow traffic network

The establishment of a people-oriented slow traffic system (high-quality
bicycle and pedestrian transportation network suitable for residents)

D24 Motor vehicle demand management

The implementation of the strict management of motor vehicle demand
policies and encouraging the use of new energy vehicles

D25 Strict management standard for energy
consumption and emission

Encouraging the use of clean energy vehicles and implementing strict energy
consumption and emission management standards

D26 Advanced traffic management technology

Road traffic data collection, scientific transmission and processing
information, and real-time release of traffic operation information

D27 Land utilization pattern of multi-functional
mix

With comprehensive diversified functional space, the intensive use of land
can be achieved, and a community functional network can be formed to meet
the needs of diversified and multi-level activities

D28 Compact space pattern for low-carbon
community

Advocating for rational population size and diversified land use, shortening
the distance between activity spaces and families, reducing pollution and
energy consumption

D29 Balanced layout of public service facilities

The establishment of balanced public service facilities to facilitate the life and
travel of residents

D30 Rainwater collection technology

The roof use of rainwater and ground infiltration use of rainwater

D31Recycled water reuse technology

After the centralized treatment of domestic wastewater (bathing, washing,
kitchen, and toilet), the wastewater can be reused for greening irrigation,
vehicle washing, road washing, and household toilet flushing

D32 Permeable ground and constructed wetland
technology

Increasing the proportion of permeable surfaces to rechargeable groundwater
sources and establishing artificial wetlands

D33 Solid waste disposal and recycling technology

The waste disposal and recycling in the community to achieve the goal of the
sustainable development of the community and to reduce the pollution to
the environment

D34 Garbage classification and collection

The establishment of waste sorting collection devices and treatment and
transportation systems

3.2. Weight Calculation for Technical Indicators
3.2.1. Tree Hierarchy Model of Technical Indicators

In this study, the hierarchical structure of the indicator model was divided into the

target layer, primary indicator, secondary indicator, and tertiary indicator. First, the target
layer was composed of LCCs. The division of the primary indicator was determined
according to the three categories of the technical indicator system. The primary indicator
could be divided into low-carbon building, low-carbon transportation, and low-carbon
environment. The secondary indicator was determined according to the category of the
screened indicator, and the tertiary indicator was the specific screened technical indicator.
Indicators at all levels are shown in Table 5, and the hierarchy structure of the index model
is shown in Figure 2.

3.2.2. Calculating the Weights of the Technical Indicators

In the process of calculating the index weight, 24 experts with two or more pro-
fessional backgrounds in low-carbon fields were selected in this study. These experts
comprehensively considered when comparing the weights of indicators, which avoided
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the problem that they tended to score a certain indicator higher due to cognitive limitations.
The departments to which these experts belonged included universities, urban planning
and design institutes, and government management departments. Experts in universities
mainly considered problems from the level of basic theoretical knowledge, experts in urban
planning and design institutes mainly considered problems from the aspect of practicability,
and experts in government management departments mainly considered problems from
the aspects of economic benefits and community management. Therefore, the calculated
index weight was considered in different aspects, which increased the scientificity of index
weight. In order to further eliminate the imbalance of index weight, the index weight
given by all experts was arithmetically averaged. In this study, the Delphi method was
used to issue the questionnaire, which made experts make a more objective and reasonable
evaluation of the index weight. By programming the improved AHP with MATLAB and
computing the collected questionnaire data, the weights of the indicators at all levels
relative to the target layer were obtained, as shown in Figures 3-5.
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Figure 2. Hierarchical diagram of technical evaluation indicators for LCCs.

—*— Weight

B3 B2

Figure 3. Radar for primary indicator weights.
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Table 5. Indicators for all levels of low-carbon communities.

Target . . Secondary Tertiary
Layer Primary Indicator Indicator Indicator
C1 Low-carbon technology of D1 Green planting system, D2 Roof greening
greening system system, D3 Vertical greening system
D4 Solar energy utilization technology, D5
C2 Low-carbon technology for ~ Geo-energy utilization technology, D6 Wind
building energy supply energy utilization technology, D7 Biomass
energy utilization technology
D8 Wall, D9 Roof, D10 Door and window,
C3 Low-carbon technology for . o
g D11 Shading technology, D12 Building
building envelope
ground system
B1 Low-carbon building D13 Water supply and drainage system, D14
C4 Low-carbon technology for ~ Heating system, D15 Ventilation system, D16
building equipment Lighting system, D17 Air conditioning
system
5 Low—'c ar'bon techn'ology for D18 Intelligent monitoring system, D19
building operation
Property management system
management
C6 Low-carbon technology of D20 DeS{gn technology for' bl'nldmg putdoor
o . environment, D21 Building design
building design hnol
ALCC technology
C7 Road planning D22 High-quality public transportation

system, D23 Slow traffic network

B2 Low-carbon transportation

C8 Traffic management

D24 Motor vehicle demand management,
D25 Strict management standard for energy
consumption and emission, D26 Advanced

traffic management technology

C9 Land layout planning

D27 Land utilization pattern of
multi-functional mix, D28 Compact space
pattern for low-carbon community, D29
Balanced layout of public service facilities

B3 Low-carbon environment .
C10 Water environment

planning

D30 Rainwater collection technology, D31
Recycled water reuse technology, D32
Permeable ground and constructed wetland
technology

C11 Domestic waste
management

D33 Solid waste disposal and recycling
technology, D34 Garbage classification and
collection

Among the primary indicators, Bl had the largest weight ratio, which was about
0.4279. Buildings are the largest carbon emission source in a community. Therefore, it
is necessary to strengthen the construction of low-carbon building in the construction
of low-carbon communities and make good use of various energy-saving and emission
reduction measures. The weight of B2 and B3 accounted for about 0.28, and these two
indicators had similar effects on low-carbon communities.

Among the secondary indicators, the top four were C7, C9, C8, and C2, accounting
for 0.1733, 0.1271, 0.1221, and 0.0888, respectively. The construction of C7, C9, and C8 was
mainly to reduce the travel by private cars, use public transportation as far as possible, and
travel by walking in order to reduce the traffic carbon emissions. C2 low-carbon technology
for building energy supply is a very important link in the construction of low-carbon
buildings. Choosing appropriate renewable energy technology according to local natural
resources is a very important way to reduce the carbon emissions of buildings. Among
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all the secondary indicators, the proportion of C1 was the lowest, which showed that
compared with other indicators, the impact on the construction of LCCs was small.

¢!
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Figure 4. Radar for secondary indicator weights.

E Weight

D34 0.0367
D33 0.0429
D32 0.0245
D31 0.0222
D30 0.0231
D29 0.042
D23 0.0408
D27 0.0443
D26 0.0349
D25 0.0437
D24 0.0435
.. D23 0.0666
S D22 0.1067
< D21 0445
§ D20 0.0267
= DI9 0.0393
= DIg 0.0408
= D17 0.0195
g D6 0.0139
= DIS 0.0139
.E DI4 0.019
T DI3 0.0112
@ DI2 0.0081
= DI1 0.0126
D10 0.0198
D9 0.012
D8 0.0179
D7 0,0181
D6 0.0171
D35 0.0218
D4 0.0318
D3 0.0102
D2 0.0105
1 0.019
0.00 0. 02 0. 04 0. 06 0.08 0.10

Weight
Figure 5. A bar chart for the tertiary indicator weights.

Among the tertiary indicators, according to the categories of Bl, B2, and B3, the
indicators at their respective levels were analyzed and discussed in order to be more
meaningful for the construction of low-carbon communities. Within the scope of Bl,
the top-ranking indicators were D21, D18, D19, and D4. The scientific and reasonable
building design is the premise of building utilization of natural resources. D18 and D19
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play an important role in the operation of buildings and determine whether buildings
can save energy efficiently. D4 is the most widely used and most mature technology in
buildings [51,52]. The electricity and heat generated by solar energy reduce the dependence
on traditional energy and play an important role in energy conservation and emission
reduction. Within the scope of B2, the top-ranking indicators were D22, D23, D25, and D24.
D22 and D23 are the most important indicators of low-carbon transportation planning, and
they play an important role in reducing or even replacing private car travel. High-quality
road planning can form a convenient system for public travel and pedestrian travel, and
it can reduce a large number of traffic carbon emissions. In the B3 scope, the top-ranking
indicators were D33, D29, and D28. The construction of D33 strengthens the utilization
of resource cycle, and it is a landmark indicator for low-carbon communities to save
resources and reduce energy consumption. D29 can facilitate the clothing, food, housing,
and transportation of residents, reduce travel time, and promote the use of non-motor
vehicles to travel for residents. D28 is conducive to the saving of land. The moderate
increase in floor area ratios and building densities can effectively reduce road paving areas
and the length of facilities and pipelines, and reduce the impact on ecological factors.

4. Case Study

In order to verify the practicality of the evaluation index system and the availability
of index data, it was necessary to test the index system and apply it to the evaluation
of actual communities. The study selected two communities as the application objects
of the index system. The first community is the Tianjin Eco-city “Shimao New Town”
community. The community is located on the north side of the Yongdingzhou Wetland
Ecological Park and on the south side of the National Animation Industry Park, with a total
area of 1.46 square kilometers. The “Shimao New Town” community was established in
2014. The community adopted a variety of energy-saving technologies. It is a typical green
energy-saving community and has achieved suitable evaluation. The second community
is the “Dongming” community under the jurisdiction of Shanghai’s Pudong New Area,
covering an area of 5.95 square kilometers. The community was established in 1999 and is
an older community with relatively few applications of green energy-saving technologies.

By consulting the detailed planning documents and construction documents of the two
communities, the low-carbon technologies used in community construction were sorted
out. Ten experts from Beijing urban community planning and design institutes were invited.
They have been engaged in low-carbon planning and design and actual construction of
communities for a long time, and they are all professionals with senior professional titles.
These experts have rich experience in the application of the index system. Each expert
evaluated the low-carbon technologies adopted by the two communities and determined
the rating of the tertiary indicators. Through the transformation of the multi-level fuzzy
comprehensive evaluation method, the comprehensive scores of the two communities and
the scores of primary and secondary indicators are shown in Tables 6 and 7. The score of
the “Shimao New Town” community was 78, and it belonged to the II level. According
to the comprehensive score of the LCCs, it could be concluded that the community was a
better LCC, and some suggestions could be summarized from the scores of the indicators at
all levels to guide the future construction of the community. It could be seen from the scores
of the primary indicators that the low-carbon construction of Bl and B2 was better, and the
low-carbon construction of B3 was poor. In terms of the construction of B, the buildings
in the “Shimao New Town” community adopted many green energy-saving technologies
and had a good score. However, as can be seen from the scores of the secondary indicators,
the construction of low-carbon technologies for a green system and building energy supply
needed to be strengthened in the B1 field. The low-carbon construction of the community
should adopt a variety of greening methods, such as the vertical greening of the building
facade, the greening of the roof, and the greening of the area around the building. Buildings
should make use of various forms of renewable energy technologies according to local
conditions to reduce the use of traditional energy. The score of B2 was relatively high, and
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the low-carbon construction of road planning and traffic management was better. The
“Shimao New Town” community focused on the construction of a slow traffic network and
established a public transportation-oriented transportation system. Within the scope of B3,
the scores of all indicators were relatively low, and the community needed to be further
improved in terms of community compactness, rainwater collection and utilization, and
waste recycling. The score of the “Dongming” community was 66, belonging to the III
level. The community was a general low-carbon community. It could be seen from the
scores of the primary indicators that the scores of B1 and B2 were relatively low, and the
score of B3 was relatively high. The score of Bl was relatively low because the “Dongming”
community was established earlier, and most buildings did not adopt suitable low-carbon
and energy-saving technologies. The technical indicators contained in B1 needed to be
further improved. The “Dongming” community did not pay attention to the planning and
construction of low-carbon transportation in the construction stage, which led to the low
score of B2. In the later period, the community implemented stricter traffic management
policies to reduce traffic carbon emissions. Therefore, the secondary indicator C8 contained
in B2 had a high score. The “Dongming” community had a better low-carbon construction
in B3, because the community implemented energy-saving and emission-reduction policies
in terms of low-carbon environment, including garbage classification, waste recycling, and
rainwater recycling. It could be seen from the secondary indicators included in B3 that the
community achieved relatively excellent scores in the construction of C10 and C11.

Table 6. Scores of the target layer and the indicator layers at all levels.

Total Score of

Score of Fach Score of Each

Target Layer A Target Layer Primary Indicator B Primary Indicator Secondary Indicator C Sliliioilzgtzrry
C1 Low-carbon
technology of greening 68
system
C2 Low-carbon
technology for building 52
energy supply
C3 Low-carbon
technology for building 82
B1 Low-carbon 78 envelope
building C4 Low-carbon
technology for building 73
equipment
C5 Low-carbon
LCC technology for building 98
operation management
C6 Low-carbon
technology of building 96
design
B2 Low-carbon C7 Road planning 98
transportation 97 C8 Traffic management 95
C9 Land layout planning 64
B3 Low-carbon 58 C10 Water environment 64
environment planning
C11 Domestic waste 45

management
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Table 7. Scores of the target layer and the indicator layers at all levels.

Score of Each Secondary Indicator Score of Each

Total Score of Target
Primary Indicator C Secondary Indicator

Target Layer A Layer

Primary Indicator B

C1 Low-carbon
technology of 69
greening system

C2 Low-carbon
technology for
building energy
supply
C3 Low-carbon
technology for 70
building envelope

44

B1 Low-carbon 58
building

C4 Low-carbon
technology for 60
building equipment
LCC 66 C5 Low-carbon
technology for
building operation
management

49

C6 Low-carbon
technology of 66
building design

C7 Road planning 44

C8 Traffic
management
C9 Land layout
planning

B3 Low-carbon 84 C10 Water

environment environment 85
planning

B2 Low-carbon 59

transportation 81

80

C11 Domestic waste 90
management

Figure 6 compared the scores of target layers and indicators at all levels of the
two communities. As can be seen from Figure 6, the target layer score of the “Shimao New
Town” community was higher than that of the “Dongming” community. The “Shimao
New Town” community was well built in terms of low-carbon building and low-carbon
transportation. In the field of low-carbon building, almost all technical indicators of the
“Shimao New Town” community were better than those of the “Dongming” community,
especially the construction of C5 and Cé. In the field of low-carbon transportation, the
“Shimao New Town” community was ahead of the “Dongming” community in the con-
struction of C7 and C8. In terms of C7 construction, there was an obvious gap between
the “Dongming” community and the “Shimao New Town” community. In the field of
low-carbon environment, the “Dongming” community was better than the “Shimao New
Town” community in various indicators. The two communities could learn from each other
and further strengthen the application of low-carbon technologies for indicators with low
scores.
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Figure 6. Scores of target levels and indicators at all levels of the two communities.

5. Conclusions

The study established a technical evaluation index system for low-carbon communities.
According to the existing indicator for LCC construction, an indicator pool was established,
and the relevant technical indicators of LCC construction were selected through empirical
analysis. The improved AHP was selected to calculate the weight of the index, and the
multi-level fuzzy comprehensive evaluation method was determined to be the evaluation
method of the technical indicator.

On the above basis, the two typical communities in Tianjin and Shanghai were selected
to verify the operability of the index system. The indicator system constructed in this study
gave a reasonable low-carbon level for the two communities, which was in line with
the actual low-carbon construction status of each community. In addition, for the low-
carbon community in Tianjin with high scores, the evaluation results pointed out that the
community had better construction in low-carbon building and low-carbon transportation
indicators, and further pointed out that the community needed to strengthen the application
of low-carbon technology of the greening system and building energy supply in the field of
low-carbon building. In terms of the relatively poor low-carbon environmental indicators of
the community, the evaluation results pointed out that the community needed to be further
improved in terms of community compactness, rainwater collection and utilization, and
waste recycling. For the low-carbon community in Shanghai with low scores, the evaluation
results showed the advantages and disadvantages of the community in the construction of
low-carbon building, low-carbon transportation, and low-carbon environment indicators.
The community applied few low-carbon technologies in low-carbon building and needed to
promote the application of various low-carbon technologies. Regarding the construction of
low-carbon transportation, the evaluation results pointed out that the community needed
to further strengthen the construction of road planning. The low-carbon environment
construction of the community was relatively suitable, which could provide experience
for the low-carbon construction of other communities. The indicator system can not only
evaluate the degree of low carbon in a community, but also indicate the aspects in which a
community needs to strengthen the use of low carbon technology, which can be used as
a tool for community planning and construction personnel to evaluate the construction
progress and degree of low carbon in LCCs. Furthermore, the method of constructing
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the technical index system in this study can provide a reference for future qualitative
research. In the low-carbon construction of communities, planners should pay attention to
the construction of low-carbon buildings, which is of great significance to the construction
of low-carbon communities.

However, the study does have limitations. The empirical analysis method and im-
proved AHP method used in this study are subjective methods, and the application scope
of these methods needs to be further explored. In terms of the selection of the number of
experts and the selection of indicators, more scientific methods need to be studied. The
weight of indicators needs further analysis and discussion. Furthermore, in addition to
establishing a qualitative evaluation index system for low-carbon communities, carbon
measurement and quantitative evaluation of communities should also be considered. It
is necessary to determine how to combine a qualitative technical indicator system with
carbon dioxide emissions.
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