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Abstract: Prefabricated buildings are the future direction of the construction industry. The carbon
reduction in prefabricated buildings has attracted increasing attention due to its importance to low-
carbon and energy savings in the construction industry and achieving China’s “dual carbon” goal.
Although research has been conducted on carbon reduction in prefabricated buildings, the use of
cloud models for carbon reduction effect evaluation has not been explored. This study therefore aims
to develop a cloud model-based evaluation of the carbon emission reduction effect for prefabricated
buildings incorporating the characteristics of prefabricated buildings and the building supply chain.
The developed model can support assessments of the whole life cycle phases of a prefabricated
building. Firstly, carbon flow analysis is carried out from the perspective of the construction supply
chain, and the carbon emission reduction effect evaluation index system of prefabricated buildings is
established, which contains 5 guideline layers and 26 carbon emission reduction indicators. Secondly,
the Continuous Ordered Weighted Averaging operator (C-OWA) is used to calculate the index weight
calculation, and the cloud model is applied to conduct a comprehensive evaluation of the carbon
emission reduction effect. Finally, this model is applied to evaluate the carbon emission reduction
effect in the case of a building. The case study validated the efficiency of the developed model. This
study extends the knowledge of carbon emission reduction by addressing specific characteristics of
prefabrication and the construction supply chain. This validated model will enhance the willingness
to apply prefabricated buildings to reduce carbon emissions and achieve the “dual carbon” goal.

Keywords: prefabricated building; carbon emission reduction; cloud model; C-OWA; evaluation
model; construction supply chain

1. Introduction

With the development of society, the climate problem has attracted global attention in
recent years [1], which mainly originates from energy consumption and produces a large
amount of carbon dioxide to cause climate warming, among which the carbon emissions
from the construction industry account for 33% of global carbon emissions, its energy
consumption accounts for about 36%, and raw material consumption accounts for about
40% of the world [2]. China’s construction industry accounts for 38% of global carbon
emissions [3]. With China already committing to peak carbon dioxide emissions before
2030 and achieving carbon neutrality before 2060, the Central Economic Work Conference
urged quicker steps to develop an action plan that enables the peaking of emissions. In
order to reduce carbon emissions, many countries have begun to introduce relevant policies.
On 22 September 2020, President Xi Jinping solemnly announced at the 75th session of
the United Nations General Assembly that China will scale up its Intended Nationally
Determined Contributions by adopting more vigorous policies and measures and aim to
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have CO; emissions peak before 2030 and achieve carbon neutrality before 2060, namely
the dual carbon goal of “carbon neutral and peak carbon” [4-9]. The construction industry
is still in the stage of rapid development, and carbon emissions still account for a large
proportion of all industries, so carbon reduction in the construction industry has become a
top priority. The development of prefabricated buildings and other green buildings is to
control carbon emissions in the construction industry. The factory-based production mode
of prefabricated buildings facilitates the rational allocation of resources to achieve the dual
carbon goal, and the component production process of prefabricated buildings can reduce
15.6% of implied carbon emissions and 3.2% of carbon emissions in the operation phase
compared to traditional cast-in-place buildings [10-12], reducing energy consumption
by 20.49% [13-15]. During the development of the construction industry, prefabricated
buildings have gradually replaced traditional cast-in-place construction solutions and
developed into a new form of construction [16]. Compared with the traditional cast-in-
place building, fabricated buildings could find cost savings, shorten the duration, reduce
noise, lessen construction, and so on; the development of fabricated buildings has become
the main trend in the development of the modern construction industry in China. The
State Council of the Central Committee of the Communist Party of China (CPC) put
forward “Several Opinions on Further Strengthening Urban Planning and Construction
Management”, which made clear provisions for prefabricated buildings and required
that the proportion of prefabricated buildings in new buildings should reach 30% in
about 10 years [17]. Data from China’s the Ministry of Housing and Urban—-Rural show
that a total of 630 million m? of new prefabricated buildings will be started nationwide
in 2020, an increase of 50% over 2019 [18]. To improve the carbon reduction effect in
the construction industry, the integration idea is applied to the construction industry,
it takes advantage of the characteristics of the supply chain to improve the degree of
resource integration among the various parties involved in construction, in order to play an
important role in carbon emission reduction in the construction supply chain and reduce
the impact on the environment. This construction supply chain model is the future of the
construction industry.

With the development of prefabricated buildings, corresponding studies have been
carried out. Under the double carbon goal, prefabricated buildings are advocated and
developed with a standardized design, factory production, prefabricated construction,
integrated decoration, information management, and intelligent application. The construc-
tion characteristics are different from traditional buildings, mainly in the materialization
phase using the factory production components and on-site assembly construction, and
industrialized production methods can make reasonable use of resources and labor [19], In
terms of resource and energy use, industrial production methods have significant effects
on resource conservation and energy recycling compared to traditional cast-in-place [20].
In addition to the research in energy design, scholars promote the development of pre-
fabricated buildings by studying the influencing factors of carbon emission reduction in
prefabricated buildings [21].

In developing prefabricated buildings, scholars have conducted much research. The
development of prefabricated buildings was first proposed in China in the 1950s and then
implemented gradually. Its research focuses on five areas: assembly building technology,
supply chain management, construction costs, building market acceptance, and policy
regulation. In order to develop prefabricated buildings, prefabricated buildings are studied
as research objects, the unfavorable factors in their development process are also stud-
ied, their promotion strategy is proposed [22,23], and the prefabricated buildings” green
value system from ecological, social, and economic aspects is established. As early as
2012, foreign countries have researched the greenness of buildings. Many countries have
constructed evaluation systems, these include the Leadership in Energy and Environmental
Design (LEED), which was built by the U.S. Green Building Council, “Comprehensive
Assessment System for Building Environmental Efficiency” (CASBEE) by the Japan Sus-
tainability Assessment Association, the British Institute of Building Research Establishment
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Environmental Assessment Method (BREEAM), and Green Star, an evaluation system
established in Canada and other countries. It has also been studied by some scholars
since then, mainly from the perspective of productivity, resources, and environmental
sustainability, to research and analyze the factors for achieving green and low carbon in
the construction industry [24]. Compared with developed countries, China’s evaluation
standards and system of green buildings are not perfect; there is less relevant research, and
no complete evaluation system has been formed. Some scholars referred to the relevant
green construction regulations and green building evaluation standards to build a green
construction evaluation standard system and methods applicable to China. The methods
used in the research process are the catastrophe progression method [25], fuzzy comprehen-
sive evaluation [26], and other methods. Some scholars analyzed the emission reduction
capacity of prefabricated buildings [27], and studied the energy-saving benefits of prefabri-
cated buildings [28] and green benefits [29]. Energy conservation and emission reduction
in prefabricated buildings can be achieved by reducing the generation of construction
waste, saving water and materials, and reducing carbon emissions from prefabricated
building activities [30]. The green value of prefabricated buildings is mainly in terms of
increasing the utilization rate of materials, reducing the number of materials used, and
reducing environmental pollution [31]. On the other hand, based on the development of
BIM technology building informatization, research on the integrated multi-professional in-
tegration application of prefabricated buildings provides a strong guarantee for the smooth
implementation of prefabricated buildings [32,33].

As a result of global warming in recent years, countries have begun to develop a
low-carbon economy. The concept of a low-carbon economy was formally introduced in the
Energy White Paper in 2003. Many scholars have conducted studies on carbon emissions,
mainly focusing on the measurement methods, influencing factors, carbon emissions of
various industries, and emission reduction strategies. Carbon emissions are determined by
studying the measurement methods and coefficients of carbon emissions, mainly measured
by the actual measurement method, material balance method, input-output method, and
emission coefficient method. Some scholars have studied the energy consumption and
carbon emissions of buildings in the Irish region using input-output and found that facilities
produce about 11.7% of carbon emissions [34]. A carbon emission calculation model was
constructed based on the whole life cycle of prefabricated buildings for carbon emission
calculation [35-38]. Regarding the carbon emission situation in the construction industry,
some scholars have conducted carbon emission analysis based on actual construction
activities and obtained the factors generating carbon emissions originate from construction
materials, construction site electricity use, and personnel activities [39], and the energy
consumption generated during the construction operation in all phases of the whole life
cycle of the prefabricated buildings; the most energy-consuming phase was found to be
the operation phase [40]. Regarding the impact of energy on prefabricated buildings,
improving energy efficiency can effectively reduce building carbon emissions [41,42]. In
the process of China’s economic development, optimizing and diversifying China’s energy
mix will help promote China’s transition to low-carbon development [43,44].

In summary, there is not enough emphasis on the carbon emission reduction effect
evaluation for prefabricated buildings in China. Only a few studies have focused on the
issue. Moreover, previous studies have not found an appropriate method for the carbon
emission reduction effect evaluation from the perspective of the construction supply chain.
Therefore, based on construction supply chain theory and relevant literature, this paper
proposes a carbon emission reduction effect evaluation for the prefabricated buildings
model. First, establish an evaluation index system and then construct an assessment model
based on the cloud model. Lastly, the model’s validity and applicability are verified through
case studies.
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2. Supply Chain for Prefabricated Building

The concept of supply chain first originated from the value chain and economic chain.
Peter F. Drucker, the father of modern management, first proposed the economic chain.
Then in the 1980s, Michael E. Porter, a professor at Harvard Business School, summarized
the concept of the value chain [45,46]. The supply chain is a network chain structure that
runs through the whole process of the product from “0 to 1”, whereby raw materials flow
from one link to the next, around the core enterprise, and the upstream enterprises supply
raw materials and product components, which flow to each node enterprise; finally, the
downstream enterprises make the products and distribute them to consumers through the
sales network; this chain perfectly connects suppliers, manufacturers, distributors, retailers,
and end-users into a whole [47-49].

The supply chain has been developed more maturely in the manufacturing industry.
Furthermore, in the late 1980s, it was introduced to the construction industry. Subsequently,
the construction supply chain suitable for construction products was proposed according to
the characteristics of industry-specific industrial activities. The construction supply chain
is the combination of the supply chain and construction production process. Koskela first
proposed the application of manufacturing supply chain management to the construction
industry; Bertelsen, O’Brien, and Fischer formally put forward the management thought
in relation to the construction supply chain in 1998 [50]. The construction supply chain
is also a web, chain-like structure with integration and coordination [51,52]. Designers,
contractors, and material and equipment suppliers participate in the structure together [53],
control the flow of information, logistics, and capital in the chain [54], and ensure the
regular operation of the supply chain. The conceptual model of the construction supply
chain is shown in Figure 1.

Logistics, capital flow, information flow

A

[
-

Upstream Nodal + | Downstream
Companies Companies | companies

A

Figure 1. General conceptual model of construction supply chain.

At present, some scholars have put forward a prefabricated building supply chain
based on the traditional construction supply chain by combining the industrial production
characteristics of prefabricated buildings and the structural characteristics of the supply
chain. The prefabricated building supply chain includes all business processes in all phases
of planning, design, production, transportation, prefabrication, and operation and mainte-
nance, covering the entire life cycle of a prefabricated building. The prefabricated building
supply chain is a typical make-to-order supply chain compared with the construction
supply chain. The components are produced according to the owner’s demand. Each
node’s enterprise information is connected through the core enterprise general contractor.
Thus, a chain system integrating information flow, logistics, and capital flow is formed.
The prefabricated building supply chain adds prefabricated component producers and
supply-side-related node enterprises, where the supplier assumes the role of third-party
logistics. The production method is mainly factory production. Instead of centralized
construction of building products as traditional construction, it is divided into factory
production and on-site assembly. The prefabricated components produced in the factory
are transported to the construction site for assembly. Nodal companies add component
manufacturers. This study applies the prefabricated building supply chain to the whole
project life cycle. The prominent participating companies are design units whose task is to
develop master planning and design solutions, such as traffic planning, technical planning,
green space planning, and other tasks. The natural ecosystem, construction system, and
consumption system are the main supply chain structure. Its main participants are suppli-
ers, raw material buyers, transporters, constructors, owners, and end-users. Enterprises
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control information flow, logistics, and capital flow in the supply chain of prefabricated
buildings. Carbon flow is the distribution of carbon emissions generated by prefabricated
buildings in the whole life cycle. Carbon flow analysis is carried out based on the supply
chain of prefabricated buildings. The main cause of carbon emissions in the supply chain
of prefabricated buildings is the production and manufacture of building raw materials.
The flow of material streams generates carbon flow. The carbon flow analysis diagram of
the supply chain of prefabricated buildings is shown in Figure 2. Carbon emissions are
generated mainly in raw material procurement, component manufacturing, construction
and transportation, component assembly, and construction waste recycling. The source
analysis of full life cycle carbon emissions is shown in Table 1.
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Figure 2. Carbon flow analysis of the supply chain of prefabricated building.

Table 1. Full life cycle carbon emission source.

Full Life Cycle Phase of Main Sources of
Prefabricated Buildings Carbon Emissions

Raw material production
and transportation
Component production and

Raw Material Procurement

Full Life Cycle of Component manufacturing unrecovered waste
Prefabricated Buildings raw materials
Component transportation Energy consumption

Energy consumption and
unrecycled construction waste
Construction waste recycling

and reprocessing

Component assembly

Construction waste recycling

3. Methodology
3.1. C-OWA Operator

The Ordered Weighted Averaging (OWA) operator was first proposed by Professor
Yager in 1988 [55]. Subsequently, the Continuous Ordered Weighted Averaging (C-OWA)
operator has been studied based on the number of combinations after many scholars’
improvement studies [56]. This study uses the C-OWA operator to calculate the index
weights, and its calculation process is more scientific. According to the theory of the C-OWA
algorithm, many experts in prefabricated buildings and researchers on building carbon
emissions were invited to score the importance of indicators in the same evaluation layer
in a 10-point scoring system. The decision matrix E = {ej,ey,...,em} is constituted by
the obtained results. The results of matrix E are ranked from the largest to the smallest
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to obtain the new evaluation data A = {aj, ap, ..., am} [57-61]. The calculation steps are
as follows.

Step 1: Determine the weighting vector. Determine the weighting vector a1 of the
evaluation data A for the new ranked combination, «;, 1 is determined by the combination

number C{nfl’ which is calculated as follows:
. m—1 . . 1
a1 =Cl_1/ kz Chu1 = Cpug /2" @
=0

where C;—l is the number of combinations of j data selected from the (m — 1) data, j is
taken as (0, m — 1), and m is the number of invited experts.

m—1
Among them ) ajyq =1
j=0

Step 2: Calculate the absolute weight w; of the evaluation data A, which is calculated
from the weighted vector ;1 of the evaluation data A in step 2, with the following formula:

w; = ) wj1-a; (iis the number of evaluation indicators,i = {1,2--- ,n}) ()

n
i=1

1=

Step 3: Normalization process. The absolute weight value w; is normalized to obtain
the relative weight w; of the evaluation index with the following formula:

wi=wi/ ) @ )
i=1

3.2. Cloud Model Basic Theory
3.2.1. Definition of Cloud Model

Cloud model theory is a theory proposed by academician Deyi Li in 1995 based on
probability theory and fuzzy mathematics [62]. The cloud model can reflect the fuzziness
and randomness of things and realize the interconversion of qualitative concepts and
quantitative indicators. Set a theoretical domain as U, and C is a qualitative concept on U.
If for any quantitative value x and x € U, u(x) is the affiliation of x to the qualitative concept
C. u(x) is a random number within [0,1], and the affiliation cloud is the distribution of the
affiliation p(x) over the thesis domain U [63]. That is, the mathematical representation is
u(x):U—[0,1], Vx € U, x—u(x). An affiliated cloud is composed of multiple cloud droplets
that react to the overall characteristics of the qualitative concept C [64]. The cloud droplets
(x, u(x)), whose generation process represents an uncertainty mapping between qualitative
concepts and quantitative values.

3.2.2. Digital Features

The cloud model considers the vagueness, randomness, and discrete nature of the
judged objects, which is mainly portrayed by these three numerical features (Ex, En, He) [65].
The expected value Ex denotes the center of the distribution of the theoretical domain; the
entropy En reflects the ambiguity degree of the judged object boundary, and the dispersion
degree of the cloud drops in the theoretical domain U; the super entropy He reflects the
uncertainty of the entropy En, namely, the thickness of the cloud, and also the degree of
dispersion of the cloud, namely, the randomness of the judged object [66].

3.2.3. Cloud Generator

A cloud generator is a cloud model generation algorithm that realizes the intercon-
version of qualitative and quantitative evaluation metrics, which can be implemented
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with solidified hardware and modular software, and is mainly divided into forward cloud
generator and inverse cloud generator [67].

The forward cloud generator (CG) is a mapping process that converts qualitative
evaluation metrics into quantitative ones [68], which outputs the numerical input features
(Ex, En, He), and the number of clouds drops n as the position and affiliation yu(x) of n
cloud drops in the theoretical domain U, (Ex, En, He)—(x, p(x)), as shown in Figure 3. First,
generate the normal random number En’ ~ n(En, He) with expectation En and variance
He?. Again, generate normal random numbers x ~ n(Ex, En’) with the expectation Ex

and variance 02En’>, And, finally, the affiliation degree is obtained by Equation (4).
(x — Ex)?
X) =expy ————5— 4
p(x) P{ 2(En)? )

where the affiliation degree y(x) is a cloud droplet, and the above process can be repeated
several times to obtain the positions of n cloud droplets in the domain of the theory and
their affiliation degrees.

Ex—»

En—| CG |—>(xpu(x)

He—>

Figure 3. Schematic diagram of forward cloud generator operation.

The inverse cloud generator is a mapping process from quantitative metrics to qualita-
tive [69,70]. The n sample points are input in the argument space, the numerical features
(Ex, En, He) are output, and the mathematical representation (x, u(x))—(Ex, En, He) is
shown in Figure 4.

. »Fx
(x,,u (X))—) CG _)E n
—>[]e

Figure 4. Schematic diagram of inverse cloud generator operation.

The expected value of n cloud drops Ex is calculated from Equation (5).

Ex=-) x 5)

= Lln—% (©)

T
En = 5 X —iZ:|xi — Ex| (7)

The hyperentropy He can be obtained by Equation (8).

He = \/S§% — En? 8)
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3.2.4. Standard Evaluation Cloud

The standard evaluation cloud is to represent the evaluation level of each index
through the cloud diagram, and perform a numerical transformation to quantify the fuzzy
evaluation set, and represent the evaluation set numerically through the evaluation value
theory domain; firstly, the evaluation value theory domain U is divided into n standard

evaluation intervals according to the evaluation set, and the gth subinterval is determined as
[x;”i”, xg”x } , whose standard evaluation cloud corresponds to the numerical characteristics
of (Exq, Eng, Heq) [71], and the standard evaluation cloud is calculated from Equation (9):

max min
Xg X

e )
Eng = 2v2In2

3.2.5. Indicator Evaluation Cloud

After determining the index weights and the standard evaluation cloud, the indexes
are evaluated for each index factor with s experts and t evaluation indexes, where x,
denotes the scoring value of the pth expert, and the data are obtained according to the
scoring of each index expert. The digital characteristics of the indicator cloud are calculated
by Equation (10).

p=1
S
1
Enj= /% x4 1 |~ Ex (10)
- 21,2
He] = ’Sj En]‘

The index evaluation cloud can be obtained by Equation (11), where x;, denotes the
evaluation data of the pth indicator of a certain indicator factor.

2 1§ )2
Si =71 p;(x,,—x) (11)

3.2.6. Comprehensive Evaluation Cloud

The calculated index evaluation cloud is integrated using the fusion algorithm of the
cloud model. The composite evaluation cloud is calculated by using Equation (12).

n
Ex =Y w.Ex;
F=E

n
En= Y%L wchnJZ (12)
j=1

n
He =} wjHe;
j=1

Using numerical characteristics for rank evaluation is not intuitive and straightforward
enough. Therefore, MATLAB can generate the cloud map of comprehensive evaluation
cloud and standard evaluation cloud in the same coordinate system, and the evaluation
rank of the index system can be judged intuitively through the cloud map observation
and comparison.

4. Evaluation Model
4.1. Indicator System Construction

At present, many scholars have conducted research on green prefabricated buildings,
and the research related to green prefabricated buildings has been relatively mature. From
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the perspective of the construction supply chain, this paper draws on the research results
on green prefabricated buildings, and refers to the mature green building evaluation system
and the literature search on keywords such as “ prefabricated buildings and green buildings”
at home and abroad, and combines the relevant literature and the newly implemented
GB/T 50378-2019 “Green Building Evaluation Standard” to build an evaluation system
of carbon emission reduction impact factors of prefabricated buildings from five aspects:
design planning, building materials, energy use, building environment, and construction

organization, as shown in Table 2.

Table 2. Carbon emission reduction impact factors of prefabricated buildings.

Target Layer

Guideline Layer Indicator Layer

Explanation of Indicators

Evaluation
of carbon
emission
reduction

effect of
prefabricated
buildings

Construction material selection Aqq

Design

Make good planning for the use of
building materials,
choose green materials, and reduce
carbon emissions

Planning A; Transportation Planning A,

Develop transportation plans to reduce
energy consumption

Energy efficient design A13

Whole life cycle energy use planning for
prefabricated buildings

Combined steel formwork usage Aj;

Combined steel formwork is used in the
production of
members to increase the efficiency of
formwork use and
reduce the consumption of wooden formwork

Improved material utilization Ay

Factory production of components for
prefabricated buildings to
improve material utilization

Construction

) Green Material Utilization Ajj
Materials A,

More use of low-carbon, new materials to help
reduce carbon
emissions

Construction solid waste reduction Apy

Prefabricated buildings can reduce the amount
of solid waste

Material transportation distance Aps

Planning the transportation distance of
materials to control
carbon emissions

Component storage Ayg

Good storage of prefabricated components to
avoid damage to
components and loss of materials

Use of new energy Az

Use of renewable and new energy sources can
increase energy
usage

Energy saving Az

Use of coal, oil, and other energy sources

Effective use of water resources Asj
Energy use Aj

Reduce the waste of water resources, can
reduce the energy
consumption in the process of water use

Use of water-saving equipment Az

Water-saving equipment for
building configuration

Energy consumption A3s

Use of energy in the whole process of
prefabricated building

Equipment energy saving
management Azg

Energy-saving management of lighting and
heating equipment
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Table 2. Cont.

Target Layer

Guideline Layer

Indicator Layer

Explanation of Indicators

Architectural
Environment Ay

Dust Control Ay

Handling of dust during building construction

Reduce exhaust emissions Ayp

Exhaust gases from energy use throughout
the building
process

Solid waste disposal Ay

Building material use, construction,
maintenance, and
building demolition of solid construction
waste generated

Construction waste recycling Ayy

Construction waste recycling and reuse

Green Space Planning Ays

Planning the green area of the building can
make carbon sink
to reduce carbon emission

Wastewater treatment Ayg

Energy consumption for building water
and wastewater
treatment

Construction
Organization As

New Construction Process Az

The use of new construction technology
and construction
process can reduce the carbon emission during
the construction process

Construction Design Asp

Good construction design and
construction planning

The use of new equipment As3

Use of new energy-saving equipment

Prefabricated buildings can reduce

Assembly rate Asy construction waste and
carbon emissions
Standardized design and Standardized production of components in

production Ass

the factory

4.2. Division of Carbon Emission Reduction Effect Levels

Referring to the Green Building Evaluation Standard, the evaluation level of the carbon

emission reduction effect of prefabricated buildings is divided into five levels: very poor,
poor, acceptable, good, and very good, as its evaluation level, where very good indicates
that the carbon emission reduction effect of prefabricated buildings has reached a very good
degree, and in order to avoid the fuzziness and randomness of the evaluation results, based
on the relevant theory of the standard evaluation cloud, the evaluation index rubric set is
established, and its scoring value interval is set to [0,10], and the five levels are expressed
qualitatively in the scoring interval, and the numerical characteristics corresponding to the
standard evaluation level of the cloud model can be obtained, as shown in Table 3, and its
generated standard evaluation cloud diagram is shown in Figure 5.

Table 3. Evaluation interval and standard evaluation cloud digital features.

Evaluation Interval Ex En He
Level 1 1 0.167 0.25
Level 2 3 0.167 0.25
Level 3 5 0.167 0.25
Level 4 7 0.167 0.25
Level 5 9 0.167 0.25
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Figure 5. Standard evaluation cloud.

4.3. Evaluation Process

Step 1: Construct a decision matrix

Experts score the carbon emission reduction influencing factors in the evaluation
system based on the control of carbon emission emissions in prefabricated buildings” whole
life cycle process. This expert group has some research in prefabricated buildings and
carbon emission research and constructs a decision matrix E based on the scoring results.

Step 2: Calculate the indicator weights by use of the C-OWA operator

The new matrix A is obtained by sorting the results of the expert scoring in the decision
matrix E from smallest to largest. The weighted vector of the data in descending order is
calculated by applying the combinatorial number principle from Equation (1), then the
weighted value ;1 of 4; is obtained. The criterion layer’s absolute weight value w; is
calculated from Equation (2) based on the weighted value calculated from the number of
combinations. The absolute weights of the criterion layer are normalized by Equation (3),
then the relative weight values are obtained.

Step 3: Generate metrics evaluation cloud

Combining the relative weights obtained by using the C-OWA operator in step 2,
the cloud numerical characteristics of the indicators are calculated by Equation (10) and
Equation (11). MATLAB code is used to generate index evaluation clouds to evaluate the
carbon reduction effect of prefabricated buildings.

Step 4: Generate a comprehensive evaluation cloud

Equation (12) is applied to calculate the cloud digital feature values of the target layer.
The obtained numerical features are combined with the MATLAB code to generate the
indicator cloud map. The evaluation level of the carbon reduction effect of prefabricated
buildings can be intuitively derived from the cloud chart.

5. Case Study

This study takes an apartment in Zhengzhou City, Henan Province, China, as the
case. The apartment is an assembly building structure with a total project investment of
510 million yuan, and the project took 3 years from the beginning to completion, covering
an area of 15,000 square meters with a total construction area of about 73,000 square meters.
Since its completion, the apartment has been put into use for 2 years. Based on this,
the carbon emission reduction effect of the project is evaluated from design to operation,
maintenance, dismantling, and recycling over the whole life cycle, using the established
index system evaluation model.
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5.1. Evaluation Process

Step 1: Construct the decision matrix E

Ten experts were invited to evaluate the evaluation system of carbon emission reduc-
tion in prefabricated buildings. Scores are scored using integers in the (0,10) interval. These
ten experts have achievements in researching prefabricated buildings and carbon emissions
and have been engaged in the construction industry for many years, with rich theoretical
and practical experience. The initial decision matrix E is obtained based on the expert
scoring of the indicator layer indicators.

O 3
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Step 2: Calculate the weight using the C-OWA operator

The data obtained based on the expert scoring method are processed, the scoring
cases are arranged in descending order, and the weighting vector of the data arranged in
descending order is calculated by applying the principle of the combinatorial number, and
the weight value «;, 1 of a; can be obtained, and the results are shown in Table 4.

Table 4. Weight value a1 of 4;.

j Value 0 1 2 3 4 5 6 7 8 9
Nt 0.002 0.018 0.070 0.164 0.246 0.246 0.164 0.070 0.018 0.002

According to Equation (2), the absolute weight of the index is calculated. The relative
weights of the index are calculated by applying Equation (3). The final calculation is
to obtain the index system weight of carbon emission reduction factors of prefabricated
buildings. The results are shown in Table 5.
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Table 5. Indicator weights.

Target Guideline Absolute Relative Indicator Absolute Relative
Layer Layer Weight Weights Layer Weight Weights

Construction material

. 6.976 0.363
Desi selection Aqq
cenen 8.162 0.204
Planning A ) ’ Transportation Planning Aj, 5.834 0.304
Energy-effi design Aj3 6.408 0.333
Combined steel formwork 796 0192
usage Apg
Improved material 6.978 0.168
utilization Ajpy
. Green Material
Const{uctlon 8.998 0.225 Utilization Ay 6.766 0.163
Materials Ay - -
Constructlor} solid waste 7978 0.174
reduction A,y
Materle.ﬂ transportation 6.254 0151
distance Ajs
Component storage Ajg 6.252 0.151
Use of new energy Az 6.426 0.197
Energy saving Az 5.818 0.179
Evaluation Effective use of water 5498 0169
of carbon resources As3
- Energy
emission Use A3 6.152 0.154 Use of water-saving 5164 0158
reduction equipment Az, : :
effect of
prefabricated Energy consumption A3s 4.678 0.144
buildings Equipment energy saving 5002 0.154
management Agzg ’ ’
Dust Control Ay 6.234 0.163
Reduce exhaust 6.59 0.172
emissions Ayp
Architectural Solid waste disposal Ays 6.02 0.157
Environment A4 7810 0.1% Constructionpwaste
. 6.746 0.176
recycling Agy
Green Space Planning Ays 7.172 0.187
Wastewater treatment Ayg 5.5 0.144
New Construction 6.09 0.183
Process Asp
Construction Design Asp 6.164 0.185
Construction The use of new
Organization As 8.832 0.221 equipment Ass 6.252 0.188
Assembly rate Asy 7.48 0.225
Standardized design and 7246 0218

production Ass

5.2. Comprehensive Evaluation of Cloud Models

Step 1: Generate metrics evaluation cloud
The weights of the index are calculated according to the C-OWA operator. The cloud
number characteristics of each index were calculated by Equation (11), and the results are
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shown in Table 6. Based on the calculated cloud digital features of each indicator in the
indicator layer, the digital features of the guideline layer corresponding to each indicator are
calculated, as shown in Table 7. According to the numerical characteristics of the criterion
layer, a cloud generator is used to generate the evaluation cloud map of the criterion layer,
as shown in Figure 6.

Table 6. Numerical characteristics of the indicator layer.

Indicators Ex En He
Construction material selection A1 6.6 1.454 0.613
Transportation Planning A, 5.8 1.554 0.455
Energy-efficient design Aj3 6.1 1.88 0.752
Combined steel formwork usage Ap; 7.6 1.855 0.399
Improved material utilization Ay 6.7 1.705 0.466
Green Material Utilization Ajj 6.8 1.554 0.124
Construction solid waste reduction Ayy 7 1.504 0.512
Material transportation distance Ajs 6.4 1.354 0.482
Component storage Ay 6.3 1.705 0.466
Use of new energy Az 6.2 1.504 0.372
Energy saving Az 5.8 1.554 0.655
Effective use of water resources Asj 54 1.253 0.171
Use of water-saving equipment Azy 51 1.654 0.689

Energy consumption Azs 4.6 1.604 0.6
Equipment energy saving management Azg 5.1 1.429 0.709
Dust Control Ay 6.2 1.805 0.504

Reduce exhaust emissions Ayy 6.8 1.504 0.29
Solid waste disposal Ags 6.2 1.354 0.588
Construction waste recycling Agy 6.6 1.354 0.461
Green Space Planning Ays 6.8 2.055 0.519
Wastewater treatment Ayg 5.5 1.629 0.393
New Construction Process Asq 6.3 1.529 0.343
Construction Design Asp 6.1 1.153 0.322
The use of new equipment As3 6.3 1.705 0.466
Assembly rate Asy 7.3 1.88 0.18
Standardized design and production Ass 7.1 1.629 0.577

Table 7. Numerical characteristics of guideline level indicators.

Indicators Ex En He
Design Planning A; 6.190 1.637 0.611
Construction Materials A, 6.836 1.629 0.408
Energy use A3 5.421 1.503 0.523
Architectural Environment Ay 6.386 1.645 0.46

Construction Organization As 6.662 1.611 0.376
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Figure 6. Guideline layer index evaluation cloud.

The numerical characteristics of the target layer are calculated by Equation (12), ac-
cording to the numerical characteristics of the criterion-level indicators in Table 7, and the
indicator weights. The results are Ex = 6.360, En = 1.611, and He = 0.470. The numerical
characteristics of the target layer obtained are used to generate a comprehensive evaluation
cloud of the carbon emission reduction effect of prefabricated buildings using MATLAB, as
shown in Figure 7. It can be clearly seen from the cloud that the carbon emission reduction
effect level of the prefabricated buildings is between level III and level IV, which is at an
acceptable level.
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Figure 7. Comprehensive evaluation cloud chart of carbon emission reduction effect of prefabri-
cated buildings.

5.3. Results and Discussion
5.3.1. Case Discussion

In this section, the results obtained regarding the carbon emission reduction effect of
prefabricated buildings will be presented.
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(1) According to the comprehensive evaluation cloud in Figure 7 and the weight
values of the indicators in Table 5, the result is that the factors that significantly impact
carbon emission reduction in prefabricated buildings are the primary indicators of building
materials. Among the secondary index, the use of combination steel formwork Aj;, the
reduction in construction solid waste Aj,, and the improvement in the material utilization
rate Ay have an essential impact on the evaluation of the indicator system. Using the cloud
model to evaluate the carbon reduction effect of the first-level indicators, the following
weighting relationships can be obtained: Ay > A5 > Ay > Ay > Ag.

(2) The future carbon emission reduction in prefabricated buildings can start with
building materials. Improving the utilization rate of building raw materials and reducing
material waste can improve the carbon emission reduction effect. According to the produc-
tion characteristics of prefabricated buildings, the construction formwork adopts combined
steel formwork; this way can reduce wood waste and control the carbon emissions of
prefabricated buildings, thus promoting carbon emission reduction.

(3) Using the cloud model to evaluate the carbon reduction effect of prefabricated
buildings, a comprehensive evaluation cloud diagram can be obtained, as shown in Figure 7.
The carbon emission reduction effect of the prefabricated apartment building can be in-
tuitively observed in Figure 7 to be at an acceptable level. The carbon reduction effect
level of the apartment was obtained from the evaluation model at an acceptable level, and
this result is consistent with the assessment results of the carbon reduction effect of the
apartment by the Henan Province prefabricated building industry. Its evaluation results
have a certain significance in promoting the evaluation of the carbon emission reduction
effect of prefabricated buildings, which is more conducive to promoting the sustainable
development of prefabricated buildings.

5.3.2. Model Discussion

In relation to the method, the cloud model, combined with the building supply
chain, was applied in the analysis of the carbon emission reduction effect of prefabricated
buildings, with which it was possible to assign weights to each of the indexes, which allows
us to establish the model of the whole life cycle carbon emission reduction effect evaluation
of prefabricated buildings. The building supply chain can help us analyze carbon flow and
establish a corresponding indicator system.

Firstly, based on the supply chain of prefabricated buildings, the carbon flow for its
whole life cycle is analyzed by using literature analysis and the expert interview method
to establish an evaluation index system. The established index system can well reflect the
relevant factors affecting carbon emission reduction in the whole life cycle of prefabricated
buildings, and it provides a reference system for the study of carbon emission reduction
influencing factors of prefabricated buildings.

Secondly, the cloud model is used to conduct a comprehensive evaluation of the index
system. The cloud model recognizes the uncertainty transformation between qualitative
concepts and quantitative values, which effectively makes up for the lack of some traditional
evaluation models in dealing with uncertainty. Moreover, the evaluation results can be
analyzed visually and clearly through the cloud diagram to show the degree of influence
of the evaluation indexes on the carbon emission reduction effect, which is a more scientific
evaluation method.

Finally, the case was analyzed and verified using C-OWA to calculate the weights
of each index and the cloud model to generate the evaluation cloud map. The cloud
analysis shows that the comprehensive evaluation of the carbon emission reduction effect
of prefabricated buildings in this case is at an acceptable level.

The cloud model is a model to study the relationship between fuzziness and random-
ness, which is more responsive to the fuzziness and randomness of variables than the
traditional affiliation function, and can better deal with natural language, multi-attribute
decision making, and so on. The evaluation results are reflected in the mapping relation-
ship between qualitative and quantitative, and its processing results are more intuitive



Buildings 2022, 12, 1534

17 of 20

and clear, and the evaluation process is more scientific. The evaluation model based on
the cloud model from the perspective of the construction supply chain provides a new
evaluation idea for the comprehensive evaluation of the carbon emission reduction effect
of prefabricated buildings.

It should be noted that in this work, we invited ten experts to rate the level of 26 in-
dexes of the case according to a ten-point system and established the normalized matrix
starting from the use of the cloud method; however, it is necessary to establish an in-depth
evaluation of the value corresponding more precisely to each index.

6. Conclusions

The development of prefabricated buildings is the main direction of future building
development, and its carbon emission reduction effect evaluation is an important measure
to promote the development of prefabricated buildings. This study developed a model
based on a cloud model from the building supply chain perspective to evaluate the car-
bon emission reduction effect of prefabricated buildings. This model is based on a more
standardized level of assessments and has a broader scope of lifecycle phases. The unique
characteristics of prefabricated buildings including transportation and building materi-
als have also been considered. The evaluation system of the carbon emission reduction
effect of prefabricated buildings under the perspective of a construction supply chain was
constructed. The method has been successfully tested on a typical prefabricated high-rise
building in Zhengzhou and has proven to produce accurate results. The developed model
can be applied to other regions and special prefabricated building types by changing the
weight of the index. Moreover, the assessment levels can be easily manipulated to reflect
the carbon emission reduction in prefabrication buildings. The study is particularly useful
for building practitioners to swiftly evaluate the carbon emission reduction in prefabricated
buildings with deep insights. Moreover, the research findings can guide the construction of
low-carbon buildings.

The cloud model converts qualitative and quantitative data and can objectively and
comprehensively evaluate the carbon reduction factors of prefabricated buildings. The
C-OWA weighting method can well compensate for the influence of too many index factors
and subjective evaluation in weight calculation. Cloud models have been used in many
fields, but only some of the literature studying carbon reduction in prefabricated buildings
has applied cloud models. Therefore, as a reference, this method can be used in the
evaluation system of carbon emission reduction in prefabricated buildings.

However, the limitations of this study should also be noted. This study is based
on the construction supply chain perspective on the whole life cycle of prefabricated
buildings. There are many factors influencing its carbon emission, and only 26 influencing
factors indicators were extracted in this study. The factors influencing carbon emissions
of prefabricated buildings should be analyzed more comprehensively in future research.
Second, the sample size studied in this study is relatively small and has certain limitations.
Case studies can be added in future studies to verify the feasibility of the model. Experts
were invited to score and evaluate the indicator factors when the weights were calculated.
However, the influence of experts’ preferences and experience levels on the weighting
results was ignored in the weight calculation. In addition, the results of the case in this
study are consistent with the actual results, which indicate that the model is operational. In
future research, we will try other methods to further verify the accuracy and effectiveness
of this model. BIM technology can simulate and analyze carbon emissions with the help
of information technology in the future research process. If these factors are taken into
account, the evaluation results about carbon emission reduction will be more scientific and
practical. These are the directions that need to be studied in the future.
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