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Abstract: The ongoing undertaking of construction industrialization in China is redefining the industry
and creating a new era for building construction. In order to identify the construction industrialization
status and progress, a national survey is conducted across 19 key provinces and municipalities in China.
Based on the collected data, construction industrialization is analyzed from various perspectives:
(1) the industrialized building floor area is profiled using maps with colours showing the different
levels of construction industrialization in China as of 2014; and (2) structural types and building
types are analyzed for industrialized construction, and it is found that reinforced concrete is
the predominant structure type, accounting for 77.1% of total floor area of industrialized construction
in 2014. The industrialization trends are also predicted for the following five years using Holt’s
and Delphi method. This research reveals the status and the promising trends of construction
industrialization in China.

Keywords: construction industrialization; industrialized construction map; precast concrete; survey

1. Introduction

The construction industry in China has been growing at a high rate in recent years. From 2003
to 2014, construction revenue increased from 750 billion CNY (109 billion USD) to approximately
17,670 billion CNY (2568 billion USD), with an annual growth rate of 30.12%. Currently, the annual
completed floor area of buildings in China exceeds 4.2 billion m?. The construction industry has
become the nation’s highest economic contributor among industrial sectors, and further investments
could provide financial support for a large-scale shift of construction toward industrialization [1].
However, the construction industry in China is encountering such challenges as rapid development,
insufficient technologies, enormous depletion of resources, massive waste, compromised quality,
safety risks, low productivity, and a shortage of skilled labour [2]. These problems are restricting
the sustainable development of the industry in China; therefore, innovative technologies and practices
are needed to address these challenges. Industrialization of the construction process is a solution to
mitigate these challenges. Construction industrialization is defined as factory-based prefabrication
within a controlled environment, followed by assembly on site. Compared to conventional construction
methods, industrialized construction entails such benefits as accelerated construction, improved
quality, decreased material waste, and reduced hazards and worker injuries [3]. It also contributes to
sustainability by substantially reducing energy usage and thus reducing greenhouse gas emissions
from the construction process.

The concept of construction industrialization emerged in China as early as 1955, and the application
of construction industrialization in residential and non-residential buildings was emphasized in 1978 [4].
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In recent years, construction industrialization again has gained considerable attention and support
from government at the national, provincial, and municipal levels in China; the government has
successfully issued favourable policies to encourage construction industrialization. The use of
industrialized construction methods is mandatory for affordable housing and public buildings
in many jurisdictions, and it is expected that the total floor area built by means of industrialized
construction in China will exceed 40 million m? by 2017 [5]. Recently, the State Council of the People’s
Republic of China announced that the incentive policies for construction industrialization will be
enforced, and prefabricated construction is expected to account for 30% of total construction within
approximately 10 years [6].

Based on the growth of industrialized construction in China in recent years, one of the research
aims is to analyze the overall demand, capacity, and trends related to construction industrialization;
to achieve the research goal, survey is utilized to collect the required data and information in this
research. Survey is a widely used method to collect information for social study. With predefined and
structured questions, surveys are conducted to collect participants” answers, which constitute the data
to be analyzed [7]. Pinsonneault and Kraemer (1993) have discussed the different purposes of survey
research: exploration, description, or explanation. Exploratory surveys are used to gather information
about a certain topic and determine the range of responses from the population [7]. With a descriptive
survey, the distribution of an opinion/situation/event within a population is studied. The key aspects
of survey research include research design, sampling procedures, and data analysis. Kelley et al. (2003)
introduced the survey methodology practically, including questionnaire layout, sampling, and data
analysis [8]. Based on the collected data through survey, the future trend is predicted using Holt and
Delphi methods. Holt (1957) proposed a linear trend method to allow forecasting of data with a trend
for time series [9], and Hyndman and Athanasopoulos (2016) introduced the principles and practice
thoroughly [10]. Delphi method is a structured communication method, by which a panel of experts
conducts interactive forecasting [11]. Delphi method is developed based on the principle that forecasts
(or decisions) from a structured group of individuals are more accurate than those from unstructured
groups [12], and has been widely used for forecasting in many areas. Bouzon et al. (2016) utilized
fuzzy Delphi method and AHP to identify and analyze reverse logistics barriers [13].

2. Research Objective and Methodology

This research aims to analyze the current status and to predict the trends for construction
industrialization in China. The research objectives include: (1) to identify the construction industrialization
status for major provinces and municipalities across China; (2) to investigate the capacity and production
of construction industrialization for major provinces and municipalities across China; and (3) to foresee
the future trends of construction industrialization. To achieve the proposed research objectives,
questionnaire is utilized to collect the required data, which are described below.

In order to identify the status of construction industrialization in China, questionnaires are designed to
collect the required information: (1) the gross floor area of buildings built using industrialized construction
methods; (2) the building types and structure types of industrialized construction; and (3) the annual
capacity and actual production of prefabrication production lines. The designed questionnaires were
distributed to industry and the provincial or municipal government in 2015, via an online survey
platform [14]. There are a total of 113 effective responses, among which 19 responses are from
representatives of provincial and municipal jurisdictions, including Anhui, Beijing, Fujian, Hebei,
Henan, Hunan, Jilin, Ningxia, Qinghai, Sichuan, Shandong, Shanxi, Shanghai, Tianjin, Zhejiang,
Chongqing, Hubei, Xinjiang, and Liaoning, and 94 responses are from such industry stakeholders as
real estate developers and building component manufacturers. The collected information is utilized to
analyze the status of construction industrialization in China; furthermore, Holt and Delphi methods
are utilized to predict the construction industrialization trends for the next five years.
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3. Construction Industrialization Profiles in China
3.1. Industrialized Construction Profiles by Province and Municipality

3.1.1. Gross Floor Area

Construction industrialization is quantified as the total gross floor area of industrialized
construction projects by province in this research. The total gross floor area of industrialized
construction projects in 2014 within the 19 provinces and municipalities surveyed is found to be
16.76 million m2. The regional distribution of construction industrialization is displayed in Table 1:
(1) among the 19 provinces and municipalities, Hunan is found to be the leading province, accounting
for 3.75 million m? of gross floor area (22.4% of the total); (2) Liaoning Province is ranked second with
a gross floor area of 2.24 million m? (13.4% of the total); and (3) Shanghai is ranked third with a gross
floor area of 2.04 million m? (12.2% of the total). Among the remaining provinces and municipalities
under study, Anhui Province and Shandong Province have also shown the momentum of construction
industrialization, each with a gross floor area of more than 1 million m?. The industrialized construction
profile by province and municipality is illustrated using a map of China (Figure 1). In Figure 1,
the colours ranging from dark blue to light blue show the decreasing floor area of industrialized
construction, and the white area represents the non-surveyed regions. Overall, east China and
central China have developed a large scale of construction industrialization, and Hunan Province,
Liaoning Province, Shanghai Municipality, Anhui Province, and Shandong Province are the leaders in
terms of construction industrialization in China.

Table 1. Industrialized construction by province and municipality (gross floor area).

Industrialized Construction

No. Province/Municipality Projects (million m?) Percentage (%)
1 Hunan 3.75 22.4%
2 Liaoning 2.24 13.4%
3 Shanghai 2.04 12.2%
4 Anhui 1.89 11.3%
5 Shandong 1.41 8.4%
6 Henan 0.81 4.8%
7 Ningxia 0.80 4.8%
8 Zhejiang 0.72 4.3%
9 Fujian 0.58 3.5%
10 Sichuan 0.56 3.4%
11 Hebei 0.47 2.8%
12 Hubei 0.28 1.7%
13 Shaanxi 0.25 1.5%
14 Qinghai 0.23 1.4%
15 Tianjin 0.21 1.3%
16 Chonggqing 0.20 1.2%
17 Beijing 0.13 0.8%
18 Jilin 0.11 0.6%
19 Xinjiang 0.07 0.4%

Total 16.76 100.0%
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Figure 1. Industrialized construction by gross floor area.

3.1.2. Net Floor Area

Among the 19 provinces and municipalities surveyed, 13 provinces and municipalities respond
to the survey question pertaining to the prefabrication ratio (i.e., the percentage by area of the overall
building that the prefabricated portions account for) for each project. Based on the gross floor area and
the prefabrication ratios, the net floor area of prefabricated construction is displayed in Table 2,
from which it can be observed that Hunan Province is again ranked first in terms of net floor
area, followed by Anhui Province, Fujian Province, Shanghai Municipality, and Zhejiang Province,
sequentially. Industrialized construction by net floor area is demonstrated in the map shown in
Figure 2.

Table 2. Industrialized construction by province and municipality (net floor area).

Industrialized Construction

No. Province/Municipality Projects (million m?) Percentage (%)
1 Hunan 1.30 30.9%
2 Anhui 1.07 25.5%
3 Fujian 0.46 12.2%
4 Shanghai 0.38 9.0%
5 Zhejiang 0.23 5.6%
6 Hebei 0.23 5.6%
7 Hubei 0.21 5.0%
8 Henan 0.08 2.0%
9 Jilin 0.08 1.9%
10 Beijing 0.07 1.6%
11 Tianjin 0.05 1.3%
12 Chonggqing 0.02 0.4%
13 Shaanxi 0.01 0.2%

Total 4.19 100.0%
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Figure 2. Industrialized construction by net floor area.

3.2. Industrialized Construction Profiles by Building Type and Structure Type

3.2.1. Building Type

Industrialized construction is also analyzed by building type (i.e., residential buildings, public and
commercial buildings, industrial buildings, and others.) in this research. The floor area distribution of
different building types is illustarated in Figure 3, from which it can be observed that affordable housing,
public buildings, and residential buildings account for approximately 90% of total construction area,
while publicly-funded buildings (i.e., affordable housing and public buildings) represent around half of
the industrialized construction.

Others
2%

Indutraial
Buildings
7%

Public and

Commercial
Buildings

24%

Residential
Buildings
67%

Figure 3. Industrialized construction distribution by building type.
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3.2.2. Structure Types

The survey results show that the projects constructed using industrialized construction methods
mainly involve reinforced concrete and steel structures, while wood construction is rarely applied
in industralized construction in China. The most frequently used structure is reinforced concrete,
accounting for 77.1% of total gross floor area of prefabricated construction. Based on the fact that
reinforced concrete is the predominant structure type for construction prefabrication in China, it is
analyzed in terms of production capacity and actual production, as described in the following section.

3.3. Analysis of Reinforced Concrete Production Capacity and Actual Production

The production capacity of reinforced concrete is quantified as the volume of reinforced concrete
for each province and municipality, based upon the number of prefabrication plants and the capacity
of production plants in this survey. Table 3 shows the production capacity of reinforced concrete for
the 19 provinces and municipalities surveyed. In Table 3, it can be observed that Hunan Province
has the highest annual capacity (11.2 million m?), accounting for 36.8% of the overall national
reinforced concrete capacity, followed by Zhejiang Province (3.91 million m?) and Shandong Province
(2.88 million m3). Figure 4 demonstrates the production capacity of reinforced concrete by province
and municipality in China. From the survey results, we are also informed that the reinforced concrete
production is mainly carried out domestically in China (192 of a total of 203 production lines).

The actual production of reinforced concrete is obtained through the survey; the comparison
between the production capacity and the actual production is listed in Table 4. In Table 4, it can be
observed that: (1) the total actual production of reinforced concrete in 2014 only accounts for 8.55%
the total production capacity; and (2) for each province/municipality, the ratio of the actual production
and production capacity ranges between 2.31% (Tianjin) and 42.43% (Fujian). Overall, the production
capacity of reinforced concrete greatly exceeds the actual production in 2014.

Table 3. Production capacity of reinforced concrete.

No. Province/Municipality Production Capacity (million m3) Percentage (%)
1 Hunan 11.200 36.8%
2 Zhejiang 3.905 12.8%
3 Shandong 2.879 9.5%
4 Jilin 2.739 9.0%
5 Ningxia 2.300 7.6%
6 Anhui 1.877 6.2%
7 Sichuan 1.100 3.6%
8 Tianjin 0.980 3.4%
9 Liaoning 0.870 2.9%
10 Beijing 0.550 1.8%
11 Fujian 0.460 1.5%
12 Shanghai 0.390 1.3%
13 Hebei 0.330 1.1%
14 Hubei 0.300 1.0%
15 Henan 0.254 0.8%
16 Chongging 0.100 0.3%
17 Shaanxi 0.100 0.3%
18 Xinjiang 0.080 0.3%
19 Qinghai 0.000 0.0%

Total 30.41 100.0%




Appl. Sci. 2017, 7,180 70f 13

Longjiang

0 =Not Surveyed
¥ 0.01-1.00
I 1.00-2.00
Il 2.00-4.00

I 4.00+

Figure 4. Production capacity of reinforced concrete (million m?).

Table 4. Production capacity and actual production comparison.

No Province/Municipality Production Capacity = Actual Production Actual Production/
) (million m®) (million m?) Production Capacity (%)

1 Hunan 11.200 0.544 4.86%
2 Anhui 1.877 0.449 23.93%
3 Fujian 0.460 0.195 42.43%
4 Shanghai 0.390 0.159 40.74%
5 Zhejiang 3.905 0.098 2.52%
6 Hebei 0.330 0.098 29.72%
7 Hubei 0.300 0.087 29.12%
8 Henan 0.254 0.035 13.76%
9 Jilin 0.130 0.034 26.19%
10 Beijing 0.550 0.027 4.99%
11 Tianjin 0.980 0.023 2.31%
12 Chonggqing 0.100 0.008 7.81%
13 Shaanxi 0.100 0.004 4.29%

Total 20.576 1.761 8.55%

3.4. Prediction for the Next Five Years

Holt method involves a forecast equation and two smoothing equations (one for the level and
one for the trend), which are displayed below [9,10].
Forecast equation:

A
Yo =a; + b T 1)

Level equation:
ar=aYe+ (1 —a)(a;_1 +by_q) )
Trend equation:
_ Z? (Cmax - Ci)
max([} (Cmax — Ci)]

®)
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where lA/HT is the predicted value at time t+T; Y; is the observation value at time ¢; a; is an estimate of
the level of the series at time t; T is the elapse time from time ¢; b; is an estimate of the trend (slope)
of the series at time ¢; « is the smoothing parameter for the level, 0 < « < 1; and S is the smoothing
parameter for the trend, 0 < g < 1.

Based on the Holt theory and historical data, Eviews software is utilized to predict the industrialized
construction floor area for each of the following years between 2016 and 2020. Considering that residential
building and public and commercial building are the main building types for industrialized construction,
three types of buildings—conventional residential buildings, advanced residential buildings, and office
buildings—are predicted as the main building types in this research. The most recent twelve years of
historical data (2004 to 2015) are archived from the National Bureau of Statistics of China [15,16], as listed
in Table 5.

Table 5. Construction floor areas and prediction. The values indicated by italics represent the prediction.

Conventional Residential Advanced Residential Office Buildings

zZ
e

Year

Buildings (million m?) Buildings (million m?) (million m?2)
1 2004 449.73 29.76 17.04
2 2005 523.50 28.35 16.71
3 2006 603.45 40.58 21.35
4 2007 738.81 49.14 21.41
5 2008 793.05 43.37 24.72
6 2009 896.49 36.50 28.61
7 2010 1242.79 50.80 36.68
8 2011 1415.10 56.53 53.99
9 2012 1264.67 42.28 59.86
10 2013 1413.90 44.55 68.87
11 2014 1206.02 42.75 73.49
12 2015 1066.51 47.82 65.69
13 2016 1099.00 49.17 69.31
14 2017 1131.49 50.51 72.94
15 2018 1163.99 51.86 76.56
16 2019 1196.48 53.21 80.18
17 2020 1228.97 54.56 83.81

In order to select appropriate values of « and , multiple experiments are conducted to minimize
the root mean squared error (RMSE). The prediction models and RMSE for conventional residential
buildings, advanced residential buildings, and office buildings are presented below.

3.4.1. Conventional Residential Buildings

A
Yioir = 1066.51 + 32.49T )

where 912+T is the predicted value for 2016 onwards; 1066.51 is the estimated level of the series for
the year 2015; 32.49 is the estimated trend (slope) of the series for the year 2015; and T is the elapsed time
from 2015. The smoothing parameter for level (), the smoothing parameter for trend (), and the RMSE
are listed in Table 6.

Table 6. Prediction function parameters: conventional residential buildings.

p ¢ Alpha 1.00
arameters Beta 015
. Mean 1066.51
End of Period Levels Trend 32.49
Sum of Squared Residuals 301,020.70

Root Mean Squared Error 158.38
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3.4.2. Advanced Residential Buildings

A
Yo 7 = 47.40 + 1.35T ()

where lAflz+T is the predicted value for the year 2016 onward; 47.40 is the estimated level of the series for
the year 2015; 1.35 is the estimated trend (slope) of the series for the year 2015; and T is the elapsed time
from 2015. The smoothing parameter for level («), the smoothing parameter for trend (), and the RMSE
are listed in Table 7.

Table 7. Prediction function parameters: advanced residential buildings.

P ‘ Alpha 0.30
arameters Beta 0.00
. Mean 47.40
End of Period Levels Trend 135
Sum of Squared Residuals 632.70
Root Mean Squared Error 7.58
3.4.3. Office Buildings
A
Yo+ = 65.69 +3.27T 6)

where lAﬁHT is the predicted value from 2016 on; 65.69 is the estimated level of the series for the year
2015; 3.27 is the estimated trend (slope) of the series for the year 2015; and T is the elapsed time from
2015. The smoothing parameter for level («), the smoothing parameter for trend (f), and the RMSE are
listed in Table 8.

Table 8. Prediction function parameters: advanced residential buildings.

P ¢ Alpha 1.00
arameters Beta 0.00
. Mean 65.69
End of Period Levels Trend 307
Sum of Squared Residuals 409.72
Root Mean Squared Error 5.84

Based on the historical data and the prediction methods proposed above, the construction floor
area is predicted for the years 2016 to 2020 (see Table 5). In Table 4, it can be observed that conventional
residential buildings are the dominant building type for both the past years under study and future
years being forecast, and that the construction floor area is predicted to reach 1228.97 million m?
by 2020.

In order to analyze the construction industrialization trends in China, five influential experts in
the field of construction industrialization are interviewed to predict the gross floor area of industrialized
construction, in terms of construction industrialization ratio, for the next five years (2016 to 2020).
The construction industrialization ratio indicates what percentage of gross floor areas will be built through
construction industrialization. Three scenarios—“Optimistic”, “Average”, and “Pessimistic’—are adopted
to predict the construction industrialization ratio for the main building types being analyzed—conventional
residential buildings (i.e., high-rise buildings), advanced residential buildings (i.e., low-rise buildings such
as single-family houses), and office buildings. The predicted construction industrialization ratios are
listed in Table 9, from which it can be observed that conventional residential buildings have a higher
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construction industrialization ratio than other building types. Combining the predicted gross floor
areas in Table 5 with the predicted construction industrialization ratios in Table 9, the predicted
construction industrialization floor areas of three scenarios for the main building types are listed in
Table 10 and Figure 5, from which it can be observed that: (1) overall, an average of 100 million m?
per year of gross floor area is predicted to be built through industrialized construction beginning in
2017, with a growing trend; (2) by 2020, an average of more than 200 million m? of gross floor area
per year is forecast to be built through industrialized construction; and (3) conventional residential
buildings will constitute the main building type of construction industrialization for the following
years. The predicted results also coincide with related policy guidelines and predictions, which aim to
achieve an overall construction industrialization ratio of 20% by 2020, and at least 30% by 2026 [17,18].

Table 9. Construction industrialization ratio forecast.

Building Types Situation 2016 2017 2018 2019 2020
Optimistic 7.91% 11.10% 14.95% 19.36% 23.49%
Conventional Residential Buildings Average 5.93% 8.32% 11.22% 14.53% 17.62%
Pessimistic 4.19% 5.88% 7.92% 10.25% 12.44%
Optimistic 2.58% 4.10% 6.76% 9.73% 13.23%
Advanced Residential Buildings Average 2.15% 3.42% 5.64% 8.11% 11.04%
Pessimistic 1.39% 2.20% 3.63% 5.23% 7.11%

Optimistic 2.08% 3.21% 4.74% 6.51% 8.28%

Office Buildings Average 1.58% 2.45% 3.62% 4.97% 6.32%
Pessimistic 1.13% 1.74% 2.57% 3.54% 4.50%

Table 10. Construction industrialization forecast.

Building Types Situation 2016 2017 2018 2019 2020
&P (millionm?)  (millionm?) (millionm?) (millionm?  (million m?)
Optimistic 86.93 125.60 174.02 231.64 288.69
Conventional Residential Buildings Average 65.17 94.14 130.60 173.85 216.54
Pessimistic 46.05 66.53 92.19 122.64 152.88
Optimistic 1.27 2.07 3.51 5.18 7.22
Advanced Residential Buildings Average 1.06 1.73 2.93 4.32 6.02
Pessimistic 0.68 1.11 1.88 2.78 3.88
Optimistic 1.44 2.34 3.63 522 6.94
Office Buildings Average 1.10 1.79 2.77 3.99 5.30
Pessimistic 0.78 1.27 1.97 2.84 3.77
Optimistic 89.64 130.01 181.15 242.04 302.84
Overall Average 67.32 97.65 136.30 182.15 227.86
Pessimistic 47.51 68.91 96.04 128.26 160.53
Gross Floor Area (million m?)
350.00
300.00
250.00
200.00 —&— Optimistic
150.00 Averoge
Pessimistic
100.00
50.00
0.00

2016 2017 2018 2019 2020

Figure 5. Five-year prediction.
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4. Conclusions

Construction industrialization is bringing in a new era of building construction in China. In order
to investigate the advance of construction industrialization, a national survey was conducted in
2015 encompassing 19 key provinces and municipalities in China. Based on the data collected
from the provincial and municipal governments and industry, it is found that the provinces
and municipalities surveyed adopted industrialized construction on numerous projects in 2014,
representing a total gross floor area of 16.76 million m?. Among the 19 provinces and municipalities
studied, Hunan is the leading province, with a gross floor area of 3.75 million m? (22.4% of the total),
while Liaoning Province, Shanghai Municipality, Anhui Province, and Shandong Province also all
adopted industrialized construction methods on a large scale, each with gross floor area exceeding
1 million m?. Industrialized construction is profiled with the use of a map, with different colours
showing different levels of construction industrialization for 2014 in China. Furthermore, 13 surveyed
provinces and municipalities respond to the survey question pertaining to prefabrication ratio
(i.e., prefabricated portions as a percentage of overall area) for each project. Based on the gross
floor area and the prefabrication ratios, the 13 responding provinces and municipalities are ranked in
terms of net floor area of prefabricated construction, with Hunan Province again receiving the highest
ranking, followed by Anhui Province, Fujian Province, Shanghai Municipality, and Zhejiang Province,
sequentially. Industrialized construction is profiled with the use of a map, with different colours
showing different levels of construction industrialization for 2014 in China.

In this research, construction industrialization is also analyzed by structure type and building type,
and it is found that: (1) buildings constructed using industrialized construction methods mainly involve
reinforced concrete (accounting for 77.1% of total gross floor area) and steel structures, while wood
is rarely used in industralized construction in China; (2) affordable housing, public buildings,
and residential buildings account for about 90% of total construction area, and publicly-funded
buildings (i.e., affordable housing and public buildings) represent approximately half of industrialized
construction; and (3) reinforced concrete is analyzed in terms of production capacity and actual
production, and it is found that the production capacity tremendously exceeds the actual production
in 2014. To predict the construction industrialization trends for the following five years (2016 to 2020),
Holt linear forecasting model and Delphi method are utilized to predict the gross floor area of
industrialized construction, based on the historical data. It is predicted that about 100 million m? of
gross floor area is predicted to be built annually through industrialized construction from 2017 on,
with a growing trend; by 2020, an average of more than 200 million m? of gross floor area is forecast to
be built annually through industrialized construction.

Construction industrialization is an innovative transition in China, which will result in substantial
benefits for both the industry and the public from a long-term perspective. However, the research
results indicate that, at the onset of construction industrialization, the publicly-funded buildings are
leading the process and fostering the market of construction industrialization. For sustained growth of
construction industrialization, such means as policy, finance, and tax incentives need to be considered
to promote the construction industrialization process. Furthermore, reinforced concrete and steel
structures dominate the structural types of construction industrialization in China due to the high
population density; the related technologies pertaining to building manufacturing and machinery need
to be improved for both reinforced concrete and steel structures, which will enhance the affordability
and secure the sustained construction industrialization. This research characterizes the progress of
construction industrialization and future trends of construction industrialization in China; the research
results provide information to shape future decision making by industry and government, and help to
promote construction industrialization. This research also entails limitations due to the limited survey
responses and interviewed experts; further surveys will be conducted in future research to validate
the prediction results and track the continued progress of construction industrialization in China.
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