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Abstract

:

Improving the poor sustainability of the construction industry requires long-term actions, especially in developing countries such as China. Regional sustainability assessment plays an indispensable role, contributing to a better understanding of the state of development in various regions. However, few studies have focused on the overall sustainability of regional construction industries, and occupational safety is generally ignored. To fill these gaps, an input-output system is established to evaluate regional sustainable performance of the construction industry (SPCI), which is made to include occupational safety by introducing the number of fatalities as an undesirable output. An evaluation model is constructed by combining window analysis with a super-slack-based measure data envelopment analysis (windows-super-SBM DEA). The SPCI in China’s 30 provinces from 2010 to 2017 is dynamically evaluated, and regional differences are further analyzed, with eight regions being defined. The results indicate that (1) the overall SPCI in China has fluctuated smoothly around a slight downward trend. By comparison, the integration of occupational safety refreshes the relative performance of most provinces; (2) dividing China into eight regions presents more detailed information because of those regions’ smaller coverage areas, and more attention should be given to the northeast, northwest, Middle Yellow River region and east coast because of the decrease in the SPCI; and (3) vigorously developing of the construction industry does not necessarily result in a large number of byproducts if the relevant policy is sufficiently strong. The findings of this study are conducive to rationally allocating resources and formulating targeted policies.
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1. Introduction


The construction industry is known to be a major contributor to the socioeconomic development of countries. It plays a crucial role in improving infrastructure, increasing employment and boosting economic growth [1]. Along with these contributions, however, its considerable number of byproducts such as greenhouse gases and solid waste poses serious threats to human development [2]. Hence, the concept of sustainability in the construction industry has been proposed [3], aiming to offer substantial and maintainable benefits [4]. Especially in developing countries such as China, painful repercussions are particularly significant because of the multiplier effects from the labor-intensive nature of the construction industry and from its style of extensive management, as well as from the urgent demand for rapid urbanization and industrialization. Statistically, nearly 60% of global CO2 emissions from the construction industry can be attributed to developing countries, with China being the largest contributor [2]. To improve the poor sustainability of the construction industry, the Chinese government has implemented a series of strategies [5]. However, given its vast territory, China has constantly faced the problem of imbalanced regional development. Different regions usually operate under different conditions; thus, policy should be formulated and adjusted according to the actual local situations for better results. Therefore, it is imperative to investigate the sustainable performance of the construction industry (SPCI) in different regions, so as to help policymakers better understand the state of each region and develop more targeted countermeasures.



Sustainability is defined as the coordinated development of the economy, the environment and society [6]. The previous scholars mainly selected evaluation indicators from three aspects, the economy, society and environment, and then established a sustainability evaluation index system [7,8,9]. However, the sustainability indicators of different industries are different. More specific indicators should be further defined according to the characteristics of different sectors. Therefore, the sustainability evaluation indicators of the construction industry need to be reselected. The construction industry is not only a large consumer of resources, producer of waste and emitter of carbon, but is also responsible for 30–40% of all fatalities worldwide [10]. This massive number of casualties leads to very large economic losses and labor-force reductions, as well as immeasurable human suffering, and severely affects the sustainability of the construction industry [11]. If the construction industry in a region often has casualties, no matter how well it performs in other aspects, this region cannot be regarded as having a high level of sustainable development. People’s lives and health must be in the first place of sustainable development. The development of the construction industry should not be at the expense of health and safety. In addition, some scholars have proved the relationship between occupational health and SPCI. For example, Karakhan and Gambatese [12] surveyed 2641 industry professionals. Jilcha and Kitaw [13] interviewed 18 manufacturing industries in Ethiopia. The results show that the majority of interviewees either agreed or strongly agreed that occupational safety is an integral aspect of sustainable development. Previous research regarding the SPCI has mainly focused on its environmental aspects, including regional resource consumption, energy utilization and carbon emissions. However, occupational safety is rarely considered in the evaluation index system of SPCI. Without the key indicator of occupational safety, arguments that regions with frequent construction accidents deserve the reputation of having highly sustainable construction industries are unpersuasive. The evaluation results of SPCI provide correct policy guidance for governments all over the country with difficulty.



In addition, a reasonable regional division should classify provinces with similar development levels into the same region according to certain rules. However, most previous studies have tended to divide China into three regions, namely, the eastern region, the central region and the western region. This classification method was proposed in 1986, but the regional pattern in China has changed after years of development. This method is too rough and it conceals regional problems. Therefore, a more appropriate regional division needs to be proposed. In this study, China is divided into eight regions based on similarities in economic development, the structure of resource endowments, the natural geographic environment, etc. [14]. This new division can enable investigators to better identify differences in progress and in potential improvements across regions and provide more information about regional differences that are due to the regions’ smaller coverage areas.



In fact, construction activity is essentially an input-output process [15]. The goal of construction activity can be thought of as utilizing the fewest inputs in exchange for a greater number of desirable outputs and fewer undesirable outputs. This study attempts to understand regional SPCI from an input-output perspective. There is a consensus in previous studies on the indicators used to assess the sustainability of construction projects [7,8,16,17]. These indicators include capital, energy, land, labor and material as inputs, value and profit as desirable outputs, and solid waste and carbon emissions as undesirable outputs. The desirable and undesirable outputs of construction activity are generated simultaneously. For example, Kang, et al. [18] investigated regional occupational safety in China and established an input-output system that used the number of fatalities as an undesirable output. The advantages of evaluating sustainability from the perspective of input-output include the following: (1) the input-output perspective is more in line with the nature of the construction industry; (2) the use of this perspective makes it easier to understand the level of sustainable development in the construction industry and allows investigators to directly identify which factors promote or inhibit sustainability; and (3) the selection of assessment indicators is based on specific, obvious processes used in the construction industry. If an evaluation index system is established from the perspectives of the economy, the environment or society, as in previous research, that specific evaluation index is likely to be unable to reach an agreement, especially the national evaluation. Because the concerns of each region are inconsistent and the indicators selected for each region may be different, from the perspective of input-output the sustainability assessment indicators of each region are fixed. We establish an evaluation indicator system from an input-output perspective to comprehensively assess regional SPCI, with occupational safety included as a consideration. As an application, the SPCI in China’s 30 provinces from 2010 to 2017 is estimated and China is divided into eight regions for further analysis.



The rest of this study is organized as follows. The following section provides a review of the limitations of previous research, as well as of the tools used for comprehensive assessments. Section 3 introduces the evaluation indicator system used in the current study and details on the research methods used. The results and discussion are presented in Section 4 and Section 5, respectively. Finally, the conclusions are given in Section 6.




2. Literature Review


2.1. Sustainability and Occupational Safety


Sustainability has been studied across a range of scales, spanning from the micro level to the macro level. In recent years, scholars have proposed different comprehensive frameworks with specific indicators for these two levels [7,8]. Studies at the micro level mainly focus on companies or firms [19,20]. Previous studies have emphasized conducting sustainability assessments throughout the whole life cycle of a project to construct resource-conserving and environmentally friendly buildings [16]. Similarly, sustainability evaluations at the macro level are of great importance for national and industrial policy making. Yan, Zhao, Lin and Li [17] evaluated the regional sustainability of China’s construction industry from an integrated perspective of environmental protection and resource conservation. Xu, Wang and Tao [9] comprehensively investigated the regional sustainability of the whole construction industry. However, these studies ignored an important factor affecting sustainability: occupational safety. Occupational safety is considered to be a key issue in project-level sustainability assessments for construction [12,21]. For instance, Jilcha and Kitaw [13] theoretically investigated the relationship between sustainability and occupational safety, and Molamohamadi and Ismail [22] further established the link between the two factors. Mapar et al. [23] and Nawaz et al. [24] argued that if occupational safety was included in sustainability assessments, the accuracy of project-level sustainability assessments would be improved. Hinze et al. [25] thoroughly integrated occupational safety and health into sustainability assessments for projects and explained why occupational safety and health must be integrated into sustainability. Karakhan and Gambatese [12] integrated occupational safety and health into sustainable design to prevent potential construction hazards at their source. Mohandes and Zhang [26] developed a holistic occupational health and safety risk assessment model (HOHSRAM) and used the HOHSRAM to evaluate the sustainable sustainability of construction projects. Kim et al. [27] ranked the causes of tower crane accidents and utilized those rankings in the sustainable management of construction sites.



In previous studies, scholars have tended to measure the occupational safety performance of a project in terms of the life cycle of the project and its stakeholders. However, no one has integrated the occupational safety of the whole industry into sustainability assessments. Unlike project-level occupational safety, regional-level occupational safety cannot be evaluated on the basis of preparatory measures. The macro-level countermeasures used to ensure occupational safety are difficult to measure quantitatively, which may be the main reason why they are ignored.




2.2. Assessment Methods


Data envelopment analysis (DEA), a projection pursuit model, the entropy method, principle factor analysis, etc. can be employed to construct comprehensive assessment models. The DEA method has been recognized as a robust tool for measuring the relative performance of a decision-making unit (DMU) with multiple inputs and multiple outputs [28]. The use of DMU does not require a consideration of the internal structure of inputs and outputs and eliminates unrealistic weight selections without predetermining any weight restrictions [29]. Various models based on the DEA method have been developed for different scenarios. The radial model is the most typical model, in which the inputs and outputs are adjusted proportionally [30]. The non-radial model was developed to enable inputs and outputs to be adjusted nonproportionally [31]. The slack-based measure (SBM) model introduces slacks of inputs and outputs to construct efficiency indicators [32]. The super-SBM model is utilized to further rank the efficiency indicators [33]. With the super-SBM model, undesirable outputs can be easily measured. Due to its advantages, the super-SBM model is widely used for performance evaluation in various subjects, especially those in which undesirable outputs exist [34,35]. Charnes et al. [36] first proposed the super-SBM model to analyze cross-sectional data covering one year. However, data covering continuous years cannot be analyzed by this method. In other words, the performance of DMUs in different years calculated through the super-SBM is less comparable. To tackle this disadvantage, the windows analysis technique is introduced in this paper, the basic idea of which is to regard each DMU in each period under analysis as if it were a different DMU [37]. The windows analysis has been recognized as an effective tool for evaluating the performance of DMUs over a certain time period by combining different DEA models, as was done in the studies by Chung et al. [38], Sueyoshi et al. [39] and Wang et al. [40]. The windows analysis technique enables the performance of a DMU in one period to be contrasted with that of the same DMU in other periods, as well as with the performance of other DMUs [41]. Moreover, given that three problems, i.e., considering undesirable outputs, dealing with panel data and distinguishing DMUs with relatively large input-output systems, are encountered in this study, window analysis and super-SBM (windows-super-SBM model) are combined to assess the SPCI.





3. Data Sources and Methods


3.1. Indicators and Data


Identifying the elements of an input-output system is the foundation for conducting a reliable evaluation. In addition to common inputs (capital, energy and labor), the construction process requires the interaction of workers and objects; thus, machinery and materials are also regarded as inputs. The outputs are determined according to the goals of sustainable development and mainly include boosting socioeconomic development and reducing environmental pollution, both of which are outputs that have been considered in previous studies, as well as guaranteeing occupational safety, which is considered in this study. The input-output system covers a total of five dimensions: economy, environment, society, resource utilization and occupational safety. A detailed description of the selected indicators follows:



Capital input: As the driving force behind industrial development, capital input is usually measured by the capital stock. However, the measurement method used (such as the perpetual inventory method) may involve the capital utilization rate or the fixed assets depreciation rate, each of which is unavailable for the construction industry given the relatively complex capital composition in each region. In view of this, total fixed assets in the construction industry (with 2010 as the base year) are chosen to represent capital input [42].



Labor input: Since the construction industry is labor intensive, total hours worked by laborers is the best indicator to measure labor input. However, due to the data unavailability of this indicator, the total number of employees in the construction industry is selected as a substitute [43].



Energy input: Energy consumption is calculated based on the consumption of coal, coke, crude oil, gasoline, kerosene, diesel oil, fuel oil, natural gas and electricity. The conversion coefficient of standard coal is obtained from the general principles for calculating comprehensive energy consumption published by the National Development and Reform Commission of China [44].



Machinery input: Advanced machinery and equipment can greatly increase productivity on the one hand and can also reduce construction risks and environmental impacts on the other hand [45,46]. Therefore, according to the study of Chen et al. [47], the total power of the machinery and equipment owned by construction enterprises was selected to measure machinery input.



Material input: According to the China Statistical Yearbook on the Construction Industry, the materials consumed in the construction process mainly include steel, wood, concrete, glass and aluminum.



Desirable outputs: The construction industry produces a wide range of desirable products, which can be roughly divided into two types: physical output and economic output. The latter is generally used, and the total output value is the most representative indicator of economic output. In addition, unlike the total value of output, total pretax profits reflect the direct benefits that the construction industry has brought to the development of construction enterprises [9]. Furthermore, according to Huo et al. [48], there is a difference between physical output and economic output, as the former is not affected by price variations across different provinces. Therefore, three desirable outputs are selected: the total output value, the total pretax profit and the floor space of buildings.



Undesirable outputs: There are two types of undesirable outputs. One is undesirable environmental outputs. The main environmental impact of the construction industry is its large amount of carbon emissions. Carbon emissions are mainly calculated based on the consumption of primary energy, including coal, coke, crude oil, gasoline, kerosene, diesel, fuel oil and natural gas, as well as the consumption of construction materials [49]. The other type of undesirable output is related to occupational safety. The indicators of project-level occupational safety such as safety-production investment, the number of safety managers and the number of daily safety inspections are difficult to measure at the macro level. When the number of deaths is used as a measure, regional occupational safety can be characterized easily. In addition, previous studies have proven that the most direct reflection of occupational safety is the number of casualties [18,50]. However, since data on injuries are not available, the number of fatalities in the construction industry is used as a proxy for occupational safety.



An input-output system that includes 10 inputs, 3 desirable outputs and 3 undesirable outputs is established, as shown in Table 1. Due to data availability restrictions, the 30 provinces of China are selected as the study area (Table A1 in Appendix A). These 30 provinces are divided into eight regions as shown in Figure 1. Hong Kong (HK), Macao (MC), Taiwan (TW) and Tibet are excluded. The data are collected from the Ministry of Housing and Urban-Rural Development of the People’s Republic of China (MOHURD) (2011–2018), the China Statistical Yearbook (2011–2018), the China Statistical Yearbook on the Construction Industry (2011–2018) and the China Statistical Yearbook on Energy (2011–2018) (https://data.cnki.net/yearbook/Single/N2021120002) (accessed on 1 January 2020). The official data used in this paper covers all construction projects in various regions of China, including projects under construction and completed projects. In addition, all types of projects in the construction industry are also included, such as water conservancy engineering, housing projects, municipal projects, etc.




3.2. The Windows-Super-SBM Model


To dynamically evaluate the SPCI, windows analysis and super-SBM model are combined. First, the windows size K is defined. Assuming that there are n provinces under evaluation, each province has data from period 1 to M. Period 1 to K forms the first window and period 2 to K + 1 forms the second window and so on. A total of W windows ultimately exist and there are N = n × K DMUs in each window. Notably, it is implicitly assumed that there are no technical changes within the same window [51]. Hence, a narrow window size of K = 3 is fixed, which accords with the original work of Charnes, Clark, Cooper and Golany [37]. In this study, six time windows are defined: 2010–2012 (W1), 2011–2013 (W2), 2012–2014 (W3), 2013–2015 (W4), 2014–2016 (W5) and 2015–2017 (W6). Each window contains N = 90 provinces, and each province has   m = 9   inputs,    s 1  = 3   desirable outputs and    s 2  = 2   undesirable outputs. The relationship linking the number of DMUs, inputs and outputs satisfies the following guiding principles [52]:


  N ≥ max  {  m × (  s 1  +  s 2  ) ,   3 × ( m +  s 1  +  s 2  )  }   



(1)







The SPCI in the provinces in each window is first calculated through an SBM model that includes undesirable outputs, which is defined as follows [33]:


    ρ   = min     1 −  1 m    ∑  i = 1  m      s i −     x  i 0  b        1 +  1   s 1  +  s 2     (    ∑   r 1  = 1    s 1        s   r 1   g     y   r 1  0  g      +   ∑   r 2  = 1    s 2        s   r 2   b     y   r 2  0  b       )            s . t .     ∑  j = 1 , ≠ 0  N    λ j     x j  +  s  −  =  x 0                ∑  j = 1 , ≠ 0  N    λ j     y j  −  s  g  =  y 0 g                ∑  j = 1 , ≠ 0  N    λ j     y j  +  s  b  =  y 0 b              λ ,  s −  ,  s g  ,  s b  ≥ 0    



(2)




where  ρ  is score for the SPCI;    x  i 0    ,    y   r 1  0     and    y   r 2  0     are the i-th input, the r1-th desirable output and the r2-th undesirable output, respectively, of the province under evaluation;   s = (  s −  ,  s g  ,  s b  )   denotes the slack in inputs, desirable outputs and undesirable outputs, respectively; and  λ  is the intensity vector.



The range of  ρ  obtained from model (2) is (0 1]. If  ρ  = 1 and    s −  =  s g  =  s b  = 0  , the province is SBM-efficient. Then, the super-SBM model is used to further discriminate them [53]:


    ρ   = min     1 +  1 m    ∑  i = 1  m      s i −     x  i 0  b        1 −  1   s 1  +  s 2     (    ∑   r 1  = 1    s 1        s   r 1   g     y   r 1  0  g      +   ∑   r 2  = 1    s 2        s   r 2   b     y   r 2  0  b       )            s . t .     ∑  j = 1 , ≠ 0  N    λ j     x j  −  s  −  ≤  x 0                ∑  j = 1 , ≠ 0  N    λ j     y j  +  s  g  ≥  y 0 g                ∑  j = 1 , ≠ 0  N    λ j     y j  −  s  b  ≤  y 0 b              1 −  1   s 1  +  s 2     (    ∑   r 1  = 1    s 1        s   r 1   g      y ¯    r 1  0  g      +   ∑   r 2  = 1    s 2        s   r 2   b      y ¯    r 2  0  b       )  > 0             λ ,  s −  ,  s g  ,  s b  ≥ 0    



(3)







The above fractional function can be transformed into a linear programming function by introducing a variable t [54], as follows:


    ρ   = min   t +  1 m    ∑  i = 1  m      S i −     x  i 0  b              s . t .     ∑  j = 1 , ≠ 0  N    μ j     x j  −  S  −  ≤  x 0                ∑  j = 1 , ≠ 0  N    μ j     y j  +  S  g  ≥  y 0 g                ∑  j = 1 , ≠ 0  N    μ j     y j  −  S  b  ≤  y 0 b              t −  1   s 1  +  s 2     (    ∑   r 1  = 1    s 1        s   r 1   g      y ¯    r 1  0  g      +   ∑   r 2  = 1    s 2        s   r 2   b      y ¯    r 2  0  b       )  = 1             μ ,  S −  ,  S g  ,  S b  ≥ 0    



(4)




where   S = (  S −  ,  S g  ,  S b  )   and  μ  are the transformed slack variables and transformed intensity vector corresponding to   s = (  s −  ,  s g  ,  s b  )   and  λ  in model (3).



Based on the above description, each province has one score for the SPCI in 2010 and 2017, two scores in 2011 and 2016, and three scores from 2012 to 2015. Then, we average the score(s) for the SPCI in each province for the same year as the final result [40].




3.3. Spatial Analysis Model


The coefficient of variation (CV) is commonly adopted to measure regional disparities [55]. The larger the CV is, the larger the regional disparity. According to its definition, the CV is calculated by the following equation:


  C  V T  =  1    ρ ¯  T     [   1 n  ×   ∑  j = 1  n      (   ρ j T  −   ρ ¯  T   )   2     ]   



(5)




where   C  V T    is the CV in year T;     ρ ¯  T    refers to the average score for SPCI; and    ρ j T    is the score for the SPCI of in province j.



However, the CV cannot capture spatial effects. Such effects, if ignored, may lead to biased or misleading conclusions [34]. Therefore, together with the CV, the global Moran’s I (GMI), a popular measure of spatial dependency and heterogeneity, is also calculated for use in a supplementary spatial analysis. The GMI is defined as follows [56]:


  G M  I T  =  n    ∑  e = 1  n     ∑  j = 1  n    ψ  e , j         ⋅     ∑  e = 1  n     ∑  j = 1  n    ψ  e , j   ⋅     (  ρ e T  −   ρ ¯  T  ) ⋅ (  ρ j T  −   ρ ¯  T  )     ∑  j = 1  n     (  ρ j T  −   ρ ¯  T  )  2       



(6)




where   G M  I T    is the GMI in year T;    ψ  e , j     is the spatial weight matrix between provinces e and j; and    ρ e T    and    ρ j T    are the scores for the SPCI in provinces e and j, respectively.



The GMI can measure overall spatial autocorrelation and ranges from −1 to 1. Values above 0 indicate positive spatial autocorrelation, indicating that provinces with high scores for the SPCI or low scores for the SPCI tend to cluster together; values below 0 indicate the opposite [57]. Moreover, significance can be determined using the standardized statistic Z(I):


  Z ( I ) =   I − E ( I )     V a r ( I )      



(7)






  E ( I ) = − 1 / ( n − 1 )  



(8)




where Var(I) is the variance of I at the 0.05 significance level. Z(I) < −1.96 or Z(I) > 1.96 indicates that the negative or positive spatial autocorrelation is strong, and −1.96 < Z(I) < 1.96 indicates that the spatial autocorrelation is weak.



Furthermore, the local Moran’s I (LMI) can be used to examine the degree of spatial autocorrelation in each specific location. The type of agglomeration the province exhibits can be determined with a Moran scatterplot, which is derived from the LMI. Quadrants I and III represent high-high agglomeration mode (H-H) and low-low agglomeration mode (L-L), respectively, indicating that the score for the SPCI in the target province is similar to the scores in the surrounding locations; quadrants II and IV represent low-high agglomeration mode (L-H) and high-low agglomeration mode (H-L), respectively, indicating that the score for the SPCI in the target province is different from scores in the target province’s neighborhood [58].





4. Results


4.1. Analysis of SPCI


The SPCI in the 30 provinces is calculated by using the windows-super-SBM model. Table 2 shows the calculation process, with Beijing (BJ) as an example. In the last row, the SPCI in BJ shows a slight improvement from 2010 to 2017, peaking in 2015. The calculation processes for the other 29 provinces are similar, and the results are displayed in Figure 2. The 30 provinces are ranked based on the average of the SPCI in each province over the study period, and the SPCI in each province in different years is reflected in a red-white-green color chart. The results show that the SPCI changes differently across provinces, with the SPCI in some provinces, such as BJ, fluctuating upward and that in some other provinces fluctuating downward. Jiangsu (JS), BJ and Jiangxi (JX) are in the top three in terms of their scores for the SPCI. The highest scores for the SPCI in JS and BJ appear in 2015, and the highest score in JX appears in 2014. In general, the scores for the SPCI in most of the provinces are declining.



Figure 3 depicts the trend in the change in the eight regions’ scores for the SPCI. The scores for the SPCI in each region are the arithmetic mean of the scores of provinces in each region. The north coast and the Middle Yangtze River region can be characterized as having stable high scores for the SPCI. This is mainly because construction scale indicators (floor space of construction, total output value and total pretax profit) of the Middle Yangtze River region are high and the local investment is large. Therefore, to maintain the stability or growth of SPCI, local governments need to obtain more desirable outputs under the condition of ensuring a certain input level. The south coast and southwest show similar patterns of improvement with overall low scores for the SPCI. The assessment results for the east coast, northwest, northeast and Middle Yellow River region are not optimistic because of their decreasing trends in the scores for the SPCI. The reason for the decline of SPCI is that there is no significant increase in desirable outputs under a certain increase in input level. In a word, the changes of SPCI show that the scale of the construction industry is closely related to SPCI and the growth of the scale of the construction industry has a positive stimulating effect on SPCI.



Figure 4 depicts the spatial evolution of the scores for the SPCI. Two stages can be observed. (1) From 2010 to 2014, there was no significant change in the CV. Meanwhile, the spatial autocorrelation was erratic and insignificant. (2) From 2015 to 2017, the CV followed a decreasing trend, which indicates that regional inequality is weakened. Moreover, all values for the GMI were positive and passed the 0.05 significance test for 2015 and 2017, meaning that the provinces surrounded by provinces with better/poorer SPCI tend to experience better/poorer SPCI. The peak of CV in 2015 indicates that the unbalanced development of SPCI among provinces has reached its peak. This is mainly because the SPCI of JS and BJ increased significantly in 2015, resulting in a sharp increase in the gap between the rich and the poor. The substantial increase in SPCI of JS and BJ is mainly due to the significant decline in the number of fatalities in 2015.



The Moran scatterplots of the scores for the SPCI in the 30 provinces in 2015, 2016 and 2017 are shown in Figure 5. The four quadrants in a Moran scatterplot are used to identify the relationship between an area and its expected neighbors. Thus, these figures in Figure 5 depict the local spatial autocorrelation. The provinces in the first quadrant (H-H) not only have high SPCI values, but also their neighboring provinces have high SPCI values. The provinces in the second quadrant (L-H) have low SPCI values, but their neighboring provinces have high SPCI values. The provinces in the third quadrant (L-L) have high SPCI values, but their neighboring provinces’ SPCI values are low. The provinces in the fourth quadrant (H-L) have high SPCI values, but are surrounded by provinces with low SPCI values. The number of provinces in the H-H category was only 4 in 2015 and increased to 11 in 2018, together with a trend toward fewer provinces being distributed in the L-H or H-L categories. This trend suggests a decrease in the disparity in SPCI between provinces and their neighbors. In conjunction with the Moran scatterplots, the local spatial category maps are shown in Figure 5. The H-H category appears predominantly in the east, while the L-L category generally appears in the west. Additionally, the SPCI can be seen to improve from east to west, especially in southern China. This phenomenon shows that the SPCI of each province has obvious clustering characteristics and the provinces with high SPCI values are often concentrated in the eastern region. In contrast, the provinces with low SPCI values are concentrated in the western region.




4.2. Output and Input in the Eight Regions


This study evaluates the SPCI in 30 provinces in mainland China and divides those provinces into eight regions. Figure 6 shows the changes in the average input and output of the eight regions (the inputs include TFA, NE, TPM and EC, and the outputs include TOV, FSC, CE and NF). Basically, the investment level in China’s construction industry increased year by year. Correspondingly, the desirable outputs increased steadily and rapidly. This is mainly because China has been undergoing rapid development. In addition, regions with higher input levels generally have higher levels of undesirable output.



We can make the following observations. (1) The scale of the construction industry in the eastern coastal region is the largest, in terms of both its inputs and outputs, while that of the northwestern region is the lowest. (2) The inputs and outputs in 2015–2017 stagnated somewhat. (3) Inputs and outputs in northeastern China declined. (4) The input of energy in the eastern coastal area and in northeastern China trended downward and the use of energy in the middle reaches of the Yangtze River is very high. (5) The development of the construction industry has led to an increase in the number of deaths, which is closely related to the construction industry’s labor-intensive nature and its extensive management style. High-level development can curb this phenomenon, as has occurred in the eastern and northern coastal areas. (6) Carbon emissions peaked in 2010–2012 and then remained relatively stable.




4.3. Occupational Safety Analysis


As mentioned above, occupational safety is included in regional sustainability assessments. To further illustrate this point, taking 2017 as an example, the values of SPCI in the 30 provinces calculated without considering occupational safety (SPCI-II) are compared with the results that do consider occupational safety (SPCI-I). The provinces are ranked according to the change in their relative performance, as shown in Figure 7. The integration of occupational safety improves the relative performance of most provinces, resulting in different conclusions when occupational safety is not included. This further illustrates the necessity of considering occupational safety. Including this key factor can contribute to an accurately understanding and analysis of regional differences.



As shown in Figure 7, nine provinces rose the ranking, while the rankings of eight provinces remained unchanged. The remaining 13 provinces fell in the ranking. Of those that experienced a change in ranking, Zhejiang (ZJ) and Inner Mongolia (IM) experienced the largest changes. The change in the ranking shows that the state of occupational safety in the provinces with higher rankings is excellent, and the geographical distribution of such provinces concentrated in the eastern region, consistent with the conclusion of Shao et al. [59]. The state of occupational safety of ZJ has always been the best in China and the worst is IM. Such significant variation in rankings exposes China’s imbalanced development. This phenomenon may be related to how some provinces make and implement policy. It has been argued that China’s relevant policies are relatively isolated and lack a unifying framework [60]. Administrative decentralization has confused the local governmental policy making and implementation. Therefore, a well-developed policy system that balances the various dimensions of sustainable development is urgently needed in the future.





5. Discussion


(1) First, SPCIs of eight regions are discussed and regional differences were revealed. The provinces with high values of the SPCI were mainly located in the eastern area. A similar conclusion is drawn by Xu, Wang and Tao [9]. This is because China’s eastern area is known to be the most developed, and advantages such as better ownership structures [61] and advanced technical applications [62] enable the provinces in that region to more easily achieve high-level sustainable development.



Among the eight regions, the northeast is the most noteworthy since its SPCI experienced the worst decline. As a heavy-industry base in China, the economic development of the northeast mainly depends on industry. However, the development of heavy industry has been greatly restricted by stricter environmental requirements [63]. As a result, recent years have seen the development of the northeast gradually lagging behind, resulting in a chain of negative reactions such as the outflow of population and talent [64]. This inevitably affects the development of the construction industry. Optimizing the industrial structure is regarded as the crucial solution [65].



Although there are gaps in SPCI among regions, regional inequality has weakened, especially between adjacent provinces. This result is inseparable from the implementation of a series of national strategies to promote coordinated regional development. For example, in 2014, 11 southern provinces including FJ, JX, HN, GD, GX, HI, SC, GZ and YN jointly signed the Joint Declaration on Deepening Cooperation in Pan-Pearl River Delta (2015–2025), in which the cooperation in infrastructure construction and environmental protection were determined [66]. As many provinces are at different levels of development, with diverse socio-economic makeups, there is a goodness-of-fit for them to co-operate for their mutual advantage. In the future, the successful experience obtained is worth popularizing in northern China.



(2) Then, we found that the evaluation results will be inaccurate if occupational safety is not considered in the SPCI evaluation. For instance, Xu, Wang and Tao [9] found that sustainability in the western area was at its highest in 2014, but the ranking of SPCI will change when considering occupational safety, which is contrary to our results. Occupational safety negatively affects the SPCI since the state of occupational safety in the western region is generally poor, a finding also supported by Shao, Hu and Liu [59].



Moreover, we found that although the number of deaths representing occupational safety is an undesirable out-put, there is no contradiction between the improvement of occupational safety and the development of SPCI. It is generally believed that there are more deaths in areas with frequent construction activity, but this study concludes the opposite. The eastern and northern coasts are doing well in the terms of the SPCI. The east coast, with its high level of economic development, took the lead in desirable outputs and has a low level of undesirable outputs. The regions with high SPCI have great advantages in attracting safety-production resources and technological innovation, so as to continuously improve the level of construction safety production. The regions with high SPCI may benefit from the vigorous promotion of new construction technologies, such as BIM, prefabricated buildings, etc. The promotion of new technology promotes the vigorous development of the construction industry and the construction risk is greatly reduced [67,68].



(3) Similarly, there is no contradiction between environmental issues and SPCI. Previous studies have shown that areas with high levels of economic development often have higher levels of carbon emissions [69]. In this study, the east coast took the lead in terms of desirable outputs, while its potential for reducing carbon emissions is very large. An exception was observed, the north coast, which has a high level of economic development, performed better in controlling its undesirable outputs, which indicates that economic development may not further degrade the eco-environment if sufficient policy and technical support is directed to a particular area. Rapid economic development does not necessarily lead to a large amount of carbon emissions.




6. Conclusions


The poor state of occupational safety in the construction industry must be improved to achieve sustainability. To address this issue, this study established an input-output system involving occupational safety to reflect the regional SPCI. A dynamic comprehensive evaluation model was constructed accordingly, which had strong explanatory power, as shown through an application of the model to China’s 30 provinces from 2010 to 2017. Then, the differences among eight regions were investigated. The need to consider occupational safety was further illustrated since such a consideration can improve the relative performance of most provinces. In contrast to previous research, this study makes several theoretical and practical contributions. First, this study comprehensively identifies the regional SPCI from an input-output perspective, which is rare in previous research. Second, this study enriches the existing knowledge by integrating occupational safety into the assessment of the regional SPCI. Third, China was divided into eight regions instead of the three traditional regions, resulting in more detailed and accurate findings.



These important results show that (1) provinces in eastern rather than western China tend to have high values for the SPCI; (2) the regional inequality in the SPCI in China has weakened. The eight regions studied exhibit different trends, as well as different strengths and weaknesses. (3) The region with high-quality development does not mean poor occupational safety (number of fatalities) and high carbon emissions. On the contrary, high-level development can curb poor occupational safety levels and high carbon emissions, as has occurred in the eastern and northern coastal areas. These findings contribute to the formulation of macro policies.



This study demonstrated that regional coordination plays a crucial role in narrowing regional disparities, a finding that has not been found in previous research. Between different regions, to improve the status of SPCI, some policies could be explored. For example, (1) national and provincial governments should actively explore and establish inter-provincial cooperation mechanisms on work safety. Specific measures include the exchange of successful experiences in policy formulation and the implementation of cross-provincial construction safety production law enforcement. The cooperation between Fujian (FJ), Jiangxi (JX), Hunan (HN), Guangdong (GD), Guangxi (GX), Hainan (HI), Sichuan (SC), Guizhou (GZ) and Yunnan (YN) is a very successful example. (2) To improve the unbalanced development between SPCI and occupational safety, differentiated management policies can be implemented. Advanced technologies and talents for construction safety production could be introduced to help low-level SPCI areas. For provinces with unstable SPCI, stricter safety production inspections should be implemented to supervise their construction safety production work.



In the future, various methods should be applied to calculate the values of the SPCI to deepen our understanding of regional differences by deeply exploring the distinctions among the results. Other further research work would be to analyze the impact degree of each indicator weight on SPCI and then obtain more specific policies from the perspective of each indicator.
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Table A1. The corresponding abbreviations of provinces in this study.
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	Province
	Abbreviation
	Province
	Abbreviation
	Province
	Abbreviation





	Anhui
	AH
	Heilongjiang
	HL
	Shandong
	SD



	Beijing
	BJ
	Hubei
	HB
	Shanxi
	SX



	Fujian
	FJ
	Hunan
	HN
	Shaanxi
	SN



	Gansu
	GS
	Jilin
	JL
	Shanghai
	SH



	Guangdong
	GD
	Jiangsu
	JS
	Sichuan
	SC



	Guangxi
	GX
	Jiangxi
	JX
	Tianjin
	TJ



	Guizhou
	GZ
	Liaoning
	LN
	Xinjiang
	XJ



	Hainan
	HI
	Inner Mongolia
	IM
	Yunnan
	YN



	Hebei
	HE
	Ningxia
	NX
	Zhejiang
	ZJ



	Henan
	HA
	Qinghai
	QH
	Chongqing
	CQ
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Figure 1. The eight regions in China. 
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Figure 2. The scores for the SPCI in 30 provinces between 2010 and 2017. 
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Figure 3. The scores for the SPCI in the eight regions from 2010 to 2017. 
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Figure 4. The trend in the changes in overall sustainable performance and in the coefficient of variation. 
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Figure 5. Moran scatterplots of the SPCI: (a) 2015, (b) 2016, (c) 2017; Local Moran’s I clusters of the SPCI: (d) 2015, (e) 2016, (f) 2017. 
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Figure 6. Changes in the average input and output of the eight regions. Inputs: (a) TFA (b) NE (c) TPM (d) EC; desirable outputs: (e) TOV (f) FSC; undesirable outputs: (g) CE (h) NF. 
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Figure 7. Comparison of the 2017 values of the SPCI in the 30 provinces. 
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Table 1. Input-output system for assessing the regional sustainability of the construction industry.
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Category

	
Indicator

	
Abbreviation

	
Unit

	
Description

	
References






	
Inputs

	
Total Fixed Assets

	
TFA

	
108 yuan

	
Annual level of total fixed assets in the construction industry that can be utilized to generate economic benefits

	
Hu and Liu [42]




	
Number of Employees

	
NE

	
104 person

	
Number of workers engaged in construction activities

	
Huo et al. [43]




	
Total Power of Machinery

	
TPM

	
104 kW

	
Total power of the machinery and equipment owned by construction enterprises

	
Chen et al. [47]




	
Construction Land

	
CL

	
108 m2

	
Annual consumption of construction land

	




	
Energy Consumption

	
EC

	
104 TCE

	
Total amount of energy consumed by the construction industry annually

	
Hu et al. [44]




	
Wood Consumption

	
WC

	
104 m3

	
Total amount of construction material consumed annually

	




	
Concrete Consumption

	
CC

	
104 tons




	
Steel Consumption

	
SC

	
104 tons




	
Glass Consumption

	
GC

	
104 tons




	
Aluminum Consumption

	
AC

	
104 tons




	
Desirable outputs

	
Floor Space of Construction

	
FSC

	
104 m2

	
Total floor area under construction annually

	
Huo et al. [48]




	
Total Output Value

	
TOV

	
108 yuan

	
Total annual value of construction industry products

	




	
Total Pretax Profit

	
TPP

	
108 yuan

	
Total annual profits of construction enterprises before paying taxes

	
Xu et al. [9]




	
Undesirable outputs

	
Number of Fatalities

	
NF

	
Person

	
The number of fatalities occurring in the construction industry annually

	
Kang et al. [18]




	
Solid Wastes

	
SW

	
104 tons

	
Total amount of solid waste generated by the construction industry

	




	
Carbon Emission

	
CE

	
104 tons

	
Total amount of carbon emissions generated annually by the consumption of coal, crude oil, etc., as well as of construction material

	
Li et al. [49]








Note: TCE is the abbreviation for tons of coal equivalent.
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Table 2. The calculation process for the SPCI in BJ.
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	Windows
	2010
	2011
	2012
	2013
	2014
	2015
	2016
	2017





	W1
	1.000
	1.000
	1.214
	
	
	
	
	



	W2
	
	1.000
	1.193
	1.157
	
	
	
	



	W3
	
	
	1.021
	1.021
	1.173
	
	
	



	W4
	
	
	
	1.007
	1.031
	1.505
	
	



	W5
	
	
	
	
	1.032
	1.436
	1.129
	



	W6
	
	
	
	
	
	1.440
	1.060
	1.015



	Average
	1.000
	1.000
	1.143
	1.062
	1.079
	1.460
	1.094
	1.015
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