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Abstract

:

(1) Background: The decoupling of energy consumption from economic growth in the construction industry is crucial to the sustainable development of the global construction industry. The existing studies focus on the advancements in energy efficiency by designers for building monoliths or construction techniques, involving no exploration of energy efficiency management from a regional perspective, which is unfavorable for the formulation of energy efficiency policies and systematic control of the construction industry by local governments. (2) Methods: From the perspective of regional management, this paper constructs an integrated analysis and application framework of “spatio-temporal characteristics + matching evaluation + policy design” based on the decoupling model and GIS tools. It studies the spatio-temporal characteristics of energy consumption in the construction industry in 30 provinces of China from 2010 to 2019, and its decoupling relationship with the economic development of the construction industry, and proposes an optimal zoning and recommendations for energy consumption in the construction industry, providing a reference for energy conservation management in the construction industry in China. (3) Results: First, the change of energy consumption amount (ECA) in the construction industry in the provinces was dominated by ascent, while the energy consumption intensity (ECI) predominantly decreased, and most provinces are still in a period of growth or plateau in energy consumption. Second, ECA and ECI had prominent spatial heterogeneity and aggregation. High-energy-consuming regions are concentrated along the coast and along the Yangtze River, while low-energy-consuming regions are mainly clustered in remote areas, such as the northeast, northwest, and southwest of China. Energy consumption shows a clear north-south difference in intensity, with high-intensity regions clustered in the north compared to low-intensity regions in the south. Third, most of the provinces were in strong negative decoupling, expansive coupling, and weak decoupling, and better decoupling regions were mainly gathered in south and central China. Nearly one half of these provinces showed decoupling degradation and only a few achieved evolution, with evolutionary regions clustered mainly in central and southern China. The northeast and northwest were the key problem areas of energy-saving transformation in China’s construction industry. (4) Conclusion: The 30 provinces were divided into three types: leader, intermediate, and laggard, and the development goals and suggestions on low energy consumption in the construction industry for three zones were put forward, significantly improving the precision of policy design and implementation. The study in this paper expands the research perspective on energy saving management in the construction industry and provides a methodology and basis for developing energy efficiency policies and plans for the construction industry in China and similar developing countries.
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1. Introduction


1.1. Background


The building industry is a large energy consumption and carbon emission sector across the world, with energy consumption accounting for about 36% and carbon emissions accounting for 37% [1] of the global total, respectively. Its low-energy development directly determines whether global energy-saving and emission reduction targets can be achieved. The building industry involves a very complicated industrial line, which can be classified into building materials production, construction, building operation, and building demolition, according to their operation stages [2]. The energy consumption patterns and energy saving points of the industrial system at different stages are different [3], so it is urgent and important to carry out segmentation studies on them. The construction industry is a key part of the building industry; construction energy consumption shares approximately 6% of global building energy consumption and 2% of total global energy consumption [1], which is equivalent to the total energy consumption of some countries in a year, such as the UK, Turkey, or Indonesia [4]. However, the construction economy accounts for about 11% of global GDP and creates 7% [5] of jobs worldwide. Promoting the development of decoupling construction energy consumption from construction economic growth is key to achieving the task of energy conservation and emission reduction in the construction industry, and even global sustainable development goals.



As the world’s largest developing country, China accounts for 29.33% of global construction energy consumption and 26.18% [6,7] of global construction carbon emissions, while its construction market accounts for 23% [8] of global construction market share. The decoupling of energy consumption from economic performance of the construction industry in China is crucial to the energy-saving and sustainable development of the global construction industry, and has a far-reaching influence on China’s commitment to achieve “carbon emission peak by 2030 and carbon neutrality by 2060” [9,10]. In fact, the Chinese government has proposed green construction as the future direction of the construction industry [11], and documents such as “14th Five-Year” Construction Industry Development Plan and “14th Five-year” Building Energy Saving and Green Building Development Plan have also made energy saving in the construction industry an important goal. However, given the development differences among provinces in China, a one-size-fits-all policy may not be effective for all regions, and it is necessary to conduct in-depth analysis of the energy consumption characteristics of the construction industry in different provinces of China, so as to make appropriate optimization recommendations according to local conditions.



To this end, this paper analyzes the trend of energy consumption in China’s construction industry in time and space dimensions, and identifies the decoupling relationship between energy consumption in the construction industry and economic growth in the construction industry, and its evolution characteristics. Thus, it provides a reference for the Chinese government to formulate and adjust the construction industry energy saving plan, strengthens the reliability of the construction industry energy saving policies and management measures, promotes the low energy consumption transformation of the Chinese construction industry, and helps to achieve the global energy saving and emission reduction goals.




1.2. Literature Review


1.2.1. Building Energy Consumption


Energy consumption in the building industry has been a hot topic for academic research, and the studies available have explored in depth the full-cycle energy consumption of buildings, the energy consumption of building operation, and the management of building energy saving, with a few providing an analysis of the spatial effects of building energy consumption. For example, for the full-cycle energy consumption of buildings, Huo, Zhang, Xu, Liu, and Berardi et al. estimated the full-cycle energy consumption of the building industry in China, the United States, the European Union, and other BRICS countries, based on statistical data [2,12,13,14,15]. Luo, Li, Zhan, and Ma calculated the full-cycle energy consumption of residential buildings and office buildings based on statistical and measured data [16,17,18,19]. In the study of energy consumption in building operation, Guo and Wei measured the energy consumption of Chinese buildings in the operation phase based on statistical data and survey data [20,21]. Jing, Shi, Ji, Felimban, Olu-Ajayi, Alam, Sekki, Roy, Deng, Gu, and Lin measured the energy consumption of the operations of shopping malls, office buildings, hospitals, residential buildings, as well as educational buildings, dormitory buildings, factory buildings, and transportation buildings based on measured data and algorithmic models [22,23,24,25,26,27,28,29,30,31,32]. In the field of building energy management, Webb, Heydari, Alajmi, Anwar, Maiolo, Troup, Amirkhani, Chi, and Mohammadi studied the effects of bionic facades, window configurations, shading installations, passive measures, green roofs, window-to-wall ratios, low-e window films, building orientation, and vernacular climatic strategies on building energy consumption, and put forward optimization recommendations based on measured data and algorithmic models [33,34,35,36,37,38,39,40,41]. Sheng, Charles, Hoseinzadeh, Shehadi, and D’Agostino discussed energy-saving transformation measures for different regions and building types [42,43,44,45,46]. In the study of the spatial effect of building energy consumption, according to Hong and Huang, building energy consumption in China and the United States shows significant spatial heterogeneity [47,48]; and according to Fonseca, Song, and Howard, building energy consumption in Harbin in China, Zug in Switzerland, and New York City, NY, USA, exhibited significant spatial aggregation [49,50,51].



However, the established results neglect specialized studies on energy consumption in the construction industry during the construction phase, and although a small number of studies have analyzed energy saving technologies adopted in the construction process, there is no research in regional scale from the perspective of spatial management. For example, Gavali proposed that the use of alkali-activated bricks may effectively reduce the cooling load of buildings in India [52]; Yin proposed that prefabricated straw bale construction can effectively reduce the heating and cooling load of buildings in northern China [53]; Lotfabadi proposed that traditional construction techniques can significantly improve the thermal comfort of buildings in hot and humid regions [54]; Reider proposed that fiber-reinforced polymer buildings have better thermal resistance than concrete buildings [55]; Veliborka proposed that Trombe wall construction may effectively reduce the energy consumed for heating of buildings in Serbia [56]; Ivanović-Šekularac proposed that the application of wood to modern Serbian buildings improves energy efficiency [57]; and Miller discussed the energy consumption of concrete buildings with different design parameters and gave suggestions for optimization [58]. Hamdaoui, Macias, Heravi, and Devi also measured the energy consumption of different construction scenarios, construction methods, earthworks, and construction lifts, and made appropriate suggestions on energy saving [59,60,61,62].




1.2.2. Energy Decoupling Analysis


The decoupling model is an effective tool to study the coupling state of economic development with resource consumption, greenhouse gas emissions, and land use [63]. In recent years, studying the decoupling relationship of energy consumption from economic growth has become an emerging field. For example, Wu pointed out that the decoupling index of energy consumption and economic growth in developed countries remains stable, and tends to be close to absolute decoupling, while the decoupling index in developing countries fluctuates in a relative decoupling range [64]. Wang stated that among the top five energy-consuming economies in the world, Japan has achieved the best decoupling between energy consumption and economic growth, followed by the United States [65]. Chen noted that only 18 of 89 countries worldwide have seen a strong decoupling of energy consumption from growth in the agricultural economy [66]. Zhang and Song pointed out that energy consumption and economic growth in China showed weak decoupling, expansive coupling, strong decoupling, and expansive negative decoupling [67,68]. Shi further noted that decoupling in northern, northeast, and eastern China is at a high level [69], and Wei also pointed out that decoupling is better in developed regions of China, but worse in most of the central and western areas [70]. Meng stated that China’s energy consumption shows strong negative decoupling from industrial output; i.e., decreasing energy consumption will cause increasing industrial added value [71]. Zhou noted that China’s construction energy consumption shows weak decoupling from construction output, meaning that China’s construction industry is no longer growing at the cost of faster energy consumption [72]. Zhang pointed out that China’s regional energy consumption for heating in the building sector shows weak decoupling from GDP; in other words, that economic growth no longer leads to significant increases in energy consumption for heating [73]. Zhang pointed out that the decoupling index between energy consumption and per capita income of urban and rural residents in Shandong, China, is decreasing, indicating that the dependence of energy consumption of urban and rural residents on residents’ income is decreasing [74]. Román-Collado stated that the decoupling of energy consumption from GDP in Colombia is poor, and that government policies to promote decoupling between the two have not worked well [75].



Overall, the studies available have discussed the decoupling of energy consumption from GDP, agricultural output, industrial output, construction output, and residential income using a decoupling model. These findings play an irreplaceable reference role for relevant countries and regions in forming energy-saving policies. However, the studies available have not paid sufficient attention to the construction industry, and have not discussed the decoupling relationship between energy consumption and the construction economy growth, with especially insufficient focus on how the effects in regional scale compromise the precision of the formulation of energy saving policies in the construction industry. Therefore, this paper uses a decoupling model to analyze the decoupling state between energy consumption and economic growth of the construction industry at the provincial scale, trying to demonstrate the evolution trend of the uncoupling relationship between the two.





1.3. Aim and Question


Based on a regional management perspective, by leveraging the decoupling model and GIS software, this article studies the characteristics of energy consumption in the construction industry in 30 provinces of China from 2010 to 2019. It explores the spatio-temporal changes of energy consumption amount (ECA) and energy consumption intensity (ECI) in the construction industry in the provinces, and analyzes the evolution pattern of the decoupling relationship between energy consumption and economic benefits of the construction industry in the provinces; attempting to propose differentiated policy recommendations for the energy saving development of the construction industry in each province. This paper expands the research perspective of the construction industry, and the integrated technical framework of “spatio-temporal characteristics + matching evaluation + policy design” also provides a new method for the research of energy consumption in the construction industry. Additionally, the findings of this paper also provide a reference for provincial governments to set energy efficiency mandates for the construction industry, helping to transform construction to a low-carbon energy industry in China and other similar countries.



This paper focuses on the following questions. (1) What are the temporal and spatial characteristics of ECA and ECI in China’s provincial construction industry? (2) What are their uncoupling states between construction energy consumption, total output value, added value, and total profit of the construction industry in China’s provinces? (3) What are evolution trends in the decoupling status between energy consumption in the construction industry and the construction economy growth in China’s provinces, and how should they be addressed in policy design?





2. Materials and Methods


2.1. Research Area: China


The 30 provinces (autonomous regions and municipalities) in mainland China are set as the study area. Tibet, Hong Kong, Macau, and Taiwan were excluded because of serious missing data and inconsistent statistics (Figure 1). The energy consumption in China’s construction industry grew slowly over the decade, from 48,101,621 tons in 2010 to 64,008,448 tons in 2019, an increase of 33.07%, and except for a negative growth in 2013. The growth of energy consumption dropped from a high rate to a low rate, from 29.83% in 2010 to −2.42% in 2013, and then remained stable in a range of 0.81–5.23% (Figure 2). The economic output of China’s construction industry grew steadily over the decade, with total output value, added value, and total profit increasing from 9603, 2675, and 341 billion yuan in 2010 to 24,844, 7069, and 828 billion yuan in 2019, respectively. The construction economy growth also declined from a high rate to a low rate, with growth rates of gross output value, added value, and total profit falling from 25.03%, 19.41%, and 25.39% in 2010 to 2.29%, 5.62%, and 0.69% in 2015, and then fluctuating in the three ranges of 5.55–10.53%, 6.06–13.90%, and 3.82–8.29%, respectively (Figure 3). It can be seen that energy consumption showed a trend of decoupling from the economic output in the construction industry in China over the decade.




2.2. Research Methods


2.2.1. Coefficient of Variation


Coefficient of variation (CV) is a ratio of the standard deviation to the mean of a set of data, which can reflect the relative dispersion of a set of data [76]. This paper uses CV to evaluate the degree of overall differentiation on ECA and ECI in the provinces of China. The calculation is as follows:


  CV =  1  y ¯         ∑   i = 1  n     (   y i  −  y ¯   )   2   n     



(1)




where, CV is the coefficient of variation;    y i    is the value of ECA and ECI for each province; i = 1, 2, 3,…, n, and n is the total number of provinces, which is 30 in this paper; and   y ¯   is the average of ECA and ECI values for each province. CV is a relative value and has no real meaning. A smaller CV corresponds to a smaller overall differentiation degree of ECA and ECI for the provinces in China, and vice versa. Based on the study by Zhao and Li [77,78], dispersion can be classified into three grades by the value of CV in a sample data: weak dispersion with a value of 0.00–0.15, reflecting a low degree of differentiation in ECA and ECI across provinces; medium dispersion with a value of 0.16–0.35, reflecting a medium degree of differentiation in ECA and ECI; and strong dispersion with a value of 0.36 or greater, reflecting a high degree of differentiation in ECA and ECI.




2.2.2. Hot Spot Analysis


Hot spot analysis, also known as Getis-Ord    G i *    tool, can be employed to calculate the    G i *   -statistic of each element attribute value in the dataset by constructing a spatial weight matrix, and then determine the degree of aggregation of high or low value elements and their locations by comparing the    G i *   -statistic [79,80]. It is used in this paper to reflect the aggregation characteristics of ECA and ECI in the provinces of China. It is calculated as follows:


   G i *  =     ∑   j = 1  n   w  i , j    x j  −  x ¯    ∑   j = 1  n   w  i , j     s     n   ∑   j = 1  n   w  i , j  2  −    (    ∑   j = 1  n   w  i , j    )   2    n − 1       ,  x ¯  =     ∑   j = 1  n   x j   n  ,       s =       ∑   j = 1  n   x j 2   n  −    (  x ¯  )   2     



(2)




where,    G i *    is    G i *   -statistic;    x j    is the value of ECA and ECI for each province;   x ¯   is the average of ECA and ECI values for each province; s is the standard deviation of ECA and ECI for each province; with i,j = 1, 2, 3,…, n, and n is the number of provinces, which is 30 here;    w  i , j     is the spatial weight between provinces i and j; and the spatial weights of many provinces constitute a spatial weight matrix. A significantly positive    G i *    with a larger value indicates more pronounced aggregation of high values of ECA and ECI in the provinces of China, which is called a hot spot; while a significantly negative    G i *    with a smaller value indicates more pronounced aggregation of low values of ECA and ECI in the provinces of China, which is called a cold spot. Additionally, according to Zhao [81], the aggregation characteristics of ECA and ECI can be further classified into hot spot, sub-hot spot, sub-cold spot, and cold spot by grading    G i *   -statistic based on the natural break method.




2.2.3. Decoupling Model


The term decoupling originates from physics and refers to the fact that two or more factors that are in a responsive relationship are no longer correlated [82]. The OECD, of which the full name is the Organization for Economic Cooperation and Development, firstly introduced the decoupling concept in the field of environmental protection in 2002, arguing that uncoupling is the breaking of the association between economy performance and environment stress; that is, the two objects do not have synchronous change relationship. The OECD proposed the calculation formula of the decoupling model, and three decoupling types were designed, which were absolute decoupling, relative decoupling, and non-decoupling [83]. Subsequently, Tapio adapted the decoupling model using elasticity coefficients in 2005, which solves the difficulties of the OECD decoupling model in selecting the base period and is not subject to conditions of different magnitudes among indicators [84]. The Tapio decoupling model also divides the decoupling relationship into eight types, which enriches the model details [85]. The current methods to determine the correlation state of two elements include the decoupling model, the coupling model, and the mismatch index. The coupling model and the mismatch index are static indicators, while the decoupling model is a dynamic indicator and it can better reflect the evolution trend of the relationship between the two elements, which is favorable for improvement and implementation of policy recommendations [86,87], and it has turned into an important analysis tool in sustainable development. The Tapio decoupling model is used in this paper to analyze the relationship between energy consumption and economic output in the construction industry, and to measure whether there is a synchronous or asynchronous change relationship between the two. It is calculated as follows:


  z =   Δ x   Δ y   ,   Δ x =     c  w  i + n     c  w i     n  ,   Δ y =     c  f  i + n     c  f i     n   



(3)




where,  z  is the decoupling index;   Δ x   and   Δ y   are the average annual growth rates of energy consumption and economic output of the construction industry for each province of China, respectively;   c  w i    and   c  w  i + n     are the annual values of energy consumption for each province of China in years  i  and   i + n  ;   c  f i    and   c  f  i + n     are the annual values of economic output for each province of China in years  i  and   i + n  ;  i  is the base period year; and  n  represents the study period. This paper establishes the time period from 2010 to 2019 as the study period, subdivided into two stages, from 2010 to 2014 and 2015 to 2019, designating 5 years for each; i.e.,   n = 5  . According to the positive and negative characteristics of   Δ x   and   Δ y  , Tapio divides the decoupling status into three main categories and eight sub-categories (Table 1) by the thresholds of 0.8 and 1.2 for  z  [88]. Decoupling index can be found in the Appendix A.





2.3. Research Steps and Data Source


The research in this paper includes three steps. Step one is data collection and processing. It specifically involves collecting and collating statistical data for 30 of China’s provinces during the period from 2010 to 2019 for four indices, including construction energy consumption, total output value, added value, and total profit in the construction industry. Step two is to analyze the results. We first analyze the past and present trends of ECA and ECI in the construction industry of each province using a time-series approach. Then, we study the spatial evolution patterns of ECA and ECI in the construction industry of each province based on the clustering tool and hot spot tool of GIS. Finally, we analyze the decoupling relationship between energy consumption and construction economic development by three variables, which are total output value, added value, and total profit. Step three is to discuss and apply the results. We compare this paper’s main results with existing findings to rediscover both its originalities and its deficiencies. Additionally, we further propose differentiated coping strategies for the energy saving development of the construction industry of each province by absorbing the main issues and viewpoints identified from the results (Figure 4).



The energy consumption in the construction industry in this paper refers to that directly by builders during the construction work, with the total amount of energy consumption in the construction industry set as energy consumption amount (ECA), and the energy consumption amount per ten thousand RMB output value in the construction industry set as energy consumption intensity (ECI). In addition, total output value, added value, and total profit refer to the economic output in monetary terms, created by enterprises engaged in the construction of buildings and structures and the installation of equipment. Gross output value represents the total output of construction activities; added value represents the new value created and added by construction activities; and total profit represents the operating performance of construction enterprises. These three are important indices by which to measure the economic development of China’s construction industry, and have often been used in existing studies [63,84,89].



The data used in this paper comes from the China Energy Statistical Yearbook and the China Statistical Yearbook and the China Statistical Yearbook on Construction, and a small amount of missing data is obtained by the method of trend extrapolation, with the source websites presented in the data availability statement below. Since the energy in the construction industry covered by the China Energy Statistics Yearbook includes a variety of types, which include oil, coal, heat, gas, electricity, etc., it needs to be converted to standard coal to facilitate comparison. In this paper, we refer to the standard coal converting coefficients in the Chinese national standard General Rules for Calculation of the Comprehensive Energy Consumption (GB/T 2589–2020) for energy consumption conversion. This paper focuses on the study period from 2010 to 2019, when decoupling of energy consumption in the construction industry from the construction economy growth began to emerge in China with prominent typicality. The time period spans ten years, and the two stages are basically in agreement with the two Five-Year Plans of China (12th and 13th), with a relatively smooth policy environment in each stage, making the study findings more convincing.





3. Results


3.1. Temporal Characteristic of Energy Consumption


3.1.1. Temporal Trend of ECA


From 2010 to 2019, ECA in the construction industry in China’s provinces presented changes in upward, “U”-shaped, “inverted U”-shaped, and fluctuating forms, with the upward form dominating (Figure 5). There were 15 provinces with changes in the upward form, including Shanxi, Inner Mongolia, Heilongjiang, Zhejiang, Anhui, Fujian, Jiangxi, Henan, Guangxi, Chongqing, Sichuan, Guizhou, Yunnan, Qinghai, and Xinjiang. Henan and Sichuan showed growth in a “J” shape at a fast rate, while Shanxi, Heilongjiang, Chongqing, and Qinghai grew at a slow rate. Shanghai and Beijing showed changes in a “U” shape. Shanghai saw a steady decline in ECA from 2010 to 2014 and then a steady rebound from 2015 to 2019, while Beijing saw a steady decline in ECA from 2010 to 2013, a slow increase from 2014 to 2018, and a slight decrease in 2019. There are six provinces in the “inverted U” shape, including Tianjin, Liaoning, Jilin, Hainan, Shaanxi, and Gansu. Tianjin and Shaanxi saw a low value followed by some rebound. Seven provinces experienced fluctuating changes, including Hebei, Jiangsu, Shandong, Hubei, Hunan, Guangdong, and Ningxia. Hebei and Shandong showed a sharp decrease in ECA in 2013, followed by a peak in Hebei in 2017, and then a continuous decrease, while Shandong fluctuated steadily and Jiangsu, Hubei, Hunan, and Ningxia showed “N” shaped fluctuations with a peak and a low value, followed by a resumption of growth.



Energy peaking refers to the process in which total energy consumption reaches a very high point, and then goes through a platform period into a sustained decline; it is the historical turning point of energy consumption from growth to decline. Referring to concepts in the field of carbon emission, this paper determines that the energy consumption in the construction industry, after peaking, has reached the peak when it keeps declining for three consecutive years or longer, and that it has entered the energy consumption plateau when it remains relatively stable for three consecutive years or longer [84]. Today, 13.33% of the provinces have reached the peak of energy consumption in the construction industry, namely Tianjin, Liaoning, Heilongjiang, and Shaanxi, and 30.00% are in the plateau of energy consumption, namely Beijing, Shanxi, Jilin, Shanghai, Shandong, Hainan, Chongqing, Gansu, and Ningxia, while the rest, 56.67%, are in the growth phase.




3.1.2. Temporal Trend of ECI


From 2010 to 2019, ECI in the construction industry showed changes in downward, upward, “U”-shaped, and “inverted U”-shaped forms, and is dominated by the downward form (Figure 6). In terms of the gross output value, ECI in the construction industry in 17 provinces continued to decline, while that of Heilongjiang kept rising. Tianjin, Inner Mongolia, Jilin, Zhejiang, Henan, Guangxi, Qinghai, and Xinjiang showed “U”-shaped changes, while Liaoning, Anhui, Hainan, and Sichuan showed “inverted U”-shaped changes. As for the added value, ECI in the construction industry in 16 provinces continued to decline, with a continuous rise seen in Heilongjiang; “U”-shaped changes in Inner Mongolia, Jilin, Shanghai, Jiangxi, Guangxi, Gansu, Qinghai, Ningxia, and Xinjiang; and “inverted U”-shaped changes in Liaoning, Anhui, Henan, and Sichuan. From the perspective of total profit, ECI in the construction industry in 15 provinces showed a continuous decline, while Inner Mongolia and Liaoning saw a continuous rise; Tianjin, Hebei, Jilin, Zhejiang, Anhui, Henan, Guangxi, Qinghai, Ningxia, and Xinjiang saw “U”-shaped changes; and Heilongjiang, Hainan, and Sichuan saw “inverted U”-shaped changes.



Provinces with upward and “U”-shaped changes were facing more serious problems of high energy consumption in the construction industry. The high energy consumption in the construction industry was increasingly prominent as a whole in nine provinces, such as Heilongjiang, Tianjin, Inner Mongolia, Jilin, Zhejiang, and Henan; the added value of energy consumption in the construction industry in ten provinces, such as Jiangxi, Qinghai, Shanghai, Heilongjiang, Guangxi and Xinjiang decreased; and the net profit of energy consumption of construction enterprises in twelve provinces, such as Inner Mongolia, Liaoning, Tianjin, Hebei, Jilin, and Zhejiang declined.





3.2. Spatial Characteristic of Energy Consumption


3.2.1. Spatial Heterogeneity Analysis


The differences in ECA and ECI in the construction industry in China were significant across provinces, with the spatial heterogeneity of ECI of gross output value and total profit outstanding, while that of ECA and added value decreased. From 2010 to 2019, the coefficient of variation of ECA decreased from 0.93 to 0.67, the ECI of gross output value increased from 0.75 to 1.37, the ECI of added value increased from 0.54 to 0.60, and the ECI of total profit increased from 0.63 to 1.37. The coefficients of variation of ECA and ECI were generally greater than 0.47, indicating a strong dispersion with pronounced growth and reduction trends (Figure 7).




3.2.2. Spatial Cluster Analysis


We classified ECA and ECI of 30 provinces in China into three types of high, medium, and low levels based on the natural break method (Figure 8). The regions with high ECA values gradually increased, the regions with medium values relatively shrank, and the regions with low values remained stable. The regions with high and medium values were mainly distributed in northern, central, southwest, and eastern China, and further expanded to the west. In 2010, high regions consisted of seven provinces, including Inner Mongolia, Shandong, Guangdong, and Hubei, distributed in northern, central, and eastern China; medium regions consisted of eleven provinces, including Liaoning, Beijing, Sichuan, and Shaanxi, distributed in central, southwest, and eastern China; there were twelve provinces in the low regions including Heilongjiang, Anhui, Guizhou, and Gansu, distributed in northeast, northwest, central, and southwest China. In 2019, high regions increased to nine provinces, including Inner Mongolia, Shandong, Henan, and Sichuan, distributed in northern, central, western, and eastern China; medium regions decreased to nine provinces, including Liaoning, Anhui, Xinjiang, and Yunnan, distributed in southwest, eastern, northwest China and Bohai Rim; low regions remained the same and consisted of twelve provinces, including Heilongjiang, Shanxi, Guizhou, and Gansu, distributed in northeast, northwest, southwest, and central China.



The regions with high and medium ECI values relatively shrank, while the regions with low values increased. The regions with high and medium values were mainly distributed in northern, central, northwest, and southwest China, and further shrank to the north. As for the cross-output value, in 2010, high regions included Inner Mongolia only, distributed in northern China; medium regions consisted of twelve provinces, including Gansu, Guizhou, Hubei, and Guangdong, distributed in southwest, central, northwest China and Bohai Rim; low regions consisted of seventeen provinces, including Heilongjiang, Shanxi, Sichuan, and Zhejiang, distributed in northeast, central, western, and eastern China. In 2019, high regions remained the same and consisted of Inner Mongolia only; medium regions decreased to six provinces, including Jilin, Ningxia, Xinjiang, and Hainan, distributed in northeast and northwest China, and in southern coastal regions; low regions increased to twenty-three provinces, distributed in most areas of China.



In 2010, the high regions for added value consisted of seven provinces, including Inner Mongolia, Hebei, Hubei, and Guangdong, distributed in northern and central China, Bohai Rim, and a few eastern areas; medium regions consisted of fifteen provinces, scattered across China; there were eight provinces in the low regions including Heilongjiang, Anhui, Zhejiang, and Hainan, distributed in northeast and central China, and a few coastal areas. In 2019, high regions decreased to three provinces, including Inner Mongolia, Tianjin, and Shanghai, distributed in northern China, except for two municipalities directly under the central government; medium regions decreased to ten provinces, including Jilin, Xinjiang, Hubei, and Guangdong, distributed in northeast, northwest, and central China, and southern coastal regions; while low regions increased to seventeen provinces, distributed across the country, except in northwest China.



In 2010, high regions for total profit consisted of four provinces: Inner Mongolia, Qinghai, Guizhou, and Hainan, distributed in northern, northwest, and southwest China, and south coastal areas; medium regions consisted of fourteen provinces, scattered across China; there were twelve provinces in low regions including Heilong, Henan, Guangxi, and Fujian, distributed in northeast, central, and eastern China. In 2019, high regions decreased to only Inner Mongolia; medium regions decreased to four provinces: Liaoning, Ningxia, Qinghai, and Xinjiang, distributed in northeast and northwest China; while low regions increased to twenty-five provinces, distributed in most areas of China (Figure 9).




3.2.3. Spatial Aggregation Analysis


We classified    G i *    values of ECA and ECI of 30 provinces in China into four types: hot spot, sub-hot spot, sub-cold spot, and cold spot by the natural breakpoint method (Figure 10). Hot spots of ECA remained stable in number, while sub-hot spots and cold spots shrank, and sub-cold spots expanded. Hot spots and sub-hot spots showed a trend of gathering from the middle and lower reaches of Yangtze River, northern, and central China to the middle and lower reaches of Yangtze River and southwest China. From 2010 to 2019, hot spots remained stable in six provinces, with spatial location expanding from the middle and lower reaches of Yangtze River to Fujian and Henan; sub-hot spots decreased from twelve to six provinces, with spatial distribution shifting from northern to southwest China; sub-cold spots increased from five to thirteen provinces, with spatial distribution further spreading from southwest to northern China and coastal areas; cold spots decreased from seven to five provinces, with spatial distribution mainly in northeast, northwest, and southwest China.



Hot spots of ECI remained stable in number, while sub-hot spots and cold spots relatively expanded, and sub-cold spots slightly shrank. Hot spots and sub-hot spots were mainly distributed in northern, northeast, northwest, and southwest China, and spread further to the northwest. From the perspective of gross output value, from 2010 to 2019, hot spots decreased from eleven provinces to nine provinces, with spatial distribution spreading further to the northwest from the north, northeast, and northwest China and southern coastal areas; sub-hot spots increased from five provinces to seven provinces, clustered from northwest, central, and southwest China, and a few eastern areas to central and northeast China in spatial distribution; sub-cold spots remained stable in five provinces, mainly clustered in southwest China and southern coastal areas in spatial distribution; cold spots changed from eight provinces to nine provinces, further clustered from northeast, central, and east China to central and east China in spatial distribution.



For the added value, hot spots remained stable in eleven provinces, with spatial distribution further spreading to the northwest from northern and central China and Bohai Rim; sub-hot spots remained stable in five provinces, with spatial distribution shifting from central and eastern China and southern coastal areas to the northeast, northwest, and a few eastern areas; sub-cold spots decreased from twelve to seven provinces, with spatial distribution shifting to southwest, eastern, and central China from the northwest, southwest, and southeast; cold spots increased from two to seven provinces, with spatial distribution shifting from northeast and central China to central China and southern coastal clusters.



Hot spots for total profit remained stable in six provinces, with spatial distribution shifting from the northwest, southwest, and southern coastal areas to northeast, northern, and northwest China; sub-hot spots increased from six to eleven provinces, with spatial distribution shifting from the north and southwest to northeast, northwest, and central China, and southern coastal areas; sub-cold spots decreased from eleven to nine provinces, with spatial distribution shifting from northeast and central China, Bohai Rim and southern coastal areas to the southwest, eastern, and southern coastal areas; cold spots decreased from seven to four provinces, clustered from northeast, central, and eastern China to central China in spatial distribution (Figure 11).





3.3. Decoupling Relationship Analysis


3.3.1. Decoupling Types in Two Periods


The study period is divided into two time periods, from 2010 to 2014 and 2015 to 2019, to further facilitate analysis of the stage characteristics of energy consumption and economic performance of the construction industry. For gross output value, in the period from 2010 to 2014, there were four types of decoupling of total output value: expansive negative decoupling, expansive coupling, strong, and weak decoupling, accounting for 16.67%, 60.00%, 13.33%, and 10.00%, respectively. From 2015 to 2019, there were five types of decoupling: strong decoupling, expansive coupling, expansive negative decoupling, weak negative decoupling, and strong negative decoupling, accounting for 13.33%, 50.00%, 16.67%, 10.00%, and 10.00%, respectively. Hebei was the best status province, which remained in strong decoupling in a long time; three provinces degenerated to strong negative decoupling, they were Zhejiang, Inner Mongolia, and Heilongjiang; three provinces degenerated to weak negative decoupling, in a bad state, they were Jilin, Liaoning, and Tianjin.



From 2010 to 2014, strong decoupling was found in Bohai Rim, central China and a few eastern areas, while weak decoupling was scattered in most provinces of China; hot spots and sub-cold spots with decoupling of cross output value were mainly clustered in central, eastern, and southwest China. From 2015 to 2019, provinces which belonged to strong decoupling states were distributed in central China, Bohai Rim, and southern coastal areas, while those which belonged to strong negative decoupling and weak negative decoupling were distributed in northern, eastern, and northeast China; hot spots and sub-hot spots were mainly clustered in central and southern China, and a few northwestern areas (Figure 12).



For added value, from 2010 to 2014, there were four types of added value decoupling: expansive coupling, expansive negative decoupling, strong, and weak decoupling, accounting for 16.67%, 53.33%, 16.67%, and 13.33%, respectively. From 2015 to 2019, there were seven types of decoupling: strong decoupling, weak decoupling, expansive coupling, expansive negative decoupling, recessive coupling, weak negative decoupling, and strong negative decoupling, accounting for 13. 33%, 46.67%, 3.33%, 13.33%, 6.67%, 3.33%, and 13.33%, respectively. Hebei was the best status province, which remained in strong decoupling for a long time; Heilongjiang, Gansu, Ningxia, and Shanghai degraded to strong negative decoupling; and Jilin degenerated to weak negative decoupling, in a bad state.



From 2010 to 2014, provinces in strong decoupling were distributed in Bohai Rim, central China, and a few eastern areas, while those in weak decoupling were in clusters in northern and southern China; hot spots and sub-cold spots of added value decoupling were mainly clustered in central, eastern, and southwest China, and southern coastal areas. From 2015 to 2019, Bohai Rim, central China, and southern coastal areas were main gathering locations for strong decoupling provinces; central, eastern, and southwest China were main gathering areas for weak decoupling provinces; northeast and northwest China and a few eastern areas were main gathering locations for strong and weak negative decoupling, with hot spots and sub-hot spots mainly clustered in central and southern China (Figure 13).



For total profit, from 2010 to 2014, five types of total profit decoupling relationships emerged: expansive negative decoupling, strong negative decoupling, weak decoupling, strong decoupling, and expansive coupling, accounting for 16.67%, 66.67%, 6.67%, 3.33%, and 6.67%, respectively. From 2015 to 2019, there were seven types of decoupling: weak negative decoupling, strong negative decoupling, weak decoupling, expansive coupling, strong decoupling, expansive negative decoupling, and recessive coupling, accounting for 10.00%, 36.67%, 10.00%, 6.67%, 3.33%, 10.00%, and 23.33%, respectively. Shaanxi, Hubei, and Guangdong evolved to strong decoupling, and belonged to best status provinces; Heilongjiang and Inner Mongolia remained in strong negative decoupling for long periods; Xinjiang, Qinghai, Xinjiang, Qinghai, Ningxia, Chongqing, and Zhejiang degenerated to strong negative decoupling; Jilin, Liaoning, and Tianjin degenerated to weak negative decoupling, in a bad state.



From 2010 to 2014, provinces in strong decoupling were distributed in Bohai Rim, central China and a few eastern areas, while those in weak decoupling were scattered in most areas of China, and those belonged to strong negative decoupling were distributed in northern and northeast China, with hot spots and sub-hot spots of total profit decoupling mainly clustered in the Yangtze River basin and towards the south. From 2015 to 2019, strong decoupling was found in central China and southern coastal areas, while the regions in weak decoupling shrank to central, southwest, and eastern China; strong and weak negative decoupling was found in northern, northeast, northwest, and southwest China and a few eastern areas. The hot spots and sub-hot spots were mainly clustered in central and southern China (Figure 14).




3.3.2. Decoupling Change Types


The changes in the type of decoupling between energy consumption and economic performance of the construction industry are compared for the two time periods, from 2010 to 2014 and 2015 to 2019, to further define the change pattern. For gross output value, there were five provinces in evolved regions, distributed in central China and southern coastal areas; fifteen provinces in degenerated regions, distributed in northern, central, northeast, northwest, and eastern China; and ten provinces in unchanged regions, distributed in Bohai Rim, central, southwest, and southeast China. The hot spots and sub-hot spots of gross output value decoupling changes were also mainly clustered in central and southern China, and a few northwestern areas.



For added value, there were eight provinces in evolved regions, distributed in the Yangtze River basin and southern coastal areas; fifteen provinces in degenerated regions, distributed in northeast, northwest, and central China; and seven provinces in unchanged regions, distributed in Bohai Rim, southwest, and southeast China. The hot spots and sub-hot spots of added value decoupling changes were mainly clustered in central and south China.



For total profit, evolved regions consisted of four provinces, distributed in central and western China and southern coastal areas; degenerated regions consisted of sixteen provinces, distributed in northeast, northwest, central, and eastern China; unchanged regions consisted of ten provinces, distributed in northern, southwest, and eastern China. The hot spots and sub-hot spots of total profit decoupling changes were also mainly concentrated in central and southern China (Figure 15).






4. Discussions


4.1. Theoretical Insights


4.1.1. Temporal Trends in Construction Energy Consumption


Although the change of energy consumption in the construction industry in the provinces of China shows a diversified trend, the steady growth of total energy consumption is still dominant, with a gradual decrease in its intensity, and most provinces are still in the plateau or growth period of energy consumption. In the studies available, Lai, Hong, Duan, and Hou stated that energy consumption in China’s construction industry is on the rise, but its intensity of energy consumption per unit of construction area keeps dropping [47,90,91,92], which is generally consistent with the view of this paper. Guo said that energy consumption in China’s construction industry will peak around 2020 to 2035 [93], while Xu argued that it will peak around 2050 [13]. This paper does not make any predictions about China’ future construction energy consumption, but it finds that some provinces have already achieved peak energy consumption. It is obvious that the state and trend of energy consumption in the construction industry greatly varies between different provinces, which also reminds local governments of the need to implement differentiated energy efficiency management policies. In addition, the same pattern of growth in energy consumption in the construction industry is observed in other countries. According to Štreimikienė, Hassan, and Salam, Lithuania, Malaysia, India, Pakistan, and Bangladesh all have growing total energy consumption and decreasing energy intensity in the construction industry, but their energy structure and energy-saving points greatly vary [94,95,96].




4.1.2. Spatial Effects of Construction Energy Consumption


The total energy consumption and energy consumption intensity of China’s construction industry show obvious east-west and north-south differences between provinces, evidently characterized by spatial heterogeneity and aggregation. In an existing study, Duan stated that energy consumption in the construction industry is greater in the northern and eastern regions of China than that in the northwest and southwest regions [91]. Hong stated that the energy consumption of China’s construction industry shows obvious spatial autocorrelation, with high value regions clustered in the eastern coastal and central areas, and low value regions clustered in the west [47]. Liu pointed out that the energy consumption of China’s construction industry is high in the east and low in the west, with obvious differentiation between the two levels [97]. The views in this paper are generally consistent with their findings. It reminds local governments that it is necessary to take full account of spatial differences in energy consumption in the construction industry, and to carry out zoning controls for energy efficiency. The spatial differentiation of energy consumption in the construction industry also exists in other countries. For example, Zhong stated that the energy consumption intensity per unit area of residential buildings is decreasing in high-income and upper-middle-income countries, while that of commercial buildings is increasing in upper-middle-income and lower-middle-income countries [98]. Berardi noted that energy consumption in the construction industry is significantly greater in the Nordic countries than in central and southern Europe [15]. Huang pointed out that there are obvious differences in energy consumption in the U.S. construction industry, with high value regions clustered in the southeast and low value regions in the northeast [48]. Krarti pointed out that there is a huge difference in energy consumption in the construction industry between different countries in the Arab region, with a 90-fold difference between the highest and the lowest levels [99], but there are significant differences in their formation mechanisms and impeding factors due to different national conditions [100,101,102].




4.1.3. Decoupling Characteristics of Construction Energy Consumption


From static features, the decoupling between energy consumption and economic growth in the construction industry is dominated by weak decoupling, expansive coupling, and strong negative decoupling. However, the former keeps declining in proportion, while the latter two continue to rise. The decoupling types showed obvious aggregation in space, indicating that the association between construction energy consumption and construction economy growth remained close in most provinces, and the dependence on energy in the construction industry was prominent and showed some lock-in effect. From dynamic features, the two study stages saw a gradual increase in decoupling types in each province, with nearly half of the provinces experiencing a degradation of the decoupling type and only a few achieving evolutions, changes in the decoupling types showed significant aggregation in geographical distribution, indicating that the decoupling status of construction energy consumption with construction economy development is deteriorating and the decoupling relationship is becoming increasingly complex, and there is also a certain lock-in effect in the changing regions, which brings certain difficulty to the development in energy-saving policies in the construction sector. In an existing study, Zhou pointed out that energy consumption and the economic growth of the construction industry in China mainly showed a weak decoupling from 2000 to 2015 [72], different from the views of this paper. This is mainly due to the differences in research time and research methods, besides Zhou’s neglect of the decoupling characteristics at the provincial scale of the study, which is instead further extended in this paper. Notably, the northeast and northwest regions have long been in or gradually degraded to strong negative decoupling, growing into critical constraint regions that shackle the energy saving development of the construction sector in China.





4.2. Policy Enlightenment


The GE matrix is a classification tool developed on the basis of the BCG matrix, which forms nine divisions by grading “high—medium—low” in both vertical and horizontal dimensions, and then proposes different optimization strategies for each division [103]. We reshape the GE matrix in this paper for classifying the energy consumption characteristics in the construction industry in the provinces of China, and three types of provinces are determined, which are no energy peak, platform period, and energy peak, with the energy peak state as the horizontal coordinate. With the ECA data from 2015 to 2019 as the vertical coordinate, ECA of the provinces is divided into three categories, which are high level, medium level, and low level, and the plural or worst type of decoupling of total output value, added value, and total profit from 2015 to 2019 is used as the final result of energy consumption decoupling in each province. Based on the three indices of ECA, peak state, and decoupling type of the construction industry, this paper constructs a zoning matrix for energy consumption optimization of the construction industry in China’s provinces, and further proposes a differentiated policy design (Figure 16).



4.2.1. Policy Suggestion in Leader Zoning


There are eleven provinces at the forefront of the country in terms of low energy consumption levels in the construction industry, with energy consumption at medium or low level, mostly at the peak state or entering the plateau state, becoming leaders in the development and spatial governance of the construction industry. Shaanxi is in strong decoupling and it should steadily implement the current energy policy for the construction industry and play a leading role in developing construction energy-saving standards. Shanxi, Beijing, Hainan, and Chongqing are in weak decoupling, and most of them are in the accelerated urbanization period. They should push the transformation of electrification, intelligence, and assembly technology in the construction industry [104], encourage the use of green building materials, and drive the decoupling of energy consumption in the construction industry from the construction economy growth. Heilongjiang, Gansu, and Ningxia are in strong negative decoupling, while Tianjin, Liaoning, and Jilin are in weak negative decoupling. Most of these provinces are underdeveloped or declining regions, and they should take advantage of the development opportunities of northeast revitalization and western development, introduce advanced green construction technology, and improve the overall construction level of construction enterprises [105]. In addition, it is recommended that the eleven provinces make good use of the construction industry recovery window after COVID-19 to refine the workflow of construction enterprises and widely popularize green construction techniques [106], while encouraging enterprises to use more clean energy by promoting energy restructuring in the construction industry [107].




4.2.2. Policy Suggestion in Intermediate Zoning


The low energy consumption in the construction industry in five provinces is at the middle level of the country. Most of them are at a low level of energy consumption and are in the period of energy consumption growth, so they should strengthen the policy guidance for the development of low energy consumption in the construction industry. Shanghai and Guizhou are in weak decoupling, and Shanghai is a highly urbanized region. They should promote the application of green construction technology in building renewal, complete the energy consumption supervision system of construction enterprises, emphasize the design of building energy consumption limits, and guide or force construction enterprises to improve energy efficiency by means of rewards and punishments [108]. With an urbanization rate of only 54.33%, Guizhou has great potential for construction economy development. It should strengthen the formulation of a timetable and roadmap for energy peaking, with a focus on cultivating a number of leading assembly-type construction enterprises, and then encourage large-sized enterprises to boost small-sized ones to urge the low-energy transformation in the construction sector. Jiangxi is in expansive coupling, while Guangxi and Qinghai are in expansive negative decoupling. Given that industrialization and urbanization remain the focus of development, these provinces should promote the industrialization and intelligence of the construction industry, tackle problems in key technologies, such as green building materials and assembly-type construction [109,110], and promote the development of the construction industry in clusters. Additionally, it is recommended that these five provinces give full play to the role of industry associations, construction enterprises, and individuals to set up local green construction associations, and to give the associations more industry management functions, while developing banking, financial, and talent incentives to boost the motivation of enterprises and individuals to participate in green construction [111].




4.2.3. Policy Suggestions in Laggard Zoning


The low energy consumption in the construction industry in fourteen provinces is relatively lagging behind, and their energy consumption is at a medium or high level. Most provinces are still in a period of growth in energy consumption, and they must undertake systematic and thematic design of low energy policies for the construction industry. Hubei, Guangdong and Hebei are in strong decoupling, while Sichuan, Yunnan, Hunan, Jiangsu, Anhui, Shandong, and Fujian are in weak decoupling. Due to their large and still growing energy consumption, these provinces should focus on improving construction technology [112] to improve the efficiency of energy use. Zhejiang and Inner Mongolia are in strong negative decoupling, while Henan and Xinjiang are in weak negative decoupling. Due to their high and rapidly growing energy consumption, these provinces are faced with an arduous task of energy saving, and they should develop action plans and establish accountability targets for energy saving in the construction industry [113], to push the transformation of low energy consumption to serve as an enabler for high-quality development and modernization. It is suggested that the fourteen provinces set the “14th Five-Year Plan” and the “15th Five-Year Plan” as the periods for the hard part of energy peaking in the construction industry, focus on improving the energy efficiency of new buildings, promote the development of building industrialization, improve the assembly level, promote the application of green building materials and the application of renewable energy in buildings, and carrying out green construction [114,115], and evaluate and release the progress of energy peaking in the construction industry of each province every year.






5. Conclusions


The building industry is a key sector contributing to global energy consumption and carbon emissions, as well as an important national economic sector. Driving the decoupling of energy consumption from economic growth in the building industry is critical to achieving global energy conservation and emission reduction mandates, as well as sustainable development goals. In this context, it is urgent and necessary to carry out a segmentation study on the industry-wide energy consumption, and this paper focuses on the decoupling of energy consumption from the economic development in the construction industry. With a huge scale of energy consumption in the construction industry, China has a large share of the global construction market, and the decoupling of its energy consumption from the economic performance in the construction industry is the key to the global construction industry’s energy-saving transition, and will give a strong boost to the early achievement of China’s carbon emission peak and carbon neutrality commitments. We have empirically investigated the spatio-temporal characteristics of energy consumption in the construction industry and its relationship with construction economy growth in 30 Chinese provinces from 2010 to 2019, using a decoupling tool and GIS software in this paper. The conclusions are:



(1) Changes in energy consumption in the construction industry showed an increasingly complex trend. Four patterns of change emerged in both total energy consumption and energy consumption intensity, with the former dominated by a rise while the latter by a decline. Most provinces were still in the energy consumption plateau or growth period, except for only 13.33% that saw the energy consumption peak in the construction industry. The state and changing trends of energy consumption in the construction industry varied greatly between provinces, making it necessary to introduce differentiated management policies.



(2) Energy consumption in the construction industry was characterized by prominent spatial heterogeneity and aggregation. Regions with high energy consumption were mainly distributed along the coast and along the Yangtze River, while regions with low energy consumption were mainly clustered in remote regions such as northeast, northwest, and southwest China. Energy consumption showed a clear north-south difference in intensity, with high-intensity regions clustered in the north, compared to low-intensity regions in the south. Due to obvious spatial differences and aggregation of energy consumption in the construction industry in different provinces, management of them by zones should be adopted.



(3) Undecoupled provinces accounted for a large proportion, and they showed an obvious spatial lock-in effect. Most of the provinces were in weak decoupling, expansive coupling, and strong negative decoupling. The former kept declining in proportion, while the latter two continued to rise. The better decoupled areas were clustered in the south of the Yangtze River. Nearly half of the provinces showed degradation of decoupling types, and only a few provinces experienced evolution, which were also clustered in the south of the Yangtze River. The northeast and northwest regions of China have been in or gradually degraded to strong negative decoupling for a long period, becoming a key problem area that shackles the energy saving development in China’s construction industry.



(4) By integrating energy consumption, peak status, and decoupling type, 30 provinces have been divided into three policy zones, which are leader zone, intermediate zone, and laggard zone, and proposed corresponding low energy development goals and recommendations for the construction industry.



Theoretically, this paper expands the research perspective on energy efficiency in the construction industry, from technicians to managers, from single building management to regional management, and from construction techniques to energy saving policies. Based on the decoupling model and GIS tools, this paper constructs a technical framework of “spatio-temporal characteristics + matching evaluation + policy design” to effectively describe the dynamic relationship between energy consumption and economy growth in the construction industry, and to accurately determine whether construction energy saving development is reasonable, providing a suitable tool for decision-makers, researchers, and the general public to analyze the low-energy transformation and development patterns of the construction industry. In practice, green construction is the future direction of China’s construction industry [11], and energy saving is an important part of green construction. The findings of this paper provide an auxiliary role for local governments to develop regional construction industry energy efficiency plans and policies. In addition, a large number of developing countries are experiencing rapid urbanization, such as India, Pakistan, Brazil, Iran, Egypt, Vietnam, Turkey, and Malaysia [116], and their energy saving paths in the construction industry have far-reaching implications for the transformation of energy saving and carbon emission reduction of global construction. This paper’s methods and findings can also act as references for the construction energy efficiency management in these countries.



It should be noted that energy consumption in the construction industry is a result of the long-term development of the regional construction industry and is influenced by many factors, such as local resource conditions, stage of development, construction mode, and the level of innovation. The decoupling model provides a concise visualization of the intensity of energy consumption in the construction industry, but it conveys a mixed message that hardly reflects the dominant factors affecting the decoupling relationship. The driving factors and its mechanisms are not discussed in this paper, which influence the evolution of construction energy consumption and its decoupling relationship, because of insufficient data and restricted length. In addition, COVID-19 has had a large impact on the global construction industry since its outbreak in 2019, and this paper only provides a brief analysis on how the Chinese construction industry takes advantage of the recovery window after COVID-19 to transform construction into an energy-saving industry, without discussing specific initiatives in depth. These are the two shortcomings of this paper, and we will complete the relevant study on them in subsequent research. We call for more scholars to conduct case and empirical studies to provide a basis for the government’s decision to develop a timeline and roadmap for the development of energy efficiency in the construction industry.
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Table A1. Growth rate on construction energy consumption and construction economy and decoupling index between the two from 2010 to 2014.






Table A1. Growth rate on construction energy consumption and construction economy and decoupling index between the two from 2010 to 2014.





	
ID

	
Name

	
Growth Rate

	
Decoupling Index




	
Energy Consumption

	
Gross Output Value

	
Added Value

	
Total Profit

	
Gross Output Value

	
Added Value

	
Total Profit






	
1

	
Beijing

	
−0.07

	
0.10

	
0.17

	
0.08

	
−0.69

	
−0.39

	
−0.87




	
2

	
Tianjin

	
0.04

	
0.11

	
0.19

	
0.10

	
0.33

	
0.20

	
0.38




	
3

	
Hebei

	
−0.09

	
0.12

	
0.09

	
0.08

	
−0.77

	
−0.98

	
−1.12




	
4

	
Shanxi

	
0.01

	
0.08

	
0.14

	
0.07

	
0.18

	
0.10

	
0.18




	
5

	
Inner Mongolia

	
0.03

	
0.05

	
−0.02

	
0.10

	
0.77

	
−1.44

	
0.34




	
6

	
Liaoning

	
0.15

	
0.11

	
0.08

	
0.10

	
1.36

	
1.87

	
1.55




	
7

	
Jilin

	
0.11

	
0.13

	
0.19

	
0.09

	
0.83

	
0.58

	
1.22




	
8

	
Heilongjiang

	
0.13

	
0.04

	
−0.02

	
0.07

	
3.29

	
−6.32

	
1.81




	
9

	
Shanghai

	
−0.03

	
0.05

	
0.05

	
0.04

	
−0.53

	
−0.58

	
−0.66




	
10

	
Jiangsu

	
0.08

	
0.15

	
0.15

	
0.10

	
0.56

	
0.56

	
0.86




	
11

	
Zhejiang

	
0.04

	
0.14

	
0.11

	
0.09

	
0.31

	
0.40

	
0.49




	
12

	
Anhui

	
0.12

	
0.14

	
0.15

	
0.10

	
0.89

	
0.85

	
1.27




	
13

	
Fujian

	
0.09

	
0.18

	
0.22

	
0.13

	
0.52

	
0.43

	
0.70




	
14

	
Jiangxi

	
0.08

	
0.20

	
0.23

	
0.11

	
0.42

	
0.36

	
0.75




	
15

	
Shandong

	
−0.10

	
0.11

	
0.10

	
0.08

	
−0.89

	
−1.01

	
−1.20




	
16

	
Henan

	
0.11

	
0.12

	
0.15

	
0.10

	
0.86

	
0.72

	
1.04




	
17

	
Hubei

	
0.04

	
0.18

	
0.17

	
0.13

	
0.19

	
0.21

	
0.27




	
18

	
Hunan

	
−0.01

	
0.14

	
0.15

	
0.11

	
−0.06

	
−0.05

	
−0.07




	
19

	
Guangdong

	
0.03

	
0.12

	
0.13

	
0.09

	
0.23

	
0.22

	
0.33




	
20

	
Guangxi

	
0.04

	
0.16

	
0.14

	
0.14

	
0.26

	
0.29

	
0.29




	
21

	
Hainan

	
0.12

	
0.07

	
0.19

	
0.14

	
1.77

	
0.62

	
0.83




	
22

	
Chongqing

	
0.07

	
0.17

	
0.18

	
0.15

	
0.40

	
0.37

	
0.44




	
23

	
Sichuan

	
0.11

	
0.14

	
0.13

	
0.12

	
0.77

	
0.84

	
0.88




	
24

	
Guizhou

	
0.12

	
0.21

	
0.27

	
0.20

	
0.55

	
0.43

	
0.57




	
25

	
Yunnan

	
0.04

	
0.15

	
0.19

	
0.18

	
0.28

	
0.22

	
0.24




	
26

	
Shaanxi

	
0.06

	
0.08

	
0.17

	
0.13

	
0.73

	
0.35

	
0.46




	
27

	
Gansu

	
0.05

	
0.19

	
0.20

	
0.12

	
0.26

	
0.26

	
0.42




	
28

	
Qinghai

	
0.07

	
0.09

	
0.17

	
0.16

	
0.77

	
0.41

	
0.43




	
29

	
Ningxia

	
0.05

	
0.13

	
0.19

	
0.15

	
0.39

	
0.27

	
0.34




	
30

	
Xinjiang

	
0.16

	
0.19

	
0.20

	
0.15

	
0.82

	
0.80

	
1.04
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Table A2. Growth rate on construction energy consumption and construction economy and decoupling index between the two from 2015 to 2019.






Table A2. Growth rate on construction energy consumption and construction economy and decoupling index between the two from 2015 to 2019.





	
ID

	
Name

	
Growth Rate

	
Decoupling Index




	
Energy Consumption

	
Gross Output Value

	
Added Value

	
Total Profit

	
Gross Output Value

	
Added Value

	
Total Profit






	
1

	
Beijing

	
0.01

	
0.07

	
0.11

	
0.09

	
0.07

	
0.05

	
0.05




	
2

	
Tianjin

	
−0.01

	
−0.02

	
−0.09

	
−0.01

	
0.76

	
0.15

	
1.07




	
3

	
Hebei

	
−0.02

	
0.02

	
−0.02

	
0.04

	
−0.82

	
1.14

	
−0.49




	
4

	
Shanxi

	
0.00

	
0.10

	
0.01

	
0.01

	
0.02

	
0.12

	
0.15




	
5

	
Inner Mongolia

	
0.07

	
−0.01

	
−0.07

	
0.01

	
−11.07

	
−1.05

	
11.55




	
6

	
Liaoning

	
−0.05

	
−0.08

	
−0.13

	
−0.05

	
0.63

	
0.38

	
1.09




	
7

	
Jilin

	
−0.01

	
−0.03

	
−0.04

	
−0.03

	
0.23

	
0.22

	
0.30




	
8

	
Heilongjiang

	
0.01

	
−0.07

	
−0.01

	
−0.13

	
−0.11

	
−0.56

	
−0.06




	
9

	
Shanghai

	
0.02

	
0.07

	
0.04

	
−0.03

	
0.32

	
0.48

	
−0.61




	
10

	
Jiangsu

	
0.01

	
0.06

	
0.05

	
0.10

	
0.14

	
0.18

	
0.08




	
11

	
Zhejiang

	
0.01

	
−0.03

	
−0.03

	
0.08

	
−0.36

	
−0.33

	
0.14




	
12

	
Anhui

	
0.04

	
0.08

	
0.04

	
0.18

	
0.52

	
0.98

	
0.24




	
13

	
Fujian

	
0.04

	
0.12

	
0.08

	
0.15

	
0.36

	
0.51

	
0.28




	
14

	
Jiangxi

	
0.07

	
0.12

	
0.07

	
0.06

	
0.59

	
0.93

	
1.17




	
15

	
Shandong

	
0.01

	
0.09

	
0.00

	
0.08

	
0.06

	
1.97

	
0.06




	
16

	
Henan

	
0.12

	
0.10

	
0.12

	
0.20

	
1.27

	
1.03

	
0.62




	
17

	
Hubei

	
−0.01

	
0.10

	
0.07

	
0.09

	
−0.12

	
−0.17

	
−0.14




	
18

	
Hunan

	
0.02

	
0.10

	
0.08

	
0.12

	
0.24

	
0.29

	
0.20




	
19

	
Guangdong

	
−0.02

	
0.13

	
0.08

	
0.12

	
−0.12

	
−0.19

	
−0.13




	
20

	
Guangxi

	
0.19

	
0.13

	
0.14

	
0.06

	
1.50

	
1.42

	
3.23




	
21

	
Hainan

	
0.01

	
0.06

	
0.07

	
0.06

	
0.20

	
0.16

	
0.19




	
22

	
Chongqing

	
0.03

	
0.06

	
0.00

	
0.13

	
0.47

	
−10.44

	
0.20




	
23

	
Sichuan

	
0.08

	
0.11

	
0.13

	
0.12

	
0.77

	
0.67

	
0.69




	
24

	
Guizhou

	
0.07

	
0.14

	
0.18

	
0.13

	
0.52

	
0.39

	
0.56




	
25

	
Yunnan

	
0.05

	
0.13

	
0.16

	
0.11

	
0.40

	
0.34

	
0.48




	
26

	
Shaanxi

	
0.00

	
0.11

	
0.08

	
0.07

	
−0.05

	
−0.06

	
−0.07




	
27

	
Gansu

	
0.01

	
0.01

	
0.03

	
−0.05

	
2.04

	
0.54

	
−0.27




	
28

	
Qinghai

	
0.06

	
0.02

	
−0.13

	
0.02

	
2.71

	
−0.50

	
3.68




	
29

	
Ningxia

	
0.01

	
0.03

	
−0.03

	
−0.05

	
0.41

	
−0.36

	
−0.25




	
30

	
Xinjiang

	
0.08

	
0.00

	
−0.01

	
0.02

	
38.57

	
−6.51

	
4.83
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Figure 1. Research area. 
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Figure 2. Yearly change and growth rate of ECA on construction industry in China from 2010 to 2019. TCE is a unit of energy measurement which means tons of standard coal equivalent. 
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Figure 3. Annual change of economic output and growth rate on construction industry in China from 2010 to 2019. 
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Figure 4. Research steps. 
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Figure 5. Temporal change characteristic of ECA on construction industry from 2010 to 2019. 
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Figure 6. Temporal change characteristic of ECI on construction industry from 2010 to 2019. 
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Figure 7. CV trend of ECA and ECI on construction industry from 2010 to 2019. CV is a relative value and is dimensionless. 
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Figure 8. Spatial cluster of ECA in 2010 and 2019. 
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Figure 9. Spatial cluster of ECI in 2010 and 2019. 
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Figure 10. Spatial hot and cold spots of ECA in 2010 and 2019. 
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Figure 11. Spatial hot and cold spots of ECI in 2010 and 2019. 
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Figure 12. Spatial distribution and gathering characteristics of decoupling types between ECA and gross output value. 
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Figure 13. Spatial distribution and gathering characteristics of decoupling types between ECA and added value. 
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Figure 14. Spatial distribution and gathering characteristics of decoupling types between ECA and total profit. 
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Figure 15. Spatial distribution and gathering characteristics of decoupling change types. 
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Figure 16. Optimized policy zoning of energy consumption on China’s construction industry. 
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Table 1. Decoupling types and indicator value.
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Decoupling Type

	
    Δ x    

	
    Δ y    

	
   z   

	
Situation






	
Decoupling

	
Strong

	
<0

	
>0

	
<0

	
Best status, enjoying economy growing with reduced energy consumption




	
Weak

	
>0

	
>0

	
[0, 0.8)

	
Second best status, with economy growing faster than the energy consumption growing




	
Recessive

	
<0

	
<0

	
(1.2, +∞)

	
Negative growing, with economic slowdown slower than energy consumption reduction




	
Coupling

	
Expansive

	
>0

	
>0

	
[0.8, 1.2]

	
Economic development and energy consumption grow in tandem




	
Recessive

	
<0

	
<0

	
[0.8, 1.2]

	
Economic development and energy consumption decline in tandem




	
Negative Decoupling

	
Strong

	
>0

	
<0

	
< 0

	
Worst, experiencing economic recession with increased energy consumption




	
Weak

	
<0

	
<0

	
[0, 0.8)

	
Second worst, with economic slowdown faster than energy consumption reduction




	
Expansive

	
>0

	
>0

	
(1.2, +∞)

	
Economic growth is slower than energy consumption growth
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