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Abstract

:

Eco-efficiency is an important sustainable development and circular economy construct that conceptualizes the relationship between industrial output, resource utilization, and environmental impacts. This paper conducts an eco-efficiency analysis for basin industrial systems using the decomposition model approach. Using data on 10 cities in China’s Songhua River basin, we illustrate the evolutionary characteristics and influencing factors of industrial systems’ eco-efficiency. The results indicate that cities in upstream and midstream areas focus on improving resource efficiency, whereas cities in downstream areas focus on improving terminal control efficiency. The results also show that the government plays an increasingly important role in promoting eco-efficiency and that significant differences in the influencing factors exist among the upstream area, midstream area, and downstream area. Our results offer deeper insights into the eco-efficiency of industrial systems and give further hints on how policy-making can help achieve sustainable development, balancing between economic activities and environmental protection.
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1. Introduction


Eco-efficiency is an instrument for sustainability analysis, and indicates an empirical relationship between environmental cost or value and environmental impact in economic activities [1]. So, eco-efficiency plays an important role in expressing how efficient economic activity is with regards to nature’s goods and services. The concept can be traced back to the 1950s, when the notions of resource utilization coefficients and technical efficiency were first proposed [2], and to the 1970s, when the concept of environmental efficiency was introduced [3]. In the 1990s, the notion of eco-efficiency was developed to incorporate both resource efficiency and environmental efficiency, and was defined as the ratio of value added to environmental impact [4]. Because eco-efficiency plays an increasingly important role in ensuring efficient industrial activities with regard to the use of natural resources, that the concept has received significant attention in the literature is not surprising [5,6,7,8,9,10,11,12,13]. Koskela [5] argued that eco-efficiency can be seen either as an indicator of environmental performance, or as a business strategy for sustainable development. The World Business Council for Sustainable Development (WBCSD) [6] described eco-efficiency as “being concerned with creating more value with less impact.” Huppes [7] held that clarifying the why and what of eco-efficiency was a first step toward providing support in decision-making on sustainability. Brattebø [9] put forward a framework for eco-efficiency analysis. Ehrenfeld [10] insisted that eco-efficiency can be a useful tool for strategists and policy makers. Oggioni [11] provided an eco-efficiency measure for 21 prototypes of cement industries operating in many countries by applying a data envelopment analysis. Ekins [12] analyzed the objective, drivers, and economic implications of eco-efficiency, while Kuosmanen [13] discussed some general issues and challenges in the quantification of eco-efficiency.



The industrial system, which is the core of the economic system, has been suggested in recent years by a number of studies on industrial systems’ eco-efficiency as having a mutual relationship with the ecological system [1,14,15,16,17]. Zhang [1] calculated the eco-efficiency of regional industrial systems in China, which was found to be in line with the spatial distribution of economic development in the country. Gumus [14] used an integrated input–output life cycle assessment and multi-criteria decision-making approach to evaluate the eco-efficiency of 276 manufacturing sectors in the USA. Caneghem [16] found that, despite the improved eco-efficiency, the industry sector remains one of the main polluters in Flanders. Camarero [17] analyzed the convergence in the eco-efficiency of a group of 22 OECD (The Organization for Economic Cooperation and Development) countries during 1980–2008. Most existing studies focused on industries [18,19] or firms [20,21,22,23]. Charmondusit [20] maintained that eco-efficiency was a tool for the analysis of the sustainability of industries. Lahouel [21] showed that company size, expressed in terms of turnover and number of employees, was inversely related to eco-efficiency scores. Kamande [22] suggested that there was a potential gain in the profitability of the firm by improving eco-efficiency in resource use. Thant [23] presented an eco-efficiency assessment of the pulp and paper industry in Myanmar by using some key indicators. Through an EU-funded research project, EcoWater has developed a conceptual framework and methodology for assessing eco-efficiency on the meso level [24], and the proposed methodological framework has been applied to eight alternative water use systems, revealing their environmental weaknesses and identifying potential opportunities for eco-efficiency improvement [25]. However, it seems that studies focused on the basin environment still need to be strengthened. The river basin is uniquely composed of closely connected upstream and downstream regions, which gives rises to conflict between industrial and environmental systems.



The Songhua River basin is used to carry out an empirical study in order to provide a scientific basis for the sustainable development of both the industrial and environmental systems in the basin and provide reference to other similar basins. As one of the most important rivers in China, the Songhua River is the foundation and lifeblood for the survival and development of Northeast China. However, environmental pollution from rapid urbanization and industrialization [26], population agglomeration, and excess production is worsening. The current environmental situation has captured the attention of many international communities after the occurrence of a major water pollution incident in 2005.



Another innovative feature of this study is its method of analysis. Most eco-efficiency studies use data envelopment analysis (DEA)-based models as instruments for aggregating different sources of environmental pressure to encompass eco-efficiency indicators. Applying a DEA model for eco-efficiency analysis highlights different combinations in the modes used to treat undesirable outputs and model choices. However, DEA measurement requires a large number of relatively accurate and reliable data points, and putting forward specific proposals from conclusions based on DEA-based models is arduous. In addition, DEA identifies weights that maximize the efficiency score of the evaluated unit or activity in comparison with a group of similar units or activities. An analysis of the decomposition model approach can solve this problem. The approach can be used to decompose eco-efficiency into the efficiency of different production processes. Moreover, eco-efficiency can be combined with concrete production processes.



In the Western context, numerous theories concerning economic development and environmental change have been developed. Among them, the Environmental Kuznets Curve (EKC) theory has far-reaching influence. The EKC theory can be traced back to the 1940s and hypothesizes a relationship between the relative levels of environmental damage and the values of Gross Domestic Products (GDP) per capita in a country. According to this theory, the environmental impact is an inverse U-shaped curve, in which the environment deteriorates before it improves with economic growth [27,28]. However, some researchers noted that the inverted U-shaped relationship did not always exist, and it might be inverted U-shaped [29] or N-shaped [30]. Given the differences between China and the West, many of these theories or findings may not be suitable for Chinese contexts. In view of the importance of industrial systems’ eco-efficiency and the insufficient number of studies examining this topic, this paper discusses the topic of industrial systems’ eco-efficiency within the Chinese context. This study aims to measure the eco-efficiency of the Songhua River basin using the decomposition model. It analyzes evolutionary characteristics and impact factors of eco-efficiency. Eco-efficiency can be decomposed into resource efficiency, cleaner production efficiency, and terminal control efficiency to construct a measurement model of eco-efficiency. Using this measurement method, this article answers the following questions: What are the evolutionary pathways of eco-efficiency that cities in the Songhua River basin might follow? Which factors account for the change in eco-efficiency?



Given a policy focused towards reforming and opening up, China’s economy has been developing rapidly and has entered the middle stage of industrialization. However, scale-driven economic development relies heavily on the massive consumption of energy and resources. Furthermore, traditional industries with a high volume of energy consumption and pollution emissions still occupy a dominant position in the economy. Undoubtedly, achieving fundamental change in a short period is difficult. Therefore, the pressure in maintaining a balance between resource utilization and environmental protection will continue to increase. A key problem that needs to be solved is maintaining rapid economic development and reducing its environmental impact, while moving towards sustainable development. As an instrument for sustainability analysis, eco-efficiency establishes an empirical relationship between environmental cost or value and environmental impact in economic activities, and can highlight the pathway towards sustainable development.




2. Research Area and Methods


2.1. Study Area and Data


The Songhua River passes through Heilongjiang and Jilin provinces. The river is 1897 kilometers (km) long, and the area of the river basin is approximately 560,000 km2. Based on three factors (natural environment, administrative area, and economic relationship), this study divides the Songhua River into three parts: the upstream including Jilin, Changchun, Songyuan, and Baicheng municipalities; the midstream including Daqing, Suihua, and Harbin municipalities; and the downstream including Hegang, Yichun, and Jiamusi municipalities (Figure 1). Czakó et al. [31] divided the Danube River into three parts according to the location of the river’s partition: the upper part of the river (e.g., South German States, Austrian regions); the middle part of the river (e.g., Slovakian, Hungarian regions); and the lower part of the river (e.g., Romania, Bulgaria). Qin and Li [32] argued that three factors—natural environment, administrative area, and economic relationship—should be considered in watershed segmentation. The industries of the study area are diverse and include automobile, coal, petrochemical metallurgy, pharmaceutical machinery, building materials, textile and garment, coal chemical, new materials and energy, food processing, and brewing. Although the industrial structure of the Songhua River basin has been optimized and upgraded in recent years, industries with high energy consumption and pollution emissions still dominate, leading to serious environmental pollution and ecological damage and increases in the structure vulnerability of the industrial ecosystem.



In terms of products or service value, Seppala et al. [33] developed three economic indicators to represent the economic value in eco-efficiency analysis: gross domestic product (GDP), value added of industries, and output at basic prices. However, because our research only focuses on the basin industrial system and as industrial development is still the main driving force of economic development, the value added by industries is selected to represent economic value.



Regarding environmental impact, according to the World Economic Cooperation and Development Organization (OECD) and the World Business Council for Sustainable Development (WBCSD), environmental impact could be represented as water pollutants, waste gas pollutants, solid waste, and other indicators. Using China’s statistics system and data availability, we chose three main categories of environmental pressure indicators: industrial sulfur dioxide, soot, and wastewater. Moreover, the economy of the Songhua River basin is in the middle stage of industrialization. This scale-driven economic development relies heavily on the massive consumption of energy and resources. Consequently, energy consumption is selected to represent the resource pressure of an industrial system.



All the data were collected from the Jilin [34,35,36,37,38,39,40,41,42,43,44,45] and Heilongjiang Statistical Yearbook [46,47,48,49,50,51,52,53,54,55,56,57] during 2003–2014 and the Environmental Quality Report of Jilin Province [58,59,60,61,62,63,64,65,66,67,68,69] and Heilongjiang Province [70,71,72,73,74,75,76,77,78,79,80,81] during 2002–2013. The value added by industries comes from ‘Gross Domestic Product by City and County’ in the Statistical Yearbook ([34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57]) each year. Industrial sulfur dioxide and soot come from ‘Discharge and Treatment of Industrial Waste Gas by Region’ in the Statistical Yearbook ([34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57]) each year. Wastewater comes from ‘Discharge and Treatment of Industrial Waste Water by Region’ in the Environmental Quality Report ([58,59,60,61,62,63,64,65,66,67,68,69,70,71,72,73,74,75,76,77,78,79,80,81]) each year. Energy consumption comes from ‘Basic Statistics on Urban Social and Economic Indicators’ in the Statistical Yearbook ([34,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57]) each year.




2.2. Methods


Eco-efficiency concerns the capability to produce goods and services in a manner that causes minimal environmental degradation. Therefore, eco-efficiency plays an increasingly important role in expressing the efficiency of economic activity with regard to nature’s goods and services. Several tools can be used to assess eco-efficiency. An example is the mathematical DEA methodology developed by Charnes, Cooper, and Rhodes. The methodology aggregates different environmental pressures to encompass eco-efficiency indicators and has been applied to many case studies in different fields. However, the method is strict with index selection, and the indexes can only be input–output indicators. In addition, the number of input–output indicators should be limited, and the number of input indicators is higher than the number of output indicators. Although the DEA methodology can also generate weight, the sum of the weights does not equal 1, making it difficult to judge the importance of the indicators. The decomposition analysis, on the other hand, allows for the relative contribution of different factors to an overall outcome to be calculated [82]. The analysis has most commonly been applied to eco-efficiency issues to analyze the role of different industrial sectors [83]. According to the OECD and the WBCSD (2000), eco-efficiency is measured as the ratio between the (added) value of what has been produced (total population, products and services, GDP, and others) and the (added) ecological impacts of the products and services. The ecological impacts include resource and environmental impacts, which reflect resource utilization efficiency and pollutant emissions, respectively. Thus, eco-efficiency can be decomposed into:


    E I =    ∑   λ i   S i     /  (  ∑   μ r   R r  +  ∑   ν p   E p      )    ,   



(1)




where EI is eco-efficiency, Si represents the value of the ith product or service, Rr is the rth resource input, Ep is the pth pollutant emissions, and λ, μ, and ν represent indicator weight coefficients calculated using the entropy method.



In addition, resource efficiency (RE) and environmental efficiency (EE) can be expressed by the product or service value of the unit resource input and pollutant emissions, respectively. Resource efficiency (RE) represents the eco-efficiency of the industrial system from the production source; however, environmental efficiency (EE) represents the eco-efficiency of the industrial system from the perspective of pollutant treatment. Consequently, eco-efficiency (EI) can be specifically decomposed into resource efficiency (RE) and environmental efficiency (EE). The formula is as follows:


    R E =    ∑   λ i   S i     /   ∑   μ r   R r       ,   



(2)






    E E =    ∑   λ i   S i     /   ∑   ν p   E p       .   



(3)







Environment efficiency can be further decomposed into:


    E E =    ∑   λ i   S i     /   ∑   ν p   E p      =    ∑   λ i   S i     /   ∑   μ r   R r      ×    ∑   μ r   R r     /   ∑   γ p    E ′  p      ×    ∑   γ p    E ′  p     /   ∑   ν p   E p       ,   



(4)




where E’p represents the pth pollutant production and γ is the weight coefficient of the pollutant production calculated using the entropy method. The other indicators have the same meanings as previously noted. The formula implies that environment efficiency can be further decomposed into resource efficiency, cleaner production efficiency, and terminal control efficiency, as represented by α, β, and ε, respectively. Therefore, eco-efficiency (EI) can be ultimately represented as:


    E I =   α × β × ε  /  ( 1 + β × ε )    .   



(5)







This formula asserts that eco-efficiency (EI) is a function of resource efficiency (α), cleaner production efficiency (β), and terminal control efficiency (ε). Using partial correlation analysis, we obtain ∂EI/∂α = β × ε/(1 + β × ε) > 0, and correspondingly obtain ∂EI/∂β > 0 and ∂EI/∂ε > 0. The results imply that each link in the production processes can improve eco-efficiency by reducing the environmental impact but also cannot fully achieve the expected ecological objectives. A mutual relationship exists among resource efficiency, cleaner production efficiency, and terminal control efficiency. Only if the three efficiencies coordinate development can they compose a complete industrial ecosystem chain and significantly promote eco-efficiency [84]. Additionally, to show the equivalent environmental impact, the downstream of the production chain should invest more than the upstream to enable the three efficiencies to be assigned a certain priority in production processes as resource efficiency > cleaner production efficiency > terminal control efficiency.



Contribution rate is a crucial index to analyze economic benefit. The contribution rate analysis method refers to the contribution index of a certain influence factor to the total contribution of factors. So, the contribution rate analysis method can be used to measure the effect of resource efficiency, cleaner production efficiency and terminal control efficiency on the eco-efficiency. The formula is as follows:


   Contribution rate = contribution index / total contribution index × 100 % .   



(6)







Principal component analysis (PCA) is a multivariate technique that analyzes a data table in which observations are described by several inter-correlated quantitative dependent variables [85]. The central idea of principal component analysis (PCA) is to reduce the dimensionality of a dataset consisting of a large number of interrelated variables, while retaining as much as possible the variation present in the dataset. This is achieved by shifting the principal components (PCs), which are uncorrelated, to a new set of variables that are ordered so that the first few retain most of the variation present in all of the original variables. We could use principal component analysis (PCA) to quantitatively analyze the influence factors of eco-efficiency.



The entropy method is an objective weighting method that could eliminate the subjective favor of the valuator. It is used in the social sciences on a wide scale to measure the uncertainty in the system. In general, the value of information entropy is lower, the system is more unbalanced, the difference is greater, and the change is sooner; so the weight of the index is higher. Conversely, the weight of the index is lower. The main calculation steps of the entropy method are as follows:



(1) Data standardization: when the index value is greater, the system is more advantageous. The positive calculation method was used:


     X ij  ′  =  (  X ij  −  minX j  )  /  (  maxX j  −  minX j  )  .   



(7)







Conversely, the negative calculation method was used:


     X ij  ′  =  (  maxX j  −  X ij  )  /  (  maxX j  −  minX j  )  .   



(8)







(2) Calculating the proportion of index j in city i:


     Y ij  =   X ij  ′  /   ∑  i = 1  m     X ij  ′   .   



(9)







(3) Calculating the information entropy of index:


     e j  = − k   ∑  i = 1  m    Y ij    × ln  Y ij  , k = 1 / lnm   0 ≤  e j  ≤ 1  .   



(10)







(4) Calculating the redundancy of information entropy:


     d j  = 1 −  e j   .   



(11)







(5) Calculating the weighting of index:


     w j  =  d j  /   ∑  j = 1  n    d j     .   



(12)







(6) Calculating the value of single index evaluation:


     S ij  =  w j  ×   X ij  ′   .   



(13)







(7) Calculating the value of comprehensive evaluation in city i:


    S i  =   ∑  j = 1  n    S ij      



(14)




where Xij represents the value of index j in city i. minXj and maxXj express, respectively, the minimum and the maximum of index j. In addition, m is the number of the city, and n is the number of the index.





3. Results and Discussion


In this section, we describe how we used our approach to evaluate the eco-efficiency of the industrial systems in 10 cities in the Songhua River basin.



3.1. Environmental Efficiency


Environmental efficiency in the study area increases by an annual average of 28.14% and shows great differences in different segments of the river (Table 1). The highest annual average is 31.85% in the midstream area and the lowest is 22.57% in the downstream area. Therefore, the development of cities along the midstream areas is better than that of cities along the downstream areas. The cities with high environmental efficiency are Changchun, Jilin, Daqing, and Harbin, whereas Yichun is the main city with low environmental efficiency. In addition, cities with high environmental efficiency growth are Suihua, Songyuan, and Baicheng. Their annual average is almost 47.47%. This phenomenon indicates that environmental efficiency differences will increase.



For the upstream and midstream areas, the enhancement of resource efficiency, cleaner production efficiency, and terminal control efficiency is stable overall (Figure 2). The resource efficiency, which progresses faster than the other two efficiencies, is shown to be more advanced, while the cleaner production efficiency continues to lag and increases at the lowest rate. For the downstream area, the resource efficiency, cleaner production efficiency, and terminal control efficiency all show significant volatility. That is, resource efficiency improves more than cleaner production efficiency; however, terminal control efficiency still dominates in the downstream area. Therefore, the cities in the upstream and midstream areas focus on improving their resource efficiency to achieve lighter industry activity, and the cities in the downstream area focus on improving terminal control efficiency to achieve cleaner industry activity. By comparing the results for the three indicators, it can be concluded that the economic development of the Songhua River basin is still in a phase of low resource input and utilization and generates a low level of pollution emissions.




3.2. Resource Efficiency


As shown in Table 2, the cities with high resource efficiency are mainly distributed in the upstream and midstream areas, such as Changchun, Jilin, Daqing, and Harbin, and represent significant spatial differences from cities in the downstream area. The highest annual average resource efficiency is 38.09% in the midstream area and the lowest is 23.58% in the upstream area. The midstream area is the Ha-Da-Qi industrial corridor, and its industries show a pattern of cluster development. The cities in the upstream area are Changchun, Jilin, Songyuan, and Baicheng. In resource-based cities like Jilin and Songyuan, the industrial structure of to some extent shows a heavy-model industrial structure and the tertiary industries are lagging behind. The remarkable improvement in resource efficiency in the downstream area suggests that the downstream area has begun to concentrate on improving the utilization of material resources. This improvement in resource efficiency plays an important role in alleviating resource shortages in Northeast China. Thus, different types of cities are continuously improving their resource use efficiency. The average annual growth rate of resource-based cities is 22.08%, whereas that of comprehensive cities is 24.78%. This analysis shows that both resource-based cities and comprehensive cities are concentrating on improving their resource efficiency to achieve the aim of optimizing eco-efficiency.




3.3. Cleaner Production Efficiency


Similar to resource efficiency, the cities with high cleaner production efficiency are mainly distributed in the upstream area, such as Changchun, Jilin, and Baicheng (Table 3). In addition, both the annual average rate and the average annual growth rate of cleaner production efficiency show significant differences. The highest annual average rate of cleaner production efficiency is 0.5916 in the upstream area and the lowest is 0.219 in the midstream area. This result suggests that through optimizing and upgrading industry, and by taking energy conservation into consideration, the tertiary industry, especially the modern service industry, in the upstream area has developed rapidly. In terms of the average annual growth rate, the upstream area with the highest growth rate of 7.01% still appears to be more advanced; the midstream area is growing at a rate of 1.36%, whereas the downstream area is decreasing, with a rate of −0.76%. Another interesting phenomenon is that the cleaner production efficiency in Daqing, Harbin, and Jiamusi continued to decline at an average annual rate of 5.25%. Moreover, cleaner production efficiency has on the whole remained at a low level. Undeniably, current industrial development is unsustainable.




3.4. Terminal Control Efficiency


Compared with resource efficiency and cleaner production efficiency, terminal control efficiency shows a declining trend but also manifests its own characteristics. As shown in Table 4, the cities with high terminal control efficiency are mainly distributed in the downstream area, such as Hegang, Jiamusi, and Yichun. The highest annual average rate of terminal control efficiency is 1.3482 in the downstream area and the lowest is 0.9399 in the midstream area, showing significant differences within the basin. As the downstream area borders Russia in the north, the regulation of pollutant emissions is relatively strict. However, terminal control efficiency shows a fluctuating and decreasing trend. The highest annual average decline rate is 5.24% in the midstream area, and the lowest is 1.95 in the upstream area. This phenomenon occurs mainly because heavy industry has increased its rate of development since the implementation of the strategy to revitalize Northeast China in 2003. The average annual growth rate of heavy industry output value to the GDP of Heilongjiang province and Jilin province is 0.88% and 3.96% in 2003–2013. We find that local governments focus on resource utilization efficiency, with less attention given to pollutant emissions. Economic development still depends on material resource consumption, and the pressure related to environmental protection is still strong.




3.5. Eco-Efficiency


From the time series analysis, the evolution of eco-efficiency has phase characteristics. In 2002–2008, the eco-efficiency of the midstream area is highest and that of the downstream area is the lowest, whereas in 2009–2013 that of the upstream area is the highest and that of the downstream area is the lowest. In addition, the upstream area has the highest average eco-efficiency rate of 1.4529. However, the average eco-efficiency rate of the downstream area is only 0.3986, which indicates a significant difference (Table 5). The rapid development of the upstream area is mainly the result of the remarkable improvement in the eco-efficiency of Songyuan and Baicheng, with an average annual rate of 33.9%. In terms of the average annual growth rate, that of the upstream area is 28.3%, that of the midstream area is 34.36%, and that of the downstream area is 24.13%. These results imply that the eco-efficiency gap is increasing between the downstream and the upstream areas because of the low level of development of the downstream area and the influence of the upstream area on the downstream area.



From contribution rate analysis, resource efficiency plays a positive role in optimizing eco-efficiency because the contribution rate is as high as 585.27% in 2002–2013, whereas terminal control efficiency exerts a negative effect given a contribution rate of −37.83% in 2002–2013. Moreover, the function of cleaner production efficiency is not significant. We find that resource utilization and pollutant disposal are decisive factors in improving eco-efficiency.





4. Factors Determining Industrial Systems’ Eco-Efficiency


The findings above indicate that the eco-efficiency shows a significant difference. The main question, therefore, is what factors lead to the spatial difference. Addressing this question will be crucial to the promotion of industrial ecosystems and the improvement of eco-efficiency.



4.1. Economic Development


The rapid development of the economy contributes to enterprises’ spatial agglomeration and the creation of the scale effect. In addition, economic development can accumulate more funds to improve production processes and construct pollutant disposal facilities. Undoubtedly, economic development is also conducive to the remarkable improvement in people’s living standards. Individuals’ rapid growth of their material and cultural needs will also expand the industrial scale, upgrade industrial technology, and improve environmental quality. The EKC theory assumes that an “inverted U” relationship exists between environmental pollution and per capita income. Consequently, the ratio of pollution-intensive enterprises will first increase and then decrease, thus first leading to environmental pollution increases and then decreases. As the industrial base, the economics of Northeast China’s growth have been hampered because of the gradual depletion of mineral resources. Since the revitalization of Northeast China in 2003, economic development has improved. The GDP growth rates of Heilongjiang province and Jilin province were above 10% in 2002–2013, which was much higher than the national average.




4.2. Government Guidance


Northeast China is abundant in natural resources, which formed the foundation of its development. Moreover, the development of Northeast China has largely been driven by the government. Since the founding of the People’s Republic of China, a large number of state-owned enterprises have emerged to exploit natural resources. Since the reform and opening-up process began, the low efficiency and lack of competition for state-owned enterprises has become more and more apparent in the new market economy. To a certain extent, state-owned enterprises hinder the development of private enterprises. Additionally, social and environmental problems caused by the exploitation of mineral resources under the lead of state-owned enterprises have been highlighted. However, the number of private enterprises gradually declines from the South to the North, whereas the number of state-owned enterprises increases [86].




4.3. Regional Industrial Structure


The regional industrial structure has a direct impact on industrial pollution. In the middle stage of industrialization, especially during a period in which the heavy chemical industry is highly active, significantly high energy consumption and pollution emission levels are present and cause serious disturbances to the environment. Upgrading the industrial structure, especially the onset of the post-industrialization stage, decreased the proportion of high-polluting industries and caused technology-intensive industries to become dominant—changes that could reduce industrial pollution emissions. The industries dominant in Northeast China are automobiles, energy coal, petrochemical metallurgy, biopharmaceutical machinery, building materials, textiles, and garments. The current heavy industrial structure is deeply rooted, and the average annual growth rate of gross industrial output value in the Jilin province is 21.81%, whereas that of Heilongjiang province is 14.49%. Moreover, Northeast China is in the middle stage of industrialization, which has stimulated the development of heavy industry and increased the vulnerability of the industrial ecosystem.




4.4. Foreign Capital


The pollution haven hypothesis holds that pollution-intensive foreign enterprises tend to establish factories in countries or regions with relatively low environmental standards. Since the reform and opening-up of China, a large number of foreign investments have been concentrated in Northeast China. The average annual growth rate during 2002–2013 of foreign investments in Heilongjiang and Jilin provinces was as high as 15.50% and 19.99%, respectively, much higher than the national average of 7.56%. Another important cause of this phenomenon, in addition to the broad market and preferential policies, is the relatively lax environmental controls. Therefore, total regional pollution emissions will increase due to an increase in foreign investments. However, the introduction of foreign capital also undoubtedly results in technology spillover, which is beneficial to improving regional production processes and reducing the intensity of pollution emissions.




4.5. Human Resources


Technology is indispensable to environmental protection, and improving technology can ameliorate production processes and promote the efficiency of resource utilization. Northeast China’s human resources are high in quantity and rich in quality. However, the development of human resources in this area does not occur in step with the economy. Human resources face problems such as structural limitations and imbalances among different areas. The average annual growth rate for 2002–2013 of R&D expenditures in Heilongjiang and Jilin province was 15.43% and 12.08%, respectively, which lags significantly behind the national average of 22.35%. Other human resources in Northeast China are concentrated in Shenyang, Harbin, and Changchun, and indicate significant differences from other areas.




4.6. Empirical Analysis


To this point, we have theoretically analyzed the impact factors of industrial systems’ eco-efficiency. We now turn to the quantitative analysis. Seven factors were selected: (1) per capita GDP, which represents the economic development level (ED); (2) the ratio of the number of on-the-job workers at state-owned enterprises and at collective enterprises to the total number of on-the-job workers, which represents ownership structure (OS); (3) the ratio of the secondary industry to the tertiary industry, which represents industrial structure (IS); (4) the attainment rate of industrial waste water, which represents environmental management (EM); (5) the ratio of foreign direct investment to GDP, which represents foreign investment (FI); (6) the ratio of financial expenditures to GDP, which represents government regulations (GR); and, (7) the ratio of persons engaged in science and technology activities to the total number of on-the-job workers, which represents science technology (ST). Gai et al. [87] proposed that industrial structure and economic development have positive effects on eco-efficiency. Guan and Xu [88] stated that energy resources and population should also be included. Tong et al. [89] argued that production scale, foreign investments, and environmental management did not play an increasingly important role in the environmental efficiency of the coastal economic belt in Liaoning province. Through principal component analysis (PCA) we have synthesized numerous indexes, eliminated overlapping sample information, and conducted regression analysis.



As shown in Table 6, ownership structure, government regulations, economic development, and science and technology are key to optimizing the eco-efficiency of the upstream area, as well as the factors of government regulation, economic development, and foreign investments in the midstream and downstream areas. The results show that, on the one hand, the improvement in industrial systems’ eco-efficiency depends on large-scale investments of material capital. On the other hand, the internal driving forces of a “soft factor,” such as science and technology, are obvious and the driving forces become increasingly diversified. Compared with the upstream area, the driving forces in the midstream and downstream areas depend heavily on external investment.



Ownership structure has an inhibitive effect on eco-efficiency (Table 6), mainly because state-owned enterprises still occupy a dominant position in the economy, and their restructuring and upgrading of the industrial structure have unclear effects. Economic development, environmental management, and government regulations have a positive effect on eco-efficiency. Moreover, economic development and government regulation show a geographical gradient effect, indicating that the eco-efficiency of an industrial system in the upstream area can maintain its advanced status for a certain period.





5. Conclusions


We used the decomposition approach to measure the eco-efficiency that can distinguish the effects of different production processes. In contrast to other methods, the decomposition approach takes into account the pollutant weight calculated using an objective weighting method, such as the entropy method, which could eliminate the subjective element of the valuator. Moreover, the decomposition model can be used to decompose eco-efficiency into different production process efficiencies, including resource efficiency, cleaner production efficiency, and terminal control efficiency, and can determine which specific type of efficiency has the strongest impact on eco-efficiency. The results suggest that the differences in eco-efficiency are notable in the Songhua River basin from 2002 to 2013. We also found that different production efficiencies exhibit different characteristics. Cities in the upstream and the midstream area focus on improving resource efficiency, whereas cities in the downstream area focus on improving terminal control efficiency. Overall, the economic development of the Songhua River basin is represented by low resource input and utilization, and low-pollution emissions. In terms of resource efficiency, the findings indicate that the cities with high resource efficiency are mainly distributed in the upstream and midstream areas, representing significant spatial differences from cities in the downstream area. However, both resource-based cities and comprehensive cities appear to concentrate on improving resource efficiency to achieve the aim of optimizing eco-efficiency. The spatial distribution characteristics of cleaner production efficiency are similar to resource efficiency; however, cleaner production efficiency has on the whole remained at a low level, which indicates that current industrial development is unsustainable and the ecological industrial activities are not yet evident. Unlike resource efficiency and cleaner production efficiency, terminal control efficiency shows a fluctuating and decreasing trend, implying that economic development still depends on material resource consumption, and the pressure of environmental protection is still significant.



Similar to EKC theory, economic development plays a significant role in changes in eco-efficiency, leading to different evolutionary characteristics at different stages of economic development. However, other factors also affect eco-efficiency in a national context, such as ownership structure, industrial structure, environmental management, foreign investment, government regulations, and technological advances. According to an analysis of the factors, the government plays an increasing role in eco-efficiency, and significant differences exist in the relative importance of factors among the upstream, midstream, and downstream areas. For the upstream area, the internal driving forces of a “soft factor,” such as technology, are significant and are becoming increasingly diversified. In contrast, those of the midstream and downstream areas heavily depend on external investments, indicating that the eco-efficiency of an industrial system in the upstream area has been able to maintain its advantages for the studied period.



At present, the shares of sectors with high energy consumption and pollution emissions, such as transportation equipment manufacturing, petrochemicals, pharmaceuticals, building materials, and energy production, still occupy a dominant position in the economy. As the leading sectors in the Songhua River basin, their shares are unlikely to be significantly reduced in a short period. However, the change in the industrial structure has a beneficial effect on eco-efficiency. Hence, coordinated development of an optimized strategy for an industrial and an ecological system should be promoted. To enhance eco-efficiency, it is necessary to increase the proportion of the tertiary industry and reduce that of sectors with high energy consumption and emissions.



In addition, resource utilization and contaminant disposal are the decisive factors regarding industrial systems’ eco-efficiency in the Songhua River basin. It can be concluded that improving resource use efficiency and enhancing the level of pollutant treatment are key problems to be urgently solved. Governments should take steps to guide enterprises to produce more environmentally friendly and high-value-added products. At the same time, it is necessary to develop new industries and enhance industrial concentration through a combination of administrative, legal, and economic means. Upgrading the industrial structure, together with improving eco-efficiency, can contribute to realizing the goal of sustainable economic development.



Research on eco-efficiency has been carried out for many years and a significant amount of relevant literature already exists. However, this study sheds new light on industrial systems’ eco-efficiency. Because of data acquisition limitations, this paper does not examine the eco-efficiency of specific industries and only chooses four representative pollutants to analyze. At the same time, the impact factors of industrial systems’ eco-efficiency are attributed to economic development, ownership structure, industrial structure, environmental management efforts, foreign investment, government regulations, and science technology. However, additional factors directly or indirectly influence the eco-efficiency of the industrial system, such as industry clustering, public awareness, and entrepreneurs’ social responsibility. In the future, we will collect more data and search for new indicators and methods to continue an in-depth study.
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Figure 1. Study area. 
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Figure 2. Efficiency of different production processes in 2002 and 2013. 
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Table 1. Environmental efficiency scores during 2002–2013.
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Time

	
Changchun

	
Jilin

	
Baicheng

	
Songyuan

	
Daqing

	
Suihua

	
Harbin

	
Hegang

	
Jiamusi

	
Yichun

	
Upstream

	
Midstream

	
Downstream






	
2002

	
1.135

	
0.427

	
0.008

	
0.033

	
1.382

	
0.0003

	
0.633

	
0.015

	
0.031

	
0.006

	
0.401

	
0.672

	
0.017




	
2003

	
1.070

	
0.523

	
0.009

	
0.032

	
1.778

	
0.010

	
0.803

	
0.017

	
0.067

	
0.005

	
0.409

	
0.864

	
0.030




	
2004

	
1.126

	
0.906

	
0.011

	
0.052

	
2.406

	
0.008

	
1.487

	
0.024

	
0.076

	
0.007

	
0.524

	
1.300

	
0.036




	
2005

	
1.643

	
1.611

	
0.022

	
0.101

	
3.107

	
0.011

	
1.926

	
0.035

	
0.090

	
0.014

	
0.844

	
1.681

	
0.046




	
2006

	
2.096

	
1.837

	
0.027

	
0.150

	
3.652

	
0.016

	
1.917

	
0.045

	
0.094

	
0.023

	
1.027

	
1.862

	
0.054




	
2007

	
2.923

	
2.312

	
0.035

	
0.215

	
3.528

	
0.020

	
1.880

	
0.071

	
0.103

	
0.031

	
1.371

	
1.809

	
0.068




	
2008

	
4.444

	
2.771

	
0.049

	
0.305

	
4.135

	
0.033

	
2.227

	
0.090

	
0.129

	
0.035

	
1.892

	
2.132

	
0.085




	
2009

	
5.487

	
2.952

	
0.076

	
0.376

	
3.018

	
0.037

	
1.627

	
0.091

	
0.129

	
0.034

	
2.223

	
1.561

	
0.085




	
2010

	
8.020

	
3.345

	
0.083

	
0.267

	
4.025

	
0.019

	
2.515

	
0.117

	
0.178

	
0.040

	
2.929

	
2.186

	
0.112




	
2011

	
10.763

	
6.288

	
0.130

	
0.849

	
4.091

	
0.070

	
2.647

	
0.141

	
0.128

	
0.036

	
4.508

	
2.269

	
0.102




	
2012

	
9.184

	
4.568

	
0.142

	
1.126

	
4.370

	
0.092

	
2.914

	
0.229

	
0.147

	
0.063

	
3.755

	
2.459

	
0.146




	
2013

	
11.490

	
4.463

	
0.173

	
1.216

	
3.849

	
0.113

	
2.755

	
0.232

	
0.211

	
0.044

	
4.335

	
2.239

	
0.163
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Table 2. Resource efficiency during 2002–2013.







Table 2. Resource efficiency during 2002–2013.







	
Time

	
Changchun

	
Jilin

	
Baicheng

	
Songyuan

	
Daqing

	
Suihua

	
Harbin

	
Hegang

	
Jiamusi

	
Yichun

	
Upstream

	
Midstream

	
Downstream






	
2002

	
4.301

	
2.296

	
0.010

	
0.267

	
5.949

	
0.004

	
2.318

	
0.034

	
0.053

	
0.021

	
1.719

	
2.757

	
0.0359




	
2003

	
4.879

	
2.639

	
0.011

	
0.325

	
5.994

	
0.075

	
2.516

	
0.035

	
0.071

	
0.017

	
1.964

	
2.862

	
0.0409




	
2004

	
4.769

	
4.091

	
0.012

	
0.415

	
5.737

	
0.083

	
3.962

	
0.040

	
0.071

	
0.022

	
2.322

	
3.261

	
0.0442




	
2005

	
4.016

	
2.260

	
0.012

	
0.688

	
7.674

	
0.115

	
5.583

	
0.070

	
0.096

	
0.031

	
1.744

	
4.457

	
0.0657




	
2006

	
5.240

	
3.340

	
0.010

	
0.910

	
9.850

	
0.152

	
7.047

	
0.092

	
0.125

	
0.058

	
2.375

	
5.683

	
0.0916




	
2007

	
7.225

	
5.043

	
0.014

	
1.171

	
11.105

	
0.202

	
8.840

	
0.131

	
0.178

	
0.082

	
3.363

	
6.716

	
0.1301




	
2008

	
10.431

	
6.581

	
0.023

	
2.123

	
14.946

	
0.295

	
11.225

	
0.210

	
0.264

	
0.122

	
4.789

	
8.822

	
0.1985




	
2009

	
13.861

	
6.861

	
0.033

	
1.192

	
10.493

	
0.376

	
8.969

	
0.231

	
0.325

	
0.124

	
5.487

	
6.613

	
0.2264




	
2010

	
18.886

	
8.862

	
0.058

	
1.429

	
18.241

	
0.677

	
17.810

	
0.355

	
0.562

	
0.212

	
7.309

	
12.243

	
0.3761




	
2011

	
23.661

	
12.875

	
0.153

	
1.913

	
28.670

	
0.978

	
12.077

	
0.437

	
0.803

	
0.193

	
9.650

	
13.908

	
0.4775




	
2012

	
32.490

	
13.252

	
0.205

	
2.212

	
30.162

	
1.572

	
13.976

	
0.494

	
1.059

	
0.213

	
12.040

	
15.237

	
0.5886




	
2013

	
34.467

	
13.931

	
0.262

	
2.178

	
32.130

	
2.132

	
17.102

	
0.646

	
1.275

	
0.229

	
12.709

	
17.122

	
0.7166
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Table 3. Cleaner production efficiency during 2002–2013.
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Time

	
Changchun

	
Jilin

	
Baicheng

	
Songyuan

	
Daqing

	
Suihua

	
Harbin

	
Hegang

	
Jiamusi

	
Yichun

	
Upstream

	
Midstream

	
Downstream






	
2002

	
0.241

	
0.238

	
0.554

	
0.134

	
0.243

	
0.068

	
0.249

	
0.116

	
0.503

	
0.177

	
0.291

	
0.187

	
0.2653




	
2003

	
0.221

	
0.255

	
0.517

	
0.108

	
0.313

	
0.085

	
0.297

	
0.348

	
0.790

	
0.171

	
0.275

	
0.23332

	
0.4361




	
2004

	
0.248

	
0.226

	
0.606

	
0.134

	
0.429

	
0.082

	
0.357

	
0.407

	
0.884

	
0.200

	
0.303

	
0.289

	
0.4969




	
2005

	
0.403

	
0.643

	
0.977

	
0.155

	
0.401

	
0.081

	
0.285

	
0.334

	
0.817

	
0.368

	
0.544

	
0.256

	
0.5061




	
2006

	
0.384

	
0.628

	
2.281

	
0.133

	
0.387

	
0.076

	
0.287

	
0.318

	
0.671

	
0.286

	
0.856

	
0.250

	
0.4250




	
2007

	
0.385

	
0.660

	
2.195

	
0.155

	
0.380

	
0.049

	
0.244

	
0.325

	
0.505

	
0.286

	
0.849

	
0.224

	
0.3719




	
2008

	
0.406

	
0.615

	
1.904

	
0.119

	
0.261

	
0.282

	
0.205

	
0.272

	
0.415

	
0.226

	
0.761

	
0.250

	
0.3045




	
2009

	
0.388

	
0.633

	
1.680

	
0.244

	
0.352

	
0.140

	
0.189

	
0.265

	
0.398

	
0.221

	
0.736

	
0.227

	
0.2945




	
2010

	
0.406

	
0.700

	
1.087

	
0.162

	
0.286

	
0.063

	
0.162

	
0.250

	
0.367

	
0.176

	
0.589

	
0.170

	
0.2645




	
2011

	
0.485

	
0.526

	
1.390

	
0.417

	
0.182

	
0.059

	
0.248

	
0.254

	
0.162

	
0.181

	
0.705

	
0.163

	
0.1989




	
2012

	
0.256

	
0.527

	
1.213

	
0.464

	
0.193

	
0.151

	
0.2503

	
0.285

	
0.146

	
0.260

	
0.615

	
0.198

	
0.2304




	
2013

	
0.358

	
0.489

	
0.971

	
0.482

	
0.155

	
0.208

	
0.187

	
0.231

	
0.174

	
0.185

	
0.575

	
0.183

	
0.1968
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Table 4. Terminal control efficiency during 2002–2013.
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Time

	
Changchun

	
Jilin

	
Baicheng

	
Songyuan

	
Daqing

	
Suihua

	
Harbin

	
Hegang

	
Jiamusi

	
Yichun

	
Upstream

	
Midstream

	
Downstream






	
2002

	
1.097

	
0.783

	
1.483

	
0.921

	
0.956

	
0.996

	
1.097

	
3.749

	
1.176

	
1.576

	
1.071

	
1.016

	
2.167




	
2003

	
0.993

	
0.779

	
1.544

	
0.902

	
0.947

	
1.553

	
1.075

	
1.389

	
1.210

	
1.622

	
1.055

	
1.192

	
1.407




	
2004

	
0.953

	
0.983

	
1.565

	
0.937

	
0.978

	
1.125

	
1.053

	
1.498

	
1.206

	
1.499

	
1.110

	
1.052

	
1.401




	
2005

	
1.015

	
1.109

	
1.797

	
0.943

	
1.008

	
1.155

	
1.211

	
1.509

	
1.150

	
1.208

	
1.216

	
1.125

	
1.289




	
2006

	
1.043

	
0.876

	
1.167

	
1.243

	
0.959

	
1.352

	
0.948

	
1.547

	
1.116

	
1.392

	
1.082

	
1.086

	
1.352




	
2007

	
1.052

	
0.694

	
1.120

	
1.184

	
0.837

	
1.986

	
0.873

	
1.663

	
1.141

	
1.329

	
1.013

	
1.232

	
1.378




	
2008

	
1.050

	
0.684

	
1.129

	
1.201

	
1.060

	
0.402

	
0.965

	
1.582

	
1.176

	
1.274

	
1.016

	
0.809

	
1.344




	
2009

	
1.021

	
0.680

	
1.356

	
1.294

	
0.818

	
0.704

	
0.961

	
1.489

	
0.997

	
1.226

	
1.088

	
0.828

	
1.237




	
2010

	
1.046

	
0.540

	
1.326

	
1.156

	
0.772

	
0.436

	
0.871

	
1.318

	
0.864

	
1.070

	
1.017

	
0.693

	
1.084




	
2011

	
0.938

	
0.929

	
0.613

	
1.064

	
0.784

	
1.208

	
0.883

	
1.275

	
0.979

	
1.036

	
0.886

	
0.958

	
1.097




	
2012

	
1.103

	
0.654

	
0.571

	
1.096

	
0.750

	
0.388

	
0.833

	
1.627

	
0.951

	
1.139

	
0.856

	
0.657

	
1.239




	
2013

	
0.933

	
0.656

	
0.682

	
1.159

	
0.772

	
0.256

	
0.864

	
1.555

	
0.950

	
1.047

	
0.857

	
0.630

	
1.184
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Table 5. Eco-efficiency during 2002–2013.
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Time

	
Changchun

	
Jilin

	
Baicheng

	
Songyuan

	
Daqing

	
Suihua

	
Harbin

	
Hegang

	
Jiamusi

	
Yichun

	
Upstream

	
Midstream

	
Downstream






	
2002

	
0.898

	
0.360

	
0.005

	
0.029

	
1.121

	
0.000

	
0.497

	
0.010

	
0.020

	
0.005

	
0.323

	
0.540

	
0.012




	
2003

	
0.878

	
0.437

	
0.005

	
0.029

	
1.371

	
0.009

	
0.609

	
0.011

	
0.034

	
0.004

	
0.337

	
0.663

	
0.017




	
2004

	
0.911

	
0.742

	
0.006

	
0.046

	
1.695

	
0.007

	
1.081

	
0.015

	
0.037

	
0.005

	
0.426

	
0.928

	
0.019




	
2005

	
1.166

	
0.941

	
0.008

	
0.088

	
2.211

	
0.010

	
1.432

	
0.023

	
0.046

	
0.010

	
0.551

	
1.218

	
0.027




	
2006

	
1.497

	
1.185

	
0.007

	
0.129

	
2.664

	
0.014

	
1.507

	
0.030

	
0.054

	
0.017

	
0.705

	
1.395

	
0.034




	
2007

	
2.081

	
1.585

	
0.010

	
0.182

	
2.677

	
0.018

	
1.551

	
0.046

	
0.065

	
0.023

	
0.965

	
1.415

	
0.045




	
2008

	
3.116

	
1.950

	
0.016

	
0.266

	
3.239

	
0.030

	
1.858

	
0.063

	
0.087

	
0.027

	
1.337

	
1.709

	
0.059




	
2009

	
3.931

	
2.064

	
0.023

	
0.286

	
2.344

	
0.034

	
1.378

	
0.065

	
0.092

	
0.026

	
1.576

	
1.252

	
0.061




	
2010

	
5.629

	
2.428

	
0.034

	
0.225

	
3.297

	
0.018

	
2.204

	
0.088

	
0.135

	
0.034

	
2.079

	
1.840

	
0.086




	
2011

	
7.398

	
4.225

	
0.070

	
0.588

	
3.580

	
0.065

	
2.171

	
0.107

	
0.110

	
0.030

	
3.070

	
1.939

	
0.083




	
2012

	
7.160

	
3.397

	
0.084

	
0.746

	
3.817

	
0.087

	
2.412

	
0.157

	
0.129

	
0.049

	
2.847

	
2.105

	
0.111




	
2013

	
8.617

	
3.380

	
0.104

	
0.780

	
3.437

	
0.108

	
2.373

	
0.171

	
0.181

	
0.037

	
3.220

	
1.972

	
0.130
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Table 6. Regression results of industrial systems’ eco-efficiency in the Songhua River basin.
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Area

	
ED

	
OS

	
IS

	
EM

	
FI

	
GR

	
ST

	
R2

	
F

	
Sig.t






	
Upstream

	
0.232

	
−0.252

	
0.057

	
0.109

	
−0.032

	
0.251

	
0.172

	
0.844

	
54.252

	
<0.001




	
Midstream

	
0.165

	
−0.105

	
−0.153

	
0.149

	
0.160

	
0.169

	
0.137

	
0.832

	
49.368

	
<0.001




	
Downstream

	
0.156

	
−0.129

	
0.155

	
0.145

	
0.153

	
0.156

	
−0.142

	
0.918

	
112.162

	
<0.001




	
Whole basin

	
0.167

	
−0.146

	
-0.127

	
0.152

	
0.158

	
0.174

	
0.149

	
0.911

	
106.004

	
<0.001








Note: Sig.t is the p-value, meaning significance. If Sig.t ＜ 0.001, the difference is very significant.
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