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Abstract

:

Innovation is an important driving force for realizing high-quality economic development, which puts forward higher requirements for environmental protection enterprises to meet the dual goals of economic development and ecological protection. In order to better evaluate the innovation-driven development performance of environmental protection enterprises, a hybrid method is applied in this paper. Based on the sample data of 20 large-scale environmental protection enterprises investing in public–private partnership (PPP) projects from 2018 to 2020, the innovation-driven development performance is measured. The results show that the innovation-driven efficiency of environmental protection enterprises for infrastructure construction is significantly different, and the improvement of pure technical efficiency of environmental protection enterprises is obviously better than scale efficiency. Furthermore, the reasons influencing the innovation efficiency are analyzed and discussed. The results suggest that more attention should be paid to the transformation of labor and capital in environmental protection enterprises, and the use of innovation-driven resources should be optimized. Future studies can apply the hybrid method to measure the innovation-driven performance of environmental protection enterprises in other countries, so as to verify the effectiveness of the hybrid method proposed in this paper and overcome the limitations of the research conclusions.






Keywords:


innovation-driven development; environmental enterprises; PPP; hybrid method












1. Introduction


Practicing sustainable development is the guiding principle and action program of enterprise development, and sustainable innovation is the foundation and motivation of sustainable development [1]. Innovation-driven development performance is the embodiment of an enterprise’s innovation ability, and the measurement of innovation-driven development performance helps to judge whether an enterprise has the ability of sustainable development. International economic competition and even comprehensive national strength competition can also be said to be a competition of innovative ability [2]. The innovation-driven development strategy is vigorously implemented in China, and the innovation mechanism is constantly improved. Therefore, the transformation of scientific and technological achievements into practical, productive forces has been accelerated. No matter what industry, the industry development and change brought about by innovation are immeasurable. So, at present and for some time to come, it is necessary to shift from development driven by factors of production and investment to innovation-driven development.



The environmental protection enterprises in this study refer to those engaged in water pollution control, air pollution control, noise control, and solid waste treatment. The environmental protection industry is one of the most complicated industries, and it needs great efforts due to various challenging factors in project planning and research. The construction of the environmental protection industry has been promoted to the top of the national strategy in recent years in China. According to the data of the China Environmental Protection Industry Association, from 2015 to 2020, the operating income of China’s environmental protection industry grew at an average annual rate of 14.1%. It is estimated that by 2025, the operating income of China’s environmental protection industry is expected to exceed 3 trillion yuan, including air pollution prevention and control of about 310 billion yuan, water pollution prevention and control of 1.1 trillion yuan, solid waste treatment of about 1.3 trillion yuan, a resource utilization of about 60 billion yuan, and environmental monitoring of about 180 billion yuan. The most innovative companies are also the most sustainable, and the existing study results show that there is a positive correlation between innovation and enterprise sustainability [3]. The innovation-driven development performance of environmental protection enterprises is characterized by the allocation of relevant human resources, financial resources and capital, and the transformation efficiency of resource value and patent output. Furthermore, the ratio of valid patent application to related investment is also obtained, and the emphasis is on “creating and application” to transform patent achievements into productive forces and realize the economic benefits of intellectual property development of environmental protection enterprises. In addition, compared with small and medium-sized enterprises, large-scale enterprises are more open to cooperation and sustainable development [4]. Therefore, the large-scale enterprises have more specific innovation strategies to promote sustainable development.



As one of the largest developing countries, China is facing investment pressure in climate change, environmental governance, social service construction, etc. The huge investment pressure makes the innovation mode, such as public–private partnership (PPP), attract attention. Understanding the strengths and weaknesses of an enterprise has an extremely important influence on its development. PPP mode can combine the strengths of participants and enhance the ability to resist risks. As an effective governance tool to promote the efficiency and upgrade investment projects across organizational boundaries, the PPP mode can promote innovation [5], which has been strongly promoted by the Chinese government. The PPP mode should serve the strategy of sustainable development and take the experience as well as the technology of social capital as the strong support for sustainable development.



Therefore, it is of great significance to study the innovation-driven development performance of large-scale enterprises investing in PPP projects. In the background of sustainable development, environmental protection enterprises should not only pay attention to quality and benefit, but also emphasize efficiency and performance. The vitality and creativity of social capital are stimulated through innovation drive, and the “value for money (VFM)” is realized. Based on this, a hybrid method including three-stage DEA is used to measure and analyze the input–output efficiency of large-scale environmental protection enterprises investing in PPP projects, which will evaluate their innovation-driven development performance in this paper.



The main contributions of this paper are as follows.



(1) An in-depth analysis of the optimal allocation of environmental protection enterprises driven by industrial transformation and upgrading is carried out, which provides theoretical support for further research and improvement of innovation performance of environmental protection enterprises.



(2) This paper, taking large-scale environmental protection enterprises investing in PPP projects as research samples, analyzes the economic value and social benefit value (i.e., the application value of PPP mode) introduced as environmental variables to make up for the deficiency of existing research samples.



(3) A hybrid method considering environmental influence and random error is used in this paper. Compared with the traditional measurement method, the conclusions obtained in this paper are more scientific, more accurate, and more realistic than the ones obtained in previous studies.



The rest of this paper is organized as follows. Section 2 briefly reviews the relationship among the PPP mode, innovation, and efficiency; analyzes the deficiencies of the existing studies; puts forward the research problem of this paper. In Section 3, a hybrid method is proposed, which is based on a three-stage DEA model for evaluating the innovation-driven development performance of the infrastructure industry under the PPP mode. In Section 4, the evaluation index system of innovation efficiency of environmental protection enterprises investing in PPP projects is established. In Section 5, using the proposed hybrid method and index system, the innovation-driven development performance of 20 large-scale environmental protection enterprises is studied. In Section 6, the results of applications are highlighted. Conclusions, recommendations, and limitations are discussed in Section 7 and Section 8, respectively.




2. Literature Review


The existing innovation theory is the continuous supplement and improvement of Schumpeter’s viewpoint. Innovation can be described as the result of a creative reaction, and the conditions of this reaction are the characteristics of the environment where innovation takes place [6]. It is generally believed that environmental innovation is positively related to enterprise performance [7]. Since China’s economic reform in 1978, the institutional foundation of the innovation system has been laid, and the innovation performance of countries, regions, enterprises, and individuals has made remarkable progress [8]. Brogaard et al. [9] believed that the vast majority of PPP projects are to promote enterprise innovation. Lember et al. [10] studied how and why innovations of PPP mode can affect the evolution and development of relevant private and public sector organizations. From the perspective of the relationship between PPP mode and innovation, a great deal of research results have been obtained. For example, Hermans et al. [11] studied how PPP mode affects the dynamic interaction of innovative systems; Ferraris et al. [12] redefined the innovation-driven cooperative management theory between enterprises and government; Davies et al. [13] put forward a theoretical model to determine the potential incentives and barriers to innovation; Rangel et al. [14] believed that the PPP mode maximizes the R&D innovation, but the degree of its impact on innovation depends on the industry. Callens et al. [15] believed that long-term contractual cooperation in PPP mode is one of the driving forces for project innovation. Akintoye et al. [16] pointed out that the PPP mode improved the quality and efficiency of infrastructure services, encouraged advanced practices, and created an environment conducive to innovation and development. From the application of PPP mode in energy and environmental protection projects, Shahbaz et al. [17] and Khan et al. [18] studied the impact of PPP project investment on consumption carbon emissions, especially energy investment, hindering environmental quality by increasing carbon emissions. However, technological innovation has a negative impact on carbon emissions, which indicates that the investment innovation and technological innovation in PPP mode should be conducted for clean energy field. In addition, Li et al. [19] reviewed the impact of PPP energy projects investment on long-term environmental sustainability and put forward a multi-pronged approach to achieving sustainable development. Adebayo et al. [20] indicated that the consumption of renewable energy and technological innovation are beneficial to the environment. Therefore, it is necessary to study innovation performance of enterprise-investing PPP projects, and Cheah et al. [21] have made some important contributions to the research of innovation and performance in public–private partnerships, which also provided reference for our study.



Innovation-driven green development is becoming more and more important for all countries. Some researchers have conducted theoretical and practical research on the relationship between innovation drive and sustainable development of industries and enterprises. For example, Odei et al. [22] showed that innovation performance is significantly and positively stimulated by enterprise characteristics (such as scale and ownership); Awan et al. [23] discussed how to organize knowledge management in enterprises to improve the performance of product innovation; Vrontis et al. [24] have established a framework to support small and medium-sized enterprises that implement innovation-driven initiatives, and the results show better development performance. Xu et al. [25] studied the influence of innovation-driven strategy on industrial agglomeration and industrial transformation. From the perspective of the innovation-driven development of environmental protection industry, some studies provide scientific support for green development. Green development is a systematic project, which should be realized through the combination of technological innovation, institutional innovation, and financial innovation [26]. Green innovation has become the theme of sustainable development of enterprises, and the operation model has a significant impact on the performance of green innovation [27]. For example, Li et al. [28] pointed out that green technology is essentially innovation-driven development of enterprises in the background of green development. Li et al. [29] believed that both the scale of government and enterprise are conducive to the innovation-driven development of the green industries. Yang et al. [30] discussed the relationship between environmental control and the efficiency of green innovation in environmental protection enterprises. Wang et al. [31] have built the evaluation system of innovation-driven development and green development, and improved the understanding of the interaction between innovation-driven development and green development in academic circles. Therefore, the research on the influence of innovation-driven development on enterprises will help enterprises to improve quality and benefit and provide guidance for the promotion of innovation ability.



The performance of innovation-driven development should consider both inputs and outputs. So, the relationship between sustainability as the innovation goal and innovation efficiency should be studied [32]. Bai et al. [33] mainly analyzed the influence of local government on the efficiency of regional innovation in China. Park [34] pointed out that the higher the internal research and development capability level of small and medium-sized enterprises are, the more cooperation activities can improve the innovation efficiency of enterprises. Fan et al. [35] measured the innovation efficiency of cities and the degree of collaborative innovation within the regions in China. From the perspective of the environmental protection industry, the pursuit of innovation efficiency is an important trade-off between economic development and environmental protection. For example, Yuan et al. [36] analyzed the influence of efficiency-based innovation on ecological total factor energy efficiency, and Luo et al. [37] used the Malmquist–Luenberger productivity index of the meta-frontier to measure the efficiency of green innovation. Based on the innovation value chain, Zhang et al. [38] used the super-efficiency data envelopment analysis (DEA) model to calculate the marine innovation efficiency of China’s coastal areas from 2006 to 2016; Shi et al. [39] pointed out that the performance of innovative enterprises in the two stages of the innovation process (R&D stage and commercialization stage) is inconsistent; Zhao et al. [40] measured the efficiency of green innovation and provide more precise methods; Hernandez-Vivanco et al. [41] believed that enterprises are facing the challenge of effectively allocating innovative resources to maximize their profits; Long et al. [42] used the global Malmquist–Luenberger (ML) method based on the Epsilon-based Measure (EBM) to evaluate the efficiency of green innovation. Therefore, in order to make green innovation meet the dual goals of economic development and ecological protection, research on the efficiency of green innovation has been paid continuous attention.



In summary, although existing studies have studied the PPP mode’s innovation promotion mechanism, innovation-driven development, and innovation efficiency, most of the research samples are regional or small and medium-sized enterprises, and relatively few large environmental protection enterprises. Furthermore, most studies focus on efficiency calculation, without considering environmental impact and random errors, which leads to inaccurate conclusions. In addition, for enterprises adopting the PPP mode, considering the profit orientation of social capital and the public welfare of government projects, research should pay more attention to the economic and social value, which puts forward new requirements for the innovation-driven development of enterprises.




3. Methodology


Whether the PPP mode promotes innovation, establishing an effective process to evaluate the performance of the infrastructure industry is essential to establish a model that can evaluate the innovation-driven development performance of the infrastructure industry under the PPP mode. In existing studies, the data envelopment analysis (DEA) method proposed by Charnes et al. [43] and the stochastic frontier analysis (SFA) method proposed by Aigner et al. [44] are widely used, but the functions’ formation and distribution assumptions of the SFA method are too strict. Commonly-used DEA models include the DEA-BCC (Banker, Charnes, and Cooper) model [45], the DEA-Malmquist [46], etc. According to the research objective and the required accuracy, a hybrid method based on a three-stage DEA model combining SFA and DEA is applied in this paper.



Compared with other methods for measuring efficiency, the DEA method does not need to establish a strict functional relationship among variables but can simultaneously evaluate the production performance of a multi-input and multi-output decision-making unit (DMU). At the same time, the DEA method has the characteristics of unit invariants, that is, the unit of input and output data does not affect the measurement results. In addition, the weight of the DEA model is generated by mathematical programming according to data, so it is not affected by subjective factors.



3.1. Limitations Analysis of the Traditional DEA Method


Although the DEA method has been widely used in performance evaluation, there are still some limitations in this method. There are two limitations in the traditional DEA method.



(1) There is no guarantee of the accuracy of the results obtained by the traditional DEA method. When the total number of DMU is close to the total number of input–output indicators, the input–output efficiency obtained by the DEA method deviates greatly from the actual situation.



(2) The technical effective units cannot be compared by the DEA method. Without considering the influence of random factors in the system, the input–output efficiency result obtained by the DEA method will be affected when there are special points in the samples.




3.2. Establishment of the Innovation-Driven Development Performance Evaluation Model Based on a Three-Stage DEA Method


Based on the previous analysis, the traditional DEA method has certain limitations. In view of the fact, it is necessary for the infrastructure industry under the PPP mode to find a suitable model to evaluate the innovation-driven development performance.



3.2.1. The Three-stage DEA Model


The three-stage DEA model is an improvement based on the traditional DEA model, which was proposed by Fried et al. [47]. In this paper, the input redundancy calculated in the first stage is taken as the dependent variable in the second stage, and the environmental variable is taken as the independent variable, which is conducted for the regression analysis by the SFA model. The analysis process is as follows.



Stage 1: Establishing the traditional DEA model. The objects, including 20 listed environmental protection enterprises under the PPP mode, are selected as the DMU, and each DMU (sample enterprise) consists of three index variables; there are m inputs and s outputs in each DMU. The model is established as:


   max   ∑  i = 1  m    s i −  +   ∑  r = 1  s    s r +         s  . t  .  {      ∑  j = 1  n    λ j   x  i j   +  s i −  =  θ *   x  i o           i = 1 , 2 , ... , m           ∑  j = 1  n    λ j   y  r j   −  s r +  ≥  y  r o              r = 1 , 2 , ... , s           ∑  j = 1  n    λ j  = 1        λ j  ≥ 0         s i −  ,      s r +  ,     ≥ 0       j = 1 , 2 , ... , n       



(1)




where,    θ *    is the optimal solution;    s i −    and    s i +    represent the relaxation of input and output, respectively; x, y, and  j  represent the input variables, output variables, and number of DMU respectively;  λ  is the unknown weight;    x i    and    y r    represent the i-th input and r-th output of the DMU (sample enterprise), respectively.



Stage 2: Regressing by SFA. The relaxation variable is corrected, and the regression function is constructed by SFA as:


   s  i j   =  f j  (  z i  ,  β j  ) +  v  i j   +  u  i j    (  i = 1 , 2 , … m ; j = 1 , 2 , … n  )   



(2)




where  β  is the solve-for parameter; z is the environment variable;    s  i j     is the relaxation variable of the i-th output of the j-th DMU (sample enterprise);    f j    is the influence function of each factor on the relaxation variable;    v  i j   +  u  i j     is the mixing error, and    v  i j     and    u  i j     represent the influence of random factors and management inefficiency, respectively. Finally,    v  i j     and    u  i j     are independent of each other,    u  i j     ≥ 0,    u  i j    ~   N +   (   μ  n   ,   σ  u j  2   ); γ =    σ  u j  2   /(   σ  v j  2    +    σ  u j  2   ) is defined under the hypothesis of γ = 0. If the original hypothesis is rejected, it indicates that the setting of the SFA model is reasonable.



The formula for adjusting the relaxation variable in the second stage is as follows.


   x  i j  A     = x    i j   +  [    m a x  j   {   z j  β  ^ i   }  −  z j  β  ^ i   ]  +  [    m a x  j   {   v  i j  ^   }  −  v  i j  ^   ]  , n = 1 , … N , i = 1 , … , I  



(3)




where,    x  i j  A    represents the adjustment of the relaxation variable of the i-th output of the j-th DMU. The premise of the stochastic frontier model is the existence of the inefficiency term    u i   , which can be tested by the generalized likelihood ratio of one side, “   H 0   :     σ u    2     = 0   v s   H   1   :     σ u    2   > 0   ”.



Stage 3: Re-measuring efficiency using the first stage method. In the second stage, separate the influences of environmental factors and random errors to better reflect the true technical efficiency value, and compare with the measurement results in the first stage.




3.2.2. Establishment of the framework of system


The framework of the analysis system, which represents the innovation-driven development performance of the infrastructure industry under the PPP mode, consists of three steps: preparation, selection, and evaluation.



	(1)

	
Preparation







First of all, study subjects should be determined before analysis, which has a great influence on the selection of indicators and samples. Furthermore, the input–output indicators are identified by some effective measures.



	(2)

	
Selection







According to the study subjects, the selection of effective samples is important, and the data of samples selected should be comprehensive and accurate, which can meet the needs of the research.



	(3)

	
Evaluation







In this step, the efficiency measures of sample enterprises are analyzed by the three-stage DEA model, and the conclusions can be obtained.



Based on the above analysis, the framework of evaluating innovation-driven development performance for the PPP mode is shown in Figure 1.






4. Index System and Sample Data Sources


4.1. Construction of Index System


One of the key subjects of study in evaluating innovation-driven development performance for sample enterprises applying the PPP mode is to establish an effective index system.



The primary task of environmental protection enterprises is to create a healthy living and working environment. Only by the coordinated development of economy, society, and environment can a virtuous circle of sustainable development be achieved. Based on the view of the input–output effect, the economic, social, and environmental dimensions are considered in this paper. The theoretical framework of the input–output index of innovation efficiency is constructed, which is shown in Figure 2. The DMU represents the object of innovation efficiency evaluation in Figure 2, which is represented by a specific sample enterprise in this paper. On this basis of the theoretical framework, the evaluation index system of innovation efficiency of environmental protection enterprises is established, and the specific indexes are shown in Table 1.



The innovation efficiency of enterprises in environmental protection is influenced by many factors. Based on the existing studies [48,49,50,51], the word frequency statistical method is used to search the relevant literature related in the Web of Science (WOS) and the China National Knowledge Internet (CNKI), from 2011 to 2021. Under the principle of availability, quantification, and comparability of data, the input–output index of the innovation efficiency of the environmental protection enterprise is selected.



4.1.1. The Input Index of Innovation-Driven Development Performance of Environmental Protection Enterprises


Manpower and capital play an important role in the environmental protection industry. Effective use of manpower and capital in supply can significantly improve the environment [52]. Therefore, this study selects input index from the aspects of manpower and capital. First of all, investment in R&D is the precondition for the environmental protection industry to carry out technological innovation activities and achieve the effect of innovation-driven development, which belongs to the core expenditure of enterprises in the environmental protection industry to guarantee innovation-driven achievements and market competitive position [53,54]. Then, The number of R&D personnel is the manpower input of R&D in the process of innovation-driven solutions in the environmental protection industry [55,56]. Besides, in addition to the input of basic innovation resources such as R&D funds and R&D manpower, the amount of R&D capital embodies the connotation of innovation-driven industrial development with input elements [57,58], so the operation cost is taken as the input index of innovation-driven solutions in the environmental protection industry.




4.1.2. The Output Index of Innovation-Driven Development Performance of Environmental Protection Enterprises


The number of patents is the operational transformation of direct achievement and innovative achievement, which is a widely used measure of technological innovation output [59,60]. To some extent, net profit reflects the commercial realization and market acceptance of the patent technology innovation and other innovative achievements, which can be used as an indirect measure of the output of innovative operations [61]. Besides, the main business income can effectively reflect the innovative operation performance in terms of contract value, achievement transformation benefit, and patent output income [62,63]. The above indicators are of great significance for improving the innovation efficiency of environmental protection enterprises and promoting sustainable development. So, the main business income, net profit, and patent number of environmental protection enterprises are selected as the measurement indexes of variable outputs in this paper.




4.1.3. Exogenous Environmental Variables


Apart from the input variables and output variables, the exogenous environmental variables will also influence the innovation performance of the environmental protection industry. Combined with the influence of the PPP mode on innovation, the application value of the PPP mode is selected as the environment variable based on the characteristics and literature studies of the innovation efficiency. The application value of the PPP mode is mainly reflected in two aspects as follows.



	(1)

	
Economic Value







The economic value is reflected in realizing the best use value of funds, reasonably sharing risks, considering the whole life cycle cost of the project as a whole, reducing the financial burden of the government, and improving the service level of infrastructure, etc. [64]. The ability of financial funds to undertake infrastructure construction directly is limited. Spending on infrastructure will not keep up with its growing needs; the government would be overwhelmed to do it all. If it is financed by the government, it will lead to potential risks of financial system and financial liability. According to the above analysis, the current liabilities are used to represent the economic value in this paper.



	(2)

	
Social Value







The social value is reflected in transforming government functions, acquiring advanced technology and management experience of the private sector, improving the efficiency of capital use, promoting the project to be put into use, improving the investment environment, solving employment pressure, and protecting the environment (that is, reducing waste to meet the requirements of environmental protection without reducing the value of capital use), etc. [65,66]. According to the above analysis, the number of employed employees is used in this paper to represent the social value.





4.2. Selection of Sample Enterprises and Sample Data Sources


The data in this paper are from the websites of Shanghai and Shenzhen stock exchanges, the annual financial statements of environmental protection enterprises in the PPP concept section of Sina Finance and Economics, and the Statistical Announcement of National Economic and Social Development. To ensure the scientific nature, comparability, timeliness, simplicity, and operability of the data, the environmental protection enterprises are first selected from these two exchanges, then the annual financial statements of each enterprise from Sina Finance and Economics are collected with the company name and securities code. Then, the input and output indicators reflecting the innovation efficiency of environmental protection enterprises are calculated. In this study, the sample enterprises are the Daqian Ecology & Environment (Daqian), CSD Water Service, Haixia Environmental Protection (Haixia), Liantai Environmental Protection (Liantai), TianYu Eco-Environment (Tianyu), Longma Environmental Sanitation Equipment (Longma), Beijing GeoEnviron Engineering & Technology (BGE), Weiming En vironment Protection (Weiming), Shanghai Environment (Shanghai), Tianjin Capital Environmental Protection (Tianjin), Huaguang Environment & Energy (Huaguang), Grandblue Environment (Grandblue), Yuanda Environmental Protection (Yuanda), Beijing Capital (Beijing), Lvyin Landscape and Ecology (Lvyin), Lingnan Eco & Culture Tourism (Lingnan), Dongjiang Environment (Dongjiang), Wangneng Environment (Wangneng), Infore Environment Technology (Infore), and Central Plains Environment Protection (CPEP), respectively.





5. Results of Applications


5.1. The First Stage: Measuring and Analyzing the Innovation Efficiency of Original Input–Output Data


Without considering environmental variables and random errors, the innovation efficiency of environmental protection enterprises is preliminarily estimated, and the results are shown in Table 2.



After calculation, the mean of comprehensive technical efficiency (TE), pure technical efficiency (PE), and scale efficiency (SE) of environmental protection enterprises before adjustment are 0.653, 0.865, and 0.754, respectively, which indicate that there are still gaps of 34.7%, 13.5%, and 24.6% from the frontier of efficiency, respectively. The innovation-driven development performance of most environmental protection enterprises is below the efficiency frontier, which indicates that increasing the input cost of innovation-driven solutions in environmental protection enterprises in the short term cannot give full play to the drive effect. Thus, it can be seen that there is still much room to drive the development of environmental protection enterprises before adjustment.



From the measure of the traditional BCC-DEA model, four environmental protection enterprises are in the stage of optimizing innovation efficiency. The traditional measure also shows that the improvement of scale efficiency of the whole environmental protection industry from 2018 to 2020 is the main reason for the improvement of innovation-driven efficiency in the environmental protection industry, and the low pure technical efficiency of environmental protection enterprises leads to low driving efficiency. Unexpectedly, the average comprehensive efficiency level of environmental protection enterprises in Jiangsu and Chongqing, such as Daqian, Huaguang, Grandblue, Yuanda, etc., is obviously lower. The preliminary calculation results indicate that the innovation-driven efficiency of environmental protection enterprises is not entirely consistent with the degree of economic development.



While the economic level is also the basis for carrying out innovation activities and improving innovation efficiency, at the same time, the influence of complex environmental factors, such as the economic value and social value of the PPP mode on the innovation and development of environmental protection enterprises, have not been considered. In addition, the distribution of innovation resources in the environmental protection industry is unbalanced and in spatio-temporal heterogeneity, but the original model measurement does not consider these environmental factors. Therefore, the preliminary calculation results of innovation efficiency of environmental protection enterprises need to be further revised.




5.2. The Second Stage: Adjustment Analysis with the Stochastic Frontier Analysis (SFA)


The second stage is an econometric analysis of innovation efficiency based on the original input–output measurement results of the first stage. The input relaxation of the first stage is taken as an explained variable, and the economic value and social value of the PPP mode are taken as explanatory variables, which are used to perform regression with SFA and corrected calculation. The results are shown in Table 3.



It can be seen from Table 3 that the sigma-squared (   σ 2   ) and Gamma ( γ ) values of the SFA model with the input relaxation variable 1, and input relaxation variable 3 all pass the significance test at 1% level.



Therefore, the model and variable setting adopted in this study are reasonable, and economic value and social value are more important than random error to the technical efficiency of environmental protection enterprises. The LR (test of the one-sided error) test has also passed the significance test, which shows that it is reasonable to separate invalid terms by using the stochastic frontier method (SFA). So, it is necessary to control the environmental effect and random error of innovation efficiency difference in environmental protection enterprises.



To sum up, since economic value, social value, and random error have different influences on the innovation efficiency of DMU (environmental protection enterprises), SFA adjustment is needed to accurately reflect the actual efficiency level of DMU (environmental protection enterprises) in order to avoid the estimation deviation of innovation efficiency of different DMU (environmental protection enterprises).




5.3. The Third Stage: Measuring and Analyzing the Innovation Efficiency after Adjustment


Based on the SFA factorization analysis and adjustment results, the input variables and the original output variables adjusted by the SFA model are recalculated by using model method in the first stage.



After adjusting environmental factors and random factors, the true innovation efficiency of environmental protection enterprises in the third stage can be obtained. The results are analyzed as follows.



(1) Longitudinal Change Features in Time



From Table 4 and Table 5, it can be seen that the adjusted innovation-driven development performance of environmental protection enterprises in 2018–2020 shows a certain trend of growth and improvement. In 2020, due to the epidemic situation, the innovation-driven super efficiency of the environmental protection industry declined slightly, while the pure technical efficiency still kept on the rise. The pure technical efficiency is relatively stable, which indicates that the adjustment of technology input structure of environmental protection enterprises has little fluctuation.



Furthermore, the source of the growth structure is explored from the pure technical efficiency and scale efficiency of decomposition. On the whole, pure technical efficiency is much higher than scale efficiency, which shows that the innovation-driven development performance of the environmental protection industry is obviously better than scale efficiency in the aspect of pure technical efficiency. There is also a significant difference between the pure technical efficiency and scale efficiency from 2018 to 2020. The pure technical efficiency has maintained a high level of improvement every year.



The scale efficiency shows a trend of decline after the increases, and it is in a state of continuous improvement of scale on the whole, but has not reached an effective state. This indicates the insufficient innovation scale effect inhibits the improvement of innovation-driven efficiency.



Overall, the average level of the innovation-driven development performance of environmental protection enterprises in 2018 was 0.633, that of environmental protection enterprises in 2019 was 0.71, and that of environmental protection enterprises in 2020 was 0.626, which indicates that the integral innovation efficiency of environmental protection enterprises is still at a low level, and the structure of industrial innovation and the comprehensive benefits of input–output are insufficient. The innovation-driven effect will not be obvious in the short term, and the costs of resource input, technology management, and scale improvement all need to develop. Efficient technological reform and the industrial innovation-driven development strategy and management level strongly promote the innovation-driven efficiency growth of the environmental protection industry. However, in the long run, the increasing technological innovation in the environmental protection industry can promote the sustainable development of enterprises driven by innovation in the future. In the future, efforts should be made to improve the scale efficiency of environmental protection enterprises.



(2) Horizontal Heterogeneity Comparison in Space



After adjustment, the innovation-driven performance of environmental protection enterprises shows significant spatial differences. From Table 6 and Figure 3, the level of innovation-driven development of different environmental protection enterprises is quite different. The innovation efficiency value of six environmental protection enterprises have reached the frontier level, while the minimum value is 0.551, which is not up to the frontier level. After the adjustment, the average innovation efficiency level of environmental protection enterprises is significantly higher than that before adjustment, and the stability of the conclusion is significantly affected by the controlled environmental factors and random errors. The scale efficiency of environmental protection enterprises before adjustment is the main factor to improve the comprehensive technical efficiency, while the pure technical efficiency of environmental protection enterprises with a focus on technical improvement and management perfection after adjustment is the main reason. At the same time, after the environmental factors are controlled, the overall result is more in line with the theoretical support of economics and the actual situation.



After environmental effects and random errors are considered, the innovation efficiency of environmental protection enterprises such as Daqian, CSD, Haixia, longma, BGE, Weiming, Shanghai, etc., has been significantly improved. Compared with the obvious underestimation before the adjustment, this adjustment is closer to the actual situation. The growth of innovation-driven efficiency of environmental protection enterprises mainly comes from the progress of pure technical efficiency, and the main reason for the continuous improvement of the technological change and management efficiency is the shortage of innovation scale, and the innovation-driven effect needs to be adjusted under the scale-oriented environmental protection enterprises.



From the nature of the enterprise, private enterprises and state-owned enterprises are mixed in the sample of environmental protection enterprises, p, which indicates the state-owned enterprises and private enterprises are the main forces of environmental protection construction under the target that carbon emissions will peak by 2030 and will be carbon neutral by 2060 (double-carbon target). Environmental improvement is a long-term trend, and ecological progress has been elevated to the top level of national strategy in China. Enhancing the innovation driving force of environmental protection enterprises, strengthening the ecological civilization construction of environmental protection enterprises, and solving the ecological environment problems are the new developments and new opportunities that environmental protection enterprises are facing.



(3) Analysis of environmental protection enterprises with optimal innovation efficiency



From the perspective of diminishing returns to scale, in order to further analyze the scale efficiency of the 20 environmental protection enterprises after adjustment, the scale efficiency is classified and compared. As can be seen from Table 6, only six environmental protection enterprises are in the optimal scale state, realizing an effectiveness of scale economies. The six environmental protection enterprises are in the state of easy improvement; five environmental protection enterprises are in the state of small scale, and two environmental protection enterprises are in the state of low technical efficiency. It can be seen that from 2018 to 2020, some environmental protection enterprises have reached the optimal scale of enterprises, some environmental protection enterprises have the problem of too large a scale, and some environmental protection enterprises have the problem of technical inefficiency. The environmental protection enterprises with the best performance only account for 30% of the selected samples, which are shown in Table 7.



(4) Comparative analysis before and after adjustment



From Table 2 of the first stage and Table 6 of the third stage before and after adjustment, it can be seen that the efficiency level has significant differences for some environmental protection enterprises and has minor differences for the others. The efficiency analysis of the model before adjustment, without environmental factors will lead to significant deviations of results.



Figure 4 shows that there is a significant difference between the innovation efficiency comparison chart before and after adjustment. Before the adjustment, only a small number of the sample enterprises are overestimated by the traditional model, and most sample enterprises are underestimated. On the whole, the average innovation efficiency before adjustment changes from 0.653 to 0.871 after adjustment. Among them, the average level of Beijing’s efficiency changed from 1.000 to 0.928, indicating that Beijing’s efficiency is overestimated due to the environmental impact, which is not in line with the actual situation. The average of pure technical efficiency before adjustment changed from 0.865 to 0.946 after adjustment, and the scale efficiency changed from 0.754 to 0.917 after adjustment. This shows that different environmental factors have different effects on input relaxation, and the efficiency measurement without considering environmental factors will lead to a certain degree of deviation in the evaluation of environmental protection enterprises. By controlling environmental factors and random error, all environmental protection enterprises are in the same environment, and the measured results after adjustment are quite different from those before adjustment, which can reflect the true innovation efficiency level of environmental protection enterprises more truly and effectively.





6. Discussion


In summary, the innovation-driven development performance of China’s large-scale environmental protection enterprises measured by the hybrid method proposed in this paper is basically consistent with the actual situation. With further revision of environmental variables, it objectively reflects the innovation-driven development performance of each enterprise. First of all, compared with the traditional DEA measurement used in existing literature research, the adjusted results are more in line with the economic regulation. The innovation efficiency of enterprises in economically developed areas was obviously underestimated before adjustment, such as in Daqian, etc. However, after calculation of the mixed methods, the calculation results have been improved and are closer to the actual situation. Secondly, based on the analysis of the longitudinal change features in time, the pure technical efficiency of each enterprise has kept a steady growth from 2018 to 2020. Although there was a slight decline in SE in 2020, it should be related to the impact of the epidemic. In the long run, if technological innovation is continuously promoted, the innovation-driven effect will be reflected. Then, based on the comparative results of the horizontal heterogeneity comparison in space, the significant impact of innovation efficiency is transformed from scale efficiency to pure technical efficiency because environmental effects and random errors are considered, which also suggests that the innovation-driven strategy of environmental protection enterprises should be adjusted under the current scale orientation. In addition, the analysis of the optimal innovation efficiency of environmental protection enterprises shows that only 6 out of the 20 environmental protection enterprises are in the optimal scale state, thus realizing the effectiveness of economies of scale. Therefore, compared with the traditional DEA method, this paper adopts the mixed analysis method, which takes into account the environmental factors and random error, and has obvious effects and advantages. The research results of this paper are more conducive to environmental protection enterprises investing in PPP projects to realize the gap with the best results, find out the reason for the gap, and provide theoretical support for further measures.




7. Conclusions and Recommendations


7.1. Conclusions


A hybrid method based on a three-stage analysis framework including the improved SFA model is applied to analyze the sample data of environmental protection enterprises from 2018 to 2020. Considering the influence of environmental factors and random errors on the innovation efficiency of environmental protection enterprises for the first time, the efficiency of environmental protection enterprises is analyzed by decomposing and correcting the input offset of the environmental protection enterprise. The efficiency gap among environmental protection enterprises is compared, and then the weak links of environmental protection enterprises and the new driver of growth are found out more truly. The main conclusions of this study are as follows.



(1) Compared with the DEA measurement results of environmental protection enterprises in the first stage, the measurement results in the third stage are more realistic and in line with reality, which shows that it is necessary to consider the environmental effect and random error to improve the efficiency of environmental protection enterprises. After random errors and environmental variables are eliminated, the innovation efficiency, technical efficiency, and scale efficiency of environmental protection enterprises have all improved, but the efficiency value of some samples has not reached the optimal scale, and there is still room for development.



(2) The improvement of pure technical efficiency is obviously better than that of scale efficiency, and the technical efficiency is the main power source for improving the innovation efficiency of environmental protection enterprises. In terms of time, the innovation-driven development performance of environmental protection enterprises rises first and then declines. There is a significant difference in space, and innovation-driven transformation of environmental protection enterprises is urgently needed. The innovation-driven effect is guided by the innovative production scale.



(3) Liantai, Longma, Weiming, Tianjin, Lvyin, and Infore are the optimal scale environmental protection enterprises. The environmental protection enterprises that can be easily improved include BGE, Shanghai, Huaguang, Beijing, Dongjiang, and Wangneng. The environmental protection enterprises with invalid technical efficiency are Grandblue and Lingnan, respectively. The sample enterprises with too small a scale are Daqian, CSD, Haixia, Yuanda, and CPEP. The Dongjiang is a sample of the too-large-scale enterprises.




7.2. Recommendations


Combined with the study conclusions, the following recommendations are proposed in this paper.



(1) Environmental factors have a significant impact on the innovation efficiency of environmental protection enterprises, so it is necessary to pay attention to the impact of environmental factors and control it.



To develop environmental protection enterprises and improve the efficiency of innovation, they must persist in technological innovation. Under the double-carbon target, China not only needs industrial restructuring, energy conservation, and environmental protection, but it also needs landscaping and ecological restoration, which are bound to push the ecological industry into a golden period of sustained and rapid development. Ecological construction has been promoted to a national strategic level in China, and favorable policies such as beautiful China, rural revitalization, new urbanization, and strengthening weak links in infrastructure construction have continued to increase. Driven by these policies, environmental protection enterprises are expected to usher in great opportunities of rapid development. Environmental protection enterprises should firmly seize the development opportunity, pay attention to innovation and development, enhance planning and design capabilities, build the core competitiveness, actively expand business areas, integrate the resources advantages, and constantly seek breakthroughs by using the PPP mode. They should also enhance the innovation and operation capabilities of environmental protection enterprises, ensure the sustainability and effectiveness of independent innovation capabilities of environmental protection enterprises, and enhance the brand and value of environmental protection enterprises.



(2) Environmental protection enterprises have entered a new stage of full implementation, optimizing and adjusting the ratio of labor and capital transformation structure in environmental protection enterprises.



The effective use of labor and capital can significantly reduce carbon emissions and ensure sustainable development. The corresponding redundancy of traditional capital elements will also increase, and the capital-intensive drive needs to be controlled reasonably to improve the efficiency of innovation capital transformation. New technologies and patents are conducive to promoting the effective allocation of innovation-driven resources in environmental protection enterprises. With the increase of the scale effect and competition effect, the efficiency can be improved, and the allocation of management system of intellectual property technology and R&D expenses can be gradually improved, so as to promote the effective utilization of innovation-driven resources. Attention should be paid to the spatial and temporal heterogeneity of the innovation-driven development performance of environmental protection enterprises, and targeted adjustments should be carried out for different years to promote the rational flow of innovation-driven resources. Based on the study conclusion, in the future, it is necessary to focus on improving the technical effect driven by innovation of environmental protection enterprises under the production scale, improving the knowledge accumulation, management system, research and development foundation, capital levels, and economic strength driven by technological innovation. This innovation can contribute to promoting the development of scientific methods and steps of innovation, strengthening the introduction, digestion, and absorption of technology, creating new management methods, giving full play to the benefits of digestion, absorption and re-innovation, and ensuring the long-behind technological advantages.



(3) By optimizing and innovating the use of driving resources of environmental protection enterprises, the operation mode of projects is innovated.



The level of innovation-driven development performance of environmental protection enterprises is consistent with the degree of economic development, economic value, and social value. After adjustment, the innovation-driven efficiency of environmental protection enterprises has improved significantly, but only a few environmental protection enterprises have reached the effective frontier. Therefore, we should strengthen and optimize the use of innovation-driven resources, avoid blindly invested resources, and further improve the economy and sustainability of innovation-driven scale. In addition, relying on the application value of PPP mode, on the one hand, it maximizes the value of capital use. Competition of enterprise’s environmental infrastructures can be increased through competitive choice of private partners; some of the risks can be transferred to the private sector, which can control them through economic assessment techniques, and the expertise and innovation of the private sector can be used to provide higher quality and more effective services. On the other hand, the social benefits are concerned. The PPP mode introduces a market competition mechanism and changes the traditional management mechanism, which is conducive to gaining advanced management experience and technology. The private sector is more efficient in the use of capital without succumbing to terms and conditions in the operation of projects and has more flexible management. It encourages the environmental protection infrastructure sector to transfer technology, improves the intermediate link of innovation-driven industrialization, and increases the innovation-driven conversion rate. At the same time, the commercialization and industrialization of scientific and technological output should be strengthened after innovation behavior, so as to realize operation transformation value and improve innovation efficiency on the basis of innovation achievements.





8. Limitations


There are some limitations in this study. First of all, perhaps most importantly, is the limitations of sample selection. Although this paper selects 20 environmental protection enterprises as samples, they are all limited to Chinese enterprises, which may have the effect of a specific country, and they limit the universality of the application of research conclusions. Therefore, although this study obtains some interesting rules through these samples, it will be better to conduct more case studies in other countries. In this way, more information can be obtained to see if the conclusions of this paper are applicable to similar enterprises in other countries. Another limitation is that the environmental impact of innovation-driven development performance is reflected in multiple aspects. This study is discussed from the perspective of the application value of the PPP mode, but there may be other important environmental factors. Further exploration of more complete and specific environmental impact analyses will be the focus of in-depth research in the future.



Despite these limitations, we believe that we highlight an interesting and understudied topic in the existing literature on innovation-driven development performance measures. It is believed that the findings can help improve the innovation-driven development performance of large-scale environmental protection enterprises investing in PPP projects. Next, it would be interesting to extend this research to samples from other countries and expand environmental variables in the future to see if similar conclusions can be reached.
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Figure 1. The basic framework of the system. 
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Figure 2. The theoretical framework of measure of innovation efficiency. 
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Figure 3. Spatial change of innovation-driven development performance of the environmental protection industry after adjustment. 
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Figure 4. Comparison of innovation efficiency before and after adjustment. 
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Table 1. Evaluation index system of innovation efficiency.
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Investment

Category

	
Variables

	
Description of

Variables

	
Unit






	
Input

	
Allocation of finance

	
R&D funds

	
CNY




	
Allocation of manpower

	
R&D manpower

	
Person




	
Quantity of capital

	
Operation cost

	
CNY




	
Output

	
Total output value

	
Main business income

	
CNY




	
Economic benefit

	
Net profit

	
CNY




	
Intellectual property

	
Patents

	
Number




	
Environment Variables

	
Economic value

	
Current liabilities

	
CNY




	
Social value

	
Employed employees

	
Person
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Table 2. Efficiency value and its decomposition before adjustment.
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	n
	DMU
	TE
	PE
	SE
	Returns to Scale





	1
	Daqian
	0.430
	0.513
	0.839
	Drs *



	2
	CSD
	0.569
	0.656
	0.867
	drs



	3
	Haixia
	0.558
	0.618
	0.903
	drs



	4
	Liantai
	1.000
	1.000
	1.000
	-



	5
	Tianyu
	0.751
	0.814
	0.923
	drs



	6
	Longma
	0.729
	1.000
	0.729
	drs



	7
	BGE
	0.482
	0.962
	0.501
	drs



	8
	Weiming
	0.903
	1.000
	0.903
	drs



	9
	Shanghai
	0.465
	0.808
	0.576
	drs



	10
	Tianjin
	1.000
	1.000
	1.000
	-



	11
	Huaguang
	0.45
	0.961
	0.468
	drs



	12
	Grandblue
	0.453
	0.823
	0.551
	drs



	13
	Yuanda
	0.381
	0.665
	0.572
	drs



	14
	Beijing
	1.000
	1.000
	1.000
	-



	15
	Lvyin
	1.000
	1.000
	1.000
	-



	16
	Lingnan
	0.410
	0.815
	0.503
	drs



	17
	Dongjiang
	0.582
	1.000
	0.582
	drs



	18
	Wangneng
	0.860
	0.976
	0.882
	drs



	19
	Infore
	0.480
	1.000
	0.48
	drs



	20
	CPEP
	0.552
	0.690
	0.800
	drs







* Drs stands for diminishing returns to scale.
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Table 3. Calculation results of the stochastic frontier analysis (SFA).






Table 3. Calculation results of the stochastic frontier analysis (SFA).





	
Variables

	
Input Relaxation of Operation Cost

	
Input Slacks of R&D Funds

	
Input Slacks of R&D

Manpower




	
Coefficient

	
Standard-Error

	
Coefficient

	
Standard-Error

	
Coefficient

	
Standard-Error






	
Beta(constant)

	
−1.1 × 10−4 ***

	
1.00

	
−3.0 × 107 ***

	
1.00

	
4.0 × 10 ***

	
1.00




	
Economic value

	
5.3 × 10−7 ***

	
1.00

	
1.5 × 105 ***

	
3.00

	
1.6 × 10−1 ***

	
1.2 × 10−1




	
Social value

	
−1.1 × 10−9 ***

	
1.00

	
−5.5 × 102 ***

	
2.0×102

	
−4.2 × 10−5 ***

	
1.2 × 10−3




	
σ2

	
2.6 × 10−8 ***

	
2.5 × 1015 ***

	
1.2 × 104 ***




	
γ

	
9.3 × 10−1 **

	
1.00 ***

	
1.00 ***




	
Log

	
1.6 × 102

	
−3.7 × 102

	
−1.1 × 102




	
LR

	
7.3 ***

	
9.6 ***

	
9.3 ***








**, *** is significant at the levels of 5% and 1%, respectively.
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Table 4. The adjusted performance value and decomposition of innovation-driven development of the environmental protection industry from 2018 to 2020.
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	Year
	TE
	PE
	SE





	2018
	0.633
	0.778
	0.781



	2019
	0.710
	0.805
	0.857



	2020
	0.626
	0.844
	0.741
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Table 5. The adjusted time series change of innovation-driven development performance of the environmental protection industry from 2018 to 2020.






Table 5. The adjusted time series change of innovation-driven development performance of the environmental protection industry from 2018 to 2020.





	DMU
	2018 TE
	2019 TE
	2020 TE
	2018 PE
	2019 PE
	2020 PE
	2018 SE
	2019 SE
	2020 SE





	Daqian
	1.000
	0.824
	1.000
	1.000
	0.845
	1.000
	1.000
	0.976
	1.000



	CSD
	0.020
	0.306
	0.108
	0.443
	0.592
	0.142
	0.046
	0.516
	0.757



	Haixia
	0.882
	0.756
	1.000
	1.000
	0.868
	1.000
	0.882
	0.870
	1.000



	Liantai
	1.000
	1.000
	1.000
	1.000
	1.000
	1.000
	1.000
	1.000
	1.000



	Tianyu
	0.351
	1.000
	0.337
	0.375
	1.000
	0.439
	0.935
	1.000
	0.768



	Longma
	0.500
	0.249
	0.258
	0.509
	0.258
	1.000
	0.982
	0.963
	0.258



	BGE
	0.349
	0.271
	0.361
	0.370
	0.350
	1.000
	0.944
	0.774
	0.361



	Weiming
	0.256
	1.000
	1.000
	0.346
	1.000
	1.000
	0.74
	1.000
	1.000



	Shanghai
	0.690
	0.742
	0.325
	0.731
	1.000
	1.000
	0.944
	0.742
	0.325



	Tianjin
	1.000
	1.000
	1.000
	1.000
	1.000
	1.000
	1.000
	1.000
	1.000



	Huaguang
	0.505
	0.716
	1.000
	0.597
	1.000
	1.0000
	0.845
	0.716
	1.000



	Grandblue
	1.000
	0.177
	0.958
	1.000
	0.476
	0.931
	1.000
	0.372
	1.028



	Yuanda
	0.933
	0.373
	0.179
	1.000
	0.662
	0.240
	0.933
	0.563
	0.747



	Beijing
	1.000
	1.000
	1.000
	1.000
	1.000
	1.000
	1.000
	1.000
	1.000



	Lvyin
	0.650
	0.556
	0.409
	1.000
	0.600
	1.000
	0.650
	0.926
	0.409



	Lingnan
	1.000
	1.000
	0.247
	1.000
	1.000
	0.333
	1.000
	1.000
	0.74



	Dongjiang
	0.177
	0.392
	0.363
	0.492
	0.454
	0.785
	0.359
	0.863
	0.463



	Wangneng
	0.326
	1.000
	0.424
	1.000
	1.000
	1.000
	0.326
	1.000
	0.424



	Infore
	1.000
	0.848
	1.000
	1.000
	1.000
	1.000
	1.000
	0.848
	1.000



	CPEP
	0.028
	1.000
	0.548
	0.703
	1.000
	1.000
	0.039
	1.000
	0.548
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Table 6. Efficiency value and its decomposition after adjustment.






Table 6. Efficiency value and its decomposition after adjustment.





	n
	DMU
	TE
	PE
	SE
	Returns to Scale





	1
	Daqian
	0.551
	0.875
	0.630
	irs



	2
	CSD
	0.758
	0.877
	0.864
	irs



	3
	Haixia
	0.67
	0.951
	0.705
	irs



	4
	Liantai
	1.000
	1.000
	1.000
	-



	5
	Tianyu
	0.767
	0.975
	0.787
	irs



	6
	Longma
	1.000
	1.000
	1.000
	-



	7
	BGE
	0.965
	0.965
	1.000
	-



	8
	Weiming
	1.000
	1.000
	1.000
	-



	9
	Shanghai
	0.837
	0.904
	0.926
	irs



	10
	Tianjin
	1.000
	1.000
	1.000
	-



	11
	Huaguang
	0.969
	0.971
	0.999
	irs



	12
	Grandblue
	0.842
	0.884
	0.953
	irs



	13
	Yuanda
	0.680
	0.831
	0.818
	irs



	14
	Beijing
	0.928
	1.000
	0.928
	irs



	15
	Lvyin
	1.000
	1.000
	1.000
	-



	16
	Lingnan
	0.817
	0.818
	0.999
	irs



	17
	Dongjiang
	0.940
	1.000
	0.94
	drs *



	18
	Wangneng
	0.978
	0.993
	0.985
	irs **



	19
	Infore
	1.000
	1.000
	1.000
	-



	20
	CPEP
	0.712
	0.879
	0.810
	irs







* drs stands for diminishing returns to scale. ** irs stands for increasing returns to scale.
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Table 7. Analysis of diminishing returns to scale.






Table 7. Analysis of diminishing returns to scale.





	Class
	Enterprise Scale is Too Large
	Optimal Scale of

Enterprise
	A State of Easy

Improvement
	A State of Technical Inefficiency
	Enterprise Scale is Too Small





	Measuring Standard
	SE ≤ 0.9

(decreasing returns to scale)
	TE = SE = 1
	0.9 < SE ≤ 1

PE > 0.9
	0.9 < SE ≤ 1

PE < 0.9
	SE ≤ 0.9

(increasing returns to scale)



	Number of The Enterprise
	1
	6
	6
	2
	5



	Sample Enterprise
	17
	4, 6, 8, 10, 15, 19
	7, 9, 11, 14, 17, 18
	12, 16
	1, 2, 3, 13, 20
















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  sustainability-14-05096


  
    		
      sustainability-14-05096
    


  




  





media/file6.jpg
After adjustment

-

—e— Before adjustment






media/file1.png
Innovation-driven
development performance
for PPP mode

Step3: Evaluation

Analyzing initial efficiency by
traditional DEA model

Step1l: Preparation

Determining study subjects

indicators

Determining input-output ‘

SFA regression without
environmental factors and
random errors

v

Re-measuring efficiency with the
adjusted input and output

Step2: Selection

‘ Selecting sample enterprises ‘

'

Conclusions






media/file7.png
1.2

02 F
0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
Y AP \‘.b}’ 4?’ > 6@ ,Q,QO > > ,Q,QO & Sb' ,Q,QO > ‘b'Q ,Q,QO ,Q,QO L Q)Q
& F &S Q?\Q) SRS \ - 4) & R
Q‘b» ,\2& \)\‘b &/\‘D' VOQ q&@i "Q&Q &\2\}%% 6 O \)\0269% @QQO N\

—&— Before adjustment - After adjustment





media/file5.png





media/file3.png
Input

Allocation of
financial resources

Allocation of
human resources

Quantity of
capital

<

Economic

Basis systems —‘ Goal
Motivation Support
Decision-
making
unit(DMU)
Social <€—Improvement Ecological
system  ———Influence————®»  system

Output

Gross value of
production

Economic
benefit

Intellectual
property






media/file4.jpg
08

06

04

02

P ;’1\» »"” \\\«& & & f«@\e& &
S ST C
S

.4+ PE -A=SE





media/file0.jpg
Innovation-driven

development performance
for PPP mode

rep:

pi:
Determining study subjects

Determining inpui-output
indicators

Step2: Selection

Selecting sample enterprises

Analyzing initial efficiency by
traditional DEA model

SFA regression without
environmental factors and
random errors

Re-measuring efficiency with the
adjusted input and output

Conclusions






media/file2.jpg
Input

Teonomic

Output

Allocation of
financial resources

Allocation of
human resources

Quanity of
capital

Ecological

system

Gross valueof | ¢
production | ¢

Inelectual
propery






