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Abstract. We propose a comprehensive eco-efficiency framework based on emergy theory, green gross 

domestic product (GGDP) and data envelopment analysis (DEA) to get a thorough assessment of regional 

sustainability. The paper evaluates the sustainable development of Guizhou Province from 2000 to 2017 

based on emergy analysis, GGDP and DEA. Moreover, the GGDP, which has deducted the undesirable 

output, is selected as the output index to calculate the eco-efficiency of Guizhou Province and further 

evaluate its sustainable development level by the super-SBM model. The results showed that the growth 

rate of the GGDP in Guizhou Province was far lower than that of the GDP. The proportion of the GGDP 

in GDP showed a trend of continuous decline from 78.32% to 60.60% mainly due to the high 

consumption of non-renewable resource products. Moreover, there were seven effective years during 

2000-2017. There was redundancy in capital input and labor input, and the input and output were not 

optimal in the ineffective years. Therefore, we suggest that Guizhou Province should achieve 

technological progress by introducing talents, perfect industrial layout, optimize the industrial structure, 

and gradually realize the transformation industry from high energy consumption, high emission and high 

pollution to low energy consumption, low emission and low pollution. 

Keywords: eco-efficiency, green gross domestic product (GGDP), emergy analysis, super-SBM, 

undesirable output 

Introduction 

It is necessary to measure and evaluate the regional sustainable development status 

comprehensively to realize sustainable development. At present, the evaluation methods 

widely accepted and applied include ecological footprint, emergy analysis, emergy 

ecological footprint (Zhao et al., 2005), green GDP (He et al., 2016), comprehensive 

evaluation method (Cabello et al., 2014), etc. Eco-efficiency has been put forward as an 

index to analyze sustainable development (Schaltegger and Burritt, 2000), that is, the 

ratio of the value of services and products to the environmental impact. Its core idea is to 

exchange the maximum economic value with the minimum resource consumption and 

environmental pollution degree (Scholz and Wiek, 2005). The accounting methods of 

eco-efficiency can be summarized into three types: single ratio method, index system 

method and model method (Mandal, 2010; Victor et al., 2017; Yue et al., 2020). The 

three accounting methods have their advantages and disadvantages. The model method 
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mainly includes the ecological footprint method, data envelopment analysis (DEA) and 

some extension models of DEA (Hua et al., 2007; Yin et al., 2014; Li et al., 2019; Ren et 

al., 2020), while DEA has been widely used in recent years due to its unique advantages. 

Firstly, DEA requires relatively little information. Secondly, it does not need 

dimensional processing of original input-output data. Finally, it directly assigns weights 

to the indexes without the need to determine the weights artificially, which overcomes 

the influence of subjective factors on the results. At present, the theory of eco-efficiency 

has been constantly developed and improved and has been applied in many research 

fields (Kim et al., 2018; Xiang et al., 2020) with the integration of other methods, such as 

emergy analysis (EMA) (Wu et al., 2018; Cao et al., 2019), ecological footprint (He et 

al., 2016), life cycle assessment (LCA) (Park et al., 2016; Masuda, 2019), etc. 

DEA model for accounting eco-efficiency needs to determine the inputs and outputs. 

Heretofore, gross domestic product (GDP) is the key indicator of output (Yin et al., 

2014; Robaina-Alves et al., 2015). GDP did not consider the resources and environment 

loss cost, there are differences in the selection of undesirable outputs, and some 

pollutants in the discharge of "three wastes" are usually selected as the undesirable 

output (Li et al., 2019; Wang et al., 2020). The processing methods of undesirable output 

are different, such as undesirable output as an input method, reciprocal conversion 

method, directional distance function method and modified DEA model. The results of 

the different studies could not be compared. When evaluating regional eco-efficiency 

based on DEA model, most studies take GDP as the desirable output (Jin et al., 2014). 

But GDP ignores the depletion of resources and damage to the environment in the 

process of economic growth. As a supplement and improvement to GDP, GGDP refers 

to the GDP after deducting the value of resource consumption and environmental 

pollution loss, which overcomes the disadvantage of GDP not considering resource and 

environmental factors (Talberth and Bohara, 2006; Boyd, 2007). “Although some studies 

stated that the GGDP should be used in future regional-scale eco-efficiency 

measurements, these kinds of studies are few, especially in China” (He et al., 2016). He 

et al. (2016) used DEA model to evaluate the eco-efficiency of Jiangsu Province and 

took GGDP as the output. However, unreasonably, they still took pollutant emission 

which has been deducted from GGDP as undesirable output. In addition, for ease of 

calculation, they changed the nature of undesirable output by taking it as an input. 

In order to make up for the above deficiencies and accurately evaluate the regional 

sustainability, the holistic eco-efficiency method has been built by aggregating emergy 

analysis (EMA), DEA and GGDP into an improved framework. By taking GGDP as the 

output after deducting undesirable output, the paper provides a theoretical basis for 

sustainable development decision making in Guizhou Province and a new way of 

thinking for a comprehensive evaluation of regional sustainable development level. This 

study aimed to comprehensively evaluate the sustainable development level of Guizhou 

Province by the new ecological efficiency framework and put forward suggestions for 

improvement. 

Methodology and methods 

Study area 

Guizhou Province, with its fragile ecological environment and large mountainous 

area, is an important ecological barrier in the upper reaches of the Yangtze River and 

the Pearl River (Figure 1). At present, it faces major ecological problems such as soil 
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erosion, forest degradation, biodiversity reduction and water resources shortage. Under 

the background that the country attaches importance to the development of the west and 

further deepens the development of the west, the actual situation of the underdeveloped 

areas in China requires the region to develop its economy according to its own resource 

advantages in the future, so as to realize the regional sustainable development. 

Therefore, as an inland open economic pilot zone, it is particularly important to ensure 

the sustainable development of Guizhou. This paper made a preliminary evaluation of 

the sustainable development level of Guizhou Province with combined emergy and 

GGDP accounting, then used DEA to calculate the eco-efficiency. The research results 

can be used for reference in other areas. 

 

Figure 1. The location of Guizhou Province, China 

 

 

Emergy analysis 

The concept of emergy was proposed in the 1980s by Odum (1988), a famous 

American ecologist. It has been widely used by scholars to study and evaluate an urban 

ecological economic system, agricultural ecosystem and marine ecosystem (Odum, 

1996, 2000; He et al., 2016; Wu et al., 2018; Cao et al., 2019). The solar emergy of each 

product and resource is calculated as follows: 

 

 TME =  (Eq.1) 

 

where E is the emergy (sej); M is the available energy (J); T is the transformity of a 

product or a resource. 

Emergy indicators can be used to comprehensively evaluate the sustainable 

development ability of the system based on emergy theory. Emergy evaluation 

indicators are shown in Table 1. 
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Table 1. Emergy evaluation indicators for Guizhou 

Indicators Expression 
Renewable Resources R 

Nonrenewable Resources N 

Imports IMP 

Exports EXP 

Total Emergy Used U=R+N+IMP-EXP 

Emergy Yield Ratio (EYR) EYR=(R+N+IMP)/IMP 

Environmental loading ratio(ELR) ELR=(U-R)/R 

Emergy-based sustainability index (ESI) ESI =EYR/ELR 

 

 

GGDP accounting based on emergy analysis 

Gross domestic product (GDP) is an important indicator to measure and reflect the 

economic development level of a country or region. However, there are limitations in 

the accounting of GDP, which ignores the impact of human economic activities on 

resources and the environment. Green GDP (GGDP) makes up for the deficiency of 

GDP and includes the cost of resource consumption and environmental damage into the 

accounting, which can reflect the real wealth of the society and the idea of sustainable 

development. GGDP is calculated based on emergy analysis in the paper. 

Total emergy 

The core idea of emergy theory is to convert different kinds of resources or products 

into uniform units of emergy and then measure through solar transformity The 

calculation formula of the total emergy of the system is as follows: 

 

  
= =

==
1 1
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ii TMEE
 

(Eq.2) 

 

where E is the total emergy of the system (sej); Ei is the total emergy (sej) of the ith 

resource or product; Mi is the raw data (sej) for the ith resource or product; T is the 

transformity of a product or a resource. 

Emdollar value 

Emdollar value refers to the amount of money equivalent to the emergy of an eco-

economic system when it is converted into money. Its calculation formula is the ratio of 

the emergy of resources or products to emergy/dollar ratio, namely 

 

 REV ii /=
 

(Eq.3) 
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(Eq.4) 

 

where Vi is the emdollar value of the ith resource or product ($); Ei is the total emergy 

of the ith resource or product (sej); R is emergy/dollar ratio (sej/$);  =1j jE  is the sum 

of the total emergy utilized by the system (including renewable environmental resources, 

nonrenewable environment resources, nonrenewable resources products, money flows). 

GDP is the gross domestic product ($). 
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GGDP 

The calculation formula of GGDP is as follows: 

 

   −−−= CBAGDPGGDP
 

(Eq.5) 

 

where  A  is the total emdollar value of nonrenewable natural resources;  B  is the 

total emdollar value of nonrenewable resource products;  is the total emdollar value 

of waste materials. The specific indicator system is shown in Table 2. 

 
Table 2. Emergy analysis in Guizhou Province 

Category Item Transformitya (sej/J) 

Renewable natural resources Solar radiation energy 1 

 Rain chemical energy 623 

 Rain geo-potential energy 15444 

 Wind kinetic energy 8888 

 Earth cycle energy 29000 

Nonrenewable natural resources Topsoil loss 74000 

Renewable resource products Hydropower 80000 

 Cereal 148000 

 Beans 690000 

 Potato 83000 

 Oil plants 690000 

 Bast fiber plants 83000 

 Sugarcane 84000 

 Tobacco 84900 

 Vegetables 83000 

 Tea 200000 

 Fruits 530000 

 Meat 4000000 

 Milk 2000000 

 Eggs 2000000 

 Honey 84000 

 Aquatic products 2000000 

 Forest products 44000 

Nonrenewable resource products Raw coal 40000 

 Gasoline 66000 

 Kerosene 66000 

 Diesel 66000 

 Fuel oil 54000 

 Natural gas 53000 

 Steels 1.40E+15 

 Cement 2.07E+15 

 Nitrogenous fertilizers 3.80E+15 

 Phosphatic fertilizer 3.90E+15 

 Potash fertilizers 1.10E+15 

 Compound fertilizers 2.80E+15 

 Pesticides 1.60E+15 

 Plastic membranes 3.80E+14 

Currency flow Import commodities 1.66E+12 

 Foreign capital utilized 1.66E+12 

 Foreign exchange earnings from tourism 1.73E+12 

 Labor services 3.80E+05 

 Export commodities 1.66E+12 

Waste material Waste gas 4.80E+04 

 Wastewater 8.60E+05 

 Solid waste 1.80E+06 

aTransformities are taken from Odum (1996, 2000) 
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DEA model 

Charnes et al. (1978) put forward the concept of Data Envelopment Analysis (DEA). 

The traditional CCR model and VRS model do not consider the slack of input and 

output. Tone (2001) proposed a non-radial and non-angular SBM model based on slack 

variables. However, the traditional SBM model cannot sort effective decision-making 

units. Based on this, Tone (2002) proposed the super- SBM model, which can 

effectively distinguish the conditions of effective decision units. Super efficiency SBM 

model is as follows: 
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where  n is the number of decision-making units (DMU); m  and  s are the numbers of 

input indicators and output indicators;  and  are the slack variables of input and 

output; λ is a constant vector; If δ ≥1, DMU is said to be effective. If δ≤1, DMU is said 

to be ineffective. The higher the δ, the higher the ecological efficiency. 

Technically and empirically, DEA has the following requirements on DMU: Firstly, 

DMU in the reference set should have the characteristics of the same type; Secondly, it 

is generally considered that the number of elements in reference set is not less than three 

times of the total number of input and output indicators (He et al., 2016). This paper 

will take Guizhou Province as the research object and carry out empirical analysis based 

on relevant data of Guizhou Province from 2000 to 2017, which meets the basic 

requirements of DEA. In the DEA efficiency evaluation process, capital stock and labor 

input are taken as inputs, and GGDP is taken as output. The efficiency is called green 

efficiency to distinguish it from traditional eco-efficiency. Among them, the capital 

stock is invested using the perpetual inventory method. The data calculation is based on 

the year 2000 and the estimation formula is: 

 

 tttt IKK +−= −1)1( 
 

(Eq.7) 

 

where Kt is the capital stock at the end of the year;  is the depreciation rate; It is the 

actual investment. The investment indicator of the year is the total fixed capital 

formation. 

Labor input is the total number of people employed at the end of each year. The 

desirable output is calculated by GGDP. In the calculation process, GDP is calculated 

based on the price of the year 2000. The GGDP has deducted the undesirable output 
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such as resource loss and environmental pollution, which directly solves the problem of 

the undesirable output. The ecological efficiency was calculated using DEA-SLVER 

Pro5.0 software developed by Tone (2002). 

Data source 

Here we used data from 2000 to 2017 to evaluate the eco-efficiency of Guizhou 

Province. The basic data of renewable environmental resources, non-renewable 

environmental resources, renewable resource products, non-renewable resource 

products, monetary flow and the total number of employees employed at the end of each 

year were collected from the Guizhou Statistical Yearbooks 2001–2018 (which presents 

data from 2000 to 2017). And the basic data of waste gas, waste water and solid waste 

were obtained from the China Statistical Yearbooks 2001–2018. The total fixed capital 

formation data were collected from the National Bureau of Statistics website. The 

emergy calculation formula, emergy conversion coefficient and transformity used in this 

paper refer to the research results of Odum (1996, 2000) and Brown and Ulgiati (2016). 

Results and Discussions 

Emergy analysis 

The sustainable development index of Guizhou from 2000 to 2017 was calculated to 

analyze the sustainability of the economic development of Guizhou Province based on 

emergy analysis. Emergy yield ratio (EYR) is defined as the ratio of the emergy used to 

the emergy input. This index is a standard to measure the production efficiency of a 

system. The higher the EYR is, the higher the production efficiency of the system will 

be. Although EYR had fluctuations in Guizhou Province, the overall declined during the 

past 18 years, with the maximum in 2002 and the minimum in 2017 (Figure 2). The 

main reason for the decrease of EYR was that the feedback input into Guizhou's 

economic system increased sharply, including the utilization of foreign capital and the 

import of resources. 

 

Figure 2. Trend of emergy-based indices in Guizhou Province from 2000 to 2017 

 

 

Environmental loading ratio (ELR) is defined as the ratio of the total emergy of non-

renewable resources to the total emergy of renewable resources. The indicator 

represents the environmental pressure of the system. The higher the ELR is, the greater 



Yi et al.: Comprehensive assessment of regional sustainability via emergy, green GDP and DEA 

- 604 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(1):597-609. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 
DOI: http://dx.doi.org/10.15666/aeer/1901_597609 

© 2021, ALÖKI Kft., Budapest, Hungary 

the environmental pressure of the system is. ELR increased volatility from 2000 to 2017 

(Figure 2), among which ELR showed a significant decline from 2011 to 2014. 

However, the trend did not last long. An obvious upward trend from 2014 to 2017 

indicated that the economic development of Guizhou Province put increasing pressure 

on the environment in recent years. 

The overall change trends of EYR and ELR of Guizhou were similar to that of 

Changsha (Wu et al., 2018). Emergy-based sustainability index (ESI) is defined as the 

ratio of EYR to ELR. When ESI is between 1 and 10, it means that the economic system 

is dynamic and has development potential. When ESI is larger than 10, it is a sign of 

economic underdevelopment. When ESI is less than 1, it means that the economic 

system is consumption-oriented (Lei et al., 2020). The ESI and EYR was roughly the 

same trend (Figure 2). ESI was more than 10 before 2011 and that Guizhou Province 

was economically underdeveloped. After 2011, ESI was between 1 and 10. The 

economic system of Guizhou Province had the potential for development and there was 

room for improvement. 

Analysis of GGDP 

Guizhou Province saw a marked increase in both GDP and GGDP from 2000 to 2017 

(Figure 3). The growth rate of GDP was much faster than that of GGDP in recent ten 

years. He et al. (2016) reported similar results that traditional GDP grew faster, while 

green GDP grew slower and the gap between the two was growing. The ratio of GGDP 

to GDP was 78.32% in 2000, dropping to 60.60% in 2017. The declining ratio of GGDP 

to GDP in Guizhou Province is mainly due to the rising emdollar value of non-

renewable resource products and wastes in recent years, especially non-renewable 

resource products (Figure 4). The emdollar value of non-renewable resource products 

surged by 16.68 times, and the emdollar value of wastes increased by 7.64 times. Raw 

coal was the non-renewable resource product with the largest consumption, accounting 

for more than half of non-renewable resource products during the study period. At the 

same time, solid waste accounted for more than 50% of the waste. This indicates that 

Guizhou Province consumed a large amount of non-renewable resource products and 

discharged a large amount of waste in the economic development process from 2000 to 

2017. The rapid economic development came at the cost of resource consumption and 

environmental damage. 

 

Figure 3. The trends of GDP and GGDP of Guizhou Province from 2000 to 2017 
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Figure 4. Emdollar value of non-renewable resources consumption and waste emissions of 

Guizhou Province from 2000 to 2017 

 

 

DEA 

We used DEA-SOLVER Pro5.0 software to calculate the eco-efficiency (green 

efficiency) of Guizhou Province from 2000 to 2017. The results are shown in Table 3. 

The average green efficiency of Guizhou Province during 2000 - 2017 was 0.986, less 

than 1. Both capital input and labor input were redundant, and labor redundancy was 

more serious than capital redundancy. There was a shortfall in economic output. During 

the study period, the effective years of DEA were 2000, 2008, 2010, 2011, 2013, 2014 

and 2017, and their green efficiency were all greater than 1, while the remaining years 

were ineffective. The effective years of Guizhou Province accounted for 39%, higher 

than Jiangsu Province with 20% (He et al., 2016). The highest green efficiency was 

1.132 in 2000 and the lowest was 0.887 in 2004. It can be seen that the green efficiency 

of Guizhou Province was lower and its performance was poor in 2000-2006. Capital 

input was not redundant, but labor input was relatively redundant and GGDP output was 

insufficient during these six years. Excessive input of labor still showed the 

phenomenon of insufficient output, which indicates that the economic development 

input of Guizhou Province in this period was mainly low-quality labor force, and the 

high-quality labor force was relatively scarce, which failed to realize the optimal 

efficiency of labor input. The redundancy of labor input had been alleviated, and the 

green efficiency was higher than the previous stage since 2007. In the last five years, the 

green efficiency in 2013 and 2014 was more than 1 and ranked high. However, in 2015 

and 2016, the green efficiency declined significantly, and capital and labor input 

utilization were insufficient, leading to the failure of optimal allocation of input factors 

and output factors. Green efficiency in 2017 ranked second, efficient utilization of 

capital and labor force and insufficient output indicate that there was still much room 

for improvement in the economic development of Guizhou Province. In the future, 

investment in scientific and technological innovation should be increased to achieve 

efficient and high-quality development. 

To sum up, on the one hand, Guizhou Province needs to make full use of renewable 

energy, such as abundant hydropower, sunlight and wind, and strictly controls the 

discharge of waste. On the other hand, Guizhou should improve the quality of the labor 

force and formulate the policy of attracting talents. Since the 2015 "Guiyang 

International Big Data Industry Expo" was held in Guiyang, the capital of Guizhou 



Yi et al.: Comprehensive assessment of regional sustainability via emergy, green GDP and DEA 

- 606 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 19(1):597-609. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN 1785 0037 (Online) 
DOI: http://dx.doi.org/10.15666/aeer/1901_597609 

© 2021, ALÖKI Kft., Budapest, Hungary 

Province, the province has focused on the development of big data industry, which has 

brought vitality and opportunities to the economic development. Guizhou should seize 

this opportunity and follow a characteristic path of sustainable development based on 

big data. Besides, Guizhou should fully exploit rich tourism resources, focus on creating 

a "colorful Guizhou", and develop characteristic ecological tourism as a new economic 

growth point of Guizhou. 

 
Table 3. The results of the super-SBM model of Guizhou Province from 2000 to 2017 

DMU Score Rank Capital excess Labor excess GGDP shortage 

2000 1.132 1 42.876 201.709 0.000 

2001 0.943 14 0.000 201.690 0.919 

2002 0.935 15 0.000 239.753 0.952 

2003 0.891 17 0.000 278.539 6.038 

2004 0.887 18 0.000 319.461 6.090 

2005 0.921 16 0.000 77.656 9.374 

2006 0.948 13 0.000 86.481 5.369 

2007 0.992 8 0.000 5.714 1.343 

2008 1.025 4 48.470 0.000 0.000 

2009 0.990 9 0.000 19.032 1.214 

2010 1.014 6 0.000 49.670 0.000 

2011 1.001 7 0.028 3.116 0.000 

2012 0.989 11 0.000 1.682 3.974 

2013 1.019 5 79.583 9.382 0.000 

2014 1.032 3 0.000 0.000 15.667 

2015 0.971 12 178.557 11.144 0.000 

2016 0.990 10 58.760 7.963 0.000 

2017 1.067 2 0.000 0.000 37.169 

Mean 0.986 - 22.682 84.055 4.895 

 

 

The comprehensive application of multiple sustainable development evaluation 

methods can complement each other's advantages and make up for the weak persuasive 

effect of single evaluation method, which can evaluate the status of the research area 

more comprehensively and point out the improvement direction for enhancing the 

regional sustainable development ability. The green GDP accounting based on emergy 

theory not only measures the consumption of non-renewable resource products, but also 

measures the pollution loss caused by waste discharge, indicating that the economic 

development of Guizhou Province is based on resource consumption and environmental 

pollution. DEA efficiency evaluation model further points out that DEA invalid years 

have insufficient utilization rate of capital input and labor input. 

The green GDP excluding the undesirable output is selected as the output index, 

which provides a new idea for DEA efficiency evaluation to solve the undesirable 

output problem. The following aspects can be further studied in the later stage. Firstly, 

only the negative effects of non-renewable resource consumption and environmental 

pollution loss are considered in the process of calculating green GDP based on emergy 

theory. Since the positive effects of resource and environment improvement in Guizhou 

need to be highlighted, the later stage can try to explore the accounting in this aspect. 

Secondly, in DEA efficiency evaluation, further research will consider technological 

innovation input from the perspective of R&D intelligence input and capital input. 
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Conclusions 

This study applied the emergy analysis theory, GGDP and super-SBM model to 

comprehensively calculate the sustainable development level of the study region, and 

analyzed the deficiencies and improvement directions in the economic development 

from 2000 to 2017. The GGDP with undesirable output deducted is selected as the 

output, which provides a new idea for DEA efficiency evaluation to solve the problem 

of undesirable output. 

First, based on the emergy evaluation indicators of Guizhou Province, it can be 

concluded that the environmental loading ratio of Guizhou presented an overall trend of 

increase mainly due to the increasing use of non-renewable resources from 2000 to 

2017, while the emergy yield ratio and emergy-based sustainability index generally 

presented a trend of decline. The main reasons for the decline of productivity were the 

large increase in the utilization of foreign capital and the import of resources. 

Second, GGDP and GDP from 2000 to 2017 in Guizhou Province simultaneously 

rose, but the growth rate of GGDP was less than that of GDP. The proportion of GGDP 

in GDP had been decreasing from 78.32% to 60.60%, mainly due to the dramatic 

increase in consumption of nonrenewable resource products and waste emissions, which 

had widened the gap between the GGDP and GDP. 

Third, 2000-2017 was divided into two stages with 2008 as the cut-off point. The 

green efficiency of the second stage was higher on the whole than that of the first stage, 

and the ineffective years of DEA mostly fell in the first stage. There were seven years in 

which the green efficiency was greater than 1, that is, DEA was effective in Guizhou 

Province from 2000 to 2017. In the remaining eleven years, DEA was ineffective. In the 

ineffective years, there were redundant capital investment and redundant labor input, 

and the factor combination of input and output did not reach the optimal state. 
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