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Abstract. Energy production in Zhejiang Province is facing huge pressure from environmental emissions, 

while energy production has recently been in surplus. The aim of this paper was to measure the energy 

efficiency of Zhejiang, from the perspective of industrial and environmental influence factors and the 

undesirable environmental outputs were considered respectively. We used the principal component 

analysis model to achieve accurate dimension reduction of input parameters and applied the slack-based 

model to analyze the environmental energy efficiency of each decision-making units, eleven prefecture-

level cities of Zhejiang from 2005 to 2015. Conceptually, this paper classified the status of environmental 

energy efficiency into four types: High Level, Decreasing Trend, Improving Trend, and Deteriorating 

Trend. Empirically, the environmental energy efficiency of Zhejiang was more influenced by pure 

technical efficiency, and scale efficiency had less effect on technical efficiency. Consequently, Hangzhou 

reached the effective level and Zhoushan was close to that level, while the situation of energy production 

overcapacity and environmental pollution reduction of the remaining nine decision-making units have not 

been substantially improved in recent years. 

Keywords: principal component, data envelopment analysis, environmental energy efficiency, 

undesirable environmental outputs, case study, sustainable policy 

 

Abbreviations: 

The following abbreviations are used in this manuscript: 

PCA Principal Component Analysis SE Scale Efficiency  

DEA Data Envelopment Analysis PTE Pure Technical Efficiency  

SBM Slack-based Model CRS Constant Returns to Scale 

DMU Decision-making Unit VRS Variable Returns to Scale 

TE Technical Efficiency  RTS Returns to Scale 

Introduction 

With the rapid development of the economy and the low efficiency of energy use, the 

tarp of environmental quality degradation caused by excessive consumption of energy 

has increasingly become a bottleneck restricting the sustainable development of Chinese 

economy (Li et al., 2017; Geng and Doberstein, 2008). In the process of rapid economic 

development, the improvement of energy use efficiency can greatly alleviate the energy 

resources depletion and improve the environmental welfare level of energy use (Färe et 

al., 2007). Thus, improving energy efficiency is increasingly concerned by Chinese 

governments and energy producers. Zhejiang Province is one of the regions with the 

highest level of economic development in China. It has a high degree of 
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industrialization and a large amount of energy consumption. With rapid advancement of 

industrialization and the rapid economic growth, the total amount of pollution emissions 

from energy production is still at a high level. In 2015, the Zhejiang total industrial 

wastewater discharge amounted to 1.47 billion tons, with a total of 2.68 trillion cubic 

meters of industrial air emissions, and 46.78 million tons of industrial solid waste 

(Statistics, 2015). 

The aim of this research was to understand the extent of efficiency and the 

optimization potential of the regional energy sectors in the Zhejiang Province of China 

by using the principal component analysis (PCA) and data envelopment analysis (DEA). 

In this research, we focused on the evaluation concerning whether the energy decisions 

were economically efficient, such as the energy facilities investment, the cost of energy 

generating and transmitting and energy consumption. Especially, we measured the 

energy efficiency and its impact factors at an industrial and environmental level for 

Zhejiang Province in view of undesirable environmental outputs including the industrial 

waste water, solid industrial waste, and industrial waste gas. Meanwhile, two 

methodologies were suggested in this study as basic paths for assessing the energy 

efficiency, namely principal component analysis combined with DEA (PCA–DEA), 

which were used to improve discrimination power. 

The energy consumption structure of China, which is dominated by mineral fuels, 

has led to an increasingly serious problem of environmental pollution (Cao et al., 2012; 

Shi et al., 2011). Thus, a series of previous studies have focused on the environmental 

performance of China. Typically, China is currently facing many serious challenges, 

such as strong energy demands, energy shortages and substantial energy consumption 

(Chen and Gong, 2017; Gillingham et al., 2009), which are related to the traditional 

evaluations about the economic concepts, such as energy cost and revenue. However, 

undesirable output factors generated from energy consumption, especially in the mineral 

fuels oriented energy industries, should be added to the researching framework of 

energy efficiency, likewise the process of the official evaluation of environmental 

performance (Cao et al., 2012; Zhao et al., 2016b). In 1997, the International Energy 

Agency (IEA) published the first Energy Efficiency Report, and updated it every year 

(Agency, 2013, 2014). The parameters obtained in that report can be used to estimate 

the energy efficiency across various economic activities, and the parameters were 

selected from micro-enterprises, industry levels, and macro-policies. Policymakers can 

increase energy consumption based on economic output growth or reduce energy 

consumption according to reduced economic output for improving energy efficiency. 

Zhejiang is located on the southeast coast of China, and it is south of the Yangtze 

River Delta. It has 11 prefecture-level cities under its jurisdiction, and GDP in 2015 

reached 4.3 trillion yuan, up 8.0% over the previous year, accounting for 6.2% of the 

national total (Provincial Bureau of Statistical of Zhejiang, 2015). Thus, it is one of the 

most economically viable provinces in China. In 2015, the Zhejiang total discharge of 

industrial wastewater, industrial air emission and industrial solid waste, represent a 

decrease of 1.36%, 0.43%, and 0.46% as compared to 2014 (Statistics, 2014, 2015). 

Although the environmental burden brought by industrial production has slightly 

reduced, the total amount of undesirable environmental outputs in terms of absolute 

numbers is still large. Meanwhile, in 2015, the recently added power supply capacity in 

Zhejiang was about 7.00 million kilowatts. The total electricity consumption in 

Zhejiang was 355.39 billion kWh, up 1.4% over the same period of last year. The 

maximum power consumption of the electricity load was 58.50 million kilowatts, an 
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increase of only 760,000 kilowatts, and only 11% of the newly added power supply 

(Provincial Bureau of Statistical of Zhejiang, 2015), which highlighted the overcapacity 

situation of power generation. Energy production in Zhejiang is not only facing huge 

pressure from environmental emissions, but also in surplus. Thus, the energy efficiency 

of Zhejiang has become a subject worth studying. Incorporating undesirable 

environmental outputs into energy efficiency studies can help us find out which 

undesirable environmental outputs affect energy efficiency in the province and provide 

research data for Zhejiang to enhance its energy efficiency by saving energy and 

reducing emissions. The map of Zhejiang Province is shown in Figure 1. 

 

 

Figure 1. Zhejiang Province of China, by eleven prefecture-level cities 

 

 

Performance measurement is used to evaluate the performance of decision-making 

units (DMUs), and it is also a multicriteria decision-making (MCDM) problem (Chang 

and Lee, 2012). Because stochastic frontier analysis (SFA) (Kumbhakar and Lovell, 

2000) and data envelopment analysis (Banker et al., 1984; Charnes et al., 1978) as two 

kinds of MCDM tools were put forward first, they have been applied to performance 

measurement for efficiency analysis as effective tools. However, Wang (2003) analyzed 

that the error existing in the DEA mathematic models can lead to the output efficiency 

frontier being distorted, while the date used in the DEA is subject to statistical 

deviation. In addition, due to the DEA techniques ratio between the inputs and outputs 

of each DMU via a weighting method, the efficiency estimates of a DMU are biased 

when a slack variable analysis of DEA is calculated. 
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To deal with the shortages of DEA, Adler and Golany (2001, 2002) proposed a 

methodology that produces uncorrelated linear combinations of original inputs and 

outputs to improve discrimination in DEA with minimal loss of information by using 

principal components. This kind of measuring tool assumes that the separation of 

variables standing for similar themes such as fixed-asset investment and energy 

resource input, and the removal of principal components with little or no explanatory 

power improves the categorization of efficient and inefficient DMUs. Fu and Ou (2013) 

combined principal PCA and DEA to enhance the efficiency of DMUs more accurately 

in evaluating the energy performance of Taiwanese Bureau cases. Ghosh and 

Jintanapakanont (2004) used PCA to understand the latent structure of critical risk 

factors in Thailand. Due to the fact that the explanatory power of DEA is relatively 

weak when analyzing several DMUs, Adler and Yazhemsky (2010) further concluded 

that PCA-DEA outperformed PCA variable reduction by comparing their discrimination 

performance in a simulation exercise. Thus, the literature review showed that the 

integration of DEA with PCA technology could obtain more stable estimation results 

when compared to single MCDM oriented methods. Therefore, this research attempted 

to combine DEA with PCA to construct a performance analysis model for energy 

efficiency of the Zhejiang Province, China. 

In the process of the industrialization of China, when evaluating the production 

activities of regional energy sectors, researchers mainly considered the capital, labor, 

economic output and other parameters, focusing on the enterprise, industry, or regional 

economic level (Cao et al., 2012; Chen and Gong, 2017; Wang et al., 2016; Zha et al., 

2016; Zhang et al., 2016; Zhao et al., 2016a). Studies such as that conducted by Yang 

and Zhao (2009) revealed that the department of manufacturing was the main 

hampering factor of the total-fact energy efficiency of Zhejiang Province from 1990–

2007. Wu (2008) and Qiang et al. (2005) calculated the coal consumption rate of 

heating and energy investment efficiency of the Northern Zhejiang Province and 

proposed potential energy saving assignments. These research works performed to date 

only considered economic output and ignored hazardous impacts on the environment in 

the process of energy efficiency evaluations, therefore the research results were 

incompatible with reality. Thus, how to coordinate the future energy development with 

environmental protection and consider the doubt requirement of economy and 

cleanliness are great subjects. In addition, with the promotion of energy efficiency 

policies and intensified environmental conditions, the energy and environmental 

efficiency of the evaluation requirements are becoming higher. Therefore, when 

analyzing energy efficiency, the industry or region should be considered as non-energy 

inputs and undesired output factors including a series of emissions of pollutants. Thus, it 

is necessary and urgent to fill the gaps for the energy efficiency analysis of Zhejiang 

Province by considering the undesirable output factors of energy consumption through 

the integration of DEA with PCA methods. 

Based on the above consideration, we aimed to measure the energy efficiency and its 

impact factors at an industrial and environmental level of Zhejiang Province, while 

considering undesirable environmental outputs including industrial waste water, solid 

industrial waste, and industrial waste gas by using the integration method that combined 

PCA with DEA. 
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Methodology 

We considered that there are n independent regions denoted by DMUj (j = 1,2,…,n). 

In the process of production, each DMU uses m non-energy inputs xij (i = 1,2,…,m) and 

k energy inputs xpj (p = 1,2,…,k) to produce s desirable outputs yrj (r = 1,2,…,s) and t 

undesirable outputs vqj (q = 1,2,…,t). 

Environmental Production Technology 

The basic thought of environmental production technology is that the general 

production process can produce some undesirable outputs such as waste water, solid 

industrial waste, and industrial waste gas. Thus, to minimize the undesirable outputs, it 

is necessary to arrange certain resources such as environmental protection equipment 

and manpower, which may lead to the production of desirable outputs in the process of 

the energy production (Faere et al., 1989; Färe et al., 2007). In this research, we 

supposed that the energy production process uses capital (C), lobar (L), and energy 

resources (E) as input factors to produce desirable outputs (Y) and undesirable outputs 

(V). Thus, the environmental production technology function can be described as 

follows: 

 

 T = {(C,L,E,Y,V), s.t. (C,L,E) can produce (Y,V)} (Eq.1) 

 

Based on the variable assumptions above, we further specified the environmental 

production technology for n DMUs as Equation 2, and the detailed environmental 

production technology function can be modeled as below: 
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 (Eq.2) 

 

where λj is the weight variable that is utilized to construct a convex combination 

enveloping all DMUs; and j denotes the total number of DMUs. 

Principal Component Analysis Model for Variable Reduction 

Principal component analysis (PCA) is a widely used tool for multivariate analysis to 

achieve accurate dimension reduction by extracting a few, but not all, of the principal 

components (PCs). PCA can be used to describe most of the variations in the original 

multivariate data with the least loss of information (Adler and Yazhemsky, 2010). 

Through the mathematic tool of linear transformation, PCA can decompose correlated 

variables into uncorrelated PCs under the system of the given dataset. After obtaining 

the extracted PCs, these calculated PCs are estimated as the projections on the 

eigenvectors of the covariance or correlation matrix of this dataset (Fu and Ou, 2013). 

Normally, after the formation of the new composite parameters, the PCs of the 

parameters parameters need to reflect the original parameters of more than 80% 

information, and the new parameters are independent. If the requirements for 

independence are not met, then the new parameters need to be analyzed for principal 

component analysis until they meet all the conditions (Jolliffe and Ian, 2005). 

Suppose that there are n independent regions, denoted by Xi (I = 1,2,…,n), and each 

region has m standardized variables on different factors, which are connected with the 
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input-factors and output factors, marked as Xj (j = 1,2,…,m). Thus, the standardized 

variables matrix can be presented in Equation 3. 
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1 2
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m

m

1 2 m

n n nm

x x x

x x x
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 (Eq.3) 

 

Based on the standardized variables matrix shown above, the PCA is the process of 

transferring the original standardized variables into a new systematic variables dataset. 

To present the relationships between the original standardized variable and PCs, we 

supposed there were t PCs, denoted as fc (c = 1,2,…,t, t ≤ m). The equations set can be 

described as follows: 
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 (Eq.4) 

 

By using the matrix, Equation 4 can be presented as follows: 

 

 F=AX (Eq.5) 
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 (Eq.6) 

 

Normally, Equations 4 and 5 should meet the following conditions: 

(i) There is no correlation between fi and fj (i ≠ j and i, j = 1,2,…,t), ie, cov(fi , fj) = 0. 

(ii) f1 is the largest variance of x1, x2,…, xm in all linear combinations. f2 is the largest 

variance of x1, x2,…, xm in all linear combinations, and there is no correlation between f1 

and f2. fc (c ≤ t) is the largest variance of x1, x2,…, xm in all linear combinations, and 

there is no correlation between f1 , f2,…, fc. 

(iii) The coefficient matrix A is an orthogonal matrix. 

After satisfying the above conditions, f1 , f2,…, fc are the principal components of the 

variables x1, x2,…, xm. If the first few PCs of the variance and the proportion of the total 

variance is greater or equal to 85%, we can use the new variable f1 , f2,…, fc, instead of 

the original variable x1, x2,…, xm. Thus, the PCA can retain most of the original variable 

information. 

Slack-based Model for Economic-Environmental Energy Efficiency 

In the radial DEA model, the measurement of inefficiency degree only includes the 

proportion of all input-output reductions. For the inefficient DMU, the difference 
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between its current state and a strong effective target not only includes the 

proportionally improved portion, but also the slack movement. However, the slack 

movement is not reflected in the measurement of efficiency in the radial model. With 

this consideration, Tone (2001, 2002) proposed the Slack-based Model (SBM) and 

solved the inefficiency calculated by the measurement of radial model did not include 

the slack movement. The equation of SBM can be shown as follow: 
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 (Eq.7) 

 

where the SBM model uses ρ as the efficiency value of the DMU, and measures the 

inefficiency from both inputs and outputs, which is the reason why it is called the non-

oriented model. xik ≠ 0 (I = 1,2,…,m), yrk ≠ 0 (r = 1,2,…,q). The inefficiency of inputs 

and outputs can be presented as Equation 8. If the efficiency value ρ of the SBM model 

is 1, this indicates that the evaluated DMU has a strong efficiency. The projection of 

DUM can be shown by Equation 9. 

 

 
m q

1 1

1 1
1 / 1 /

m q
i ik r rki r

s x s y 
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  ，  (Eq.8) 

 

 ˆ ˆ, yk k k kx x s y s      (Eq.9) 

Empirical Analysis 

In this section, we first selected three kinds of parameters as inputs as well as 

desirable and undesirable output factors to evaluate the energy efficiency of Zhejiang 

Province. Second, we used the PCA model to achieve accurate dimension reduction of 

input factors, which included two kinds of parameters: non-energy inputs and energy 

inputs factors. Third, we applied the SBM-DEA model to analyze the energy efficiency 

of each DMU for eleven prefecture-level cities of Zhejiang Province from 2005 to 2015. 

In addition, to evaluate the energy efficiency abatement potential of each city in 

Zhejiang Province, the average energy efficiency parameters of each city from 2014 to 

2015 were applied so as to analyze the space-time distribution by using a GIS 

visualization method and the PCA-BEA model. Finally, we estimated the energy 

efficiency optimization potential through the projection analysis connected with each 

DMU. 

Variable Selection 

This research selected non-energy inputs and energy inputs as input factors and 

categorized the output factors into desirable outputs and undesirable outputs. Based on 
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the methods of measuring traditional energy efficiency used by Fu and Ou (2013) and 

Ghosh and Jintanapakanont (2004), we selected five parameters as input factors, non-

energy inputs, and energy puts. The non-energy inputs included labor and investment of 

fixed assets. The energy inputs were coal, oil, and natural gas, which are industry 

consumption oriented and the unit was converted to the standard coal equivalent. 

Particularly, in order to estimate the environmental energy efficiency of each DMU, we 

added three undesirable output factors such as waste gas, solid waste, and waste water 

into the variable list. Furthermore, we chose GDP as a desirable output factor. The 

variables of inputs and outputs are shown in Table 1. 

 
Table 1. The variables of inputs and outputs 

Parameter Units Abbr.b Data Sources 

Non-energy inputs 

Labor 
10-thousand 

persons 
Labor Zhejiang Statistics 

Year Book 

(2006-2016) 
Investment of fixed 

assets 

100 million RMB 

yuan 
IFA 

Energy inputs 

Coal (Industry 

Consumption) 

10-thousand tons of 

SCEa 
Coal 

China Energy 

Statistical Yearbook 

(2006-2016) 

Oil (Industry 

Consumption) 

10-thousand tons of 

SCE 
Oil 

Natural gas 

(Industry 

Consumption) 

10-thousand tons of 

SCE 
NG 

Desirable output 
Gross Domestic 

Product 

100-million RMB 

yuan 
GDP 

Zhejiang Statistics 

Year Book 

(2006-2016) 

Undesirable outputs 

Waste gas 10-thousand tons WG Zhejiang 

Environment 

Statistical Yearbook 

(2006-2016) 

Solid wastes 10-thousand tons SW 

Waste water 10-thousand tons WW 

a SCE denotes standard coal equivalent 
b Abbr. will be used in this research paper 

 

 

Data Collection and Treatment 

In the Zhejiang Province of China, there are eleven prefecture-level cities, the capital 

Hangzhou (HgZ), Ningbo (NB), Jiaxing (JX), Huzhou (HuZ), Shaoxing (SX), Zhoushan 

(ZS), Wenzhou (WZ), Jinhua (JH), Quzhou (QZ), Taizhou (TZ), and Lishui (LS). The 

data estimated in this research were collected from the Zhejiang Statistics Year Book 

and Zhejiang Environment Statistical Yearbook. In general, Chinese national statistical 

agencies publish economic, social and environmental statistics for the previous year. 

Thus, the data required for this research period (2005-2015) comes from the statistical 

yearbooks published by the official statistical agencies from 2006 to 2016. The sources 

of the data is presented in Table 1. In order to avoid the data interference caused by the 

time value of price, we converted the GDP and investment of fixed assets under the 

interest basement of 2015. The descriptive statistics of the dataset are shown in Table 2. 

Both the variables of inputs and outputs shown in Table 2 fall into two categories: 

non-energy inputs and energy inputs, desirable output and undesirable outputs. First, the 

non-energy inputs and desirable output, Labor, Fixed-Asset Investment (IFA), and GDP 

of each city were obtained directly from the Zhejiang Statistics Year Book. Second, all 

kinds of energy consumption factors were converted into standard coal equivalents 

based on the conversion factors from physical units to coal equivalents obtained from 
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the China Energy Statistical Yearbook. Third, to estimate the environmental effect of 

the undesirable outputs, we chose waste gas, solid waste, and waste water, which are 

pollutants produced by the energy production activities and obtained from the Zhejiang 

Environment Statistical Yearbook, as output factors. In particularly, based on the logical 

relationships between the inputs and outputs, we took the data of the undesirable outputs 

and transformed them into another series of parameters, WG*, SW*, WW*, which are 

the inverse of each other and can be described as follows: 

 

 WG* = WG-1, SW* = SW-1, WW* = WW-1 (Eq.10) 

 
Table 2. The descriptive statistics of the dataset 

Yeara Inputs Outputs 

 Non-energy inputs Energy inputsb Dd.outputc Undesirable outputs 

 
Labor IFA Coal Oil NG GDP WG SW WW 

2006 

Max 55.84 130.61 222.76 3.82 0.22 335.20 196.58 66.04 4,257.38 

Min 512.21 1,502.77 2,287.05 39.27 2.24 3,441.51 2,018.29 678.02 43,710.67 

Mean 290.39 673.50 949.38 16.30 0.93 1,428.61 837.82 281.45 18,144.82 

Std. dev. 155.99 454.08 674.25 11.58 0.66 1,014.60 595.02 199.89 12,886.43 

2009 

Max 65.95 279.19 283.66 6.89 0.35 533.26 279.48 91.73 4,772.79 

Min 597.47 2,291.65 2,712.17 65.87 3.34 5,098.66 2,672.22 877.06 45,634.05 

Mean 315.72 965.94 1,099.19 26.70 1.35 2,066.39 1,083.00 355.46 18,494.64 

Std. dev. 169.64 652.66 787.50 19.13 0.97 1,480.45 775.91 254.66 13,250.30 

2012 

Max 72.90 471.98 317.85 4.98 0.97 853.18 395.57 111.99 4,324.99 

Min 644.43 3,722.75 2,906.62 45.56 8.85 7,802.01 3,617.38 1,024.07 39,550.43 

Mean 332.13 1,548.84 1,171.96 18.37 3.57 3,145.81 1,458.55 412.91 15,946.91 

Std. dev. 188.99 1,030.52 846.07 13.26 2.58 2,271.04 1,052.96 298.09 11,512.50 

2015 

Max 74.50 751.52 315.98 7.20 1.41 1,092.85 539.15 133.14 2,202.16 

Min 663.03 5,556.32 2,905.87 66.24 13.00 10,050.21 6,268.99 1,155.41 33,807.05 

Mean 336.97 2,419.92 1,131.27 25.79 5.06 3,912.58 2,440.23 407.81 13,395.75 

Std. dev. 192.46 1,538.06 830.96 18.94 3.72 2,873.93 1,752.86 299.09 10,000.96 

a The research duration is from 2005 to 2015. Due to the limited space, this statistic table only shows 

the descriptive statistics of the research duration typically. For more details, please contact the author to 

obtain the data for Zhejiang Province from 2015 to 2015; b The units of the energy input factors is 

conversed into standard coal equivalent according to the Table 1; c D.d outputs are the abbreviation of 

Desirable outputs 

 

 

As the input and output data have different dimensions, the amount of the data varied 

greatly, thus the original data can be transformed to eliminate the dimensional influence, 

and this method allows the input and output data to be in a positive range. The data 

transformed processing method can be shown as follows: 
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 (Eq.11) 

 

where the m non-energy inputs xij (I = 1,2,…,m) and k energy inputs xpj (p = 1,2,…,k) 

produce s desirable outputs yrj (r = 1,2,…,s), and t undesirable outputs vqj (q=1,2,…,t). 

The transformed inputs are x*
ij∈[0.1,1], x*

pj∈[0.1,1], and the transformed outputs are 

y*
rj∈[0.1,1], v*

qj∈[0.1,1]. 

Comprehensive Analysis of Environmental Energy Efficiency 

In this section, nine parameters of energy and environment of Zhejiang Province 

were selected. First, the PCA was used to eliminate the overlapping information among 

the input parameters and generate the corresponding principal components. Second, 

based on the PCA-DEA model, we calculated the environmental energy efficiency of 11 

DMUs. Third, according to the analysis results, this section focuses on the evaluation of 

the comprehensive technical efficiency (TE), pure technical efficiency (PTE), and scale 

efficiency (SE) of the environmental energy in the cities of Zhejiang Province. In 

addition, based on the energy efficiency data, we obtained the potential of improvement 

concerning environmental energy efficiency of each city. Finally, based on the 

efficiency adjustment, this paper provides an explanation of the different development 

trends of environmental energy efficiency in each DMU, and puts forward suggestions 

for improvement. 

Evaluation of Environmental Energy Efficiency 

We used the PCA-DEA model to quantitatively estimate the environmental energy 

performance of Zhejiang Province from 2005 to 2015. This study found that in the 11 

years since 2005, the average level of environmental energy efficiency in the 11 cities in 

Zhejiang Province showed a pyramid shape. First, the comprehensive performance of 

environmental energy in Hangzhou, Zhoushan, and Lishui was higher than 0.800, 

accounting for 27% of the total number of cities. Second, the comprehensive 

performance levels of Jinhua, Taizhou, Jiaxing, Wenzhou, and Shaoxing were relatively 

low, in fact below the level of 0.500, accounting for 45% of the total number of cities. 

Finally, Quzhou, Huzhou, and Ningbo were at an intermediate stage of overall 

efficiency at above 0.50, but below 0.80, accounting for 27% of the total number of 

cities, same as the number of first-class cities with excellent overall efficiency in 

Zhejiang Province. The technical efficiency (TE) of each DMU from 2005 to 2015 is 

shown in Table 3. 

From the perspective of the overall efficiency of the city distribution, there was a 

difference in the amount between cities at the front of efficiency and cities that did not 

reach the most efficient. As the capital of Zhejiang Province, the input-output status of 

Hangzhou constitutes to be the frontier of environmental energy performance. Although 
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Zhoushan and Lishui have not achieved optimal status, the average TE in 11 years was 

higher than 0.80 and the potential for environment and energy performance 

improvement was relatively less. Compared to the first three cities, the TE of Quzhou, 

Huzhou, and Ningbo were relatively poor, and energy production activities on the 

environment had a greater direct and indirect impact. In particularly, it should be noted 

that the average comprehensive performance of five cities in Zhejiang Province was 

below 0.50. 

 
Table 3. The technical efficiency score of each DMUs (2005–2015) 

DMUsa 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 Mean 

Hangzhou 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00*** 

Zhoushan 1.00 0.61 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00 0.96*** 

Lishui 0.91 1.00 0.86 0.87 0.90 0.91 0.90 0.90 0.88 0.90 0.54 0.87*** 

Quzhou 0.80 0.60 0.77 0.79 0.78 0.80 0.78 0.81 0.81 0.84 0.27 0.73 

Huzhou 0.57 0.44 0.57 0.57 0.59 0.62 0.63 0.63 0.63 0.63 0.42 0.57 

Ningbo 0.50 0.42 0.51 0.50 0.51 0.59 0.73 0.56 0.58 0.54 0.39 0.53 

Jinhua 0.43 0.33 0.44 0.45 0.46 0.48 0.48 0.48 0.48 0.48 0.57 0.46* 

Taizhou 0.40 0.37 0.40 0.40 0.43 0.44 0.45 0.47 0.47 0.47 0.62 0.45* 

Jiaxing 0.41 0.32 0.42 0.42 0.44 0.46 0.46 0.46 0.47 0.47 0.27 0.42* 

Wenzhou 0.41 0.31 0.40 0.41 0.43 0.45 0.42 0.43 0.43 0.43 0.42 0.41* 

Shaoxing 0.39 0.30 0.39 0.39 0.40 0.42 0.42 0.43 0.43 0.43 0.31 0.39* 

a The city ranking is in descending order of Mean 
*The average score of technical efficiency below the 0.500 
*** The average score of technical efficiency better than 0.800 

 

 

Despite historical reasons such as the crude made energy production mode, the lack 

of environmental protection concept and the relative backwardness of energy production 

technology, the average TE of the overall 11 years was relatively low. However, we 

should pay more attention to the fact that in 2015, the TE of four cities, including 

Quzhou, Huzhou, Ningbo, Jiaxing, , remained below 0.50. Thus, Zhejiang Province still 

faces great challenges in improving energy efficiency, and at least eight cities 

(excluding Hangzhou, Zhoushan, and Lishui) have certain potential for improvement. 

The overall environmental and energy performance of 11 cities in Zhejiang Province 

from 2005 to 2015 are shown in Figure 2. 

Based on the efficiency score changing tendency from 2005 to 2015 within 11 citied 

from Figure 2, we choose the score of 0.50 as the average level. The performance score 

from less than 0.50 to greater than 0.50 is considered to be a performance improvement, 

whereas performance is considered a deterioration. Thus, we can clearly know about the 

environmental energy performance trend of 11 cities in Zhejiang Province, including the 

technical efficiency (TE), pure technical efficiency (PTE), and scale efficiency (SE), 

which are presented in Table 4. 

The trend of environmental performance in 11 cities can be divided into four 

categories. The first category is High Level, which means the overall efficiency is 

maintained at 1.00 for the whole research period. Such cities include Hangzhou and 

Zhoushan. The second category is Decreasing Trend, which means that the overall 

historical efficiency showed a state of greater than 0.50, but the declining tendency was 
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less than 0.50 in recent years. Such cities include Lishui, Quzhou, Huzhou, and Ningbo. 

The third type of city is the Improving Trend, where the overall efficiency of such cities 

is gradually improving. In recent years, the improvement has been remarkable and 

above 0.50. Such cities include Jinhua and Taizhou. In the fourth category, 

Deteriorating Trend, the overall technical efficiency of such cities has been at a long-

term low level and shows a deteriorating trend. Such cities include Jiaxing, Wenzhou, 

and Shaoxing. The tendency of these four types, on the one hand, made us realize that 

the environmental energy performance among cities in Zhejiang Province is at different 

levels, and on the other hand, there are some commonalities between the regions, which 

can provide a research path for finding common influencing factors between the 

regions. 

 

 

 

 

 

Figure 2. Efficiency score of eleven prefecture-level cities of Zhejiang Province (2005–2015) 
a The red line (—) of each graph shows the level of efficiency score is 0.50 

b The graph of Hangzhou shows both the TE, PTE and SE are 1.00. The graph of Zhoushan, the 

TE and PTE of 2006 are 0.61, thus the line of TE and PTE are combined with each, which is the 

same situation for Huzhou, Jinhua, Taizhou, and Shaoxing 
c Technical efficiency (TE), Pure technical efficiency (PTE), Scale efficiency (SE) 
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Table 4. Four types of environmental energy efficiency tendency (Zhejiang Province 

Experience) 

No. Tendency Description DMUs Included Count Tendency Graph 

1 

High Level. The TE of DMUs maintains the 

level of 1.00. If there have been a relatively 

small number of lower levels in history, the 

type of the DUM also can be classified as 

High Level. 

Hangzhou; 

Zhoushan 
2 

 

2 

Decreasing Trend. There has been a middle 

level (better than 0.05) of TE in history, but 

the TE of DMUs started to decreasing and be 

lower than 0.50 recently can be classified as 

this type. 

Lishui; Quzhou; 

Huzhou; Ningbo 
4 

 

3 

Improving Trend. Although the TE of 

DMUs were lower than 0.50, the TE started 

to improve and better than 0.50 recently can 

be classified as this type. 

Jinhua; Taizhou 2 

 

4 

Deteriorating Trend. The TE of DMUs 

maintains the low level, which is always 

lower than 0.50 and can not be shown the 

improving tendency in the recent research 

duration (2013-2015) can be classified as this 

type. 

Jiaxing; Wenzhou; 

Shaoxing 
3 

 

a The red line (—) of each graph shows the level of efficiency score is 0.50 

 

 

Space Distribution of Environmental Energy Efficiency 

For the slack-based model, the returns to scale of energy production technology is 

variable (Variable return to scale, VRS). Thus, the efficiency value obtained from the 

VRS model is just the technical efficiency. The scale efficiency value can be separated 

by comparing and calculating the efficiency values of both the CRS and VRS, and the 

calculation method can be shown as follows: 

 

 SE = TE/PTE (Eq.12) 

 

We averaged the environmental energy efficiency data of Zhejiang Province in 

2014 and 2015, and presented the geographical distribution of comprehensive energy 

efficiency, pure technical efficiency, and scale efficiency in Zhejiang Province by 

using GPS technology. Hangzhou and Zhoushan are at the forefront of environmental 

energy efficiency, followed by Lishui City. However, the technical efficiency scores 

of Jiaxing, Shaoxing, Ningbo, Wenzhou are under 0.5, and worse than cities marked 

green. Based on the logical relationship between integrated energy efficiency, purely 

technical efficiency, and economies of scale (Equation 9), we found that due to the 

small number differences of SE between the eleven cities, and the insensitive impact 

on TE, the comprehensive efficiency was more affected by the PTE, which makes the 

TE and PTE closer to the data distribution structure. In addition, the economies of 

scale of Hangzhou and Zhoushan are in a constant state, while the economies of scale 

of other cities are in a decreasing state. This shows that the marginal efficiency of 

environmental energy brought by the increase of the scale of energy equipment 

decreases, and the improvement of energy and environmental efficiency should be 
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studied from the perspective of upgrading PTE. The spatial distribution of the 

environmental energy efficiency of the 2014 and 2015 average level for Zhejiang 

Province is shown in Figure 3. 

 

 
Figure 3.1. TE of each DMU (2014–2015 Average) Figure 3.2. PTE of each DMU (2014–2015 Average) 

 
Figure 3.3. SE of each DMU (2014–2015 Average) Figure 3.4. RTS of each DMU (2014–2015 Average) 

Figure 3. The Space distribution of environmental energy efficiency for Zhejiang (2014–2015 

Average). a Technical efficiency (TE), Pure technical efficiency (PTE), Scale efficiency (SE) 

 

 

Estimation of Environmental Energy Efficiency Optimization Potential 

DMUs with strong environmental energy performance make up the efficiency 

frontier and have become an improved reference for non-effective DMUs. Hangzhou 

and Zhoushan had a strong and effective environment energy performance with input 

and output factors in a balanced and effective state, which provides a performance 

reference for other cities to improve their environmental efficiency. The SBM-DEA is a 

non-radial improvement DEA model and we provided the slack movement and 

projection per city. Since this paper used a non-dimensional data processing approach, 
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all production technology elements had values between 0.10 and 1.00 (see Equation 8 

for details). Although non-dimension eliminates the inconsistency between variables, it 

does not affect the research on environmental energy efficiency improvement, and the 

proportion between slack movement and projection (see Table 5). 

 
Table 5. The slack movement and projection of each DMU in 2015 (Zhejiang Province) 

DMUs 
CRS 

Score 

Slack Movement of Inputs Slack Movement of Outputs 

Non-energy inputs Energy inputs Dd.outputa Undesirable outputs 

Labor IFA Coal Oil NG GDP WG SW WW 

Hangzhou 1.00*** 
0.00 

(1.000)b 

0.00 

(1.00) 

0.00 

(1.00) 

0.00 

(1.00) 

0.00 

(1.00) 

0.00 

(1.00) 

0.00 

(0.74) 

0.00 

(0.60) 

0.00 

(1.00) 

Zoushan 0.96*** 
0.00 

(0.10) 

0.00 

(0.18) 

0.10 

(0.10) 

0.00 

(0.10) 

0.00 

(0.10) 

0.00 

(0.10) 

0.01 

(0.10) 

0.00 

(0.10) 

0.00 

(0.10) 

Lishui 0.87 
0.00 

(0.21) 

0.00 

(0.10) 

0.01 

(0.10) 

0.01 

(0.10) 

0.00 

(0.10) 

0.00 

(0.10) 

0.01 

(0.14) 

0.01 

(0.14) 

0.02 

(0.21) 

Quzhou 0.73 
0.00 

(0.20) 

0.00 

(0.13) 

0.01 

(0.11) 

0.01 

(0.11) 

0.00 

(0.01) 

0.00 

(0.11) 

0.11 

(0.39) 

0.10 

(0.48) 

0.18 

(0.43) 

Huzhou 0.57 
0.01 

(0.28) 

0.01 

(0.23) 

0.01 

(0.21) 

0.02 

(0.21) 

0.00 

(0.21) 

0.00 

(0.21) 

0.12 

(0.49) 

0.39 

(0.56) 

0.16 

(0.45) 

Ningbo 0.53 
0.00 

(0.84) 

0.00 

(0.88) 

0.30 

(0.87) 

0.21 

(0.87) 

0.01 

(0.87) 

0.00 

(0.87) 

0.11 

(1.00) 

0.13 

(1.00) 

0.10 

(0.54) 

Jjinhua 0.46 
0.00 

(0.561) 

0.00 

(0.33) 

0.01 

(0.36) 

0.17 

(0.36) 

0.00 

(0.36) 

0.00 

(0.36) 

0.01 

(0.24) 

0.03 

(0.20) 

0.01 

(0.27) 

Taizhou 0.45 
0.14 

(0.53) 

0.00 

(0.36) 

0.12 

(0.37) 

0.03 

(0.37) 

0.00 

(0.38) 

0.00 

(0.37) 

0.15 

(0.38) 

0.15 

(0.38) 

0.12 

(0.34) 

Jiaxing 0.42 
0.00 

(0.53) 

0.00 

(0.47) 

0.01 

(0.37) 

0.08 

(0.37) 

0.01 

(0.37) 

0.00 

(0.37) 

0.03 

(0.40) 

0.02 

(0.49) 

0.01 

(0.72) 

Wenzhou 0.41 
0.11 

(0.52) 

0.14 

(0.51) 

0.21 

(0.49) 

0.19 

(0.49) 

0.00 

(0.49) 

0.00 

(0.49) 

0.01 

(0.75) 

0.53 

(0.79) 

0.28 

(0.49) 

Shaoxing 0.39 
0.00 

(0.56) 

0.00 

(0.48) 

0.03 

(0.48) 

0.11 

(0.48) 

0.01 

(0.48) 

0.00 

(0.48) 

0.02 

(0.29) 

0.12 

(0.33) 

0.34 

(0.86) 

a D.d outputs are the abbreviation of Desirable outputs 
b Inside the “( )” is the Projection Value for each variable factors. All the values have been dimensioned 
c Strong efficient of DMUs will be noted as ***, and the slack movement of each variables will be 0.00 

 

 

(1) Efficiency Improvement from the Perspective of Environmental Energy Efficiency 

Distribution Structure in DMUs 

According to the research ideas provided by environmental production theory, we 

selected nine variables between input and output, and highlighted the negative output 

variables brought by energy production to the environment. For Hangzhou and 

Zhoushan, energy production not only contributed to GDP in an effective manner, but 

also had a negative impact on the environment in an effective state. There was a certain 

degree of improvement necessary for Zhoushan for the input factor for energy 

production, and the negative output of waste gas. 

(2) Efficiency Improvement from the Perspective of Input Factor 

There was a big difference between the non-energy inputs and energy input factors in 

the improvement level. According to the infomation mentioned above, the economies of 

scale of cities are generally high. Since the contribution of energy infrastructure to 

environmental energy performance improvement contribution is limited, the labor and 

energy infrastructure investment in fixed assets is not sensitive to improving 
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environmental efficiency. However, the input structure of energy resources is more 

sensitive to the improvement of environmental energy performance. Coal and oil are 

helpful for reducing environmental pollution and improving environmental energy 

efficiency. 

(3) Efficiency Improvement from the Perspective of the Output Factor 

There is a positive interaction between energy input and national economic 

development. Compared with the energy production waste gas, the improved demand of 

solid waste and waste water is greater, which should arouse the attention of 

environmental managers. 

Discussion 

SBM-DEA is a non-radial improvement DEA model (Gang, 2014) and we provided 

the slack movement and projection per city. For the energy input structure, Hangzhou 

and Zhoushan as the frontier environmental energy efficiency had their input and output 

factors in a balanced and effective state, which provided a performance reference for 

other cities to improve in terms of environmental efficiency. Cities, where 

environmental energy performance did not reach an effective level, have more room for 

improvement in coal and oil than in natural gas. This shows that reducing coal and oil 

inputs and increasing the share of clean energy in the energy mix are instructive for 

improving environmental and energy performance in Zhejiang Province. This result 

agreed with the study of Zhengge and Leike (2011) which found that increasing the 

proportion of clean energy in energy consumption has a significant impact on improving 

energy environmental performance. 

Technical efficiency can be divided into pure technical efficiency and scale 

efficiency (Gang, 2014). However, environmental energy performance of Zhejiang 

Province is more influenced by pure technical efficiency, and scale efficiency has less 

effect on technical efficiency because the scale efficiency of 80% of cities is effective 

and the difference in scale efficiency is small in space. Especially, the low efficiency of 

pure technology suggests that energy consumption and production methods need to be 

adjusted, such as improving power generation technology and reducing the proportion 

of coal used (Watanabe and Tanaka, 2007). There is a clear difference in pure technical 

efficiency between eastern and western of Zhejiang Province. Cities with low efficiency 

of pure technology are mostly distributed on the eastern coast of Zhejiang, while the 

situation in western and central Zhejiang is relatively modest. Especially, Hangzhou as 

the capital of Zhejiang has remained in an effective state of pure technical efficiency 

over the years. Hong and Baofu (2015) suggest the spatial differences in energy 

performance are influenced by industrial agglomeration distribution and government 

regulation. Due to the imbalance of economic and technological development in space, 

energy production enterprises will make different decisions on the choice of energy 

resources and production methods based on cost considerations (Yeh et al., 2010). 

General evolution of economies of scale in production shows that the production 

efficiency will go through three stages in succession, namely, increasing scale benefits, 

constant scale benefits, and decreasing scale benefits (Gans et al., 2011). Hangzhou and 

Zhoushan are in the stage of constant scale benefits, while other cities are in the stage of 

decreasing scale benefits. Xu (2015) suggest that in 2015, the energy production 

industry of Shandong Province, one of the Chinese eastern coastal provinces, mostly use 
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coal as a thermoelectric energy source. 55% of these power plants are small thermal 

power, which is defined as the generating capacity is below 5.0×104 kW and these 

power plants form decreasing scale benefits in the energy production. However, 

Zhoushan has abundant wind energy resources, accounting for 1/3 of the province's 

wind energy resources. The wind power, as a kind of clean energy source, installed 

capacity of Zhoushan is 9.78×104kW in 2013, accounting for 26.6% of the total 

installed capacity within Zhejiang Province (Haichun et al., 2013). Thus, our research 

evidenced the view again by showing significant decreasing scale benefits in the energy 

production industry of Chinese eastern coastal cities. 

Conclusion 

This paper studied the environmental energy efficiency of Zhejiang Province from 

2005 to 2015. We added the undesirable outputs of energy production as one of the 

most important factors to study the output efficiency. To improve discrimination in 

DEA with minimal loss of information, we used dimensionality reduction, a 

methodology that produces uncorrelated linear combinations of original inputs and 

outputs. Besides, we obtained the energy performance parameters of 11 cities in 

Zhejiang Province for 11 years, which include technical efficiency, pure technical 

efficiency and scale efficiency, projection value and slack movement of each variable 

by SBM model. 

Eleven prefecture-level environmental energy performance trends in the city could 

be divided into four categories: High Level, Decreasing Trend, Improving Trend, and 

Deteriorating Trend. These trends were more influenced by pure technical efficiency, 

while scale efficiency had less effect on technical efficiency. Hangzhou reached the 

effective level and Zhoushan was close to it, while the remaining urban environmental 

energy performance did not reach the effective level. From the changing tendencies of 

environment energy performance, the performance level of Hangzhou and Zhoushan 

remained in an effective status, while Jinhua and Taizhou showed a gradual 

improvement trend, and the remaining cities showed signs of deterioration or no 

improvement in environmental energy efficiency. In particular, the inflection points of 

this trend change existed more in 2014 and 2015, and the statistics on energy production 

overcapacity and environmental pollution in Zhejiang Province have not been 

substantially improved in recent years. Therefore, the government should vigorously 

strengthen the policy supervision and adjust energy consumption structure in the energy 

resources investment. At the same time, energy producer should accelerate 

technological innovation, and coordinate the development of energy and environmental 

protection to improve the environmental energy efficiency of high energy-consumption 

industries. 
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