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Data envelopment analysis can be applied to measure the productivity of multiple input and output decision-making units. In
addition, the data envelopment analysis-based Malmquist productivity index can be used as a tool for measuring the productivity
change during different time periods. In this paper, we use an input-oriented model to measure the energy consumption
productivity change from 1999 to 2008 of fourteen industry sectors in China as decision-making units. The results show that there
are only four sectors that experienced effective energy consumption throughout the whole reference period. It also shows that these
sectors always lie on the efficiency frontier of energy consumption as benchmarks. The other ten sectors experienced inefficiency
in some two-year time periods and the productivity changes were not steady. The data envelopment analysis-based Malmquist
productivity index provides a good way to measure the energy consumption and can give China’s policy makers the information
to promote their strategy of sustainable development.

1. Introduction

In the nearly three decades since the implementation of
the reform and opening-up policy in China, the annual
average growth of gross domestic product (GDP) has been
about 9.5%, and in the first decade of the 21st century this
number has risen to 10%. Even in 2009, under the recession
in the global economy, GDP still achieved 33.5353 trillion
Yuan, with a growth of 8.7% (China Statistical Yearbook,
2009). In 2010, China’s GDP has achieved 39.7983 trillion
Yuan, a growth of 10.3%. After 30 years of sustained and
rapid economic growth, China has created an economic
miracle and replaced Japan as the second largest economy.On
the other hand, China’s development has many drawbacks,
especially the conflict between people and the environment,
such as the contamination of groundwater, carbon emis-
sions, and high energy consumption [1]. Consequently, in
recent decades, there has been increasing concern about
how to achieve sustainable economic growth with lower
energy consumption, and it has become the main problem
of development in China [2].

In the 11th 5-year-plan time period, China drafted a strat-
egy of sustainable development. To measure the productivity
of economic growth comprehensively, the energy consump-
tion per 10,000 Yuan of GDP is used to monitor the situation
in different industries. In 2009 and 2010, energy consumption
declined by 2.2% and 4.01%, respectively, per 10,000 Yuan
GDP (China Statistical Yearbook, 2009, 2010). Considering
the rising trend of China’s economic development, the con-
sumption of electricity, coal, crude oil, and natural gas is
likely to increase continuously. Yet, this kind of statistical
data only describes the trend of energy consumption. It is
therefore worthwhile to develop a more profound measure
of the factors affecting production efficiency under certain
output conditions to act as the basis for policy making.

Productivity could be the ratio of GDP to the total
input of factors at the macrolevel [3]. Recently, total factor
productivity (TFP), which is defined as an index of all the
output to all the input, has been usually used to measure
production efficiency [4, 5]. Compared to other methods,
TFP measures the contribution of technology progress and
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economies of scale to economic growth without the effect of
land, capital, labour, and other traditional elements [6].

Malmquist productivity indices (MPIs), which are based
on nonparametric distance functions, are often used to
estimate the TFP changes [7]. Further, data envelopment
analysis (DEA) can be employed to evaluate the distance
functions [8]. DEA is a nonparametric, linear, programming
method to measure the productivity of comparable multiple-
input and multiple-output decision-making units (DMUs)
[9]. Using DEA does not require a priori assumptions on the
underlying functional form and information on prices [9].
Because of the incorporation of value judgment into the DEA
method, decision-makers’ preferences can be included in the
analytical process [9].

Because of the features above, DEA has been widely
used for the measuring of technology innovation [10],
productivity improvement [11], and optimal allocation of
resources [12, 13]. Färe et al. [14] develop a DEA-based
Malmquist productivity index of productivity change by
combining the idea of efficiency measuring from Farrell
[15] and productivity measuring from Caves et al. [16] and
then decompose the Malmquist productivity index into an
index describing changes in technology and efficiency. As a
result, using theDEA-basedMPI to estimate the TFP changes
is superior and suitable for measuring the productivity of
energy consumption in China. Therefore, the objective of
this research is to measure the MPIs of major industries in
China by using the DEA approach, to analyse the TFP, and to
provide recommendations for government to increase energy
consumption efficiency.

DEA-based Malmquist productivity indices (MPIs) have
been widely used in a variety of industries for productivity
measuring. Some studied the financial industry by applying
DEA-based MPI to measure bank’s performance for tech-
nique efficiency [17–19]. Some studied the social service
industry to measure the efficiency and productivity growth
[20, 21]. Most of the studies fell into environmental or energy
efficiency for different manufacturing sectors. For example,
Hjalmarsson and Veiderpass [22] examined productivity
growth in electricity retail distribution in Sweden over 17
years by using a DEA-based Malmquist index. Boyd and
Pang [23] examined the energy efficiency of two segments
of the glass industry by using DEA methods. Kulshreshtha
and Parikh [24] studied the efficiency and productivity of
coal mining in the Indian coal sector using detailed input
and output data for underground and opencast coal mining
for the period between 1985 and 1997. The nonparametric
approach of data envelopment analysis, DEA, has been
adopted for the performance analysis of different coal mining
regions. Zaim [25] proposed a new definition of pollution
intensity—the pollution per unit of manufacturing output—
and used MPI to measure the productivity of US manufac-
turing sectors between 1974 and 1986. Önüt and Soner [26]
studied the efficiency of energy use by SMEs (small medium
size enterprises) in Turkey’s manufacturing sector by using
DEA. Chien and Hu [27] analysed the effects of renewable
energy on the technical efficiency of 45 economies during the
period 2001-2002 through data envelopment analysis (DEA).
Zhou and Ang [28] applied DEA methods to measure the

energy efficiency performances of 21 OECD countries. Chen
and Ali [29] used a DEA Malmquist index to measure the
productivity of the computer industry; the approach was
illustrated with a set of Fortune Global 500 Computer and
Office Equipment companies from 1991 to 1997. However,
most studies related to energy consumption are at country
level or only for one or a few manufacturing industries.

Only a few studied productivity formanufacturing indus-
try in China. For instance, Chen [30] used the nonradial
Malmquist productivity index to measure the productivity
change of three major Chinese industries between 1966
and 1985. Xue et al. [31] measured the productivity of the
construction industry in China from 1997 to 2003 by using a
DEA-based MPI. Fang et al. [32] compared the relative tech-
nical efficiency performance of listed coal mining companies
in China and the US advanced DEA linear programming.
But no study has compared the productivity for China’s
energy consumption for 14 different manufacturing sectors.
However, all studies that applied DEA-based MPI to any
industry used time series data. The technique efficiency and
production growth are the two key concerns when using
DEA-based MPI to analyze productivity.

Therefore, this paper empirically contributes to present
productivity research. Through the calculation for fourteen
different manufacturing sectors’ technical efficiency change
and empirical production frontier shift values by applying
linear programming techniques to DEA model, it concludes
that manufacture of plastics, manufacture of general purpose
machinery, manufacture of transportation equipment, and
manufacture of construction are the only energy consump-
tion efficiency sectors in China. The rest of this paper is
organized as follows. The next section introduces the input-
oriented Malmquist productivity index. Its application to
China’s major industry from 1997–2008 is then presented
and discussed. Discussions, implications, and conclusions are
given in the last section.

2. DEA-Based Malmquist Productivity Index

We have seen many studies using DEA-based MPI to cal-
culate the performance of different industries. Following the
spirit of MPI, we use it for measuring the productivity of
energy consumption.

The Malmquist productivity index (MPIs) is based on
the distance function and provides an approach to the
analysis of multi-input and multioutput systems without any
assumption of the production behaviour. Shepherd (1970)
defined the distance function and it has been widely used.
Note that the distance function can be defined as inputbased
and outputbased. In this paper, we focus on the input-
based distance function to describe the MPIs for measuring
the energy consumption performance of different industry
sectors in China and the distance to the empirical production
frontier (EPF) for the inefficient DMUs.

Suppose 𝑥 and 𝑦 are the input and output vectors,
respectively. 𝑆𝑡(𝑦) is the empirical production frontier. 𝜃 is
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the ratio of input reduction for reaching the EPF.The distance
function can be defined as follows:
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where 𝐷𝑡(𝑥𝑡, 𝑦𝑡) is the distance function for measuring the
distance from the position in the input and output space of
time period 𝑡 to the EPF at time t.𝐷𝑡(𝑥𝑡+1, 𝑦𝑡+1) is the distance
function formeasuring the distance from the position at time
period 𝑡 + 1 to the EPF at time 𝑡.

The MIPs in time period 𝑡 + 1 can be defined as
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where𝐷𝑡+1(𝑥𝑡+1, 𝑦𝑡+1) is the distance function for measuring
the distance from the position in the input and output space
at time period 𝑡 + 1 to the EPF at time 𝑡 + 1. 𝐷𝑡+1(𝑥𝑡, 𝑦𝑡)
is the distance function for measuring the distance from the
position at time period 𝑡 to the EPF at time 𝑡 + 1.

Farrell (1989) defined the Malmquist productivity index
as
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In this paper, the MPI can be used to measure the
change of energy consumption of different industries in
China between time periods 𝑡 and 𝑡 + 1. If MPI

0
> 1, then

the energy consumption performance declines; if MPI
0
= 1,

then it remains unchanged, and improves if MPI
0
< 1.

To find out the reasons for MPI change, follow Färe et
al. [14] and decompose the MPI into two components. Here,
we also use this approach to investigate efficiency change and
technical change, namely:
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where the first component measures the magnitude of the
technical efficiency change (TEC) between time periods 𝑡 and
𝑡 + 1, namely:
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TEC measures the catch-up effect, which indicates the
energy consumption performance change in the reference
periods.

The second component measures the EPF shift (EPFS)
between time period 𝑡 and 𝑡 + 1, namely:
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EPFS measures the frontier-shift effect, which indicates
the shift in production technology of one industry. If EPFS

0
<

1, then it means a positive shift of EPF or technical progress.
EPFS
0
> 1 indicates a negative shift of EPF or technical

regression. If EPFS
0
= 1, then the EPF is unchanged.

According to the theories above, MPI can be formulated
as follows:

MPI
0
= TEC

0
⋅ EPFS

0
. (8)

The basic idea for calculating the MPI of a DMU is to
estimate the distance to EPF. Here, we will employ DEA
methods to estimate the distance function. The aim of
using this approach is to calculate the energy consumption
efficiency and the degree of input reduction for reaching
the EPF. The following model can be used to measure the
performance in a time period and the distance can also be
calculated. Suppose we have 𝑛 DMUs, each DMUj (𝑗 =
1, 2, 3, . . . , 𝑛) produces a vector of outputs by using a vector
of inputs at each time period 𝑡, 𝑡 = 1, . . . , 𝑇. The DEA model
at time period 𝑡 can be expressed as follows:

model (1)

𝐷
𝑡

0
(𝑥
𝑡

0
, 𝑦
𝑡

0
) = min 𝜃

0
,

s.t.
𝑛

∑

𝑗=1

𝜆
𝑗
𝑥
𝑡

𝑗
≤ 𝜃
0
𝑥
𝑡

0
,

𝑛

∑

𝑗=1

𝜆
𝑗
𝑦
𝑡

𝑗
≥ 𝑦
𝑡

0
,

𝜆
𝑗
≥ 0, 𝑗 = 1, . . . , 𝑛,

(9)

where 𝑥𝑡
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among others.

Note that theDEAmodels used in theMalmquist produc-
tivity index can either be inputoriented or output-oriented. In
this paper, we use an inputoriented model which considers
the possible radial reductions of inputs when the outputs
are fixed at the current level, which can indicate the amount
of energy consumption reduction when the value added is
fixed. In model (1), 𝜃∗

0
(𝜃
∗

0
= 𝐷
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, 𝑦
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)) is the efficiency

of DMU
0
at time period 𝑡 which determines the amount

by which observed inputs can be proportionally reduced. In
this paper, if DMU

0
’s energy consumption performance is

efficient in time period 𝑡 and the amount of energy it has used
cannot be reduced with the given value added, then DMU

0

is on the empirical production frontier (EPF). If it is energy
consumption performance is inefficient and can still produce
the given value added after reducing the proper amount of
energy, which means DMU

0
is operating below the EPF [30],

then it can reach the EPF after input reduction.
Suppose we have a production function in time period
𝑡 as well as period 𝑡 + 1; the Malmquist productivity index
calculation requires two single period and two mixed period
measures (Charnes et al. 1978). From the time period 𝑡 to
𝑡 + 1, DMU

0
’s technical efficiency and the EPF may shift.

We adopt the algorithm developed by Färe et al. [20] to
calculate the Malmquist production index by considering
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energy consumption. It can be calculated via the following
steps.

(i) Comparing to EPF at time 𝑡, by calculating in model
(1).

(ii) Comparing to EPF at time 𝑡 + 1 by calculating via the
following linear program model:
model (2)
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(iii) Comparing to EPF at time 𝑡 + 1, by calculating via the
following linear program model:
model (3)
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(iv) Comparing to EPF at time 𝑡, by calculating via the
following linear program model:
model (4)
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3. Empirical Study

3.1. Data and DMU Selection. To measure the energy con-
sumption efficiency of Chinese industry, we select industries
which can represent its development, based on factors such as
the contribution to GDP, business receipts compared to other
industries, the influence on the economy, and the energy
consumption compared to other industries. In China, the
economy is divided into threemain sectors: primary industry,

secondary industry, and tertiary industry. Secondary indus-
try accounts for an annual output value of 45%–48% of GDP,
which is the largest proportion compared to the other two
sectors. Secondary industry in China consists of industry
and construction, which account for 40% and 6% of GDP,
respectively. In the industry sector, manufacturing accounts
for 20% of GDP. Moreover, coal consumption in these two
sectors accounts for about 95% of the total consumption and
75% of electricity consumption. It means that the energy
consumption efficiency in these industries can heavily influ-
ence the development of the Chinese economy. Based on
the selection criteria above, 14 DMUs were chosen from the
manufacturing industry and the construction sectors which
consumemore than 1million tons of coal, 10,000million kWh
electricity and account for more than 50,000 million Yuan of
gross industrial output value for each sector.

These 14 DMUs are 14 different sectors. They are sectors
of manufacture of textile, manufacture of paper and paper
products, manufacture of raw chemical materials and chemi-
cal products, manufacture of chemical fibers, manufacture of
rubber, manufacture of plastics, manufacture of non-metallic
mineral products, smelting and pressing of ferrous metals,
smelting and pressing of nonferrous metals, manufacture of
metal products, manufacture of general purpose machinery,
manufacture of special purpose machinery, manufacture of
transport equipment, and construction.

Choosing appropriate inputs and outputs is significant
to get no biased relative performance among DMUs [33,
34]. However, the greater number of inputs and outputs
will increase the difficulty of data collection. Traditionally,
the input and output variables are identified by using the
knowledge of subject experts. It is always a balance between
meeting objectives of performance measurement and the
number of input and output factors [35] see [33–35].

For each of these 14 different sectors, two most important
inputs (coal consumption and electricity consumption) were
chosen to be the input measurement with the unit of 10,000
tons and 100 million kwh, respectively. The gross industry
output value was chosen to be the output measurement with
the unit of 100 million Yuan at current price. The data was
collected from the Statistical Yearbooks of China from the
year of 1999 to the year of 2008 published every year by
the National Bureau of Statistics of China. The summary
statistics of coal consumption, electricity consumption, and
gross industrial output value are shown in Table 1.

3.2. Measuring Process and Results Analysis. Table 2 repre-
sents the technical efficiency of the 14 sectors from 1999 to
2008, which is the result of model (1).

Table 2 shows the energy consumption efficiency of the
14 sectors from 1999 to 2008. From the results, there are
4 sectors that experienced effective energy consumption in
the reference period, which means the value of 𝐷𝑡

0
(𝑥
𝑡

0
, 𝑦
𝑡

0
)

is equal to 1. It also shows that these sectors always lie on
the efficiency frontier of energy consumption as benchmarks.
Construction is effective from 1999 to 2002.Themanufacture
of transport equipment sector is effective from 2003 to 2008.
The manufacture of plastics sector is effective from 2000
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Table 1: Summary statistics of coal consumption, electricity consumption, and gross industrial output value of 13 manufacturing sectors and
construction sector from 1999 to 2008.

Sectors
Coal consumption Electricity consumption Gross industrial output value

(10,000 tons) (100 million kwh) (100 million yuan)
Mean Std. Mean Std. Mean Std.

Manufacture of textile 1814.01 504.44 688.68 326.11 10916.54 6025.63
Manufacture of paper and paper
products 2493.06 860.92 339.66 100.01 3669.68 2212.16

Manufacture of raw chemical
materials and chemical products 9905.02 2596.04 1833.19 675.213 14503.23 9915.68

Manufacture of chemical fibers 777.86 34.78 220.42 36.85 2171.02 1227.67
Manufacture of rubber 327.98 68.72 164.83 74.29 1953.15 1207.75
Manufacture of plastics 189.94 63.63 238.11 126.20 4306.01 2944.0
Manufacture of nonmetallic
mineral products 14003.97 4676.51 1224.16 484.82 8869.47 5860.59

Smelting and pressing of ferrous
metals 16307.16 5115.42 2127.23 1062.01 17171.75 14088.82

Smelting and pressing of
nonferrous metals 1923.73 721.15 1339.26 710.47 8056.28 6923.11

Manufacture of metal products 257.26 43.77 417.08 208.43 6268.15 4287.46
Manufacture of general purpose
machinery 362.36 51.80 286.78 127.49 9692.43 7419.03

Manufacture of special purpose
machinery 403.44 90.16 151.42 63.19 5815.30 4163.19

Manufacture of transport
equipment 728.33 61.60 303.43 97.17 14725.13 9694.02

Construction 568.36 29.94 219.94 76.30 9426.89 4411.974

to 2003. Moreover, the of manufacture of general purpose
machinery sector is effective in the time period 2004 to
2008. None of the other 10 sectors was effective in the whole
time period. Five sectors, namely, construction, manufacture
of plastics, manufacture of metal products, manufacture of
transport equipment, and manufacture of general purpose
machinery were the top five performers in the first five
years, but manufacture of plastics is replaced by manufacture
of special purpose machinery in the next five-year period.
Another five sectors are always the bottom five performers
over time, namely, smelting and pressing of ferrous metals,
smelting and pressing of nonferrous, metals, manufacture of
non-metallic mineral products, manufacture of raw chemical
materials and chemical products, and the manufacture of
chemical fibres. Similarly, the value of 𝐷𝑡+1

0
(𝑥
𝑡

0
, 𝑦
𝑡

0
) and

𝐷
𝑡

0
(𝑥
𝑡+1

0
, 𝑦
𝑡+1

0
) can be calculated from the models (3) and (4),

respectively.
Using these two calculated values for formula (8), the

Malmquist productivity index of China’s major industry
was computed as shown in Table 3. Because MPI can be
decomposed into two components, TEC and EPFS (as shown
in Tables 4 and 5), which mean technical change and frontier
shift.

In order to analyse the productivity of energy consump-
tion comprehensively, we use (1/MPI

0
− 1), (1/TEC

0
− 1), and

(1/EPFS
0
− 1) to represent the change of MPI, TEC and EPFS,

respectively. Tables 6(a), 6(b), and 6(c) show the value of
(1/MPI

0
− 1), (1/TEC

0
− 1), and (1/EPFS

0
− 1).

Table 6(a) shows the value changes of MPI, three sec-
tors maintain energy consumption productivity increasing
throughout the whole time period, whose MPI value is
less than 1. The other 11 sectors experienced productivity
decline in some time periods. The sector productivity of
manufacture of textiles declined 2.33%, 4.81%, and 0.79%
in the time periods 1999-2000, 2004-2005, and 2005-2006,
respectively. In time period 1999 to 2000, the TEC declined
0.54% and the shift of EPF was negative, decreasing by
1.81%. It is also noteworthy that in time periods 2004-2005
and 2005-2006, although this sector experienced a positive
shift of EPF, which means the value of EPFS is less than
1, the TEC decreased 26.14% and 14.6%, respectively, which
caused the decrease of MPI. Regarding the manufacture of
plastics sector, its productivity decreased 2.35% in 2002-
2003 and 57.83% in 2004-2005. The shift of EPF in 2002-
2003 was negative, and the technical efficiency remained
unchanged, which means the value of EPFS was greater than
1 and the value of TEC is equal to 1; therefore this time
period shows a productivity decline. In 2004-2005, technical
efficiency declined 59.15%, which is the main reason for the
decline of the MPI, although it experienced a positive shift of
EPF. For the manufacture of nonmetallic Mineral Products
sector, the productivity declined 2.1% in 1999-2000, because
the technical efficiency declined 0.3% and the EPF declined
1.81%. Its productivity went on to decline by 21.1% in 2004-
2005, because of the sharp decline in technical efficiency,
despite the positive shift of EPF. Regarding the smelting and
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Table 2: Input-oriented CRS efficiency of sectors from 1999 to 2008.

Sector 𝐷
𝑡

0
(𝑥
𝑡

0
, 𝑦
𝑡

0
)

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008
1 0.4075 0.4053 0.3774 0.4062 0.3572 0.3986 0.2944 0.2514 0.2563 0.2684
2 0.1894 0.1953 0.1754 0.1854 0.2042 0.2719 0.1953 0.1906 0.2234 0.2358
3 0.1281 0.1453 0.1300 0.1352 0.1429 0.1866 0.1470 0.1421 0.1484 0.1738
4 0.1691 0.1861 0.1273 0.1379 0.1758 0.2177 0.2140 0.2219 0.2290 0.2123
5 0.2798 0.3015 0.2845 0.3200 0.2853 0.3372 0.2504 0.2432 0.2333 0.2264
6 0.9262 1.0000 1.0000 1.0000 1.0000 0.7719 0.3153 0.7288 0.6715 0.5600
7 0.1414 0.1410 0.1240 0.1315 0.1381 0.2025 0.1240 0.1186 0.1290 0.1510
8 0.1122 0.1231 0.1198 0.0874 0.1530 0.2064 0.1611 0.1417 0.1416 0.1712
9 0.1331 0.1510 0.1428 0.2257 0.1307 0.1292 0.1392 0.1631 0.1535 0.1386
10 0.7447 0.8367 0.8155 0.6596 0.8392 0.7821 0.7701 0.8329 0.8043 0.7755
11 0.5697 0.7935 0.8044 0.8450 0.9325 1.0000 1.0000 1.0000 1.0000 1.0000
12 0.6757 0.6862 0.6883 0.8329 0.8044 0.9408 0.6367 0.6504 0.7111 0.8167
13 0.7510 0.7967 0.8340 0.9741 1.0000 1.0000 1.0000 1.0000 1.0000 1.0000
14 1.0000 1.0000 1.0000 1.0000 0.9944 0.9629 0.8270 0.7402 0.7211 0.7528
1: manufacture of textile; 2: manufacture of paper and paper products; 3: manufacture of raw chemical materials and chemical products; 4: manufacture of
chemical fibers; 5: manufacture of rubber; 6: manufacture of plastics; 7: manufacture of nonmetallic mineral products; 8: smelting and pressing of ferrous
metals; 9: smelting and pressing of nonferrous metals; 10: manufacture of metal products; 11: manufacture of general purpose machinery; 12: manufacture of
special purpose machinery; 13: manufacture of transport equipment; 14: construction.

Table 3: MPI of the 14 DMUs.

Sectors MPI
99-00 00-01 01-02 02-03 03-04 04-05 05-06 06-07 07-08

1 1.0239 0.9650 0.8922 0.9679 0.8751 1.0506 1.0080 0.9020 0.7933
2 0.9878 0.9708 0.9827 0.9011 0.7335 1.0803 0.9089 0.7872 0.8123
3 0.8979 0.9743 0.9989 0.9393 0.7475 0.9852 0.9176 0.8836 0.6816
4 0.9254 1.2740 0.9347 0.7786 0.7886 0.7894 0.8553 0.8944 0.9028
5 0.8910 0.9794 0.8213 0.8881 0.7928 1.1489 0.8406 0.8405 0.7647
6 0.7064 0.9174 0.7380 1.0241 0.9368 2.3711 0.3478 0.7832 0.8232
7 1.0215 0.9908 0.9799 0.9447 0.6664 1.2674 0.9272 0.8481 0.6599
8 0.9286 0.8957 1.4235 0.5672 0.7239 0.9940 1.0084 0.9230 0.6153
9 0.7442 0.9804 0.5588 1.4920 0.7395 0.8887 0.7016 0.8535 0.7154
10 0.6779 0.9382 0.9114 0.8111 0.8073 0.9837 0.7433 0.7473 0.7595
11 0.6562 0.9131 0.8516 0.7836 0.6141 1.0193 0.8201 0.7592 0.7328
12 0.9733 0.9194 0.7803 0.9089 0.8349 1.1467 0.8452 0.8295 0.6586
13 0.9293 0.8813 0.8056 0.7872 0.9557 0.7978 0.8457 0.8643 0.6992
14 0.9900 0.8964 0.9989 0.9624 1.0085 0.9035 0.9494 0.9007 0.6967
1: manufacture of textile; 2: manufacture of paper and paper products; 3: manufacture of raw chemical materials and chemical products; 4: manufacture of
chemical fibers; 5: manufacture of rubber; 6: manufacture of plastics; 7: manufacture of nonmetallic mineral products; 8: smelting and pressing of ferrous
metals; 9: smelting and pressing of nonferrous metals; 10: manufacture of metal products; 11: manufacture of general purpose machinery; 12: manufacture of
special purpose machinery; 13: manufacture of transport equipment; 14: construction.

pressing of ferrous metals sector, there are two time periods
that experienced productivity decline, namely, 2001-2002 and
2005-2006. In the time period 2001-2002, the productivity
declined 29.75%, which was caused by the decline of TEC
(27%) and EPFS (3.77%). In the time period 2005-2006, the
productivity declined 0.84% caused by the decline of TEC
(12.06%), although it had a positive shift of EPF.

In the 11 sectors where energy consumption productivity
has declined, there are 7 sectors whose productivity always
increases, except for one two-year time period. Manufacture

of chemical fibres experienced a productivity decline in 2000-
2001 (21.5%), which was caused by the sharp decline of the
EPC (31.58%) although its EPF experiences a positive shift.
For the smelting and pressing of nonferrous metals, the
values of MPI were less than 1 in the reported time period,
except for time period 2002-2003 (1.4920), which indicates a
productivity increase from 1999 to 2002 and 2003 to 2008.
Construction is another sector in which productivity has
declined for only one year: by 0.84% in time period 2003 to
2004. The other 4 sectors manufacture of paper and paper
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Table 4: Value of TEC.

Sectors TEC
99-00 00-01 01-02 02-03 03-04 04-05 05-06 06-07 07-08

1 1.0054 1.0739 0.9290 1.1372 0.8961 1.3539 1.1710 0.9809 1.1958
2 0.9700 1.1137 0.9457 0.9081 0.7511 1.3922 1.0249 0.8531 1.2281
3 0.8817 1.1177 0.9612 0.9466 0.7655 1.2696 1.0347 0.9576 1.0304
4 0.9087 1.4615 0.9229 0.7846 0.8075 1.0173 0.9645 0.9692 1.3649
5 0.9280 1.0598 0.8888 1.1216 0.8463 1.3466 1.0297 1.0421 1.0518
6 0.9262 1.0000 1.0000 1.0000 1.2955 2.4480 0.4327 1.0853 1.0678
7 1.0030 1.1367 0.9430 0.9520 0.6824 1.6333 1.0456 0.9191 0.9977
8 0.9118 1.0276 1.3698 0.5716 0.7413 1.2810 1.1372 1.0003 0.9303
9 0.8820 1.0574 0.6325 1.7275 1.0114 0.9278 0.8538 1.0626 1.0018
10 0.8900 1.0261 1.2363 0.7860 1.0730 1.0156 0.9246 1.0356 0.9850
11 0.7179 0.9865 0.9520 0.9061 0.9325 1.0000 1.0000 1.0000 1.0000
12 0.9848 0.9969 0.8264 1.0354 0.8550 1.4778 0.9789 0.9146 0.9812
13 0.9427 0.9552 0.8563 0.9741 1.0000 1.0000 1.0000 1.0000 1.0000
14 1.0000 1.0000 1.0000 1.0057 1.0327 1.1643 1.1173 1.0265 1.0092
1: manufacture of textile; 2: manufacture of paper and paper products; 3: manufacture of raw chemical materials and chemical products; 4: manufacture of
chemical fibers; 5: manufacture of rubber; 6: manufacture of plastics; 7: manufacture of nonmetallic mineral products; 8: smelting and pressing of ferrous
metals; 9: smelting and pressing of nonferrous metals; 10: manufacture of metal products; 11: manufacture of general purpose machinery; 12: manufacture of
special purpose machinery; 13: manufacture of transport equipment; 14: construction.

Table 5: Value of EPFS.

Sectors EPFS
99-00 00-01 01-02 02-03 03-04 04-05 05-06 06-07 07-08

1 1.0184 0.8986 0.9603 0.8511 0.9766 0.7760 0.8608 0.9196 0.6634
2 1.0184 0.8717 1.0392 0.9923 0.9766 0.7760 0.8868 0.9228 0.6614
3 1.0184 0.8717 1.0392 0.9923 0.9766 0.7760 0.8868 0.9228 0.6614
4 1.0184 0.8717 1.0129 0.9923 0.9766 0.7760 0.8868 0.9228 0.6614
5 0.9602 0.9242 0.9241 0.7918 0.9368 0.8532 0.8163 0.8065 0.7271
6 0.7626 0.9174 0.7380 1.0241 0.7231 0.9686 0.8039 0.7216 0.7710
7 1.0184 0.8717 1.0392 0.9923 0.9766 0.7760 0.8868 0.9228 0.6614
8 1.0184 0.8717 1.0392 0.9923 0.9766 0.7760 0.8868 0.9228 0.6614
9 0.8438 0.9272 0.8835 0.8637 0.7312 0.9579 0.8218 0.8033 0.7141
10 0.7617 0.9143 0.7372 1.0320 0.7524 0.9686 0.8039 0.7216 0.7710
11 0.9140 0.9256 0.8945 0.8648 0.6585 1.0193 0.8201 0.7592 0.7328
12 0.9883 0.9222 0.9442 0.8778 0.9766 0.7760 0.8634 0.9069 0.6713
13 0.9858 0.9226 0.9408 0.8081 0.9557 0.7978 0.8457 0.8643 0.6992
14 0.9900 0.8964 0.9989 0.9569 0.9766 0.7760 0.8498 0.8775 0.6903
1: manufacture of textile; 2: manufacture of paper and paper products; 3: manufacture of raw chemical materials and chemical products; 4: manufacture of
chemical fibers; 5: manufacture of rubber; 6: manufacture of plastics; 7: manufacture of nonmetallic mineral products; 8: smelting and pressing of ferrous
metals; 9: smelting and pressing of nonferrous metals; 10: manufacture of metal products; 11: manufacture of general purpose machinery; 12: manufacture of
special purpose machinery; 13: manufacture of transport equipment; 14: construction.

products, rubber, general purpose machinery, and special
purpose machinery experienced productivity declines from
2004 to 2005, by 7.43%, 12.96%, 1.9%, and 12.79%, respectively.

The remaining three sectors have always increased pro-
ductivity in each time period. For the manufacture of raw
chemical materials and chemical products sector, its produc-
tivity increased 11.38%, 2.64%, 0.11%, 6.46%, 33.78%, 1.5%,
8.98%, 13.17%, and 46.72% in the corresponding time period,
respectively. The improvement of productivity in 2007-2008
is the highest, reaching 46.72%, caused by the positive shift
of EPF, whose improvement reached 51.19%, although it

experienced a decline of TEC (2.95%). Regarding the sector
of Manufacture of Metal Products, its productivity increased
47.52%, 6.59%, 9.72%, 23.28%, 23.87%, 1.65%, 34.54%, 33.82%,
and 31.67%, respectively in the corresponding time period.
The improvement in productivity in 1999-2000 is the highest
and was caused by the increase of technical efficiency and
a positive shift of EPF. For the manufacture of transport
equipment sector, it also maintained increased productivity
throughout the reported time period. In 2007-2008, its
productivity improvement was the highest, reaching 43.02%.
The result was caused by the positive shift of EPF, with the
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Table 6: (a) Changes of MPI in each time period (unit: %). (b) Changes of TEC in each time period (unit: %). (c) Changes of EPFS in each
time period (unit: %).

(a)

Sectors 1/MPI-1
99-00 00-01 01-02 02-03 03-04 04-05 05-06 06-07 07-08

1 −2.33 3.62 12.09 3.32 14.27 −4.81 −0.79 10.87 26.05
2 1.23 3.01 1.76 10.98 36.34 −7.43 10.03 27.04 23.10
3 11.38 2.64 0.11 6.46 33.78 1.50 8.98 13.17 46.72
4 8.06 −21.50 6.98 28.44 26.81 26.68 16.92 11.81 10.77
5 12.23 2.10 21.76 12.60 26.13 −12.96 18.97 18.98 30.77
6 41.57 9.00 35.50 −2.35 6.74 −57.83 187.52 27.68 21.47
7 −2.10 0.93 2.05 5.85 50.07 −21.10 7.85 17.91 51.54
8 7.69 11.64 −29.75 76.31 38.13 0.60 −0.84 8.34 62.52
9 34.37 2.00 78.94 −32.97 35.22 12.52 42.53 17.16 39.79
10 47.52 6.59 9.72 23.28 23.87 1.65 34.54 33.82 31.67
11 52.40 9.52 17.43 27.62 62.85 −1.90 21.94 31.72 36.45
12 2.75 8.77 28.15 10.02 19.77 −12.79 18.32 20.56 51.83
13 7.61 13.47 24.13 27.04 4.63 25.34 18.24 15.71 43.02
14 1.01 11.55 0.11 3.91 −0.84 10.68 5.33 11.03 43.53
1: manufacture of textile; 2: manufacture of paper and paper products; 3: manufacture of raw chemical materials and chemical products; 4: manufacture
of chemical fibers; 5: manufacture of rubber; 6: manufacture of plastics; 7: manufacture of nonmetallic mineral products; 8: smelting and pressing of
ferrous metals; 9: smelting and pressing of nonferrous metals; 10: manufacture of metal products; 11: manufacture of general purpose machinery; 12:
manufacture of special purpose machinery; 13: manufacture of transport equipment; 14: construction.

(b)

Sectors 1/TEC-1
99-00 00-01 01-02 02-03 03-04 04-05 05-06 06-07 07-08

1 −0.54 −6.88 7.64 −12.06 11.59 −26.14 −14.60 1.95 −16.37
2 3.09 −10.21 5.74 10.12 33.14 −28.17 −2.43 17.22 −18.57
3 13.42 −10.53 4.04 5.64 30.63 −21.24 −3.35 4.43 −2.95
4 10.05 −31.58 8.35 27.45 23.84 −1.70 3.68 3.18 −26.73
5 7.76 −5.64 12.51 −10.84 18.16 −25.74 −2.88 −4.04 −4.92
6 7.97 0.00 0.00 0.00 −22.81 −59.15 131.11 −7.86 −6.35
7 −0.30 −12.03 6.04 5.04 46.54 −38.77 −4.36 8.80 0.23
8 9.67 −2.69 −27.00 74.95 34.90 −21.94 −12.06 −0.03 7.49
9 13.38 −5.43 58.10 −42.11 −1.13 7.78 17.12 −5.89 −0.18
10 12.36 −2.54 −19.11 27.23 −6.80 −1.54 8.15 −3.44 1.52
11 39.30 1.37 5.04 10.36 7.24 0.00 0.00 0.00 0.00
12 1.54 0.31 21.01 −3.42 16.96 −32.33 2.16 9.34 1.92
13 6.08 4.69 16.78 2.66 0.00 0.00 0.00 0.00 0.00
14 0.00 0.00 0.00 −0.57 −3.17 −14.11 −10.50 −2.58 −0.91
1: manufacture of textile; 2: manufacture of paper and paper products; 3: manufacture of raw chemical materials and chemical products; 4: manufacture
of chemical fibers; 5: manufacture of rubber; 6: manufacture of plastics; 7: manufacture of nonmetallic mineral products; 8: smelting and pressing of
ferrous metals; 9: smelting and pressing of nonferrous metals; 10: manufacture of metal products; 11: manufacture of general purpose machinery; 12:
manufacture of special purpose machinery; 13: manufacture of transport equipment; 14: construction.

(c)

Sectors 1/EPFS-1
99-00 00-01 01-02 02-03 03-04 04-05 05-06 06-07 07-08

1 −1.81 11.28 4.13 17.50 2.40 28.87 16.17 8.74 50.74
2 −1.81 14.72 −3.77 0.78 2.40 28.87 12.76 8.37 51.19
3 −1.81 14.72 −3.77 0.78 2.40 28.87 12.76 8.37 51.19
4 −1.81 14.72 −1.27 0.78 2.40 28.87 12.76 8.37 51.19
5 4.14 8.20 8.21 26.29 6.75 17.21 22.50 23.99 37.53
6 31.13 9.00 35.50 −2.35 38.29 3.24 24.39 38.58 29.70
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(c) Continued.

Sectors 1/EPFS-1
99-00 00-01 01-02 02-03 03-04 04-05 05-06 06-07 07-08

7 −1.81 14.72 −3.77 0.78 2.40 28.87 12.76 8.37 51.19
8 −1.81 14.72 −3.77 0.78 2.40 28.87 12.76 8.37 51.19
9 18.51 7.85 13.19 15.78 36.76 4.40 21.68 24.49 40.04
10 31.29 9.37 35.65 −3.10 32.91 3.24 24.39 38.58 29.70
11 9.41 8.04 11.79 15.63 51.86 −1.89 21.94 31.72 36.46
12 1.18 8.44 5.91 13.92 2.40 28.87 15.82 10.27 48.96
13 1.44 8.39 6.29 23.75 4.64 25.34 18.25 15.70 43.02
14 1.01 11.56 0.11 4.50 2.40 28.87 17.67 13.96 44.86

1: manufacture of textile; 2: manufacture of paper and paper products; 3: manufacture of raw chemical materials and chemical products; 4: manufacture
of chemical fibers; 5: manufacture of rubber; 6: manufacture of plastics; 7: manufacture of nonmetallic mineral products; 8: smelting and pressing of
ferrous metals; 9: smelting and pressing of nonferrous metals; 10: manufacture of metal products; 11: manufacture of general purpose machinery; 12:
manufacture of special purpose machinery; 13: manufacture of transport equipment; 14: construction.

Table 7: Target for coal consumption from 1999 to 2008 (unit: 10,000 tons).

Sectors 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008
1 457.58 500.56 503.51 514.64 460.51 643.67 588.91 548.81 511.71 535.27
2 134.12 154.60 163.64 178.21 150.58 219.32 193.40 180.42 172.78 197.01
3 497.48 558.86 571.72 618.14 551.09 774.70 760.31 732.75 732.02 849.58
4 98.52 120.84 92.74 96.04 86.34 110.13 121.22 114.87 112.56 99.34
5 78.82 74.32 74.56 80.56 76.55 113.08 90.93 87.86 86.68 103.76
6 163.99 134.25 136.44 104.16 134.94 174.08 70.51 164.65 151.20 174.94
7 342.91 358.98 365.14 390.15 337.00 549.57 427.35 420.02 425.01 524.02
8 413.90 460.08 517.63 390.15 596.55 955.95 997.86 910.30 920.62 1119.12
9 181.13 179.77 180.85 295.01 186.92 270.39 311.64 393.90 404.23 457.68
10 223.76 179.48 182.14 143.31 169.89 210.75 210.46 220.08 213.14 265.66
11 272.12 266.34 279.90 279.13 296.02 340.35 340.58 354.39 342.89 436.37
12 200.08 212.44 207.75 222.24 228.41 321.68 282.82 284.99 289.33 363.33
13 470.66 517.16 562.64 661.97 668.48 802.90 730.35 730.39 741.55 835.57
14 522.46 536.82 537.98 553.54 446.53 480.15 470.97 424.67 389.63 454.08
1: manufacture of textile; 2: manufacture of paper and paper products; 3: manufacture of raw chemical materials and chemical products; 4: manufacture of
chemical fibers; 5: manufacture of rubber; 6: manufacture of plastics; 7: manufacture of nonmetallic mineral products; 8: smelting and pressing of ferrous
metals; 9: smelting and pressing of nonferrous metals; 10: manufacture of metal products; 11: manufacture of general purpose machinery; 12: manufacture of
special purpose machinery; 13: manufacture of transport equipment; 14: construction.

technical efficiency remaining unchanged since the value of
TEC was equal to 1.

The above analysis shows that, of the top five effective
sectors in the reported time period, the manufacture of
transport equipment and metal products sectors experi-
enced positive performance change in every time period.
The energy consumption efficiency of the manufacture of
general purpose machinery declined slightly in 2004-2005
(1.9%), and construction also declined slightly in 2001-2002
(0.11%). Manufacture of special purpose machinery declined
only in 2004-2005 (12.79%). Figure 1 shows that five sectors
experienced significant changes in their energy consumption
performance in most two-year time periods from 1999 to
2008. Also, the productivity changes were not steady in these
sectors, which changed greatly in the reference period.

Analyzing DEA efficiency is to investigate whether DMU
is on the efficient frontier. Therefore, we can use the projec-
tion on the EPF to calculate the distance for an inefficient

DMU to the EPF. Then, the direction for sector regulation
and the amount of energy input reduction can be determined
when the output the gross industrial output value is fixed at
the current level. Moreover, we can predict the projection
on the EPF, which can in fact provide solutions for the
inefficient DMU.Thus, this can be the basis for policy makers
to promote the development of these sectors. Tables 7 and 8
show the efficiency target for each sector.

4. Discussions, Implications, and Conclusions

DEA can be applied for measuring multiple input and
output DMUs’ productivity. Also, the DEA-based Malmquist
productivity index can be used as a tool for measuring the
productivity change during different time periods. In this
paper, we use an input-orientedmodel to measure the energy
consumption productivity change from 1999 to 2008 of 14
industry sectors in China. Färe et al. [14] decompose MPI
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Table 8: Target for electricity consumption from 1999 to 2008 (Unit: 100 million kwh).

Sectors 1999 2000 2001 2002 2003 2004 2005 2006 2007 2008
1 124.66 144.32 145.63 184.47 194.61 286.74 241.90 259.27 292.64 302.32
2 36.54 44.57 44.08 52.84 63.64 97.70 79.44 85.24 98.81 111.27
3 135.53 161.12 154.00 183.30 232.90 345.11 312.31 346.17 418.63 479.84
4 26.84 34.84 24.98 28.48 36.49 49.06 49.79 54.27 64.37 56.10
5 21.47 28.62 30.34 34.84 36.44 50.37 52.28 57.63 62.33 61.36
6 44.68 116.14 127.14 143.53 171.00 143.10 71.21 180.68 200.47 196.84
7 93.42 103.50 98.35 115.69 142.42 244.82 175.54 198.43 243.06 295.97
8 112.76 132.65 139.43 115.69 252.11 425.85 409.89 430.06 526.49 632.08
9 49.35 101.23 102.35 185.94 140.02 162.51 204.63 298.07 373.75 348.14
10 60.96 155.27 169.73 186.08 215.29 173.24 212.54 241.51 282.59 298.91
11 74.14 122.64 135.32 170.28 231.27 279.78 343.95 388.90 454.62 490.99
12 54.51 62.32 64.77 85.67 96.53 143.30 116.17 134.64 165.46 205.21
13 128.23 155.79 190.34 251.87 282.51 357.67 300.00 345.06 424.08 471.93
14 142.34 154.77 144.91 164.14 188.71 213.89 193.46 200.63 222.82 276.54
1: manufacture of textile; 2: manufacture of paper and paper products; 3: manufacture of raw chemical materials and chemical products; 4: manufacture of
chemical fibers; 5: manufacture of rubber; 6: manufacture of plastics; 7: manufacture of nonmetallic mineral products; 8: smelting and pressing of ferrous
metals; 9: smelting and pressing of nonferrous metals; 10: manufacture of metal products; 11: manufacture of general purpose machinery; 12: manufacture of
special purpose machinery; 13: manufacture of transport equipment; 14: construction.
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Figure 1: The changes of MPI in top five effective sectors (unit: %).

into two components: TEC and EPFS. As shown in this paper,
TEC is used tomeasure the technical change, and EPFS shows
the shift of the empirical production frontier. According to
formula (8), TEC and EPFS reflect the value of MPI, so the
changing of productivity will be determined by the technical
change or the shift of frontier.

The results suggest that there are only four sectors, manu-
facture of plastics, panufacture of general purposemachinery,
manufacture of transport equipment, and construction, that
experienced effective energy consumption. It also shows that
these sectors always lie on the efficiency frontier of energy
consumption as benchmarks. Five sectors are always the
bottom five performers over time, namely, smelting and

pressing of ferrous metals, smelting and pressing of non-
ferrous metals, manufacture of nonmetallic mineral prod-
ucts, manufacture of raw chemical materials and chemical
products and the manufacture of chemical fibres. The value
changes of MPI indicates that three sectors, manufacture of
raw chemical materials and chemical products, smelting and
pressing of ferrousmetals, and construction,maintain energy
the increasing of consumption productivity throughout the
whole time period. It also shows that the other eleven sectors
where energy consumption productivity has declined. In
addition, among these eleven sectors, seven sectors’ produc-
tivity always increases, except for one two-year time period.
But the other four sectors—manufacture of paper and paper
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products, rubber, general purpose machinery, and special
purpose machinery—experienced productivity declines.

As a conclusion, three sectors including manufacture of
raw chemical materials and chemical products sector, man-
ufacture of transport equipment sector, and manufacture of
metal products sector, have always increased productivity in
each time period. Further, increasing productivity of the first
two sectors was caused by the positive shift of empirical pro-
duction frontier (EPF). However, increasing productivity of
the last sector was caused by both the positive shift of EPF and
the increase of technical efficiency (TEC).Overall, the top five
effective sectors in the reported time period are manufacture
of transport equipment, manufacture of metal products,
manufacture of general purpose machinery, construction,
and manufacture of special purpose machinery sectors.

To promote the productivity of energy consumption of
major industry sectors in China, it is necessary for the
Chinese government to make policies to strengthen energy
management, especially in the sectors which need large
amounts of energy input with low value added. In this paper,
following the spirit of theDEA-basedMalmquist productivity
index, we calculate the distance for an inefficient DMU to the
EPF.Then, the direction of sector promotion and the amount
of energy consumption reduction can be determined. The
target of energy consumption can be the basis for the govern-
ment to make sustainable industrial policies. Alternatively,
our DEA productivity analyses raise a question about how to
establish energy saving policies. In our opinion, restructuring
of industry, developing programs of technology innovation,
and encouraging the reuse of input resources can be the
solutions. However, this is beyond the scope of the current
paper and should be left for further research.

This paper provides a way to measure the energy con-
sumption performance of China’s major industrial sectors,
and the performance can be improved by reducing inputs
to below the current output level. Note that in the radial
DEA model there is always a DMU as the benchmark whose
𝐷
𝑡

0
(𝑥
𝑡

0
, 𝑦
𝑡

0
) is equal to 1. This is because the Malmquist

productivity index is only based upon the radial DEA scores,
ignoring nonzero input slacks in the input-oriented index
[30].Therefore, this cannot measure the energy consumption
performance change comprehensively for every sector. Using
a nonradialMalmquist productivity index can be the solution
that can be incorporated with the preference over individual
input improvement since it does not allow the existence of
nonzero input slacks. This will be a direction for a future
study.
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