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In this article, we measure the energy efficiency of 17 sectors in the Japanese economy during 1998–

2005 using data envelopment analysis (DEA), in which a total-factor framework is applied. We compute

the total-factor energy efficiency, which is defined as the ratio of the target energy input suggested

by the DEA to the actual energy inputs in a sector. Energy, labor, and capital are the three inputs,

while the value added in each sector is the single output. Our major finding is that remarkably energy-

inefficient sectors in the Japanese economy include energy-intensive industries (i.e., pulp and paper,

chemical, cement and ceramics, and primary metal sectors) as well as agriculture, forestry and fishery,

transportation and communication, and miscellaneous manufacturing. There is much room to improve

energy efficiency in Japanese industrial sectors. Moreover, for 8 sectors, including energy-intensive

industries, the inefficiency of energy use is much worse than that of other resource usage.

Keywords: data envelopment analysis (DEA), Japanese economy, total-factor energy efficiency

1. INTRODUCTION

The two oil crises in the 1970s significantly worsened the Japanese economy and forced the
industry to implement energy conservation initiatives. Although energy-intensive industries in
Japan consume a large amount of energy in the production process, their energy productivity is
higher than in other advanced countries. For example, if the amount of energy consumption per
unit of production in the iron and steel industry of Japan is taken as 100, the measure found in
Germany is 117, and the measure found in the United States is 125 (Japan Business Federation,
2008). Moreover, if the amount of energy consumption per cement clinker in Japan is taken as
100, then the measure found in Western Europe is 130, and the measure found in the United States
is 177. However, as our results will show, the energy efficiency of this sector is still inferior to that
of other industries in Japan. Since the energy-intensive industry constitutes a large portion of the
energy consumption in the Japanese manufacturing sector, energy savings remain a major issue.
From the perspective of not only Japan’s low self sufficiency of energy supply (4%) (Ministry of
Economy, Trade, and Industry, 2008a) but also global warming, it is of particular importance to
improve energy efficiency and to curb fossil fuel use. Japan must cut its greenhouse gas emissions
by 6% from 1990 levels between 2008–2012, according to the Kyoto Protocol. However, Japan’s
carbon dioxide emission from energy use in 2007 had increased 15% against the 1990 baseline.

Data envelopment analysis (DEA) is a non-parametric linear programming method that can
be applied to evaluate energy productivity. Hu and Wang (2006) advocated total-factor energy
efficiency (TFEE), which is defined as the ratio of the target energy input suggested by the DEA
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ENERGY EFFICIENCY IN JAPAN 131

to the actual energy inputs in a region in the multiple-input model, and computed the index of
TFEE by regions in the Chinese economy. TFEE indices have been calculated for the economies in
the Asia-Pacific Economic Coorperation (APEC), Japan, and Taiwan (Hu and Kao, 2007; Honma
and Hu, 2008; Hu et al., 2012).

In this article, we measure energy efficiency in sectors of the Japanese economy using DEA,
in which total-factor framework is applied as in previous studies (Hu and Wang, 2006; Hu and
Kao, 2007; Honma and Hu, 2008; Hu et al., 2012). To the best of our knowledge, there has
been no study applying the DEA method to measure sectoral energy efficiency in the Japanese
economy. Sectoral productivity and economic growth in Japan have been investigated using growth
accounting theory, since factors of economic stagnation in Japan after the collapse of the so-called
bubble economy were controversial issues (Cabinet Office, Government of Japan, 2002, Fukao
et al., 2004). For example, Fukao et al. (2004) observed the slowing of total factor productivity
growth in the manufacturing sector in the 1990s. However, the only model inputs in the growth
accounting studies were labor and capital stock; energy was not even taken as an input.

It is commonly known that DEA has been applied to comparison of regions rather than sectors
in previous energy efficiency studies. Although production technologies obviously differ across
sectors, our concern in this paper is the reduction of energy consumption without reducing the
potential maximum economic value added. For this purpose, Japan should not only improve its
specific inefficient sectors but also reshape its industrial structure, i.e., moving from inefficient
industries to efficient ones such as the service industry.

2. METHODOLOGY AND DATA SOURCES

This article uses DEA to determine the input targets for each Japanese industry by comparing
them with the annual efficiency frontier constituted by all the Japanese industries in each year.
There is an efficiency frontier for each Japanese industry in each year that is constituted by data
for all Japanese industries in that year. Since this follows an input-reducing focus, this article uses
input-oriented measures following Farrell’s (1957) original ideas. In order to control the effects
of scale, our study adopts the variable-returns-to-scale (VRS) DEA model (Banker et al., 1984).

Our measure of relative efficiency is based on non-parametric techniques (Färe et al., 1994).
Let us first define some mathematical notations. There are K inputs and M outputs for each of
N objects. For the ith object, these are represented by the column vectors xi and yi , respectively.
The K � N input matrix X and the M � N output matrix Y represent the data for all N objects.
The input set L.yi / for the ith object is defined as L.yi / D fxi :yi � f .xi /g. The efficiency
score � equals the value of the distance function, D.yi ; xi/ D minf�:xi � 2 L.yi /g (Shephard,
1970). The set L.yi / can be numerically computed by linear programming using observed data.
The input-oriented VRS DEA model then solves the following linear programming problem for
object i in each year:

D.yi ; xi/ D Min�;��

subject to � yi C Y � � 0;

�xi � X� � 0;

N10� D 1;

� � 0;

(1)

where � is a scalar; � is an N � 1 vector of constants; N1 is an N � 1 vector of ones; and the
constraint N10� D 1 is the convexity constraint.
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132 S. HONMA AND J.-L. HU

The value of � is the efficiency score for the i th object, with 0 � � � 1. The value of unity
indicates a point on the frontier and hence a technically efficient industry, according to Farrell’s
(1957) definition. The frontier is a piece-wise linear isoquant that is determined by the observed
data points in the same year, i.e., all the industries in this study of the same year. The industry
that constructs the frontier represents the “best practice” among the observed industries in that
year. The weight vector � serves to form a convex combination of observed inputs and outputs.

The f .xi / set in the frontier is the “best practice” production among the observed industries.
An inefficient industry could reduce inputs by the amount indicated by the arrow and still remain
in the input set L.yi / (Boyd and Pang, 2000). For the i th industry, the distance (amount) from
the projected point on the frontier by radial reduction without reducing the output level, .1��/xi ,
is called the “radial adjustment.”

The summation of slack and radial adjustment is the total reduction (“target”) that can be
reached without decreasing output levels. With respect to energy input, the above summation is
called the “energy-saving target” (EST). The formula is as follows:

EST.i;t/ D Slack Adjustment.i;t/ C Radial Adjustment.i;t/; (2)

where the EST is in the i th industry and the t th year.
An inefficient industry can reduce or save EST in energy use without reducing real economic

growth. The DEA model may suggest the slack and radial adjustments of any individual input
for all objects to be efficient. Since the actual practice can be improved to the best practice, the
actual energy consumption is always larger than or equal to the ideal energy input.

Efficiency is generally defined in terms of the ratio with which the best practice compares
with actual operation. The indicator of energy efficiency therefore should be the ratio of the
aggregate energy-saving target from Eq. (2) to the actual energy consumption. The amount of total
adjustments in the energy input is regarded as the inefficient portion of actual energy consumption.
Based on slack and radial adjustment of energy obtained from DEA, we can calculate the energy-
saving target ratio (ESTR) while simultaneously considering other factors. The target inputs of
an object in a year are found by comparing its actual inputs to the efficiency frontier in that year.
The formula is as below:

ESTR.i;t/ D
Energy-Saving Target.i;t/

Actual Energy Input.i;t/
; (3)

where the target inputs are in the i th industry and the t th year.
As Eq. (3) shows, the ESTR represents each industry’s inefficiency level with respect to energy

consumption. Since the minimum value of EST is 0, the value of ESTR is between 0 and unity. The
total-factor energy efficiency (TFEE) index originally proposed by Hu and Wang (2006), Hu and
Kao (2007), Honma and Hu (2008), and Hu et al. (2012) has the following relation with ESTR:

TFEE.i;t/ D 1 � ESTR.i;t/; (4)

where the index is in the i th industry and the t th year. A 0 ESTR value indicates an industry on
the frontier with the best total-factor energy efficiency (up to 1) among the observed industries. A
0 ESTR means that no redundant or over-consumed energy use exists (target amount of 0) in this
industry. For an inefficient industry with an ESTR value larger than o, energy should and could
be saved at the same economic output level. A higher ESTR implies higher energy inefficiency
and higher energy savings.

As mentioned previously, many studies criticize the commonly used indicator of energy in-
efficiency, energy intensity, as a direct ratio of the energy input to gross domestic product, for
measuring energy efficiency (e.g., Patterson, 1996; Renshaw, 1981). This ratio is only a partial-
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ENERGY EFFICIENCY IN JAPAN 133

TABLE 1

Summary Statistics of Inputs and Output (1998–2005)

Real

Value Added

(Million Yen)

Labor

Employment

(10,000 Person)

Real Private

Capital Stock

(Million Yen)

Energy Usage

(Tera Joule)

Mean 27,672,124 348 55,293,926 534,456

Std. Dev. 29,454,796 493 44,726,193 621,375

Minimum 682,115 5 2,599,581 5,101

Maximum 121,491,395 2,176 195,491,885 2,165,839

Note: The base year for real value added and real private capital stock is 2000.

factor energy efficiency indicator, as energy input is the only input-considered factor. Another
argument is that this partial-factor ratio is inappropriate for analyzing the impact of changing
energy use over time (APERC, 2000). We then compute the energy efficiency by a total-factor
framework including other inputs such as labor and capital. A total-factor efficiency indicator can
provide more information and a more realistic comparative base to examine the de facto situation
across industries.

We analyze the data by sectors in the Japanese economy from 1998–2005. In our model, there
are three production factors: labor employment, real private capital stock, and energy. The real
sectoral value added is the sole output. Data regarding labor (persons) were collected from the

Annual Report on Prefectural Accounts published by the Cabinet Office (2008a). Data on real
private capital stock were taken from Gross Capital Stock of Private Enterprises by the Cabinet
Office (2008b). The real sectoral value added was collected from the Annual Report on National

Accounts published by the Cabinet Office (2008c). The real value added and real capital stock are
at the price level of the year 2000. Sectoral energy consumption levels were collected from the
Energy Balances in Japan (Ministry of Economy, Trade and Industry, 2008b).

Table 1 presents the summary statistics of the inputs and output used in the DEA models.
Table 2 provides a correlation matrix. As shown in Table 2, all inputs are positively correlated
with the output, implying that all inputs satisfy the “isotonicity” property with the output of the
DEA model.

3. EMPIRICAL FINDINGS

The empirical results are shown in Table 3. Mining, general machinery, real estate and housing
service, and service sectors have TFEE scores of unity throughout the sample period. These sectors
operate on Japan’s efficient frontier in each year, so they cannot reduce their energy consumption
without decreasing their own value added. The financial and insurance sector has a high average

TABLE 2

Correlation Matrix for Inputs and Output (1998–2005)

Value Added Labor Capital Stock Energy

Value added 1.000

Labor 0.866 1.000

Capital stock 0.727 0.824 1.000

Energy 0.118 0.172 0.495 1.000
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TFEE score (0.975). It is reasonable that the tertiary industries other than the transportation and
communication sector, which has high fuel consumption, have TFEE scores that are at or near 1.

The TFEE of the electric machinery sector gradually improves from 0.538 in 1998 to 1.000
in 2005; however, this is mainly attributed to a more than twofold increase in the sector’s value
added during that period. The TFEE of the wholesale and retail trade sector gradually deteriorates
from 1.000 in 1998 to 0.536 in 2005. Underlying this efficiency reduction is a decrease in the
value added of the sector accompanied by an increase in energy demand and other input; the value
added in 2005 decreases by 4.9% compared to 1998, private capital stock increases by 9.4% and
energy increases by 7.3%, whereas labor decreases by 7.7%. TFEEs in the rest of the sectors are
stable during the sample period.

Extremely energy-inefficient sectors include energy-intensive industries (i.e., pulp and paper,
chemical, cement and ceramics, and primary metal sectors) as well as agriculture, forestry and
fishery, transportation and communication, and other industrial sectors. Average TFEEs during the
sample period are less than 0.1 for these sectors. Literally interpreted, these sectors can reduce
their energy consumption by more than 90% without decreasing their own value added. The most
energy-inefficient sector is primary metal, whose average score is only 0.013. If the primary metal
sector could operate on the frontier of efficiency, its energy input could be cut by up to 98.7%.

Here we compare TFEE and pure technical efficiency (PTE). For eight sectors (construction,
food, pulp and paper, chemical, cement and ceramics, primary metal, other industries, transporta-
tion and communication), the TFEE is less than the PTE in every year. This means that the ineffi-
ciency of energy use is much worse than that of the use of other resources. Thus, the energy inputs
in particular leave much more to be improved. It should be noted that all energy-intensive industries
have much lower TFEEs as compared to PTEs, and that the differences between the two scores
in each sector are stable throughout the sample period. In particular, the difference between the
TFEE and the PTE for the chemical sector in each year is always larger than 0.4. Our results show
that energy-intensive industries are extremely energy-insufficient under the total-factor framework.

4. CONCLUDING REMARKS

This study employs the DEA method to measure the technical efficiency of sectors in the Japanese
economy during 1998–2005. The index of TFEE can be obtained from the ratio of actual energy
input to the ideal energy input as derived by the DEA. According to the empirical results, we can
draw the following policy implications:

1. There is much room for improvement of efficiency in energy-intensive industries (i.e.,
pulp and paper, chemical, cement and ceramics, and primary metal sectors), agriculture,
forestry and fishery, transportation and communication, and miscellaneous manufacturing.
High initial cost and lack of information are both obstacles to energy conservation. Subsidies
and tax exemption for energy-saving investment should be used instead of the current policy.
Energy service companies should be further encouraged, as the market size of this sector
was only 40.7 billion yen (approximately US $350 million) in 2007 in Japan.

2. For eight sectors including the energy-intensive industries, the inefficiency of energy use
is much worse than that of the use of other resources. The current Japanese energy-saving
activity based on energy use per output should take into account other inputs via the total-
factor framework.

3. The Japanese economy as a whole can achieve more efficient energy use not only by
improving the energy efficiency of inefficient industries but also by changing the industrial
structure. This will rely on a shift away from inefficient sectors toward high-value-added
service sectors. Of course, attention should also be paid to how carbon leakage (the shift of
production to overseas locations) affects the sectoral energy efficiency of Japan.
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