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Efficient waste and pollution abatements for regions in Japan

Satoshi Honmaa* and Jin-Li Hub

aFaculty of Economics, Kyushu Sangyo University, Fukuoka, Japan; bNational Chiao Tung University, Taiwan

This paper computes efficient industrial waste and air pollutants abatements for 47 regions in Japan for the period 1992–2002.
The variable-returns-to-scale (VRS) data envelopment analysis (DEA) with a single output (real GDP) and seven inputs (labor,
real public capital stock, real private capital stock, industrial waste, sulfur oxide, nitrogen oxide, and soot and dust) is used to
compute target wastes of each region for each year. The efficient abatement ratios of each region in each year are obtained by
comparing the actual to the target amount of a pollutant. Our major findings are: (1) Most regions in Japan have significant
room to reduce their pollution since there is a wide gap between efficient and inefficient regions; (2) For each air pollutant,
approximately 25–33% of Japan’s prefectures can reduce their output by more than 50% without harming regional GDP, and
approximately one-third of prefectures can reduce industrial waste more than 30%; (3) Hokkaido is the least efficient region for
all years studied and for all waste and pollutants, and target abatement ratios there drastically worsened in the last two sample
years; (4) Tokyo, Saitama, Yamanashi, Shiga, Nara, and Tottori are efficient with respect to each type of industrial waste and
pollution throughout the study period; (5) many regions in the bottom quartile with respect to real per capita income have
significant room to reduce their waste and pollution output; and (6) many regions where energy-intensive industries dominate
produce excessive amounts of waste and air pollution compared to other regions.

Keywords: data envelopment analysis; efficiency frontier; abatement targets; industrial waste; air pollution

Introduction

Economic activity often includes unintended by-products
(pollution or waste) that affect human health and the envir-
onment. For sustainable development, production processes
should be more efficient in their use of resources, labor, and
capital, and should generate less pollution andwaste. Japan is
one country that faces serious waste problems. In 2005,
industrial waste in Japan amounted to 422 million tons, and
the amount recycled was 219 million tons. The volume of
industrial waste has remained constant over the last several
years, but the recycling rate has increased from 37.3% in
1995 to 51.3% in 2005. In the case of general waste, the
amount produced in 2005 was 52 million tons, and the
amount recycled was 10 million tons. The volume of general
waste has been decreasing slightly since 2001, and the recy-
cling rate increased from 9.9% in 1995 to 19.0% in 2005.

Establishing ‘a sound material-cycle society’ is an
important issue in Japan. This concept was proposed by
the Japanese Government in order to promote a recycling-
based society and thereby pursue sustainable development.
Although environmental policy has increased the recom-
mended recycling rates, waste problems remain unsolved.
In particular, illegal dumping and improper waste disposal
are significant problems in Japan. In 2004, the remaining
life of existing landfill sites for industrial waste was 7.2
years, and that for general waste was 13.2 years (MOE
2007a). Securing landfill sites is an urgent issue, especially
for industrial waste. It is difficult to establish industrial
waste disposal facilities due to public distrust created by
improper disposal of such waste and the classical problem

of not in my backyard (NIMBY). The shortage of disposal
facilities contributes to illegal dumping and improper dis-
posal, thereby creating a vicious circle. The 3R policy
proposed by Japan’s Ministry of the Environment (reduce
generation of waste, reuse and recycle resources and pro-
ducts) should be implemented. It is especially important to
reduce waste in the production process.

Levels of air pollution in Japan have improved in the
past 30 years, except for a few areas in recent years. The
country reduced sulfur oxide emissions by 82% and nitro-
gen oxide emissions by 22% in the 1970s and 1980s (OECD
2002, p. 23). In the 2000s, the achievement rate of the
environmental quality standard (EQS) for SO2 was approxi-
mately 99%, that of NO2 was about 99%, and that of
suspended particulate matter (SPM) ranged from 53% to
99% (MOE 2007b). Nevertheless, air pollution remains a
challenge for Japan. Based on the recommendations of the
Organisation for Economic Co-operation and Development
(OECD) (2002), the Japanese Government should continu-
ously reduce emissions of air pollutants from both mobile
and stationary sources.

In recent years, chemical substances discharged into the
environment and impacting human health have attracted
widespread attention. For example, Kajihara et al. (2000)
studied the aggregate cancer risk due to ambient benzene
in Japan. They estimated the annual number of cancer deaths
caused by benzene was 29.6 at 1997 levels. There has been
more interest in chemical substances because of the asso-
ciated health effects. In response to OECD recommendations
in 1996, Japan established the Pollutant Release and Transfer
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Register (PRTR) system in 1999. By law, businesses must
monitor the amounts of 354 chemical substances released
into the air, water, and land or transferred to waste manage-
ment facilities, and must submit reports to the government.
The data have been published regularly since 2001. Toluene
emitted from industry totaled 101,807 tons, xylene 43,920
tons, and dichloromethane 19,669 tons in 2006. These are
the top three chemical substances in the PRTR every year.

To the best of our knowledge, the existing literature
rarely incorporates all types of pollution and solid waste
described above. Murakami and Matsuoka (2006)
employed factor analysis to extract four governmental ele-
ments of capacity for urban air quality management using
city-level panel data in Japan. These four elements are
scientific knowledge, environmental policy resources,
direct regulation, and financial assistance to polluting
firms. They estimated the contribution of these elements to
air quality. Kagawa et al. (2004) provided a multi-regional,
input–output model for waste analysis that estimates intra-
and inter-regional linkage effects of industrial wastes. They
showed that household consumption in the Kanto and Kinki
areas significantly affects industrial waste emissions and
waste landfills in other regions, while the Chugoku and
Shikoku areas produce waste-intensive goods and services
for the other regions. Kondo and Nakamura (2005) devel-
oped a waste input–output linear programming model and
studied two measures of eco-efficiency nationwide: the
ratio of GDP to carbon dioxide emissions, and the ratio of
GDP to landfill consumption by type of waste. They identi-
fied potential optimal waste management and recycling
strategies and showed that neither of the two eco-efficiency
measures is maximized in Japan.

Kajihara et al. (2000) estimated the number of excess
cancer deaths due to benzene in Japan in 1997 in three
regional categories: urban, suburban, and rural. Yamamoto
and Nakai (2005) measured the recycling efficiency of
Japan’s municipal waste system in each region using the
DEA technique, which is also used in the present paper. The
DEA, was introduced by Charnes et al. (1978), and is a
useful nonparametric method for evaluating the efficiency
of decision-making units (DMU) such as firms, government
agencies, hospitals, and schools. In their model, they the
treat amount of recycled material as a desirable output and
the amount of final disposal waste as an undesirable output.
There are two differences between their model and that used
here. First, we treat GDP as output and labor, capital, and
other pollutants as inputs. Second, their model is an output-
oriented DEA approach, whereas ours is an input-oriented
approach.

Reducing pollution in the air, water, and soil, and redu-
cing the production of solid waste benefit the environment
and economy without reducing regional GDP. We indicate
regional target ratios for efficient pollution and waste pro-
duction that take into account Japan’s own production fron-
tier. We show that efficient abatements are possible using
Japan’s best available technology without harming eco-
nomic performance. This paper analyzes target values of
pollutants and waste for 47 regions in Japan using data

envelopment analysis (DEA). Target amounts of pollutants
and waste for each region in each year can be obtained from
observed input and output in that year. They form the
efficiency frontiers in each year, which represent best per-
formance. The target emission abatement ratio in each
region is derived from a total-factor framework. It indicates
how much the region can reduce pollutants and waste with-
out decreasing regional GDP.

Methods and data sources

Methodology of data envelopment analysis (DEA)

DEA is a mathematical programming method for assessing
the comparative efficiencies of a DMU. In our study, a
region is counted as a DMU. DEA is a non-parametric
method that uses linear programming to construct a piece-
wise frontier over the data for efficiency measurement.
DEA does not need to specify either the functional form
of production or weighting factors for different inputs and
outputs. Comprehensive reviews of the development of an
efficiency measurement can be found in Lovell (1993).
There are K inputs and M outputs for each of the N
DMUs. The envelopment of the i-th DMU can be derived
from the following linear programming problem:

Min�;� �
s:t: � yi þ Y� � 0;

�xi � X� � 0;
N1¢� ¼ 1;

� � 0;

(1)

where � is a scalar representing the efficiency score for the
i-th DMU,N1 is an N · 1 vector of ones, � is anN · 1 vector
of constants, yi is an M · 1 output vector of DMU i, Y is an
M · N output matrix constituted by all output vectors of
these N DMUs, xi is a K · 1 input vector of DMU i, and X is
a K · N input matrix constituted by all input vectors of these
NDMUs. The efficiency score will satisfy 0 � �� 1, with a
value of 1 indicating a point on the frontier and, hence, a
technically efficient DMU (Coelli et al. 1998).

The above procedure constructs a piecewise linear
approximation to the frontier by minimizing quantities of
the K inputs required to meet the output levels of the i-th
DMU. The weight � serves to form a convex combination
of observed inputs and outputs. It is an input-oriented mea-
surement of efficiency. Equation (1) is known as the vari-
able returns to scale (VRS) DEA model (Banker et al.
1984). This model calculates the pure technical efficiency
(PTE) of each DMU. In order to control for the differences
caused by the scales of each region, this study adopts the
VRS DEA model. Although the DEA approach was origin-
ally intended for use in microeconomic environments to
measure the performance of institutions such as schools
and hospitals, it is also ideally suited to macroeconomic
performance analysis.

In this study, we treat air emissions as proxies for the
cost of environmental goods used for production (Oates and
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Schwab 1988; López 1994; Smulders 1999; de Bruyn
2000), such as health problems caused, corrosion of indus-
trial equipment due to polluted air, and other related social
expenses. The existing literature computes efficient targets
of pollution abatement ratios by constructing the efficiency
frontier of regions in an economy. For example, Hu (2006)
used three air emissions as inputs to compute efficient air
pollution abatement ratios for regions in China. Hu and Lee
(2008) found target waste abatement values for three forms
of waste (air, solid, and water) for different regions in China.
Hu (2006) and Hu and Lee (2008) constructed a total-factor
pollution abatement ratio index to compute how far away a
region’s emissions are from the most efficient level. The
higher the saving ratio, the lower the total-factor efficiency
will be.

Target emission abatement ratiokði;tÞ
¼ 1� Target emissionkði;tÞ=Actual emissionkði;tÞ (2)

for the i-th region and the t-th year for the k-th emission. As
Equation (2) shows, the saving ratio represents how far
away a region’s three major types of energy are from their
most efficient levels. The efficiency targets of energy-sav-
ing ratios for each region in each year are then obtained by
dividing the target energy consumption by the actual energy
consumption. The actual value is always larger than or equal
to the target value, such that the saving ratio will always be
between 0 and 1.

Data sources

Regional GDP is the sole output. Since the data on private
and public capital stocks are unavailable, the data estimated
in Fukao and Yue (2000) are extended. Our extension
method of real public and private capital stocks is similar
to that used by Honma and Hu (2008). Data on prefectural
real GDP and labor (employed persons) are taken from the
Annual Report on Prefectural Accounts published by the
Cabinet Office (2006). All monetary values are adjusted to
market prices for the calendar year 1995.

In Japan, wastes are classified into two categories: gen-
eral (non-industrial) and industrial wastes. The latter is more
appropriate for our research aim. The Waste Disposal and
Public Cleansing Law defines 20 types of wastes produced
by business activities. They are measured in the Survey on
Discharge and Disposal of Industrial Waste (MOE 2007c).
For waste and air pollution, earlier data before those pub-
lished on the Web and in books were obtained directly from
the Japanese Ministry of the Environment. Data on the
amounts of three air pollutants – sulfur oxide, nitrogen
oxides, and soot and dust – are from MOE (2007d); these

pollutants are emitted from stationary sources such as fac-
tories, electric power plants, and incineration sites. They do
not include mobile emission sources such as vehicles.
Emissions from stationary sources have been investigated
triennially in Japan since 1996, although they were pre-
viously investigated every year. Data on air pollutants in
1997, 1998, 2000, and 2001 are missing; as a result, our
dataset includes the period from 1992 to 1996, 1999, and
2002. Summary statistics of these inputs and output are
shown in Tables 1 and 2.

There are seven inputs and one output in our DEA
model. The seven inputs are three production factors (pri-
vate capital stock, public capital stock, labor) and four waste
and pollution factors (industrial waste, sulfur oxide, nitro-
gen oxides, and soot and dust). These four waste and pollu-
tant factors are treated as inputs because they are aggregated
proxies that capture the cost of production. Pollution and
wastes that degrade the environment exact a cost on society;
therefore, the macroeconomic performance of each region is
evaluated on the basis of the ability not only to maximize
GDP but also to minimize pollution and waste. Summary
statistics of these inputs and output are shown in Tables 1
and 2, respectively.

Empirical results

After DEA computation, the PTE scores for the adminis-
trative regions in Japan are given in Figure 1. Because data
on atmospheric pollution emitted from fixed sources are
lacking for certain years, our results are from 1992 to
1996, 1999, and 2002. The regional target abatement
ratios of industrial waste, sulfur oxide, nitrogen oxides,

Table 1. Summary statistics of inputs and outputs.

Mean
Standard
deviation Minimum Maximum

Inputs
Employed persons

(no.)
1,376,126 1,468,477 315,916 8,782,396

Private capital
stock (billion
yen)

20,395 24,296 3,015 165,961

Public capital
stock (billion
yen)

14,748 12,800 3,771 82,142

Industrial waste (t) 8,508,470 7,301,079 1,365,929 40,200,391
Sulfur oxides (t) 13,501 13,348 696 98,097
Nitrogen oxides (t) 16,849 14,679 717 68,610
Soot and dust (t) 1,810 1,564 97 9,881
Output
Real GDP(billion

yen)
10,651 13,583 2,001 87,104

Note: Monetary values are in 1995 prices.

Table 2. Correlation coefficients between inputs and the output.

Inputs Employed persons Private capital stock Public capital stock Industrial waste SOX NOX Soot and dust

Real GDP 0.994 0.985 0.890 0.764 0.068 0.183 0.191

272 S. Honma and J.-L. Hu
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and soot and dust during the sample periods are shown in
Tables 3–6. Six regions (Saitama (11), Tokyo (13),
Yamanashi (19), Shiga (25), Nara (29), and Tottori (31))
have zero target abatement ratios for all years of the study
and for all types of waste and pollutants. These regions
operate on Japan’s efficient frontier in each year, so they
cannot improve their waste efficiency without reducing
GDP.

Industrial waste

Table 3 and Figure 2 describe the average industrial waste
produced abatement ratios in each region and area, respec-
tively. There are 13 regions where the target abatement
ratios for industrial waste production remained higher than
30% throughout the study period. In particular, Hokkaido
(01), Iwate (03), Chiba (12), Hyogo (28), Miyazaki (45),

Hokkaido area Chubu area Chugoku area

01 Hokkaido 15 Niigata 31 Tottori

Tohoku area 16 Toyama 32 Shimane

02 Aomori 17 Ishikawa 33 Okayama

03 Iwate 18 Fukui 34 Hiroshima

04 Miyagi 19 Yamanashi 35 Yamaguchi

05 Akita 20 Nagano Shikoku area

06 Yamagata 21 Gifu 36 Tokushima

07 Fukushima 22 Shizuoka 37 Kagawa

Kanto area 23 Aichi 38 Ehime

08 Ibaraki Kinki area 39 Kouchi

09 Tochigi 24 Mie Kyushu area

10 Gunma 25 Shiga 40 Fukuoka

11 Saitama 26 Kyoto 41 Saga

12 Chiba 27 Osaka 42 Nagasaki

13 Tokyo 28 Hyogo 43 Kumamoto

14 Kanagawa 29 Nara 44 Oita

30 Wakayama 45 Miyazaki

46 Kagoshima

47 Okinawa

Figure 1. Geographic distribution of efficient and inefficient regions in Japan.
Note: Higher score on pure technical efficiency (PTE) means higher efficiency.

International Journal of Sustainable Development & World Ecology 273

D
ow

nl
oa

de
d 

by
 [

N
at

io
na

l C
hi

ao
 T

un
g 

U
ni

ve
rs

ity
 ]

 a
t 0

6:
25

 2
5 

A
pr

il 
20

14
 



T
ab
le
3.

A
ct
ua
l
em

is
si
on
s
an
d
ta
rg
et
ab
at
em

en
t
ra
ti
os

of
in
du
st
ri
al
w
as
te
fo
r
re
gi
on
s
in

Ja
pa
n.

19
92

19
93

19
94

19
95

19
96

19
99

20
02

ID
R
eg
io
n

A
re
a

A
ct
ua
l

em
is
si
on

(t
)

A
ba
te
m
en
t

ra
ti
o

A
ct
ua
l

em
is
si
on

(t
)

A
ba
te
m
en
t

ra
ti
o

A
ct
ua
l

em
is
si
on

(t
)

A
ba
te
m
en
t

ra
ti
o

A
ct
ua
l

em
is
si
on

(t
)

A
ba
te
m
en
t

ra
ti
o

A
ct
ua
l

em
is
si
on

(t
)

A
ba
te
m
en
t

ra
ti
o

A
ct
ua
l

em
is
si
on

(t
)

A
ba
te
m
en
t

ra
ti
o

A
ct
ua
l

em
is
si
on

(t
)

A
ba
te
m
en
t

ra
ti
o

01
H
ok

ka
id
o

A
30

,7
37

,5
51

0.
56

33
,5
24

,0
14

0.
65

35
,4
46

,8
33

0.
66

35
,0
74

,8
63

0.
66

34
,8
88

,3
26

0.
65

37
,3
13

,7
01

0.
76

40
,2
00

,3
91

0.
84

02
A
om

or
i

B
4,
62
9,
99
1

0.
23

4,
26
4,
41
2

0.
15

4,
26
1,
87

4
0.
14

4,
20
8,
11
1

0.
52

4,
41
3,
98

6
0.
53

4,
50
1,
25

7
0.
59

4,
95

0,
32
2

0.
65

03
Iw

at
e

B
6,
26
3,
26
1

0.
47

7,
16
2,
96
4

0.
56

7,
73
9,
24

0
0.
53

6,
06
1,
81

9
0.
65

6,
08
5,
29

7
0.
64

7,
11
9,
14

8
0.
72

6,
91

9,
33
8

0.
73

04
M
iy
ag
i

B
7,
77
1,
05
5

0.
32

7,
66
4,
96
2

0.
46

7,
07
6,
04

9
0.
44

6,
92
8,
10

0
0.
43

7,
08
1,
57

2
0.
39

7,
11
9,
63

0
0.
58

8,
03

1,
07
0

0.
57

05
A
ki
ta

B
3,
33
8,
76
6

0.
21

3,
25
0,
74
1

0.
41

3,
27
1,
40

0
0.
41

3,
18
2,
67

3
0.
36

3,
93
2,
19

8
0.
49

3,
83
0,
24

9
0.
33

3,
37

7,
23
3

0.
19

06
Y
am

ag
at
a

B
3,
81
0,
01
0

0.
21

3,
57
7,
21
1

0.
45

3,
78
8,
29

9
0.
49

3,
74
6,
25

4
0.
49

3,
78
9,
32

9
0.
48

3,
87
1,
35

9
0.
37

3,
53

7,
57
8

0.
26

07
F
uk

us
hi
m
a

B
6,
84
3,
50
8

0.
22

6,
89
2,
36
9

0.
33

7,
44
5,
87

0
0.
39

7,
50
8,
66

6
0.
40

7,
61
9,
43

0
0.
39

8,
54
0,
55

6
0.
52

7,
86

2,
75
5

0.
46

08
Ib
ar
ak
i

C
12

,1
72

,3
78

0.
39

11
,5
23
,5
67

0.
44

11
,4
10
,0
89

0.
42

11
,0
93
,1
59

0.
41

11
,6
12
,8
94

0.
42

11
,2
88
,7
40

0.
59

10
,6
56

,5
20

0.
59

09
T
oc
hi
gi

C
8,
06
5,
78
8

0.
41

6,
91
1,
94
5

0.
42

6,
72
6,
17

9
0.
45

6,
37
8,
01

0
0.
42

6,
67
9,
54

2
0.
00

7,
35
9,
73

4
0.
42

7,
44

3,
44
3

0.
43

10
G
un

m
a

C
7,
82
0,
16
8

0.
46

6,
33
6,
67
7

0.
00

6,
49
8,
32

1
0.
00

6,
29
3,
22

9
0.
00

8,
46
7,
02

3
0.
60

7,
19
7,
48

1
0.
47

6,
91
1,
18
0

0.
56

11
S
ai
ta
m
a

C
15
,4
67
,1
50

0.
00

13
,0
19

,3
99

0.
00

12
,6
40

,6
36

0.
00

12
,2
73

,9
92

0.
00

12
,5
45

,8
80

0.
00

12
,9
13

,5
44

0.
00

12
,5
85

,1
96

0.
00

12
C
hi
ba

C
18

,7
19

,9
56

0.
46

18
,1
96

,6
68

0.
49

20
,2
37

,1
52

0.
55

19
,3
48

,5
84

0.
53

19
,8
63

,0
36

0.
54

27
,8
42

,0
96

0.
75

26
,5
25

,9
99

0.
76

13
T
ok

yo
C

33
,0
32

,3
18

0.
00

29
,5
13

,9
77

0.
00

27
,5
36

,4
78

0.
00

27
,3
34

,1
95

0.
00

29
,5
48

,2
54

0.
00

27
,2
88

,7
87

0.
00

26
,1
90

,1
48

0.
00

14
K
an
ag
aw

a
C

21
,4
39

,2
65

0.
00

25
,6
76

,0
15

0.
52

22
,9
11
,4
11

0.
46

22
,7
58

,4
19

0.
00

23
,4
80

,1
80

0.
00

23
,6
00

,6
54

0.
51

16
,3
53

,5
11

0.
33

15
N
ii
ga
ta

D
8,
03
9,
04
2

0.
18

8,
50
3,
56
3

0.
31

7,
87
4,
48

6
0.
26

8,
10
3,
86

2
0.
30

8,
62
1,
04

6
0.
33

7,
92
1,
79

9
0.
60

7,
51

3,
73
9

0.
44

16
T
oy

am
a

D
4,
06
1,
89
4

0.
11

5,
28
3,
81
0

0.
36

5,
90
3,
10

0
0.
45

6,
00
3,
26

8
0.
47

6,
04
5,
91

0
0.
46

4,
82
3,
95

5
0.
33

4,
67

8,
02
4

0.
35

17
Is
hi
ka
w
a

D
2,
70
3,
73
7

0.
03

3,
98
9,
49
0

0.
20

3,
00
5,
86

6
0.
37

3,
01
1,
79

6
0.
34

3,
15
5,
96

9
0.
33

3,
10
8,
09

3
0.
18

3,
05

2,
05
8

0.
29

18
F
uk

ui
D

2,
35
1,
92
3

0.
00

1,
48
9,
46
3

0.
00

1,
87
7,
25

7
0.
00

2,
86
5,
97

2
0.
08

3,
04
1,
20

4
0.
05

2,
98
2,
70

0
0.
14

2,
97

5,
73
8

0.
14

19
Y
am

an
as
hi

D
2,
08
3,
06
6

0.
00

2,
08
2,
41
5

0.
00

2,
27
2,
10

9
0.
00

2,
15
4,
08

7
0.
00

2,
13
4,
20

5
0.
00

1,
93
9,
53

8
0.
00

1,
77

0,
06
0

0.
00

20
N
ag
an
o

D
6,
39
2,
17
8

0.
31

4,
87
0,
96
3

0.
38

5,
16
8,
16

4
0.
35

5,
25
4,
07

8
0.
29

5,
45
4,
29

4
0.
30

5,
14
8,
41

5
0.
41

4,
75

1,
73
0

0.
30

21
G
if
u

D
6,
90
0,
24
8

0.
25

6,
84
2,
94
8

0.
44

6,
87
7,
91

0
0.
50

6,
62
1,
93

7
0.
46

6,
02
7,
37

2
0.
36

5,
73
5,
04

8
0.
52

5,
10

0,
51
4

0.
50

22
S
hi
zu
ok
a

D
13

,0
39

,3
79

0.
34

11
,0
21
,1
99

0.
30

11
,5
34
,5
49

0.
50

11
,1
45
,2
75

0.
38

10
,5
89

,9
89

0.
31

11
,3
79
,5
21

0.
31

11
,3
48

,1
02

0.
33

23
A
ic
hi

D
24

,4
67

,5
69

0.
42

10
,2
70

,8
82

0.
00

15
,1
74

,8
96

0.
22

15
,2
13

,8
27

0.
21

15
,8
72

,4
19

0.
17

17
,0
46

,6
23

0.
28

18
,2
92

,5
26

0.
35

24
M
ie

E
5,
93
8,
26
7

0.
13

2,
86
8,
86
2

0.
08

3,
07
5,
08

1
0.
09

2,
81
6,
78

5
0.
06

5,
12
9,
56

1
0.
18

4,
77
3,
85

1
0.
48

5,
52
1,
11
3

0.
39

25
S
hi
ga

E
4,
30
5,
64
5

0.
00

3,
72
6,
25
2

0.
00

3,
49
2,
78

8
0.
00

3,
38
3,
93

8
0.
00

3,
52
2,
40

3
0.
00

3,
85
7,
51

0
0.
00

3,
51

5,
93
7

0.
00

26
K
yo

to
E

5,
95
5,
01
1

0.
15

7,
03
6,
62
7

0.
39

7,
38
2,
77

9
0.
46

6,
54
7,
15

0
0.
43

6,
78
9,
38

9
0.
43

5,
92
2,
63

3
0.
37

6,
29

2,
07
2

0.
45

27
O
sa
ka

E
25

,0
46

,1
32

0.
00

20
,1
60

,2
47

0.
00

20
,0
74

,5
29

0.
29

19
,1
89

,9
94

0.
27

19
,6
82

,8
00

0.
23

17
,0
86

,2
65

0.
19

14
,9
22

,7
64

0.
17

28
H
yo

go
E

18
,0
92

,4
95

0.
46

18
,8
63

,6
04

0.
53

17
,6
79

,0
63

0.
54

19
,3
84

,0
93

0.
58

20
,7
96

,7
16

0.
58

16
,9
59

,1
25

0.
53

16
,3
11
,3
07

0.
56

29
N
ar
a

E
2,
44
7,
22
3

0.
00

1,
45
4,
05
8

0.
00

1,
50
1,
27

2
0.
00

1,
52
3,
51

6
0.
00

1,
59
4,
58

4
0.
00

1,
36
5,
92

9
0.
00

1,
50

9,
31
5

0.
00

30
W
ak
ay
am

a
E

2,
76
9,
81
9

0.
09

5,
61
8,
25
8

0.
48

5,
69
9,
38

8
0.
50

6,
18
7,
46

1
0.
54

5,
04
4,
03

3
0.
42

4,
21
7,
04

1
0.
39

3,
79

9,
69
0

0.
33

31
T
ot
to
ri

F
1,
90
3,
29
3

0.
00

2,
44
2,
05
7

0.
00

2,
50
9,
71

9
0.
00

2,
54
2,
35

4
0.
00

2,
59
4,
69

2
0.
00

1,
87
6,
44

4
0.
00

2,
05

2,
91
2

0.
00

32
S
hi
m
an
e

F
2,
48
5,
66
6

0.
22

3,
87
4,
89
0

0.
44

3,
50
1,
03

3
0.
31

2,
23
7,
07

9
0.
01

2,
33
3,
44

8
0.
04

2,
26
8,
38

1
0.
08

2,
14

0,
61
4

0.
06

33
O
ka
ya
m
a

F
7,
63
7,
23
2

0.
34

10
,8
19

,7
28

0.
60

10
,9
76

,4
51

0.
63

10
,9
77

,9
01

0.
64

11
,2
58
,7
57

0.
64

7,
98
5,
25

9
0.
45

8,
20

8,
58
3

0.
52

274 S. Honma and J.-L. Hu

D
ow

nl
oa

de
d 

by
 [

N
at

io
na

l C
hi

ao
 T

un
g 

U
ni

ve
rs

ity
 ]

 a
t 0

6:
25

 2
5 

A
pr

il 
20

14
 



34
H
ir
os
hi
m
a

F
9,
11
2,
81
5

0.
26

12
,6
87

,3
28

0.
53

13
,3
30

,9
46

0.
57

7,
62
0,
05

6
0.
25

7,
63
7,
66

0
0.
24

7,
59

3,
21
2

0.
38

8,
30

8,
90
6

0.
42

35
Y
am

ag
uc
hi

F
5,
94
9,
42
4

0.
26

6,
00
7,
17
7

0.
37

7,
90
8,
93

6
0.
55

7,
85
5,
86

4
0.
57

7,
66
5,
59

9
0.
55

7,
98

0,
13
1

0.
52

9,
99

5,
49
1

0.
65

36
T
ok

us
hi
m
a

G
2,
26
2,
51
6

0.
07

2,
32
2,
36
9

0.
06

2,
49
1,
04

5
0.
07

2,
51
2,
66

2
0.
06

2,
71
9,
47

3
0.
06

2,
44

0,
85
8

0.
12

2,
23

3,
16
2

0.
03

37
K
ag
aw

a
G

3,
48
8,
23
3

0.
13

3,
14
2,
46
0

0.
07

3,
21
8,
62

9
0.
08

3,
07
1,
00

2
0.
05

3,
21
3,
49

5
0.
06

2,
64

1,
40
7

0.
00

2,
48

5,
44
2

0.
00

38
E
hi
m
e

G
5,
39
2,
24
1

0.
31

9,
42
7,
22
3

0.
68

9,
35
3,
20

2
0.
70

9,
77
1,
54

0
0.
72

10
,0
92

,0
06

0.
73

11
,4
01

,3
30

0.
72

11
,3
53

,7
71

0.
73

39
K
ou

ch
i

G
1,
75
5,
61
8

0.
00

1,
98
1,
81
6

0.
01

1,
93
8,
29

5
0.
00

1,
91
0,
38

8
0.
00

2,
07
9,
10

9
0.
00

1,
74

7,
16
1

0.
03

1,
68

1,
97
9

0.
00

40
F
uk

uo
ka

H
13

,1
49

,6
33

0.
34

13
,5
04

,8
76

0.
41

13
,6
47

,4
69

0.
43

13
,5
96

,4
53

0.
45

14
,2
71

,5
19

0.
42

9,
48

4,
15
0

0.
36

10
,8
67

,0
15

0.
36

41
S
ag
a

H
2,
75
6,
10
9

0.
21

2,
96
1,
82
3

0.
09

3,
05
1,
27

1
0.
33

2,
94
3,
29

0
0.
00

3,
43
0,
53

6
0.
00

3,
44

8,
48
8

0.
34

3,
25

1,
95
2

0.
44

42
N
ag
as
ak
i

H
4,
14
6,
45
2

0.
22

3,
59
3,
75
3

0.
34

3,
76
3,
21
3

0.
40

3,
73
8,
27
5

0.
42

3,
79
7,
91
6

0.
42

4,
86
2,
81
8

0.
53

4,
80
8,
54
2

0.
48

43
K
um

am
ot
o

H
5,
78
8,
67
2

0.
35

6,
31
1,
68
4

0.
60

6,
90
7,
86

5
0.
64

6,
88
8,
15

8
0.
64

6,
83
8,
25

1
0.
60

6,
75

4,
04
0

0.
67

6,
81

3,
92
5

0.
63

44
O
it
a

H
4,
81
2,
43
4

0.
29

5,
26
5,
91
7

0.
38

5,
21
9,
25

4
0.
40

5,
07
2,
96

1
0.
39

5,
35
7,
78

3
0.
41

3,
57

4,
08
5

0.
09

4,
06

7,
62
2

0.
25

45
M
iy
az
ak
i

H
6,
04
6,
94
9

0.
54

6,
45
1,
22
1

0.
54

7,
04
8,
97

6
0.
63

6,
91
0,
84

2
0.
64

6,
98
3,
80

0
0.
67

7,
39
0,
01
1

0.
68

8,
01

2,
97
9

0.
68

46
K
ag
os
hi
m
a

H
8,
86
5,
61
4

0.
55

9,
30
4,
45
1

0.
73

11
,0
95
,2
34

0.
74

10
,7
07

,7
18

0.
77

8,
99
1,
41

4
0.
73

10
,6
31

,5
79

0.
81

10
,5
23

,7
80

0.
81

47
O
ki
na
w
a

H
3,
22
2,
78
8

0.
13

5,
17
3,
12
8

0.
38

3,
90
9,
92

1
0.
19

3,
85
8,
31

9
0.
53

3,
84
7,
24

1
0.
51

3,
67

7,
52
9

0.
60

3,
53

0,
66
5

0.
54

N
ot
es
:
1.

A
ct
ua
l
em

is
si
on

s
ar
e
in

to
ns
.

2.
A
ba
te
m
en
t
ra
ti
os

ar
e
pe
rc
en
ta
ge
s
te
rm

s.
3.

N
ot
at
io
ns

of
ar
ea
s
ar
e
as

fo
ll
ow

s:
A
,H

ok
ka
id
o;

B
,T

oh
ok
u;

C
,K

an
to
;
D
,C

hu
bu

;
E
,K

in
ki
;
F,
C
hu

go
ku
;
G
,S

hi
ko

ku
;
H
,K

yu
sh
u.

International Journal of Sustainable Development & World Ecology 275

D
ow

nl
oa

de
d 

by
 [

N
at

io
na

l C
hi

ao
 T

un
g 

U
ni

ve
rs

ity
 ]

 a
t 0

6:
25

 2
5 

A
pr

il 
20

14
 



T
ab
le
4.

A
ct
ua
l
em

is
si
on
s
an
d
ta
rg
et
ab
at
em

en
t
ra
ti
os

of
S
O
X
fo
r
re
gi
on
s
in

Ja
pa
n.

19
92

19
93

19
94

19
95

19
96

19
99

20
02

ID
R
eg
io
n

A
re
a

A
ct
ua
l

em
is
si
on

(t
)

A
ba
te
m
en
t

ra
ti
o

A
ct
ua
l

em
is
si
on

(t
)

A
ba
te
m
en
t

ra
ti
o

A
ct
ua
l

em
is
si
on

(t
)

A
ba
te
m
en
t

ra
ti
o

A
ct
ua
l

em
is
si
on

(t
)

A
ba
te
m
en
t

ra
ti
o

A
ct
ua
l

em
is
si
on

(t
)

A
ba
te
m
en
t

ra
ti
o

A
ct
ua
l

em
is
si
on

(t
)

A
ba
te
m
en
t

ra
ti
o

A
ct
ua
l

em
is
si
on

(t
)

A
ba
te
m
en
t

ra
ti
o

01
H
ok

ka
id
o

A
75

,0
34

0.
90

69
,7
74

0.
90

65
,0
49

0.
93

77
,1
43

0.
90

88
,7
57

0.
92

98
,0
97

0.
96

70
,9
30

0.
98

02
A
om

or
i

B
9,
50
6

0.
44

7,
45
7

0.
48

8,
42

3
0.
41

8,
58
6

0.
80

7,
73
7

0.
79

6,
74
9

0.
80

8,
67
1

0.
91

03
Iw

at
e

B
4,
58
6

0.
22

3,
80
6

0.
19

5,
58

9
0.
17

9,
90
3

0.
82

6,
61
7

0.
74

5,
44
3

0.
74

6,
48
2

0.
84

04
M
iy
ag
i

B
6,
76
0

0.
15

5,
08
0

0.
14

5,
01

4
0.
14

5,
98
9

0.
15

6,
89
4

0.
47

10
,9
20

0.
89

9,
88
4

0.
74

05
A
ki
ta

B
9,
20
3

0.
72

6,
88
0

0.
68

8,
35

4
0.
66

8,
72
3

0.
61

8,
24
3

0.
76

9,
32
0

0.
67

7,
27
3

0.
55

06
Y
am

ag
at
a

B
5,
06
9

0.
24

3,
36
6

0.
30

3,
51
1

0.
22

4,
38
9

0.
22

4,
42
8.
57

0.
55

5,
66
6

0.
62

4,
53
1

0.
32

07
F
uk

us
hi
m
a

B
21

,4
74

0.
63

19
,6
20

0.
65

23
,4
37

0.
65

27
,5
71

0.
61

25
,2
20

0.
80

36
,1
14

0.
88

35
,1
84

0.
85

08
Ib
ar
ak
i

C
44

,0
66

0.
82

35
,4
80

0.
81

47
,1
09

0.
85

41
,4
97

0.
76

36
,2
34

0.
84

30
,4
34

0.
92

30
,9
81

0.
96

09
T
oc
hi
gi

C
7,
72
6

0.
10

5,
25
1

0.
05

5,
78

6
0.
04

7,
79
1

0.
03

7,
41
7

0.
00

5,
37
4

0.
22

9,
17
2

0.
44

10
G
un

m
a

C
6,
49
1

0.
12

4,
68
0

0.
00

8,
47

7
0.
00

7,
37
4

0.
00

4,
86
6

0.
53

6,
09
1

0.
65

5,
42
5

0.
61

11
S
ai
ta
m
a

C
7,
72
6

0.
00

6,
80
6

0.
00

4,
23

1
0.
00

7,
19
1

0.
00

7,
87
7

0.
00

8,
97
4

0.
00

4,
94
0

0.
00

12
C
hi
ba

C
29

,6
74

0.
73

29
,7
43

0.
77

30
,9
69

0.
78

27
,3
37

0.
66

24
,9
20

0.
77

27
,5
34

0.
91

33
,3
81

0.
96

13
T
ok

yo
C

7,
72
9

0.
00

7,
27
4

0.
00

5,
68

0
0.
00

6,
00
9

0.
00

5,
18
6

0.
00

2,
99
4

0.
00

2,
39
9

0.
00

14
K
an
ag
aw

a
C

9,
74
9

0.
00

6,
03
1

0.
36

9,
38

6
0.
58

5,
36
3

0.
00

5,
98
9

0.
00

6,
42
9

0.
51

5,
59
1

0.
65

15
N
ii
ga
ta

D
22

,8
40

0.
68

20
,8
51

0.
67

23
,1
03

0.
68

30
,1
66

0.
66

24
,6
54

0.
77

20
,6
69

0.
94

22
,6
43

0.
81

16
T
oy

am
a

D
10

,8
26

0.
34

9,
68
9

0.
37

9,
55

4
0.
20

10
,2
71

0.
15

12
,2
34

0.
68

7,
29
4

0.
39

7,
28
4

0.
45

17
Is
hi
ka
w
a

D
4,
42
3

0.
50

4,
10
9

0.
07

4,
39

7
0.
57

5,
98
9

0.
50

5,
84
6

0.
66

7,
08
3

0.
69

5,
95
5

0.
65

18
F
uk

ui
D

6,
93
1

0.
00

5,
24
0

0.
00

5,
76

0
0.
00

6,
19
1

0.
30

5,
53
7

0.
49

5,
94
3

0.
54

6,
39
7

0.
56

19
Y
am

an
as
hi

D
2,
23
1

0.
00

1,
27
4

0.
00

84
9

0.
00

1,
88
6

0.
00

1,
19
1

0.
00

87
7

0.
00

1,
25
5

0.
00

20
N
ag
an
o

D
6,
66
0

0.
63

3,
68
3

0.
63

4,
63

1
0.
54

8,
64
3

0.
53

7,
06
6

0.
66

6,
17
4

0.
76

4,
96
3

0.
55

21
G
if
u

D
11
,0
80

0.
57

8,
14
9

0.
59

7,
59

4
0.
67

10
,7
29

0.
61

11
,6
51

0.
72

7,
62
3

0.
81

10
,3
73

0.
93

22
S
hi
zu
ok
a

D
11
,1
71

0.
36

10
,7
80

0.
39

9,
87

1
0.
67

12
,5
80

0.
37

9,
92
6

0.
53

10
,7
89

0.
41

9,
23
6

0.
46

23
A
ic
hi

D
30

,9
80

0.
75

29
,6
77

0.
00

25
,2
00

0.
70

24
,1
00

0.
61

23
,2
71

0.
79

21
,0
11

0.
77

17
,6
31

0.
76

24
M
ie

E
18

,7
20

0.
58

12
,6
91

0.
90

11
,8
09

0.
85

19
,4
34

0.
91

14
,7
31

0.
69

10
,7
43

0.
89

9,
06
0

0.
63

25
S
hi
ga

E
7,
94
0

0.
00

6,
92
3

0.
00

8,
50

6
0.
00

11
,2
71

0.
00

4,
84
6

0.
00

5,
92
0

0.
00

5,
27
0

0.
00

26
K
yo

to
E

3,
12
9

0.
02

3,
13
1

0.
02

3,
11
4

0.
02

3,
58
9

0.
04

3,
27
7

0.
37

2,
39
7

0.
09

2,
33
4

0.
36

27
O
sa
ka

E
4,
71
7

0.
00

2,
79
7

0.
00

3,
38

9
0.
08

4,
18
9

0.
08

3,
83
1

0.
07

3,
93
1

0.
28

2,
45
3

0.
11

28
H
yo

go
E

15
,6
46

0.
50

16
,9
00

0.
59

23
,8
60

0.
67

16
,1
31

0.
37

17
,0
91

0.
71

12
,2
71

0.
56

14
,2
47

0.
66

29
N
ar
a

E
1,
36
6

0.
00

1,
00
0

0.
00

1,
24

0
0.
00

1,
49
1

0.
00

1,
34
0

0.
00

1,
04
3

0.
00

69
6

0.
00

30
W
ak
ay
am

a
E

12
,2
09

0.
61

11
,1
03

0.
55

13
,6
23

0.
52

14
,4
26

0.
63

13
,7
83

0.
79

13
,9
06

0.
80

8,
96
8

0.
69

31
T
ot
to
ri

F
4,
99
4

0.
00

3,
73
7

0.
00

5,
40

9
0.
00

2,
01
4

0.
00

1,
86
0

0.
00

1,
06
3

0.
00

1,
46
6

0.
00

276 S. Honma and J.-L. Hu

D
ow

nl
oa

de
d 

by
 [

N
at

io
na

l C
hi

ao
 T

un
g 

U
ni

ve
rs

ity
 ]

 a
t 0

6:
25

 2
5 

A
pr

il 
20

14
 



32
S
hi
m
an
e

F
3,
63
7

0.
04

2,
66
3

0.
04

3,
57

4
0.
05

2,
75
4

0.
31

2,
92
3

0.
35

3,
40
0

0.
53

6,
18
0

0.
76

33
O
ka
ya
m
a

F
16
,9
03

0.
53

16
,1
49

0.
57

16
,0
23

0.
47

17
,4
77

0.
36

18
,3
46

0.
74

18
,2
91

0.
68

15
,8
40

0.
67

34
H
ir
os
hi
m
a

F
25

,9
37

0.
69

26
,3
40

0.
74

27
,0
40

0.
71

24
,9
11

0.
58

24
,9
09

0.
79

24
,2
69

0.
85

22
,5
91

0.
80

35
Y
am

ag
uc
hi

F
31

,2
69

0.
75

31
,3
71

0.
78

39
,1
46

0.
78

26
,8
00

0.
58

27
,1
31

0.
83

24
,8
03

0.
77

23
,3
49

0.
78

36
T
ok

us
hi
m
a

G
6,
64
3

0.
20

8,
29
1

0.
61

7,
06

3
0.
30

7,
55
1

0.
70

5,
99
7

0.
66

5,
02
9

0.
65

7,
18
6

0.
75

37
K
ag
aw

a
G

13
,0
11

0.
51

11
,9
63

0.
59

12
,2
57

0.
44

14
,1
74

0.
55

16
,2
60

0.
80

15
,2
51

0.
00

12
,3
61

0.
00

38
E
hi
m
e

G
20

,1
57

0.
65

19
,5
86

0.
75

19
,7
43

0.
70

33
,6
66

0.
79

33
,2
31

0.
91

22
,4
26

0.
80

25
,1
58

0.
83

39
K
ou

ch
i

G
2,
87
7

0.
00

2,
64
3

0.
01

2,
71

7
0.
00

2,
98
3

0.
00

2,
72
9

0.
00

3,
13
4

0.
66

1,
83
2

0.
00

40
F
uk

uo
ka

H
17

,4
46

0.
55

16
,7
26

0.
58

13
,6
37

0.
44

10
,4
86

0.
18

7,
44
0

0.
27

11
,3
91

0.
85

11
,4
44

0.
58

41
S
ag
a

H
4,
86
3

0.
12

4,
18
3

0.
08

4,
38

0
0.
21

3,
09
1

0.
00

3,
51
1

0.
00

3,
79
1

0.
53

3,
25
6

0.
63

42
N
ag
as
ak
i

H
21
,5
60

0.
83

19
,0
00

0.
84

20
,2
97

0.
84

17
,7
63

0.
77

18
,2
54

0.
88

21
,5
06

0.
87

16
,5
72

0.
83

43
K
um

am
ot
o

H
7,
26
9

0.
66

6,
40
3

0.
72

4,
83

7
0.
60

6,
82
0

0.
58

6,
99
7

0.
68

4,
98
3

0.
64

6,
18
1

0.
65

44
O
it
a

H
23

,9
26

0.
71

23
,9
51

0.
76

23
,3
86

0.
68

27
,9
11

0.
71

23
,7
54

0.
85

32
,0
11

0.
86

34
,5
54

0.
88

45
M
iy
az
ak
i

H
12

,4
51

0.
53

19
,9
20

0.
75

19
,9
17

0.
72

12
,2
06

0.
69

11
,3
51

0.
81

17
,4
66

0.
86

10
,7
31

0.
74

46
K
ag
os
hi
m
a

H
14
,1
03

0.
59

11
,6
71

0.
85

13
,9
74

0.
84

18
,0
23

0.
89

11
,5
74

0.
84

5,
89
1

0.
78

13
,2
83

0.
92

47
O
ki
na
w
a

H
20

,7
34

0.
75

20
,1
80

0.
80

19
,7
69

0.
73

18
,5
80

0.
91

18
,9
49

0.
92

16
,6
97

0.
94

19
,9
16

0.
96

N
ot
es
:
1.

A
ct
ua
l
em

is
si
on

s
ar
e
in

to
ns
.

2.
A
ba
te
m
en
t
ra
ti
os

ar
e
in

pe
rc
en
ta
ge

te
rm

s.
3.

N
ot
at
io
ns

of
ar
ea
s
ar
e
as

fo
ll
ow

s:
A
,H

ok
ka
id
o;

B
,T

oh
ok
u;

C
,K

an
to
;
D
,C

hu
bu

;
E
,K

in
ki
;
F,
C
hu

go
ku
;
G
,S

hi
ko

ku
;
H
,K

yu
sh
u.

International Journal of Sustainable Development & World Ecology 277

D
ow

nl
oa

de
d 

by
 [

N
at

io
na

l C
hi

ao
 T

un
g 

U
ni

ve
rs

ity
 ]

 a
t 0

6:
25

 2
5 

A
pr

il 
20

14
 



T
ab
le
5.

A
ct
ua
l
em

is
si
on
s
an
d
ta
rg
et
ab
at
em

en
t
ra
ti
os

of
N
O
X
fo
r
re
gi
on
s
in

Ja
pa
n.

19
92

19
93

19
94

19
95

19
96

19
99

20
02

ID
R
eg
io
n

A
re
a

A
ba
te
m
en
t

ra
ti
o

A
ct
ua
l

em
is
si
on

(t
)

A
ba
te
m
en
t

ra
ti
o

A
ct
ua
l

em
is
si
on

(t
)

A
ba
te
m
en
t

ra
ti
o

A
ct
ua
l

em
is
si
on

(t
)

A
ba
te
m
en
t

ra
ti
o

A
ct
ua
l

em
is
si
on

(t
)

A
ba
te
m
en
t

ra
ti
o

A
ct
ua
l

em
is
si
on

(t
)

A
ba
te
m
en
t

ra
ti
o

A
ct
ua
l

em
is
si
on

(t
)

A
ba
te
m
en
t

ra
ti
o

01
H
ok

ka
id
o

A
50

,7
66

0.
66

46
,0
27

0.
65

48
,5
30

0.
64

51
,5
18

0.
63

53
,6
66

0.
60

68
,6
10

0.
87

57
,4
98

0.
94

02
A
om

or
i

B
12

,3
91

0.
70

11
,2
52

0.
71

13
,8
76

0.
70

14
,2
33

0.
83

12
,4
08

0.
82

12
,0
13

0.
84

13
,6
83

0.
85

03
Iw

at
e

B
10

,3
95

0.
72

9,
68
3

0.
69

10
,0
05

0.
58

10
,2
02

0.
75

9,
88

2
0.
75

12
,6
50

0.
84

10
,6
68

0.
75

04
M
iy
ag
i

B
9,
81
4

0.
20

9,
27
8

0.
27

9,
69
9

0.
29

8,
47

7
0.
21

10
,2
45

0.
16

15
,3
75

0.
89

17
,5
25

0.
67

05
A
ki
ta

B
6,
38
9

0.
65

8,
01
1

0.
67

8,
70
5

0.
61

8,
47

7
0.
59

8,
86

7
0.
65

9,
67
0

0.
41

10
,6
52

0.
37

06
Y
am

ag
at
a

B
5,
54
5

0.
33

4,
97
0

0.
36

4,
95
9

0.
26

5,
08

5
0.
29

5,
52

2
0.
41

4,
54
5

0.
19

8,
62
7

0.
24

07
F
uk

us
hi
m
a

B
18

,4
78

0.
42

17
,9
95

0.
41

20
,0
74

0.
40

20
,2
22

0.
36

27
,2
76

0.
52

31
,3
50

0.
70

30
,0
83

0.
62

08
Ib
ar
ak
i

C
39

,7
76

0.
69

36
,0
94

0.
66

41
,3
03

0.
67

38
,7
61

0.
62

34
,6
89

0.
55

30
,5
22

0.
85

34
,9
39

0.
89

09
T
oc
hi
gi

C
8,
05
2

0.
07

7,
76
7

0.
05

8,
00
9

0.
04

9,
56

1
0.
12

6,
50

0
0.
00

8,
95
4

0.
04

12
,9
91

0.
13

10
G
un

m
a

C
3,
88
3

0.
01

2,
72
9

0.
00

3,
77
2

0.
00

3,
70

7
0.
00

2,
73

1
0.
01

3,
95
3

0.
05

6,
32
9

0.
22

11
S
ai
ta
m
a

C
20
,1
80

0.
00

18
,0
78

0.
00

18
,7
53

0.
00

20
,3
20

0.
00

23
,0
68

0.
00

20
,2
87

0.
00

17
,0
55

0.
00

12
C
hi
ba

C
55

,3
25

0.
78

49
,5
90

0.
75

49
,5
30

0.
72

50
,4
79

0.
70

48
,0
76

0.
68

55
,2
35

0.
91

53
,4
77

0.
93

13
T
ok

yo
C

12
,2
48

0.
00

12
,1
92

0.
00

11
,6
73

0.
00

11
,8
29

0.
00

11
,4
71

0.
00

8,
99
5

0.
00

8,
34
6

0.
00

14
K
an
ag
aw

a
C

9,
07
9

0.
00

7,
19
2

0.
01

10
,0
60

0.
02

7,
11
4

0.
00

8,
06

0
0.
00

23
,7
21

0.
70

22
,7
62

0.
71

15
N
ii
ga
ta

D
32

,3
23

0.
64

30
,7
54

0.
61

31
,5
02

0.
58

35
,1
51

0.
59

35
,9
52

0.
59

33
,0
30

0.
95

32
,0
77

0.
70

16
T
oy

am
a

D
12

,1
72

0.
37

11
,1
71

0.
28

11
,8
59

0.
24

12
,5
88

0.
26

11
,6
66

0.
22

11
,3
03

0.
21

10
,4
32

0.
18

17
Is
hi
ka
w
a

D
2,
19
5

0.
41

2,
16
4

0.
07

2,
73
5

0.
08

3,
56

9
0.
10

3,
75

2
0.
12

5,
32
5

0.
29

5,
26
3

0.
09

18
F
uk

ui
D

6,
59
8

0.
00

5,
72
3

0.
00

6,
71
1

0.
00

6,
94

7
0.
40

5,
58

2
0.
05

7,
85
3

0.
37

7,
43
4

0.
24

19
Y
am

an
as
hi

D
1,
11
9

0.
00

73
7

0.
00

71
7

0.
00

1,
30

4
0.
00

88
7

0.
00

1,
20
3

0.
00

1,
98
8

0.
00

20
N
ag
an
o

D
3,
90
6

0.
22

2,
25
9

0.
20

4,
67
6

0.
20

6,
91

2
0.
18

5,
57

8
0.
17

5,
51
8

0.
59

6,
71
1

0.
22

21
G
if
u

D
8,
60
9

0.
16

6,
54
9

0.
14

5,
63
3

0.
16

7,
32

5
0.
17

8,
56

3
0.
16

7,
09
7

0.
69

8,
69
9

0.
75

22
S
hi
zu
ok
a

D
12

,0
71

0.
10

12
,5
43

0.
09

5,
16
7

0.
04

11
,8
00

0.
06

12
,5
93

0.
07

15
,8
13

0.
12

20
,1
87

0.
38

23
A
ic
hi

D
32

,8
90

0.
67

32
,4
55

0.
00

34
,0
91

0.
66

34
,3
95

0.
65

34
,2
15

0.
65

34
,4
12

0.
67

35
,6
89

0.
71

24
M
ie

E
23

,3
18

0.
54

22
,2
57

0.
93

23
,7
15

0.
88

32
,3
11

0.
94

23
,1
25

0.
51

23
,2
28

0.
93

25
,0
78

0.
70

25
S
hi
ga

E
10

,2
25

0.
00

10
,3
15

0.
00

11
,5
92

0.
00

12
,2
87

0.
00

12
,0
81

0.
00

12
,5
33

0.
00

11
,4
47

0.
00

26
K
yo

to
E

4,
08
7

0.
11

4,
01
5

0.
02

3,
96
3

0.
02

5,
01

9
0.
19

4,
79

1
0.
30

6,
30
0

0.
36

4,
41
1

0.
13

27
O
sa
ka

E
12

,5
35

0.
00

11
,0
28

0.
00

10
,7
24

0.
45

13
,6
01

0.
47

12
,8
82

0.
42

15
,4
94

0.
56

13
,9
44

0.
55

28
H
yo

go
E

35
,3
79

0.
70

39
,8
17

0.
73

35
,9
62

0.
68

34
,0
87

0.
64

34
,4
75

0.
65

31
,1
67

0.
62

23
,7
23

0.
54

29
N
ar
a

E
1,
08
0

0.
00

1,
10
5

0.
00

1,
60
6

0.
00

1,
49

7
0.
00

1,
23

6
0.
00

1,
12
1

0.
00

1,
89
1

0.
00

30
W
ak
ay
am

a
E

12
,0
57

0.
67

11
,2
13

0.
57

13
,0
83

0.
58

13
,1
47

0.
60

12
,8
16

0.
57

12
,9
19

0.
60

10
,0
05

0.
43

31
T
ot
to
ri

F
1,
47
2

0.
00

1,
36
8

0.
00

2,
11
7

0.
00

1,
49

9
0.
00

1,
97

1
0.
00

94
5

0.
00

2,
57
3

0.
00

32
S
hi
m
an
e

F
3,
99
6

0.
04

2,
76
4

0.
59

3,
53
0

0.
57

3,
73

5
0.
61

3,
67

4
0.
04

3,
61
6

0.
39

7,
44
2

0.
63

278 S. Honma and J.-L. Hu

D
ow

nl
oa

de
d 

by
 [

N
at

io
na

l C
hi

ao
 T

un
g 

U
ni

ve
rs

ity
 ]

 a
t 0

6:
25

 2
5 

A
pr

il 
20

14
 



33
O
ka
ya
m
a

F
34
,2
70

0.
70

32
,6
21

0.
68

36
,2
25

0.
68

49
,1
36

0.
75

49
,3
37

0.
76

41
,6
57

0.
70

38
,1
08

0.
70

34
H
ir
os
hi
m
a

F
24

,7
62

0.
56

24
,0
90

0.
55

23
,6
51

0.
48

27
,1
63

0.
51

26
,9
02

0.
51

27
,8
57

0.
72

30
,6
72

0.
67

35
Y
am

ag
uc
hi

F
59

,3
46

0.
83

58
,1
49

0.
82

57
,9
81

0.
80

60
,0
03

0.
80

58
,8
51

0.
80

56
,6
15

0.
78

56
,6
35

0.
80

36
T
ok

us
hi
m
a

G
8,
22
9

0.
71

1,
74
6

0.
06

9,
09
3

0.
70

9,
11
2

0.
79

7,
62

9
0.
66

7,
10
7

0.
64

12
,6
97

0.
72

37
K
ag
aw

a
G

8,
90
6

0.
37

9,
49
8

0.
45

8,
29
6

0.
21

9,
19

8
0.
29

9,
92

9
0.
35

10
,2
14

0.
00

9,
61
7

0.
00

38
E
hi
m
e

G
16

,5
83

0.
54

16
,1
51

0.
56

16
,2
36

0.
51

18
,2
40

0.
57

19
,2
81

0.
66

17
,8
11

0.
49

18
,1
80

0.
51

39
K
ou

ch
i

G
9,
26
4

0.
00

8,
74
8

0.
83

10
,5
53

0.
00

11
,1
61

0.
00

10
,4
98

0.
00

9,
04
0

0.
89

9,
42
6

0.
00

40
F
uk

uo
ka

H
30

,7
58

0.
65

34
,7
07

0.
68

29
,7
87

0.
58

31
,8
65

0.
63

24
,5
16

0.
43

44
,6
36

0.
93

39
,8
93

0.
72

41
S
ag
a

H
2,
41
5

0.
11

1,
85
2

0.
07

2,
02
3

0.
08

1,
80

7
0.
00

2,
00

8
0.
00

2,
85
9

0.
07

2,
80
5

0.
20

42
N
ag
as
ak
i

H
25
,1
34

0.
83

21
,8
64

0.
80

23
,6
63

0.
80

23
,2
77

0.
80

23
,4
70

0.
83

25
,1
38

0.
79

32
,9
84

0.
81

43
K
um

am
ot
o

H
3,
95
7

0.
20

3,
30
2

0.
21

3,
97
2

0.
21

4,
66

6
0.
23

5,
28

8
0.
23

6,
09
5

0.
51

7,
36
0

0.
32

44
O
it
a

H
32

,8
45

0.
79

32
,4
34

0.
78

28
,0
44

0.
71

34
,4
22

0.
76

33
,1
02

0.
76

27
,1
83

0.
67

30
,6
89

0.
72

45
M
iy
az
ak
i

H
5,
60
0

0.
22

5,
56
7

0.
15

5,
80
8

0.
16

5,
72

7
0.
37

5,
66

4
0.
43

5,
87
1

0.
24

7,
42
2

0.
22

46
K
ag
os
hi
m
a

H
9,
59
6

0.
46

10
,3
13

0.
72

10
,4
47

0.
66

11
,7
48

0.
74

9,
52
2

0.
70

5,
73
4

0.
70

17
,9
71

0.
86

47
O
ki
na
w
a

H
13

,6
25

0.
80

13
,5
82

0.
81

15
,1
68

0.
79

15
,9
50

0.
91

15
,4
00

0.
91

14
,6
87

0.
93

21
,0
20

0.
90

N
ot
es
:
1.

A
ct
ua
l
em

is
si
on

s
ar
e
in

to
ns
.

2.
A
ba
te
m
en
t
ra
ti
os

ar
e
in

pe
rc
en
ta
ge

te
rm

s.
3.

N
ot
at
io
ns

of
ar
ea
s
ar
e
as

fo
ll
ow

s:
A
,H

ok
ka
id
o;

B
,T

oh
ok
u;

C
,K

an
to
;
D
,C

hu
bu

;
E
,K

in
ki
;
F,
C
hu

go
ku
;
G
,S

hi
ko

ku
;
H
,K

yu
sh
u.

International Journal of Sustainable Development & World Ecology 279

D
ow

nl
oa

de
d 

by
 [

N
at

io
na

l C
hi

ao
 T

un
g 

U
ni

ve
rs

ity
 ]

 a
t 0

6:
25

 2
5 

A
pr

il 
20

14
 



T
ab
le
6.

A
ct
ua
l
em

is
si
on
s
an
d
ta
rg
et
ab
at
em

en
t
ra
ti
os

of
so
ot

an
d
du
st
fo
r
re
gi
on
s
in

Ja
pa
n.

19
92

19
93

19
94

19
95

19
96

19
99

20
02

ID
R
eg
io
n

A
re
a

A
ct
ua
l

em
is
si
on

(t
)

A
ba
te
m
en
t

ra
ti
o

A
ct
ua
l

em
is
si
on

(t
)

A
ba
te
m
en
t

ra
ti
o

A
ct
ua
l

em
is
si
on

(t
)

A
ba
te
m
en
t

ra
ti
o

A
ct
ua
l

em
is
si
on

(t
)

A
ba
te
m
en
t

ra
ti
o

A
ct
ua
l

em
is
si
on

(t
)

A
ba
te
m
en
t

ra
ti
o

A
ct
ua
l

em
is
si
on

(t
)

A
ba
te
m
en
t

ra
ti
o

A
ct
ua
l

em
is
si
on

(t
)

A
ba
te
m
en
t

ra
ti
o

01
H
ok

ka
id
o

A
9,
18

6
0.
81

9,
88

1
0.
84

9,
54
7

0.
84

9,
35
0

0.
78

8,
38
1

0.
74

8,
37
9

0.
90

6,
49

1
0.
97

02
A
om

or
i

B
1,
80

2
0.
61

1,
54

6
0.
62

1,
81
2

0.
65

1,
38
1

0.
70

1,
51
7

0.
73

1,
58
7

0.
87

1,
18

8
0.
88

03
Iw

at
e

B
95

3
0.
45

99
5

0.
51

83
7

0.
26

82
7

0.
48

1,
09
9

0.
61

1,
62
3

0.
86

78
8

0.
79

04
M
iy
ag
i

B
1,
72

0
0.
54

1,
76

7
0.
62

1,
47
7

0.
60

1,
58
8

0.
56

1,
57
8

0.
45

3,
46
8

0.
95

1,
23

5
0.
76

05
A
ki
ta

B
1,
98

0
0.
82

10
71
.0
0

0.
71

1,
84
0

0.
82

2,
85
7

0.
81

2,
12
1

0.
79

99
2

0.
61

81
3

0.
53

06
Y
am

ag
at
a

B
1,
50

1
0.
68

1,
38

5
0.
76

1,
29
6

0.
75

55
5

0.
22

75
3

0.
40

1,
27
6

0.
79

47
6

0.
24

07
F
uk

us
hi
m
a

B
2,
67

2
0.
65

2,
69

2
0.
67

4,
45
9

0.
81

3,
97
3

0.
75

4,
42
7

0.
74

2,
22
2

0.
73

1,
82

4
0.
71

08
Ib
ar
ak
i

C
3,
18

7
0.
64

2,
79

2
0.
62

3,
05
6

0.
67

2,
90
8

0.
56

2,
97
6

0.
51

1,
94
4

0.
78

1,
81

6
0.
86

09
T
oc
hi
gi

C
1,
27

8
0.
34

1,
67

0
0.
58

1,
44
3

0.
58

1,
23
7

0.
43

1,
09
6

0.
00

61
1

0.
10

56
4

0.
06

10
G
un

m
a

C
92

9
0.
18

58
3

0.
00

64
1

0.
00

88
2

0.
00

47
0

0.
01

33
2

0.
21

28
7

0.
09

11
S
ai
ta
m
a

C
2,
00
6

0.
00

1,
73

8
0.
00

1,
57
3

0.
00

2,
18
3

0.
00

2,
30
5

0.
00

1,
84
5

0.
00

1,
13

6
0.
00

12
C
hi
ba

C
3,
88

3
0.
64

3,
84

2
0.
65

4,
01
8

0.
70

3,
92
0

0.
64

3,
42
8

0.
58

2,
75
7

0.
84

2,
42

7
0.
91

13
T
ok

yo
C

3,
60

9
0.
00

3,
35

4
0.
00

2,
47
9

0.
00

2,
11
4

0.
00

1,
13
5

0.
00

55
3

0.
00

38
8

0.
00

14
K
an
ag
aw

a
C

1,
01

7
0.
00

1,
58

1
0.
09

2,
06
3

0.
38

60
4

0.
00

57
0

0.
00

1,
25
1

0.
53

1,
17

3
0.
67

15
N
ii
ga
ta

D
2,
40

1
0.
57

2,
12

2
0.
52

1,
79
4

0.
47

2,
74
1

0.
57

2,
20
0

0.
40

1,
46
6

0.
87

1,
96

7
0.
77

16
T
oy

am
a

D
2,
42

2
0.
70

1,
32

4
0.
47

1,
56
5

0.
56

1,
51
1

0.
39

1,
51
2

0.
43

78
5

0.
27

89
9

0.
51

17
Is
hi
ka
w
a

D
56

4
0.
44

57
1

0.
08

57
7

0.
51

48
9

0.
15

66
2

0.
31

30
0

0.
08

52
9

0.
51

18
F
uk

ui
D

3,
20

5
0.
00

2,
83

1
0.
00

3,
50
6

0.
00

81
1

0.
03

82
2

0.
20

79
6

0.
58

65
3

0.
47

19
Y
am

an
as
hi

D
26

4
0.
00

25
5

0.
00

31
8

0.
00

30
4

0.
00

32
2

0.
00

20
9

0.
00

10
5

0.
00

20
N
ag
an
o

D
92

8
0.
46

66
2

0.
44

95
8

0.
55

1,
38
6

0.
53

1,
03
0

0.
42

58
6

0.
64

56
0

0.
51

21
G
if
u

D
1,
87

9
0.
61

1,
34

7
0.
57

1,
36
1

0.
66

1,
34
2

0.
50

1,
58
8

0.
51

1,
06
5

0.
78

1,
49

4
0.
90

22
S
hi
zu
ok
a

D
1,
34

5
0.
10

1,
37

2
0.
15

1,
78
1

0.
64

1,
50
0

0.
29

3,
01
5

0.
63

1,
93
3

0.
48

1,
66

1
0.
60

23
A
ic
hi

D
3,
02

4
0.
41

3,
01

0
0.
00

2,
28
3

0.
41

2,
42
4

0.
46

2,
00
4

0.
47

2,
44
2

0.
71

2,
20

3
0.
78

24
M
ie

E
2,
64

5
0.
65

2,
43

4
0.
87

2,
27
0

0.
84

1,
95
4

0.
79

1,
90
3

0.
45

2,
18
7

0.
92

1,
49

4
0.
75

25
S
hi
ga

E
82

4
0.
00

78
7

0.
00

74
3

0.
00

83
7

0.
00

1,
02
5

0.
00

78
3

0.
00

53
6

0.
00

26
K
yo

to
E

1,
10

0
0.
45

98
1

0.
40

88
2

0.
45

57
0

0.
05

50
5

0.
06

40
6

0.
19

66
4

0.
67

27
O
sa
ka

E
1,
45

7
0.
00

1,
88

1
0.
00

1,
63
1

0.
18

1,
84
1

0.
32

1,
51
5

0.
45

1,
40
4

0.
63

1,
13

9
0.
73

28
H
yo

go
E

2,
54

7
0.
47

3,
03

2
0.
57

5,
64
6

0.
81

3,
35
5

0.
67

3,
78
3

0.
72

2,
03
0

0.
63

82
3

0.
38

29
N
ar
a

E
24

4
0.
00

19
4

0.
00

21
8

0.
00

32
5

0.
00

32
1

0.
00

14
6

0.
00

13
4

0.
00

30
W
ak
ay
am

a
E

1,
03

8
0.
09

1,
11
0

0.
48

1,
38
2

0.
56

1,
14
8

0.
14

1,
22
2

0.
46

1,
02
9

0.
66

1,
03

7
0.
66

31
T
ot
to
ri

F
51

8
0.
00

44
8

0.
00

52
9

0.
00

1,
13
2

0.
00

47
2

0.
00

97
0.
00

24
6

0.
00

32
S
hi
m
an
e

F
99

3
0.
46

71
0

0.
51

72
8

0.
40

70
6

0.
01

68
5

0.
28

25
9

0.
34

48
1

0.
51

33
O
ka
ya
m
a

F
4,
35
6

0.
79

4,
30
7

0.
80

4,
33
7

0.
82

4,
40
8

0.
80

4,
57
3

0.
78

4,
84
2

0.
84

3,
44
7

0.
85

34
H
ir
os
hi
m
a

F
3,
42

4
0.
69

3,
63

7
0.
72

4,
42
8

0.
79

3,
42
5

0.
69

3,
38
5

0.
65

4,
16
6

0.
88

4,
67

1
0.
90

280 S. Honma and J.-L. Hu

D
ow

nl
oa

de
d 

by
 [

N
at

io
na

l C
hi

ao
 T

un
g 

U
ni

ve
rs

ity
 ]

 a
t 0

6:
25

 2
5 

A
pr

il 
20

14
 



35
Y
am

ag
uc
hi

F
5,
09

0
0.
84

5,
41

5
0.
85

5,
88
9

0.
87

5,
19
6

0.
84

4,
21
0

0.
76

3,
17
0

0.
76

2,
84

6
0.
81

36
T
ok

us
hi
m
a

G
1,
14

1
0.
30

90
9

0.
41

1,
17
1

0.
24

2,
34
1

0.
59

78
2

0.
37

46
8

0.
59

68
0

0.
61

37
K
ag
aw

a
G

96
4

0.
31

1,
06

0
0.
46

1,
17
1

0.
46

1,
04
5

0.
07

1,
13
0

0.
37

73
5

0.
00

74
5

0.
00

38
E
hi
m
e

G
2,
14

1
0.
65

1,
95

0
0.
70

2,
23
2

0.
75

2,
95
5

0.
79

2,
82
4

0.
76

1,
94
3

0.
70

1,
57

5
0.
71

39
K
ou

ch
i

G
77

9
0.
00

73
2

0.
37

54
4

0.
00

67
9

0.
00

74
7

0.
00

39
5

0.
71

21
4

0.
00

40
F
uk

uo
ka

H
2,
22

7
0.
44

1,
76

8
0.
32

1,
55
9

0.
31

1,
93
9

0.
42

1,
75
0

0.
27

2,
84
1

0.
90

2,
37

2
0.
78

41
S
ag
a

H
49

8
0.
08

55
2

0.
13

61
0

0.
37

34
6

0.
00

30
9

0.
00

35
0

0.
43

19
3

0.
06

42
N
ag
as
ak
i

H
2,
52
9

0.
82

2,
89
9

0.
86

4,
09
6

0.
91

1,
95
1

0.
75

2,
01
8

0.
75

1,
88
7

0.
80

1,
41
3

0.
76

43
K
um

am
ot
o

H
1,
15

8
0.
62

91
9

0.
62

1,
30
2

0.
74

1,
19
2

0.
60

1,
03
8

0.
49

86
6

0.
71

85
7

0.
69

44
O
it
a

H
2,
45

5
0.
71

2,
27

1
0.
71

1,
99
9

0.
67

1,
46
7

0.
36

1,
55
5

0.
48

62
3

0.
09

89
6

0.
50

45
M
iy
az
ak
i

H
92

1
0.
33

90
1

0.
36

1,
00
8

0.
47

70
6

0.
16

64
1

0.
23

55
6

0.
43

62
9

0.
45

46
K
ag
os
hi
m
a

H
1,
75
5

0.
57

1,
63
0

0.
79

2,
02
2

0.
80

3,
12
5

0.
85

1,
15
3

0.
59

38
9

0.
50

2,
36
3

0.
93

47
O
ki
na
w
a

H
1,
68

9
0.
64

1,
59

5
0.
66

1,
68
2

0.
64

2,
01
2

0.
73

2,
17
2

0.
83

5,
09
1

0.
97

60
9

0.
74

N
ot
es
:
1.

A
ct
ua
l
em

is
si
on

s
ar
e
in

to
ns
.

2.
A
ba
te
m
en
t
ra
ti
os

ar
e
in

pe
rc
en
ta
ge

te
rm

s.
3.

N
ot
at
io
ns

of
ar
ea
s
ar
e
as

fo
ll
ow

s:
A
,H

ok
ka
id
o;

B
,T

oh
ok
u;

C
,K

an
to
;
D
,C

hu
bu

;
E
,K

in
ki
;
F,
C
hu

go
ku
;
G
,S

hi
ko

ku
;
H
,K

yu
sh
u.

International Journal of Sustainable Development & World Ecology 281

D
ow

nl
oa

de
d 

by
 [

N
at

io
na

l C
hi

ao
 T

un
g 

U
ni

ve
rs

ity
 ]

 a
t 0

6:
25

 2
5 

A
pr

il 
20

14
 



and Kagoshima (46) had target abatement ratios higher than
40% throughout the study period. Japan is divided into eight
areas that will be referred to later, and each area includes
several prefectures, except for Hokkaido area, which covers
only Hokkaido (01), Japan’s second largest island at the
northern end of the country. Most regions in Japan have
significant room to reduce their industrial waste. Hokkaido
(01) is the least efficient region in all years and for all forms
of wastes and pollutants. In addition, its target abatement
ratios have worsened significantly over the last 2 years
studied. Almost all prefectures in the Tohoku and Kyushu
areas are inefficient in terms of industrial waste production,
and this inefficiency worsened over the course of the study.
In contrast, the Shikoku area was relatively efficient during
the study period.

Sulfur oxides

Table 4 and Figure 3 describe the average sulfur oxide
(SOX) emission abatement ratios in each region and area,
respectively. There are 19 regions where sulfur dioxide
emission target abatement ratios remained higher than
50% throughout the study. In particular, Hokkaido (01),
Fukushima (07), Ibaraki (08), Chiba (12), Niigata (15),
Ehime (38), Nagasaki (42), Oita (44), and Okinawa (47)
always had target abatement ratios higher than 60%. Most

regions in Japan have significant room to reduce their sulfur
oxide emissions. Almost all prefectures in the Tohoku and
Kyushu areas are inefficient for SOX as well as industrial
waste. The Kanto and Kinki areas were relatively efficient
during the study period.

Nitrogen oxides

Figure 4 and Table 5 describe the average nitrogen oxide
(NOX) emission abatement ratios in each region and area,
respectively. There are 13 regions where nitrogen dioxide
emission target abatement ratios remained higher than 50%
throughout the study. In particular, Aomori (02), Chiba (12),
Okayama (33), Yamaguchi (35), Nagasaki (42), Oita (44),
and Okinawa (47) always had target abatement ratios higher
than 60%. Most regions in Japan have much room to reduce
their NOX pollution emissions. However, the Kanto and
Chubu areas were relatively efficient during the study
period.

Soot and dust

Table 6 and Figure 5 describe the average soot and dust
emission abatement ratios in each region and area, resp-
ectively. There are 12 regions where soot and dust
emission target abatement ratios remained higher than

Figure 2. Average target abatement ratios for industrial waste production in the eight areas of Japan.

Figure 3. Average target abatement ratios for sulfur oxides production in the eight areas of Japan.
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50% throughout the study. In particular, Hokkaido (01),
Aomori (02), Fukushima (07), Okayama (33), Hiroshima
(34), Yamaguchi (35), Ehime (38), Nagasaki (42), and
Okinawa (47) always had target abatement ratios higher
than 60%. Most regions in Japan have much room to reduce
their soot and dust emissions. In contrast, the Kanto area
was relatively efficient during the study period.

Relationship between regional waste efficiency and
energy-intensive industry

Energy-intensive industries emit carbon dioxide and other
pollutants, use materials, and produce industrial solid
wastes. They should be given particular attention because
of their impact on human health and the environment. We
now consider the relationship between regional waste effi-
ciency and the extent of energy-intensive industry. In this
paper, chemical, ceramic, iron and steel, metal products, and
pulp and paper industries are regarded as energy-intensive
industries. Prefectures are divided into four groups based on
the average ratio of a region’s GDP from energy-intensive
industries during the study period. Although the results in
1997, 1998, 2000, and 2001 are missing, we calculated the
average ratios for energy-intensive industries based on the
average from 1992 to 2002, including the above 4 years.
The groups are as follows: the rates of the group A regions

are higher than 10%, group B regions lie between 7.5% and
10%, group C regions lie between 5% and 7.5%, and group
D regions are less than 5%. Figure 6 depicts the average
target abatement ratios in each group. Groups C and D,
where energy-intensive industries dominate, are less effi-
cient than Groups A and B, where they do not.

Relationship between regional waste efficiency and
per capita income

We next consider the relationship between per capita
income and waste efficiency. The regions are divided into
four groups based on the average per capita income at 1995
market prices. As in the case of energy-intensive industries,
we calculated the average per capita income based on the
average throughout the 11 years from 1992. The groups are
as follows: low income, 2.5 million yen or less; lower
middle income, 2.5–2.75million yen; upper middle income,
2.75–3.0 million yen; and high income, 3.0 million yen or
more. Figure 7 depicts the average target abatement ratios in
each group. The low-income group has relatively high
average target abatement ratios, whereas the high-income
group has relatively low ratios. In particular, the average
target abatement ratios of the bottom quartile are around
twice as high as those of the top quartile. Figure 7 suggests
that economic growth may improve environmental quality.

Figure 4. Average target abatement ratios for nitrogen oxide production in the eight areas of Japan.

Figure 5. Average target abatement ratios for soot and dust production in the eight areas of Japan.
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When arranged according to average per capita income
during the study period, the six most efficient regions –
Saitama (11), Tokyo (13), Yamanashi (19), Shiga (25),
Nara (29), and Tottori (31) – are ranked, respectively as
8th, 1st, 22nd, 5th, 25th, and 33rd out of 47 regions.
Interestingly, there are two patterns in the efficient regions.
First, some regions operate at the efficiency frontier with
high income, such as Saitama (11), Tokyo (13), and Shiga
(25). Second, other regions operate at the efficiency frontier
with lower or upper middle income, such as Yamanashi
(19), Nara (29), and Tottori (31).

Concluding remarks

This study used DEA to analyze regional waste efficiency
in Japan. The efficiency frontier is constructed using
DEA based on data on waste emissions and other inputs. A
data set of 47 prefectures in Japan for the period 1992–2002
was constructed. There are seven inputs, three production

factors (labor employment, and private and public capital
stocks) and four waste emissions (industrial waste, sulfur
oxide, nitrogen oxide, and soot and dust). GDP was the
sole output. Following Fukao and Yue (2000), data on private
and social capital stocks are extended. All nominal variables
are transformed into real variables at 1995 prices.

Saitama (11), Tokyo (13), Yamanashi (19), Shiga (25),
Nara (29), and Tottori (31) always have zero target abate-
ment ratios for industrial waste and air pollutants. This
implies that they operate on the Japanese efficiency frontier.
Interestingly, they can be broken down into two major
categories: high-income regions and lower or upper middle
regions. Hokkaido (01) was the least efficient region for all
years studied and for all waste and pollutant categories, and
its target abatement ratios fell significantly in the last two
years studied. After Hokkaido, the Tohoku and Kyushu
areas are less efficient than other areas. The government
should promote recycling of waste and reducing air pollu-
tion. Many regions in the top quartile with respect to per
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capita income have lower target abatement ratios, suggest-
ing that economic growth may contribute to mitigating
environmental load. These results indicate that several
regions in Japan can substantially reduce pollution and
waste without reducing economic performance. Japan
could improve the production efficiency of these regions
by using the efficient regions as a reference.
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