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a b s t r a c t

This study investigates the resource consumption of Japanese society since 1979 and its subsequent

effects on the economic output of the nation and the environment. In order to quantify resource

appropriation and trends in production and consumption, the concept of emergy synthesis is employed.

Our results show a significant increase in the total amount of emergy consumed by 66.9% between 1979

and 2003 which comes hand in hand with an increase in the level of environmental stress by 93.7%

(quantified as the environmental loading ratio). On the other hand the emergy required to produce 1

USD of economic output has been gradually decreasing which denotes an increase in the efficiency of

the conversion of natural capital into economic output. What is most interesting though is the growing

dependence of the Japanese economy on imported emergy, increasingly from developing nations, that

severely affects the potential for unhindered economic growth. This can prove to be a big barrier that

could affect the resource security of the Japanese economy and render it susceptible to risks associated

with access to natural resources which in turn can jeopardise its long-term economic sustainability.

& 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Japan is currently the second largest economy and home to one
of the most affluent populations on the planet (IMF, 2008)
achieving this economic prominence in just a few decades. Even
though there has been a constant, albeit late, industrialisation of
the country since the Meiji period, most of the population was
rural until the mid of the 20th Century. The Japanese economy has
traditionally been agricultural and what industry existed was
heavily damaged during World War II. However, after the end of
the war, the Japanese economy grew at unprecedented rates,
averaging 9.3% in the 1960s, 5.2% in the 1970s and 4.1% in the
1980s (MIAC, 2008a). In this respect, Japan has been perhaps one
of the most successful post war economies.

Japan is also one of the biggest energy consumers in the world.
As of 2007, Japan consumed 22087.9 PJ of energy which made it
the fifth largest consumer of energy and the third largest
consumer/producer of electricity in the world (OECD, 2008a).
Even though energy consumption by industry, transport and
agriculture/forestry has levelled off, or even decreased, the energy
consumed by households and the service sector is increasing
continuously (refer to Fig. 1). For electricity generation, thermal
processes and nuclear power plants constitute the main sources of
electricity in the country accounting for 63.7% and 25.5% of the
electricity produced in 2005 (MIAC, 2008b), refer to Fig. 2. On the
ll rights reserved.

Gasparatos),
other hand, renewable sources such as hydro and wind power
have remained more or less constant in the electricity fuel mix
over the past decades despite the commitment of the country to
reduce its greenhouse gas (GHG) emissions. It is interesting to
note in Fig. 2 that hydropower constituted the single largest
source of electricity until the mid sixties.

However, despite its large energy consumption, the country
lacks any significant fossil fuel reserves with inland fossil fuel
production amounting to a modest 151.3 PJ in 2005 (OECD,
2008a). At the same time and due to poor planning, the country,
unlike other energy poor countries like Italy and France has failed
to secure active presence in foreign oil markets through a strong
national oil company (Koike et al., 2008). Nevertheless, Japan has
managed to become one of the major exporters of petroleum
products, chemicals, steel and finished goods, such as cars,
exhibiting the third highest account balance in the world as of
2007 (IMF, 2008). Production of these commodities is highly
resource intensive which makes the Japanese economy vulnerable
to resource supply interruptions. In fact the country experienced
negative economic growth on the aftermath of the first oil crisis
and an economic slowdown during the second crisis (MIAC,
2008a). This is very interesting considering that this negative
economic growth happened amidst the 1970s and 1980s, two of
the decades that constituted the so-called ‘‘Japanese miracle’’,
when the Japanese economy experienced constant economic
growth. Nevertheless the academic community is uncertain
whether there is a causal relationship between energy consump-
tion and economic growth in Japan and whether the economic
downturn experienced during the two oil crises was a direct effect
of the crises themselves. For example, (Soytas and Sari, 2003) and
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Fig. 1. Consumption of energy (in J) by final demand sector. Source (OECD, 2008a).

Fig. 2. Generated electricity (in J) by source. Source (OECD, 2008a).
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(Erol and Yu, 1987) suggest that indeed greater energy consump-
tion has resulted in a greater economic output for the Japanese
economy. Lee (2006) on the other hand suggests reverse uni-
directional causality from gross domestic product (GDP) to energy
consumption.

Japan is also increasingly becoming dependant on other
countries for its food. Since 1960, self-sufficiency ratios for most
food categories have significantly decreased, with the exception of
rice, (MIAC, 2008c). At the same time, the country’s mountainous
terrain, large forested area (about two thirds of the country) and
high land prices renders the expansion of farm land difficulty. As a
result Japan has resorted to (a) intensifying its domestic produc-
tion and (b) increasing imports of food and foodstuff from other
countries. Gadda and Gasparatos, (2009) report strong indications
of intensification in the livestock sector and estimate 7.8 cattle per
hectare in 2005 (up from 2.4 cattle per hectare in 1970) and 350.5
pigs per hectare (up from 35.5 pigs per hectare in 1970).
Furthermore, Food and Agriculture Organization estimates sug-
gest a massive increase of imported food between 1961 and 2003.
Japanese food production increased only slightly (by 4.9%) in that
period, while imports increased by 521.4% and reached 59442.7
thousand tonnes which was actually more than the entire
production of the country for that year (FAO, 2008). Both
intensification of agriculture and imports of food make the
Japanese society increasingly dependent on other countries both
for food products (food and feed) as well as agricultural materials
(e.g. natural resources for agrochemicals).

All of the above evidence highlights a highly developed
economy that is nevertheless depending on other countries
to obtain the natural resources required to fuel its economy. It is
no wonder that Japan’s overarching energy policy concern as it
was laid down in the 2006 national energy strategy is energy
security (METI, 2006). Two indicators of this ever growing
concern are the facts that Japan, as of January 2008, stockpiled
oil equivalent to 151 days of net imports (International Energy
Agency (IEA)’s import requirement is 90 days) and the signing of
an oil stock agreement with the government of New Zealand
(OECD, 2008b).
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Oddly enough and despite this prominence of energy security
in Japanese energy policy, dependency on imported natural
resources has been overlooked in the literature regarding the
reasons behind economic growth. The standard economic litera-
ture that attempts to explain Japan’s remarkable economic growth
focuses on institutional and demographic reasons such as
urbanisation, the supply of cheap labour, fear of globalisation,
the structure of the Japanese corporate system, governmental
policies, etc (Ishikawa, 1997). All these explanations are plausible
and most likely have contributed to a degree to the economic
prominence of the country, but seem to disregard one potentially
significant factor; the access and consumption of natural capital.
Japan, generally speaking is devoid of significant natural resources
with minimal fossil fuel and metallic mineral deposits. Never-
theless a cornerstone of Japan’s growth has been the export of
material and energy intensive commodities as already discussed.
The aforementioned explanations seem to assume natural
resources as an external factor of economic activity and that its
main contribution relates only to its cost within production.

Considering all the above, the aim of this paper is to elucidate:
(a)
 the trends behind resource production/consumption in the
Japanese economy (particularly on the links between im-
ported resources and economic output);
(b)
 the impact on the environment;

(c)
 whether environmental support has been a determinant of

economic growth.
These three topics will be linked with the imperatives of
Japanese energy policy and will be used to provide policy
suggestions that could ensure the energy security of the country
and contribute to its long-term environmental and economic
sustainability. In order to achieve this, the concept of emergy, or
embodied solar energy, synthesis is employed. In a nutshell,
emergy can account for the natural capital consumed within
complex social–ecological systems and offer insights regarding
the efficiency, environmental impact and sustainability of this
Fig. 3. Summary emergy flo
consumption. It should be noted that the three imperatives of the
Japanese energy policy, which are collectively called the three E’s,
are energy security, economic development and environmental
sustainability (OECD, 2008b).
2. Methodology

Emergy is defined as the ‘‘available energy of one kind of

previously used up directly and indirectly to make a service or a

product’’ (Odum, 1988, 1996). Broadly speaking emergy synthesis
is a resource accounting framework that quantifies and aggregates
all the inputs to, and all the outputs from, a system. In the same
manner that traditional economic analysis makes use of a
common denominator (common currency) to quantify these
diverse inputs and outputs, emergy synthesis makes use of its
own common currency; the solar emjoule (sej for the remainder
of the paper). One of the most important concepts in emergy
synthesis methodology is the notion of transformity which is a
measure of energy quality and is defined as ‘‘ythe solar emergy

required to make 1 J of a service or a product (it is measured in

sej J�1)’’ (Odum, 1996).
The main assumption behind emergy synthesis is that real

wealth depends on the amount of resources consumed within a
system and as a result it makes use of a different valuation
perspective to that of the traditional economic analysis that
focuses on human wellbeing and utility. Emergy synthesis
employs a cost of production theory of value which is different
to the value system of economic analysis (subjective preference
theory of value) (Patterson, 1998). This dichotomy can have
important implications when attempting to value ecosystem
services (e.g. Farber et al., 2002) and to understand the
sustainability of a system (e.g. Gasparatos et al., 2008). In this
sense, emergy can be viewed as a measure of the environmental
support required and the natural capital consumed to fuel the
activity of social–ecological systems such as nations.

One of the main characteristics of emergy synthesis is that it
has its foundations on systems ecology and conceptualises human
w diagram of a nation.
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systems as open metabolic systems that consume resources (in
the broadest sense) and produce goods, services and wastes. Thus,
emergy synthesis is based on an ecological economics perspective
of economic systems as open subsystems of the global system,
where the laws of thermodynamics govern the different pro-
cesses. Ockwell (2008) argues that an ecological economic
perspective can provide interesting insights for understanding
the economic performance of nations and of the links between
energy use and economic growth as well as offering suggestions
for better informed energy policy making.

Fig. 3 presents a simplified view of the input and output flows
from a nation. The numerous emergy flows are aggregated into
local renewable (R), local non-renewable (N, N1, N2, N0), imports
(F, G, P2I) and export (N2, B, P1E) flows. These flows are then
further combined into different indices that provide information
Table 1
Emergy tables of Japan for 1979 and 2003.

Raw data 1979 Raw data 2003 Un

Renewable input

1a Solar energy received 3.44E+21 J

1b Solar energy absorbed 3.15E+21 J

2 Kinetic energy wind (total) 9.61E+18 J

3 Earth cycle energy 2.62E+18 J

4 Rain chemical potential 8.35E+18 J

5 Evapotranspiration, chemical energy 8.68E+17 8.32E+17 J

6 Geopotential energy of rain on land 3.10E+18 J

7 Chemical potential energy in rivers 8.77E+17 J

8 Geo-potential energy of rivers 8.94E+17 J

9 Wave energy 2.08E+19 J

10 Tidal Energy 1.42E+18 J

Renewable production

11 Groundwater chemical energy 2.68E+17 2.55E+17 J

12 Timber harvest 2.68E+17 1.10E+17 J

13 Fish production 5.20E+16 2.90E+16 J

14 Agricultural production 3.57E+17 3.14E+17 J

15 Hydroelectricity 3.06E+17 3.75E+17 J

16 Wind energy 0.00E+00 2.96E+16 J

17 Geothermal 3.24E+16 1.35E+17 J

Non-renewable production/use

18 Coal produced 4.43E+17 0.00E+00 J

19 Coal used 2.14E+18 4.46E+18 J

20 Crude oil produced 2.53E+16 2.88E+16 J

21 Crude oil used 1.01E+19 8.94E+18 J

22 Natural gas produced 8.91E+16 1.09E+17 J

23 Natural gas used 7.79E+17 2.99E+18 J

24 Electricity produced 1.78E+18 3.55E+18 J

24a Thermal 1.53E+18 2.68E+18 J

24b Atomic 2.53E+17 8.64E+17 J

25 Metallic minerals 1.76E+12 5.29E+10 g

26 Non-metallic minerals 1.92E+14 1.80E+14 g

27 Soil erosion 5.07E+16 4.35E+16 J

Imports

28 Coal 1.73E+18 4.54E+18 J

29 Crude oil 1.02E+19 8.90E+18 J

30 Petroleum products 1.41E+18 2.17E+18 J

31 Natural gas 6.98E+17 2.87E+18 J

32 Finished goods/raw materials 2.32E+14 5.28E+07 g

33 Food/foodstuff 3.97E+17 4.61E+17 J

34 Services/services in goods 1.26E+11 4.39E+11 US

Exports

35 Coal 6.48E+16 7.83E+16 J

36 Petroleum products 2.18E+16 1.65E+17 J

37 Finished goods/raw materials 6.85E+13 8.90E+13 g

38 Food/foodstuff 2.56E+16 1.03E+16 J

39 Services/services in goods 1.17E+11 6.53E+11 US

Transformity references 1a. by definition 1b. by definition 2. (Odum, 2000) 3. (Odum, 2

1996) 9. (Odum, 1996) 10. (Odum, 1996) 11. (Campbell et al., 2005) 12. (Campbell et al.,

2002) 17. (Brown and Ulgiati, 2002) 18. (Odum, 1996) 19. (Odum, 1996) 20. (Bastianoni et

al., 2005) 24a. (Brown and Ulgiati, 2002) 24b. (Campbell et al., 2005) 25. various 26. var

et al., 2008) 31. (Bastianoni et al., 2005) 32. various 33. various 34. (SAHEL, 2008) 35.
on the metabolism of the system. Some of the most commonly
used indices include the emergy yield ratio (EYR), the emergy
investment ratio (EIR) and the environmental loading ratio (EYR).
Table 2 defines these flows while Table 3 summarises the
calculation procedure of the main indices.

The emergy yield ratio is defined as the ratio of the total
emergy used within a country divided by the imported emergy.
The EYR indicates the dependency of the economy on imports and
in effect what is the contribution of the local natural capital to
economic progress (Brown and Ulgiati, 1997). Generally speaking,
the lower the ratio, the higher the dependence on imported
emergy.

The emergy investment ratio is the ratio of the imported
emergy divided by the local renewable and non-renewable
emergy used within the country. It provides an estimate of the
it Transformity (sej/unit) Emergy 1979 (sej) Emergy 2003 (sej) % Diff.

1 3.44E+21 NA

1 3.15E+21 NA

2.47E+03 2.38E+22 NA

5.76E+04 1.51E+23 NA

3.12E+04 2.61E+23 NA

4.80E+04 4.17E+22 4.00E+22 �4.1

1.76E+04 5.46E+22 NA

8.13E+04 7.13E+22 NA

4.66E+04 4.17E+22 NA

5.13E+04 1.07E+24 NA

2.82E+04 4.01E+22 NA

2.72E+05 1.11E+23 1.11E+23 0.2

1.17E+05 3.13E+22 1.28E+22 �59.1

various 1.30E+23 1.40E+23 7.3

various 4.20E+23 4.36E+23 4.0

1.04E+05 3.20E+22 3.92E+22 22.5

1.04E+05 0.00E+00 3.09E+21 NA

2.47E+05 7.99E+21 3.33E+22 316.7

6.71E+04 2.97E+22 0.00E+00 �100.0

6.71E+04 1.44E+23 2.99E+23 107.8

9.09E+04 2.30E+21 2.62E+21 14.1

9.09E+04 9.14E+23 8.13E+23 �11.0

7.29E+04 6.50E+21 7.93E+21 21.9

7.29E+04 5.69E+22 2.18E+23 283.1

various 4.99E+23 9.12E+23 82.8

3.11E+05 4.76E+23 8.35E+23 75.3

8.87E+04 2.25E+22 7.67E+22 241.0

various 3.19E+21 9.44E+19 �97.0

various 3.31E+23 3.08E+23 �6.8

1.24E+05 6.28E+21 5.39E+21 �14.2

6.71E+04 1.16E+23 3.04E+23 162.2

9.09E+04 9.27E+23 8.09E+23 �12.7

1.13E+05 1.59E+23 2.45E+23 53.6

7.29E+04 5.09E+22 2.10E+23 311.9

various 6.22E+23 9.85E+23 58.3

various 2.38E+23 3.59E+23 51.1

D various 1.21E+24 3.94E+24 226.6

6.71E+04 4.35E+21 5.25E+21 20.7

1.13E+05 2.46E+21 1.86E+22 655.4

various 8.61E+23 1.11E+24 28.4

various 1.28E+22 1.42E+22 10.8

D various 5.98E+23 1.04E+24 73.3

000) 4. (Odum, 1996) 5. (Odum, 1996) 6. (Odum, 1996) 7. (Odum, 1996) 8. (Odum,

2005) 13. various 14. various 15. (Brown and Ulgiati, 2002) 16. (Brown and Ulgiati,

al., 2005) 21. (Bastianoni et al., 2005) 22. (Bastianoni et al., 2005) 23. (Bastianoni et

ious 27. (Odum, 1996) 28. (Odum, 1996) 29. (Bastianoni et al., 2005) 30. (Bastianoni

(Odum, 1996) 36. (Bastianoni et al., 2008) 37. various 38. various 39. this study.
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magnitude of economic development with low EIR countries
getting most of their resources ‘‘free’’ from their local environ-
ment. Increasing levels of EIR over time suggests a more intensive
use of the environment (Odum, 1996).

The environmental loading ratio is the ratio of the local non-
renewable and imported emergy divided by the local renewable
emergy. This ratio quantifies the pressure that the system poses on
the environment with increasing levels of EIR over time suggesting a
higher burden on the environment (Brown and Ulgiati, 1997).

The interested reader is referred to (Odum, 1996) which
contains detailed information on the theoretical foundations of
emergy synthesis and the calculation procedure of the different
inputs and outputs. It should be noted here that all calculations in
this paper are based on the 15.83E+24 sej/yr baseline. This
baseline stems from the updated calculations of planetary
processes conducted by Odum et al. (2000). Campbell et al.
(2005) provide factors that can be applied to relate the
transformities used in this study, to previous baselines.
3. Results

3.1. Production and consumption patterns

In order to understand the production and consumption
patterns of the Japanese economy, the major energy, material
Table 2
Emergy and monetary flows of the Japanese economy for 1979 and 2003.

Item

Renewable emergy absorbed (sej) R

Local non-renewable resources (sej) N

Dispersed rural sources (sej) N0

Mineral production (sej) N1

Fuels exported without use (sej) N2

Imported Fuels (including electricity) (sej) F

Imported goods and minerals (sej) G

Imported services (USD) I

Imported services (sej) P2I

Exported goods (sej) B

Exported services (USD) E

Exported services (sej) P1E

Gross national product (USD) X

Japan emergy-to-money ratio (sej/USD) P1

Trade partners’ emergy-to-money ratio (sej/USD) P2

Population (million persons)

Table 3
Main emergy indices for the Japanese economy, 1979 and 2003.

Item

Total emergy used U ¼ R+N0+N1+F+G+P2I�N2

In state non-renewable N0+N1

Emergy used from home sources (sej) (N0+N1�N2+R)

Imported emergy F+G+P2I

Total exported emergy N2+B+P1E

Imports–exports (sej) (F+G+P2I)�(N2+B+P1E)

Ratio of imports to exports (fraction) (N2+B+P1E)/(F+G+P2I)

Fraction use, locally renewable R/U

Fraction of use, purchased import (F+G+P2I)/U

Fraction of use, local non-renewable (N0+N1�N2)/U

Fraction used, imported service P2I/U

Fraction used, exported services P1E/U

Emergy investment ratio (F+G+P2I)/(R+N�N2)

Environmental loading ratio (N�N2+F+G+P2I)/R

Emergy yield ratio U/(F+G+P2I)

Empower density U/area

Emergy used per person U/population
and economic inputs/outputs were quantified. A number of data
series from the Japanese Statistics Bureau, the Food and
Agricultural Organisation (FAO), the International Energy Agency
and the International Monetary Fund (IMF), amongst others, were
analysed. However, due to incomplete data series concerning
imports and exports the most detailed analysis covers only the
last decade of the high economic growth period, i.e., from 1979
onwards. Table 1 contains sample emergy accounts for 1979 and
2003, while Tables 2 and 3 contain a summary of the main
inflows/outflows from the Japanese economy for these two years
as well as their change over that period.

Our results show that there has been a significant increase in
the total emergy used within Japan (U-refer to Table 2), both as an
absolute figure (an increase of 66.9%) and as a per capita figure (an
increase of 51.8%). On the other hand, Japan’s emergy-to-money
ratio decreased by 60.1% (in current GDP prices) and 40.1% (in
constant 2006 GDP prices), which means that despite the very
sharp increase in the consumption of natural capital, the resource
conversion efficiency has, albeit to a lesser degree, increased.
Japan’s emergy-to-money ratio decreased sharply until the mid
1990s and has increased ever since (Fig. 4). It is interesting to note
that our emergy-to-money ratios correlate positively with the
exergy efficiency factors of the Japanese economy that were
reported by Williams et al. (2008) with a correlation coefficient of
0.94, GDP in current prices as reported by the IMF (2008). This
positive correlation seems to suggest that emergy-to-money
1979 2003 % Diff.

1.48E+24 1.48E+24 –

3.79E+23 3.24E+23 �14.3

6.28E+21 5.39E+21 �14.2

3.72E+23 3.19E+23 �14.3

6.81E+21 2.38E+22 249.9

1.25E+24 1.57E+24 25.1

8.60E+23 1.34E+24 56.3

1.26E+11 4.39E+11 248.3

1.21E+24 3.94E+24 226.6

8.74E+23 1.12E+24 28.1

1.17E+11 5.08E+11 334.4

5.98E+23 1.04E+24 73.3

1.01E+12 4.23E+12 318.4

5.11E+12 2.04E+12 �60.1

9.56E+12 8.96E+12 �6.2

116.2 127.7 9.9

1979 2003 % Diff.

5.17E+24 8.63E+24 66.9

3.79E+23 3.24E+23 �14.3

1.85E+24 1.78E+24 �3.9

3.32E+24 6.85E+24 106.3

1.48E+24 2.18E+24 47.4

1.84E+24 4.67E+24 153.7

2.24 3.14 40.0

0.29 0.17 �40.1

0.64 0.79 23.6

0.07 0.03 �51.6

0.23 0.46 95.7

0.12 0.12 3.8

1.79 3.85 114.6

2.5 4.84 93.7

1.56 1.26 �19.1

1.37E+13 2.28E+13 66.8

4.45E+16 6.76E+16 51.8
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Fig. 4. Emergy-to-money ratios (in sej/USD) for Japan, its trading partners and the fraction of imports (in %) from developing countries. Note the right hand y-axis refers to

the ratio of imports from developing countries.

Fig. 5. Fraction of used emergy by source.

Fig. 6. Emergy indices of the Japanese economy.

A. Gasparatos, T. Gadda / Energy Policy 37 (2009) 4038–4048 4043



ARTICLE IN PRESS

Fig. 7. Relationship between environmental loading ratio (ELR) and domestic CO2

emissions from fuel combustion.

A. Gasparatos, T. Gadda / Energy Policy 37 (2009) 4038–40484044
ratios can, to an extent, be considered indicators of natural capital
conversion efficiency over time for a single country. If this is the
case, then our results indicate a decrease in the efficiency of
transformation of natural to economic capital from the late 1980s.

Furthermore, the fraction of local emergy (either renewable or
non-renewable) used within Japan is steadily decreasing. In 2003,
local renewable and non-renewable emergy accounted for
approximately 17% (down from 29% in 1979) and 3% (down from
7% in 1979), respectively, of the total emergy consumed in Japan.
On the other hand, imported emergy not only increased its
fraction by 23.6%, but also constituted an impressive 79% of the
total emergy consumed within the country. Fig. 5 summarises the
trends of the different emergy fractions used within Japan since
1979. Fig. 6 demonstrates that the EYR has decreased by 19.1% and
is another indication of a dependence on imported emergy (refer
also to Fig. 5). Another finding is the transition of Japan towards a
more service-oriented economy. Even though the emergy
embodied in service exports still lagged behind the emergy
embodied in imported goods in 2003, it has shown a greater
proportional increase since 1979 (73.3% as opposed to 28.1%),
refer to the B and P1E items in Table 2.

The aforementioned results have two important repercussions:
(a)
 They show the significant reliance of the Japanese economy on
foreign natural capital (refer to the results of Table 2 and
Fig. 5).
(b)
 They imply that most of the imported emergy is increasingly
coming from developing nations something that results in an
inequitable trade regime as it will be explained in greater
detail in the following two paragraphs.
Fig. 4 shows that the emergy-to-money ratio of the trading
partners has followed a U-shaped trajectory. It should be noted
here that developed and resource poor economies generally have
lower emergy-to-money ratios than developing and resource-rich
economies, referred to Brown (2003); Brown et al. (2008). The U-
shape curve of Japan’s trade partners’ emergy-to-money ratio
implies that up to a certain point the Japanese economy was quite
competitive and could afford to import from developed countries.
The historical low of the emergy-to-money ratio of Japan’s trade
partners happened in 1989 which also coincides with the end of
Japan’s high economic growth period and the collapse of the
Japanese economic bubble that lasted for the following decade.
After 1989, though, the increasing emergy-to-money ratio of the
trade partners indicates an increasing amount of imports from
developing nations. This finding is consistent with the data
regarding the origin of imports provided by (MIAC, 2008d). The
fraction of imports from developed nations had steadily been
rising until 1989, when it reached its peak point of 58.4% of total
imports, and after that it began decreasing, reaching 42.4% in
2003 and its lowest level since 1979 in 2006 (36.1%), refer to the
inverted U-curve of Fig. 4. As a result, the fraction of imports from
developed nations is negatively correlated with the emergy-to-
money ratio of the trading partner with a correlation coefficient of
0.85. For this correlation, the authors used the emergy-to-money
ratios calculated in this study and the import statistics provided
by MIAC (2008d).

Another interesting finding is the fact the ‘‘exchange rate’’
between Japan’s and its trading partners’ emergy-to-money ratio
is constantly decreasing. In 1979, Japan’s emergy-to-money ratio
was 53.5% lower than that of their trading partners with the ratio
constantly falling and reaching just 22.8% of the trading partners’
emergy-to-money ratio in 2003. This finding shows the existence
of a non-equitable trade between Japan and other countries,
where Japan is receiving much more emergy than it is providing
on a one-to-one dollar trade. This, results in a trade benefit of
Japan in the sense that it receives a ‘‘bonus’’ emergy inflow from
this inequitable trade which is in an added value for the Japanese
economy. Inequitable emergy trade has been extensively dis-
cussed within the emergy literature, e.g. (Odum, 1996; Brown,
2003; Brown et al., 2008).
3.2. Environmental impact

Fig. 6 illustrates the increasing stress on the environment. The
EIR has more than doubled since 1979 (114.6% increase) which
suggests an intensification of environmental use. The main driving
force behind this increase of the EIR has been the huge increase in
the imported emergy in primary resources such as coal (162.2%),
petroleum products (53.6%), natural gas (311.9%), raw materials/
finished goods (58.3%) and foodstuff (51.1%) coupled with the
almost complete demise of inland coal and metallic minerals
extraction (refer to Table 1). This shows that the intensification of
environmental use takes place mainly outside Japan and that the
Japanese ecosystems are not experiencing the pressure that they
would have experienced if they had provided the bulk of the
ecosystem services that the country has been appropriating over
the past decades.

At the same time, the ELR has also increased by 93.7%. This
increase suggests that the activity within Japan is resulting in a
greater environmental burden within the country and globally.
This finding is further corroborated when contrasting the ELR
increase with the increase of CO2 emissions from domestic fossil
fuel combustion. There seems to be a very strong correlation
between CO2 emissions (OECD, 2008c) and the calculated ELR
since 1979 with a correlation coefficient of 0.98 (see also Fig. 7). It
should be noted here that CO2 from fossil fuel combustion
accounted for 86%71% of the total greenhouse gas emission from
Japan between 1990 and 2005 (OECD, 2008d). Nevertheless this
figure does not include embodied GHG emissions which are
significant considering that Japan is both a net GHG and pollution
importer (Ahmad and Wyckoff, 2003; Lee and Roland-Holst, 2000;
Chung and Rhee, 2001; Kondo et al., 1998; Muradian et al., 2002).
3.3. Environmental support and economic growth

As has already been mentioned, the Japanese economy
exhibited large growth factors during the 1960s, 1970s and
1980s. Due to lack of complete data series, we comment on the
links between the consumption of natural capital and economic
growth in the last decade of the high economic growth period
(1980s) onwards.
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First of all, there seems to be a good correlation between the
total emergy used (U) and the GDP expressed in current prices and
in constant 2006 prices. In the first case, the correlation
coefficient was of the order of 0.92 and 0.94 in the second case
(in both cases GDP was expressed in yen and collected from IMF
(2008)). Fig. 8 shows the relationship between total emergy used
and GDP in current prices (in USD in this figure to be consistent
with the emergy-to-money ratios that have been calculated in
USD). This implies that there is a strong relationship between
natural capital consumption and economic growth.

We performed correlations between the year by year change of
the economic growth with different emergy flows of the Japanese
economy and more specifically with the total emergy used (U),
local emergy used (R+N0+N1�N2), local non-renewable emergy
used (N0+N1�N2), imports (F+G+P2I) and exports (N2+B+P1E).
All these variables are defined and quantified in Table 2. In most
cases, there is a weak correlation with low correlation coefficients
between the annual change of economic growth and these
indices: �0.13 with U, 0.22 with N0+N1�N2, 0.30 with
R+N0+N1�N2 and 0.44 with N2+B+P1E. There seems to be a
Fig. 8. Relationship between total emergy used (10E+2

Fig. 9. Relationship between annual changes of total em
stronger correlation between imported emergy and changes in
economic growth with a correlation coefficient of 0.73 rising to
0.89 for the period after 1989 (Fig. 9). This suggests a strong
relationship between economic growth and imported emergy,
particularly after the end of the great economic growth period
(1989), when Japan started trading more intensively with
developing nations. Nevertheless, it was not possible to
determine the causal relationship between them.
4. Discussion

Electricity generation is one of the cornerstones of the Japanese
economy and as such it has been a key target of domestic energy
policy. The aggregate transformity of electricity generation
denotes the environmental support required (in sej) for each J of
electricity produced. The aggregate transformity is calculated as a
weighted average of the transformities of the electricity generated
by different fuels with these transformities being collected from
(Odum, 1996; Brown and Ulgiati, 2002). Fig. 10 shows the total
1 sej) and GDP in current prices (in billion USD).

ergy imported and annual changes in growth rate.
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emergy required and the aggregate transformity of the Japanese
electricity system. There is a constant increase of the total
emergy required by a massive 4189.4% since 1950 when hydro
and thermal sources were the only sources of electricity. The
reason for this huge increase has been the increased demand
(up by 2485.5% in that period) and the switch to more
emergy-intensive sources such as thermal and nuclear sources
that exhibit higher transformities in general. The transformity
of the Japanese electricity system increased until the mid
1970s and then decreased and levelled off. It is interesting to
note that the maximum transformity is coincident with the
start of the first energy crisis. This implies that the Japanese
electricity system shifted to less emergy-intensive sources of
electricity that is supported by two observations: immediately
after the crisis there was (a) a decrease in the overall electricity
consumed and (b) a decrease in the fraction of thermal sources
of electricity which was compensated by an increase in hydro-
power in the short term and nuclear energy in the long-term
Fig. 1.

In 2002, Japan ratified the Kyoto Protocol and committed to
reduce by 2008–2012 its GHG emissions to 6% lower than its 1990
emissions. Further to that it has been active in suggesting targets
for the post-Kyoto Protocol era through its ‘‘Cool Earth 50’’
strategy. Nevertheless, the country’s 2005 emissions were 15.7%
higher than its 1990 levels with energy related emissions
accounting for 87.3% of the total GHG emissions (OECD, 2008d).
According to the OECD (2008b), coal share in the energy mix
remains the same as in 1970 while the share of oil in total primary
energy supply (TPES) has fallen from over 70% in 1970 to less than
Table 4
Plants under construction or planned by VIUs, J-Power and Japan atomic power.

Under construction MW

and (number of units)

Planned MW and

(number of units)

Coal 3750 (5) 1000 (2)

Liquefied natural gas 8460 (12) 8590 (10)

Nuclear 2290 (2) 14950 (11)

Hydro 5110 (8) 80 (12)

Other (including oil) o10 (1) 30 (11)

Total 19,600 24,640

Share of installed capacity

(as of 30 March 2006)

7% 9%

Source: (OECD, 2008b).

Fig. 10. Total emergy required (in sej) and aggregate transformity (in sej/J) of the

transformity.
half in 2006 compensated mainly by an increase in natural gas
and nuclear energy. This shift from oil to nuclear power and
natural gas is definitely aligned with the energy security objective
of the Japanese Government and can contribute to a decrease of
the environmental impact of the country. However, this shift will
not be enough to curb the environmental impact of the country
without a gradual and simultaneous decrease of the coal use. The
fact is that this reliance on coal (of which 75% is used for
electricity and heat generation) seems to reflect energy security
concerns that will not change in the foreseeable future. As of 2005
Japan is importing 83% of its crude oil, (more than any other IEA
country), from OPEC countries and 90% from the Middle East
(OECD, 2008b). Conversely, Japan imports more than 90% of its
coal from Australia (60% of total coal imports), Indonesia and
China. Natural gas is coming from more diversified sources with
around 20–25% coming from the Middle East. It seems that for
energy security reasons, Japan has not only diversified its energy
mix, but also the region of origin for each fuel. As already
mentioned, energy security is the overarching theme of the
Japanese Government’s energy policy (METI, 2006) and it is safe
to assume that all things being equal energy security concerns will
override environmental concerns in the near future. As a result,
this prominence of coal in the country’s energy mix, particularly
for electricity generation, will remain unchanged in the near
future and will be a big barrier to conformance with the Kyoto
Protocol targets, and with the even bolder targets of the follow-up
strategy. This is due to the generally higher GHG emissions from
coal electricity generation when compared to that of other fuels
(IPCC-NGGIP, 2008). Nevertheless, it is very positive that only
10.1% of the overall capacity of the planned/under construction
power plants will use coal (refer to Table 4). Finally, even though
Japan is at the forefront of research and development for
renewable energy technologies, these technologies (with the
exception of hydropower) account for only a fraction of the
energy mix. Appropriate government incentives and further
innovation would be crucial to facilitate a shift towards a more
sustainable electricity production system particularly considering
the near saturation of the potential for additional hydropower
Fig. 10.

Furthermore, a more pro-active approach of the government
would be more appropriate considering that despite a multitude of
policies, the country still relies greatly on voluntary measures to
reduce GHG emissions (OECD, 2008b). Furthermore, most policies
in place seem to be targeting an improvement of efficiency (OECD
2008b; Geller et al., 2006), something that might not be enough to
Japanese electricity system. Note: the right hand y-axis refers to the aggregate
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curb energy consumption and GHG emission in the long run. That
might be true especially when potential rebound effects are
accounted for (Sorrell and Dimitropoulos, 2008; Sorrell, 2007;
Greening et al., 2000). In a nutshell, rebound effects arise when
increases in energy efficiency may actually lead to increased
future consumption considering (Khazzoom-Brookes postulate)
(Saunders, 1992). Ockwell (2008) argues that potential rebound
effects should not be underestimated and excluded from energy
policy making, something that is currently happening in Japan
despite empirical studies confirming the existence of rebound
effects in the country, e.g. (Mizobuchi, 2008). In this case, the
Japanese Government should combine energy-efficiency strategies
with demand reduction and savings strategies.

The high correlation between total emergy used and GDP
suggests a relationship between the consumption of natural
capital and economic growth. Nevertheless the actual direction of
the causal link can have important repercussions for Japanese
energy policy. If there is a causal relationship from energy
consumption to GDP, then a decrease in emergy consumption to
meet the Kyoto Protocol targets and to reduce the environmental
impact of the country would impact negatively on economic
development (Lee, 2006). As a result two of the three E’s of
Japanese energy policy, economic development and environmen-
tal sustainability, are mutually exclusive (the other one being
energy security). On the other hand, if the causality runs in the
other direction then it might be possible to use less natural capital
without compromising further economic growth. In that case
there might be the potential for strategies that can meet all three
main objectives of Japanese energy policy. Nevertheless, special
attention should be paid to the existence of potential rebound
effects.
5. Conclusions

The emergy synthesis of the Japanese economy highlights an
economic system that has greatly increased its resource con-
sumption and its economic output since 1979. The bulk of the
consumed emergy has come from abroad and since 1989 from
developing countries. This results in an inequitable trade regime
with Japan actually receiving more emergy in a dollar-to-dollar
basis as a result of its lower emergy-to-money ratio. This over
reliance on foreign natural capital can compromise the resource
security of the nation and affect its long-term economic sustain-
ability. On the other hand Japanese economic development poses
an increasing stress on the environment, and particularly overseas
considering that Japan is receiving most of the natural capital that
fuels its economy from abroad. In particular, Japan relies greatly
on imported coal for electricity consumption, and because of the
energy security concerns this over reliance will not change in the
foreseeable future. This will be one of the main barriers that will
prevent Japan meeting its Kyoto Protocol commitments. As a
result, even though there is a genuine concern and work is being
done to meet its main energy policy objectives (energy security,
economic development and environmental sustainability) their
contradictory nature will prohibit their simultaneous fulfillment,
at least in the near future. Energy (and resource) security has
emerged as the over arching energy policy objective and is
inexorably linked with concerns over economic development. As a
result, it seems that these two considerations will override
environmental sustainability in the short term. A more pro-active
approach of the Japanese Government towards environmental
policy by designing demand reduction strategies and coupling
them with the plethora of existing energy-efficiency strategies
might go some way towards reducing energy consumption and
GHG emissions in the short term.
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