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ABSTRACT

Since the beginning of the industrial revolution mankind's activity has expanded so

substantially that we are now facing the limit of the earth's environmental capacity. Although

our knowledge is not yet sufficient to explain all of the scientific processes involved, the

greenhouse effect, which is primarily caused by the combustion of huge amounts of fossil fuels,

is thought to cause serious and irreversible damage to the environment of the earth. Future

energy strategies must be established within the context of minimizing the further man-made

global warming.

Japan experienced rapid economic growth during the 1960s by using petroleum which was

cheap and abundant. The era of this high economic growth ceased with the oil crisis in 1973.

After that time, the dependence on imported oil has been substantially lowered by promoting

utilization of alternative energy such as nuclear energy or natural gas, and by improving efficiency

of final energy consumption. Japan is now one of the countries with the highest energy

utilization efficiency.

In the future, the demand for electricity will continue to increase rapidly due to structural

changes in the industry sector and further electrification in the residential and commercial sector.

On the other hand convenient liquid fuels will be necessary for industrial boilers and furnaces

and for transportation vehicles. In meeting such future energy demands we must make appro-

priate choices of energy sources and energy technologies that can stably provide required forms

of energy at low cost and in a manner compatible with the environment.

Studies have been made in JAERI in order to assess the possibility of using nuclear energy

symbiotically with fossil and biomass fuels, and to evaluate its implications for the environment.

The application system of high temperature nuclear heat has been designed for this purpose with

various technology options. The core of the system is a set of technologies for hydrogen

production and its application to produce clean and convenient fuels from fossil or biomass

sources.

The results of analytical studies using the MARKAL model have indicated sufficient possi-

bilities of combining nuclear energy effectively with fossil or biomass fuels via hydrogen

produced by high temperature nuclear heat. In addition to providing clean and convenient liquid

fuels on a large scale, the combined system will contribute to the substantial reduction of

long-term CO2 emissions. The relatively high cost of this system will be well justified when

CO2 emission penalties are taken into account.
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1. Introduction

The progress of science and technology has enabled rapid development of material civili-

zation since the beginning of the industrial revolution. During these two hundred years energy

utilization by mankind has increased so much that we now face the limit of the earth's capacity

in both natural resources and living environment. Yet, the present circumstances have been

created primarily by the developed countries. It is expected that with rapidly growing population

the social and economic activity by the developing countries will expand significantly in the next

century.

According to the study by IPCC, global CO2 emissions must be reduced immediately by

more than 60% in order to stabilize its atmospheric concentration at the present day level, or it

must be reduced at the annual rate of approximately 1% in order to stabilize it to the level of

50% higher than the pre-industrial concentrations. Although there exist a lot of unknown factors

in the processes involved between emissions and their ultimate consequences, the developed

countries will have to make substantial efforts to reduce their emissions. Future energy strategies

must be established within the context of minimizing further possible man-made global warming.

2. Past and Present Energy Consumption

2.1 World Energy Supply and Demand

The total population in the OECD countries was 20% of the entire world in 1975, but it

decreased to 17% in 1990 as shown in Fig. 1. During these 15 years the population in the rest

of the world increased at the annual rate of 2%, although it was almost stagnant in the OECD

countries. On the other hand, approximately two thirds of annual GWP (gross world production)

came from the OECD region throughout the same time period. See Fig. 2. Some developing

countries achieved significant economic growth, however the GNP growth rates are comparable

between the OECD region and the rest of the world despite rapid population increases in the

developing countries.

From the viewpoint of energy consumption, the share of OECD countries in the entire world

declined from 61% in 1975 to 52% in 1990. See Fig. 3. This was caused by two different

factors in the OECD countries; successful energy conservation and economic recession. At the

same time, the primary energy consumption in the developing countries increased very rapidly

reflecting the progress of their industrialization in recent years. However, as shown in Fig. 4,

the difference in per capita energy consumption is still quite large between the OECD countries

and the developing countries.

In line with the primary energy consumption, the share of CO2 emissions from the develop-

ing countries increased rapidly during these years. The world growth rate excluding the OECD

region and the former USSR was 5.2% per annum, while that of the OECD regions was only

0.8% per annum. According to the energy projection by the Energy and Industry Subgroup of

IPCC, with further progress of industrialization in the developing world, the portion of its

contribution to global CO2 emission will increase rapidly from 26% in 1985 to 44% in 2025.

It seems evident that the global warming problem will become more serious with rapidly growing

energy consumption by the developing countries in the next century.

2 A A -



JAERI-Conf 96-010

2.2 Energy Utilization in Japan

Japan achieved high economic growth during the 1960s by using petroleum which was cheap

and abundant in those years. This high economic growth ceased with the oil crisis in 1973.

After that time total primary energy consumption remained at an almost constant level until the

late 1980s. However, oil's share in that consumption was successfully lowered from 77% in

1973 to 56% in 1985. See Fig. 5. Although the economic boom in the late 1980s pushed up

the energy consumption, the share of oil was quite stable in recent years.

In reducing the share of oil, the main alternatives were nuclear energy and natural gas.

Nuclear energy gradually expanded its share in the primary energy consumption to 11% in 1993.

The electricity generated by nuclear energy was 34% of total generation by utilities in 1993 as

shown in Fig. 6. With expanding capacity of gas-fired power stations and increased demand for

town gas, natural gas has also increased its share in the primary energy consumption. Since these

alternatives have reduced particularly the consumption of heavy fuel oil, transportation fuels have

largely increased their shares in oil products as indicated in Fig. 7.

Coal, a major energy source in the past, reduced its share during the period of high

economic growth. However, it was reevaluated after the oil crisis as a cheap and abundant

alternative to oil, although it was only recently that the consumption of coal other than for iron

and steel making increased significantly. See Fig. 8. Renewable energy is also an important

alternative to oil. In spite of people's expectations, however, the contribution of renewable energy

remains quite small with the exception of hydropower.

Energy conservation efforts have been very successful in Japan. The energy intensity of

manufacturing industry was reduced by more than 40% since the oil crisis, as shown In Fig. 9,

through improvements of efficiency, rational uses of energy, or recycling of wastes. Including

the significant effect of the changes in industrial structure, the GDP elasticity of energy

consumption after the oil crisis was 0.36, as compared with 1.08 between 1953 to 1973. Now

Japan is one of the countries with the highest energy efficiency.

3. Long-term Energy Perspective in Japan

3.1 Evolution of Energy Demand

There are many factors that will directly or indirectly affect future energy consumption in

Japan; GDP, industrial structure, energy prices, population, life style, modal structure of

transportation, environmental constraints, technological progress, and so on. One appropriate

method for estimating future consumption of energy would be to divide it according to the

purpose of consumption and to examine the future growth of each component taking historical

changes into account.

The total energy consumption by industry is strongly related to its structure. During the

long-term growth of an economy major industry products typically change from raw materials

to machines, and then to services. Main products in the Japanese economy have now already

shifted substantially to services with the share of the tertiary industry being 55% of GDP in

1993. In the future growth of the economy a larger portion of the GDP will be shared by the

tertiary industry.
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The raw materials and machinery industries will gradually reduce their contribution to GDP.

Nevertheless, the absolute amount of their production will not decrease so much. Comparing the

stock of social capital or per capita stock of raw materials, Japan is still far behind the European

countries. Therefore the production of raw materials will not substantially decrease from the

current level during the next a few decades. This implies that the demand for large amount of

fuels for industrial boilers and furnaces will continue in order to produce these materials.

The modes of transportation have largely shifted from railways to automobiles despite the

well developed railway systems in Japan. Railways are used for inter-city long distance travel,

and for inner-city transportation in large cities. In the future, it is expected that the population

currently in large cities will be redistributed to local areas. This will enhance the use of

automobiles, even though railway transportation is much more efficient.

Gasoline and diesel oil are currently used as major fuels for automobiles. In order to

reduce dependence on oil and its products, various new fuels from other energy sources are being

developed. Electric vehicles are also being developed. Although they have excellent characteris-

tics for road transportation and technical problems should be solved in the foreseeable future, it

will be a long time before they can compete economically with conventional automobiles. For

the time being, a more realisrc option will be to use synthetic fuels that do not require major

changes in current automobile technologies.

With increases of income people demand higher grades of products, more convenience, and

more comfort. Energy consumption by the residential and commercial sector has increased more

rapidly than that of other sectors. Particularly, electricity consumption has increased very rapidly.

Such tendencies in recent history will likely continue in the future. The demand for electricity

will grow further with increasing size and capacity of such appliances as TV sets or refrigerators,

with development of new electric appliances, and with people's preference of electricity for space

heating and water heating as well.

In summary, when assuming stable and continuous economic growth, the demand for energy

will increase further in the future even at the decreasing energy intensity of GDP. In particular

the demand for electricity will increase more rapidly than other forms of energy. Liquid fuels,

now contributing a major portion of energy consumption, will reduce its relative importance.

Nevertheless, the demand for convenient liquid fuels will still continue. Accordingly, we need

to discuss how to meet growing demands for electricity and how to provide liquid fuels at low

cost and in a manner compatible with the environment.

3.2 Energy and Technology Options

While meeting growing demands for electricity and ever continuing requirements for liquid

fuels, future energy systems must also comply with various social, economical, or environmental

requirements. Particularly important requirements are ensuring overall stability in energy supply

and reducing environmental emissions, particularly of carbon dioxide. In order to increase

stability, energy sources must be diversified by avoiding excessive dependence on a single source.

In this sense the dependence on oil should be further reduced by enhancing the development of

alternative energy sources for liquid fuels.

Since the first oil crisis, the development of synthetic fuels from coal or other sources has

- 2 4 6 -



JAERI-Conf 96-010

been actively carried out. However, the R&D activities are sluggish in recent years due to the

unfavored conditions of the international oil market for such development. Moreover the situation

is becoming worse since threat of the global wanning makes it unattractive to promote the

development of coal conversion technologies. We need to establish new strategies for providing

liquid fuels from alternative sources.

The second requirement, reduction of CO2 emissions, should be discussed in a broad context.

CO2 emissions can be disaggregated into several components according to the Kaya's Formula:

CO2 = GDP * (PE/GDP) * (FE/PE) * (CO2/FE), or

GR(CO2) = GR(GDP) + GR(PE/GDP) + GR(FE/PE) + GR(CO2/FE)

where PE is primary energy, FE is fossil energy, and GR(X) is a growth rate of X. PE/GDP,

energy intensity of GDP, is determined by two factors; a social and economic framework and an

overall efficiency of energy systems. In the future, the former factor will contribute to lowering

PE/GDP through the continuing shift of industrial structure to machinery and services, and of

product mix to higher value added products. The latter factor should be discussed by dividing

it into the efficiency of final consumption and that of conversion.

As explained above, Japan has achieved a remarkable record in energy conservation. This

successful experience makes some people overly optimistic about its future potential. In reality,

most of the effective and economically attractive conservation measures have already been

implemented in the industry sector. The average energy efficiency of vehicles might become even

worse as a result of modifications to meet environmental regulations. The efficiency of some of

the household appliances might be improved significantly, however this would be more than offset

by shifting to a larger unit capacity of each appliance. The efficiency of energy consumption

would be improved, rather through changes in social service systems such as transportation

systems or waste recycling systems.

On the other hand, efficiency of energy conversion will probably be improved particularly

in the field of electric power generation. Combined cycle technologies using natural gas are

already commercialized. IGCC (integrated coal gasification and combined cycle) is expected to

substantially improve the efficiency of coal-fired power stations. In addition, cogeneration of

electricity and heat is now widely used for district heating in large cities in Japan.

FE/PE indicates the share of fossil energy in the total primary energy. This figure can be

reduced by introducing more nuclear and/or renewable energy. Nuclear energy has a large

potential to meet the growing demand for electricity, if sufficient sites are acquired together with

social acceptance of its expansion program. There are many different sources of renewable

energy. Among them, hydropower is already well developed, and further development would be

expensive for the unit of electricity produced. There is a large potential resource of gcothermal

energy in Japan. Although its development is behind schedule due to the environmental

regulations for development, we expect gradual increases of its contribution to electric power

generation. Solar energy is also a large potential resource, but because of high equipment costs,

the application is currently limited to residential water heating. However PV systems will be

economically attractive by early next century.

CO2/PE, CO2 emission per unit of fossil energy consumed, is determined in principle by

relative shares of coal, oil, and natural gas used as primary energy. It can be reduced by shifting
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from coal to oil, and further from oil to natural gas. Natural gas is the most attractive among

fossil energy source. However its price is expected to rise significantly when developed countries

depend too much on it in order to achieve their emission reduction goals. For countries without

a domestic supply like Japan, switching to natural gas might not be an economically feasible

option for reducing CO2 emissions.

An example of analysis on the potential effects of implementing above measures'5 is given

in Fig. 10. In this example, the measures are sequentially applied in the order of energy

conservation, fuel switching, expansion of nuclear and renewable energy, and CO2 recovery and

disposal (applied only to CO2 from power boilers). Therefore it should be noted that relative

contributions by any individual measure will change with a different order of application. This

figure still indicates that through energy conservation and switching among fossil fuels CO2

emissions will at best be stabilized at the current level until 2030, and nuclear and renewable

energy application must be expanded in order to reduce them further.

4. Application of High temperature Nuclear Heat

As mentioned above, we need to propose new technology options to produce liquid fuels

in a manner compatible with the environment. Nuclear energy can be also applied for this

purpose. In particular, high temperature nuclear heat from HTGRs (high temperature gas-cooled

reactors) has a variety of potential application areas. Studies using the MARKAL model have

been made in JAERI in order to examine the market potential of high temperature nuclear heat,

and to assess environmental implications of its application in the future energy systems of Japan.

Based on the conception of IES (Integrated Energy System), the structure of high

temperature nuclear heat application systems has been designed, as shown in Fig. 11, so as to

integrate three different energy sources; nuclear, fossil, and biomass energy. The core of the high

temperature nuclear heat application system is hydrogen production by methane steam reforming,

thern;ochemical water splitting, or high temperature electrolysis. Hydrogen produced by these

processes will be used for desulfurization of fossil fuels, for producing clean and convenient

synthetic fuels from low grade fossil or biomass fuels, or as a fuel for transportation and/or

electric power generation.

The analysis was made on the long-term energy demand and supply with the above

technology options2). Fig. 12 gives a projection of primary energy supply in the maximum CO2

reduction case where penalties are assessed for the emission in terms of carbon tax. In this

analytical case HTGRs are introduced up to the externally given upper limits, i.e. 180GWt in

2050, although they are not in the least cost case. Fig. 13 gives the possible contribution of

nuclear energy to the reduction of CO2 emissions. CO2 emissions in 2050 will be significantly

reduced by using nuclear energy for both electric power generation and synthetic fuel production.

Taking the contribution by HTGRs alone, the emission level in 2050 will be reduced to 40% of

the 1990 level by using HTGRs, as compared with 60% without HTGRs.

Fig. 14 illustrates the application of high temperature nuclear heat provided by HTGRs. In

addition to hydrogen production, it is applied for the liquefaction of biomass, for the supply of

process heat, and for electric power generation. The production and consumption of hydrogen

arc shown in Fig. 15. Hydrogen is currently produced by steam reforming of naphtha, and is
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used for desulfurization and hydrocracking processes in oil refineries. This figure indicates the

large potential demand for hydrogen produced by using high temperature nuclear heat.

In this example it is assumed that hydrogen can be used for automobiles either directly or

via conversion to methanol. In the result, hydrogen automobiles are introduced up to their upper

limits indicating better contribution to the emission reduction than methanol automobiles with

assumed characteristics of relevant technologies. Since the development of hydrogen automobiles

is at an early stage as compared with methanol automobiles, further investigation will be required

to identify appropriate methods of using hydrogen for transpor^tion.

It should be also noted that, in this projection, methane steam reforming produces most of

hydrogen by using high temperature nuclear heat. High temperature electrolysis depends too

much on expensive electricity. Thermochemical water splitting is less efficient in hydrogen

produced per unit of high temperature heat. The latter option is selected in this analytical

example only because a large amount of its waste heat can be used for electric power generation.

The improvement in efficiency of these non-fossil hydrogen production technologies is the most

important subject for the future development of this system.

5. Concluding Remarks

Nuclear energy can be produced stably on a large scale. It can be used not only for

generating electricity but also for producing clean and convenient fuels through integration with

fossil and biomass energy sources. Its economy in generating electricity is well demonstrated in

many countries. It emits no CO2 during operation and only a little throughout the lifetime of

its production facilities.

We need effective and inexpensive measures for coping with the global warming problem.

At the same time, we need large amounts of low cost energy for future economic growth and

improvements of living standards in developing countries. Nuclear energy is one the most

realistic and effective solutions to these problems. The global warming problem is now

presenting an issue of fair distribution of costs and benefits between generations. The investment

on the necessary R&D to minimize possible damage in the future is the responsibility of the

current generation.
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