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ABSTRACT

This dissertation describes an alternative approach for determining the optimal mix

of Japan's electric power sources through a multiple-criteria decision making (MCDM)

analysis. The present priority of Japan's electric power industry is to attain the optimal

mix of power sources. In determining such an optimal mix, the electric power industry

recognizes the significance of an approach that considers security of power supply in the

future and environmental aspects, but the emphasis has still been placed on economic

aspects only. Most of the fuels used for generating power in Japan are imported from

overseas. In other words, future power supply depends heavily on overseas sources.

Emissions from the thermal power plants have caused the "greenhouse effect" and "acid

rain." Recently, the agitation against nuclear power development is accelerating

throughout the country, concerning the safety of nuclear power plants. Therefore, the

electric power industry should consider security of power supply (strategic aspect),

emission problems (environmental aspect), and public opinion on safety (social aspect) in

addition to the economic aspects in determining the optimal mix of power sources.

In this study, a multiobjective programming model is developed for the

determination of optimal mix of power sources with special attention to economic,

technological, and institutional conditions. Since it is difficult to predict future conditions

due to uncertainties such as changes in technology, natural disasters, changes in values,

and other unforeseeable changes, scenario analysis is utilized in this study. As this

problem belongs to the domain of public decision making which contains a wide range of

interest groups (decision makers), it is desirable that the optimal solutions satisfy the

conditions of equity as well as efficiency. In this study, the Rawlsian equity criterion and

iv



the utilitarian equity criterion are considered to attain the optimal mix of power sources.

Empirical results dete.rnined by the MCDM analysis are compared with the results of two

major studies on electric power sources - one by the Ministry of International Trade and

Industry, and the other by the Japanese Institute of Energy Economics.
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CHAPTER I

INTRODUCTION

1.1 Justification

Justification of the Study

After the first oil shock, the top priority of Japan's electric power industry is to

attain an optimal mix of electricity-generating sources. In order to induce the electric

power industry to follow the governmental policy on the optimal mix of power sources,

the Ministry of International Trade and Industry (MITI) in Japan has often made a long­

range plan available to the public. However, MITI has never offered underlying reasons

and methodology in reaching such a plan. Recently, even consumers take a growing

interest in.how the mix of power sources is determined because this decision is closely

related to the determination of the power rate. Therefore, it is significant to clearly unveil

the decision making process to the consumers who have been blindfolded so far.

In determining the optimal mix of power sources, the Japanese government and

the electric power industry have, to some degree, recognized the importance of an

approach that considers economic, strategic, environmental, and social aspects.

However, the emphasis so far has been placed primarily on economic aspects only. This

study provides a multiple-criteria decision making analysis for the determination of an

optimal mix in the future. With respect to the strategic aspect, the security problem of

power supply in the future "has never been included in any model for determining the

optimal mix of Japan's electricity-generating sources even though most of fuels used for

generating power are imported from overseas. The importance of the security problem

has been overshadowed by the recent fall in the price of crude oil and the increase in the

~~ -~~- - -------------------------------------------
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value of the yen. However, the security problem is necessary for the study of Japan's

electric power industry due to the uncertainty of fuel supply condition in the future. From

the environmental point of view, emissions from the power plant, such as carbon dioxide

(C02), sulfur dioxide (502), nitrogen oxide (NOx), cause serious environmental

problems, notably, the "greenhouse effect" and "acid rain." These problems will become

more serious in the future. In addition to the above two concerns, the anti-nuclear energy

movement is recently accelerating throughout the country. The government and power

companies are still conducting large-scale public relations for the economy and safety of

nuclear power generation. It seems difficult to reach a satisfactory compromise between

producers and the people against the nuclear power generation.

Thus the multiple-criteria decision making analysis, including economic, strategic,

environmental, and social criteria, is essential in determining the optimal mix of electricity­

generating sources.

Justification of the Model

In order to deal with the multiple-criteria decision making analysis, a

multiobjective programming model is often employed. Here, objectives include economic

criterion (minimizing the generation cost), strategic criterion (minimizing security risk),

environmental criterion (minimizing emissions from the oil-thermal power and coal­

thermal power plants), and social criterion (minimizing nuclear energy). If it is easy to

calculate security risk and environmental impacts in terms of cost, a single objective

function of cost can be formulated. Unfortunately, such a calculation is difficult if not

impossible. The primary emphasis of a multiobjective programming technique is on its

role as a tool for giving many decision alternatives. Which alternatives would be chosen

depends on the preferences of the decision makers. In general, one person or one group

hardly makes a decision on a public matter. In reality, there are many interest groups in



the public decision-making process in practice. Since it is difficult to precisely define the

decision makers for this study, a satisfactory compromise solution is derived from among

alternative solutions by considering efficiency (Pareto optimality) and the concept of

equity such as Rawlsian and utilitarian equity criteria.

3
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1.2 Goal and Objectives

The primary goal of this study is to suggest an alternative approach for

determining the optimal mix of Japan's electricity-generating sources through a multiple­

criteria decision making analysis. The criteria considered are economic, strategic,

environmental, and social. Seven types of electricity-generating sources will be examined

in order to arrive at the optimal mix of sources. They are as follows: nuclear power, oil­

thermal power, coal-thermal power, LNG-thermal power, pumped-storage hydroelectric

power, general hydroelectric power, and geothermal power. The primary goal of this

study can be met by addressing the following objectives:

(1) Identification of the most significant issues facing Japan's electric power

industry today and in the future.

(2) Construction of a multiobjective programming model that reflects the substance

of issues or problems and the economic, technological, and institutional settings.

(3) Justification of the analytical assumptions such as economic, technological,

and institutional conditions for the multiobjective programming problem used in this

study.

(4) Explanation of the influence of the changes in economic conditions (fuel

prices) upon the optimal mix of power sources.

(5) Explanation of the influence of the technological changes of electric power

plants (the utilization rate and controllability) upon the optimal mix of power sources.

(6) Explanation of the influence of the changes in institutional conditions (the

reformation of power rates and the suspension of construction of nuclear power plants)

upon the optimal mix of power sources.

(7) Comparison with results from the previous studies on the optimal mix of

power sources in Japan.

(8) Discussion about a further development of this study.
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1.3 Organization of the Study

This study is organized with five chapters and this introduction:

Chapter II is an outline of Japan's current electric power industry, including a

discussion on historical background, economic characteristics, present situations and

plans of electric power development, and critical issues facing Japan's electric power

industry. This outline is based mostly on historical data and statistics published by the

Agency of Natural Resources and Energy under the Ministry of International Trade and

Industry (MITr).

Chapter III describes the multiobjective programming model for the optimal mix of

electricity-generating sources with special attention to the economic, technological, and

institutional characteristics in the electric power industry. Further, the method of solving

the multiobjective programming model is discussed in this chapter.

Chapter IV is a justification of the economic, technological, and institutional

assumptions used in the analysis. These assumptions are based on data from reliable

sources such as MITI and the Institute of Energy Economics in Japan (IEEJ).

Chapter V presents a number of empirical results from the multiobjective

programming model defined in Chapter III. These results are then compared to results

from the previous studies by MITI and IEEl.

Chapter VI provides the major findings and conclusions of this study. A further

development of this study is also discussed.
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CHAPTER II

JAPAN'S ELECTRIC POWER INDUSTRY

This chapter is organized as follows: In section 2.1, the characteristics of Japan's

electric power industry are described from the historical and economic points of view.

Section 2.2 shows the present state of the electric power development and the future plans

for technological improvement of each type of power plant. In section 2.3, some of the

issues that Japan's electric power industry faces are defined.

2.1 Characteristics of Japan's Electric Power Industry

2.1.1 Historical Background

The first electric power plant in Japan was established by the Tokyo Electric

Lighting Company in 1887, which was about five years later than the first U.S. plant.

Thereafter, many electric lighting companies were established throughout the country.

Although the electric power industry has been under the protection of the government

since the early years of its establishment, in 1912 this industry was confronted with the

excessive competition of 248 electric power companies. Naturally, this led to an

oversupply of electric power and hence each electric power company was obliged to

compete harder for consumers. In 1920 the Tokyo Elecric Lighting Company merged

with the Japan Electric Lighting Company. With this merger as a beginning, by 1925

many electric lighting companies conglomerated, and ultimately five major electric power

companies (Tokyo Electric Lighting Co., Ujigawa Electricity Co., Japan Electric Power

Co., Toho Electric Power Co., and Daido Electric Power Co.) were establised.

However, these incorporation did not stop the five major companies from competing
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among themselves. As a result of this excessive competition, in 1931 the government

revised the Electric Enterprise Law to solve the oversupply of electric power and to seek a

long-range stability for the country's electric power supply. From that time until World

War II, the government strongly regulated the electric power industry.

In 1950, under orders issued in consequence of the Acceptance of the Potsdam

Declaration, the Public Utilities Ordinance and the Electric Enterprise Reorganization

Ordinance were issued. Accordingly, in 1951 the present nine major electric power

companies (Hokkaido, Tohoku, Tokyo, Chubu, Hokuriku, Kansai, Chugoku, Shikoku,

and Kyushu) were established as regional monopolies (see Figure 2.1). Before the

establishment of the nine major electric power companies, outage was a daily happening

owing to the shortage of electric power resulting from the damage of many electric power

plants during the war and from the rapid industrial growth. However, within five years

after their establishment, the nine major electric power companies increased the installed

generating capacity by 3.62 million kW which was 42.6 percent of the installed generating

capacity in 1951. At the same time, they began to build the power plants with 6.23

million kW capacity corresponding to 73.3 percent of the installed generating capacity in

1951. In 1952, under the Electric Power Development Promotion Law, the Electric

Power Development Company was founded as a national countermeasure of energy

supply. During this time, the government had discussed whether the electric power

industry should be nationalized or not. If the government chose the nationalization of the

electric power industry like it had before World War II, the present-day prosperity of

Japan's electric power industry might not have been accomplished. This observation is

theorized from the fact that Japanese National Railways recently switched over to regional

private management because of poor business. In 1972, immediately after Okinawa

prefecture was reverted to Japan, the Okinawa Electric Power Company was added to

Japan's electric power industry for electricity service in the Okinawa area.
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Nine Major Electric Power Companies in Japan
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The demand for electric power in Japan has consistently increased since the end of

World War II. This was especially evident during the period of intense economic growth

in the 1960's. At that time, the annual average growth rate of the GNP was more than 10

percent. While each electric power company in Japan has used several types of electricity­

generating sources such as hydroelectric power, oil-thermal power, coal-thermal power,

LNG-thermal power, nuclear power, and geothermal power, the primary electricity­

generating source was hydroelectric power generation until 1963. This was primarily

because of the availability of many rapid streams throughout the country. After 1964,

thermal power generation has replaced hydroelectric power generation because crude oil

was cheap and abundant. However, the days of cheap fuel ended with the oil shortage of

1973. At that time, the crude oil price quadrupled and as such cast a shadow of

uneasiness about future oil supply. The electric power industry was obliged to switch

from oil-thermal power to other electricity-generating sources. The oil shock was so

serious as a matter of fact that leaders at the 1979 Tokyo summit reached agreement on the

upper bound of the amount of oil to be imported by each nation. Further, they reached an

accord on the suspension of any new oil-thermal power plants. As a result of the bitter

experience of two oil shocks, the other in 1979, the electric power industry is now trying

to attain an optimal mix of electricity-generating sources: nuclear power, thermal power by

coal and LNG as the central fuels, hydroelectric power, and new electric energy sources.

Since 1985, instead of oil-thermal power generation, nuclear power generation has

been the primary electricity-generating source in Japan with respect to the amount of

electric power generated. The share of LNG-thermal power generation also came close to

the share of oil-thermal power generation. These are resulted from the fact that LNG­

thermal power and nuclear power have steadily been developed to counteract air pollution

and to act as a primary electricity-generating source for the future, respectively, after the

latter half of the 1960's.
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2.1.2 Economic Characteristics

Japan's electric power industry consists of public and private electric power

companies: the nine major electric power companies, the Okinawa Electric Power

Company, the Japan Atomic Power Company, the Electric Power Development

Company, and some other smaller power generating companies. The market structure of

the electric power industry, similar to other public utilities such as gas, telephone, water,

sewage and railroads, is generally considered a natural monopoly. The presence of a

monopoly may be due to two major conditions:

(I) Economic Condition -- This condition is related to economies of scale which

imply that larger output is available at lower costs per unit of output, i.e., decreasing

average total costs. As Figure 2.2 shows, in the natural monopolistic market a large

company producing ql at price PI has positive profits because price is higher than the

average cost. In contrast, a small company producing at q2 at the same price cannot have

any profits because price is less than the average cost. Because the fixed costs in the

electric power industry are high (capital-intensive) as compared to some other industries

and because they do not vary with the amount of electric power generated, the average

total costs tend to fall as more electric power is generated. As for the electric utility

market, it has been thought that a single company can operate at lower average costs than

if two or more companies were to provide service.

(2) Legal Condition -- This condition implies that there is legal protection for the

electric power industry against ruinous competition. It is well-known that the nine major

electric power companies in Japan undertake operations for electric power generation,

transmission, and distribution under the monopolistic state in their respective regions.

The Japanese government indirectly guarantees their monopolistic status by specifying

some articles concerning monopoly in theElectric Enterprise Law, e.g.,



Price

Figure 2.2

Cost Curve for Natural Monopoly

11

MC

AC

Quantity



12

Article 3: Any person who wishes to operate an electric power company must

apply to the Ministry of International Trade and Industry for permission.

Article 5: The electric power company must not oversupply electric power

markedly apart from the estimated demand in its own supply region.

Therefore, as long as the existing electric power companies supply enough power to meet

the demand, their monopolistic status is naturally guaranteed by the law. The Antitrust

Law in Japan also allows the electric power industry to be a monopoly.

From the above conditions, many economists have taken it for granted that the

electric power industry takes the form of natural monopoly. However, since Christensen

and Greene (1976), Atkinson and Halvorsen (1976), and Lovins (1977) cast a shadow of

a doubt over the merit of scale in the U.S. electric power industry, Japanese economists

have also reexamined whether or not there are economies of scale, and whether or not

ruinous competition is inevitable in Japan's electric power industry. According to Lovins

(1977, P. 86), "many of the advantages claimed for large scale may be doubtful, illusory,

tautological, or outweighed by less tangible and less quantifiable but perhaps more

important disadvantages and diseconomies." He is referring here to the costs of the high

voltage transmission and distribution (T & D) system in the U.S. electric power industry.

His conclusions are that the large scale and centralization of electric power plant leads to

higher overheads of the T & D system and less operational flexibility, and that the small

scale operation has more operational flexibility and the advantage of higher utilization

efficiency.

Christensen and Greene tried to analyze economies of scale for the U.S. electric

power industry by using the translog cost function based on cross-sectional data for the

years 1955 and 1970. According to their analyses, in 1955 there were economies of scale

in every electric power company, whereas, in 1970, economies of scale were no longer
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available to some large companies as shown in Figure 2.3. As for Japan, Izawa (1982;

1983) analyzed economies of scale for the thermal power generation industry by the same

technique as Christensen and Greene. Based on the pooling of cross-sectional (nine major

electric power companies) and time-series data from 1978 to 1981, he found that every

company operated in the decreasing area of the average cost curve, which implies the

existence of economies of scale. However, according to Ohsawa (1983), Japan's electric

power industry did not necessarily have economies of scale. On the other hand, Nanbu

(1981; 1982) pointed out that a ruinous competition is not necessary in the electric power

industry even though there are economies of scale. If so, the legal protection of the

electric power industry by the government must be reexamined.

The electric power industry also has other economic characteristics which make it

different than the other utilities such as gas, water, and telephone business (in Japan).

Electricity as a product cannot be stored in large quantities. This implies that the unit cost

of production depends on the load factor or the load curve. As for the other utilities, their

unit costs are not affected by the load factor because they can easily store their products

except for telephone services. Hence, load factor is an important part of making a plan for

electric power supply to the electric power industry.



Figure 2.3

Average Cost Curve for the U.S. Electric Power Industry in 1970
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2.2 Present Situations and Plans for Future Electric Power
Development

Nuclear power, coal-thermal power and LNG-thennal power generations have

been developed as substitutes for oil-thermal power generation. As Table 2.1 shows, the

total installed generating capacity in fiscal year 1987 was 162.94 million kW: 35.23

million kW by hydroelectric power, 55.38 million kW by oil-thermal power, 11.39

million kW by coal-thermal power, 31.28 million kW by LNG-thennal power, 27.88

million kW by nuclear power, 1.6 million kW by LPG-thennal power, and 0.18 million

kW by geothermal power. The share of oil-thermal power in the total generating capacity

has certainly been reduced year after year. In this section, the present situation and the

development plan for thermal power, hydroelectric power, nuclear power, geothermal

power, and new electricity-generating sources will be summarized.

2.2.1 Thermal Power Generation

With the first oil shock as a turning-point, the diversification of energy has been

undertaken from a viewpoint of security. New thermal power plants by coal and LNG

were built extensively. Many oil-thermal power plants were converted into coal-thermal

power and LNG-thermal power plants. The total installed generating capacity of thermal

power plants in the course of construction and preparation for construction in fiscal year

1987 was 27.10 million kW.

Oil-Thermal Power

The share of generating capacity of oil-thermal power plants has steadily declined

over the years due to the convertion of these plants to either coa.l-thennal power or LNG­

thermal power since the first oil shock (from 60.8 percent in 1973 to 34.0 percent in

1987). The mid-sized and small-sized oil-thermal power facilities are expected to be used

as a countermeasure during intermediate and peak load times, while the large-sized

installed generating capacity is expected to be used mainly for meeting the intermediate and
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Table 2.1

Installed Generating Capacity

(million kW)

Power Sources 1981 1982 1983 1984 1985 1986 1987

HYDROPOWER 30.48 32.19 32.40 32.83 33.19 34.54 35.23
(22.5) (23.0) (22.5) (22.1) (21.5) (21.8) (21.6)

Genaral 18.16 18.24 18.34 18.47 18.84 18.99 19.07
(13.4) (13.0) (12.7) (12.4) (12.2) (12.0) (11.7)

Pumped- 12.32 13.95 14.05 14.36 14.36 15.56 16.16
Storage ( 9.1) (10.0) ( 9.7) ( 9.7) ( 9.3) ( 9.8) ( 9.9)

-----------------------------------------------------------------------------------------------------------
THERMAL 88.94 90.47 93.58 94.95 96.54 98.04 99.83

POWER (65.6) (64.7) (64.9) (64.0) (62.6) (62.0) (61.3)

Oil 62.01 61.73 60.09 56.29 55.26 54.74 55.38
(45.8) (44.1) (41.7) (38.0) (35.8) (34.6) (34.0)

Coal 5.99 6.65 8.23 9.63 10.34 11.69 11.39
( 4.4) ( 4.8) ( 5.7) ( 6.5) ( 6.7) ( 7.4) ( 7.0)

LNG 19.71 20.21 23.38 27.15 28.55 29.23 31.28
(14.5) (14.5) (16.2) (18.3) (18.5) (18.5) (19.2)

LPG 1.10 1.70 1.70 1.70 2.20 2.20 1.60
( 0.8) ( 1.2) ( 1.2) (1.1) ( 1.4) ( 1.4) ( 1.0)

Geothermal 0.13 0.18 0.18 0.18 0.18 0.18 0.18
( 0.1) (0.1) ( 0.1) ( 0.1) ( 0.1) ( 0.1) ( 0.1)

-----------------------------------------------------------------------------------------------------------
NUCLEAR 16.08 17.18 18.28 20.56 24.52 25.68 27.88

POWER (11.9) (12.3) (12.7) (13.9) (15.9) (16.2) (17.1)

SUM 135.50 139.84 144.26 148.34 154.25 158.26 162.94
(100.0) (100.0) (100.0) (100.0) (100.0) (100.0) (100.0)

Source: MITI, Outline of Electric Power Development, 1988.
Note: Numbers in parentheses are the shares of power plants.
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base load demands, in accordance with new efficiency criteria. However, since most of

the oil-thermal power plants were designed and built for meeting the base load demand,

they will be improved along with the changes in their practical use. Therefore, it is of

urgent necessity that controllability of plant through the daily start and stop (DSS) control

and the weekend stop (WES) control is improved.

Coal-Thermal Power

Due to the fact that coal resources are abundantly available in the Pacific area. coal

has advantages for security over the other fossil fuels. As a natural consequence, coal­

thermal power generation has been developed as a substitute for oil-thermal power

generation. Furthermore, many oil-thermal plants themselves have been converted into

coal-thermal power plants. The total generating capacity of coal-thermal power plants

converted from oil-thermal power plants until 1987 was about 3.23 million kW. Coal­

thermal power is being used to meet the base load demand at the present time. As

controllability of plants is improved, many coal-thermal power plants will be built as a

countermeasure of intermediate load in the future. The government's plan to develop coal­

thermal power generation technology is as follows:

0) Development of Gasification-Combined-Cycle (GCC) plants -- In this

method of generating power, gas is first produced (mainly CO and H2) by mixing

powdered coal with air in the gas furnace and by gasifying this mixture. This gas is then

refined and put into the gas turbine to generate power. Furthermore, the heat of gas

exhausted from the gas turbine generates power again by operating the steam turbine.

This method produces power more efficiently and produces less sulfur dioxide (S02),

nitrogen oxide (NOx), and particulate emissions than does the conventional method.

(2) Development of the large-sized steam generator (the floating-floor system) -­

The floating-floor system of steam generator is to make such a situation as boiling by

strongly sending air into accumulative sands on the floor of steam generator and to
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produce steam by burning coal which had been previously shattered into small pieces.

Although a small-sized steam generator with this technology is in wide use, the larger

capacity unit is now in the experimental stage.

(3) Development of a high-efficiency coal-thermal power plant -- A high­

efficiency plant impies that there is less coal needed to produce an equivalent amount of

energy. This efficiency can be achieved by changing the conditions on steam generator to

higher temperature and higher pressure. In order to achieve a high-efficiency coal-thermal

power plant, it is essential to improve the safety and reliability of heat-resisting alloy.

LNG-Thermal Power

At present, the thermal efficiency of steam power generation is about 40 percent.

It is not expected that its thermal efficiency can be sharply improved under the existing

steam generation conditions. Presently, in order to raise thermal efficiency, the electric

power industry tends to use the combined cycle generating system of the gas turbine and

the steam turbine for LNG-thermal power generation. The combined cycle generating

system is to generate power with steam produced by sending high-temperature gas

exhausted from the gas turbine into a boiler and then by gathering the heat produced.

Since the gas exhausted by combustion is efficiently used by combining two generating

systems, the thermal efficiency of LNG-thermal power plant will be increased as a result.

Furthermore, from the fact that the gas turbine can easily be controlled, LNG-thermal

power generation with the combined cycle generating system is expected to be used as a

countermeasure during intermediate and peak load periods.

2.2.2 Hydroelectric Power Generation

Since the first oil crisis, hydroelectric power, a purely domestically produced

energy supply, has been developed along with nuclear power, coal-thermal power, and

LNG-thermal power. The large-scale pumped-storage hydroelectric power is expected to



19

be further developed to meet peak load demand. The share of pumped-storage in the total

hydroelectric power was 45.9 percent in fiscal year 1987 and MITI estimates that this

share will gradually increase hereafter. The installed total generating capacity of

hydroelectric power under construction and in preparation for construction was 7.05

million kW at the end of fiscal year 1987, whereas the capacity of pumped-storage was

6.33 million kW (89.8 percent of the total hydroelectric power).

Hydroelectric power has advantages over other generation forms as it is a purely

domestic form of clean energy with a stable supply and a stable generating cost. It also

contributes to the economy of rural area. However, it has disadvantages in that there is a

high initial construction cost, there are less potential economies of scale due to the small­

to-medium-scale plants, and there are environmental problems such as the rise of a river

bed due to the accumulated sands in the reservoir. According to MITI, future

development plans for hydroelectric power include the building of many relatively small­

scale plants in many places. Hence, in order to proceed with the development of

hydroelectric power without the merit of scale, the electric power industry has to ask the

government for financial support to build plants and to proceed with the study on the

introduction of new technology and materials to reduce construction costs. The

government is planning to reduce construction and generation costs through the following

methods:

(1) Establishment of an automated management system for plants.

(2) Utilization of the less expensive tunnel baring machine to produce tunnels

rather than using the conventional excavation by dynamite techniques.

(3) Establishment of a technolog~ using rubber dams to make the head of water

longer for higher efficiency and to eliminate part of the present management system.
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2.2.3 Nuclear Power Generation

Nuclear power generation has been developed as a central substitute for oil-thermal

power. The amount of electric power generated by nuclear energy in fiscal year 1987 was

29.1 percent of the total amount of electric power generated and its annual utilization rate

in the same year reached 76.4 percent. Both of these percentages are larger than the

contribution of the other generating sources. This is due to the fact that nuclear power has

the following merits:

(1) A nuclear power plant saves fuel hecause it only needs fuel once a year at the

most.

(2) Since natural uranium exists without regional inclination and its history of

mining is shorter as compared to the other fuels, a large amount of natural uranium is

expected to be available.

(3) To generate the same amount of electric power, nuclear power requires

relatively little fuel as compared with thermal power. For example, to operate a 1 million

kW power plant for one year, oil-thermal power needs 1.3 million tons of oil, coal­

thermal power needs 2.2 million tons of coal, and LNG-thermal power needs 1 million

tens of LNG, ·..vhereas, nuclear power needs only about 139 tons of natural uranium.

(4) The generation cost of electricity by nuclear power is relatively lower than the

other methods mentioned above. According to MITI, the total generation costs per kWh

for the major electricity-generating sources in fiscal year 1986 were 9 yen for nuclear

power, 12 yen for oil-thermal power, 11 yen for coal-thermal power, 12 yen for LNG­

thermal power, and 13 yen for general hydroelectric power.

After the Chemobyl nuclear power plant accident in 1986, the anti-nuclear power

movement increased throughout Japan. According to a public-opinion poll in August

1988 by the Prime Minister's Office, 50.1 percent of the people polled expressed a

cautious attitude toward raising the ratio of nuclear power to the total electric power. In
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particular, 23.2 percent of the people opposed any increase in nuclear power usage.

Although it has been thought that nuclear power is an essential electricity-generating

source for Japan with its poor natural fuel supply, the electric power industry has to pay

close attention to the safety in developing nuclear power and get a consensus of public

opinion (especially, opinion of residents around the plant) for development through

sufficient public relations for the safety of nuclear power generation. As for the

technological advancement, future plans on enhancement of the nuclear power plants are

classified into four basic categories:

(I) Technological advancement of a light water reactor (LWR) -- The main type

of nuclear reactors used commercially in Japan is LWR, which is expected to be used as a

principal reactor for the time being because it will take a long time to put new types of

nuclear reactors into practical use. Hence, it will be more important to advance the

technology of LWR for secure and economical operations. At present, a new type of

LWR is expected to be in operation by the middle of the 1990's. This new type of LWR

has a higher potential utilization rate (about 90 percent), a lower generation cost (l0

percent less than the existing LWR), and uses less nuclear fuel (about 10 percent less)

than the existing LWR.

(2) Development of new types of nuclear reactors -- The government and the

electric power industry are proceeding with the development of fast breeder reactor (FBR)

and advanced thermal reactor (ATR) in anticipation of the operation for commerce after

2020 and 1995, respectively. FBR is a nuclear reactor that can produce more fuel

(plutonium) than it consumes while generating power. In addition, that reactor is several

times as high in utilization efficiency of the uranium in existing LWR. ATR is a nuclear

reactor developed to efficiently use plutonium produced from LWR. Fuels used for ATR

are natural uranium and mixed oxide (MOX) fuel (a mixture of recovered uranium and

plutonium).
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(3) Establishment of a nuclear fuel cycle -- The nuclear fuel cycle implies the

entire process of uranium mining and refining, UF6 conversion, uranium enrichment, fuel

fabrication, spent fuel transportation, and fuel reprocessing. Uranium enrichment has

depended mostly on the U.S. and France, and most fuel reprocessing has been done in

England and France. However, facilities for uranium enrichment and fuel reprocessing

are under construction in Japan so that a part of both process can be done within the

country after 1995. With this as a starting point, it is expected that the entire nuclear fuel

cycle will be established in the near future.

(4) Establishment of methods for treatment-disposal of radioactive wastes and

decommissioning of nuclear reactors -- High-level radioactive wastes exhausted from the

reprocessing plants have been typically stored within the reprocessing plants. In the

future, it is planned that these wastes will be buried deep underground after a fall in

radiation within the wastes. As for low-level radioactive wastes, the government is

planning to enclose them in drums with cement or asphalt and then store them

underground or sink them to the bottom of the sea. The proper decommissioning of a

nuclear reactor is another important problem because it is inevitable that the same site will

be used as a site for a new nuclear power plant.

2.2.4 Geothermal Power Generation

Japan has abundant volcanic area making geothermal power generation.

Geothermal power generation as a pure domestic energy source is expected to be

developed in the near future. Geothermal energy is released from within the earth in the

forms of dry and wet steam, hot brine, and hot rock. Hot rock and hot brine contain a

large amount of energy. However, the geothermal energies that have been developed so

far for commercial use are only dry and wet steam, because it costs too much to develop

the other two forms.
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Although, at present, the geothermal power plants in Japan are operating in nine

areas, all plants are using dry steam from a relatively shallow layer - mainly from 3,000 to

7,000 feet underground. In order to extend the use of geothermal power in the future, the

electric power industry is planning to introduce plants using dry steam from a deeper

layer. There is also plans for a binary-cycle generating system using hot brine with dry

steam during the 1990's, and a generating system using steam artificially produced by hot

rock around the year 2000.

2.2.S New Electricity-Generating Sources

New electricity-generating sources generally belong to renewable energy

resources, of which solar energy, wind energy, and ocean energy are most representative

and important. These energy sources are called soft energy paths and expected to be used

as a substitute for hard energy paths (thermal power generations by oil, coal, and LNG,

and nuclear power generation) in the 21st century.

The forms of solar energy are light and thermal energy, which is used not only for

heating, cooling, and lighting but also for generating electric power. Solar energy has

advantages in power generation because of non-regional inclination and the flexibility of

plant scale. Disadvantages include small energy density and variation of solar radiation by

time of day, weather, and season. Although Japan has been proceeding with the study of

the photovoltaic generation of electricity under the name of the Sunshine Project, this

generation system is not yet to the stage of competing with the other electricity-generating

sources. The present unit generation cost is between 200 and 250 yen per kilowatt-hour

and its cost is not expected to be reduced to between 70 and 80 yen per kiiowatt-hour until

the middle of the 1990's. The cost per unit needs to be between 20 and 30 yen per

kilowatt-hour to put the photovoltaic generation to practical use as one of many electricity­

generating sources supplying electric power on a large scale.
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Wind energy is clean and renewable, however, it varies with the velocity of the

wind and hence plant location is an important matter. Wind energy has been harnessed by

use of a windmill for many many years. It is recorded that windmills were used by the

Egyptians for pumping and irrigation purposes as far back as 3600 B.C. In recent years,

especially after the first oil shock in 1973, the developed world proceeded with the

development of wind power generation under various national support systems. Japan

has already experimented with a pilot plant with a generating capacity of 100 kW.

Furthermore, the elemental study and conceptional design of a pilot plant with a capacity

of 1,000 kW are being carried out under the Sunshine Project. Suppose that the utilization

rate of plant is 30 percent, the cost per unit of a large-scale plant with a capacity of 1,000

kW is expected to be about 20 yen per kilowatt-hour.

As for ocean energy, the representative generation systems in Japan are wave

power energy and ocean thermal energy conversion (OTEC). Wave power generation

implies that the atmospheric pressure which the vertical motion of the wave produces

operates a turbine and generates power. The Ocean Science Technical Center in Japan has

already carried out experiments on generating and transmitting power on an experimental

ship with a capacity of 2,000 kW. OTEC, on the other hand, generates power by using a

temperature difference between warm surface water and cold water at the bottom of the

sea. OTEC systems are classified into two systems: the open-cycle system and the closed­

cycle system. The former utilizes seawater as the working fluid to create power

generating steam and the latter utilizes other working fluids which have a lower boiling

point, e.g., ammonia, hydrocarbons, or halocarbons. The steam used to turn a turbine is

condensed by cold seawater and reused within the cycle system. Japan already succeeded

in generating power in Nauru (100 kW capacity) and Tokunoshima (50 kW capacity) from

the closed-cycle system. At present, the fundamental studies on a floating power plam are

being done with the aim of practical use in the 21st century.



25

2.3 Issues Facing the Electric Power Industry

The most significant issues the electric power industry faces now and will face in

the future are an increase in capital costs, financing difficulties, the issues concerning

power supply, and the environmental concerns. In this section, each of these issues will

be discussed in turn.

2.3.1 Increased Capital Cost and Financing Difficulties

Recently, economic friction with the U.S. and European Community has forced

Japan to change its economic policies. To offset this friction, Japan is promoting the

expansion policy of domestic demands. Consequently, the electric power industry is

supposed to invest I trillion yen in electric power facilities until the end of fiscal year

1988. The total facilities investment in the electric power industry is expected to exceed 4

trillion yen which is equivalent to about 8 percent of the total private facilities investment

in Japan. The reasons that the electric power industry has to invest a large amount of

money in facilities are the followings:

(1) Since electric power cannot be easily stored, the electric power industry usually

has to possess large-scale facilities of generation, transmission, and distribution to meet

peak demand.

(2) The annual peak load is increasing at a higher growth rate than that of total

demand for electric power. Hence, the electric power industry is required to invest at a

higher growth rate than that of demand.

(3) Despite a rise in construction costs since the oil shocks, the electric power

industry has developed substitutes for oil-thermal power generation. These substitutes are

more capital-intensive electric sources.

(4) Owing to the problems with the location and safety of plants, and the

environment, nuclear power plants and coal-thermal power plants have been built at
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remote places from places of power demand. Consequently, the facilities investment in

power transmission is increased.

(5) The facilities of transmission and distribution in crowded cities tend to be

buried underground as an environmental improvement project. This also results in higher

investment cost.

How the electric power industry covers the investment in enormous facilities is

also a significant issue. The total amount of facilities investment in the nine major electric

power companies in fiscal year 1987 was 3,444.2 billion yen; of which owned capital was

2,358.7 billion yen (68.5 percent), and borrowed capital, 1,085.5 billion yen (31.5

percent). The items of the borrowed capital were bonds, 517.5 billion yen (15 percent),

and loans from financial institutions, 568 billion yen (16.5 percent). In the same fiscal

year, the nine major electric power companies paid 3.68 billion yen per day as interests

on the bonds and loans, and 4.62 billion yen per day as depreciation on the electric power

plants. Hence, the electric power industry has to make efforts not only to obtain sufficient

capital for facilities investment, but also to diversify as a capital-raising measure to offset

the rising cost.

2.3.2 Issues on Electric Power Supply

The electric power industry also has issues on electric power supply. Around the

time of the first oil shock, the electric power industry could not meet the demand for

power for even one day without oil. Since then, the diversification of electricity­

generating sources became a major policy objective thereby reducing the heavy

dependence on oil. This was done by developing nuclear power, coal-thermal power,

hydroelectric power, and renewable energyIsolar, geothermal, and ocean energies). As a

result, the electric power supply by oil-thermal power has gradually declined from 71.1

percent in 1973 to 23.8 percent in 1987.
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A new objective of the electric power industry has been the improvement of

thermal efficiency. The present thermal efficiency of electric power plants is at most 43

percent. This means that the remaining 57 percent of the energy inputs is rejected into the

environment as heat or particulates. A co-generation system has been developed in order

to improve thermal efficiency. This was done not by the electric power industry but by

individual investors and is now in use as an independent power source. A co-generation

system is one that generates power by using the motive power of turbines and engines,

and fuel cells. This system also supplies a hot-water and a secondary energy for air

conditioning by using heat radiated from a primary energy conversion. In addition to the

new co-generation system, the electric power industry is looking at decentralized power

sources as a new power generation structure. The conventional generation system is a

large-scale system with the aim of higher thermal efficiency. On the other hand, the

decentralized power sources seek to decentralize many small-scale co-generation systems

nearest to consumers. However, there are still some issues to be examined in introducing

the decentralized power sources into the present electric power supply system:

(I) Although individual consumers can utilize the co-generation system, they

require backup generation systems to maintain an efficient operation of co-generation.

(2) If there is an imbalance between the demand for electric power and the demand

for heat, the co-generation system loses economic efficiency.

(3) Backup generation system lowers the operation rate of power plants and the

load factor.

(4) If the co-generation system for a specific user (industry) is connected with a

typical generation system, other users (industries) of a typical generation system may

suffer with respect to the quality of electricity and the reliability of supply.
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2.3.3 Environmental Issues

The diversification of power sources after the first oil shock created new problems

for the environment. Coal-thermal power created problems such as "acid rain", which is

caused by the emission of sulfur dioxide (S02) and nitrogen oxide (NOx) , and the

"greenhouse effect" which is caused by an increased carbon dioxide (C02) concentration

in the atmosphere. The construction of hydroelectric power plants and geothermal power

plants have spoiled the natural environment and landscapes in national parks. As for

nuclear power, the cumulative radioactive waste and nuclear power plant

decommissioning will be major issues in the near future.

The electric power industry has developed clean coal technologies in three areas

such as coal cleaning, retrofit emissions controls, and new generating options, which has

reduced S02 and NOx dramatically, but at a high cost. Clean coal technology will be

improved at a low cost in the future. As for hydroelectric power and geothermal power, a

part or all of these plants should be built underground so as not to damage the natural

environment and landscapes. Although the electric power industry is carrying out public

relations activities to make consumers understand the safety of nuclear power generation,

the anti-nuclear energy movement is accelerating and will continue to accelerate in the

future. Accordingly, the establishment of the nuclear fuel cycle will be behind and hence a

reduction in generation cost of electricity by increasing the share of nuclear power will be

difficult.
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CHAPTER III

MODELING THE OPTIMAL MIX OF ELECTRIC POWER SOURCES
AND METHOD OF SOLVING MODEL

This chapter describes the multiobjective programming model for the optimal mix

of electricity-generating sources and the method of solving the multiobjective

programming model. Section 3.1 defines the criteria (objective functions) of this model

by considering the critical issues identified in Chapter II. Section 3.2 presents the

mathematical model in detail. In section 3.3, the method of solving the model is

described.

3.1 Specification of Criteria

In order to formulate the optimal mix of electricity-generating sources for Japan,

the objective functions of the model must be defined. According to past studies on this

problem in Japan, only the economic crite~on (minimizing costs of electric power supply)

has been emphasized. However, electric power development planning should essentially

be considered from both the economic and strategic (security of electric power supply)

criteria at the same time. In addition to the above criteria, the electric power industry

should consider environmental and social criteria which are defined in this study as the

minimization of emissions from oil-thermal power and coal-thermal power plants, and the

minimization of the amount of power generated by nuclear power plants, respectively.

3.1.1 Economic Criterion

Cost-minimizing is a frequent planning goal when attempting to allocate scarce

resources such as energy. However, not every cost function has the same specification.

This is because the formulation of a cost function depends on what kind of decision
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variables one desires in the model. In order to formulate the optimal mix of electricity­

generating sources, the new installed generating capacity for and the amount of electric

power generated by each type of electric power plant are defined as decision variables in

the model.

In the electric power industry, total costs are allocated among four different phases

of electric power provision: generation, transmission, transformation and distribution.

However, only the cost for generation is considered in this study for the following two

reasons:

(1) Transformation and distribution costs are basicaly independent of the aggregate

generation costs and largely dependent on regional characteristics.

(2) Unit transmission cost is extremely small relative to unit construction cost, unit

fixed generation cost and unit fuel cost. Hence, it is not critical for the model.

The aggregate generation costs can be classified into two categories: fixed costs

and variable costs. In the electric power industry, variable costs for generating power

generally imply fuel cost, operation cost, maintenance cost and wages. Fixed costs

include the construction costs of the electric power plant, the municipal property taxes,

income taxes, and the costs of repairing the facilities. In the economic portion of the

objective function, the coefficients of the newly installed generating capacity and the

amount of electric power supply are expressed by unit construction cost and unit

generation cost, respectively. Owing to the particular situation that fuel costs have a

relatively large share in the aggregate generation costs and hence the aggregate generation

costs are easily affected by the change in fuel prices, fuel cost is separated from other

generation costs in the model. Hereafter, the aggregate generation costs are classified into

"fuel costs" and "other generation costs". The cost function is expressed as follows:

C = L (GCj + FCj) Sj
1

(3.1)
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where:

GCi =Unit generation cost of the ith type electricity-generating source (excluding

unit fuel cost).

FCi =Unit fuel cost of the ith type of electricity-generating source.

Si = Electric power supply by the ith type of electricity-generating source.

The form of the generation cost function is related to whether economies of scale

exist or not. Economies of scale imply that as the amount of power generated increases,

the average cost per kilowatt-hour decreases. The capital cost in the electric power

industry is growing due to a huge investment for plant and equipment to promote the

diversification of power sources. The electric power industry will tend to build small­

scale power plants and decentralize power plants in the future because the scarcity of

probable plant sites in Japan may not permit building large-scale power plants. The

interest on bonds and borrowed capital, and the depreciation of the power plants are

gradually increasing. As a result of that, the capital cost is expected to be multiplicatively

increased in the middle or long run. Thus, it is assumed in this study that the electric

power industry and each type of power plant in the year 2000 operates on the horizontal

line of the average cost curve. In other words, the unit generation cost is constant even if

the amount of power generated increases. That is, the generation cost function takes a

linear form,

Each unit cost shown in the generation cost function (3.1) is described as follows:

(1) Unit Generation Cost -- Although the aggregate unit generation cost per

kilowatt-hour for each electricity-generating source is published annually by MITI, the

unit cost for thermal power and nuclear power includes unit fuel cost. Hence, unit

generation cost named here is obtained by subtracting unit fuel cost from the aggregate

unit generation cost. The future unit generation costs used in this study are based on the

unit generation costs estimated by the Institute of Energy Economics in Japan (lEEJ,



Table 3.1

Future Unit Generation Cost (excluding unit fuel cost)

(¥/ kWh)

Electric Power Plant Unit Generation Cost

Nuclear Power 7.50

Oil-Thermal Power 3.76

Coal-Thermal Power 6.43

LNG-Thermal Power 4.82

Pumped-Storage Hydropower 22.00

Sources: lEEl, The 5th Conference Program of Energy
System and Economics, 1988.
rv1I'1'I, Energy '87.

32



33

1988) and MIT!. These unit costs are indicated in Table 3.1.

(2) Unit Fuel Cost - Since the change in fuel prices has an important effect on

forecasting electric power supply, fuel cost should be separated from other generation

costs. For example, a sharp fall in oil and LNG prices in 1986 reduced the unit fuel costs

for oil-thermal power and LNG- thermal power by 7 yen and 6 yen per kilowatt-hour,

respectively. Consequently, the aggregate unit generation costs for both oil-thermal

power and LNG-thermal power were lower than those for both nuclear power and coal­

thermal power. As one of the fuel supply conditions, the assumptions on fuel prices will

be explained in Chapter IV. In order to calculate the unit fuel cost for each electric source,

it is necessary to consider the fuel consumption rate (thermal efficiency). That is, the unit

fuel cost is calculated by multiplying the fuel price by the fuel consumption rate.

3.1.2 Strategic Criterion

In the electric power industry, "security" implies a need to supply electricity to

consumers on a consistent basis. Constant fuel supply from overseas is necessary for

such security. Since electric power companies have little control over the direction of

future fuel supply development, they have conciously and carefully chosen electricity­

generating sources with uncertainty of future fuel supplies in mind.

In general, electric power supply security problems are classified into: (1)

domestic problems of electric power shortage (outage) and fuel saving planning for

emergency, and (2) foreign problems with fuel supplies. Particularly, sudden stoppage of

fuel supplies due to wars, embargoes, and strikes is a serious problem for Japan as it

depended on overseas fuel for 82.4 percent of needs in 1985 according to MITI (1987d).

Therefore, to model real world happenings, the model must include variables delineating

fuel supply and stockpiling problems.

Risk of the ith fuel supply stoppage from overseas is measured by the degree of
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dependence on a supplying country and supply country risk:

nj

R; = L djj CRij
j =1

where:

Ri =Risk of the ith fuel supply stoppage from overseas.

d.. =Degree of dependence on the jth supply country for the ith fuel type.
IJ

CR.. =The jth supply country risk forthe ith fuel type.
IJ

ni =Number of supply country of the ith fuel type.

(3.2)

Countries from where Japan imported fuel over the past three years are the ones

chosen for this model. The term dij in the equation (3.2) implies the share of imported

amount from the jth supply country in the total amount imported of the ith fuel type (see

Table 3.2). Here, the degree of dependence of oil and coal are expressed on the average

for the past three years based on the data from Japanese Electric Power Association

(JEPA, 1988). The degree of dependence of LNG and natural uranium are expressed on

the fuel import project of the electric power industry because the electric power industry

already made contracts on the imported amount of both fuels in the future. As for CRij in

equation (3.2), the concept of country risk seems to capture the exposure to uncertainty

about a large number of factors affecting the political and the economic environment of a

country. Although country risk estimates are often based on macroeconomic measures,

such as GNP growth, balance of payments, foreign exchange holdings, worth-debt ratios,

and savings ratios, "political risk" or the possibility of changes in legislation and

regulation affecting the shipment of fuel, is also an important variable. The most extreme

political risk is war. However, it is actually difficult to quantify economic and political

risk. Accordingly, data on country risk obtained through a questionnaire on fuel

supplying nations from specialists who are engaged in foreign trade in major Japanese
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Table 3.2

Ranking of Degree of Dependence on Supply Country

(%)

Ranking Oil Coal LNG Uranium

U.A.E Australia Indonesia Australia
(19.8) (47.4) (41.2) (44.0)

2 Saudi Arabia Canada Malaysia Canada
(18.2) (19.2) (17.7) (35.2)

3 Indonesia U.S.A Australia Niger
(12.0) (14.5) (17.2) (13.5)

4 Oman South Africa Brunei U.K.
( 7.8) ( 9.2) (15. I) ( 7.3)

5 Iran U.S.S.R U.A.E
( 6.8) ( 4.4) ( 6.0)

6 China China U.S.A
( 6.6) ( 4.1) ( 2.8)

7 Qatar
( 5.5)

8 Brunei
( 5.2)

9 Mexico
( 4.9)

10 Iraq
( 2.5)

Sum (89.3) (98.8) (100.0) ( 100.0)

Sources: JEPA, Hand Book of Electric Power Industry, 1988.
JEA, Present Situation of Electric Power Industry, 1988.
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banks and companies will be used as a proxy. Country risk is explained in more detail in

Chapter IV.

To counteract sudden stoppage of fuel from overseas, domestic fuel saving is a

policy worthy of discussion. The number of countries to be considered for each fuel

supply can be restricted by fuel stockpiling situation in Japan. That is, the degree of

dependence of fuel by a specific supply country should be greater than its fuel savings

rate. The fuel savings rate is obtained by dividing the number of days of supply from fuel

stockpile by the number of days of fuel supply stoppage. According to MITI (l987d),

capacities of fuel supply in Japan are 140 days for oil-thermal power, 55 days for coal­

thermal power, 11 days for LNG-thermal power, and 2 years for nuclear power. It is

assumed that fuel supply stoppage from a specific country lasts for five years in this

study. The savings rate of each fuel type in Japan and fuel supply countries examined in

this study are shown in Tables 3.3 and 3.4, respectively.

Now the security risk function (SR) for electric power supply is formulated as

follows:

(3.3)

where:

R. = Risk of the ith fuel supply stoppage from overseas.
1

Si = Electric power supply by the ith type of electricity-generating source.

3.1.3 Environmental Criterion

Oil-thermal power and coal-thermal power burning their fuels for generating

power lead to emissions of carbon dioxide (C02), sulfur oxide and dioxide (SOx), and

nitrogen oxide and dioxide (NOx), which may have a serious effect on the climate around

the power plants in the near future. For example, according to Manabe (1980), if the



Table 3.3

Capacity of Fuel Supply and Fuel Saving Rate

Electric Power Plant Capacity Saving Rate

Nuclear Power 2 years 40.0 %

Oil-Thermal Power 140 Days 7.7 %

Coal-Thermal Power 55 Days 3.0 %

LNG-Thermal Power 11 Days 0.6 %

Sources: JEPA, Hand Book of Electric Power Industry,
1988. MITr, Petroleum Data, 1988.
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Table 3.4

Investigated Fuel Supply Countries

Ranking Oil Coal LNG Uranium

U.A.E Australia Indonesia Australia
19.8 % 47.4 % 41.2 % 44.0 %
(0.301) (0.139) (0.351 ) (0.139)

Saudi Arabia Canada Malaysia Canada
2 18.2 % 19.2 % 17.7 % 35.2 %

(0.269) (0.124) (0.239) (0.124)

Indonesia U.S.A Australia
3 12.0 % 14.5 % 17.2 %

(0.351 ) (0.051 ) (0.139)

Oman South Africa Brunei
4 7.8 % 9.2 % 15.1 %

(0.323) (0.331 ) (0.229)

U.S.S.R U.A.E
5 4.4 % 6.0 %

(0.227) (0.301)

China U.S.A
6 4.1 % 2.8 %

(0.313) (0.051 )

Sources: JEPA, Hand Book of Electric Power Industry, 1988.
MITI, Petroleum Data, 1988. JBRI, Country Risk, 1987.

Note: Numbers in parentheses are country risk - refer to Table 4.8
in section 4.4.
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present concentration of C02 in the air is doubled, it is expected that, according to the

"greenhouse effect", the annual average temperature of the surface of the earth will rise

about 30 C and rainfall will be reduced. The rise in temperature and the reduction of

rainfall may affect global agricultural production, and change even the character of

indigenous vegetation.

On the other hand, SOx and NO x released from fossil fuel (oil and coal)

combustion cause acid rain which is growing in the industrial regions. In such regions

acid rain is destroying aquatic life and damaging buildings. Since the effects of acid rain

are confirmed far away from the power plants, the matter of regulation may occur between

bordering prefectures, states and even nations.

Although coal-thermal power is regarded as a primary substitute for oil-thermal

power, coal discharges SOx more than twice and NOx about ten times as much as oil.

However, it is expected that the discharge from coal-thermal power plant will be almost

the same level as oil-thermal power plant due to the development of gasification-

combined-cycle (GCC) plants in the future. In this study, the amount of waste gas from

oil-thermal power and coal-thermal power plants is examined as a factor of causing

environmental problems. According to the inquiry into the Central Research Institute of

Electric Power Industry (CRIEPI), the emission rate of waste gas from oil-thermal power

plant and coal-thermal power plant, with one million kW capacity, are 3.06 million Nm3

per hour and 3.58 million Nm3 per hour, respectively. The amount of emissions from oil-

thermal power plant and coal-thermal power plant (EM) is given as follows:

EM = r. ERj Sj
i

where:

ERi =Emission rate of waste gas from the ith type of power plant.
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Si =Electric power supply by the ith type of power plant.

3.1.4 Social Criterion

After the Three Mile Island plant accident in 1979, the safety of nuclear power

generation as a matter of life and death has often been argued by many energy specialists

in Japan and elsewhere. Moreover, the Chernobyl plant accident in 1986 deeply

impressed upon people the fact that nuclear power generation is very dangerous for a

small country like Japan. The agitation against nuclear power development is recently.

accelerating throughout the country. As a result of that, the electric power industry began

to carry on public relations for the safety and economy of nuclear power generation on a

large scale, regardless of its regional monopoly.

In addition to the safety problem of nuclear power development, energy costs for

nuclear power generation is an issue. They have been analyzed by Chapman (1974;

1975), Rotty, Perry, and Reister (1975), and Walford, Atherton, and Hill (1976).

According to the energy cost analysis by Rotty, Perry, and Reister, nuclear power

generation (Boiling Water Reactor) is expected to indirectly use a huge' amount of oil for

processing nuclear fuel, building of nuclear power facilities, and the treatment and

disposal of radioactive waste. Here, they assume that the period for treatment and

disposal of radioactive wastes is 30 years. However, Marsily and Ledoux (1977) say that

it takes an extremely long time for the concentration of radioactive substance to be reduced

by half (see Table 3.5). Consequently, the period for the treatment and disposal of

radioactive waste should be assumed to be a very long time. Their assumption should be

revised and hence energy costs for nuclear power generation are increased.

The development of nuclear power comes at a time when concern for the

environment is growing. Therefore, though the first two criteria, economic and strategic,

are derived from the viewpoint of producers, the minimization of electric power generated



Table 3.5

Estimates of the Half-Life of the Principal Radioactive Elements

Element Quantity Initially Presented Half-Life
in the Glass (gram / liter) (years)

Iodine-129 3.5 16 x 106

Neptunium-237 7.2 2.13 x 106

Plutonium-239 0.4 24,400

Americium-241 0.8 433

Americium-243 1.4 7,900

Plutonium-240 0.3 6,600

Technecium-99 12.5 210,000

Source: G. D. Marsily, et aI., 1977.
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3.2 A Multiobjective Programming Model

3.2.1 Objective Functions

As mentioned in the previous section, the objectives that have been considered

significant for the optimal mix of electricity-generating sources are classified into four

criteria: economic, strategic, environmental, and social criteria. Economic criterion aims at

the minimization of the aggregate generation costs; strategic criterion aims at the

minimization of security risk of electric power supply; environmental criterion aims at the

minimization of emissions from oil-thermal power plant and coal-thermal power plant; and

social criterion aims at the minimization of the amount of electric power generated by

nuclear power plant. These objective functions are assumed to be linear functions of the

amount of power generated. The four objective functions involving economic criterion

Z1, strategic criterion Z2, environmental criterion Z3, and social criterion Z4 are expressed

as follows:

5
Min Z1 = L (GCj + FCj) Sj

i =1

4

Min Z2 = L Rj Si
i =1

3
Min Z3 = L ERi Si

i=2

Min Z4 = S1

where:

GCi = Unit generation cost of the ith type of electricity-generating source (excluding
unit fuel cost).

FCj = Unit fuel cost of the ith type of electricity-generating source.
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Sj = Electric power supply by the ith type of electricity-generating source.

Rj = Risk of the supply stoppage of fuel used for the ith type of electricity-generating
source.

ERj = Emission rate of the ith type of electricity-generating source.

= The ith type of electricity-generating source,

1 for nuclear power,
2 for oil-thermal power,
3 for coal-thermal power,
4 for LNG-theIlTIal power, and
5 for pumped-storage hydropower

3.2.2 Constraints

The most important part of the model is the set of constraints (1) through (9),

which reflect technological conditions, daily load pattern, and fuel supply condition.

These conditions are defined in detail as analytical assumptions in Chapter IV.

(1) Upper and Lower Bounds of the Installed Generating Capacity:

LBe- < X- + E· < UBe-1 _ 1 1_ 1

where:

(i=1, ... ,5)

LBCj = Lower bounds of installed generating capacity of the ith type of power plant.

UBCj = Upper bounds of installed generating capacity of the ith type of power plant.

X; = Newly installed generating capacity of the ith type of power plant.

E; = Existing installed generating capacity of the ith type of power plant.

Constraint (1) makes sure that the installed generating capacity of each type of

electric power plant must be no less than the existing installed generating capacity and no

more than the potential installed generating capacity.

--- -- -- ---------------------------------------------
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(2) Condition of Installed Generating Capacity:

5

:E m; (Xi + ED + G ~ (l + g) PL
i=1

where:

m; = Potential instantaneous utilization rate of the ith type of power plant.

g = Net margin of the installed generating capacity (10 percent of annual peak load).

PL = Annual peak load.

G = Given installed generating capacity by general hydropower, geothermal power,
and other electricity-generating sources (13.8 percent of the total installed
generating capacity - average value for the last five years).

Constraint (2) indicates that the total installed generating capacity must exceed at

least the annual peak load plus net margin.

(3) Time-of-Day Equilibrium Conditions:

5
L Wit + GW t = L t

i =1
(t=I,3,5,7 ,8,10,12,13,14,15,17,19)

where:

Wit = Electric power supply by the ith type of electricity-generating source at time t
of the day of the annual peak load.

L t = Load at time t of the day of the annual peak load.

GW t = Given electric power supply of geothermal power, general hydropower, and
other types of electricity-generating sources at time t of the day of the annual
peak load (see Table 3.6).

Constraint (3) represents the equilibrium condition between supply and demand

along the daily load curve for the day of the annual peak load, and allows different daily

load to shift up and down through the changes in electric power rate systems.
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(4) Potential Generating Capacities:

'w·l < -a , "T. + E')1 _ 41 ~Al 1

where:

(t=I,3,5,7 ,8,10,12,13,14,15,17,19)
(i=I,...,5)

qj = Potential daily utilization rate of the ith type of power plant.

Constraint (4) represents the potential generating capacity of each type of electric

power plant at each time of the day of the annual peak load.

(5) Generating Capacities through Controllability:

5
15 5 5L (l - aj) Wj .s.. L - GW

i =1

where:

aj = Controllable rate of daily start and stop (DSS) of the ith type of power plant.

Constraint (5) indicates that the generating capacity through uncontrollable power

plants at the time of the annual peak load must be no more than the base load minus the

given electric power supply at the time of the base load.

(6) Electric Power Supply Condition through Controllability:

5
h L Uj (1 - aj) (X; + Ej) :5 BE

i =1

5
h L Uj aj (X; + Er) 2: NE

i =1

where:

BE =Annual base load energy.

NE =Annual non-base load energy.
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h =Number of total hours in a year (8760).

Uj =Potential annual utilization rate of the ith type of power plant.

Constraint (6) represents that the potential electric power supply for a year

through uncontrollable power plants must be no more than the annual base load energy

and that those through controllable power plants must be no less than the annual non-base

load energy.

(7) Annual Electric Power Supply Condition:

(i=1, ...,5)

Constraint (7) implies that electric power supply of each type of electricity-

generating sources must be no more than the potential supply by its installed generating

capacity.

(8) Equilibrium Condition of Demand and Supply:

5
L Sj = (l - r) D
i =1

where:

r = Ratio of given electric power supply by general hydropower, geothermal power,
and the others to the total power supply (15.3 percent - estimated by MITI).

D = Total demand for electric power.

Constraint (8) is derived from the fact that electric power cannot easily be stored.

(9) Electric Power Supply Conditions through Constraints on Fuel Consumption:

(i=2,3,4)



(t=10,12,13,14,15,17)
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where:

bi = Ratio of consumption in the electric power industry to the total consumption with
respect to the ith fuel type - oil (13.3 percent), coal (21.0 percent), and LNG
(76.2 percent), which are derived from MIT! (1988b).

FS i = Expected supply of the ith fuel type.

FCRi = Fuel consumption rate of the ith fuel type.

Constraint (9) makes sure that electric power supply must be restricted by the

expected fuel supply conditions.

Constraints from (10) through (14) below are generating conditions defined based

on the characteristics and distribution conditions of each type of electricity-generating

sources at each time of the day.

(10) Generating Condition of Nuclear Power:

WI I = WI 3 = .... = WIt = .... = WI
19 (t=I,3,5,7,8,10,12,13,14,15,17,19)

The amount of power generated by nuclear power plant is stable throughout the

day due to uncontrollability and the annual generating amount is given by multiplying the

daily generating amount by 365.

(11) Generating Condition of Oil-Thermal Power during Peak Load Hours:

10 12 t 17
W2 = W2 = .... = W2 = .... = W2

The generating amount by oil-thermal power during peak load hours are assumed

to be constant.

(12) Generating Condition of Coal-Thermal Power:

1 3 t 19
W3 = W3 = .... = W3 = .... = W3 (t= I ,3,5,7,8, I0, 12,13,14,15,17,19)

--------_._-----------------------------------------
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Although coal-thermal power plants are controllable by a half of their generating

capacities, the generating amount is assumed to be constant throughout the day to maintain

thermal efficiency.

(13) Generating Condition of LNG-Thennal Power during Peak Load Hours:

10 12 t 17
W4 = W4 = .... = W4 = .... =W4 (t=10, 12,13,14,15,17)

The amount of power generated by LNG-thermal power plant during peak load

hours is assumed to be constant.

(14) Generating Condition of Pumped-Storage Hydroelectric Power:

(t=1,3,5,7,8,13,19)

This condition assumes that pumped-storage hydroelectric power plants are not

operated during off-peak load hours.

- ----------------------------------------------
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Table 3.6

Given Electric Power Supply (Time-of-Day)

(million kWh)

Time-of-Day (a.m)
1 2 3 4 5 6 7 8 9 10 11 noon

10 7.5 5 5 5 5 5 5 15 25 25 25

1 2 3
Time-of-Day (p.m)

4 5 6 7 8 9 10 11 midnight

25 25 25 25 25 25 25 22.5 20 17.5 15 12.5

Sources: MITI, Outline of Electric Power Development and Outline of
Electric Power Demand and Supply, 1988.

-_..__._-------------------------------------
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3.3 Method of Solving the Model

Although many methods of solving a multiobjective programming model have

been developed recently, most of these methods require the knowledge of the decision

maker's preferences about the relative values of the objectives in the algorithm. However,

since the decision makers in this study are not necessarily within the electric power

industry, it is very difficult to define the decision makers and to obtain their preferences.

Thus, this study deals with no identified decision maker. In general, the multiobjective

programming model gives many alternative solutions. In this study, a compromise

solution is chosen from among alternative solutions. A compromise solution is expected

to satisfy efficiency and equity at the same time because the optimization problem in this

study belongs to the public choice problem. The concept of equity is based on the

Rawlsian equity criterion and the utilitarian equity criterion. The "min-max technique" is

used to find a satifactory compromise solution without preferences. This technique was

developed by Yu (1973) and Zeleny (1973, 1974b).

Before discussing the min-max technique, the primary concepts of multiobjective

optimization (the pay-off matrix and non-inferior solutions) are presented by using a

simple multiobjective programming model. The model with two objectives to be

maximized is defined as follows:

Max 21 = fl (x)

Max 22 = f2 (x)

s.t, A x ~ b, x z 0

where Ci, x, and b are column vectors and A is a matrix.

The pay-off matrix and its derivation are presented as follows:

(1) Solve the two maximization problems individually under the given constraints

to find the optimal solution for each of two objectives. The optimal solution that

maximizes the ith objective is defined as xi = (xj', X2i,... , xni).
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(2) Substitute the optimal solution that maximizes the ith objective into the other

objective to obtain the value of each objective: Z 1(xi), Z2(Xi), i = 1,2. This gives the

pay-off matrix (see Table 3.7).

Table 3.7

The Pay-Off Matrix in Multiobjective Programming

(3) Define the ideal solution and the disagreement solution from the pay-off matrix

as follows:

The ideal solution Z* =(Zj *, Z2*) is defined as the diagonal elements of the pay-

off matrix, i.e.,

Z( = Zi(Xi), for i = 1,2.

The disagreement solution N* =(N1*, N2*) is defined as the minimum element in

each column of the pay-off matrix, i.e.,

Nt = Min Zi(Xk), for i =1,2.
k=1,2

Next, the concept of non-inferior solutions is explained by Figure 3.1 illustrating

objective space which is distinguished from the decision variable or decision space. The

result of connecting adjacent extreme points with lines implies the feasible region. In

Figure 3.1, point C is inferior, i.e., not non-inferior. Alternative point A gives more Z2

without reducing ZI, and alternative point B gives more Zj without reducing Z2. In fact,

the shaded area to the "northeast" of point C dominates alternative point C. That is, a

-------------------
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Figure 3.1

Objective Space and Non-Inferior Solutions
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feasible solution is non-inferior if there are no feasible solutions existing to the northeast.

Only the boundary between points A and B is non-inferior solutions, which is called

"Pareto optimality" in economics. In addition, point Z* and C are the ideal solution and

the disagreement solution, respectively, as defined in the pay-off matrix above.

Now, a compromise solution should be chosen from among non-inferior

solutions. According to the axiom of choice by Zeleny (1982, p. 156), "alternatives that

are closer to the ideal are preferred to those that are farther away." The concept of the

minimum distance from the ideal solution reflects this axiom of choice. A generalized

fomula of the distance from the ideal solution for a two-dimensional case, dependent on

power p, is as follows:

dp = (ZIP + ZzP)1/p 1 .::; p .$ 00

How power p affects on the distance from the ideal solution is explained by using the

cases for three different values of p (p = 1, 2, and 00). Suppose that, in Figure 3.2, the

origin is the ideal solution,

For p = 1,

For p = 2,

For p = 00,

d1 = 1Z11 + 1ZZI = r

dz = (I Z 1 I z + 1Zz 1z) l/Z = r

doo = (IZ1IOO+ IZZloo) 1/00= Max (IZ11, 1Zzl) = r

These distance measures are shown in Figure 3.2. These measures for the above two­

objectives maximization problem can be written as follows:

For p = 1, d1 = (Zl* - Zj ) + (Zz* - Zz)

For p = 2, dz = [( Z1* - Z 1 )z + (ZZ* - Zz)z] 1/2

For p=oo, doo= Max [(Zl* - Zj ), (Zz* - Zz)]

In Figure 3.3, points U, F, and E indicate the minimization of these three distance

measures dj , dz, and doo, respectively. The boundary between points U and E is called

the "compromise set." All other compromise solutions for dp, 1 .$ P .::; 00, also lie on

this compromise set. Especially, point U is called the "utilitarian equity solution."
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Figure 3.2

Distance Measures

-r

dj = IZ11 + 1Z21 =r d2 =(1Z112 + 1Z212 )1/2 =r doc =Max ( IZII, IZ21 ) =r

-------------------------------------------
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According to Bentham, equity of distribution is based on utilitarianism which is the

"greatest good of the greatest number." This implies that equity of distribution is achieved

by maximizing aggregate social utility (the total value of objectives in this study).

Although, in Figure 3.3, point R is not on the compromise set, it is called the "Rawlsian

equity solution." According to Rawls (1969, p. 66), "the basic structure (of society) is

perfectly just when the prospects of the least fortunate are as great as they can be." This

implies that equity is achieved by maximizing a living standard of the least advantaged

members of society (the lowest level of objectives in this study). An obvious difference in

equity between utilitarian and Rawlsian is that the former defines equity of distribution

from the viewpoint of totality, whereas the latter defines it from the viewpoint of the least

(lowest). However, there is a problem of noncommensurability between objectives.

Accordingly, the above distance measures are rewritten in terms of relative distance. The

distance measures of objectives Z} and Z2 are divided by (Z 1* - N}*) and (Z2* - N2*),

respectively. So, the distance would be between 0 and l.

Let D} = Z}* - N}* and D2 = Z2* - N2*

d} = [(Z}* - Z})/DIl + [(Z2* - Z2)/D2]

d2 = {[ ( Z}* - Z1 ) / D 1 ] 2 + [( Z2* - Z2) / D2 ] 2 }1/2

doo = Max {[ ( ZI * - ZI) / Dj ], [( Z2* - Z2) / D2] }

Figure 3.4 shows the objective space in terms of relative distance. In this case, point R

will be the same point as E and even the compromise set including points U and F

approximates point E. In this study, point E is chosen as a satisfactory compromise

solution because at this point the relative concessions, from the ideal solution, made by

each of objectives are identical, and because this solution is a balanced solution for each of

the objectives without decision makers' preferences. Thus, to obtain this solution, the

following technique is used:

Min doo = Max { [Z}* - Z} (x)] / D}, [Z2* - Z2 (x) ] / D2 }
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s.t. A x 2:. b, x 2:. 0

which is reduced to

Min doc

s.t. [ Zl * - Zl (x)] / DI < doc

[ Z2* - Z2 (x)] / D2 < doc

A x > b, x > 0

This is the min-max technique developed without knowledge of decision makers'

preferences. This technique is applicable to the model with more than two objective

functions.
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CHAPTER IV

ANALYTICAL ASSUMPTIONS

In order to obtain a view of the future optimal mix of Japan's electricity-generating

sources, it is very important to see how the demand for electric power, the future fuel

supply conditions including fuel prices and country risk of fuel supply country, the

technological progress, and the institutional changes will behave. In this study, a number

offuture situations on the electric power industry are assumed. Some scenarios regarding

the economic conditions (fuel prices and demand for electric power), the technological

conditions (installed generating capacity, controllability, and utilization rate), and the

institutional conditions (power rate system), are drawn up based on the estimates by MITI

(1988a, 1988b, 1988c, 1988d), JEA (1987) and lEEJ (1988). As for country risk, the

technique of obtaining country risk is first defined and then a comprehensive list of

country risk is presented.

4.1 Economic Assumptions

4.1.1 Fuel Prices

Future fuel prices should be carefully estimated because the changes in such prices

directly affect the decision on how much power should be generated by which power

sources in the future. Hence, the future fuel prices as a base scenario is first defined and

fuel prices for high and low growth scenarios are then assumed. A high growth scenario

is drawn up on the supposition that the third oil shock will occur by 2000. On the other

hand, a low growth scenario is based on the supposition that the present (nominal) fuel

prices will continue until fiscal year 2000.

- --------------------------------------------------------
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Oil Price

The latest decline in crude oil price in terms of CIF (Cost, Insurance, and Freight)

caused a fall in the unit fuel cost of oil thermal power genertion. Although the average

crude oil CIF price in fiscal year 1985 was $27.30 per barrel, its price suddenly dropped

to $13.81 per barrel in fiscal year 1986 because OPEC changed the policy from stabilizing

the crude oil price to securing the oil market share at the 76th OPEC ordinary general

meeting (December, 1985). On the other hand, the exchange rate has stabilized on a high­

value yen basis. Hence, the CIF price of crude oil in terms of yen dropped to the level

before the second oil shock. As a result, OPEC decided on a fixed price system set at

$18.00 per barrel at the 80th OPEC ordinary general meeting (December, 1986). The

average ClF price of crude oil in fiscal year 1987 was actually $18.15 per barrel.

Although lEE] forecasted that this price would remain at the same level until 1990, crude

oil price has dropped. This drop was caused by the fact that some of OPEC countries

have gradually increased the output of crude oil against OPEC agreement on stable supply

of crude oil because they have to pay huge interest for their cumulative debt to the

developed countries. This tendency will continue for some time. On the other hand, non­

OPEC countries are expected to decrease their output of crude oil after 1990 because the

ability to produce crude oil seems to have reached a ceiling. Accordingly, it is assumed

that the CIF price of crude oil will be $16.00 per barrel in fiscal year 1990, and will begin

to rise from fiscal year 1991 because the oil-pricing will be under the control of OPEC. In

this case, it is assumed that the crude oil price rises at an annual rate of 4 percent (the

average inflation rate in OECD countries) as a base scenario. The crude oil price will be

$23.68 per barrel in fiscal year 2000. The exchange rate as a base scenario is assumed to

be ¥140 per dollar.

Oil still has the largest share in the total consumption of the primary energy in the

world. Although the present share of crude oil produced by OPEC countries is less than
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that by non-OPEC countries, the share of proven crude oil reserves in OPEC area is far

larger than that in non-OPEC areas. Moreover, the life expectancy of proven crude oil

reserves in OPEC area is far longer than that in non-OPEC areas (see Table 4.1). OPEC

countries in the Persian Gulf area have an especially large share of proven crude oil

reserves and long life expectancy of reserves. The above facts imply that OPEC countries

will take the leadership in supplying and pricing crude oil in the future. If the Persian

Gulf situation returns to a high state of tension due to recent attacks on oil tankers, it is

possible that a third oil shock could occur in the near future. Therefore, a high crude oil

price scenario under the third oil shock will be based on the experience of the past two oil

shocks. It is common knowledge that the first oil shock in 1973 quadrupled the crude oil

price. As for the second oil shock, the average annual price of crude oil rose from $13.89

per barrel (1978) to $34.62 per barrel (1980) which corresponded to a 2.5 times increase

in price. Accordingly, it is assumed that the CIF price of crude oil in fiscal year 2000 will

double the CIF price of crude oil as a base scenario due to the third oil shock.

The price of heavy oil C used for oil-thermal power generation is generally

different from the CIF price of crude oil. The price of heavy oil C is given by adding

some expenses for refining and distribution to the ClF price of crude oil. Some expenses

in fiscal year 2000 are estimated by considering the domestic wholesale price index (2

percent) and some expenses (¥5,000 per kiloliter) in fiscal year 1987. The price of the

imported heavy oil C is also different from the price of the domestic heavy oil C and about

the same price as the Clf price of crude oil. The ratio of the amoun t of the domestic

heavy oil C to the imported amount is 9 to 1. Hence, the price of heavy oil C that the

electric power industry pays is calculated as a weighted average of the prices of both

heavy oil C. Table 4.2 shows the prices of crude oil and heavy oil C assumed above.
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Table 4.1

Proven Crude Oil Reserves and Life Expectancy Estimates

Country Proven Crude Oil Reserves Production Life Expectancy
(1000 bbl.) (1000 bbl/day) (year)

WESTERN 808,148,400 (91.1) 40,164.0 (72.1) 55.1
HEMISPHERE

NON-OPEC 137,493,400 (15.5) 22,468.5 (40.3) 16.8
COUNTRIES
------------------------------------------------------------------------------------------------------

Developed 56,451,570 ( 6.4) 14,314.1 (25.7) 10.8
Countries

U.S.A 25,270,000 ( 2.8) 8,276.7 (14.9) 8.4
Japan 56,790 (0.0) 12.1 ( 0.0) 12.9

T pcc np"plnnpr! Q1 ')01 Q~O ( 9.2) 8,154.4 (14.6) n.3
~-yy ~_. -'-r--- ........ ,- ..... -, ..............

Countries

OPEC 670,655,000 (75.6) 17,695.5 (31.8) 103.8
COUNTRIES
------------------------------------------------------------------------------------------------------

U.A.E 98,105,000 (11.1) 1,427.5 ( 2.6) 188.3
Iran 92.850,000 (10.5) 2,341.7 ( 4.2) 108.6
Iraq 100,000,000 (11.3) 2,095.8 ( 3.8) 130.7
Kuwait 94,525,000 (10.7) 1,295.4 ( 2.3) 199.9
Qatar 3,150,000 ( 0.4) 284.4 ( 0.5) 30.3
Saudi Arabia 169,585,000 (19.1) 4,253.8 ( 7.6) 109.2
Algeria 8,500,000 ( 1.0) 647.9 ( 1.2) 35.9
Gabon 645,000 ( 0.1) 155.8 ( 0.3) 11.3
Libya 21,000,000 ( 2.4) 1,019.7 ( 1.8) 56.4
Nigeria 15,980,000 ( 1.8) 1,238.6 ( 2.2) 35.3
Indonesia 8,400,000 ( 0.9) 1,185.8 ( 2.1) 19.4
Ecuador 1,615,000 ( 0.2) 157.2 ( 0.3) 28.1
Venezuela 56,300,000 ( 6.3) 1,591.9 ( 2.9) 96.9

EASTERN 79,200,000 ( 8.9) 15,555.5 (27.9) 13.9
HEMISPHERE
-----------------------~-------------------------------- - --- -- - --- -- - - -- - -- - -- - -- - -- - - - - -- - - - - - - - - -- - -- - --

U.S.S.R 59,000,000 ( 6.6) 12,486.5 (22.4) 12.9
China 18,400,000 ( 2.1) 2,647.0 ( 4.8) 19.0

TOTAL WORLD 887,348,400 (100) 55,719.5 (100) 43.6

Source: Oil and Gas Journal, 28 (December), 1987.
Note: Numbers in parentheses are the shares of proven crude oil reserves.

. _.. ---~-_...._----------------------------------
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LNG Price

Although the average CIF price of LNG in fiscal year 1985 was $261.25 per ton,

its price dropped to $179.21 per ton with the sudden drop of the crude oil CIF price in

fiscal year 1986. In terms of yen, it was half of the average CIF price of LNG in the

previous fiscal year. It is clear that the price of the imported LNG is affected by the crude

oil price. Hence, the current CIF price of LNG is expected to remain on the same level

until 1990 as well as the CIF price of crude oil.

The CIF prices of LNG for base and high growth scenarios are assumed based on

the simple regression analysis of the CIF price of LNG (dependent variable) on the CIF

price of crude oil (independent variable) for the past 10 years which includes the second

oil shock. However, the CIF prices of LNG are assumed to be 5 percent lower than the

estimated prices in fiscal year 2000 because it is expected that LNG will be oversupplied

as compared to crude oil. This oversupply can be attributed to the facts that the growth

rate of demand for LNG by the electric power industry recently tends to decrease and that

the import contract of LNG is quite rigid and long (around 20 years). It is assumed that

the exchange rate is ¥140 per dollar in fiscal year 2000. The CIF price of LNG for each

scenario is shown in Table 4.3.

Coal Price

Compared with the crude oil, the proven reserves of coal are abundant in countries

exhibiting political stability. According to the regression analysis of the CIF price of coal

on the ClF price of crude oil, it is clear that the ClF price of coal as well as LNG has been

affected by the change in the crude oil price after the oil shock. The CIF price of coal is

assumed to be based on results from the regression analysis. The estimated prices in

fiscal year 2000 are shown in Table 4.3.

There is a big difference between the imported coal price and the domestic coal
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Table 4.2

Estimates of Oil Price

Crude Oil CIF Price Expenses Heavy Oil C
Scenario Domestic Pro Purchasing Pro

($/bbl.) (¥/ld) (¥/kl) (¥/ld) (¥/kl)

Base 23.68 20,850 6,468 27,318 26,671

High 47.36 41,701 6,635 48,336 47,673

Low 18.15 15,981 6,305 22,286 21,656

Sources: lEEJ, Energy Balance in Japan, 1987, and The 5th Conference Program
of Energy System and Economics, 1988.

Notes: Exchange Rate =140 ¥/$.
1 bbl. = 159 liters.

Table 4.3

Estimates of LNG (CIF) Price and Coal Price

LNG (CIF) Price Coal Price

Scenario CIF Purchasing Pro
($/t) (¥/t) ($/t) (¥/t) (¥/t)

Base 203.91 28,547 47.38 6,633 8,983

High 360.48 50,468 71.93 10,070 11,767

Low 178.72 25,021 40.71 5,699 8,226

Sources: lEEJ, Energy Balance in Japan, 1987, and The 5th Conference
Program of Energy System and Economics, 1988. JEA, Present
Situation of Electric Power Industry, 1987. JEPA, Hand Book of
Electric Power Industry, 1988.

Notes: Exchange Rate =140 ¥/$.
LNG (Clf') Prlce =Purchasing Price.
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price. The share of the imported coal in the total amount of coal in Japan was about 85

percent in fiscal year 1987 (MIT!, 1988c). As for coal used in the electric power industry,

the share of the imported coal was about 55 percent in fiscal year 1987 (JEPA, 1988).

However, the electric power industry decided to reduce the use of the domestic coal - from

10 million tons in 1987 to 8.5 million tons in 1991. It is assumed that the share of the

imported coal will gradually increase by 2 percent a year after 1991 and hence the shares

of the imported coal will be 81 percent in fiscal year 2000. As a natural result, the price of

coal used for generating power is expressed as a weighted average of the prices of the

domestic coal and the imported coal. Although the current price of the domestic coal is

¥19,470 per kiloliter, its price is expected to drop slightly due to a decrease in demand for

the domestic coal. It is assumed that the price of the domestic coal will be ¥19,000 per ton

in fiscal year 2000. The average CIF price of coal for each scenario is shown in Table

4.3.

Nuclear Fuel Cost

In order to define nuclear fuel cost, the nuclear fuel cycle is considered. This cycle

is classified into two large groups such as upstream representing the activities before the

nuclear reactor (uranium mining and refining, UF6conversion, uranium enrichment, and

fuel fabrication) and downstream representing the activities after the nuclear reactor (spent

fuel transportation, and fuel reprocessing). Since it is very difficult to get the data on the

nuclear fuel cost for generating power in Japan, the nuclear fuel cost given by IEEJ is

used (see Table 4.4). Although IEEl assumes that the exchange rate of yen per dollar

keeps on rising (¥120 per dollar in 2000), the exchange rate is assumed to be ¥140 per

dollar in this study. The nuclear fuel cycle costs are briefly defined as follows (see Figure

4.1);

Process 1. Uranium Mining and Refining -- According to the forecast by lEE1,



Table 4.4

Estimate- of Nuclear Fuel Cost

Fuel Cycle 1995 2000

Uranium Mining and Refining
($/lb) 32.57 34.24
(¥/lb) 4,560 4,794
(¥/kg) 10,066 10,583
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UF6 Conversion
($/:cgU)
(¥/kgU)

Uranium Enrichment
($/kgSWU)
(¥/kgSWU)

Fuel Fabrication
(¥/kgU)

Spent Fuel Transportation
(¥/kgHM)

Fuel Reprocessing
($/kgHM)
(¥/kgHM)

6.68
935

95.00
13,300

88,000

30,000

1,200
168,000

6.68
935

94.00
13,160

88,000

30,000

1,200
168,000

Sources: lEEl, The 5th Conference Program of Energy System
and Economics, 1988. JEA, Present Situation of .
Electric Power Industry.

Notes: Exchange Rate = 140 ¥/$.
1 lb. = 0.453 kg.
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Figure 4.1
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uranium mining and refining costs remain on the same level to fiscal year 1990 and then

go up by 1 percent annually.

Process 2. UF6 Conversion -- Since it seems that UF6 conversion technology is

sufficiently developed, it is expected that the UF6 conversion cost will remain on the same

level until fiscal year 2000.

Process 3. Uranium Enrichment -- Although the Department of Energy (DOE) in

the U.S. has monopolized the market of uranium enrichment, France and Japan are

recently spreading such a market share, and hence DOE tends to drop the uranium

enrichment cost to maintain the market share. IEEl uses "Price Projection" by the U.S.

Department of Energy.

Process 4. Fuel Fabrication -- The fuel fabrication technology is already developed

enough. It is expected that the fuel fabrication cost will remain on the same level until

fiscal year 2000.

Process 5. Spent Fuel Transportation -- Although spent fuel has been transported

to overseas, the electric power industry will transport it to the domestic spent fuel storage

facility in Aomori after fiscal year 1991. However, IEEl estimates that the spent fuel

transportation cost hardly fluctuates.

Process 6. Fuel Reprocessing -- At present, the electric power industry is

entrusting fuel reprocessing to overseas, especially to France. Although fuel reprocessing

will be done within the country after fiscal year 1995, IEEl assumes that the domestic fuel

reprocessing cost is $1,200 per kilogram.

As IEEl assumes that the nuclear fuel cycle costs at processes 2, 4, 5, and 6

remain on the same level until fiscal year 2000, it seems that nuclear fuel cost doesn't

fluctuate. That is because fuel costs at such processes make up a large share of the total

nuclear fuel cycle costs. Nuclear power generation may not suffer from a change in fuel

price. Hence, both high and low growth scenarios on nuclear fuel cycle costs are not



69

considered in this study.

4.1.2 Unit Fuel Cost

In order to calculate the unit fuel cost, the fuel consumption rate as well as the fuel

price must be taken into account. The fuel consumption rate and the unit fuel cost for

thermal power generation are defined as follows:

FCR = 860 I (TE * CL)

FC = FP * FCR

I kWh =860 kcal (4.1)

(4.2)

where:

FCR = Fuel consumption rate (kll kWh or t I kWh).

TE = Thermal efficiency (%).

CL = Calorie (oil- 9.4 x 106 kcall kl, LNG - 13,300 kcall kg, coal- 6,889 kcall kg).

FC = Unit fuel cost (¥ I kWh).

FP = Fuel price (¥ I kl or ¥ It).

The thermal efficiency used in this study is determined based on the thermal power

plants completed during the past five years. The average thermal efficiencies for oil­

thermal power, LNG-thennal power, and coal-thermal power are found to have the same

rate (39 percent). Thus, the unit fuel costs are available by multiplying each fuel price by

its individual fuel consumption rate as shown in Table 4.5.

As for nuclear power generation, the unit fuel cost is calculated based on the

nuclear fuel cycle presented by Japan Electricity Association (JEA, 1987). According to

JEA's data, in order to operate the light water reactor (LWR) with 1 million kW capacity at

the operating rate of 75 percent for one year, the amount of natural uranium spent is 139

tons, from which 25 tons of enriched uranium is produced. After generating power,

spent nuclear fuel amounts to 24.94 tons (uranium - 24 t, plutonium - 140 kg, and fission



Table 4.5

Fuel Consumption Rate

Power Source Thermal Efficiency Calorie Fuel Consumption Rate

Oil-Thermal Power 39 % 9.4 X 106 2.34 X 10-4
(kcal/kl) (kl/kWh)

Coal-Thermal Power 39 % 6,889 3.20 X 10-4
(kcal/kg) (t/kWh)

LNG-Thermal Power 39 % 13,300 1.66 x 10-4
(kcal/kg) (t/kWh)

Source: JEA, Present Situation of Electric Power Industry, 1987.

Table 4.6

Unit Fuel Cost

(¥/kWh)

Power Source Unit Fuel Cost
Base High Low

Nuclear Power 2.03 2.03 2.03

Oil-Thermal Power 6.24 11.16 5.07

Coal-Thermal Power 2.87 3.77 2.63

LNG-Thermal Power 4.74 8.38 4.15

Sources: JEA, Present Situation of Electric Power Industry, 1987.
lEEl, The 5th Conference Program of Energy System
and Economics, 1988.

Note: Decommissioning cost (0.42 ¥/kWh) and treatment-disposal
cost (0.1 ¥/kWh) are included in the unit fuel cost for nuclear
power generation.

70
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products - 800 kg). Thus, the unit fuel cost for nuclear power generation can be

calculated by the above data and nuclear fuel cost as follows:

6
FC = L (NFCi * NFAi) / (NPA * NOR)

i =1

where:

FC =Unit fuel cost (¥jkWh).

NFCi =Nuclear fuel cost at cycle i (¥/kg).

(4.3)

NFAi =Nuclear fuel amount at cycle i (kg).

NPA =Amount of electric power generated by nuclear power plant with 1 million kW
capacity for one year (kWh).

NOR =Operation rate of nuclear power plant (%).

Decommissioning costs of reactors and treatment-disposal costs of radioactive

waste are added to the above unit fuel cost (see Table 4.6). IEEJ estimtes that

decommissioning cost is ¥0.42 per kilowatt-hour and treatment-disposal cost is ¥O.1 per

kilowatt-hour.

4.1.3 Demand for Electric Power

Although the demand for electric power is greatly affected by the changes in

industrial structure, the economic growth rate, the electrification level, and the weather

conditions, only the first three factors related to the Japanese economy are examined in

this study.

Since fiscal year 1986, the current Japanese economy has been obliged to promote

the expansion policy of domestic demands as the means of solving the large export

surplus to the U.S. Furthermore, the rapid rise in the exchange rate of yen per dollar has

reduced the amount of exports to the U.S. Immediately after the rapid rise in the value of

the yen, the mining and manufacturing industries were confronted with an extremely
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serious stagnancy and hence decreased the industrial demand for electric power. This

reduction included the large power users as well as the small ones. However, the

industrial demand has been recovered since the middle of fiscal year 1987 under new

government policy. On the other hand, residential and commercial demands for electric

power have also increased due to a new rush of construction of housing and office

buildings as a part of the expansion policy of domestic demand.

The present time is considered to be a period of adjustment for rapid structural

changes brought about by the high value of the yen and the large trade surplus to the U.S.

and it is expected to last until fiscal year 1990. Accordingly, it is thought that the annual

growth rate of the demand for electric power will go up and down until fiscal year 1990

regardless of the real GNP growth rate. However, it is assumed that the former growth

rate will move in relation to the latter growth rate after fiscal year 1991. It is also assumed

that the electrification level affecting the residential and commercial demands for electricity

will continue to rise until at least fiscal year 2000.

Under the above situations, the demand for electric power in fiscal year 2000 can

be assumed by employing the demand for electric power until fiscal year 1997 which

JEPSC estimated in April, 1988. Considering the diffusions of the home electric

appliances, air-conditioners and other equipments, the development of an information

society, and the qualitative improvements of housing and office buildings, the residential

and commercial demands for electric power will increase at an annual rate of 3.6 percent

from 1988 to 1997 (3.7 percent from 1988 to 1992, and 3.5 percent from 1993 to 1997),

which is slightly lower than the real GNP growth rate estimated by the Japanese

government.

On the other hand, the annual growth rate of the industrial demand for electric

power will be at 1.2 percent from 1988 to 1997 (1.2 percent from 1988 to 1992, and 1.1

percent from 1993 to 1997), reflecting the high value of the yen, the rationalization plans



73

in such basic material industries as iron and steel, and the partial transfer of production

technology and processes to foreign countries.

As a result, the annual growth rate of the total demand for electric power from

1988 to 1997 will be 2.3 percent and the total demand in fiscal year 1997 is estimated to

be 753,522 million kWh. If this annual growth rate is assumed to continue until fiscal

year 2000, then the total demand will be 807,440 million kWh. After fiscal year 2001, it

is assumed that the annual growth rate will drop to 2 percent and stay at this level

according to the MID's forecast.

In determining the optimal mix of electricity-generating sources, the annual peak

load is generally considered as means of estimating the demand for electric power. The

annual peak load can be estimated by dividing the average annual load per hour by the

annual load factor. The latest profusion of air-conditioners is raising the annual peak load

faster than other loads (intermediate and base). Consequently, the annual load factor,

which was about 61.9 percent in fiscal year 1980, has been decreased to about 58.1

percent in fiscal year 1987 (MIT!, 1988b). This declining trend of the annual load factor

will be continued until an effective load management system is developed. Accordingly, it

is assumed that the annual load factor will go down at 0.2 percent rate per year until fiscal

year 2000, which is based on the actual data for the past ten years. Therefore, the annual

load factor in fiscal year 2000 is estimated to be 56.61 percent and the corresponding

annual peak load is 162.822 million kW.

4.1.4 Country Risk

Japan's electric power industry is trying to attain a diversification of electric

sources. Likewise, it has to consider securing fuels used for generating power from

overseas over the future because Japan owes most of the primary energy to foreign

countries. As shown under the strategic aspect in section 3.1, the electric power industry

-----_._------------------------------------------
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can cope with the security problem, to some degree, by using the concept of country risk.

The concept of country risk and its list for each country are explained below.

The estimating techniques of country risk are classified into four representative

techniques: 1) country evaluation report; 2) check-list system; 3) early warning system;

and 4) statistical technique. What technique is suitable for the present problem should be

determined by considering the analytical characteristic of each technique:

(1) Country Evaluation Report -- This is a technique for analyzing and evaluating

the general country risk covering the whole characteristics on politics, economy, and

society of the specific country. This is often used in determining the foreign investment.

(2) Check-List System -- This technique covers not only the specific country but

also all trading countries, and relatively evaluates various factors on politics, economy,

and society in each country to score every trading countries by a common measure.

(3) Early Warning System -- This is the technique that systematizes the principle of

eariy warning index and that aims at early warning against the ability to repay foreign

liabilities in each country by paying attention to the changes in various indices closely

related to its ability.

(4) Statistical Technique -- This technique is called the econometric method and is

used for economic forecasts of the specific country. If the trade partner is a less

developed country, it is probably difficult to get various statistical data and hence the

extent of forecast by this technique is restricted.

Therefore, in the context of the security problem dealing with many fuel supply

countries at the same time, check-list system is the most suitable technique. This

technique is widely used in commercial banks, companies, and research institutes. The

framework of check-list system is presented in the order of scoring form, scoring method,

and ranking:

(1) Scoring Form -- The scoring form is generally classified into three sectors such
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as political-social conditions, domestic economy, and foreign economy. There are various

weighted factors to be evaluated under each sector.

(2) Scoring Method -- First various factors under each sector are scored, secondly

each sector is indicated in a weighted average of scored factors, thirdly the score of each

country is defined by summing up three sectors, and lastly experts on each country

revaluate the score and amend the doubtful score.

(3) Ranking -- Ranking is generally expressed according to score defined above or

classified into about five ranks (unacceptable, poor, acceptable or average, above average,

and superior conditions).

There are two representative information centers on country risk in Japan: Japan

Bond Research Institute (JBRI) and Japan Center for International Finance (JCIF). Since

the annual ranking and scores announced by these two information centers are usually a

little different, both of them are arranged for country risk used in this study. First of all,

each factor is reweighted in order to be suitable for the shipping problem as shown in

Table 4.7. That is, factors that seem to affect the legislation and regulation related to the

shipping of fuel are stressed - for example, political continuity, possibility of revolution or

rebellion, possibility of war, international credit, nationalization, and enforceability of

contracts. Next, the weighted average of scores for each country is calculated. The list of

country risk used for the shipping problem is indicated in Table 4.8. It is common

knowledge that the advantage in using country risk in this study (a multiobjective

programming model) is for not the absolute values of country risk but its relative values

between countries.

---------------------------------------------------



Table 4.7

Weight of Factor

Factor Weight

Possibility of Revolution 3.0

Possibility of War 3.0

Political Stability 2.0

Continuity of Policy 2.0

International Credit 2.0

Enforceability of Contracts 2.0

Economic Activities 1.5

Balance of Payments 1.5

Efficiency of Financial Policy 1.0

Efficiency of Monetary Policy 1.0

Potentiality of Economic Growth 1.0

Currency Convertibility 1.0

Total 21.0

Source: JBRI, Country Risk, 1987.
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Table 4.8

Country Risk for Shipping Problem

Rank Country CR Rank Country CR Rank Country CR

1 U.S.A 0.051 31 Italy 0.293 61 Turkey 0.439
2 Switzerland 0.083 32 Ireland 0.293 62 Cuba 0.446
3 Singapore 0.099 33 T. Tobago 0.300 63 Kenya 0.456
4 W. Germany 0.106 34 U.A.E 0.301 64 Jamaica 0.462
5 Canada 0.124 35 Bulgaria 0.307 65 Yugoslavia 0.469
6 Australia 0.139 36 Czechoslov. 0.308 66 Rumania 0.475
7 Norway 0.139 37 Mexico 0.310 67 Pakistan 0.479
8 Netherlands 0.143 38 China 0.313 68 Israel 0.481
9 Sweden 0.150 39 Oman 0.323 69 Argentina 0.483
10 U.K. 0.151 40 Spain 0.325 70 Cyprus 0.484
11 Austria 0.152 41 S. Africa 0.331 71 Sri ranka 0.485
12 Taiwan 0.193 42 Thailand 0.336 72 Peru 0.488
13 Finland 0.201 43 Panama 0.350 73 Costa Rica 0.488
14 New Zealand 0.207 44 Indonesia 0.351 74 N. Korea 0.488
15 Belgium 0.208 45 Brazil 0.356 75 Zmnbia a.493
16 Denmark 0.213 46 Venezuela 0.356 76 Ecuador 0.496
17 U.S.S.R 0.227 47 Colombia 0.361 77 Morocco 0.497
18 Brunei 0.229 48 Portugal 0.361 78 Philippins 0.501
19 Hong Kong 0.230 49 Gabon 0.366 79 Zimbabwe a.502
20 Malaysia 0.239 50 Ivory Coast 0.388 80 Chile 0.504
21 France 0.245 51 Tunisia 0.388 81 Niger 0.510
22 Kuwait 0.264 52 India 0.395 82 Libya a.535
23 Saudi Arabia 0.269 53 Greece 0.400 83 Poland 0.547
24 Iceland 0.271 54 Paraguay 0.401 84 Syria 0.547
25 Hungary 0.272 55 Uruguay 0.411 85 Bangladesh 0.547
26 E. Germany 0.275 56 Senegal 0.412 86 Vietnam 0.551
27 Algeria 0.280 57 Egypt 0.415 87 Nigeria 0.552
28 Bahrain 0.283 58 P.New Guinea 0.420 88 Tanzania 0.553
29 Qatar 0.287 59 Jordan 0.421 89 Iraq 0.557
30 S. Korea 0.287 60 Burma 0.434 90 Iran a.561

Sources: JBRI, Country Risk, 1985, 1986, and 1987. JCIF, External Lending by
Japanese Financial Institutions and Country Risk Management, 1987.
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4.2 Technological Assumptions

Technological assumptions can be expressed in the form of constraints and

constants in the model. The conditions on the installed generating capacity for each type

of electricity-generating sources are first described, and controliability and utilization rate

of each type of electric power plants are then indicated.

4.2.1 Installed Generating Capacity

The constraints on the upper and lower bounds of the installed generating capacity

up to fiscal year 2000 play an important role in simulating a more realistic approach. The

upper and lower bounds should be determined in light of future plant installation planning.

Japan Electric Power Survey Committee (JEPSC) already made rough estimates of the

installed generating capacity of each type of electric power plants in 1995 and 2000. Oil­

thermal power plants tend to be converted into coal-thermal power or LNG-thermal power

to get rid of heavy dependence on oil. Hence, the upper bounds of the installed generating

capacity for coal-thermal power and LNG-thermal power are each defined as the sum of

the upper bound estimated by JEPSC and expected disused generating capacity of oil­

thermal power plants by fiscal year 2000.

The determination of the lower bounds depends on: (1) The installed generating

capacity in course of both construction and preparation for construction to be operated

until fiscal year 2000, and (2) The disused generating capacity by fiscal year 2000. The

lower bounds of installed generating capacity for each type of electric power plants at the

end of fiscal year 1999 are obtained by subtracting item (2) from item (l) and then by

adding its difference to the installed generating capacity in fiscal year 1987, based on the

data offered by MITI (1988) and JEPSC (1988). The upper and lower bounds of the

existing installed generating capacity for each type of electric power plants in fiscal year

2000 are shown in Table 4.9. The characteristics of electric power plant concerning the



Table 4.9

Upper and Lower Bounds of Installed Generating Capacity

(million kW)

Power Source 2000

Upper 53.00
Nuclear Power

Lower 31.00

79

Lower 45.52

Lower 11.78

Lower 37.66

Oil-Thermal Power

Coal-Thermal Power

LNG-Thermal Power

Upper

Upper

Upper

112.60

112.60

112.60

Pumped-Storage
Upper 21.00

Lower 15.68

Sources: MITI, Outline of Electric Power
Development, 1988.
JEPSC, Electric Power Survey, 1988.
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installed generating capacity are described as follows:

(1) Nuclear Power -- The first nuclear power generation in Japan was operated by

the Japan Atomic Power Company in 1966. Since most of the existing nuclear power

plant are relatively new, the disused generating capacity of nuclear power plant is not

considered in determining its lower bounds in fiscal year 2000. Although JEPSC's

forecast in fiscal year 2000 indicates the installed generating capacity of nuclear power as a

primary electricity-generating source, the new installed generating capacity of nuclear

power under both construction and preparation for construction to be operated until fiscal

year 2000 is 17.52 million kW (total 43.2 million kW) and only 20.4 percent of the

estimated installed generating capacity in fiscal year 2000.

(2) Oil-Thermal Power -- According to JEPSC, only the installed generating

capacity of oil-thermal power may tend to be reduced prior to fiscal year 2000.

Particularly, its disused generating capacity increases steadily and depends on the

assumption on the life of an oil-thermal power plant. In this study, the life of its plant is

assumed to be 30 years. On the contrary, the new oil-thermal power plant determined to

be built up to fiscal year 2000 is the only one plant by the Hokkaido electric power

company.

(3) Coal-Thermal Power -- The installed generatingcapacity of coal-thermal power

is estimated to go on increasing until fiscal year 2000. As a characteristic of this power

source, during the past seven years, 18 plants have been converted from oil-thermal

power plants to coal-thermal power plants. Any of disused coal-thermal power plant IS

small-scale generating capacity.

(4) LNG-Thermal Power -- The import contract period of LNG is very long

(about 20 years) and the imported amount of LNG is rigid. According to JEPSC's

forecast, the installed generating capacity of LNG-thermal power during the period

forecast is constant. Hence, it is assumed that the generating capacity of LNG-thermal
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power is inflexible even though the other fuel prices may vary rapidly in the future.

(5) Pumped-Storage Hydroelectric Power -- The installed generating capacity of

each pumped-storage hydroelectric power plant is generally larger than that of a general

hydroelectric power plant because the unit construction cost of the pumped-storage power

plant is less than that of a general hydroelectric power plant.

(6) General Hydroelectric Power -- The share of general hydroelectric power in

the total electricity-generating sources, with respect to the installed generating capacity,

decreases slightly in contrast with pumped-storage hydroelectric power. However, since

general hydroelectric power still plays an important role in covering the peak load, its

generating capacity is assumed given in this study. As a result of that, the annual amount

of electric power supply by this plant depends on its annual utilization rate.

(7) Geothermal Power -- During the past ten years, geothermal power has been

keeping a constant share (0.1 percent) as a new electricity-generating source. Although

this share may increase according to the degree of technological progress in the future, the

installed generating capacity of geothermal power is assumed given because it seems to be

difficult for this type of plant to develop rapidly at the present stage. The installed

generating capacity of geothermal power is determined based on the electric power

development planning by JEPSC.

4.2.2 Controllability and Utilization Rate

In determining an optimal mix of electricity-generating sources, the controllability

and utilization rate of each type of electricity-generating source can be regarded as [he

technological conditions. When load factor is expected to be lower in the future,

controllability will play an important role in allocating electricity-generating sources

because there may be a big difference between peak load and base load. Perfect

controllability means that an electric power plant can easily adjust to variations of a load
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hour after hour, the so-called daily start and stop (DSS). The controllability assumed in

this study is the ratio of DSS capacity to the total installed generating capacity. On the

other hand, the utilization rate is classified into three types: 1) an instantaneous utilization

rate; 2) a daily utilization rate; and 3) an annual utilization rate. An instantaneous

utilization rate is the potential utilization rate at any time of a single day and is assumed to

be 92.5 percent. This is derived from the fact that the annual amount of electric power lost

for inspecting and repairing each type of electric power plants occupies 7.5 percent of the

potential annual amount of electric power generated by the total installed generating

capacity. Even with future technological progress in power plant, this utilization rate will

be 95 percent at the highest estimate. An annual utilization rate means the ratio of the

actual amount of electric power generated in a specific year to the potential amount of

electric power generated by the total installed generating capacity in that year. The

potential annual utilization rate for each type of electricity-generating sources in fiscal year

2000 was determined based on the trends in development of electricity-generating sources

for the past five years (see Table 4.10). Moreover, it is assumed that the potential daily

utilization rate will uniformly be 90 percent - a little lower than the potential instantaneous

utilization rate - for base scenario in fiscal year 2000, except for nuclear power and coal­

thermal power which have considerably lower controllability than the others. The

controllability and potential daily utilization rate for each type of power sources are defined

as follows:

(1) Nuclear Power -- Although the control test of nuclear power has often been

carried, its controllability unfortunately doesn't exist at present. Owing to the Chernobyl

plant accident, when the control test of nuclear power is planned, the demonstration

against such a test usually occurs around the nuclear power plant and in front of the

Agency of Natural Resources and Energy. Recently, as the masses know about the

danger of nuclear power, the agitation against nuclear power tends to tone up. Since the
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Table 4.10

Annual Utilization Rate of Each Type of Power Plant

Electric Power Plant Annual Utilization Rate
Base Case High Case

Nuclear Power 80% 85 %

Oil-Thermal Power 25 % 25 %

Coal-Thermal Power 60% 65 %

LNG-Thermal Power 50% 55 %

Pumped-Storage 7% 10%

Sources: MITI, Outline of Electric Power Demand and
Supply, 1984, 1985, 1986, 1987, and 1988.

----~-----------------------------------------
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controllability of nuclear power may not be improved and its current daily utilization rate is

already higher level, its controllability and daily utilization rate are assumed to be 0 percent

and 80 percent, respectively, for base scenarios in fiscal year 2000. However, if the

technological advancement ofLWR progresses smoothly, its controllability will naturally

be improved and hence the daily utilization rate will also go up. Accordingly, the

controllability and daily utilization rate are assumed to be 10 percent and 90 percent,

respectively, under the technological advancement.

(2) Oil-Thermal Power -- The future new plants for oil-thermal power are expected

to be DSS. If the existing plants with more than 300,000 kW capacity are all improved

into DSS until fiscal year 2000, controllability will be 90 percent. If the remaining plants

are also improved into the weekend stop (WES) system up to fiscal year 2000,

controllability will be 95 percent.

(3) Coal-Thermal Power -- Although, so far, coal-thermal power has been used

for meeting the base load, it is expected to be used even for the intermediate load

according to the Conference for the Future Thermal Power Development. The plants with

the small scale generating capacity should first be improved into DSS. If the plants with

less than 500,000 kW capacity (standard generating capacity) are improved to be DSS

until fiscal year 2000, controllability of coal-thermal power will be 50 percent. If the

plants having the capacity up to 600,000 kW are improved to be DSS, controllability will

rise to 60 percent. The potential daily utilization rate as a base scenario is assumed to 85

percent which is the same rate as the present level. Under the controllability of 60 percent,

pan of coal-thermal power plants will be used more for meeting intermediate load, and

hence the potential daily utilization rate is assumed to rise to 90 percent.

(4) LNG-Thermal Power -- Several turbines are ordinarily installed within one

LNG-thermal power plant in Japan. Some of these turbines have to keep operating to

maintain proper thermal efficiency, which means that a constant part of the installed
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generating capacity cannot be controlled even though LNG-thermal power can technically

be controlled. It is assumed that at least one turbine per LNG-thermal power plant must

be continuously operated. Since the typical LNG-thermal power plant possesses four

turbines, controllability is assumed to be 75 percent. However, if the combined cycle

generating systems are operated efficiently, controllability is expected to rise by 5 percent.

(5) Pumped-Storage Hydroelectric Power -- This type of electric power plant is

used as a countermeasure of the peak load with sharp rise and fall because there is no

constraint on the controllability of pumped-storage hydroelectric power.

Controllability of electric power plants in this study is shown in Table 4.11.



Table 4.11

Controllability of Each Type of Power Plant

Electric Power Plant Controllability
Base Case High Case

Nuclear Power 0% 10 %

Oil-Thermal Power 90% 95 %

Coal-Thermal Power 50% 60 %

LNG-Thermal Power 75 % 80 %

Pumped-Storage 100 % 100%

Sources: MITI, Outline of Electric Power Development,
1988. JEA, Present Situation of Electric
Power Industry, 1987.

86



87

4.3 Institutional Assumptions

This section concentrates on the daily load curve affected by the power rate

systems. The power rate systems leading to load leveling (management) are first

explained, and then a shift of the daily load curve by the amendment of time-of-use (TOU)

pricing is discussed.

4.3.1 Power Rate Systems and Load Leveling

The current power rate systems in Japan are classified into five representative

systems: 1) Three-block Inverted Rate; 2) Special Rate; 3) Seasonal Differential Rate; 4)

Night Only Service Rate; and 5) Load Adjustment Contract. Each of these power rate

systems plays an important role in load leveling through consumers' responses to it. The

characteristics of each power rate system are shown as follows:

(1) Three-block Inverted Rate System -- Three-block inverted rate system was

introduced as a power rate system for the residential service in 1974. For example, in the

case of three-block inverted rate system in the Tokyo Electric Power Company, the basic

charge for 30 amperes is 780 yen, the first block charge (up to 120 kWh) is 20.95 yen per

kilowatt-hour, the second block charge (from 121 to 250 kWh) is 28.2 yen per kilowatt­

hour, and the third block charge (more than 250 kWh) is 33.25 yen per kilowatt-hour.

The more electricity one uses, the higher rate one will pay. The first block charge is called

a welfare rate and is generally 25 - 27 percent lower than the second block charge. The

second block charge nearly corresponds to the average cost. The third block charge is

determined based on the growth rate of the marginal cost and 15 - 18 percent higher than

the second block charge. However, the growth rate of the marginal cost has gradually

declined because the average consumption of electric power by the residential sector has

risen and crude oil price has declined. Accordingly, the electric power industry is

examining a proposal that three-block inverted rate system should be changed to two-
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block inverted rate system with the welfare rate remaining.

(2) Special Rate System -- The special rate system was introduced to commercial

power, low voltage power, high voltage power, and ultra high voltage power services in

1974. This system imposes a special rate that is 20 - 30 percent higher than the ordinary

rate on the incremental part beyond contract demand, to discourage the growth of demand

leading to a lower load factor. However, a decrease in the growth rate of the marginal

cost makes the electric power industry reexamining the usefulness of this system.

(3) Seasonal Differential Rate System -- This system has been applied to

commercial power, low voltage power, high voltage power, ultra high voltage power, and

agricultural power services during the summer season (July l st to September 30th) since

1980. The summer season rate is 10 percent higher than the rate in other seasons to level

the peak load demand in summer.

(4) Night Only Service Rate System -- The night only service rate has been used

for residential use from 11 p.m. to 7 a.m. since 1954 and is set at about half of the

ordinary rate. The second night only service rate has been applied to the customers' use

from 1 a.m. to 6 a.m. since 1984 and is set at about one-third of the ordinary rate.

(5) Load Adjustment Contract System -- Since 1954, this system has been applied

to general customers for the purpose of not only load leveling but also reducing cost. The

representative contracts of load adjustment contracts are Annual Load Adjustment Contract

and Heat Storage Load Adjustment Contract. The annual load adjustment contract is

divided into TOU Adjustment Contract and Appointed Load Curve Contract. Under the

TOU adjustment contract, the power rate varies according to time-blocks (peak hours,

daytime hours, night hours, and light-load hours). This contract is applied to only large

power customers. The appointed load curve contract is to appoint daily load patterns for

specified days so as to level the total load. Under the heat storage load adjustment

contract, customers will shift a certain amount of daytime load for air-conditioning to
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nighttime through the use of a heat storage device.

Many power rate systems have been introduced to the electric power industry for

load management. In particular, the amendment of TOU pricing is expected to be an

effective measure to achieve further load leveling. Although some of electric power

companies in the U.S. and the electric power industry in France have advanced TOU

pricing as a positive policy, Japan's electric power industry is now in the experimental

stage of its amendment. It is assumed in this study that TOU pricing is amended and put

to practical use by fiscal year 2000.

4.3.2 Daily Load Curve

It is well-known that the electric power supply is equal to its demand, as electric

power cannot easily be stored. In addition, the demand for electric power varies from

time to time and from month to month. Electric power should be generated in accordance

with the changes in such a demand (daily load curves). The demand for electric power of

a single day is generally higher in the daytime than in the nighttime. From a seasonal

point of view in Japan, the highest demand for electric power is in summer, the second in

winter, the third in fall, and the lowest in spring.

According to the data on the actual daily load in nine major electric power

companies. the general daily and annual load patterns arc almost the same apart from the

difference of their actual amount, and the load factors during the past ten years dropped

only a little. Hence, the future daily load CUIVe can be estimated based on the load factor

and the annual demand for electric power estimated by JEPSC (1988). Figure 4.2 shows

the average peak ioad and the average base load for each of the 12 months. The highest

average peak load is in August and the lowest average peak load is in May. On the other

hand, the average base load does not change markedly over the year. It is very important

to pay attention to the highest peak load to avoid outage in determining the future installed

~--- -------------------------------------------
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generating capacity the electric power industry must provide. Therefore, the daily load

curve of the day including the highest (or annual) peak load is examined in this study (see

Figure 4.3).

However, as mentioned before, the changes in power rate systems affect the daily

load curve. Especially, if the TOU adjustment contract is expanded, the daily load curve

is expected to be leveled considerably. Yamaji (1984, p.12) suggested expansion of the

TOU adjustment contract for load leveling as follows: "to increase the differences among

rates for the time blocks; to divide the time block in more detail; and to extend the

availability of the contract to customers other than limited large customers." He also

indicated the following research issues to be clarified: "how to set rate level for each TaU

period; how to predict customer responses to such innovative rates; what are the costs and

benefits and how to evaluate them; and how to incorporate new rates in the current rate

systems."

Since the data on the effect of TaU pricing on the daily load curve is not yet

available in Japan, some of analytical results in the U.S., e.g., Lawrence and Braithwait

(1979), Atkinson (1979), Taylor (1979), Aigner and Hausman (1980), Caves and

Christensen (1980), Chung and Aigner (1981), Schwarz (1984), and Woo (1985), are

examined to estimate a shift of the daily load curve. The past studies of TOU pricing in

the U.S. have been done by econometric analysis using Translog (TLOG) model,

Generalized Leontief (GL) model, or log-linear model on how residential and

nonresidential customers react to TaU pricing. In these studies, the day is divided into

three TaU periods: peak, intermediate, and off-peak. Own-price elasticity estimates under

TOU pricing were between -0.01 and -0.66 for residential sector and between -0.005 and

-0.22 for nonresidential sector (see Table 4.12). It is clear that own-price elasticity

estimates for residential sector are higher than those for nonresidential sector. The daily

load curve shifted by the new TOU rates is assumed to be based on own-price elasticity
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Table 4.12

Own-Price Elasticity Estimates under TOU Pricing in Previous Studies

Study Sector Functional Form Own-Price Elasticity
Peak Intermediate Off-Peak

Lawrence & Residential Log-Linear -0.1291 -0.1787 -0.1152
Braithwait
(1979)

Atkinson General TLOG -0.6240 -0.6601 -0.2721
(1979)

Taylor Residential Log-Linear -0.1400 -0.0700 -0.0100
(1979)

Aigner & Residential TLOG -0.4830 -0.3780 -0.1880
Hausman
(1980)

Caves & Residential GL -0.2240 -0.3960
Christensen
(1980)

Chung & Manufacture TLOG -0.0640 -0.0050 -0.0610
Aigner
(1981) Non-Manufacture TLOG -0.0790 -0.0690 -0.1150

Schwarz Non-Residential Log-Linear -0.0700
(1984)

Woo Non-Residential GL -0.0376 -0.0223 -0.0320
(1985)

Non-Residential TLOG -0.0434 -0.0957 -0.2200

Notes: TLOG = Transcendental Logarithmic Function.
GL = Generalized Leontief Function.
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estimates resulted from the past studies. However, own-price elasticity estimates depend

on the choice of the econometric model. According to Woo (1985, p. 116), "the overall

fit (as measured by the sum of squared errors) of the GL model is remarkably better than

that of the TLOG model, even though both models have the same number of parameters.

Moreover, the GL model is stable with small and negative own-price elasticities." Hence,

the own-price elasicities estimated by the GL model are used in this study. These own­

price elasticities are expressed as a weighted average of own-price elasicity estimates for

residential demand and nonresidential demand. According to MITI (1987d), the shares of

residential demand and nonresidential demand in fiscal year 1986 are 41.4 percent and

58.6 percent, respectively. However, the share of residential demand has been

increasing. MIT! estimates its share to be 50.2 percent in fiscal year 2000. Hence, own­

price elasticities in fiscal year 2000 are assumed to be -0.089 for the peak period (10 a.m.

to 6 p.m.), -0.022 for the intermediate period (8 a.m. to 10 a.m. and 6 p.m. to 10 p.m.),

and -0.134 for the off-peak period (10 p.m. to 8 a.m.) in this study. If the TOU rates for

peak and off-peak periods in fiscal year 2000 go up and down by 50 percent, respectively,

with the TOU rate for intermediate period constant, the daily load curve is shifted as

Figure 4.4 shows.
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Figure 4.4

Daily Load Curve Shifted (Power Rate Change - 50 %)
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CHAPTER V

EMPIRICAL RESULTS AND COMPARISONS

This chapter presents a number of empirical results from the multiobjective

programming model for the optimal mix of electricity-generating sources, and then these

results are compared with those by previous relevant studies.

5.1 Interpretations of Optimal Values and Optimal Solutions

Tables 5.1 presents the optimal values of the objective functions, and Tables 5.2 and

5.3 show the optimal solutions - the optimal amount of power generated and the optimal

installed generating capacity. The first column in Table 5.1 indicates the generation costs

(ZI) and a unit is billion yen. The second column gives the amount of electric power

exposed to security risk (Z2) and a unit is billion kWh. The third column denotes the

amount of emissions from oil-thermal power plant and coal-thermal power plant (Z3) and

a unit is billion Nm3. The fourth column is the amount (If electric power generated by

nuclear power plant (24) and a unit is billion kWh. The first, second, third, fourth, and

fifth columns in Table 5.2 indicate the amounts of electric power generated by nuclear

power, oil-thermal power, coal-thermal power, LNG-thermal power, and pumped-storage

hydroelectric power, respectively. The number in parenthesis denotes the share of the

relevant electricity-generating source. The first, second, third, fourth, and fifth columns in

Table 53 consist of the newly installed generating capacities and the total installed

generating capacities of nuclear power plant, oil-thermal power plant, coal-thermal power

plant, LNG-thermal power plant, and pumped-storage hydroelectric power plant,

respectively. Scenarios considered in this study are based on the analytical assumptions

defined in the previous chapter. They are:

-._~ .._---------------------------------------------
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Scenario A: the base scenario,

Scenario B: the third oil shock,

Scenario C: the unchanged fuel prices,

Scenario D: the improvement of the utilization rate of power plants,

Scenario E: the improvement of controllability of power plants,

Scenario F: the reformation of TOU power rate,

Scenario G: no additional construction of nuclear power plant.

Hereafter, scenarios Band C are called the "economic scenarios", scenarios 0 and E

the "technological scenarios", and scenarios F and G the "institutional scenarios." The

terms Crj , Cr2, Cr3, Cf4, and Me denote criteria of minimizing the generation cost,

security risk, emissions, nuclear energy, and multiple-criteria, respectively.

The interpretations of the optimal values and the optimal solutions are made by

comparing scenario A (base case) with the other scenarios.
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Table 5.1

Comparisons of Optimal Values of Objective Functions

(unit: billion - ¥, kWh, Nm3, and kWh)

z, (xi) Z2 (xi) Z3 (xi) Z4 (xi)

Cq 6697.32* 98.786 723.461 287.286

Cr2 7044.95 90.969* 542.075 319.648
Scenario A
(Base Case) Cr3 6722.06 95.672 526.708* 332.238

Cr4 7317.56 98.179 738.828 223.677*
----------------------------------------------------------------------
MC 7035.23 95.228 642.266 282.817

(100.0) (100.0) (100.0) (100.0)

Crl 7880.25* 92.029 532.869 348.210

Cr2 8216.27 90.969* 542.075 319.648
Scenario B

Cr3 7934.86 95.672 526.708* 332.238

Cr4 8604.52 98.179 738.828 223.677*
----------------------------------------------------------------------
MC 8245.27 94.602 633.606 286.435

(117.2) ( 99.3) ( 98.7) (101.3)

Crl 6441.34* 101.208 738.828 273.204

Cr2 6810.26 90.969* 542.075 319.648
Scenario C

Cr3 6482.52 95.672 526.708* 332.238

Cr4 7058.95 98.179 738.828 223.677*
----------------------------------------------------------------------
MC 6765.40 96.341 638.006 280.637

( 96.2) (101.2) ( 99.3) ( 99.2)
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Table 5.1 (Continued) Comparisons of Optimal Values
of Objective Functions

ZI (xi) Z2 (xi) Z3 (xi) Z4 (xi)

CfJ 6777.40* 100.828 738.828 266.993

Cr2 6892.33 95.535* 560.544 310.177
Scenario D

Cr3 6819.51 95.890 551.505* 317.176

Cr4 7033.79 99.571 738.828 246.433*
----------------------------------------------------------------------
MC 6908.35 97.931 647.177 282.565

( 98.2) (102.8) (100.8) ( 99.9)

Crl 6697.32* 98.786 723.461 287.286

Cr2 6748.91 93.093* 573.908 334.576
Scenario E

Cr3 6748.55 95.542 526.708* 330.114

Cr4 7057.45 99.144 730.698 247.092*
----------------------------------------------------------------------
MC 6889.81 96.327 635.731 293.850

( 97.9) (101.2) ( 99.0) (103.9)

Crl 6660.89* 92.660 510.283 348.210

Cr2 6738.28 85.063* 738.828 348.210
Scenario F

Cr3 6758.63 94.027 458.629* 348.210

Cr4 6740.63 101.008 738.828 269.942*
----------------------------------------------------------------------
MC 6719.87 94.687 627.747 317.182

( 95.5) ( 99.4) ( 97.7) 012.2)
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Table 5.1 (Continued) Comparisons of Optimal Values
of Objective Functions

ZI (xi) Z2 (xi) Z3 (xi) Z4 (xi)

Cq 7312.08'" 98.206 738.828 224.116

Cr2 7486.75 97.349* 738.828 210.109
ScenarioG

Cr3 7312.08 98.206 738.828* 224.116

Cr4 7486.75 97.349 738.828 210.109*

MC 7399.42
(105.2)

97.777
(102.7)

738.828
(115.0)

217.112
( 76.8)

Notes: Asterisk means the ideal value of the objective function for each
scenario.

Numbers in parentheses are percentages of the optimal value for
base case.
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Table 5.2

Optimal Amount of Electric Power Supply

(billion kWh)

Nuclear Oil Coal LNG Pumped

Crl 287.286 99.689 116.875 174.072 9.615
(35.6) (12.3) (14.5) (21.6) ( 1.2)

Crl 319.648 104.711 61.916 164.951 36.311
(39.6) (13.0) ( 7.7) (20.4) ( 4.5)

Scenario A
(Base Case) Cr3 332.238 99.689 61.916 183.132 10.563

(41.1) (12.3) ( 7.7) (22.7) ( 1.3)

Cr4 223.677 104.711 116.875 183.132 59.142
(27.7) (13.0) (14.5) (22.7) ( 7.3)

-----------------------------------------------------------------------
MC 282.817 99.689 94.195 174.544 36.293

(35.0) (12.3) (11.7) (21.6) ( 4.5)

Crl 348.210 99.689 63.222 164.951 11.465
(43.1) (12.3) ( 7.8) (20.4) ( 1.4)

Crl 319.648 104.711 61.916 164.951 36.311
(39.6) (13.0) ( 7.7) (20.4) ( 4.5)

Scenario B
Cr3 332.238 99.689 61.916 183.132 ID.563

(41.1) (12.3) ( 7.7) (22.7) ( 1.3)

Cr4 223.677 104.711 116.875 183.132 59.142
(27.7) (13.0) (14.5) (22.7) ( 7.3)

-----------------------------------------------------------------------
MC 286.435 99.689 91.776 172.721 36.916

(35.5) (12.3) (11.4) (21.4) ( 4.6)

Crl 273.204 104.711 116.875 183.132 9.615
(33.8) (13.0) (14.5) (22.7) ( 1.2)

Crl 319.648 104.711 61.916 164.951 36.311
(39.6) (13.0) ( 7.7) (2004) ( 4.5)

Scenario C
Cr3 332.238 99.689 61.916 183.132 10.563

(41.1) (12.3) ( 7.7) (22.7) ( 1.3)

Cr4 223.677 104.711 116.875 183.132 59.142
(27.7) (13.0) (14.5) (22.7) ( 7.3)

-----------------------------------------------------------------------
MC 280.637 99.689 93.005 179.928 34.277

(34.8) (12.3) (11.5) (22.3) ( 4.2)

~~~~~~~-~--~----------------------------------------
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Table 5.2 (Continued) Optimal Amount of Electric Power Supply

(billion kWh)

Nuclear Oil Coal LNG Pumped

Crl 266.993 104.711 116.875 183.132 15.826
(33.1) (13.0) (14.5) (22.7) ( 2.0)

Cr2 310.177 104.711 67.075 181.446 24.128
(38.4) (13.0) ( 8.3) (22.5) ( 3.0)

Scenario D
Cr3 317.176 101.757 67.075 183.132 18.396

(39.3) (12.6) ( 8.3) (22.7) ( 2.3)

Cr4 246.433 104.711 116.875 183.132 36.386
(30.5) (13.0) (14.5) (22.7) ( 4.5)

----------------------------------------~._------------ - - - - - - -- - -- - -- - - -

MC 282.565 104.711 91.274 183.132 25.855
(35.0) (13.0) (11.3) (22.7) ( 3.2)

Crl 287.286 99.689 116.875 174.072 9.615
(35.6) (12.3) (14.5) (21.6) ( 1.2)

Cr2 334.576 102.054 73.079 164.951 12.877
(41.4) (12.6) ( 9.1) (20.4) ( 1.6)

Scenario E
Cr3 330.114 99.689 61.916 183.132 12.687

(40.9) (12.3) ( 7.7) (22.7) ( 1.6)

Cr4 247.092 102.054 116.875 183.132 38.384
(30.6) (12.6) (14.5) (22.7) ( 4.8)

-----------------------------------------------------------------------
MC 293.850 101.380 90.924 176.881 24.501

(36.4) (12.6) (11.3) (21.9) ( 3.0)

Crl 348.210 30.023 116.875 183.132 9.297
(43.1) ( 3.7) (14.5) (22.7) ( 1.2)

Cr2 348.210 104.711 116.875 104.864 12.877
(43.1) (13.0) (14.5) (13.0) ( 1.6)

Scenario F
Cr3 348.210 104.711 38.607 183.132 12.877

(43.1) (13.0) ( 4.5) (22.7) ( 1.6)

Cr4 267.942 104.711 116.875 183.132 12.877
(33.2) (13.0) (14.5) (22.7) ( 1.6)

-----------------------------------------------------------------------
MC 317.182 68.410 116.875 172.462 12.607

(39.3) ( 8.5) (14.5) (21.4) ( 1.6)
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Table 5.2 (Continued) Optimal Amount of Electric Power Supply

(billion kWh)

Nuclear Oil Coal LNG Pumped

Crl 224.116 104.711 116.875 ~ ,;3.132 58.703
(27.8) (13.0) (14.5) (22.7) ( 7.3)

Cr2 210.109 104.711 116.875 183.132 72.710
(26.0) (13.0) (14.5) (22.7) ( 9.0)

Scenario G
Cr3 224.116 104.711 116.875 183.132 58.703

(27.8) (13.0) (14.5) (22.7) ( 7.3)

Cf4 210.109 1 "A .,., 1 11£ O'"'7C 10"" ,'"'''''' 72.710J\1""1'. 111 .11U.O/J 10.). L)L.

(26.0) (13.0) (14.5) (22.7) ( 9.0)
-----------------------------------------------------------------------
MC 217.112 104.711 116.875 183.132 65.707

(26.9) (13.0) (14.5) (22.7) ( 8.1)

Notes: Numbers in parentheses are the shares of power sources.

------------------------------------------------



Table 5.3

Optimal Installed Generating Capacity (New and Total)

(million kW)

Nuclear Oil Coal LNG Pumped

New 11.067 0 6.141 2.190 4.888
Scenario A
(BascCasc) Total 43.047 45.520 17.921 39.850 20.568

(22.4) (23.7) ( 9.3) (20.7) (10.7)

104

Scenario B
New 11.617 o 5.681 1.774 5.213

Total 43.597
(22.7)

45.520
(23.7)

17.461
( 9.1)

39.434
(20.5)

20.893
(10.9)

New 10.735 o 5.915 3.420 4.216
Scenario C

Total 42.715
(22.2)

45.520
(23.7)

17.695
( 9.2)

41.080
(21.4)

19.896
( 10.3)

New 8.340 2.293 4.250 0.350 4.660
Scenario D

Total 40.320 47.813 16.030 38.010 20.340
(21.5) (25.4) ( 8.5) (20.2) (10.8)

------------------------------------------------------------------------------------------
New 9.951 0.772 5.519 2.724 5.320

Scenario E
Total 41.931 46.292 17.299 40.384 21.000

(21.8) (24.1) ( 9.0) (21.0) (10.9)
--------------------------------------------------------------------------------------.----

New 16.297 0 10.456 1.715 4.880
Scenario F

Total 48.277 45.520 22.236 39.375 20.560
(24.0) (22.6) (11.0) (19.6) (10.2)

------------------------------------------------------------------------------------------
New 0 2.293 10.456 4.151 5.320

Scenario G
Total 31.980 47.813 22.236 41.811 21.000

(16.8) (25.1) (11.7) (22.0) (11.0)

Notes: Numbers in parentheses are the shares of electric power plants.
The installed generating capacity of other power plants is assumed to
be 25.4 million kW.
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5.1.1 Trade-Offs Between Objectives

Before examining the optimal values and the optimal solutions, the practical

meaning of the pay-off matrix in rows 1 to 4 in Table 5.1 is explained by using scenario A

as an example. Here, rows 1 to 4 denote the values of the objective functions under

economic criterion (minimizing the generation cost), strategic criterion (minimizing

security risk), environmental criterion (minimizing emissions from oil-thermal power plant

and coal-thermal power plant), and social criterion (minimizing nuclear energy),

respectively. The diagonal elements of the pay-off matrix mean the ideal values of the

objective functions, i.e., the optimal values obtained by minimizing the objective functions

individually. Row 5 represents the optimal values obtained by a multiple-criteria decision

making analysis. As expected, there are remarkable trade-offs among objectives. If the

value of each objective function is obtained only under economic criterion, Zz, Z3, and 24

are 98.786 billion kWh, 723.461 billion Nm3, and 287.286 billion kWh, which are 8.6

percent, 37.4 percent, and 28.4 percent higher than the ideal value, respectively. If only

under strategic criterion, Zj, Z3, and 24 are 7,044.95 billion yen, 542.075 billion Nm3,

and 319.648 billion kWh, which are 5.2 percent, 2.9 percent, and 42.9 percent higher

than the ideal value, respectively. If only under environmental criterion, Zj , ZZ, and 24

are 6,722.06 billion yen, 95.672 billion kWh, and 332.238 billion kWh, which are 0.4

percent, 5.2 percent, and 48.5 percent higher than the ideal values, respectively. If only

under social criterion, Zj , ZZ, and Z3 are 7,317 billion yen, 98.179 billion kWh, and

738.828 billion Nm3, which are 9.3 percent, 7.9 percent, and 40.3 percent higher than the

ideal values, respectively. According to the above results, the important trade-offs are:

(1) between economic and environmental objectives.

(2) between economic and social objectives.

(3) between strategic and social objectives.

(4) between environmental and social objectives.
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The importance of these trade-offs also prevails in the other scenarios except

scenario G. There is no remarkable trade-off between objectives in scenario G - no

additional construction of nuclear power plant.

5.1.2 Optimal Values of Objectives

In this section, the optimal values of the objective functions under multiple-criteria

as presented in Table 5.1 are compared. In scenario B, only the generation cost was

found to be higher than that for scenario A. The values of security risk and environmental

impacts were hardly changed. The difference in the generation cost between scenario A

and scenario B was 1,210.04 billion yen, which was large enough to cover the total

wages in Japan's electric pwer industry in fiscal year 1987. Similarly, for scenario C,

only the generation cost was found to differ from that of scenario A. The generation cost

was lower by 269.83 billion yen in this case. Obviously, the change in the prices of fuels

affects the generation cost, but not the values for security risk and environmental impacts.

Although the optimal values for scenarios D and E do not differ significantly from

those for scenario A, each technological scenario offers some different results. The

improvement of the utilization rates of power plants, scenario D, tends to lower the

generation cost and to raise the value of security risk. On the other hand, the improvement

of controllability of power plants, scenario E, tends to not only give the same effect as

scenario D, but also lower emissions from oil-thermal power and coal-thermal power

plants and to raise the amount of nuclear energy. It should be noted here that the

utilization rate and controllability can be improved at the same time because there is a

certain relationship between these two types of technological improvements. Therefore, it

is easily conjectured that the aggregate technological improvement will reduce further the

generation cost.

The optimal values for scenario F indicate that the reformation of TOU power rare
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reduces the generation cost, the value of security risk, and emissions, but raises the

amount of nuclear energy. Especially, the generation cost is the lowest and the amount of

nuclear energy is the highest in all scenarios. In scenario G, as compared with scenario

A, the generation cost, the value of security risk, and emissions are slightly higher, but the

amount of nuclear energy is extremely lower. In other words, the policy of no additional

construction of nuclear power plant does not contribute significantly to economic,

strategic, and environmental objectives.

5.1.3 Optimal Amount of Power Generated

The optimal solutions in Table 5.2 give the optimal amount of electric power

generated by each type of power plant in fiscal year 2000. Estimating the optimal amount

of power generated plays an important role in determining how much the generating

capacity should be newly installed prior to fiscal year 2000. Scenario A, the base case, is

the most feasible scenario in fiscal year 2000. In scenario A, the optimal amount of power

generated by each type of power plant is as follows:

(1) Nuclear Power -- The optimal amount of power generated is 282.817 billion

kWh, which is 96.217 billion kWh (51.6 percent) higher than that in fiscal year 1987.

Nuclear power generation seems to develop as a primary source in the future.

(2) Oil-Thermal Power -- The optimal amount of power generated is 99.689

billion kWh and fairly decreases from 152.200 billion kWh in fiscal year 1987. This

estimate reflects the policy of reducing the dependence on oil.

(3) Coal-Thermal Power -- The optimal amount of power generated is 94.195

billion kWh, which is 31.095 billion kWh (49.3 percent) higher than that in fiscal year

1987. The reason for staying at this level is due to the fact that nuclear power as a

substitute for coal-thermal power has a relatively large share of the amount of power

generated. If controllability of this type of power plant is improved, the share will be
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higher by meeting the non-base load demand.

(4) LNG-Thermal Power -- The optimal amount of power generated is 174.544

billion kWh, which is 38.444 billion kWh (28.2 percent) higher than that in fiscal year

1987. LNG-thermal power, second to nuclear power, is expected to supply power as a

major source in the future.

(5) Pumped-Storage Hydroelectric Power -- The optimal amount of power

generated is 36.293 billion kWh, which is 28.093 billion kWh (about the quadruple)

higher than that in fiscal year 1987. This is a result of dealing with strategic and

environmental aspects in the model.

The relationship between each scenario and the optimal amount of power

generated is explained based on the analytical assumptions defined in Chapter IV while

comparing with the optimal amount of power generated for scenario A as a base case.

Economic Scenarios

In scenario B, the optimal amount of power generated by nuclear power is a little

higher than that for scenario A. This is clearly derived from the fact that the relative price

of nuclear fuel drops due to the rise in the prices of crude oil, coal, and LNG for scenario

B. A rise in the share of nuclear power reduces the shares of coal-thermal power and

LNG-thermal power. This may be related to controllabilities of both coal-thermal power

plant and LNG-thermal power plant. In fiscal year 2000, controllabilities of both coal­

thermal power plant and LNG-thermal power plant are estimated to be 50 percent and 75

percent, respectively. At least one-half of the entire coal-thermal power plants and a

quarter of the entire LNG-thermal power plants should be used for meeting the base load

demand, in conjunction with nuclear power. Oil-thermal power plants and pumped­

storage hydropower are not affected by a rise in the share of nuclear power because their

plants are used for meeting the intermediate load demand and the peak load demand,
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respectively.

In the other economic scenario C, it is assumed that the current fuel prices continue

to fiscal year 2000. The current low price of crude oil causes the prices of other fuels

such as coal and LNG to lower levels. This implies that if the relative price of nuclear fuel

rises, the share of nuclear power will be reduced. Although the share of LNG-thermal

power increases as compared with scenario A, the other power sources decrease or stay at

the same level. However, the possibility of scenario C that the current prices of fuels will

continue until 2000, seems to be considerably low as compared to that of scenario A.

Figure 5.1 shows the optimal amount of power generated by each type of power

plant for scenarios A, B, and C. It turns out that the changes in the fuel market conditions

do not affect the optimal mix of power sources so much.

Technological Scenarios

The results for scenarios D and E indicate the different effects of technological

improvement on the optimal amount of power generated by each type of power plant. As

for scenario D, the amount of power generated by nuclear power plant is almost the same

as that for scenario A because the utilization rate of nuclear power plant is already at a

relatively high rate and hence a further improvement of utilization rate is not expected.

Since the utilization rate of pumped-storage hydropower plant is still at a low rate, this

type of plant seems to be sensitive to the improvement of the utilization rate. However,

unexpectedly, the amount of power generated by this type of plant is lower than that for

scenario A. This can be explained from the fact that the improvement of utilization rates

for oil-thermal power plant and LNG-thermal power plant may be so great as to offset a

rise in the share of pumped-storage hydropower. Both oil-thermal power and LNG­

thermal power reach their upper bounds, 104.711 billion kWh and 183.132 billion kWh,

respectively. Here, the shadow prices (values) for both types of power sources are
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examined (see Table 5.4). The maximum additional cost the electric power industry is

willing to pay to increase 1 kWh of power generated by oil-thermal power plant is 0.163

yen. The maximum additional security risk the electric power industry is willing to accept

to increase 1 kWh of power generated by oil-thermal power plant is 0.0034 kWh which

corresponds to 0.034 yen interms of cost. To increase 1 kWh of power generated by

LNG-thermal power plant, the maximum additional cost and security are 1.769 yen and

0.0365 kWh (0.349 yen in terms of cost), respectively. Thus, the electric power industry

should choose oil-thermal power as an additional power source.

The results for scenario E indicate that the shares of nuclear power, oil-thermal

power, and LNG-thermal power are higher than those for scenario A. But the shares of

coal-thermal power and pumped-storage hydropower are lower than those for scenario A.

Especially, an increase in the share of nuclear power is due to the fact that nuclear power

must be sensitive to even a little improvement of controllability because there is no

controllability of nuclear power plant at present. Consequently, the share of coal-thermal

power as a substitute for nuclear power is decreased. On the other hand, since pumped­

storage hydroelectric power plant already has a perfect controllability, the improvement of

controllabilities for the other types of plants necessarily lowers the share of pumped­

storage hydropower.

Figure 5.2 shows the optimal amount of power generated by each type of power

plant for scenarios A, D, and E.

Institutional Scenarios

The institutional scenarios differ from the economic and technological scenarios in

their characteristics. The former scenarios can be realized by the electric power industry

as a line of policy. The latter scenarios are based on uncertainties of fuel prices and

technological conditions in the future. That is, the electric power industry is obliged to

~~~--~---------------------------------------------



Table 5.4

Shadow Prices (Values)

112

Oil-Thermal Power
Scenario D

LNG-Thermal Power

Scenario F Coal-Thermal Power

Oil-Thermal Power

Scenario G Coal-Thermal Power
LNG-Thermal Power

Generation Cost
(yen)

0.163

1.769

0.063

0.737

0.307
0.369

Security Risk
(kWh) (yen)

0.0034 (0.034)

0.0365 (0.349)

0.0104 (0.096)

0.0036 (0.036)

0.0015 (0.014)
0.0018 (0.017)

Note: There is no upper bound in scenarios A, B, C, and E.
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take a passive attitude toward these scenarios. Scenario F implies the policy for leveling

the daily load curve. In this scenario, the share of nuclear power is 39.3 percent, which is

the highest in its shares for all scenarios because the reformation of TOU power rate

increases the base load demand to be supplied by nuclear power. The share of coal­

thermal power as another power source meeting the base load demand is also higher than

that for other scenarios and the amount of power generated by coal-thermal power plant

reaches its upper bound, 116.875 billion kWh. Here, the shadow price (value) of coal­

thermal power is examined (see Table 5.4). The maximum additional cost the electric

power industry is willing to pay to increase 1 kWh of power generated by coal-thermal

power plant is 0.063 yen. The maximum additional security risk the electric power

industry is willing to accept to increase 1 kWh of power generated by coal-thermal power

plant is 0.0104 kWh which corresponds to 0.096 yen in terms of cost. On the other hand,

the ranges of the intermediate and peak load demand are reduced, and hence oil-thermal

power, LNG-thennal power, and pumped-storage hydroelectric power, meeting the

intermediate and peak load demand, are each the lowest amount in those for all scenarios.

Particularly, the share of pumped-storage hydroelectric power is about one-third of that

for scenario A because of its high generation cost.

Scenario G reflects the current anti-nuclear power movements in Japan as an

extreme case. The share of nuclear power is inevitably reduced from 35.0 percent for

scenario A to 26.9 percent for scenario G which is lower than the actual share of nuclear

power in fiscal year 1987. On the contrary, the share of pumped-storage hydroelectric

power dramatically rises from 4.5 percent for scenario A to 8.1 percent for scenario G.

This could be due to the fact that the amount of power generated by each thermal power

plant already reaches their upper bounds. Thus, the shadow prices (values) of oil-thermal

power, coal-thermal power and LNG-thermal power are examined here (see Table 5.4).

The maximum additional costs the electric power industry is willing to pay to increase 1



115

kWh of power generated by oil-thermal power, coal-thermal power, and LNG-thermal

power plants are 0.737 yen, 0.307 yen, and 0.369 yen, respectively. The maximum

additional security risk the electric power industry is willing to accept to increase 1 kWh of

power generated by oil-thermal power, coal-thermal power, and LNG-thermal power

plants are 0.0036 kWh (0.036 yen in terms of cost), 0.0015 kWh (0.014 yen in terms of

cost), and 0.0018 kWh (0.017 yen in terms of cost). It is desirable for the electric power

industry to utilize coal-thermal power plant for an additional power generated.

Figure 5.3 shows the optimal amount of power generated by each type of power

plant for scenarios A, F, and G. It turns out that the optimal amount for each scenario is

fairly different.

5.1.4 Installed Generating Capacity and Daily Load

Table 5.3 shows the newly installed generating capacity and the total installed

generating capacity for each type of power plant. The installed generating capacity is

generally determined by considering the estimated amount of power generated in the

future. However, the former share for a certain type of power plant does not necessarily

coincide with the latter share for that type of power plant. This is because each type of

power plant has different utilization rates and controllability, and as a result each type of

power plant plays a role in meeting a specific part of daily load. For example, oil-thermal

power plant and pumped-storage hydroelectric power plant have fairly large generating

capacities as compared with their own shares with respect to the amount of power

generated. This may be derived from the following facts: 1) the utilization rates of these

types of power plants are quite low; and 2) these are used for meeting the intermediate and

peak load demands because of their high controllability. On the other hand, in spite of its

large share with respect to the amount of power generated, nuclear power plant does not

need a large generating capacity because of its high utilization rate. Therefore, the newly
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Figure 5.3
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installed generating capacity estimated in this study means the generating capacity which is

compensated for achieving the optimal mix of power sources with respect to the amount of

power generated.

Figures 5.4 through 5.10 show the daily load curves for the maximum three days

by scenarios. The daily load curve gives a graphic description of controllability of each

type of power plant.
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Figure 5.4

Daily Load Curve (Scenario A)
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Figure 5.5

Daily Load Curve (Scenario B)
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Daily Load Curve (Scenario C)
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Figure 5.7

Daily Load Curve (Scenario D)
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Figure 5.8

Daily Load Curve (Scenario E)
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Figure 5.9

Daily Load Curve (Scenario F)
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Figure 5.10

Daily Load Curve (Scenario G)
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5.2 Comparisons with Previous Studies

In this section, the empirical results on the optimal mix of electricity-generating

sources by the multiple-criteria decision making (MCDM) analysis are compared with

those by the previous studies: (1) the MITI's study (1987a), and (2) the IEEl's study by

Takada, Kifune, and Suzuki (1986). The methodology for the MITI's study was not

opened to the public. The !EEl's study was done by using a linear programming model.

Tables 5.5 and 5.6 show the empirical results for the base case by the MCDM analysis

and by the previous studies on the optimal mix of power sources. The upper part of both

tables shows the comparison with the MITI's study and the lower part shows the

comparison with the IEEl's study.

5.2.1 Comparison with the MITI's Study

The MITI's estimates have generally been regarded as a standard for Japan's

electric power supply in the future. However, since the process of estimation by MITI is

not explained in detail, only a numerical comparison can be made below. In order to

compare with the MITI's estimates, the optimal amount of power generated by each type

of plant under a single-criterion (minimizing the generation cost) and a multiple-criteria is

estimated by assuming the same total amount of power supply as the MITI's study (868.0

billion kWh).

First of all, the optimal amount of power generated by each type of plant under a

single-criterion (minimizing the generation cost) is compared with the MITI's estimates.

The estimates under a single-criterion are almost the same as the MITI's estimates. The

order of share within five power sources is also the same in both studies. It can be

thought that MITI emphasizes economic aspect (cost-minimizing) to determine the optimal

mix of power sources. However, if the total amount of power generated is assumed to be

807.440 billion kWh, then, as shown in Table 5.2, the share of each type of power source

--- ----------------------------------------------
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Table 5.5

Comparison of Optimal Mix of Power Sources in 2000
(Amount of Electric Power Supply)

(billion kWh)

Study Nuclear Oil Coal LNG Pumped Others Tolal

Comparison with MITI:

Crl 347.435 99.689 116.875 164.951 10.155 128.895 868.000
(40.0) (11.5) (13.5) (19.0) ( 1.2) (14.8) (100.0)

MC 347.382 101.312 92.973 175.980 21.458 128.895 868.000
(40.0) (11.7) (10.7) (20.3) ( 2.5) (14.8) (100.0)

--------------------------------------------------------------------------------------------------------
MIT! 348.000 95.000 118.000 164.000 13.000 130.000 868.000
(1987 base) (40.1) (10.9) (13.6) (18.9) ( 1.5) (15.0) (100.0)

Comparison with IEEl:

Crl 371.424 104.711 116.875 183.132 29.899 140.569 946.610
(39.2) (11.1) (12.3) (19.3) ( 3.2) (14.8) (100.0)

MC 359.816 104.711 116.875 183.132 41.507 140.569 946.610
(38.0) (ILl) (12.3) (19.3) ( 4.4) (14.8) (100.0)

lEEl
(1986 base)

434.500 15.170 187.300 153.290 13.790 142.560
(45.9) ( 1.6) (19.8) (16.2) ( 1.5) (15.0)

946.610
(100.0)

Sources: MITr, Outline of Electric Power Development, 1988.
Takada, et aI., (1986) LEEl: SR-184.

Notes: Cr1 =Criterion of Minimizing the Generation Cost.
MC = Multiple-Criteria Decision Making.
Numbers in Parentheses are the shares of power sources.
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Comparison of Optimal Mix of Power Sources in 2(X)O
(Installed Generating Capacity)

(million kW)

127

Study Nuclear Oil Coal LNG Pumped OLhers Total

Comparison with MITI:

Crl 52.882 45.520 22.236 37.660 16.560 25.400 200.258
(26.4) (22.7) (1Ll) (18.8) ( 8.3) (12.7) (100.0)

MC 52.882 46.261 17.689 40.178 16.560 25.400 198.970
(26.6) (23.3) ( 8.9) (20.2) ( 8.3) (12.8) (100.0)

MITI 53.000 46.600 23.000 43.000 21.000 25.400 212.000
(1987 base) (25.0) (22.0) (10.8) (20.3) ( 9.9) (12.0) (100.0)

Comparison with IEEJ:

Cn 53.000 47.813 22.236 41.811 21.000 25.400 211.260
(25.1) (22.6) (10.5) (19.8) ( 9.9) (12.0) (100.0)

MC 53.000 47.813 22.236 41.811 21.000 25.400 211.260
(25.1) (22.6) (10.5) (19.8) ( 9.9) (12.0) (100.0)

--------------------------------------------------------------------------------------------------------
lEEl 62.000 57.000 25.870 33.000 22.000 32.040 231.910
(1986 base) (26.7) (24.6) (11.2) (14.2) ( 9.5) (13.8) (100.0)

Sources: MITI, Outline of Electric Power Development, 1988.
Takada, et al., (1986) IEEl: SR-184.

Notes: Crl = Criterion of Minimizing the Generation Cost.
MC = Multiple-Criteria Decision Making.
Numbers in Parentheses are the shares of power plants.
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is different from that in the MITI's study. In other words, the optimal amount of power

generated is affected by the magnitude of the total amount of power supply.

Consequently, it turns out that the larger the total amount of power supply is assumed, the

larger the share of nuclear power is and the smaller the shares of oil-thermal power, coal­

thermal power, and LNG-thermal power are.

As Table 5,5 shows, the optimal amount of power generated by each type of plant

under a multiple-criteria is different from the MITI's estimates except for nuclear power.

The shares of pumped-storage hydroelectric power and LNG-thermal power are higher

and the share of coal-thermal power is lower due to the consideration of the environmental

criterion in the MCDM analysis. However, it appears strange that oil-thermal power is

slightly higher in spite of environmental criterion. This may be due to the fact that LNG­

thermal power and oil-thermal power have to meet a part of the base load demand instead

of coal-thermal power reduced. Only the share of nuclear power does not change. This

could be derived from the fact that the effect of strategic criterion on nuclear power offsets

the effect of social criterion on it.

As the installed generating capacity of Table 5.6 shows, the optimal installed

generating capacity of each type of power plant in the present study is lower than that in

the MITI's study. This implies that the utilization rate of each type of power plant is

higher in the present study than in the MITI's study. The total installed generating

capacity is not so different between the single-criterion analysis and the MCDM analysis in

the present study.

5.2.2 Comparison with the IEEJ's Study

The lEEl's study used a linear programming model as a methodology. The

objective function in this model consists of the construction cost and the fuel cost as

follows:



where:

Z = L
j

Rj * Pj + L c, * qj * Xj
j
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= Fuel consumption of generating source j.

= The unit fuel cost of generating source j.

= The unit construction cost of power plant type j.

= The ratio of initial year's expenses to the total construction cost for power plant
type j.

Xj = The newly installed generating capacity of power plant type j.

The unit fuel costs, the unit construction costs, and the ratio of initial year's

expenses to the total construction cost which are assumed in the IEEl's study are

presented in Table 5.7.

As the above model indicates, the principal objective of the IEEJ's study is to

obtain not the optimal amount of power generated by each type of power plant, but the

optimal installed generating capacity for each type of power plant. The optimal installed

generating capacity is determined between the upper and lower bounds of the installed

generating capacity. Based on such an optimal capacity, the optimal amount of power

generated by each type of plant is calculated by the utilization rate of plant defined in Table

5.8. According to the IEEJ's estimates for the optimal amount of power generated in

Table 5.5, the shares of nuclear power and coal-thermal power are considerably higher

than those in the present study. Especially, the optimal amount of coal-thermal power is

187.3 billion kWh, which requires 59,936 kilotons of coal for generation power. This

amount of coal is about three times as much as the total consumption of coal for generating

power in 1987. So, the optimal amount of coal-thermal power in the IEEl's study seems

to be an unrealistic amount. On the other hand, the share of oil-thermal power is

extremely lower than that in the present study. However, since the optimal installed
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Table 5.7

Unit Fuel Cost, Unit Construction Cost, and Ratio of Initial Year's Expenses
to the Total Construction Cost

Unit Fuel Cost Unit Construction Cost Ratio of Initial
Year's Expenses

(¥/kWh) (¥/kW) (%)

Nuclear Power 1.60 320,000 0.1889

Oil-Thermal Power 12.49 155,000 0.1898

Coal-Thermal Power 5.89 256,000 0.1994

LNG-Thermal Power 9.37 215,000 0.1868

Pumped-Storage 0.00 200,000 0.1280

Source: Takada, et al., (1986) lEEl: SR-184.

Table 5.8

Upper and Lower Bounds of Utilization Rate of Plant
and Installed Generating Capacity

Utilization Rate
(%)

Upper Bound

Installed Generating Capacity
(million kW)

Upper Bound Lower Bound

Nuclear Power

Oil-Thermal Power

Coal-Thermal Power

LNG-Thermal Power

Pumped-Storage

80.0

85.0

85.0

85.0

10.0

62.000

127.932

127.932

127.932

22.000

39.952

51.280

20.290

33.005

19.300

Source: Takada, et aI., (1986) lEEl: SR-184.

----_. ---------------------------------------
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generating capacity of oil-thermal power in the lEEl's study is fairly high, the utilization

rate of oil-thermal power plant must be extremely low.

Simply judging from the assumption of the unit construction cost and the upper

and lower bounds of the installed generating capacity, it is doubtful whether the installed

generating capacity of nuclear power reaches the upper bound as shown in Table 5.6. If

the daily load curve and controllability of nuclear power plant are considered, the lEEl's

estimates on the installed generating capacity for nuclear power become an even larger

question.

Although IEEl assumes the upper bound of the installed generating capacity for

each type of thermal power plant to be at a fairly high level, the estimates are only a little

higher than their lower bounds. This implies that in the IEEl's model the unit

construction cost does not have a significant effect on the determination of the optimal

generating capacity for each type of plant. Therefore, the unit fuel cost must have a strong

effect on such a determination. Otherwise, the IEEl's estimates cannot result from the

above model. However, the unit fuel cost seems to be a factor in determining the 'optimal

amount of power generated rather than the optimal installed generating capacity. In the

multiobjective programming model in the present study, the unit fuel cost plays an

important role in determining the optimal amount of power generated by each type of

power plant. Another reason why lEEl may have gotten such questionable estimates is

that the supply limits of fuels may affect an optimal mix of electricity-generating sources.

However, according to the analytical assumptions in the present study, the supply

conditions of crude oil, coal, and LNG in the year 2000 are to provide fuels so that the

electric power industry can generate power up to 104.711 billion kWh by oil-thermal

power plants, 116 billion kWh by coal-thermal power plants, and 183.132 billion kWh by

LNG-thermal power plants. Therefore, it turns out that the supply limits of fuels do not

affect an optimal mix of electricity-generating sources in the IEEl's study.

---_._--------------------------------------
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CHAPTER VI

CONCLUSIONS AND FUTURE DEVELOPMENT

This chapter presents the conclusions of the entire study and discusses possible

further development of this study.

6.1 Conclusions

The effectiveness of a multiobjective programming model generally depend on

how well it addresses the appropriate issues or problems and how adaptive it is to various

analytical assumptions such as economic, technological, and institutional assumptions. In

other words, the model must reflect the substance of a problem and the conditions peculiar

to the field to be analyzed. The multiobjective programming model is of great use for

examining the impacts of different scenarios through parametric programming. That is,

this type of model allows for the study of the behavior of the solution if the coefficients

are permitted to change. In other words, the cost coefficients of the objective function,

and the coefficients on the left-hand side of the constraints and constants on the right-hand

side of the model can be changed or new constraints can be added to analyze how these

variations affect the optimal problem.

The multiobjective programming model developed in this study examines how the

amount of electric power generated and the installed generating capacity should be

allocated to each type of electric power plant while paying attention to the substance of a

problem and conditions peculiar to its problem. The model addresses the optimal mix of

electricity-generating sources under four criteria of minimizing the generation cost,

security risk, emissions from oil-thermal power and coal-thermal power plants, and

nuclear energy. The first two can be regarded as economic and strategic criteria for the
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electric power industry, while the latter may be environmental and social criteria. As

anticipated, there were trade-offs between objectives. These trade-offs were examined by

calculating how much the additional generation cost and amount of power generated were

incurred by reducing the value of each objective function.

In this study, seven different scenarios were examined so that uncenainty in the

future events would be addressed. Since scenarios F and G are assumed as a line of

policy in the electric power industry, these scenarios are excluded for estimating the

optimal mix of electricity-generating sources under uncenainty. Hence, based on the

empirical results for scenarios A through E, the optimal amount of electric power

generated and the optimal installed generating capacity of each type of electric power plant

in fiscal year 2000 are summarized as follows:

(1) Nuclear Power -- The range of variation for the amount of power generated

by nuclear power is between 280.637 billion kWh (34.8 percent) for scenario C and

293.850 billion kWh (36.4 percent) for scenario E, which is the largest variation in all

electricity-generating sources. However, the optimal amount of power generated for each

scenario is distributed close to the average value of the optimal amount of nuclear power

(285.261 billion kWh). Hence, the power supply by nuclear power plant in fiscal year

2000 is expected to be around 285.261 billion kWh (35.3 percent), which is the closest to

the estimate for scenario B. Thus, it may be desirable for the electric power industry to

install at least 11.617 million kW of new generating capacity between 1996 and 2000.

(2) Oil-Thermal Power -- There is little diffeence in the amount of electric power

generated by oil-thermal power between scenarios except that the estimate for scenario D

reaches the upper bound, 104.711 billion kWh (13.0 percent). So, the power supply by

oil-thermal power plant in fiscal year 2000 is expected to be around 99.689 billion kWh

(12.3 percent) for scenario A. Thus, it seems that the electric power industry doesn't have

to increase any generating capacity of oil-thermal power plant from 1996 to 2000.

. .... _.. _. _.._-- ---------------------------_._---------------
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(3) Coal-Thermal Power -- Although the upper bound of coal-thermal power with

respect to the amount of power generated is assumed to be 116.875 billion kWh in this

study, the estimate for any scenario is less than the upper bound. The optimal amount for

each scenario is distributed around the average value of the optimal amount of power

generated by coal-thermal power plant (92.235 billion kWh). Hence, the power supply

by coal-thermal power plant in fiscal year 2000 is expected to be 92.235 billion kWh

(11.4 percent), which is the closest to the estimate for scenario B. Thus, it is desirable for

the electric power industry to install at least 5.681 million kW (the value for scenario B) of

new generating capacity between 1996 and 2000.

(4) LNG-Thermal Power -- The amount of electric power generated by LNG­

thermal power for most scenarios is slightly lower than the upper bound, 183.132 billion

kWh though the amount for scenario D reaches the upper bound. The average value of the

optimal amount of LNG-thermal power is 177.441 billion kWh (22.0 percent), which is

the closest to the estimate for scenario E and the expected power supply by LNG-thermal

power plant in fiscal year 2000. Thus, it is desirable for the electric power industry to

install at least 2.724 million kW (the value for scenario E) of new generating capacity

between 1996 and 2000.

(5) Pumped-Storage Hydroelectric Power -- The range of variation for the

amount of power generated by pumped-storage hydroelectric power is between 24.501

billion kWh (3.0 percent) for scenario E and 36.916 billion kWh (4.6 percent) for

scenario B. The average value of the optimal amount is 31.568 billion kWh. This type of

source would not have a large share because it is used for meeting the peak load demand.

However, since it is expected that the peak load will rise in the future, pumped-storage

hydroelectric power will play an important role in supplying the peak load demand. Even

though there is an excess supply to meet the peak load demand, pumped-storage

hydroelectric power can replace general hydroelectric power because of its relatively lower
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generation cost. The power supply of pumped-storage hydropower plant in fiscal year

2000 is estimated to be 31.568 billion kWh (3.9 percent), which is the average value and

is slightly higher than the estimates by other studies. It is desirable for the electric power

industry to install 5.320 million kW (upper bound) of new generating capacity from 1996

to 2000.
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6.2 Further Development of this Study

In order to develop this study further, it is very important to clarify what the

limitations of this study are. There are two major limitations of the approach in this study:

(1) preferences of decision makers, and (2) uncertainties of future events.

Preferences of Decision Makers

This study hasn't dealt with the decision makers' preferences. In other words, it

is assumed that the weight of each objective is the same. The min-max technique is used

as a method of solving a multiobjective programming model. In reality, one person or one

group does not make a decision on a public choice problem. There are many interest

groups who lay great emphasis on their own view of the optimality problem. Hence, it is

naturally difficult to obtain a common ranking of preferences. The following two methods

are worth considering to overcome this problem. First, this problem could be solved by

defining a reference group comprising representatives of the different interest groups that

affect or are affected by the electric power development. Such representatives are

constituted from persons of stature with long experience of practical life (Nunn, 1982).

Their purpose is to identify the main goal of the optimality problem and to rank their

preferences. Second, the committee members for the electric power development decide

the rank of preferences. The objective of this method is to reach a consensus.

The first method seems to be better than the second one because the decision

makers are not restricted to persons within the electric power industry. However, it

would be difficult to choose appropriate representatives from outside the electric power

industry.

Uncertainties of Future Events

The multiobjective programming model for the optimal mix of electricity­

generating sources is developed in this study while carefully addressing analytical
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assumptions which are based on practical considerations. But it should be noted that the

data used in this study are uncertain. It is difficult to predict future events because of

uncertainties such as a lack of data, changes in technology, natural disasters, changes in

values, and other unforeseeable changes. Although scenario analysis is one approach to

overcome such uncertainties, there is still a problem because many different scenarios

have to be drawn up and the optimal solutions depend greatly on these scenarios.

Building a model with probabilistic coefficients or constants is one direct approach

for dealing with uncertainties. For example, the coefficients of cost and risk in the

objective functions, and the technological coefficients in the constraints can be expressed

by using the data on their probability distributions. If the data on probability distributions

of such coefficients are readily available, there is plenty of room for a further development

of the model. However, it is very difficult to obtain such probability distributions.

_._----------------------------------------------------
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