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Clean coal technologies (CCT), such as a pressurized
fluidized-bed combustion (PFBC), an integrated coal gasifi-
cation combined cycle (IGCC), and an integrated coal gasifi-
cation fuel cell combined system (IGFC), are recognized as
efficient and environmentally sound technologies. Although
CCT has a possibility to enhance energy security, the cost,
such as the specific capital cost and ancillary operating cost
of CCT is higher than those of other power plants, such as gas
combined cycle power and advanced coal-fired power plants.
Therefore, in this study, after we analyzed the introduction
of CCT into the electricity market in Japan, we assumed the
introduction of both an energy tax and a carbon tax as policy
options to promote the introduction of CCT into the electric-
ity market. Moreover, we have assumed that the tax revenue
which is gained by the carbon tax and energy tax is returned
to the specific capital cost of CCT as a subsidy. From the
result of our study, it is seen that an energy tax has an impact
on the promotion of CCT. In particular, the subsidy for the
specific capital cost of CCT has a large impact on the electric-
ity market.

Introduction

Coal has some advantages, for example, coal has the
largest reserves/production (R/P) ratio of any of the fossil fu-
els such as natural gas and crude oil, and has a regionally uni-
form distribution of producing countries (British Petroleum,
2002). On the other hand, there are some disadvantages,
namely that the carbon content of coal is larger than that
of any of the other fossil fuels, and is not environmentally
friendly. Thus, it is important for strengthening energy secu-
rity, to develop and promote the technologies which can use
coal efficiently and in an environmentally friendly way.

The research and development of CCT, such as PFBC,
IGCC, and IGFC, are widely recognized. The PFBC and the
IGCC have been commercialized already in Europe and the
United States. In Japan, PFBC is already commercialized,
but the IGCC is still in the demonstration stage. In Europe,
the development of CCT is promoted as a way to reduce
dependence on natural gas which is expected to increase
in demand. In the United States, in response to severe en-
vironmental regulations, the development of CCT has been
promoted by the government (U.S. Department of Energy,
1987). For Japan, which depends on imported resources for
its energy supply, clean coal technologies become important
from the view point of energy security. Thus, for the devel-
opment of CCT, it is necessary to examine the introduction
characteristics of CCT from a long-term technical and eco-
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nomic view.

Several studies have been conducted on the technical
and economic specifications of CCT. Campbell studied the
energy efficiency and the electricity price of an IGCC plant in
Puertollano, Spain, by using the ECLIPSE process simulator
(Campbell, 2000). McMullan studied the techno-economic
aspects of PFBC and IGCC and whether they are competitive
with existing power plants in the electricity market by using
the process simulator (McMullan, 2001). Moreover, intro-
duction of a carbon tax in energy systems has been examined
by many researchers. Williams analyzed optimal policy in-
troducing carbon taxation by using a global warming model
(Williams, 1995).

However, very few attempts have been made to research
both energy conversion efficiencies and economic aspects,
such as specific capital cost and competitive power, in the
long-term electricity market. Moreover, there has been no
study that analyzed the return of tax revenue from carbon
taxation as the subsidy for CCT. In this paper, we develop
an energy-economic model to consider both the economic
aspects and energy conversion efficiencies of CCT. By ana-
lyzing this model, we examine the introduction of CCT into
the electricity market. And then, we analyze the impact of
taxation on the introduction of CCT and explore effective op-
tions to accelerate the introduction of CCT.

An Energy-economic Model

Japan Model

We have developed the detailed model in the electricity
sector based on the Japan model which has been designed
by Nakata et al. (Nakata, 2000; 2001. The Japan model has
eighty-two processes; includes eight demand nodes in the
industrial, commercial, residential and transportation sectors;
and contains thirteen resource nodes modeling purchases of
coal, natural gas, petroleum and nuclear fuel in the world
markets. Additional processes model the electricity sector,
transportation services, and the conversion of fuel to heat.
Nakata, et al. analyzed the impact of carbon taxes on energy
systems in Japan using this model. The Japan model runs
from the year 1999 to 2044 in increments of 5 years.

Electricity Sector Model

The Japanese electricity model consists of oil-fired
power, gas-fired power, coal-fired power, hydro power, re-
newable energy, such as photovoltaics and wind power, and
nuclear power. Gas-fired power consists of gas combined
cycle power plant, gas turbine power plant, and gas boiler
power plant. Coal-fired power consists of additional conven-
tional coal boiler power plant and advanced coal boiler power
plant. In this study, we have assumed that conventional coal
boiler power plants and oil boiler power plants will not be
constructed, and the amount of electricity power generation
by them will decrease.

We have designed three nodes of clean coal technolo-
gies such as PFBC, IGCC and IGFC in the electricity market.
Then, in terms of the introduction of clean coal technologies
into the electricity market, we have defined the following




three scenarios:

a) Most likely case
The cost and the share of CCT in Japan are derived from
the actual performances of CCT’s commercialization in
the United States and Europe.

b) High cost case
This case assumes that the cost of CCT in Japan becomes
higher than that of the actual performance of CCT’s
commercialization in the U.S.A. and Europe. Therefore,
the cost in this case becomes higher than that of the Most
likely case.

¢) Advance case
As compared with the Most likely case, this case as-
sumes that the technological innovations in CCT arise in
around five years. Therefore, the cost of CCT becomes
lower than that of the Most likely case.

Moreover, we have assumed another case as follows:
Commercialization of CCT will not be done on a large scale.
This is the business as usual (BAU) case.

In this case, in terms of coal-fueled power plants, both
conventional coal boiler and advanced coal boiler power
plants exist in the electricity market.

The technical parameters of CCT such as the specific
capital cost, the ancillary operating cost, and the energy con-
version efficiency are summarized in Table 1. These param-
eters are carefully examined from current references (Lon-
gwell, 1995; Takahashi, 2001; U.S. Department of Energy,
Energy Information Administration, 2002).

Table 1
Technical and Cost Parameters of CCT

been implemented already in both Sweden and Denmark in
1990s. In Japan, the introduction of these taxes has been dis-
cussed extensively. These taxes will promote the shift from
lower energy efficiency technologies to higher energy effi-
ciency technologies. In particular, the carbon tax will raise
the price of high-carbon fuels such as coal and petroleum,
and promote the energy shift from high-carbon fuels to low-
carbon fuels such as natural gas.

In this study, it is assumed that a carbon tax and an energy
tax are imposed as the method of reducing the price differ-
ence of electricity between the CCT and other power plants.
In terms of the amount of tax, it is assumed to reduce 10% of
CO, emissions in the year 2044 in the BAU case. In the case
of carbon taxation, the tax reaches $80/tonC. In the case of en-
ergy taxation, the tax reaches $3/mmBtu. To mitigate the im-
pact of taxation on energy systems, the taxes were introduced
gradually over time, increasing the tax rate in uniform steps
each period until the maximum rate was reached in 2044 .

A large amount of tax revenue is gained by the imposi-
tion of taxes. In Northern European countries, this tax rev-
enue is used for general finances. In this study, it is assumed
that the tax revenue is used as the subsidy for the introduction
of CCT. It is assumed that 10% of the specific capital cost of
CCT is subsidized by the tax revenue.

Since the electricity sector accounted for 33% of total
CO, emissions in the year 1999, the total amount of subsidy
took 33% of the amount of carbon tax revenue.

Tools for the Analysis

In this study, we have used the META<Net
economic modeling system which was developed at

Case  Specific capital Ancillary the Lawrenc.e Live@ore I.\I?ti(.)nal Labor.atory. The
cost($/(mmBtu/ operating  Efficiency Available META*Net is a partial equilibrium modeling system
year)) cost % Year that allows for explicit price competition between
($/mmBtu) technologies, and can constrain or tax emissions. It
Conv. Coal 75.3 3.45 39 allows a user to build and solve complex economic
Adv. Coal 66.9 325 415 models. Although the changes in the economy are
High cost 80.3 6.25 40.5 largely driven by consumers’ behavior and the costs
PFBC  Most likely 73.9 5.75 41 1998 £ technologi d th | frocted
Advance 68.8 575 1 of technologies and resources, they are also affecte
' by various government policies. These can include
High cost 86.9 6.86 42 constraints on prices and quantities, and various taxes
IGCC  Most likely 80.0 6.32 43 2004 . . .
and constraints on environmental emissions. The
Advance 74.5 6.32 44 .
_ META-*Net can incorporate many of these mecha-
High cost 91.7 7.08 48 nisms and evaluate their potential impact on the de-
IGFC  Most likely 84.4 6.52 30 2009 velopment of the economic system (Lamont, 1994).
Advance 78.6 6.52 52

Policy Options for the Promotion of Clean Coal Technologies

As the specific capital cost and the ancillary operating
cost of CCT are higher than those of other power plants such
as advanced coal boiler power and gas combined power
plants, the electricity price of CCT becomes higher than that
of other power plants. Since price differences obstruct the
introduction of CCT, it is important for the introduction of
CCT to reduce the electricity price.

A carbon tax and an energy tax are expected to be an
efficient approach to reduce carbon dioxide emissions. It has

Initial Conditions for the Analysis

Several key assumptions are required to drive any
analysis of this type. These include growth rates and demand
response to changes in price. In this study, we assumed a
moderate rate of growth over the time horizon. Table 2 shows
the assumptions for the growth and demand elasticities in
each sector. As for IGCC and IGFC, these have not yet been
commercialized in the Japanese electricity sector. Therefore,
it is assumed that the introduction of IGCC begins from the
year 2004, and the introduction of IGFC begins from the year
2009 in this model.




Table 2
Growth Rate and Elasticity Assumptions for End-use

Sector
Annual rate Demand
Sector of demand elasticity?
growth? y
Industrial heat demand 0.001 -0.340
Industrial electricity 0.005 -0.340
demand
Commercial heat demand 0.009 -0.230
Commercial electricity 0.021 0.230
demand
Residential heat demand 0.003 -0.380
Residential electricity 0.006 -0.380
demand
Truck transportation 0.003 20.170
demand
Personal transportation 0.003 0.230
demand

a) Energy Data and Modeling Center. (2002) EDMC Handbook of Energy
& Economic Statistic in Japan, Tokyo.
b) Nagata, Y. (2000) Personal communication. June 21, 2000.

Results of the Analysis
Electricity Price and Electricity Power Generation of CCT

The discussion in this section highlights the analytical
results of the electricity price and the electricity power gen-
eration of CCT.

First, the electricity prices are shown in Figure 1. In each
case, the electricity prices of CCT became higher than those
of other power plants such as gas combined power plant and
advanced coal boiler power plant. The electricity price of

Figure 1
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IGFC became lower than that of IGCC. Although the specific
capital cost and ancillary operating cost of IGFC are higher
than those of IGCC, since the energy efficiency of IGFC is
much higher than that of IGCC, the electricity price of IGFC
becomes lower than that of IGCC.

Second, the electricity power generation of CCT is
shown in Figure 2. The growth rate of electricity power gen-
eration of CCT depends on the electricity cost. For the ad-
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vanced and high cost cases, the electricity power generation
of CCT in the advanced case becomes 2.4 times larger than
that of CCT in high cost case in the year 2044,
Figure 2
Electricity Power Generation of CCT in Each Case
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The component of coal-fueled power generation is shown
in Figure 3.The electricity power generation of conventional
coal boiler power plants decreases, so that the electricity
power generation of CCT increases. In the advanced case,
which increased the introduction of CCT into the electricity
market, electricity power generation of CCT reached 11% of
coal-fueled power generation. Moreover, since the electricity
price of IGFC is lower than that of IGCC, the electricity pow-
er generation of IGFC becomes larger than that of IGCC.

Figure 3
Electricity Power Generation of Coal-fueled Power Plant
of each Case in 2004
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Electricity Power Generation of CCT When Carbon and Energy
Tax are Imposed

Most likely

The discussion in this section highlights the analytical
results of electricity power generation of CCT when a carbon
tax and an energy tax are imposed.

The components of a coal-fueled power plant when the
taxes are imposed is shown in Figure 4. When a carbon tax
or an energy tax is imposed, the electricity power generation
of coal-fueled power plant decreased. However, in the case
of energy taxation, the electricity power generation of CCT




becomes larger. When a carbon tax is imposed, the electricity
price of CCT rises more than that of other power plants be-
cause the CCT uses coal which has the highest carbon content
of any other fossil fuels. Since the relative electricity price
Figure 4
Electricity Power Geneation of Coal-fueled Power Plant
When the Taxes are Imposed
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of CCT becomes higher in the electricity market, the electric-
ity power generation of CCT decreases. However, when an
energy tax is imposed, the electricity price of CCT rises less
than that of other power plants because CCT has the higher
energy efficiency. Therefore, the electricity power generation
of CCT becomes larger than that of the zero taxation case.

Electricity Power Generation of CCT When Tax Revenue is
Returned

The discussion in this section highlights the analytical
results of electricity power generation of CCT when the tax
revenue is returned to the specific capital cost of CCT.

Figure 5
Electricity Price with Energy Tax and Tax Return
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The electricity price, when the energy tax is imposed and
the tax revenue is returned, is shown in Figure 5. The com-
ponent of electricity power generation of coal-fueled power
plants with energy tax and tax return is shown in Figure 6.
By using the tax revenue as a subsidy, the specific capital

cost of CCT became lower than that of the zero subsidy case.
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Figure 6
CO, Emission from the Electricity Sector with Energy
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Therefore, the electricity price becomes lower than that of
the zero subsidy case. Since the difference of electricity price
among CCT and other power plants such as gas combined
cycle power plant and advanced coal-fired power plants
becomes small, the competitive power of CCT becomes
strong in the electricity market. On condition that the energy
tax is imposed, the electricity power generation of CCT be-
came up to 2.9 times as large as that of zero subsidy case. In
other words, by reducing specific capital costs ten percent,
CCT becomes competitive in the electricity market. For the
promotion of CCT, energy taxation has a larger impact than
carbon taxation.

The CO, emissions from the electricity sector with en-
ergy tax and tax return is shown in Figure 7. In each case,
CO, emission from the electricity sector increases. Although
the energy efficiency of CCT is higher than that of existing
power plants, CO, emissions increase because the consump-
tion of coal rises by the increase in the demand of CCT.

Conclusion

In this study, we have developed an energy-economic
model in which we can take both energy conversion efficien-

Figure 7
CO, Emission from the Electricity Sector with Energy
Tax and Tax Return
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cies and the economic aspects into consideration. Then we
have evaluated the impact of CCT on energy systems in the
electricity sector in Japan. The results of our analysis show
that the introduction of CCT is not widely promoted largely
because the electricity price of CCT becomes higher than that
of other power plants.

Then, we have analyzed the effect of a carbon tax and an
energy tax on the electricity price of CCT and other power
plants in the electricity market. A carbon tax increases the
difference in these electricity prices. In contrast, an energy
tax can mitigate the price difference, and promote the intro-
duction of CCT. Moreover, the results of our analysis shows
that the tax return to the specific capital cost of CCT has a
strong effect on the introduction of CCT. With respect to CO,
emissions, the introduction of CCT has little impact on their
reduction.
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