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Abstract

The study presents life-cycle analyses of net energy and CO2 emissions from electricity supply
systems in Japan. The full energy chains of electricity supply systems of nuclear, fossil and renewable
energies are investigated. The energy chains comprise activities such as extraction, processing and
transportation of fuel, power generation, dismantling of plants, and disposal of wastes. Direct and indirect
CO2 emissions from full energy chain are analyzed with a combined approach of the process analysis and
the input/output table. The methodologies and database developed in this study are useful for integrated
environmental analysis of electricity supply systems.

1. INTRODUCTION

In recent years, global warming caused by CO2, freons, methane, etc., has caught
worldwide attention. The total amount of CO2 emission in Japan is estimated as 0.32 billion ton
carbon, which is about 5 % of the total world emission. One fourth of the amount emitted in
Japan originates from electric utility industries.

Emission control and reduction of greenhouse gases have become urgent and significant
tasks for electric utilities. There is a diversity of CO2 control measures, such as promotion of
energy saving, introduction of environment friendly energy, and recovery, treatment and fixation
of CO2. Electric utilities do not only promote these measures but are engaged also in development
CO2 reducing technologies for power stations.

Analysis of CO2 emissions from electric power system is becoming an important issue for
electric utilities in energy policy making. CO2 is emitted not only from fossil fuel combustion but
is associated also with indirect consumption of fossil fuels for construction and operation of plant
facilities. Even for nuclear and renewable energy technologies fossil fuel is consumed directly and
indirectly in exploitation, mining, fabrication, transportation, and conversion of fuels and
materials. Life-cycle assessment of such full energy chains is a useful analytical method for
evaluating energy use and environmental emission over plant life-time.

We have investigated CO2 emissions and CO2 abatement cost for various electricity
generation technologies on the basis of net energy analysis. Also the greenhouse gas emissions
have been compared of the conventional technologies of fossil, nuclear and renewable energy
generation systems. The study also aims at developing a database for the comprehensive
assessment of CO2 emissions and environmental costs for different electricity generation systems.

2. METHODS

2.1. Analysis of greenhouse gas emissions

This study's analysis of full-energy-chain CO2 emission is based on net energy analysis. CO2

is emitted not only directly from fossil fuel combustion but also indirectly from energy consumed
for construction and O&M of the electricity generation system. The analysis includes the
greenhouse gas emissions due to methane leakage from mining, the CO2 emissions from natural
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gas treatment at the mining and CO2 emitted during cement production. Methane gas is a
greenhouse gas, which has a global warming potential 21 times higher than CO2 if integrated over
100 years.

The greenhouse effect of a technology is given as the CO2 emission factor, which is the total
of CO2 emissions per unit of electricity, which includes the methane leakage during mining and
CO2 emitted during cement production. The comprehensive assessment of CO2 emissions focuses
on the sequence of fuel extraction, transportation, treatment, storage, conversion and waste
management. Fig. 1 shows the scope of fuel chain processes of electricity generation systems,
which can be divided into three main components: upstream, conversion and downstream.
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Fig. 1. Energy chains of electricity generating systems.

2.2. Analysis of CO2 abatement cost

In this study the CO2 abatement cost is defined as the costs of reducing CO2 emissions and
calculated according to

CO2 abatement cost [yen/ton-COJ = (Gnew - Gref) / (Cref - Cnew)
where:

(1)

Gnew: Generating cost of a new technology [yen/kW.h]
Gref: Reference cost, average generating cost of electricity supply configuration [yen/kW.h]
Cref: Reference emission factor, average CO2 emission per unit of kW.h for electricity supply

configuration [ton-CO2/kW.h]
Cnew: CO2 emission per unit of kW.h for a new technology [ton-CO2/kW.h].

3. RESULTS

3.1. Technologies investigated

Table I shows the commercially available and near-commercial technologies power sources
dealt with in this study. These power sources are fossil-fueled, nuclear and renewable power
generating systems with industrial scale of output. Generally, conventional fossil-fueled and
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TABLE I. ELECTRICITY GENERATION SYSTEMS EVALUATED

Generation system

Nuclear

Oil

LNG

Coal

Hydro

Geothermal

Wind

Wave (floating)

OTEC

Tidal

Solar thermal

Photovoltaic electric utility

Photovoltaic roof-top

Capacity

(MW)

1000

1000

1000

1000

10

55

0.1

1.0

2.5

3.0

5.0

1.0

0.003

Capacity factor

(%)

75

75

75

75

45

60

20

25

80

40

30

15

15

Auxiliary power
consumption

(%)

3.4

6.1

3.5

7.4

0.25

7.0

10

30

50

30

5

5

0

nuclear power plants have 1000 MW(e) output of gross capacity and a 75 percent capacity factor.
The capacity factors of renewable energy technologies are Japanese optimum values. The nuclear
energy chain covers various fuel processes of the once-through type and decommissioning of the
power plant. Uranium enrichment of UF6 is the conventional gas-diffusion process.

3.2. Results of net energy analysis

Fig. 2 shows the results of the energy ratio for technologies investigated, assuming 30 years
of a plant life. The results indicate that the energy ratio of each technology is more than one,
which is the condition for an electricity generation system as a net energy producer. The energy
ratio of a hydropower plant shows the most excellent value of 50. Nuclear, geothermal and oil-
fired power systems are also excellent in energy ratio because of their higher energy density and
capacity factor. The energy ratio of LNG-fired plants is one third of other fossil-fired plants
because a large amount of energy, 10 to 15% of natural gas produced during mining, is consumed
during the process of the extraction and liquefaction. The energy ratios of the renewable energies,
excluding hydro and geothermal, are less than 10 because of their low energy densities.

Fig. 3 gives the analytical results of net electricity supplied for 1000 MW power facilities,
assuming 30 years plant life. The supplied net electricity depends highly on the capacity factor of
a power plant. The larger the capacity factor, the more electricity is produced. The net electricity
supplied from fossil fuels and nuclear energy is larger than that of the renewable energies. The net
electricity supplied by a photovoltaic (PV) system is only one fifth of that of a nuclear plant,
because the average capacity factor of a PV plant in Japan is less than 15%, compared to the
higher value of 75% for nuclear power and fossil-fueled power. Although the energy ratio of an
LNG-fired system is rather small, the net electricity supplied is larger than that of hydropower
and geothermal power because of the higher capacity factor of the LNG-fired plant.
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Fig. 2. Energy ratios of different power generating systems.
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Electricity generation systems consume fossil fuels directly and indirectly in the various
activities of the full energy chain. Fig. 4 gives the rates of fossil fuel consumption associated with
the direct and indirect energy consumption for generating 1 kW.h of net electricity. These rates
were obtained by subtracting input electricity from output electricity. The consumption rates are
highest for fossil-fueled power plants: 2 455; 2 518; and 2 687 kcal/kWh for oil, coal and LNG
power plants, resp. Fossil-fueled power plants burn large amounts of fossil fuels: 96%; 95%; and
85% of total amount of fossil fuel for oil, coal and LNG-fired plants, resp. Nuclear, hydro and
geothermal power plants have the lowest fossil fuel consumption: one to two orders of magnitude
smaller than that of renewable energy and fossil fuel power systems.

3.3. Results of greenhouse gas emissions

Figure 5 presents the results on CO2 emissions per unit of kW.h, including the methane
leakages, for different electricity generation systems. Obviously, nuclear, hydro, and geothermal
systems are low-CO2 emission technologies. Fossil-fired plants release a large quantity of CO2, 31
to 47 times more than nuclear power systems do. The CO2 emissions per kW.h of solar thermal,
photovoltaic, wave, OTEC, tidal, and wind power technologies are smaller than those of fossil
fuel systems but one order of magnitude larger than that of nuclear power plants.

Fossil-fired plants have an extremely high CO2 emission per kW.h because of the large
quantities of CO2 emitted during fuel combustion. The direct CO2 emissions from fossil-fired
power plants are 10 to 20 times higher than their indirect emissions associated with total energy
consumption during plant construction and operation.
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Fig. 5. Greenhouse gas emission factors of different power generating systems.

When comparing direct CO2 emissions per kW.h for different fossil fuels, LNG-fired plants
have the lowest value, 56% of that of a coal-fired plant. However, the advantage of LNG-fired
plants compared to coal-fired systems reduces to 66%, when the indirect emissions of construction
materials and O&M and of the methane release during mining are included.

3.4. Calculation of CO2 abatement cost

The CO2 emissions of nuclear, renewable and CO2 recovery systems are less than the
average value of 128 g-carbon/kW.h for the present fuel mix for the Japanese power generation.
They can play an important role in improving the CO2 emission factor (CO2 emissions per kW.h)
for electricity generation.

The effect of CO2 recovery systems in fossil-fired power plants was also investigated in this
study. Among several CO2 recovery systems under development, two near-practical processes with
high efficiency were investigated: the pressure-swing adsorption process with a LNG-fired plant,
and the O2/CO2 burning process with a coal-fired plant. The CO2 recovered will be compressed
and liquefied after separation from the exhaust gas of a power plant, and the liquefied CO2 is
transported by tanker to a disposal site. A floating-typed discharge platform is assumed to be
located 3,000 km distant from the power plant. From this platform the liquefied CO2 is dumped to
the ocean bottom at a depth of 3000 m with a vertical steel pipe.

The CO2 abatement costs can be calculated for the technologies which have CO2 emission
factors less than the average value, using the above equation (1). In order to calculate the CO2

abatement costs of a type of power plant, one needs to know its electricity generation costs.
Table II gives the capital costs and electricity generation costs for different types of power plants.
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TABLE II. CAPITAL AND GENERATION COSTS OF ELECTRICITY GENERATION
SYSTEMS (future costs are in brackets)

Generation system

Nuclear

Geothermal

Hydro

CO2 recovery (LNG)

CO2 recovery (coal)

OTEC

Wind

Solar thermal

Photovoltaic, roof-top

Photovoltaic, electric utility

Capital costs
(10 000 Yen/kW)

32

28

50

(27)

(30)

(150)

100 (50)

250

200 (80)

250 (130)

Generation costs
(Yen/kW)

10.0

10.5

13.0

(14.6)

(17.5)

(62.5)

87.8 (44)

146

222 (89)

292 (152)

The results on CO2 abatement costs are represented in Fig. 6. The costs of the nuclear power
system are the lowest: 2600 yen/ton-carbon. The CO2 abatement costs increase in the following
order: nuclear, geothermal, hydro, CO2 recovery, wind, OTEC and solar systems. Especially, the
CO2 abatement costs of the renewable energy sources with their low energy density are high.
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Fig. 6. CO 2 abatement costs of different power generating systems.
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4. CONCLUSIONS

This study presents the results on net energy and greenhouse gas emissions of various
electricity generation systems, using a whole-fuel-chain approach. These results can be useful for
decision-makers in order to evaluate the CO2 reduction options of different electricity generating
systems. The results on the comparative assessment on different power generating systems can be
summarized as follows.

Nuclear, hydro and fossil-fueled power systems are the dominant power generating systems.
Nuclear power systems have the lowest (indirect) fossil fuel consumption. Apart from hydro
and geothermal power systems, renewable energy systems can give only a small contribution
to power supply due to their low energy density and low capacity factor.

The direct CO2 emissions from the fuel combustion of fossil-fired plants is much greater
than their indirect CO2 emissions from the total energy consumption during facility
construction and plant operation.

The CO2 emission factors (CO2 emissions per kW.h) of nuclear and renewable energy
systems are considerably less than those of fossil-fueled power systems. Especially, nuclear,
hydro and geothermal power systems have the lowest CO2 emission factors. Therefore, the
installation in Japan of such systems can alleviate the greenhouse problem resulting from its
power generation, since the CO2 emission factors of these systems are less than the average
value of the present Japanese electricity generation.

Among the candidates to reduce CO2 emissions, nuclear energy is the best in economic
terms. In order to reduce CO2 emissions installation of renewable energy plants, with the
exception of hydro and geothermal power systems, will result in a huge economic burden.
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