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FOREWORD

Sustainable and therefore climate benign energy planning is becoming a cornerstone of
national energy policies in many countries that ratified the United Nations Framework Convention
on Climate Change. The ratification implies a commitment to lowering greenhouse gas emissions
by the so-called Annex I countries, i.e. the developed countries. Sustainable energy planning
requires comparing the advantages and disadvantages of different energy sources. Such
comparison cannot be done objectively without accounting for the emissions of all greenhouse
gases (GHGs) — not only CO2 — from the whole energy chain, from "cradle to grave". The
greenhouse gas emissions upstream and downstream of the energy conversion step are inherently
associated with the production of any energy carrier, such as electricity. Therefore, analysis of the
emissions of all greenhouse gases from the full energy chain FENCH is considered to be the only
fair approach in comparing energy sources for climate benign energy planning.

This publication reports on the IAEA Advisory Group Meeting on Analysis of Net Energy
Balance and Full-Energy-Chain Greenhouse Gas Emissions for Nuclear and Other Energy
Systems, held in Beijing, China, 4-7 October 1994.

The Findings and Recommendations include the results of four internationally recognized
extensive FENCH-GHG studies which produced FENCH-GHG emission factors, expressed in CO2

equivalents per kWh(e) of emitted CO2 and CH4 from eight different energy sources.

Co-sponsoring of the meeting by the Central Research Institute of Electricity Producing
Industries, Tokyo, Japan, and by the Netherlands Energy Research Foundation ECN, Petten,
Netherlands, is gratefully acknowledged. The IAEA is indebted to the Government of China and
to the China Atomic Energy Authority, Beijing, China, for locally organizing the meeting.
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In preparing this publication for press, staff of the IAEA have made up the pages from the
original manuscriptfs). The views expressed do not necessarily reflect those of the governments of the
nominating Member States or of the nominating organizations.

Throughout the text names of Member States are retained as they were when the text was
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SUMMARY OF THE ADVISORY GROUP MEETING/WORKSHOP

1. INTRODUCTION

Interest is increasing in analysis of the full energy chain1 (FENCH), for example in order to
define externalities of various energy systems. Such assessments could also be considered to be a
fair manner of comparing climate impacts from the production and use of different energies, e.g.
comparing the greenhouse gas (GHG) emissions of fossil energies versus hydropower or nuclear
energy versus renewable energies. Consideration of climate impacts, which can be attributed
largely to energy production and use, is more and more underlying changes in energy policies
(e.g. carbon taxation). The results of FENCH comparative assessments could play a role in energy
planning, and related GHG assessments might have relevance for national energy planning
according to commitments made by the more than one hundred countries that ratified the United
Nations Framework Convention on Climate Change (FCCC).

The present atmospheric levels of energy related GHGs are mainly due to activities in the
developed countries. However, it is expected that this will have changed by the first quarter of the
twenty-first century when the developing countries will have a much higher population and
increased per capita energy consumption and also if the trend continues of migration of energy-
intensive industries, such as steel, cement, and aluminium manufacturing from developed
countries to developing countries. Larger construction programmes of power plants in the next
decades are expected in developing countries, particularly those countries with strong economic
growth. As a result of the worldwide ratification of the FCCC, which deals with development and
mitigation of climate change, national energy planning tends towards using energy resources and
technologies which are more climate benign.

The literature on FENCH GHG emission factors is limited and growing only slowly. The
scanty literature on these emission factors shows that the non-fossil fuel energies such as
hydropower, nuclear energy and the renewable energies have low, but non-zero, emission factors.
However, their emission factors are much smaller than the emission factors of the fossil fuels. The
reference emission factors of individual energy sources show considerable scatter. There are
indications that this scatter results from the use of different models and different input data.

The IAEA, comparing different energy sources concerning their impacts on health,
environment and climate in the framework of its Sub-Programme X, decided to convene an
Advisory Group Meeting/Workshop in order to obtain insight into the causes of the scatter in the
literature on emission factors of individual energy sources and to create international consensus on
the use of models and input data. Seventeen experts were invited to advise IAEA on these matters,
including the leaders of four projects on FENCH GHG emission factors and a number of
representatives from developing countries and countries in economic transition. In view of the
relevance of the meeting for the developing countries, the venue of the meeting was in China.

2. THE ADVISORY GROUP MEETING/WORKSHOP

The objective and goals of the workshop were developed in order to make the meeting
effective in providing essential information to implement the Framework Convention. The
objective of the workshop was:

"to provide energy planners with an opportunity for exchange of information on the tools
and data for use in decision-support studies aiming towards greenhouse benign electricity
generation planning with emphasis on sustainable development,"

1 There are many terms in use all describing more or less the same field of knowledge, such as life-cycle
analysis, cradle-to-grave analysis and net-energy analysis. We prefer to use a different term because, among
others, the existing terminology is not appropriate for studies of greenhouse gas emissions from the whole
energy chain, in particular not for the renewable energy sources.



and the goals of the workshop were:

"to review the state-of-the-art (methodologies and data bases) of Full-Energy-Chain
(FENCH) analysis for lowering greenhouse gas (GHG) emissions with emphasis on the
needs of energy planners and policy-makers,"

and

"to discuss the necessity and feasibility of implementing FENCH analysis for lowering GHG
emissions in national energy planning, particularly in developing countries and countries in
economic transition. Amongst other topics, the discussions will address the need and
feasibility of accounting for those GHG emissions which occur outside the national borders
but which are inherently associated with national energy consumption, e.g. emissions
associated with mining and transport of imported fuels."

The organizational structure of the meeting was the following. National views were
presented on comprehensive climate-benign energy planning and expert presentations were given
on FENCH-GHG assessment projects and on methods and databases for such studies. Working
sessions were held on State-of-the-Art and Future Developments of FENCH-GHG Analysis
(Session A), on Energy Chains and Data Bases of Fossil Fuels, Nuclear Energy and Renewable
Energies (Session B) and on how to account for emissions outside national borders of FENCH-
GHGs in national energy planning (Session C on Ex-Boundary Aspects of FENCH-GHG Energy
Planning). Findings and Recommendations were drafted following discussion of session reports
discussions and agreed by correspondence.

3. RESULTS

Several presentations dealt with the implementation in national energy policies of
commitments made by ratifying the Framework Convention. Most countries have created bodies
to investigate the different means of lowering greenhouse gases and how to implement these
measures for certain scenarios of economic development. The uncertainties in economic
development of the developing countries and of the countries in economic transition underlay the
expected difficulties in fulfilling the commitments to the FCCC. Four papers on national energy
policies are included in these proceedings, from Brazil, Egypt, the Russian Federation, and of the
Republic of Korea.

For reasons of comparability FENCH-GHG analysis should be limited to electricity
generating technologies. Most of the renewable energy sources — hydropower, wind and solar PV
— generate electricity only, as in most cases nuclear energy does. Therefore, FENCH-GHG
emission factors of these technologies should have an electricity unit, i.e. kW(e).h, as the
functional unit. In comparing technologies that produce more than one form of energy, such as
co-generation of electric power and heat, the comparison should be made with systems that
provide the same range of output, and analysis should be carried out closer to the end-use.
Technologies that require storage or support should be compared only integrated in a system; e.g.
wind and solar power should not be compared with coal-fired power but as a part of a system.

Input data on flows of energy and materials and their GHG emission factors are site-
specific, e.g. databases differ from country to country. Whether data, generic or site-specific, are
preferable depends on the purpose of the assessment; first assessments using generic data can be
made if site-specific input data are not available.

A literature review of FENCH-GHG emission factors of power generating technologies
clearly shows that there are only a few recent studies dealing with the subject extensively.
However, using general energy and materials GHG emission factors, some basic FENCH
investigations could be added to this list.
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TABLE I. FULL ENERGY CHAIN GREENHOUSE GAS EMISSION FACTORS,
IN g CO2 equiv./kW(e).h

Lignite

Hard Coal

Oil

Natural Gas

LNG

Nuclear Power

Hydropower

Solar PV

Wind Power

Electricity Mix

Uchiyama1

-

990

686

-

653

21

18

57-123

120

469

Yasukawa

-

962

-

-

-

25. T

-

-

-

-

Friedrich2

1175

940"
12905

-

-

-

19

-

2 7 9 i2

16

561

Dones3

1340

9736

10207

890

7728

-

8-2410

411

141-25713

81-18014

-

49515

1 Averaged data for Japan. GWP of methane: 21.
2 Country (Germany) specific.
3 Average fuel mix of electricity systems inUCPTE countries ("Union pour la co-ordination de la

production et du transport de l'electricite").
4 OnlyCO2.
5 Including methane from mining. Assumed leakage: 9.9 g CH4 per kW(e).h; GWP methane = 35.
6 OnlyCO2.
7 Including methane from mining. Assumed leakage: 4.2 g CH4 per kW(e).h; GWP methane = 11.
8 Assuming 2% leakage during transmission + 1% from other sources; GWP = 1 1 .
9 Assuming diffusion enrichment; Japanese fuel mix of electricity generation.
10 Lower value: PWR supplies electricity to enrichment via diffusion (90% of total), UCPTE electricity mix

supplies electricity to gas enrichment (10% of total). Upper value: assuming supply of UCPTE electricity
mix to all enrichment processes.

11 Alpine region.
12 Roof panel; 20 years lifetime.
13 Existing systems (1992); 30 years lifetime.
14 Future systems: 1995.
15 GWP of methane = 16.

From an overview of these emission factors it can be concluded that the scatter in literature
values of individual energy technologies results from a variety of factors, such as:

the use of different methods of full-energy-chain evaluation;

different definitions of the boundaries of an energy system;

neglect of the non-CO2 greenhouse gases, or different views on the global warming
potentials (GWPs) of these gases;

the use of different data bases, which in many cases need updating and made adequate for
mid-term projections;

different views on the lifetime of energy installations, especially of the new energy
technologies.



Basically, two methods are available for FENCH analysis: input/output analysis and process
analysis. Input/output analysis uses economic sector/commodity databases in order to derive
energy flows into the various links of the FENCH. Process analysis, however, analyses in detail
the materials and energy flows into each activity and process. The use of FENCH-GHG emission
factors in energy planning requires data which are relevant for the future period of the planning.
This implies that process analysis is the most adequate method for FENCH analysis, since it can
make use of information about present and future energy technologies, contrary to input/output
analysis which is based on economic data from recent technologies at best. Where necessary and
practical, input/output analysis could complement process analysis, in particular for extending
analysis outside the boundaries of a process analysis.

Comprehensive comparison of FENCH-GHG emissions of different energy technologies also
requires accounting for emissions of the non-CO2 greenhouse gases, such as CH4 and N2O.
Expressing emission factors in common units means that so-called global warming potentials have
to be used. In view of the different values found in literature of GWPs, in particular of CH4, it is
recommended to include in FENCH-GHG studies in a sensitivity analysis using different GWP
values. Four FENCH-GHG projects were presented at the workshop. The results of these projects
on nine different energy technologies, in terms of FENCH-GHG emission factors, are summarized
in Table I.

The FENCH approach deals with all links of the energy chain which could be outside the
national borders, such as in case of import of primary and secondary energy carriers. Since a
large share of the GHG emissions from the FENCH can be in other countries, the accountability
aspects might have implications at a political level.

It was recommended to that follow-up meetings be convened on one or more of the
following topics:

progress in the field of FENCH-GHG investigations and comparison of the results of these
investigations;

sensitivity analysis of national FENCH-GHG assessments;

FENCH-GHG emissions of developing countries;

FENCH-GHG emissions from new energy technologies, e.g. advanced nuclear power
generation;

energy system analysis in terms of GHG emissions;

generic data, in particular for developing countries.
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FULL ENERGY CHAIN ANALYSIS OF GREENHOUSE GAS
EMISSIONS FROM DIFFERENT ENERGY SOURCES

J.F. VAN DE VATE XA9642811
Division of Nuclear Power,
International Atomic Energy Agency,
Vienna

Abstract

The field of work of the Advisory Group Meeting/Workshop, i.e. full-energy chain emissions of
greenhouse gases, is defined, and its environment, i.e. the Earth Summit -the 1992 UN Conference on
Environment and Development in Rio-, is discussed. It is inferred that countries that ratified the Earth
Summit's Convention on Climate Change have committed themselves to lower the greenhouse gas emissions
from their energy use, and that this can be done most effectively by accounting in energy planning for the
full-energy chain emissions of all greenhouse gases. The scatter in literature values of greenhouse gas
emission factors of the full energy chain of individual energy sources is discussed. The scatter among others
is due to different analytical methods, data bases and system boundaries, and due to neglect of the non-CO2

greenhouse gases and professional biases. Generic values for greenhouse gas emission factors of energy and
materials use are proposed.

1. GENERAL

A period of onset of important developments in worldwide policy is following the 1992 UN
Conference on Environment and Development in Rio. These developments might lead worldwide
to a combination of development and better environment, usually summarized in the term
sustainable development. There are indications that after the recent worldwide recession, many
countries will experience a substantial economic growth. This could produce a more friendly
climate for investments in environmentally benign activities and in development in less developed
countries. It has become clear that with respect to the environment and the capital investment
needs, the countries in economic transition are not in a much better position than the developing
countries. One sincerely hopes that such investments will be in the spirit of the global partnership,
as expressed by the Secretary General of the 1992 Rio Conference, Mr. Maurice F. Strong [1]:

"There must be a wholly new global partnership based on common interests, mutual
needs and shared responsibilities, one in which developing countries will have the incentive
and the means to co-operate fully in protecting the global environment while meeting their
needs and aspirations for economic growth."

Another important development are the feverish activities of the three Working Groups of
the International Panel on Climate Change (IPCC). These activities focus on the preparation of the
IPCC's Second Assessment Report which has to be presented to the Conference of the Parties that
ratified the Framework Convention on Climate Change (FCCC) and that will be convened in
spring 1995. The results of this workshop could have relevance for the Conference of the Parties,
though maybe not on a short term.

The workshop deals with the worldwide dominating source of greenhouse gases, the use of
energy. Energy has a double relevance in the FCCC. Firstly, energy consumption is the major
source of greenhouse gases, which causes about 55% of the total perturbation of the Earth's
greenhouse [2]. Secondly, and of almost equal importance for a Convention from the 1992 UN
Conference on Environment and Development, the per capita and per GNP energy consumption of
a country will grow concomitantly during its development to an economically healthier status.
When reaching economic maturity the dependence on electricity becomes stronger whereas
ultimately economic growth becomes much less dependent on energy consumption. In this context
it is worthwhile to have a look at Article 2 of the FCCC, reading:

11



"The ultimate objective of this Convention and any legal instruments that the Conference of
Parties may adopt is to achieve, in accordance with the relevant provisions of the
Convention, stabilization of greenhouse gas concentrations in the atmosphere at a level that
would prevent dangerous anthropogenic interference with the climate system. Such a level
should be achieved within a time-frame sufficient to allow ecosystems to adapt naturally to
climate change, to ensure that food production is not threatened and to enable economic
development to proceed in a sustainable manner."

This article of the Convention expresses the worldwide concerns about the threats of climate
change to Nature, mankind and specifically about the sustainability of the economic development
of the developing countries. It stresses that the structural changes in the developing countries, and
also in countries in economic transition (especially the modernization of their national energy
supply), should be sustainable. It is obvious that also the rest of the countries, which are the high-
income countries and the major source of greenhouse gases, have to take mitigation measures to
stabilize to a harmless level the atmospheric greenhouse gases. There is still uncertainty about
what this critical load might be. However, the workshop might discuss in principle what could be
the most comprehensive tool to lower the greenhouse gas emissions from energy supply.

According to Article 4c of the Convention the more than hundred ratifying countries
committed themselves to:

"promote and cooperate in the development, application and diffusion, including transfer, of
technologies, practices and processes that control, reduce or prevent anthropogenic
emissions of greenhouse gases not controlled by the Montreal Protocol in all relevant
sectors, including energy, transport, industry, agriculture, forestry and waste management
sectors."

This article of the FCCC could be considered to be the basis for the full energy chain
approach to a climate benign energy strategy,which was the topic of the workshop: all relevant
sectors should be considered, because all sectors mentioned in this article have their inherent
contributions in the energy chain. Therefore, when comparing different energy sources, it would
be incorrect to account for the greenhouse gas (GHG) emissions from the conversion step only,
such as the combustion of fossil fuels. There are GHG emissions which are inherently associated
with the rest of the energy chain such as the production of nuclear fuel, or the construction of a
solar power plant. Moreover, according to FCCC Art. 4c, the emissions of all anthropogenic
greenhouse gases (excluding the CFCs) have to be taken into account, which means that not only
CO2 is relevant, but also CH4 and N2O and probably a few more, e.g. CF4 from aluminum
manufacturing.

2. PREPARATORY MEETINGS TO THE ADVISORY GROUP MEETING/WORKSHOP

The IAEA has convened in recent years two consultancies on the Full-Energy-Chain
(FENCH) analysis of energy use associated GHG emissions. The first one, in 1993, supported the
IAEA plans to convene a workshop on this subject, in a developing country if feasible. A second
consultancy, in April 1993, focussed on renewable energies and critically reviewed also the
methods in use for FENCH analysis.

3. FULL-ENERGY-CHAIN EMISSIONS OF GREENHOUSE GAS EMISSIONS

"FENCH" requires additional discussion. In case of nuclear energy it begins with its
"cradle", uranium mining, and ends with its "grave", dismantling the nuclear power plant and
storage of the nuclear waste. In between birth and death there is: ore handling; fuel fabrication
(including enrichment in most cases) and transportation; power plant construction, operation and
maintenance; possibly spent fuel reprocessing; and handling and storage of spent fuel or waste.
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In principle all flows of GHG-intensive energies and materials into the individual links of
the FENCH are important in accounting for the emissions of GHGs from the complete energy
chain of any energy source. Each energy source has its own typical FENCH to be analyzed: the
three fossil fuels (coal, oil, and natural gas), hydro and nuclear power, wind and solar power
(PV and "solar tower"), geothermal energy, biomass energy, and the ocean energies (wave, tidal
and ocean thermal). Each chain consists of at least three upstream links (manufacturing,
transportation and construction) and one downstream link (waste handling and storage). For
practical reasons one has to put boundaries to the system to be analyzed at this workshop. The
following limitations were considered.

Firstly, one should focus on electricity generation, because many of the above mentioned
energy sources, such as nuclear, hydro, solar, wind and tidal power, commonly generate only
electricity (which as argued above is an essential commodity in development). The energy
efficiency of such energy technologies is poorly defined in many cases, making it difficult to
define for these technologies a functional unit of primary energy (e.g. joules or megatonnes of oil
equivalent). Consequently, comparison can only be done on the basis of the unit of electrical
energy, such as watt-hour(electric), W(e).h. Moreover, for fundamental reasons, technologies
with dual output such as cogeneration of heat and power cannot be dealt with FENCH analysis.
Secondly, one should limit to existing energy technologies and exclude for the time being
technologies which are not yet commercial. In view of these two limitations our list might
comprise: coal, oil, natural gas, hydropower, nuclear power, geothermal energy, wind and solar
PV power, solar thermal tower, and biomass energy.

Thirdly, there are important time and space aspects to the emission factors of the energy and
materials flows associated with FENCH. For example, the CO2 emission factor of electricity is
low in countries with a low share of fossil fuels such as Brazil, Norway and France. However,
one might consider to use globally averaged emission factors for electricity and materials in
FENCH analysis for the time being, especially where basic data are not available. The same
applies to the future lower energy intensity of materials in case these would become recycled to a
large extent, such as aluminum. However, for the time being one might use the present global
without-recycling values. This seems plausible since most of the non-conversion FENCH GHG
emissions come from the upstream steps and, hence, are short-term emissions. Fossil fuels and
biomass are special cases because of their fuel associated emissions upstream of the combustion
step. These are primary energy sources, requiring a conversion factor, the efficiency of power
generation, in order to express in W(e).h. For worldwide use a conversion factor of 0.38 is
recommended by the World Energy Council [3]. However, where advanced thermal power plants
generate electricity this conversion factor might be significantly higher.

4. UNCERTAINTIES AND BIASES IN FENCH-GHG ASSESSMENT

There are many sources of uncertainty and some possible biases in assessing FENCH GHG
emission factors. These error sources need discussion in order to reach international consensus
about the use of FENCH-GHG assessment in energy planning. The most important sources of
uncertainties and biases are the methods used, the input data bases, the assumed global warming
potentials, and the assumed life-times of energy systems..

4.1. FENCH methods

Two basically different methodological approaches are in use: process analysis and
input/output (i/o) analysis. Sometimes a hybrid of these two methods is applied.

Process analysis considers all individual emission points of GHGs, and therefore requires
careful analysis of all flows of energy and materials associated with the various FENCH links. It
is very time-consuming. The system boundaries are arbitrarily defined and depend largely on
subjective judgements and on the availability and quality of data. Inventiveness of the systems
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analyst plays an essential role in the identification of all GHG sources, which could lead to a bias
in the result of process analysis.

The i/o analysis essentially uses a national economic data matrix on sectorial consumption
and production of energy and materials. Combination with sectorial energy statistics yields the
energy consumption per unit of material produced. Generally, the economic statistics required for
i/o analysis is inadequate and limited to one country (import/export flows cannot be assessed). It
is basically not up-to-date, which makes i/o analysis less applicable for planning purposes. Of
course i/o analysis does not yield information on GHG-intensive material flows which are not
energy intensive; these require additional assessment using process analyses.

4.2. Global warming potentials (GWPs)

In order to express in common units FENCH GHG emission factors which apply also to
non-CO2 GHGs, it is generally accepted to convert the emission rates of these gases into CO2

equivalents. The conversion factors for this conversion are the so-called GWPs. IPCC has
recommended GWPs in its 1992 Supplementary Report, see Table I. These GWPs do not

TABLE I. DIRECT GLOBAL WARMING POTENTIALS (MASS BASIS) OF ENERGY
RELEVANT GREENHOUSE GASES FOR DIFFERENT TIME HORIZONS.
Source: IPCC 1992 Supplementary Report; the last column shows the GWPs of Van de Vate

compound

CO2 (carbon dioxide)

CH4 (methane)

N2O (nitrous dioxide)

CF4 (carbon
tetrafluoride)

CO (carbon monoxide)

CxHy (hydrocarbons)

NO, (nitrogen oxides)

residence
time
(yrs)

100-200

10

130

5xl03-104

0.3

<0.1

1-7 days

GWPJO

1

35

260

-

-

-

-

GWP100

1

11

270

104

-

-

-

GWPsoo

1

4

170

-

-

-

-

indirect
effect

0

+ +

0

0?

+

+

0

GWP
(Vande
Vate)

1

50

270

104

-

-

-

account for the indirect climate effects of the gases. In particular CH4 has important indirect
effects on the climate which, if accounted for, increases its total GWP substantially. GWP values
of CH4 in literature range from 11 to 90. IAEA preferred a GWP of 50 for CH4 which could be
high in view of very recent estimates. This is discussed extensively in the workshop paper entitled
Climate Change and Global Warming Potentials.

4.3. Databases

A large variety of data is required for FENCH-GHG analysis. In particular, the emission
factors of the energies (heat and electricity) and materials flowing into the energy system as well
as the energy and material intensities of various FENCH activities are of concern. Table II gives
the materials and energy associated emission factors which IAEA has been using for the
calculation of the emission factors of the different energy sources. Most of emission factors of the
materials are taken from Uchiyama's study [8]. It is interesting to note that without exception
substantial use of energy, concrete, and steel, is made in any energy chain. Silicon and glass use
are typical for solar energy, and fertilizer use is relevant for biomass energy. There is nitric acid
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use in the nuclear energy chain, upstream and particularly downstream of the power generation
step. The emission factor of energy use is discussed briefly in footnote 1 to Table II.

TABLE II. GREENHOUSE GAS EMISSION FACTORS OF GREENHOUSE GAS INTENSIVE
MATERIALS RELEVANT TO FULL ENERGY CHAIN ASSESSMENT

Cement

Concrete45

Steel

Aluminum

Copper

Silicon

Glass

Plastics

Nitric Acid

Fertilizer

Releases fron

CO2

(g/g)

0.54

0.14

0.35

26

irrelevant

irrelevant

irrelevant

irrelevant

irrelevant

irrelevant

l manufacture

CF4
2

(g/kg)

irrelevant

irrelevant

irrelevant

1.6

irrelevant

irrelevant

irrelevant

irrelevant

irrelevant

irrelevant

lg processes

N2O
3

(g/kg)

irrelevant

irrelevant

irrelevant

irrelevant

irrelevant

irrelevant

irrelevant

irrelevant

2.9 [6]

20 [8]

Energy
intensity1

(kW(e).h/kg)

0.36 [4]

0.093 [4]

2.7 [4]

22.52

4.8 [4]

251 [4]

1.7 [4]

11 [5]

0.81 [7]

8.6 [9]

Emission factor
(g CO2 equiv.

perg)

0.76

1.95

2.2

34.2

3.5

181

1.2

7.9

1.4

11.5

1 Energy production associated CO2 emission factors amount to 78 and 82 Tg CO2 per EJ, or 701 and 737
g CO2 per kW.h, for both developed and developing countries, resp. A reasonable global average of the
emission factor is 720 g CO2 per kW.h.
2 The Global Wanning Potential of CF4 is ca. 104. Abrahamson D., Aluminum and Global Warming,
Nature 356 (1992), 484.
3 The Global Wanning Potential of N2O is ca. 270. Climate Change 1992, The Supplementary Report to the
IPCC Scientific Assessment (Eds. J.T. Houghton, B.A. Callander, and S.K. Vamey), Cambridge University
Press, Cambridge (UK), 1992.
4 0.50 tonne of CO2 are stoichiometrically released during CaCO3 manufacturing for each tonne of cement
produced. World Resources 1990-91, A Report by The World Resources Institute, Oxford University Press,
Oxford, UK, 1990.
5 Correcting for the use of CO (product of iron ore reduction) for energy purposes, it is assumed that 3/8 of
the stoichiometric amount of CO2 is generated from reduced iron. Reinforced concrete has been assumed to
contain 7 w% of steel and to use 18 w% of cement for the concrete production.
6 2 g CO2 are stoichiometrically released per kg of aluminum during the reduction process of aluminum
oxide, Ref. [5].

4.4. Life-times of energy systems

The life-times of energy systems vary widely among advocates of energy technologies. The
correct values of these life-times are of utmost importance for the non-CO2 (non-fossil fuel)
energy technologies since the upstream and downstream emissions have to be levelized over the
installation lifetime. In IAEA studies a standard lifetime of 20 years has been assumed. Likely,
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this is too short for mature technologies, such as nuclear and hydropower, which have technical
installation lifetimes of 40 years or more, and probably too long for some renewable energy
systems.

5. CONCLUSIONS

Any country that ratified the Framework Convention on Climate Change has committed
itself to make the greenhouse gas emissions from its national energy use an important factor in its
national energy planning. For energy planning this implies comparison of full energy-chain
emissions from different energy sources. Of course, the other factors in present energy planning,
such as economic and secure supply of energy and the mitigation of environmental emissions other
than greenhouse gases, will remain of importance.

Literature shows relatively large differences in the greenhouse gas emission factors of the
full energy chains of energy sources. These differences could be the result from uncertainties due
to:

the use of different methods of full-energy-chain evaluation,

neglect of the non-CO2 greenhouse gases, or different views on the Global Warming
Potentials of these gases,

the use of different data bases, which all need updating and made adequate for mid-term
projections,

different views on the life-time of energy installations, especially of the new energy
technologies.
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XA9642812
BRAZIL AND THE UN FRAMEWORK CONVENTION
ON CLIMATE CHANGE

J.A. MARQUES DE SOUZA
Nuclen Nuclebras Engenharia S.A.,
Rio de Janeiro, Brazil

Abstract

Due to a high share (96%) of hydropower generation in its electricity production, Brazil emits
relatively small amounts of CO2. It is argued that, because developed countries are responsible for some
65% of the global emissions of GHGs, they should start to reduce their greenhouse gas emissions, which
follows also directly from the Framework Convention on Climate Change. After ratification of the
Convention Brazil has taken all steps to implement the Convention and to assess its greenhouse gas
emissions. Various advisory and co-ordinating bodies have been installed by decree in mid 1994.

1. INTRODUCTION

Before discussing the responsibilities of Brazil under the UN Framework Convention on
Climate Change it is worthwhile to make a quick assessment of the emissions of CO2 in the
country, the main gas responsible for the enhanced greenhouse effect. Latin America emits some
1 billion tonnes of CO2 per year and Brazil some 20% of that (Fig.l), which corresponds to some
4.5% and 1% of the global emissions from fossil fuels combustion, respectively. This is a very
comfortable situation as compared to other countries because of the particular energy mix in
Brazil. Some 96% of the electricity generation in the country comes from hydroelectric
generation, not contributing to emissions. With a share in the primary energy balance of some
40% this shows the importance of hydroelectricity from the point of view of emission control
(Table I). Also the transport sector had the benefit of using large amounts of alcohol as motor
fuel, also a non-CO2 emitter1, decreasing the consumption of gasoline as a fuel for automobiles.

TABLE I. BRAZILIAN ENERGY SUPPLY IN 1992

Source

Non renewable sources
- oil products
- natural gas
- coal
- uranium

Renewable sources
- hydroelectricity
- wood and charcoal
- sugar cane products
- other

TOTAL

1000 toe

74 741
59244
4627
10529
341

118 668
71779
24703
19785
2401

193 409

%

38.6
30.6
2.4
5.4
0.2

61.4
37.1
12.8
10.2
1.2

100.0

Therefore, the Latin American countries, Brazil in particular, consider that the main efforts at the
global level to reduce the emissions of greenhouse gases should start in the developed countries of
North America, Western Europe and the Pacific Region, which are countries that together are
responsible for some 65 % of the global emissions of CO2. This situation is also recognized by the

From the viewpoint of Full Energy Chain (FENCH) analysis this should be considered incorrect.
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Convention2. However, this cannot be a reason not to implement actions in the developing
countries, provided that financial sources and transfer of technology are available to implement
programs for sustainable development.

2. BRAZIL AND THE CONVENTION

Brazil has ratified in February 1994 the UN Framework Convention on Climate Change and
has the intention to fulfill all the commitments arising from the convention. Accordingly, in 21st
June 1994 the Federal Government approved the Decree n. 1.160 (see Annex 1) defining the
different responsibilities for implementing the commitments arising from the Climate Convention
and relevant matters. In particular the Ministry of Science and Technology is responsible for
technical matters and the Ministry of Foreign Affairs for the international ones.
Brazil has strong interest in implementing measures to determine the right methodology and
emission factors in order to assess the emissions in the country of the different greenhouse gases,
particularly CO2, CH4 and N2O. By September 1997 Brazil will fulfill its initial commitments as
defined in the Convention and will communicate the national inventories of anthropogenic
emissions by sources and removal by sinks of all greenhouse gases not controlled by the Montreal
Protocol For this the methodologies agreed by the Conference of the Parties will be applied.
The Conference of the Parties of the Climate Convention requested IPCC to analyze and evaluate
in detail Article 2 -Objective- of the Convention trying to assess its different implications. For this
purpose Brazil is hosting an international workshop in Fortaleza, in the northeast of the country to
discuss in detail this particular matter by mid of this month of October3.

Refineries
2.3%

Brazil
225 million tCOa

21.0 %

Other
0.5%

Electricity
generation

2.2%

Residential and
commerce

31.6%

Agriculture,
mining &
onstruction

8.9%

Industry
25.1%

Transport
29.4%

Latin America
1,056 million tCO2

Brazil
225 million t CO2

Fig. 1. CO2 emissions from Latin American countries and Brazil.

2 FCCC, pg. 1. "The Parties to this Convention, ... Acknowledging Noting that the largest share of
historical and current global emissions of greenhouse gases has originated in developed countries, that the
per capita emissions in developing countries are still relatively low and ..."
3 The basic problem here is first the determination of or agreement on the level of greenhouse
concentrations in the atmosphere that would prevent dangerous anthropogenic interference with the
climate change. A second problem is to fix the time frame sufficient to allow ecosystems to adapt
naturally to climate change.
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Annex 1

Federal Decree of 21 June 1994: creation of CIDES (COMISSAO INTERMINISTERIAL PARA
O DESENVOLVIMENTO SUSTENTAVEL: INTERMINISTRIES COMMISSION FOR
SUSTAINABLE DEVELOPMENT)

Purpose:
To advise the President of Brazil on decision making on national strategies and policies as
needed for sustainable development and in compliance with "Agenda XXI"

Responsibilities :

1. To propose National strategies and policies as needed for the implementation of the
programmed activities in "Agenda XXI", mainly considering their inclusion in the overall
planning and budget of the Federal Administration;

2. To propose the legal instruments as needed for the implementation of "Agenda XXI" for
the compliance of the Declaration of Rio de Janeiro on Environment and Development and
of the commitments arising from international agreements and conventions;

3. To propose national criteria and priorities to obtain in the international area financial,
technical and technological support as needed for the implementation of "Agenda XXI";

4. To follow up and assess the implementation of the activities of the Programme.

Composition:
Chairman: Minister of Planning and Budget (SEPLAN)
Members: All other minsters

CIDES is composed of three special co-ordinations

Co-ordination of international affairs ("COODENADORIA DE ASSUNTOS
INTERNACIONAIS") under the responsibility of the Ministry of Foreign Affairs

Purposes:
Preparation and definition of Brazilian positions for international negotiations on
sustainable development;
Administration of international implications arising from decision making on
national policies and strategies needed for sustainable development;
Follow-up of activities of other countries on the international commitments from
Rio Conference.

Co-ordination of climate changes ("COOORDENADORIA DE MUDANCAS CLIMATICAS")
under the responsibility of the Ministry od Science and Technology

Purpose:
Co-ordination of the implementation of commitments arising from the UN
Convention on Climate Change.

and the

Co-ordination of biological diversity ("COORDENADORIA DE DIVERSIDADE BIOLOGICA")
under the responsibility of the Ministry of Environmental Affairs and for the
Amazon.

Purpose:
Co-ordination of the implementation of commitments from the UN Convention on
Biological Diversity.
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EGYPT'S ENERGY PLANNING AND MANAGEMENT XA9642813
IN VIEW OF THE COMMITMENTS TO THE
FRAMEWORK CONVENTION ON CLIMATE CHANGE

A.-G.S. EMARA, S.M. RASHAD
Atomic Energy Authority,
Cairo, Egypt

Abstract

Egypt has a rapidly growing population and per capita energy demand. As a signatory of the
Framework Convention on Climate Change Egypt is making all efforts to comply with the obligations of the
Convention. This paper summarizes the efforts carried out in the field of electricity generation and
consumption. Plans implemented to improve energy efficiency and to achieve switching to non-carbon
energy resources, such as solar, wind and biomass power, are outlined.

1. INTRODUCTION

Egypt has at present a population of 59 million which is expected to increase rapidly at a
rate of 3.2% per annum. This gives rise to an ever increasing demand for energy resources to
achieve social and economic development goals of the country. The assessment of energy
resources, production, conversion, transmission and consumption patterns is basic for formulating
and evaluating the efficiency of the structure of the energy sector and its interaction with other
sectors of the economy.

For developing countries, such as Egypt, the demand for energy is rapidly growing and is
exceeding that for developed countries. The environmental impact of energy production and use
with the associated emissions of greenhouse gases, particularly CO2, has created much attention
and growing concern on both national and international levels. Reduction of total energy
consumption is considered worldwide as an effective measure to curb greenhouse gas emissions.
Efficiency increase by introduction of new and innovative technologies is a determining factor in
achieving reduction of energy consumption. Energy intensity is an indicator of efficient energy use
and is governed by the interplay between prices, technology, financial resources and
environmental constraints. At present, some energy technologies which use energy more
efficiently, are already available on the world market, provide energy from new and renewable
sources and use fossil fuels in a cleaner and more environmentally benign way.

2. THE EARTH SUMMIT

In June 1992, the Earth Summit Conference took place in Rio de Janeiro, Brazil. At the
conference two conventions were opened for signature:

-The Framework Convention on Climate Change [FCCC],

-The Convention on Biodiversity.

Presently (June 9th, 1994), there are 75 countries from all over the world who had already
ratified the Framework Convention on Climate Change and are now legally bound by the terms of
the convention. Egypt has signed the convention and it is now on its way to be ratified. The
Egyptian Authorities have already adopted measures to comply with its obligations towards the
terms of the convention. Efforts to reduce the environmental impact from the energy sector
especially electricity production has been adopted. Different policies to achieve optimum
production, transmission and end use of energy have been implemented.
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3. ENVIRONMENTAL IMPACTS OF ENERGY PRODUCTION: THE GREENHOUSE
EFFECT AND ENHANCED GLOBAL WARMING

Greenhouse gases such as water vapor, carbon dioxide (CO2), methane (CH4), nitrous oxide
(N2O), ozone (O3), and chlorofluorocarbons (CFCs) as well as other less important trace gases,
capture infrared radiation escaping from the earth's surface. As it is well known, the greenhouse
effect is a natural phenomenon conceived by Fourier in 1827. The increase in concentration of
greenhouse gases in the atmosphere is expected to result in a global warming effect. The most
important aspect is that the enhanced greenhouse effect is expected to take place at a very rapid
rate which will make it difficult and insurmountable to take appropriate countermeasures. In fact,
the concentration of greenhouse gases has been steadily increasing since the industrial revolution.
Data from the climate monitoring network show that the atmospheric concentration of CO2 is
increasing globally [1],[2]. At present the globally averaged CO2 concentration is 353 ppmv. In
the eighties (1980-1989) CO2 levels have risen, on average by 1.4 ppmv per year. Compilation of
available data suggests that in preindustrial times atmospheric CO2 averaged 280 ppmv. In
general, electricity generation accounts for 25-35% of global carbon emission at present.
Combustion of fossil fuels currently releases nearly 6 Gt of carbon per year. Land use changes
produce a net emission to the atmosphere of between 12 Gt of carbon per year.
In the scientific community there exist two opinions: The Wait and See strategy and the No Regret
Strategy .With the above facts in mind, Egypt is planning and managing its energy sector on the
basis of a "No Regret Strategy".

4. SOME WORLDWIDE AGREED MEASURES TO ABATE EMISSIONS OF
GREENHOUSE GASES, PARTICULARLY CO2

It is understood that for the abatement of greenhouse gases a comprehensive approach
should be adopted comprising implementation of a set of complementary measures. Some of the
worldwide agreed measures to achieve the goal of curbing greenhouse gas emission are:

- Measures for energy conservation and efficiency improvement,

- Switching from fossil fuel dependence to other non-carbon based energy sources
(renewable energy sources and nuclear energy), and

- Shift from high carbon content (oil, coal) to low carbon content energy sources (natural
gas).

5. AN OVERVIEW OF ENERGY PLANNING AND PROSPECTS OF EGYPT

An attempt will be made to throw light on the efforts by the Egyptian Government in
planning and management of the electricity sector to meet its obligations in view of the
commitments to the FCCC.

Table I shows the expected development of the installed electric capacity in Egypt from
1992 to 2015 [3]. Though the shares of natural gas and heavy oil will decrease, they will remain
to be the main components of the energy mix in Egypt. Egypt has no national coal deposits except
the one in Magara (Sinai) which is only sufficient to operate a 1000 MW plant through out its life
time. For nuclear power the value of 7% to 9% by 2015 appears might be over-optimistic. In our
opinion there are many obstacles at national as well as at international level which hinder the
decision to embark on nuclear energy.

At present, hydropower sources are completely exhausted and therefore the share of
hydropower will drop to only 7% in 2015. In this connection it is worth mentioning that
negotiations are going on between Egypt and Zaire aiming at interconnecting the electric grids of
both countries. Zaire has an estimated hydropower capacity of 40,000 MW. The interconnection
of the grids will be a substantial contribution to the efforts for curbing CO2 emissions in Egypt.
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Renewable energy sources other than hydropower are still in a premature stage. There are
extensive plans to create an infrastructure for such energy sources and to create a market for their
exploitation.

TABLE I. ELECTRICITY STATISTICS OF AND SHARE OF DIFFERENT ENERGY
SOURCES IN THE EGYPTIAN ELECTRICITY PRODUCTION, 1992-2015

Installed capacity (MW)

Power generated (TWh)

Peak load (MW)

Hydropower (Egypt) (%)

Nuclear power (%)

Imp.coal&hydro (Africa) (%)

Natural gas & Heavy fuel oil (%)

New and renewable energy (%)

Total CO2 emission (Mtonnes)

1992

11 910

46.5

7 250

22.44

-

-

77.56

-

22

200

16 557

68.7

11 350

16.4

-

-

83.6

-

33.0

2005

21 821

92.6

15 440

10

7

7

73

3

40.863

2015

36 145

154.5

26 620

7

9

11

68

5

62. la

a These values are calculated under the assumption that there is no coal fuel; if there is the values will be
46.5 and 76.65, respectively.

6. SOME EXAMPLES OF MEASURES AND POLICIES ADOPTED BY EGYPT AIMING
AT CURBING GREENHOUSE GAS EMISSIONS

6.1. Measures and policies related to energy conservation and efficiency improvement

Energy consumption in Egypt as a result of the adoption of the open door policy grew at a
rate of 12% in the eighties. Such a rate could lead to the rapid depletion of the Egyptian energy
resources. Various measures and adequate policies have been adopted to achieve energy
conservation and efficiency improvement. For example:

6.1.1. Efficiency improvements in the production, transmission and distribution of electricity

This goal has been achieved through:

- replacement of open cycle generation systems by combined cycle systems (cc),

- construction of modem large capacity units (4x315 MW) (The Shoubra El-Kheima Power
Plant),

- rehabilitation of old existing power plants.

It is interesting to point out that the specific fuel consumption for thermal power plants in
Egypt has been decreased from 330 g/kW.h in 1982/1983 to 252 g/kW.h in 1991/1992. It is
estimated that in 9 years fossil fuel savings would reach a value of 15.13 Mtoe [4]. Losses in
transmission and electricity distribution have been decreased by installing the necessary capacitors.
Transmission and distribution losses were estimated to be 22% in 1982 and decreased to 14.4% in
1990. The rehabilitation of old existing plants could also contribute to lowering fuel consumption
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and to increased energy efficiency. Since 1989, the Egyptian Electricity Authority (EEA) has
added about 1220 MW(cc) and 280 MW due to rehabilitation program [4].

In addition to the above measures, some other policies are currently applied. For example,
public transport is being encouraged. Other efforts concern improvement of thermal insulation and
the production of more efficient appliances.

The application of new tariff systems is considered to be of crucial importance. Energy
prices in Egypt are still below the international level. It is planned to have the energy prices at an
international level by 1995.

The energy rationalization procedures in 1991 in the power sectors have avoided emissions
of about 6.07 Mtonnes of CO2, and 452 and 47 ktonnes of SO2 and NO*, resp. [5].

6.1.2. Efficiency improvement in the industrial sector

The Egyptian industrial sector consumes 50% of the total national primary energy. About
20-30% of the industrial energy consumption used is wasted due to low maintenance, inefficient
processes and other reasons [6]. Some energy-saving projects are being implemented in different
sectors of the industry. The organization of energy planning is playing a leading role in this
respect and is conducting industrial audits for different types of industries to identify energy
conservation opportunities and their economic viability [6]. The "USAID" is financing an "Energy
Conservation and Efficiency Project (ECEP)". The project is designed to help local industries to
improve their overall energy efficiency and to introduce more energy efficient technologies in the
industrial sector.

6.2. Switching from fuel dependence to other non-carbon based energy sources

This option comprises the use of nuclear energy and/or renewable energy sources. As
mentioned above, the introduction of nuclear energy in Egypt is hindered by a number of
obstacles including economic, social and political hindrances. The value of 7% nuclear capacity
given in Table I is not based on a real analysis of the different factors affecting the decision about
nuclear energy as an option of energy supply in Egypt. Renewable energy sources on the other
hand are receiving much attention on both the governmental and private sector.
The establishment of the "New and Renewable Energy Authority" (NREA) in 1986 is considered
as an important step to create the necessary institutional capabilities for the development and
promotion of renewable energy technologies. It is important to state that market penetration has
been below expectations for some domestic solar water heater and some industrial process heat
technologies. Efforts are under way to overcome market barriers and to promote the
commercialization of different solar energy technologies (Table II). The potential annual energy
saving by renewable energy technologies is estimated to be 33.0 Mtoe in 1990 and 60.0 Mtoe in
2005. In addition to solar thermal application some photovoltaic technologies were now in
operation at Raz Ghareb and Hurghada. Biomass energy has also been given attention. More than
200 biogas digestors for rural areas have been demonstrated and improved designs were
developed.Two (400 kW) wind farms are demonstrated and tested for water pumping and other
purposes.

6.3. Shift from high-carbon content energy sources (oil and coal) to
low-carbon content (natural gas)

A clear shift from oil to natural gas started in the early seventies. The share of natural gas
in the energy mix has reached 38% in 1990 (Fig.l). It is estimated that the CO2 emission from
combustion of fossil fuel has increased from 3.79 Mtonnes in 1967 to 20.2 Mtonnes in 1990. The
replacement of oil by natural gas has led to the avoidance of about 4 Mtonnes of CO2 emissions
per year.
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TABLE II. PROJECTIONS BY NEW AND RENEWABLE SOURCES OF ENERGY (NSRE)
OF ENERGY SAVING BY EGYPT (ktonnes per year)
Source: 1990 National Planning Institute study on self-sufficient policy in energy sector, Vol. 4

1990

1995

2000

2005

D.S
W.H

13.0

114

250

506

Solar

S.I
P.H

1.1

115

850

2050

1/elec
gene

0.20

4.0

15.0

54

Wind

pum
ping

0.1

3.0

20.0

50

2/elec
gene

1.5

24.0

144

320

Biomass

rural

0.1

25.0

90

160

urban

-

15.0

60

120

Total

16.0

300

1429

3260

NPEa

Mtoe

33

39

48

60

Saving

%

-

0.075

3.0

5.4

NPE = National Primary Energy.

Hydro
68%

1970
31%

Hydro
23%

1990
Natural gas
38%

Fig.l. Fuel mix of Egyptian energy consumption, 1970 and 1990.
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7. CONCLUSION

The Egyptian Government is quite aware of the seriousness of the problem of global
warming. All measures to reduce greenhouse gas emission are incorporated in the planning and
management procedures of the national energy plan.
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FUEL AND POWER COMPLEX OF RUSSIA AND ITS XA9642814
CONTRIBUTION TO THE GREENHOUSE EFFECT:
ESTIMATES, METHODS, PROSPECTS

V.G. TERENTIEV
Atominfonn,
Moscow, Russian Federation

Abstract

The status of the Russian power industry is discussed in view of the present and future national
economy. The power supply situation is critical and should be improved by more efficient utilization of the
immense power resources. This is a difficult task due to the concomitant required improvements of the
living standard as well as the social and economic revival. Three scenarios aiming at achieving these goals
are presented covering the period until 2000 and beyond. The Russian Law on Environmental Protection is
discussed and its consequences for a taxation system aiming at CO, emission reduction.

Data are given on atmospheric emissions from the front-end of the nuclear fuel-cycle. Replacing six
nuclear power plants in the central and north-west regions by six gas and coal fueled power plants will
cause an increase of almost 100 Mtonnes of CO2 annually. Details about the present and future situation of
nuclear power generation are discussed.

1. INTRODUCTION

In compliance with the energy policy in a new economic environment, Russia is pursuing a
course for stabilization at the level of the year 1990 of greenhouse gas releases into atmosphere by
the year of 2000, thus honoring the commitments of our state under the UN Framework
Convention on Climatic Changes. It is worth noting that the scientific assessments of the Russian
contribution to the global carbon dioxide are not unambiguous. Russian industrial and municipal
facilities account for about 10% of the total global carbon dioxide releases into atmosphere, while
the vast Russian forests absorb about 13-30% thereof. Hence, the net Russian contribution to the
global carbon dioxide level is rather negative. Moreover, present cost-benefit analyses of lowering
CO2 emission from combustion are not reliable. There are no scientifically validated maximum
permissible release rates of CO2, and also no control and monitoring measurement devices and
systems of CO2.

2. STATUS OF THE POWER INDUSTRY OF RUSSIA

Till the late 1980s, the USSR had world's largest and rather dynamic fuel and power
complex which satisfied the needs of the national economy and ensured a large hard currency
inflow. The disintegration of the USSR in 1990 triggered a decline in fuel output and in the
production of thermal and electric power later on. Table I shows the changes from 1985 to 1993
of the indices of the Russian fuel and power complex [1].

Relying on its rich potential power resources, Russia systematically increased its production
up to the year 1988, having raised it up to 13% of the total world level while the country's share
in the world population amounted only to 3 %. However, consumption of primary power resources
per capita in Russia was 1.5 times lower than that in the USA, while specific power consumption
per unit of gross national product was almost twice as high as that in the United States. Compared
to the maximum production levels achieved in 1988 the production of oil, coal, gas, and power
dropped in 1993 to 61%; 72%; 96%; and 88%, resp. (see Table II). As a whole, in 1993
production of primary power resources amounted to 82% and its consumption to 89% while its
GNP dropped to 63%, all compared to 1990 level. At the same time, due to the total economic
recession, fuel and power consumption decreased, facilitating power supply of the country.
However, certain regions (Far East, Baikal Region, Northern Caucasus) had to enforce power
consumption restrictions.
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TABLE I. FUEL AND POWER GENERATION AND EXPORT BY RUSSIA, 1985-1993
(1 Mtcoe equals 29.3 MJ)

Power resources production (Mtce)

Power generation (TWh)

- Hydropower generation (TWh)

- Nuclear power generation (TWh)

Fossil power resources production (Mtce)

- petroleum and condensate (Mtonnes)

- natural gas (bin m3)

- coal (Mtce)

Power resources export (Mtce)

-of which to CIS countries

1985

1162

956

160

99

1691

542

462

392

653

315

1988

1253

1075

161

126

1913

570

590

425

784

339

1990

1258

1073

167

118

1855

515

641

396

706

380

1991

1250

1073

167

118

1855

515

641

396

706

380

1992

1212

1005

172

120

1626

396

640

328

484

225

1993

1160

953

175

119

1525

354

618

305

327

164

TABLE II. PRODUCTION OF PRIMARY POWER IN
RUSSIA IN 1993 [2]

Oil

Coal

Natural gas

Hydropower

Output (%)

1988

100

100

100

100

1993

61

72

96

88

Lack of investment capital in the 1990s did not allow replacement of regularly
decommissioned of production facilities of the fuel and power complex. This resulted in an almost
two-fold decrease of exploitation drilling and lowered oil production capacity by almost 100
million tons a year. The mining capability of coal industry decreased by more than 58 million
tons. Decommissioning of power production installations is 5-7 years ahead of the commissioning
of new power plant capacity.

The state and technical level of operating production capacities of the fuel and power
complex are near critical. More than half of the coal industry equipment is at the end of its design
service life as well as 30% of the gas-pumping installations. More than 50% of equipment has
50% wear in petroleum industry and 33% wear in gas industry. Deterioration of equipment in oil
refining industry exceeds 80% and half of the Russian power plants have to be replaced in the
following 5-year period, see Table III [2].
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TABLE III. STATUS AND TECHNICAL LEVEL OF FUEL AND POWER GENERATING
FACILITIES IN 1993 [2]

Industry

Coal

Oil production

Petrochemical industry

Natural gas

Gas supply stations and pipelines

Power generation

Percentage of design service life

50%

50%

80%

30%

30%

50%

The critical power supply situation in the country requires the development of a power
strategy which should aim at the prevention of a further aggravation of the energy crisis and
should ensure an energy independence of Russia under the conditions of a market economy.
Moreover, the development of the power industry must be linked to controlling its impact on the
environment.

3. OBJECTIVES AND TOOLS OF THE ENERGY STRATEGY OF RUSSIA

The principal objective of the Energy Strategy of Russia (Table IV) is the most efficient
utilization of its power resources and the production potential of its fuel and power industry,
aiming at improved standard of living of the population as well as social and economic revival of
the country.

TABLE IV. TARGETS AND MEANS OF THE RUSSIAN POWER STRATEGY [2]

Main strategic target

Strategic aims

Ascertaining of methods and formation of
conditions for efficient utilization of power
resources in order to upgrade living standard
and promote socioeconomic revival of Russia

- Assurance of the role of power as a labor
productivity factor
- Increase and means to improve living
standard
- Increase in the efficiency of power
consumption and energy use
- Increase in competitiveness of domestic
final power products
- Lowering environmental impacts from the
fuel and power industry

Other objectives include the following:

assurance of the role of power as a factor of labor productivity growth and as a tool for
improving the standard of living of the population;

enhancement of power consumption and energy conservation efficiency;
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improvement of competitiveness of the domestic products on the world market through
reduction of specific power consumption;

decrease of the environment impacts from the fuel and power industry.

Rationalization of the power consumption shall constrain the growth of energy resources demand
by the fuel and power industry. Energy conservation could lower air pollution emissions by
15-20%. If so, saving power resources become a basic source of required fuel and power imports.
Establishment of a competitive environment in the power industry, creation of a controlled energy
market, improvement of the legislation and development of the Energy Code of the Russian
Federation are the basic tools for achieving the objectives of the Energy Strategy.

4. FUEL AND POWER SCENARIOS OF RUSSIA

The prospects for future development of power industry are governed by the rates and scope
of national economy restructuring in Russia. Table V shows the basic stages of national economy
restructuring. It is assumed that these stages can be implemented following three socio-economic
scenarios which are defined in research studies of the Ministry of Economy of the Russian
Federation:

an optimistic scenario: before 2000 the pre-crisis standard of living will have returned and
in 2010 the current indicators of living standards in EU member states will be exceeded;

a probable scenario: the pre-crisis standard of living of the population will have returned 2-3
years later than in the optimistic scenario;

a pessimistic scenario: economic stagnation continues practically up to the year 2000.

TABLE V. SCENARIOS OF BASIC ECONOMIC STRUCTURING [3]

1993-1995 (stage 1)

1996-2000 (stage 2)

After 2000 (stage 3)

- Continuation of economic decline
- State supported curtailment of ineffective
processes
- Ending decline of standard of living by
stabilization of industrial productivity

- Reconstruction of the economy concerning
supply and final demand

-Stable economic growth of 4-4.5% annually

Table VI presents these different scenarios in terms of GNPs and standard of living.
Reckoning with the internal and external markets expectations, the Russian Energy Strategy
envisages two fuel and power scenarios: Maximum and Minimum, shown in Table VI. The
Minimum scenario assumes development of the fuel and power industry to occur under conditions
of security of power supply, decreased power consumption, maximum power generation
efficiency, as well as moderate export of power resources. The Maximum scenario considers
requirements to be met by fuel and power production under conditions of combined high-level
export of Russian power resources and increased power consumption.
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TABLE VI. SCENARIO FOR THE RUSSIAN PRODUCTION OF PRIMARY POWER
RESOURCES [2]

Power resources (Mtoe)

- oil (Mtoe)

- Natural gas (bin. m3)

- Coal (Mtoe)

- Hydropower (TWh)

- Nuclear power (TWh)

- Nonconvential power (Mtoe)

1990

1855

515

640

396

167

118

1

1993

1526

355

618

306

174

119

1

1995

Min.

1381

280

615

260

166

120

2

Max.

1441

305

630

270

168

125

3

2000

Min.

1413

270

660

250

168

150

4

Max.

1573

305

740

270

170

152

6

2010

Min.

1544

270

740

300

175

195

10

Max

1809

340

860

325

185

224

17

5. SCIENTIFIC, TECHNICAL AND ECOLOGICAL POLICY

Scientific and technical progress in the power industry should focus at assimilating new
power technologies of interdepartmental nature; at developing new, more efficient, industrial
equipment; at fuel and power installations. If so, priority should be given to integrating the oil
production and processing technologies, to clean technologies of coal utilization, to develop and
construct a new generation of nuclear power plants of enhanced safety, as well as new types of
fuel, including synthetic ones.

Ecological policy should focus on the reduction of environmental impacts from the fuel and
power industry. The fuel and power industry currently accounts for about 48% of harmful releases
into atmosphere, up to 36% of liquid effluent and over 30% of solid waste. A substantial lowering
of the pollutant releases shall be achieved through:

optimization of the fuel and power balance along with a maximum energy efficiency as well
as rationalization of the types and location of production installations, taking into account
ecological resources of the regions;

continuous environmental monitoring in the main regions of the production of power
resources (western Siberia, Kuzbass, etc) and basing emission control of the fuel and power
industry on maximum permissible stability of the environment instead of basing them on
maximum permissible releases;

transition from end-of-pipe pollutant emission control to prevention of the production of
these pollutants from the entire chain of energy conversion.

Implementation of these measures shall ensure a 30-40% reduction of atmospheric releases
by the year 2010. Fig. 2 shows the trends of carbon dioxide release for the Maximum and the
Minimum/"Required" scenarios of power industry development. These curves show a sharp
24-29% reduction in CO2 releases from 1990-1995 due to the national economic crisis of Russia
and a gradual growth after 1995 in case of an economic revival. In the latter case, lowering CO2

emissions by the year 2010 to 1990 levels will equal 9.6% for the maximum scenario and 25%
for the minimum scenario or 100 million tons of carbon and 260 million of tons of carbon, resp.
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6. ECONOMIC MECHANISM OF ENVIRONMENTAL PROTECTION AND
REDUCTION OF CARBON DIOXIDE RELEASE

The Law of the Russian Federation on Environmental Protection stipulates the following
activities for environmental protection in relation to economic development:

establishment of limits for the utilization of natural resources and for pollutant emissions;

establishment of tariffs and rates of payments for utilization of natural resources and for
pollutant emissions.

In order to comply with this Law in terms of lowering emissions of CO2 and other
greenhouse gases, power and fuel enterprises will aim at decreasing power consumption and using
less contaminating power resources. Such measures have beneficial side-effects such as reductions
of VAT, social expenses and company's taxes. Part of the taxes can be used for carrying out
R&D in this area, for introducing new technologies, and for establishing an ecological fund. A
new taxation on CO2 emission to be imposed on fuel consumers in power industry and transport
enacting July 1, 1994 is currently being discussed in Russia. Such taxation will result in an
increase of energy costs, will accelerate the process of energy-efficiency improvement and will
lead to larger diversity of the fuel mix for power generation: gas-fired and nuclear power plants
will be preferred over coal-fired power plants. Instead of carbon dioxide taxes it is also proposed
to introduce energy taxes or taxes on non-renewable power sources which will stimulate energy-
efficiency improvement and, therefore, are preferable from the ecological viewpoint. Levies for
reducing carbon dioxide releases are already effective in certain countries and are under discussion
in a majority of countries.

TABLE VII. EXAMPLES OF CARBON DIOXIDE TAXATION [4],[5],[6]

Author, country

- US Economy (Nordhaus) in the early 80-ies

- Evaluation of CO2 binding, made by US
experts
- Conservative party of Germany. Minister of
Environmental Protection
- Proposal by Great Britain

- Suggestions by the Commission of the
European Community
- Proposal by Japan

- Proposals by Russia

Taxation

- Universal International taxation of $ 10 per
tonne of carbon
- Binding costs of carbon are $ 24 per tonne
of carbon bound
- Taxation of 10 DM per tonne of carbon

- Gradually increasing fossil fuel taxation
amounting to UK£ 10 per barrel of oil
- Taxation of carbon content and energy
content of fuela

- 4000 Yen per tonne of CO2 formed above
1988 level
- Fuel taxation depending on its quality.
Future taxation on the amount of oxygen
consumed by fuel combustion

With tax introduction coal prices will increase by 0.48 ECU/GJ, and gas prices by 0.37 ECU/GJ.
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Table VII presents some of the proposed tax systems which might lead to reduction of CO2

releases. Table VIII presents the price increases of various types of Russian coal and gas, taking
into consideration the CEC taxation proposals for carbon dioxide releases from energy use.
Evidently, the recommended procedures for taxing industrial carbon dioxide releases do not fully
reflect the economic value of the utilization of the earth atmosphere. As shown in the last column
of Table VIII, production of the same quantity of energy requires approximately the same quantity
of natural oxidizer - atmospheric oxygen, and the tax imposed on gas combustion is much lower
than the tax on coal combustion. Therefore, we believe that the taxation of fossil fuels should be
rather based on the quantity of atmospheric oxygen consumed and not on the quantity of carbon
dioxide released. Such taxation should have a pronounced regional nature because industrial
consumption of atmospheric oxygen can be compensated only through increased photosynthetic
activity, i.e. through forestation. Such an approach will allow a more reliable ecological and
economic comparison of nuclear and fossil-fueled power generation, in view of their use of
different fuels.

TABLE VIII. CARBON DIOXIDE TAXATION OF DIFFERENT TYPES AND GRADES OF
FOSSIL FUELS, ASSUMING PROPOSED CEC TAXATION [7]

Kuznetsk coal

Kansk-Achinsk
coal

Natural gas

Calorific
value

(kJ/kg)

22 733

14 307

45 852

CO2

release
(tonne/t-fuel
equiv.)

2.76

3.10

1.62

Price

($/t-fuel
equiv.)

76

76

156

CO2 charge
on fuel price

(%)

24.7

28.6

7.10

Atmospheric
oxygen use
(tonne/t-fuel

equiv.)

2.3

2.45

2.35

7. ASSESSMENT OF CARBON DIOXIDE RELEASE FROM NUCLEAR POWER
GENERATION IN RUSSIA

Natural resources are consumed and harmful substances are released into the environment at
all stages of the nuclear fuel cycle. The nuclear fuel cycle consists of the following stages:

-front end: uranium mining and enrichment, fabrication of fuel assemblies;

- electric power production at nuclear power plants;

- back end: spent nuclear fuel reprocessing and radwaste disposal.

The front end of the nuclear fuel cycle is the basic source of environmental pollutants.

Table IX shows the amounts of pollutants released into the atmosphere together with the waste of
nuclear fuel cycle activities. The largest amount of carbon dioxide releases originates from the
production of electric power which is required for the activities of the front end of nuclear fuel
cycle. This power is generated, in this case, by coal-fired power plants.
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TABLE IX. ATMOSPHERIC EMISSIONS FROM THE FRONT-END OF THE NUCLEAR
FUEL CYCLE [7],[8] (in tonnes/GWy)

-Ore mining

-Ore
processing

-UF 6

conversion8

- Uranium
enrichment

- Fuel element
fabrication

Total"

Coal
combustion0

SOX

10

0.1

9

10

-

30

1 400

NO,

10

14

5

9

-

40

800

co2

-
-

-

-

-

-
402 000

Aerosols

1

2

0.1

0.6

9

13

70

QHy

0.6

2

0.6

0.1

-

3.3

10

Fluorides

-

-

0.07

0.04

0.01

0.12

-

* Per GWy 1 tonne of NH3 is released to the atmosphere.
b Only front-end emissions are significant.
c Emissions (tonnes/GWy) from coal-fueled power generation.

In order to quantify the reduction of the CO2 emissions by nuclear power production, let us
consider the replacement of a six operating nuclear power plants in two regions of the European
part of Russia by a power equivalent of six fossil-fueled power plants, coal-fired and gas-fired as
well. The estimated releases of pollutants resulting from fossil fuel combustion within the regional
power structure account for: balances of atmospheric oxygen consumption and its natural
reproduction, and the CO2 releases resulting from the combustion of different types of fuel and the
natural absorption of CO2. Table X displays the results of these calculations and shows that this
replacement of nuclear power plants by an equivalent capacity of fossil-fueled power in the
Central and North-West regions leads to additional releases of 100 Mtonnes of CO2 by the coal
fired power plants and 44 Mtonnes of CO2 from gas-fired power plants, compared to 4.6 Mtonnes
originally from an equal capacity of the nuclear power plants in terms of greenhouse effect
reduction. This example illustrates the obvious advantage of nuclear power over fossil-fuel fired
power generation. However, safe and ecologically benign operation of nuclear power remains a
key factor in nuclear power development.
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TABLE X. POLLUTANT RELEASES IF SIX NUCLEAR POWER PLANTS (NPPS) IN THE
CENTRAL AND NORTH-WEST REGIONS OF THE EUROPEAN PART OF RUSSIA WERE
REPLACED BY A POWER EQUIVALENT OF SIX FOSSIL-FUELED POWER PLANTS:
THREE COAL-FIRED AND THREE GAS-FIRED POWER PLANTS (COAL FPPS AND GAS
FPPS, RESP.) [7]

Powei

Nuclear power plants

plants

Fossil-fueled power plants

Pollutants emissions(ktonnes/year)

sox NO, CO2 Ash

Central region of European Russia

Kalinin NPP

Kuznetsk-Coal FPP

Stavropol-Gas FPP

Kursk NPP

Kuznetsk-Coal FPP

Stavropol-Gas FPP

Novo-Voronez NPP

Kuznetsk-Coal FPP

Stavropol-Gas FPP

2.1

43.9

3.6

87.8

2.1

43.9

1.25

18.8

14.02

2.1

37.5

28.04

1.25

18.8

14.0

609

12.6X103

5.6X103

1035

25.2X103

l.lxlO3

609

12.6X103

5.6xl03

-

22.2

-

22.2

North-West region of European Russia

Leningrad NPP

Kuznetsk-Coal FPP

Stavropol-Gas FPP

Kola NPP

Kuznetsk-Coal FPP

Stavropol-Gas FPP

Smolensk NPP

Total Nuclear power plants

Total Fossil-fueled
power plants

Kuznetsk-Coal FPP

Stavropol-Gas FPP

Kuznetsk-Coal FPP

Stavropol-Gas FPP

3.4

70.2

2.0

41.5

3.0

61.4

16.2 xlO3

348X103

lllxlO3

1.99

30

22.4

1.2

17.7

13.2

1.74

26.3

19.6

9.53 xlO3

149X103

44X103

974

20xl03

8.9xlO3

575

11.9X103

5.2xl03

852

17.6X103

7.8X103

4.6 xlO3

lOOxlO3

-

35.5

-

21

-

31.1

-

176
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8. NUCLEAR POWER GENERATION IN RUSSIA

8.1. Nuclear power plants in operation in Russia

At present, fifteen nuclear power plants with a total installed capacity of 21242 MW are in
operation in the Commonwealth of Independent States (CIS). Nine of these are located in Russia,
producing 119.2 TWh in 1993 which accounts for 12.48% of the total Russian electricity
production (Table XI).

29 power units were in operation at 9 nuclear power plants in Russia in the late 1993. Of
these, 13 power units were of the WWER type (comprising 6 WWER440 reactors and
7 WWER-1000 reactors), 11 RBMK reactors, 4 EGP reactors (channel-type water-graphite
reactor) at the Bilibino nuclear cogenerating plant, and one BN-600 fast-breeder reactor. Power
units of all types operate in the base load mode, excluding the Bilibino nuclear cogenerating plant
which operates in load-follow mode to comply with local heat and electricity demand. The average
load factor for all nuclear power plants was 67.22% in 1993, compared to 67.28% in 1992. Table
XI shows the availability factor and the basic safety performance of Russian nuclear power plants
compared to those of some countries with a major nuclear programme.

TABLE XI. CHARACTERISTICS OF RUSSIAN NUCLEAR POWER PLANTS, 1991-1993

Installed capacity (MW)

Power production (TWh)

Share of total capacity (%)

- incl. United Power System of Center

- incl. USP of Middle Wolga

- incl. USP of North-West

Capacity utilization factor

Average disconnection (per unit) of the
automatic protection system

Violation in nuclear power plant
operation
- total number of violations

- INES counts

- due to human failure

1991

20 242

120.0

11.4

21.3

13.6

47.4

67.7

1.04

172

38

48

1992

20 242

119.6

11.8

22.7

17.9

43.9

67.28

1.32

205

31

33

1993

21 242

119.2

12.7

23.9

16.4

47.8

67.22

0.79

154

29

48
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TABLE XII. AVAILABILITY FACTORS AND SAFETY INDICATORS OF
RUSSIAN NUCLEAR POWER PLANTS, COMPARED TO THOSE OF
OTHER COUNTRIES FOR THE PERIOD 1992-1993 [3]

Russia

USA

France

Japan

Availability
factor

81.9

76.5

75.4

73.9

Automatic
shutdowns per
unit, per year

1.1

1.1

1.1

0.0

Collective
dose

(Sv/year)

1.4

1.93

2.06

1.65

Unpreparedness
of safety
systems

0.001

0.004

0.001

0.000

The operating nuclear power plants were commissioned in 1977-1993 and are of different
designs. Therefore, in terms of their compliance with modern safety requirements, these nuclear
power plants can be divided into two generations:

a first generation of 12 power units of 5800 MW total installed capacity, which were built
prior to enactment of the basic nuclear safety regulations in nuclear industry;

a second generation of 16 power units of 14,500 MW total installed capacity which took
into account the NPP operation safety requirements.

During 1986-1989 the power units of the first and second generation were subject to priority
safety enhancement in order to exclude accidents due to fast uncontrolled reactor runaway. Since
1990, the power units of the first generation are operated in a special mode which, among others,
envisages publication of annual safety reports and granting permits for further operation.
Long-term measures are underway to ensure further reliable operation of the first and second
generations of nuclear power plants.

8.2. Role and position of nuclear power in the Russia fuel and power system.

The development of nuclear industry depends on the restructuring of national economy of
Russia. The Energy Strategy envisages three scenarios of nuclear power industry development in
Russia (Table XHI):

a minimum scenario constrained by a total electric power production with 130 TWh;

an average scenario assuming 30-34 GW installed nuclear capacity and 1350 TWh
electricity consumption in 2010 in Russia;

a maximum scenario assuming 39.5 GW of installed nuclear capacity and 1400 TWh
electricity consumption in Russia in 2010.
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TABLE XIII. NUCLEAR POWER SCENARIOS FOR RUSSIA 1995-2010
(in GW; share of total Russian power generation in parenthesis) [3]

Scenario

Minimum

Average

Maximum

1993-1995

23.3(14.1)

23.3 (14.2)

23.3 (12.7)

1996-2000

23.3 (12.6)

26.5 (14.5)

26.5 (13.4)

2001-2005

21.6(10.6)

28-31 (13.5-14

30.7 (14.0)

•9)

2006-2010

25.5(11.0)

30-34 (12.6-14

39.5 (16.0)

• 3)

Each scenario assumes decommissioning during 1995-2010 of ca. 9 GW installed capacity of
the first and second generation nuclear power plants. The schedule of commissioning and
decommissioning of nuclear power units for the period ending in the year 2010 relies on the
maximum scenario of nuclear electricity production at the level of 224.4 billion kWh (39.5 GW
total installed capacity) and is based on a new generation of WWER-type water-cooled
water-moderated reactors of large and medium capacity. In addition, a multiloop channel-type
water-graphite power reactor MKER-800 is considered as an option for replacing RBMK type
reactors. The BN-800 fast-breeder reactor is viewed as an option for the development of
Beloyarsk and South-Urals nuclear power plants.
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Abstract

The present and future Korean emission of greenhouse gases are discussed in view of the current
status of and projections of the national energy consumption under fast economic growth. Present
dependence on energy import is very high (94.7%) and will only marginally decrease after a maximum of
97.1 % in 2010 to 95.1 % in 2030 due to increased use of renewables. The annual CO2 emissions will be
three times higher in 2030 and amount to almost 200 Mtonnes. The national CO2/energy intensity will
decrease from 0.75 in 1990 to 0.69 in 2030. Coal combustion will remain the main source of CO2, whereas
give the largest contribution to lowering the CO2 intensity. The strategy and the bodies created to implement
the commitments made by Korea to lower greenhouse gas emissions are described.

1. CURRENT STATUS AND PERSPECTIVES OF THE KOREAN ENERGY AND
ECONOMY

1.1. Current status of the Korean energy and economy

The economic growth rate of Korea averaged an 8.9% during the last 10 years. In 1993, its
GNP reached 329 billion dollars with a 5.6% growth rate and its per-capita GNP was 7,466
dollars. The Korean economy has been growing rapidly (Table I) and is highly dependent on
heavy and chemical industries such as steel, petrochemicals and cement. Therefore, the elasticity
of energy consumption to economic growth is very high compared to that of developed countries.
In 1992, the elasticity of primary energy consumption to economic growth in Korea was 2.90,
compared to 0.86; 0.84; and 0.46 for U.S.A., Japan and U.K., respectively.

TABLE I. CURRENT STATUS OF KOREAN ENERGY CONSUMPTION AND ECONOMIC
GROWTH

Primary energy consumption
growth rate (%)

Economic growth rate (%)

Elasticity of energy
consumption to economic
growth

1981/85

5.1

8.4

1.61

1986/90

10.6

10.9

0.97

1991

11.2

9.1

1.23

1992

12.5

5.0

2.50

1993

9.4

5.6

1.68

The energy consumption in Korea is highly dependent on the use of fossil fuel which causes
substantial CO2 emission. The share of fossil energy in the total primary energy consumption is
82% compared to an average share of 65% for OECD countries. The industrial sector consumes
54% of the Korean total energy consumption. Since the Korean industry is highly energy
intensive, the ratio of energy consumption to GNP reaches 0.59 which is relatively high
compared to other advanced countries. See Table II.
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TABLE II. ENERGY/GNP (in toe/thousand US$ (1989))

Energy/GNP

U.S.A.

0.43

France

0.37

U.K.

0.40

Japan

0.26

Korea

0.59

1.2. Perspectives of Korean energy and economy

Tables III and IV show the basic assumptions and indicators of long-term forecasts. It is
assumed that:

the Korean GNP grows 1.9 times in 2000 and 7.1 times in 2030 compared to the GNP of
1990;
the Korean population grows from 42.8 million in 1990 to 50 million in 2030;
the number of houses increases from 7 million in 1990 to 11 million in 2000 and to 14
million in 2030;
the Korean car ownership increases from 3.4 million in 1990 to 16 million in 2030.

TABLE III. BASIC ASSUMPTIONS FOR LONG-TERM ENERGY DEMAND FORECAST

GNP (1 000 bill.Won,
1985 constant price)

Population and Houses
Population (thousand)
Houses (thousand)

Automobiles
Automobiles (thousand)
Automobiles/1000 persons

Energy Price
Petroleum ($/BBL)
Coal ($/ton)

1990

130.685

42 869 7
147

3 397.8
79.33

18
45

2000

248.184

46 828
10 949

10 147.1
216.69

28
55

2010

423.935

49 486
12 762

13 502.6
272.86

38
64

2030

928.679

50 193
13 877

16 213.6
323.02

50
78

Note: The rate of foreign exchange was 890.2 WON per US $ at the end of 1985.

Table IV summarizes the expected development during 1990-2030 of the major indicators of
the Korean energy and economy. Briefly,

according to the BAU scenario, the Korean demand for primary energy will increase from
93.2 Mtoe in 1990 to 165.6 Mtoe in 2000, to 214.5 Mtoe in 2010, and to 303.4 Mtoe in
2030;

the only domestically available energy sources are anthracite coal, hydro, and renewable
energy sources in Korea. The dependence on import energy will decrease from 97.1 % in
2010 to 95.1 % in 2030 due to increased use of domestic renewable energies;

the energy consumption in 1990 was 2.17 toe per capita, which is 25-60% of those in
developed countries. However, in 2030 the energy consumption will increase to 6.04 toe per
capita.
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TABLE IV. MAJOR INDICATORS OF THE KOREAN ENERGY AND ECONOMY

Energy consumption (Mtoe)
- total
- domestic
- import

Energy/GNP (million
WON, 1985)

Energy consumption (toe)
per capita

Dependence on oil (%)

Imported energy {%)

GNP(1000 bin WON, 1985)

Population (mill, persons)

1990

93.2
11.3
81.9

0.52

2.17

53.8

87.9

130.7

42.8

1991

103.6
9.0

94.6

0.53

2.39

57.5

91.3

141.6

43.3

1992

116
7.5

108.5

0.57

2.66

61.8

93.6

148.3

43.7

1993

126.8
6.6

120.2

0.59

2.88

61.9

94.8

157.7

44.1

2000

165.6
6.5
159.1

0.68

3.54

56.0

96.1

248.2

46.8

2010

214.5
6.3

208.2

0.52

4.33

54.2

97.1

423.9

49.5

2030

303.4
14.8

288.6

0.33

6.04

47.8

95.1

928.7

50.2

Average growth
rate (%)

91-00

5.8
-6.1
7.1

-0.4

5.1

-

-

7.0

0.9

01-30

2.0
18.6
20

-2.4

1.8

-

-

4.5

0.2

TABLE V. ENERGY DEMAND FOR VARIOUS ENERGY SOURCES; EXPECTATIONS FOR
THE PERIOD 1993-2030. Figures in parenthesis represent shares (%)

Total primary energy
(Mtoe)

Oil (mill.BBL)

Natural gas (mill .ton)

Coal (mill.ton)

Anthracite
Bituminous

Nuclear power
(TW.h)

Hydropower (TW.h)

Renewables
(mill.ton)

Total final energy
(Mtoe)

Electricity/
Final energy (%)

1990

93.2
(100)

356.3
(53.8)

2.3
(3.2)

43.4
(26.2)
21.5
21.9

52.9
(14.2)

6.4
(1.7)

0.8
(0.9)

75.1

10.8

1991

103.6
(100)

424.7
(57.5)

2.69
(3.4)

42.4
(23.7)
17.6
24.8

56.3
(13.6)

5.0
(1.2)

0.62
(0.6)

83.8

10.7

1992

116
(100)

514.2
(61.8)

3.52
(3.9)

39.8
(20.4)
13.6
26.2

56.5
(12.2)

4.9
(1.0)

0.7
(0.6)

94.6

10.5

1993

126.9
(100)

564.5
(61.9)

4.4
(4.5)

42.4
(20.4)
10.9
31.5

58.1
(11.5)

6.0
(1-2)

0.7
(0-5)

104.0

10.6

2000

165.6
(100)

647.7
(56.6)

8.7
(6.9)

55.6
(20.9)

9.2
46.4

93.9
(14.2)

3.8
(0.6)

1.5
(0.9)

131.0

12.3

2010

214.5
(100)

831.1
(54.2)

13.3
(8.1)

60.0
(18.0)

4.1
55.9

151.2
(17.6)

3.8
(0.4)

3.6
(1.7)

166.3

14.0

2030

303.4
(100)

1,027
(47.8)

23.7
(10.2)

87.0
(18.8)

1.4
85.6

224.6
(18.5)

5.0
(0.4)

13.0
(4.3)

225.0

16.9

Annual growth
rate

91-00

5.8

6.8

13.7

2.5

-8.2
7.8

5.9

-5.1

6.5

5.8

01-30

2.0

1.4

3.4

1.5

-6.1
2.1

3.0

0.9

7.4

1.8
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TABLE VI. FORECAST OF FINAL ENERGY DEMAND ( in %; 1990 and 1993 data are
actual)

Industry

Transportation

Residential and
Commercial

Public and Others

Total (Mtoe)

1990

48.3

18.9

29.0

3.8

74.3

1991

42.9

16.2

21.8

2.8

83.7

1992

50.8

18.5

23.0

2.3

94.6

1993

55.6

21.1

25.0

2.3

104.0

2000

49.3

25.1

22.5

3.1

131.0

2010

49.1

25.1

22.5

3.3

166.3

20

52.7

22.0

21.4

4.0

225.0

TABLE VII. CO2 EMISSION PER CAPITA (1988, tonnes carbon/cap)

Korea

1.4

U.S.A.

5.8

Japan

2.4

China

0.5

France

1.8

U.K.

2.8

FRG

3.2

G7

3.3

EC

2.4

OECD

3.4

World

1.2

TABLE VIII. DEVELOPMENT OF KOREAN CO2 EMISSION INDICATORS DURING
1988-2030

CO2 emission
(Mtonnes)

Emission per capita
(tonnes/cap)

CO2/GNP
(tonnes/
mill.WON(85)

CO2/energy

1988

57.6

1.37

0.51

0.81

1990

65.4

1.50

0.50

0.77

2000

112.4

2.40

0.46

0.75

2010

139.4

2.82

0.34

0.70

2030

198.2

3.96

0.22

0.69

Annual growth rate

91-00

5.6

4.8

-0.9

-0.3

01-10

2.2

1.6

-3.4

-0.7

11-30

1.8

1.7

-2.1

-0.1

The Korean energy demand has continuously increased along with its rapid economic
growth and improving standard of living (Table I). Since 1992 the Korean energy consumption is
on the 11th place in the world. Its energy consumption has increased by more than 10% since the
mid-1980s. The final energy demand is expected to increase from 75.1 Mtoe in 1990 to 131.0
Mtoe in 2000 and to 225.0 Mtoe in 2030. Tables IV and V list the expected energy demands for
the various energy sources and Korean energy sectors, respectively.

1.3. Perspectives of CO2 emission indicators

The CO2 emission per capita in Korea is relatively low compared to that in developed
countries and is about the same as the world average (Table VII).
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TABLE IX. EMISSIONS OF CO2 (in Mtonnes of carbon) FROM VARIOUS KOREAN
ENERGY SOURCES IN 1988-2030.

Oil

LNG

Coal

- Anthracite

- Bituminous

Hydro and
Nuclear

Renewables

Total

1988

25.4
(44.1)

1.6
(2.7)

29.5
(51.3)
14.6

(25.3)
14.9

(25.9)

0.0
(0.0)

1.1
(1.9)

57.6
(100)

1990

34.5
(52.7)

1.8
(2.7)

28.4
(43.5)
11.5

(17.6)
16.9

(25.9)

0.0
(0.0)

0.8
(1.2)

65.4
(100)

2000

63.8
(56.8)

6.5
(5.8)

40.6
(36.2)

4.7
(4-2)
35.9

(32.0)

0.0
(0.0)

1.4
(1.2)

112.4
(100)

2010

81.6
(58.6)

9.8
(7.0)

45.3
(32.5)

2.1
(1.5)
43.2

(31.0)

0.0
(0.0)

2.7
(1-9)

139.4
(100)

2030

105.4
(53.2)

17.4
(8.8)

66.9
(33.7)

0.6
(0.3)
66.2

(33.4)

0.0
(0.0)

8.5
(4.3)

198.2
(100)

Annual growth rate

91-00

6.4

13.9

3.6

-8.5

7.8

-

6.2

5.6

01-10

2.5

4.2

1.1

-7.9

1.9

-

6.7

2.2

11-30

1.3

2.9

2.0

-5.7

2.2

-

6.0

1.8

Note: Figures in parenthesis represent shares (%).

TABLE X. CO2 EMISSIONS FROM VARIOUS SECTORS (Mtonnes carbon)

Energy conversion sector

- electricity

- district heating

Final consumption

- industry

- transportation

- residential/commercial

- public/others

Total

1988

9.2
(15.9)

9.2
(15.9)

0.0
(0.0)

48.4
(84.1)
19.7

(34.1)
8.6

(15.0)
18.5

(32.2)
1.6

(2.8)

57.6
(100)

1990

10.3
(15.7)
10.2

(15.6)
0.0

(0.1)

55.1
(84.3)
23.4

(35.8)
11.4

(17.4)
18.4

(28.2)
1.9

(2.9)

65.4
(100)

2000

26.2
(23.3)
25.6

(22.8)
0.6

(0.6)

86.2
(76.7)
38.6

(34.4)
26.4

(23.5)
18.7

(16.6)
2.5

(2.2)

112.4
(100)

2010

32.6
(23.4)
31.5

(22.6)
1.1

(0.8)

106.8
(76.6)
49.9

(35.8)
33.4

(24.0)
20.4

(14.6)
3.1

(2.2)

139.4
(100)

2030

58.7
(29.6)
56.0

(28.3)
2.6

(1.3)

139.5
(70.4)
74.5

(37.6)
39.3

(19.8)
21.5

(10.9)
4.2

(2.1)

198.2
(100)

Annual growth

91-00

9.8

9.6

30.5

4.6

5.1

8.8

0.1

2.8

5.6

01-10

2.2

2.1

6.2

2.29

2.6

2.4

0.9

2.2

2.2

rate

11-30

3.0

2.9

4.2

1.37

2.0

0.8

0.3

1.5

1.8

Note: Figures in parenthesis represent shares (%).
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Most of the CO2 in 1988 was emitted from coal combustion (Table IX). However, since the
1990 oil combustion became the dominant source of CO2 due to rapid replacement of anthracite
coal by oil. In the future more than 50% of the CO2 emissions will come from the use of oil.
Wide use of industrial wastes, which is considered to be a renewable energy source, will
contribute to the CO2 emissions considerably.

The final consumption sector released 84.3% of total CO2 emission in 1990, while the
energy conversion sector released the complementary 15.7% of total CO2 emission. See Table X.
The industrial sector uses about 50% of the total final energy and emits 23.4 Mtonnes of carbon,
which is 35.8% of the total CO2 emission. The contribution to the CO2 emission from the energy
conversion sector is expected to grow due to rapid increase of electricity consumption. The share
of transportation sector is expected to grow fast too (Table X).

The CO2 emissions of the electric sector come from the use of bituminous and anthracite
coal, oil, and natural gas. In 1990 the shares of bituminous coal, oil, natural gas, and anthracite
coal in power generation were 43.3%, 35.3%, 12.7%, and 8.7%, resp. In 2000 these shares are
expected to change to 69.3%, 15.5%, 13.2%, and 1.6%, resp. See Table XI. Due to the recent
rapid increase of Korean electricity consumption, bituminous coal and natural gas are expected to
become increasingly important in power generation after 1995. However, due to an expected
increase of nuclear power generation after 1995, CO2 emissions from the electric sector are
expected to decline from 9.8% during 1991-2000 to 2.2% during 2001-2010.

TABLE XI. CO2 EMISSION FROM VARIOUS ENERGY SOURCES IN THE ELECTRIC
SECTOR (in ktonnes of carbon).

Oil

LNG

Anthracite

Bituminous

Hydro

Nuclear

Renewables

Total

1988

2 348
(25.6)
1 416
(15.5)
1,073
(11.7)
4 318
(47.2)

0.0
(0.0)
0.0

(0.0)
0.0

(0.0)

9 155
(100)

1990

3 614
(35.3)
1 295
(12.7)

885
(8.7)
4 430
(43.3)

0.0
(0.0)
0.0

(0.0)
0.0

(0.0)

10 224
(100)

2000

3 973
(15.5)
3 373
(13.2)

514
(2.0)

17 712
(69.3)

0.0
(0.0)
0.0

(0.0)
0.0

(0.0)

25 571
(100)

2010

3 588
(11.4)
4 178
(13.30

505
(1.6)

23 224
(73.7)

0.0
(0.0)
0.0

(0.0)
0.0

(0.0)

31495
(100)

2030

7 841
(14.0)
5 828
(10.40

501
(0.9)

41 874
(74.7)

0.0
(0.0)
0.0

(0.0)
0.0

(0.0)

56 044
(100)

Annual growth

91-00

1.0

10.0

-5.3

14.9

-

-

-

9.6

01-10

-1.0

2.2

-0.2

2.7

-

-

-

2.1

rate

11-30

4.0

1.7

-0.0

3.0

-

-

-

2.9

Note: Figures in parenthesis represent shares (%)
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According to a BAU scenario for Korea, its energy associated CO2 emission will increase
from 65.4 million tonnes of CO2 to 112.4 in 2000; to 139.4 in 2010, and to 198.2 million ton in
2030. See Table VIII. The annual average growth rate of the CO2 emission is expected to be 5.7%
until 2000. However, it will decrease to less than 2% during the period 2011-2030. The CO2

emission per Korean is expected to grow continuously and to reach 3.96 tonnes of carbon which
corresponds to the OECD level in 1988.

Table XII shows that the CO2 emission per unit of energy in 1990 is highest in the
residential and commercial sectors with 0.85 tonnes of carbon per toe and lowest in the electric
sector with 0.40 tonnes of carbon per toe. Efficiency improvements in the residential and
commercial sectors are expected to result in rapid decline of CO2 emission per unit of energy to
0.63 tonnes of carbon per toe in 2000; 0.55 tonnes of carbon per toe in 2010; and 0.45 tonnes of
carbon per toe in 2030. However, in the industrial and transportation sectors, the CO2 emission
per unit of energy is expected to remain about the same at 0.6 tonnes of carbon per toe and 0.8
tonnes of carbon per toe, respectively, due to insufficient availability of substitutes.

In the electric sector, CO2 emission per unit of energy is expected to increase to 0.51 tonnes
of carbon per toe in 2000 and then decline to 0.44 tonnes of carbon per toe in 2010. However, in
2030 these emissions will be again 0.49 tonnes of carbon per toe.

TABLE Xn. CO2 EMISSION PER UNIT OF ENERGY FOR VARIOUS SECTORS (tonnes of
carbon per toe)

Industry
(except for fuel)

Transportation

Residential/
Commercial

Public/
Other sectors

Electricity

District heating

1988

0.70
(0.82)

0.80

0.94

0.68

0.44

0.00

1990

0.65
(0.82)

0.80

0.85

0.67

0.40

0.85

2000

0.60
(0.79)

0.80

0.63

0.61

0.51

0.58

2010

0.61
(0.77)

0.80

0.55

0.56

0.49

0.56

2030

0.63
(0.73)

0.80

0.45

0.51

0.44

0.53

Annual growth rate

91-00

-1.3
-0.5

-0.02

-2.6

-0.8

3.5

-3.7

01-10

0.2
-04.

-0.02

-1.2

-0.5

0.0

-0.4

11-30

0.1
-0.2

-0.03

-0.7

-0.8

-0.1

-0.3

2. NATIONAL PLANS FOR REDUCING EMISSIONS OF GREENHOUSE GASES

2.1. Directions and strategy

2.1.1. Directions

Organize a nation-wide committee including government, institutes, colleges, and industry in
order to actively cope with global environmental conservation.

Prepare national reports on and join international effort for environmental conservation.
Conduct systematic research projects to establish a national plan for global environmental
conservation.
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Change the strategy and structure of energy consumption towards reduction of greenhouse
gas emissions.

Reinforce energy conservation and efficiency improvement in industry, residential,
commercial, and transportation sectors through cooperation among consumers, firms, and
government.

Widen the use of clean energy such as natural gas and improve efficiency through
cogeneration in urban areas.

2.1.2. Strategy

Establishment of national committee for global environmental conservation planning on 10 July
1992. Types of committees:

Global Environmental Conservation Committee (Chairman: Prime Minister),

Global Environmental Conservation Working Committee (Chairman: Deputy Minister of
Economic Planning Board),

Global Environmental Conservation Planning Team (Chairman: Assistant Deputy Minister of
Economic Planning Board).

Purpose: Establishment of strategy for global environmental conservation following the
Framework Convention on Climate Change.

These days four meetings took place.

2.2. Detailed plans

2.2.1. ^Conducting systematic research projects for the preparation of national
report

Basic direction:

balancing environmental conservation and industrial development,

conducting research projects concerning industrial, environmental, and negotiating aspects,

Major research areas (period: 1993- 1995):

industrial aspects: restructuring of energy supply and demand, restructuring of industry
toward energy conservation, development and wide use of environmental technology, etc.

environmental aspects: improvement of evaluation technique for environmental impact,
reform of environmental regulation, reinforcement of recycling, etc.

negotiating aspect: environment and trade, Montreal Protocol, protection of marine
pollution, etc.

establish expert working group including government, institutes, colleges, and industry in
order to efficiently carry out the above projects,

the fourth meeting was held in May 1994. 35 projects are selected through four meetings.
Among them, 30 projects are approved and in progress.
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2.2.2. Establish energy supply and demand strategy

establish the plans for CO2 emission reduction against international environmental
regulation,

comprehensive plan for energy supply and demand including long term electric system
expansion plan considering change of energy consumption structure and environmental
impact,

reform energy supply and demand structure towards emitting less CO2,

emphasize demand management energy policy rather than stable energy supply,

roll the long term energy plan every two years in order to reflect change in energy situation,

wide use of clean energy and renewable energy.

2.2.3. Reinforce energy conservation

energy demand management and conservation through energy price mechanism,

restructure manufacturing sector toward less energy intensive industry,

promote the restructure by linking industrial policy to energy policy,

reinforce the energy conservation requirement to the energy intensive firms and facilities.
Recommend reduction in energy consumption by 10% during next 5 years to 194 energy
intensive firms,

establishment of energy saving transportation system,

reinforce energy conservation requirement in manufacturing and driving automobiles.
Improve mileage of automobiles up to 5% by 1997. Promote use of sub-compact
automobiles through tax benefit,

improve energy efficiency in residential and commercial building

promote systematic energy conservation measures from design to completion of building.
Promote efficiency grade indication system and promote wide use of high efficiency
equipment,

promote systematic energy conservation measures during energy production,

Put energy supply firms under an obligation to establish a demand management investment
plan,

Promote electricity conservation measures which have large spill-over effect on energy
conservation,

Promote district energy supply to improve efficiency and environment. District heating for
residential area: from 214 households in 1992 to 1119 households in 1997. Combined-cycle
in industrial areas from 8 areas in 1992 to 20 in 1997.
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2.2.4. Promote technology development for energy efficiency

Promote energy technology development and wide use of renewable energy,

Energy saving technology development. Increase R&D investment under the cooperation of
government and private sectors,

New and renewable energy development. Supply 3 % of total energy consumption through
renewable energy such as solar heat, solar ray, and wind by 2001. Establish effective
support system for technology development,

Bring up energy research manpower. Establish energy research center in college,

Establish technology information exchange system and reinforce international technology
cooperation. Establish energy technology data base,

2.2.5. Enlarge the supply of clean and less pollutant fuel

Enlarge natural gas pipeline distribution network,

Construct two new LNG storage bases and extend natural gas pipeline distribution network
up to 1,407 km by the year 2000,

3. OTHER EFFORTS

3.1. Recent trend of CO, emissions

The CO2 emission is growing faster than expected (Table XIII). It increased during 1991-1993 by
an annual average rate of 9.9%. The electric sector CO2 emission is the dominant contributor
(Table XIV), increasing during 1991-1993 at an average rate of 16.6% per year.

TABLE XIII. RECENT TRENDS OF CO2 EMISSION IN KOREA (in ktonnes of carbon)

Electricity

District heating

Industry

Transportation

Residential/Commercial

Public/Others

Own Uses/Losses

Total

1990

10 224

0

22 812

11 796

18 400

1.887

13

65 400

1991

11 931

3

26 308

13 450

16 997

1 886

33

70 608

1992

15 972

42

28 542

15 432

17 228

1,97

53

78 666

1993

15 894

120

31 328

17 595

17 884

1 366

110

84 297
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TABLE XIV. RECENT TRENDS OF CO2 EMISSIONS BY THE ELECTRIC SECTOR (in
ktonnes of carbon)

Coal

Oil

LNG

Town gas

Total

1990

5 315

3 614

1 295

0

10 224

1991

4 991

5 441

1 499

0

11 931

1992

5 325

8 794

1 853

0

15 972

1993

7 371

6 403

2 097

23

15 894

3.2. Evaluation of CO2 taxation on the Korean economy.

3.2.1. Possible developments

Plans of joining OECD in 1996,

Expect international pressure on introduction of CO2 tax,

Expect some mild regulation on CO2 emission compared to developed countries.

3.2.2. Expected effect of CO2 tax on Korea

In the case that an 10 US$ CO2 tax is imposed per barrel of oil equivalent, one might expect:

direct effects: CO2 tax directly increases the prices of fossil fuels and related products,
leading to relatively large damages to the low-income group,

indirect effects: CO2 tax increases the production price of the non-energy sector by an
average 5% in short-run. The effect is relatively high in the energy-intensive sectors:
15-20% increase in steel and cement prices; 10% increase for chemical products; and high
increases in transportation costs,

international comparison: Korea has a relatively low energy price, a carbon intensive
energy consumption structure, and a low energy efficiency. The effect on economic
competitiveness due to CO2 tax is about the same as for the U.S.A. and is aggravated
compared to Japan and the European Union.

3.3. Revision of Long-term Electricity System Expansion Plan

3.3.1. Demand side

Revision of official Long-term Electric System Expansion Plan (fixed until the year 2006) at
the end of 1993. Targets:

reduce 5,566 MWe of electricity consumption by the year 2006 through improved efficiency
and energy conservation,

reduce 3,400 MWe of nuclear power capability and cancel 4 units (PWR 2, PHWR 2) of
planned construction of nuclear power plants,
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reduce 1,870 MWe of bituminous coal power capability,

reduce 457 MWe of LNG power capability.

3.3.2. Supply side

No yet decided: there is a debate on switching power generation sources toward clean fuel such as
LNG and nuclear power.

54



CLIMATE CHANGE AND GLOBAL WARMING POTENTIALS

J.F. VAN DE VATE
Division of Nuclear Power, XA9642816
International Atomic Energy Agency,
Vienna

Abstract

Climate change and the global budgets of the two main energy consumption related greenhouse gases,
CO, and CH4, are discussed. The global warming potential (GWP) of the non-CO2 greenhouse gases is
defined and the large range of GWPs of CH4 in the literature is discussed. GWPs are expected to play an
important role in energy policies and negotiations concerning lowering greenhouse gas emissions.

1. CLIMATE CHANGE

Strictly speaking, (global) climate change should be understood to be any change of the
climate on a large scale of space and time. The climate, being the average weather condition over
a longer period of years, has its large-scale natural changes of variability. However, commonly
climate change is meant to be the result of anthropogenic activities and not of natural origin. One
should also should distinguish between two sorts of man-made climate change: one due to the
destruction of the stratospheric ozone layer (e.g. the "ozone hole" in the Antarctic atmosphere)
and the other due to the perturbation of the Earth's greenhouse, viz. the man-made change of the
energy balance of the atmosphere. The latter climate change - the greenhouse effect, incorrectly
called global warming - is the topic of this workshop.

The greenhouse effect is the increase of the heat content of the atmosphere resulting from
the increased filtering efficiency of the atmosphere for the outgoing infra-red light due to
increased levels of greenhouse gases. This warming of the atmosphere enhances water
evaporation, thereby increasing the atmospheric humidity. This means that the extra energy
dissipated into the atmosphere is present as sensible and latent heat. Hence, "global warming" is
only a part of the greenhouse effect. The increased warming of the atmosphere results from
increasing levels of strongly infra-red trapping trace gases, the greenhouse gases (GHGs). The
most important GHG is water vapor, which gives natural protection to the Earth. If there was no
water vapor in the atmosphere, the average global temperature would be some unpleasant thirty
degrees colder. The other natural atmospheric GHGs, CO2, CH4, and N2O, which are also
manmade, totally warm the Earth's atmosphere some ten degrees.

The regional and sub-regional differences in climate change, the natural climate variability,
the large uncertainties of the responses of biosphere and oceans to changes in climate and in GHG
levels make present projections of the climate change very uncertain [1],[2]. The uncertainty is
sufficiently large to give some fossil fuel lobbies convincing fuel to combat the science underlying
policy measures to lower GHG emissions. However, the more than a century long increase of
atmospheric GHG levels is evident. This should give great concern about how the Earth's
atmosphere, biosphere and oceans will respond and in turn how the climate would change,
notwithstanding mankind's very limited understanding of the complex climate system. This should
also be kept in mind with respect to the recent scientific literature [3] of trend changes of GHGs
since 1990, such as the slowing of the atmospheric CO2 increase and the levelling off of the
atmospheric levels of CH4, O3, and N2O, as well as the strong decrease of CO which indicates a
changing atmospheric residence time of CH4. There are no indications from the different
explanations that these obvious changes in the trends of the major GHGs, will continue for a long
period of time. Therefore, one might expect that the original trends of threatening increases will
return.
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Any warming of the atmosphere will increase the atmospheric water vapor level, leading to
an important, in fact dominant, feedback process of enhancing the greenhouse perturbation.
Another water vapor related feed back process is cloud formation, which generally cools. This
cloud effect is strongly influenced by aerosol particles [4], such as sulphate particles, which act as
condensation nuclei and thereby increase formation, persistence and brightness of clouds. Sulphate
particles in the Northern hemisphere are manmade and originate from SO2 of which oil and coal
combustion are the main sources [5]. The atmospheric sulphate cloud itself also cools the
atmosphere, thereby compensating for global warming to a large extent [6]. Altogether, this
underlines the difficulty of modelling climate change, and indicates that these complicated
feedback processes are linked to energy use, in particular of fossil fuels.

2. SOURCES OF GREENHOUSE GASES

Of the anthropogenic GHGs, CO2 is the most important in terms of its climate forcing over
the past century (Fig. 1). The energy related climate forcing, which is ca. 50% of the total
anthropogenic forcing, is also dominated by CO2 (Fig. 2). CH4 is the second most important
GHG. The contribution to climate forcing from N2O emissions from energy use is likely to be
overestimated in Fig. 1: it was recently estimated to be below 1% and , therefore, can be
neglected. Our overview of energy use related sources of GHGs will focus on CO2 and CH4.

CFCs

others 8 0%

12.0%

nitrous oxide 4.0%

methane 15.0%

carbon dioxide 61.0%

Fig. 1. Relative contributions to the cumulative greenhouse forcing by the anthropogenic
greenhouse gases over the past century until 1990.
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Fig. 2. Energy and non-energy related contributions to climate forcing by various greenhouse
gases. Source: Iansiti, E. and F. Nienaus, Impact of Energy production on atmospheric
concentrations of greenhouse gases, IAEA Bulletin, 1989, pp. 12-20.

Table I gives an overview of the various global sources and sinks of CO2, indicating an
important imbalance between its sources and sinks. Our own estimate of the global fossil-fuel
associated CO2 emission, 22.0 Pg1 CO2 per year over the period 1980-89, is at the maximum of
the range of the IPCC estimate. This, however, implies an imbalance between the sources and
sinks even larger than 5.1 Pg CO2 per year and clearly shows the problems of modelling the CO2

sinks, thought to be dominated by ocean uptake. As will be discussed below, the uncertainty about
the sinks causes considerable uncertainty in the Global Warming Potentials of the non-CO2 GHGs.

TABLE I. GLOBAL CO2 BUDGET FOR 1980-1990 [7]

Reservoir

Sources

- fossil fuel consumption

- deforestation

Sinks

- atmosphere

- oceans

Imbalance (= Sources minus Sinks)

Average annual flux
(Pg CO2 per year)

20.2+1.8

5.9 + 3.7

11.7+0.7

7.3 + 2.9

5.1±5.5

1 1 Pg = 1015 g = 1 Gtonne.
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The "imbalance" of the global CO2 budget could be dissolved largely at the 1994 IPCC WGI
plenary, by assuming a number of additional sinks: net reforestation, increased CO2 sequestering
in the biosphere due to CO2 fertilization, and fertilization by atmospheric deposition of nitrate and
sulphate.

It is common practice, though incorrect from this workshop's point of view, to discuss the
greenhouse problem in terms of emissions of CO2 only and assuming fossil fuels to be the only
CO2 emitting energy sources. Its virtue is that one obtains a general impression of the strength of
the dominating greenhouse gas source which is fossil fuel combustion. Usually, the CO2 emission
associated with combustion of a fossil fuel is calculated as the integrated product of the
consumption rate and the emission factor of that fossil fuel2. Using this approach, Fig. 3 shows
that the worldwide CO2 emission has been increasing with the exception of three plateaus which
are around 1975 and 1980 and one starting in 1990. Each of these plateaus coincide with
worldwide economic crises, the first two being triggered by the oil crises and the third one in
connection with the transition to market economy of the former European centrally planned
economies. The latter is well illustrated by the simultaneous steep decline of the CO2 emissions of
non-OECD European countries. Detailed analysis of the plateaus reveals that in all cases the lower
coal consumption immediately following the onset of an economic crisis, is linked to these
irregularities. The less developed countries (LDCs) increased their CO2 emissions almost fourfold
during the period of 1965/93, almost unaffected by the economic crises. Non-commercial
consumption of fossil fuels, especially important in developing countries, is not accounted for.
Accounting for full-energy-chain emissions of all greenhouse gases should give a much more
realistic picture of how the Earth's greenhouse is being affected by emissions of greenhouse gases
from all activities inherently related to energy use.

30
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25 -

20 -

15 -

10 -

-*•—world
IB 9

i , , , , i , , , , i , , . , i

^ n o n - O E C T J ^ .
Europe \ >

j A A, A -ft—*-

^ - ^ - ^ ^ ^ -«-OECD.

-

8

- 7

6

5

4

- 2

1975 1980 1985 19901965 1970
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Fig. 3. Fossil fuel combustion associated CO2 emissions from various world regions.

2 The combustion step related CO2 emission factors are 94; 75; and 56 Tg CO2 per EJ of fossil fuel, for
coal, oil, and natural gas, resp. These are to be used "for illustrative purposes only" (IPCC Draft
Guidelines for National Greenhouse Gas Inventories, Vol. 3,1994).
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Fig. 4 shows the energy related CO2 emissions of some countries and some parts of the
world. The CO2 emissions of the developing countries such as China, India and Indonesia are
increasing relatively fast since the early 80s (12%; 15%; and 15% per year, resp.) compared to
USA, Japan and Brazil (3.4%; 6%; and 6.5% per year).

Pg CO2 per year Pg CO2 per year

1965 1970 1975 1980 1985 1990
BP Sat. Rw. Wbficl Energy 1994

Fig. 4. Fossil fuel combustion associated CO2 emissions from various countries.

As shown by Table II the global atmospheric budget of methane is much more complex than
that of CO2. There are more sources, natural and anthropogenic, which strengths are also rather
uncertain. More importantly, the strength of the tropospheric sink (reaction with OH radicals) is
very large and its uncertainty dominates the uncertainty in some the balance-derived diffuse-source
strengths, especially that related to natural gas use. Usually, the total fossil fuel related source
(115 Tg CH4 per year) is derived from the total CH4 source strength, using the known fraction
(22-23%) of atmospheric CH4 of fossil origin. In turn, the total source strength is derived from
the total sink strength (530 ±85 Tg CH4 per year) -which is dominated by the tropospheric sink-
and the atmospheric increase of CH4. The worldwide fossil methane releases from coal mining [9]
and methane hydrate are relatively well-known and amount to 24 and 5 Tg CH4 per year, resp.
This leaves a natural gas (oil) associated source of 85 Tg CH4 per year, which likely is mainly
from natural gas production and transportation to the end-user. This would mean that 8-9% of the
global natural gas production is wasted into the atmosphere. Van de Vate uses this as a global
average leakage factor of natural gas use, reflecting the present technological status of the global
system of production and supply of natural gas.
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TABLE II. GLOBAL BUDGET OF METHANE [8], fluxes in Tg CH4 per year

Reservoir Average annual flux

Sources (anthropogenic)

- rice

- domestic

- animal
wastes

- waste-water
treatment

- biomass
burning

- gas (oil)

- coal mining

70+50

80+20

25 + 10

25 + 10

30 ±15

80+45

35 + 10

Sources (natural)

- wetlands

- termites

- various

Sources, total

125+70

30 ±30

5±5

560±90

Reservoir Average annual flux

Sinks

- troposphere

- stratosphere

- soil

Sinks, total

455 ±50

45 ±10

30±25

530 ±85

Atmospheric increase 30+5

3. GLOBAL WARMING POTENTIALS

An extensive discussion of the scientific and policy aspects of Global Wanning Potentials
(GWPs) is given in the findings of a Workshop on the Scientific Basis of GWP Indices, held in
USA in 1990 [10].

A comprehensive assessment of FENCH-GHG emissions requires accounting for all GHGs.
Energy relevant GHGs are CO2, CH4, N2O, and CF4. In view of the potentially important
contribution to the greenhouse effect of CH4 from a number of energy sources, CH4 will be taken
as an example below. Comparison of different energy sources requires the definition of a common
unit. In the late 80s CO2 was chosen as the reference GHG and, therefore, levels of the other
GHGs, such as CH4, are being expressed in CO2 equivalents. This requires a conversion factor,
the so-called Global Wanning Potential (GWP), for the conversion of amounts of non-CO2 GHGs
into CO2 equivalents. The GWP of CH4 is defined as:

GWP=
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which is the ratio of the time-integrated radiative forcing of the atmosphere due to an
instantaneous release of 1 kg of CH4 relative to that of 1 kg of CO2. / is the radiative forcing of a
GHG i per unit of increase and Rft) describes the atmospheric decay of GHG / with time
constant T,. This decay is assumed to be exponential:

The time constant for removal of CH4 from the atmosphere is ca.10 years, which removal is
mainly due to atmospheric reaction with OH radicals. Uncertainty in this kinetics3 as well in the
atmospheric OH levels causes substantial uncertainty in the GWP of CH4. Another important
uncertainty in the GWP of CH4 is due to the complicated atmospheric chemistry of indirect
climate effects of CH4 (formation of tropospheric ozone and stratospheric water vapor) and also of
the other non-CO2 GHGs. Together with the recently improved insight in feedback processes, this
has brought IPCC to change its recommendations on GWP values. The newest GWP values are
shown in Table IV and will be discussed below.

Table III shows the large range of published GWP values of CH4. One of the main
differences between the IPCC recommended old and new GWPs of CH4 is that only its direct
effect on the radiative forcing is accounted for because of the uncertainty in the indirect effects of
CH4 (formation of several GHGs such as ozone, CO2, and water vapor). As is obvious from Table
III, and also stated by IPCC, accounting for the indirect effects of CH4 generally increases its
GWP substantially. According to Lelieveld this may not be as much as assumed before by IPCC
and others. On the other hand, the "fertilizing effect" of CO2, viz. increased crop yields, enhances
the GWP of CH4 considerably as shown by Reilly using a somewhat differently defined GWP
[16]. The GWP value of 50 used by Van de Vate tries to take into account the indirect effects of
CH4 and some of the CO2 fertilizing effects. Another factor that increases the GWP value, is
related to the uncertainty in the atmospheric residence time of CO2 which has been assumed to be
ca. 100 years. This uncertainty is due to a "missing sink" of CO2 which probably is in the
terrestrial biosphere [11]. This sink is not dealt with in the model by which the effective residence
time of 100 years was calculated in 1982. Likely the residence time of CO2 will be much smaller,
which then will increase the GWP as is obvious from the above equation. This is also considered
in the relatively large GWP of 50 of Van de Vate.

3 In its recent plenary meeting of November 1994 IPCC has adopted a new, larger value for the atmospheric
residence time of CH4. ca. 14 years, in stead of the earlier value of ca. 10 years. According to the above
equations this leads to an increased GWP of CH4 (Table IV).
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TABLE III. GLOBAL WARMING POTENTIALS (mass basis) OF ATMOSPHERIC METHANE
RELATIVE TO CARBON DIOXIDE

Literature

IPCC-1990 [12]

IPCC-1990 [12]

IPCC-1992 [13]

Ybema [14]

Ybema [14]

Derwent [15]

Reilly [16]

Lashof [17]

Rohde [18]

Rohde [18]

Lelieveld [19]

Lelieveld [19]

Van de Vate [20]

GWP

6

21

11

6-14

12-40

29

92

10

15

30

12

15

50

direct/indirect
effects

direct

direct & indirect

direct

direct

direct & indirect

direct & indirect

direct & indirect &
fertilizing effect

direct

direct

direct & indirect

direct

direct & indirect

direct & indirect &
fertilizing effect

time
horizon
(years)

100

100

100

100

100

100

20

1000

100

1000

100

100

100

CO2

residence
time (years)

120

120

120

150

150

120

120

230

120

120

120

120

< < 1 0 0

The energy relevant GHGs are CO2, CH4, N2O, and CF4. Table IV lists the GWPs of these
GHGs, recently adopted by IPCC, for different time horizons of analysis (T in the above
equation). This time horizon is crucial for the GWPs of short-living GHGs such as methane. The
tentative GWP values of IPCC4 take into account the indirect effects and the additional uptake of
CO2 by the biosphere. They do not account for additional CO2 fertilization (i.e. a shorter CO2

atmospheric residence time) at future higher atmospheric CO2 levels. For CO, CxHy, and NOX no
GWPs are given in Table IV. These gases are indirect GHGs, affecting the greenhouse through
influencing atmospheric chemistry and in turn CH4 residence time and O3 levels.

4 As mentioned above, IPCC has adopted in its recent plenary meeting of November 1994 the new, larger
values of the GWPs of the non-C02 GHGs, which were approved by the IPCC WGI in its plenary meeting
of September 1994.
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TABLE IV. DIRECT GLOBAL WARMING POTENTIALS (mass basis) OF ENERGY
RELEVANT GREENHOUSE GASES FOR DIFFERENT TIME HORIZONS3

formula

CO2

CH4

N2O

CF4

CO

C,Hy

NOX

compound

carbon dioxide

methane

nitrous dioxide

carbon
tetrafluoride

carbon
monoxide

non-methane
hydrocarbons

nitrogen oxides

residence
time
(yrs)

100-200

10
(14+3)

130(120)

50 000-
100 000

0.3

<0.1

1-7 days

GWP
20 yrs

1

35
(62 ±20)

260(290)

-

-

-

-

GWP
100 yrs

1

11
(25+7.5)

270(330)

104

(4xl03)

-

-

-

GWP
500 yrs

1

4
(7.5+2.5)

170(180)

-

-

-

-

indirect
effect

0

+ +

0

0?

+

+

0

GWP
(Vande

Vate)

1

50

260

104

-

-

-

' IPCC 1992 Supplementary Report; IPCC/WGI tentative values are in brackets. Included are the GWPs of
Van de Vate.

Global Warming Potentials are expected to play a very important role in policies and
negotiations concerning lowering greenhouse gas emissions. This policy context of GWPs has
been well formulated by the above mentioned Workshop on the Scientific Basis of GWP Indices
[8] in the following selection of its findings:

GWPs could function as a quantitative signal to industries and policy makers, thereby
encouraging some climate benign activities and discouraging others;

GWPs can contribute to economic assessment of trade-offs between technologies, e.g.
weighing with GWPs in comparing methane and gasoline in transportation use;

GWPs can be used to rank total emissions of different countries, i.e. a GWP-scaled emission
for each country that includes all GHGs and hence would represent that country's current or
projected contribution to the global radiative forcing;

GWPs allow a quantitative basis to a "basket" approach to GHG emission reductions in
emission "trading" within national quota.

The Framework Convention on Climate Change (FCCC) came into effect April 1994 and
was signed in Rio 1992 by over 150 countries. The actual national commitments to be made in
order to lower worldwide emissions of all GHG require consensus about GWPs. Even small
uncertainties in GWPs will have high financial and political consequences.
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4. CONCLUSIONS

Climate change strictly speaking comprises both the stratospheric ozone destruction and the
anthropogenic greenhouse perturbation. The energy consumption relevant greenhouse gases are
CO2, CH4, N2O, and CF4, of which CO2 and CH4 dominate in this context. The global budgets of
sources and sinks of CO2 and CH4 are rather uncertain, which affects the reliability of the Global
Wanning Potential of CH4.

The global emission rate of CO2 is increasing (4% per year) and is still dominated by that of
the developed countries. The CO2 emissions from the non-OECD European countries show a
sharp decline after ca. 1989. USA, Japan and Brazil show much slower increases (ca. 5% per
year). The OECD and EU countries had rather stable emission rates after 1973. Developing
countries such as China, India and Indonesia have strongly increasing CO2 emissions (ca. 15% per
year), which could lead to a contribution from the developing countries becoming dominant early
next century.

The availability of the GWPs of the non-CO2 greenhouse gases (GHGs) is essential for total
energy chain assessments of GHG emission factors of energy sources. Literature GWPs scatter
considerably. The uncertainties in GWPs largely stem from uncertainties in the atmospheric
residence time, in the possible fertilizing effect of CO2, and in the magnitude of indirect effects of
non-C02 GHGs. The choice of the time horizon is another important, though external, factor of
influence on the GWP. GWPs have high political importance in the post-UNCED era of the
Framework Convention of Climate Change.
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LIFE CYCLE ANALYSIS OF ELECTRICITY SYSTEMS: XA9642817
METHODS AND RESULTS
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Institute of Energy Economics and the Rational Use of Energy,
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Stuttgart, Germany

Abstract

The two methods for full energy chain analysis, process analysis and input/output analysis, are
discussed. A combination of these two methods provides the most accurate results. Such a hybrid analysis of
the full energy chains of six different power plants is presented and discussed. The results of such analyses
depend on time, site and technique of each process step and , therefore have no general validity. For
renewable energy systems the emissions from the operation of a back-up system should be added.

1. INTRODUCTION

Besides "conventional" issues, such as the provision of energy services with low costs,
today's energy supply planning has to take into account environmental preservation and other
aims. Aims of the energy policy - as formulated in German energy programs - are:

- security of supply
- low costs
- avoidance of risks for human health
- protection of limited natural resources
- protection of the environment
- consideration of the interests of developing countries
- inclusion of the interests of future generations.

One aspect at the centre of public and expert's discussion is global warming. This is
considered to be a problem caused by the emission of greenhouse gases (GHGs) like CO2, CH4,
N2O etc.

The assessment of energy technologies has to take into account all these aims. Typical
questions to be answered in assessing energy technologies are

Assessment of weak points: What are the major problems or weak points of a technique?
Are improvements possible?

Choice of techniques: What technology or energy system should be chosen from different
alternatives to meet a future energy demand?

Assessment of a Technology: Is it useful to apply a technology? What should be the role of
an energy technology in a future energy system?

Strategies for reducing negative effects: What is the most efficient strategy (bundle of
measures) to reduce negative effects caused by energy supply-systems (e.g. reduction of
greenhouse gas emissions)?

Future energy systems: How should a future optimal energy system look like?
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A necessary tool to answer these questions is the Life Cycle Analysis (LCA) which allows
to assess the entire economic, environmental and social impacts related to a product, service or
technical system. 'Entire' means, that the impacts of upstream and downstream processes have to
be included in the analysis. LCA can be subdivided into the four steps "system definition",
"inventory analysis", "impact assessment" and "evaluation".

In the "system definition" the topic of the LCA has to be defined precisely. This includes
the definition of the object under study (product, service, system or technique), but also the
description of the boundaries of the assessment, aims and criteria of the analysis, time horizon and
methodical assumptions. In the case of a comparative assessment the compared objects should
have the same function, e.g. for electricity the same security of supply. The goal of the second
step, the "inventory analysis", is the quantification of input and output flows of substances, heat,
oscillation, etc.

The third step is the "impact assessment" which includes the quantification of effects or
damages that are caused by the input and output flows of the system to be analyzed.
In the last step, the impacts have to be evaluated and to be summarized into one single
characteristic. There are still no general rules. One approach is the monetization of impacts. It
deduces monetary weight factors from individual preferences and from economic damages caused
by the impacts. However, it should be noted, that for most technology assessments, other methods
have to be combined with LCA. In principle, LCA is able to answer the above first and second
question, i. e. the comparison of techniques, that could meet a certain additional demand and the
assessment of weak points of a technology or system.

For assessments involving the whole national energy system, e.g. for the estimation of the
role and potential of a technology within a future energy system or the identification of efficient
emission reduction strategies, it is more appropriate to use energy optimization models, that reflect
the processes and links of the whole energy system. Nevertheless, LCA is then useful to
determine the input and output flows of the different processes.

In the following the methods to carry out a LCA are described. These methods then are
used to calculate greenhouse gas emissions for several energy technologies that produce electricity
in Germany.

2. METHODS OF INVENTORY ANALYSIS

In principle, there are three methods for carrying out a LCA: process analysis, input/output
analysis and a combination of these two methods.

Traditionally, the process analysis is used to perform the inventory analysis. Process
analysis is a micro analysis in which a complex system is divided into well defined process steps.
Fig. 1 shows as an example a power plant as a process, that needs various inputs and, apart from
its main output (electricity), produces various impacts on the environment. Since the input of a
process stems from other processes, and, moreover, usually the output of a process again is input
to another process, a process chain can be assembled by linking these input and output processes.
Although a process chain usually has a defined end (e.g. one kWh of electricity produced or
delivered), it doesn't have a clear beginning, because each process in the chain needs inputs
delivered by other processes, etc. (Fig. 2). This means, that it is necessary to stop somewhere
within the upstream part of the process chain and to leave the remaining links untreated. E.g. one
could cut the chain after a certain number of steps have been regarded. However, then the error
caused by the cutting of the chain remains uncertain.

A possible way to avoid this difficulty and to analyze all intermediate products is the use of
input/output (I/O) analysis, since the I/O tables of a national economy describe the entire
production of the branches and their interdependencies. Making the assumptions that no change
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ig. 2. Process analysis of a coal fired energy supply system.

of stock and no substitution take place, the total production required for providing a final demand
can be calculated (Fig. 3). Branch specific emission coefficients can be deduced from production
statistics, emission statistics and the energy balance of a country, so that a specific coefficient
matrix can be created. Multiplying the production required in the different sectors of the
economy with the corresponding emission coefficients gives the emissions for the whole life cycle
(Fig. 4).
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Fig. 4. Estimation of emissions caused by an additional demand using I/O analysis.

The advantage of I/O analysis is, that results for the whole chain are achieved with a
relatively small effort, provided suitable I/O tables are available. Of course, only emissions from
within a country are obtained. Imports, which have caused emissions outside the country, have to
be assessed separately. The main disadvantage of I/O analysis is, that each sector generally
includes economic activities with many technical processes which are very different. Therefore,
I/O analysis averages over technical processes instead of looking precisely at the process that
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should be evaluated. Of course, the more sectors are included in the I/O table, the more accurate
are the results. However, in most West-european countries I/O tables have less than 100 sectors.
Generally, it is more accurate to look directly at the process instead of analyzing the economic
sector in which the process is incorporated. For this reason a combination of process analysis and
I/O analysis, with the advantages of both methods, might achieve an acceptable degree of
accuracy on the one hand and an entire balance of emissions with an acceptable data requirement
on the other hand.

To include the full branch production connected with a product or service, the balance has
to start from I/O analysis. Then the processes and process chains that are to be balanced by
process analysis have to be decoupled from the I/O analysis. It is general experience that a
relatively small number of processes is sufficient to cover a substantial part of the LCA, so that an
acceptable degree of certainty is achieved.

In order to avoid double counting of process emissions, the monetary value of the output of
the process can be subtraced from the monetary value of the process sector (part 1 in Fig. 5). If
not only one process, but several processes of a chain are calculated with process analysis, then
the monetary values of this process chain have to be subtracted from the corresponding values of
the I/O analysis. The equation for that is provided in part 2 of Fig. 5. As an example of a
combined analysis the total GHG emissions caused by truck transportation are calculated using the
German I/O table of 1988.

(1)

(2)

Decoupling of the process providing the final demand Y_*

2 * = (E-A)"1 Y* - Y*

Additional Decoupling of a process chain (providing the products Y_v)

*K>T = ( E ' A ) 1 ( Y * ' Yv> • Y *
prooaaa ohain

O -
analysia

~ *
I 1 ^ v

Fig. 5. Combined use of process analysis and I/O analysis.

In 1988 the average costs of transportation by truck amount to 0.235 DM per tkm (ton-
kilometers). This service is provided by sector 48: "achievement of other traffic". Sector 48
receives supplies from sector 10, "petroleum products", at the rate of 0.0736 DM per DM output.
Using these data, I/O analysis yields an estimate of the emissions of 83.3 g CO2 eq. (equivalent)
per tkm. If the process of truck operation is "subtracted" and the "process" emissions of truck
operation are added, one obtains 205.7 g CO2 eq./tkm. However, applying process analysis also
to fuel supply, the outcome is 218.2 g CO2 eq./tkm. From that amount, only 28 g CO2 eq./tkm
stems from I/O analysis. This shows, that the use of hybrid I/O-process analysis improves the
result considerably.
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The following hypothetical electricity supply systems, assumed to be in operation in
Germany, were analyzed:

a coal-fired power plant:

a lignite-fired power plant:

a nuclear power plant

a solar power station:

a wind power station:

689 MW gross, net efficiency 37.6 %, 4010 full load
hours/year, lifetime 35 years;

624 MW gross, net efficiency 36.2 %, 7500 full load
hours/year, lifetime 20 years;

1300 MW gross, LWR, 6000 full load hours/year, lifetime
30 years;

25 kW, polycrystalline cells, production 23 MWh/year,
lifetime 25 years;

0.5 MW, production 1200 MWh/year, lifetime 20 years.

Emissions were calculated with a combination of process analysis and I/O analysis as
described above. Fig. 6 shows the results for the coal fired power plant subdivided into process
step and I/O method used. Obviously, the emissions not covered by the process analysis amount to
only 1,4 % of the total emissions. The main contributors are the operation of the power plant and
the methane emissions from the coal mine. The emissions of greenhouse gases were expressed in
g CO2-equivalents using the IPCC greenhouse warming potential (GWP) for a time horizon of 20
years- For such a time horizon the GWP of CH4 is 35.
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Fig. 6. Combined analysis of the coal fired energy supply system.
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Fig. 7 shows the aggregated results from our analyses of electricity generation systems.
Nuclear power generation and power generation by wind turbines have the lowest GHG emissions,
both in the range of about 18 g CO2 equ./kW(el).h. The electricity supply by solar-power station
causes GHG emissions of 279 g CO2 equ./kW(el).h, whereas the highest GHG emissions are from
power plants fired with fossil fuels, such as lignite, 1175 CO2 equ./kW(el).h, and coal, 1290 CO2

equ./kW(el).h. One should keep in mind that the effect of global warming is only one aspect to be
considered in technology assessment of energy supply systems.
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Fig. 7. Greenhouse gas emissions from various energy systems.
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Table I presents other environmental and health impacts caused by electricity generation.
The error bars in Table I do not represent the uncertainty of the calculated values. They result
from the assessment of different options, e.g. underground or open pit mining, assumption of
different average wind speed, etc.

TABLE I. ENVIRONMENTAL AND HEALTH IMPACTS OF POWER GENERATING
SYSTEMS

Emissions (kg/GW.h)
-SO2

-NOX

- dust

Land use (m2/GW.h/a)
- totally built over

- restricted usage

- mining

Occupational risks
- death/TW.h

- illness & injury/TW.h

Public risks
- death/TW.h

- illness & injury/TW.h

Wind

10.9-23.5

16.0-34.2

2.0-4.3

1300-2300

10 600-
71000

0

0.02-0.05

80-200

0.0005

0.23-0.25

Solar

300-380

300-380

60-80

0-47 200

0

0

0.10-0.19

600-1100

0.009-0.011

0.44-0.54

Coal

704-709

717-721

150

30-60

1400

250-20 700

0.22

2300

0.21-0.74

0.80-12.0

Nuclear

33-50

64-96

6-8

54

620

1350

0.04-0.11

209-218

0.002-0.1

0.06-0.31

3. EVALUATION OF THE RESULTS

For assessing different technologies, the advantages and disadvantages of the various
technology options have to be compared. This means, that e. g. differences in greenhouse gas
emissions have to be weighed against differences in costs or number of injuries. One possibility to
do this in a consistent way is to express all impacts into the some unit, e.g. monetary values. This
can best be achieved by monetization of the damages caused by each of the technologies. In the
case of greenhouse gas emissions, there are some studies available that estimate the costs of global
warming. Some US authors estimate the costs of ca 0.1-0.7 US cents per kW.h for greenhouse
impacts from a coal-fired power plant. However, these estimations are still very uncertain, not
allowing political decisions to be based on these figures.

One possibility to overcome this difficulty is to estimate abatement costs for achieving a set
goal of GHG emission reduction. For example the German government aims at reducing the
German CO2-emissions by 25 - 30 % from 1987 to 2005. After examination of the possible
emission reduction measures and their costs, the marginal reduction costs for meeting this aim can
be deduced. For the above mentioned German aim marginal costs amount to 80-100 DM/tonne of
CO2 (ca. 6-8 Pf/kW.h for a coal-fired plant), if due to lacking acceptance no new nuclear power
plants can be built. If the construction of nuclear power plants is allowed, marginal costs decrease
to ca. 40 DM/t CO2. Another possibility to express GHG emissions into monetary units is to use
existing or planned CO2 taxes as a reference. For example, the European Union plans to introduce
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a combined CO2/energy tax. The taxation would increase year by year from 2.8 to 9.4 ECU per
tonne of CO2 (1 ECU = 2 DM) in combination with an energy taxation that increases from 0.2 -
0.7 ECU per GJ.

LCA results can be compared only of electricity generating systems that fulfill the same
supply task. For example, it would be incorrect to compare the GHG emitted from production of
1 kW.h of coal-fired electricity with that from 1 kWh of wind power. For a wind turbine is an
intermittent power source, and cannot produce this kWh with the some security of supply as the
coal-fired plant. Therefore, instead of comparing techniques, systems that are able to provide
electricity according to demand with some security of supply, should be compared. This means
that a combination of a wind power plant e.g. with a coal-fired power plant as back-up-system has
to be compared with a coal-fired plant.

4. SUMMARY

For assessing the contributions of different electricity generating systems to the greenhouse
gas emissions, the full energy chain including the fuel cycle and the construction and demolition
of the plant should be analyzed.

A full-energy-chain assessment should be performed by using the process analysis method,
if necessary complemented by an input/output analysis.

The results of a full-energy-chain assessment depend on time, site and technique of each
process step. No universally valid numbers can be given.

For renewable energy systems the emissions from the operation of a back-up system should
be added.
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OVERVIEW OF EXISTING STUDIES
ON FULL-ENERGY-CHAIN (FENCH)
EMISSIONS OF GREENHOUSE GASES

J.F. VAN DE VATE
Division of Nuclear Power,
International Atomic Energy Agency,
Vienna

Abstract

Literature on investigations into full-energy-chain emissions of greenhouse gases is scanty. Fourteen
different studies are reviewed most of which deal with energy use only in parts of the fuel chain or with
CO2 only. The scatter in full-energy-chain emission factors of individual energy sources is not very large,
except that in the emission factors of gas-fired power, biomass-fueled power and hydropower generation.
The sources of this scatter are discussed. Fossil fuels have emission factors in the range of 500-1200 g CO2

equiv./kW(e).h. Wind, nuclear and geothermal power generation are in the range of low emission factors:
10-70 g CO2 equiv./kW(e).h. Emission factors of hydropower and sustainable biomass-fueled power
generation range 10-400 and 40-180 g CO2 equiv./kW(e).h, resp. The solar and ocean power generating
sources are in the range of 100-300 g CO2 equiv./kW(e).h.

1. GENERAL DISCUSSION

FENCH studies on GHG emission factors deal with emissions of all GHGs from all GHG
intensive fluxes of energy and materials within and into the whole energy chain. There are only a
few of such studies and they are difficult to access because they have been published either in
conference proceedings or as an institute report, and often in a language which is not an UN
language. This low accessibility could indicate that the relevance for policy-making is not yet
large. One of this workshop's aims is to discuss and promote the use of FENCH-GHG emission
factors in energy planning.

Some FENCH studies deal with the energy fluxes only, not accounting for the emissions
associated with the materials fluxes. These "net energy" studies were popular in the 1970s.
However, though incomplete from our point of view they could be made complete by adding the
GHG emissions associated with the materials fluxes. Though some of these older investigations
need some updating, but by completing such "net energy" studies they could add the existing
small set of FENCH-GHG data. Unfortunately, with a few exceptions the net-energy analyses of
the 1970s have evaluated only nuclear energy and the fossil fuels. They did not include the
renewable energies. In general, the older analytical results on these energies should be considered
with reserve in view of the important technological progress since the 1970s in the field of
renewable energies. Similarly, present FENCH-GHG assessments of renewable energies, which
are still in the stage of development (such as solar photo-voltaic), should also not be used as the
ultimate indicator of the climate benignancy of the future mature energy technology.

The present overview of existing FENCH-GHG assessments, will give an impression of
what has been achieved until now. In view of the rather limited accessibility of these studies, an
overview will probably not be exhaustive. Moreover, it consists of a mixture of FENCH-GHG
data on energy sources of different methodological origin which have to be made comparable in a
number of cases by modifying, or by combining, with information from different sources. The
necessity to modify and the inherent subjectivity of such modifications indicate that international
consensus is required about the methods and data bases for FENCH-GHG investigations. This is
one of the main reasons for convening this workshop.
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In a general discussion of the review, a few studies will be discussed in some detail,
particularly the FENCH-GHG emission studies of nuclear energy, natural gas, hydropower and
sustainable biomass. Sustainable biomass is defined as biomass which is grown by sequestering the
CO2 emitted from combustion of the same amount of biomass carbon. This is considered to be
attractive in view of a neutral atmospheric CO2 balance.

2. REVIEW OF FENCH-GHG EMISSION FACTORS

Figs. 1 and 2 illustrate the set of FENCH-GHG emission factors of 13 different energy
sources. Fig. 1 represents the energy sources with higher emission factors, such as the fossil
fuels; Fig. 2 shows those with the lower emission factors, such as the renewable energies. The set
of energy sources displayed in this overview is almost identical to that of the extensive CRIEPI
study by Uchiyama [1], because this CRIEPI study of 13 energies covers by far the most energy
sources. Twenty years lifetime of installations has been assumed in all cases.

350

300

250

200

150

100

50

0

g CO2 equiv. per kW.h(e)

nuclear
geothermal wind

wave
tidal

ocean
thermal

solar tower

solar cyl
coll.

jllchiyama 27.0 42.0 74.0 152.0 | 128.0 I 132.0 227.0 328.0
jYasukawa 33.0 40.0 33.0
iLewin 28.0 11.0
iSan Martin 7.8 57.0 7.4 304.0
j Science Cone. 11
van de Vale L J

25.0
7.4 62.0

Weis 12.0
Moraw 14.5
Frilsche 54.C 15.0

JVFW3194

Fig. 1. Full-energy-chain emission factors of greenhouse gases of the fossil fuels, nuclear power
and some renewable energy sources (see also the list of literature references).

The fossil fuels have the highest emission factors: 500 - 1000 g CO2 equiv./kW(e).h. This is
due to the combustion step associated GHG emissions which should not be levelized over the
installation life-time. The coal values range from ca. 900 - ca. 1000 g CO2 equiv./kW(e).h with
one exception: Levin's value of more than 1200 g CO2 equiv./ kW(e).h for which there is not yet
an explanation. Oil has a relatively narrow range of 700 - 800 g CO2 equiv./kW(e).h. Apart from
two very high emission factors of ca. 1200 g CO2 equiv./kW(e).h, natural gas could be the most
climate benign fossil fuel with its 450 - 650 g CO2 equiv./kW(e).h. The two high values are
recent data from Sullivan [2], Australia, and from Van de Vate [3], IAEA, Austria. The increased
emission factors are due to the accounting for methane emissions from losses of natural gas during
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Fig. 2. Full-energy-chain emission factors of greenhouse gases of nuclear power and some
renewable energy sources (see also the list of literature references).

its production, transmissions, and distribution to the end-user. The lack of reliable internationally
accepted values of the GWP of methane is an important factor in the large scatter in emission
factors of natural gas (see also the contribution "Climate Change and Global Warming
Potentials").

Hydropower, sustainable biomass and solar PV all show substantial scatter. Fig. 1 displays
large error bars in the emission factors for these renewable energies, even a negative value. The
reasons for this scatter are different for each of these energies. The reason for the scatter in the
solar PV data is most unclear; it could be related to different chain assessments. San Martin's
extremely low, even negative, emission factor for biomass energy [4] is caused by incomplete
chain assessment. San Martin assumes permanent sequestering of CO2 in in-soil biomass such as
roots. This is not realistic: the in-soil biomass biodegrades within 5-10 years after above-ground
harvest, returning the carbon to the atmosphere as CO2 and possibly CH4. The studies of
Turhollow [5] and Van de Vate [3] are based on net-energy analyses of biomass energy,
accounting for the energy used for the agricultural activities associated with biomass energy
production. Van de Vate uses the net-energy data of Born [6]. In this study also the fate of carbon
sequestered in in-soil biomass is discussed and he assumes that, after harvesting the above-ground
biomass, 1 % (a few days per year) of the in-soil biomass to CH4 degrades anaerobically.
Moreover, N2O emission from fertilizer use was accounted for.

Hydropower, generally, shows low emission factors in the range of 10 - 35 g CO2

equiv./kW(e).h. However, Rudd et al (Ontario Hydro) [7] and Van de Vate took into
consideration also the emissions of CH4 from anaerobic degradation of the organic material
inundated at the bottom of the hydropower plant's water reservoir. Accounting for this CH4 source
leads to emission factors for hydropower which are 5 -10 times higher. Rudd has used methane
measurements of CH4 above Canadian water reservoirs.
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Fig. 2 shows that the three mature-non-fossil energy sources (wind, nuclear and geothermal
energy) have low emission factors all in the range of 10 - 70 g CO2 equiv./kW(e).h Nuclear
energy is a special case because it has a very complicated energy chain due to its fuel
manufacturing step and its waste management activities. This may lead to different emphasis on
parts of the fuel chain. Therefore, reported assessments of CO2 equiv. emission factors of the
nuclear energy chain are rather global. However, there are good reasons of analyzing this chain in
much more detail, in view of not so obvious emission sources such as the emissions of N2O from
the dissolution of spent fuel in nitric acid. That this source can be neglected (ca. 5 g CO2

equiv./kW(e).h), can be established only by doing the calculation. One might expect a large
scatter in the emission factors of nuclear energy, which (neglecting the probably obsolete low
figure of 5.4 mg CO2 equiv./kW(e).h of San Martin [4]) surprisingly is not the case. Only
Fritsche's estimate is relatively high [8]; lack of detailed information on this study makes
explanation speculative.

The wind energy data scatter substantially: 7-70 g CO2 equiv./kW(e).h. The high figure of
Uchiyama [1] (74 g CO2 equiv./kW(e).h) cannot be interpreted because of low accessibility of the
publication (in Japanese). Obviously, both Japanese studies, [1] and [9], are on the high side,
which could have to do with a low capacity factor of wind turbines in Japan.

The emission factors of geothermal energy are within the small range of 40 - 60 g CO2

equiv./kW(e).h.

The remaining ocean and solar energies, including solar PV, show relatively high GHG
emission factors in the range 100 - 300 g CO2 equiv./kW(e).h, probably because of being in an
early stage of technological development. With the exception of solar PV, the review given of
these energy sources had to rely almost exclusively on the Japanese CRIEPI study [1].

3. SOURCES OF SCATTER IN FENCH-GHG EMISSION FACTORS

3.1. The example of biomass energy

Biomass is a good illustration of substantial uncertainty in its emission factor due to the
many variables with limited reliability of the system. The definition of its energy chain in terms of
its system boundaries and the fluxes of materials and energies, creates a large scatter in its
emission factor. San Martin [4] only accounts for the CO2 sequestering in the roots, whereas
Turhollow [5], Bora [6] and Van de Vate [3] also account for the fluxes of energy and materials
(fertilizer) associated with all activities in the FENCH of sustainable biomass. Bora and Turhollow
do not account for emissions of GHGs other CO2. Van de Vate also accounts for the emissions of
CH4 and N2O. Table I provides an analysis of the sensitivity of this study. Remarkably,
accounting for the release of CH4 from biodegradation of the in-soil biomass, the root system,
substantially increases the emission factor more than three-fourth. Increasing the GWP of CH4 by
a factor of almost five1, doubles the emission factor. Increasing the GWP of N2O 2.5 times (H.I
versus H.4) changes the emission factor by +50%.

1 The high GWP value of 50 for CH< is double the GWP of CH4 recently adopted by IPCC.
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TABLE I. SENSITIVITY OF THE CO2 EMISSION FACTOR OF BIOMASS ENERGY
(in g CO2 equiv./kW(e).h of biomass energy) TO VARIOUS FACTORS OF
SEQUESTERING OF CO2 IN BIOMASS IN THE SOIL

Uncertainty
ranges

L.I

L.2

L.3

H.I

H.2

H.3

H.4

Sequestering fractions
Fl1 F22 F33 F44

0.33-
0.50

0.33

0.33

0.33

0.50

0.50

0.50

0.50

0- ! 0-
0.01 ! 0.1

0.01

0.01

0.01

0.01

0

0

0

0.1

0

0

0.1

0

0

0

1
0-

0.01

0.01

0.01

0

0.01

0.01

0.01

0

GWP
F55 F66

11-
50

11

11

11

11

11

50

11

100-
270

100

100

100

100

270

270

270

Emission factors

In-soil
biomass7

24

25

10

29

62

145

39

Total
biomass8

52-71

53-72

48-58

58-77

90-109

173-192

67-86

1 Fl = in-soil fraction of biomass.
2 F2 = "permanent" fraction of in-soil carbon.
3 F3 = fraction of in-soil biomass used for energy production.
4 F4 = fraction of in-soil biomass degraded to CH4.
5 F5 = global warming potential of CH4.
6 F6 = global warming potential of N2O.
7 Total emission factor of biomass including the upstream emissions of greenhouse gases; Born estimates
this to be ca. 37 g CO2 equiv./kW(e).h of biomass energy.
8 Biomass emission factor associated with the in-soil carbon.

3.2. Sources of scatter in FENCH-GHG emission factors

The use of different methods and data bases can be the reason for large scatter in emission
factors of individual energy sources and limits the comparability of the emission factors of
different energy sources. Table II gives an overview of the different FENCH-GHG studies in
terms of their comprehensiveness and the methods used. The study by Van de Vate [3] deals with
all GHGs, viz. CO2, CH4, N2O, and CF4. Apart from investigations by Uchiyama [1], who
considered natural gas releases, all other studies focus on CO2 almost exclusively.

Firstly, comprehensive assessment of FENCH-GHG emission factors requires expressing
emissions of different GHGs in a common unit. As shown in Table II, only a few studies account
for emission sources of non-CO2 GHGs such as CH4 and N2O. The exceptionally high emission
factors in our review of natural gas, hydropower and biomass, are from those studies which
account for the non-CO2 GHGs, in particular CH4. This has two aspects. The conversion factor to
be used is the GWP which is needed for the conversion of amounts of non-CO2 GHGs into CO2

equivalents. There is uncertainty about the so-called indirect effects of non-CO2 GHGs. Also the
uncertain effective atmospheric residence time of CO2 adds to the uncertainty in the GWPs to be
used. In its First Assessment Report [10] of August 1990, IPCC has recommended GWPs for
non-CO2 GHGs including the indirect effects. However, in 1992 in its Supplementary Report [11]
IPCC recommends GWPs which are based only on the direct effect of trapping IR radiation. IPCC
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leaves open future changes in GWPs. This has become an important source of uncertainty. Rudd
and Van de Vate have been using GWPs for CH4 of 60 and 50, resp. The studies using the
present IPCC values of the GWP of CH4 assume this GHG to be only 30 times more effective as
a GHG than CO2.

Secondly, as Table II shows, the reviewed FENCH studies use different analytical methods,
viz. input/output (i/o) analysis and process analysis, which can lead to different results. Process
analysis can lead to GHG emission factors with a large bias. Process analysis is a tedious method
and requires inventiveness, which can easily lead to unintentional overlook of important emission
sources or to giving excessive weight to minor emission sources. One of the aims of this
workshop is to make experts and policy-makers aware of such subjective elements in FENCH-
GHG studies. I/o analysis has also its inherent uncertainties. The economic data bases needed for
i/o analysis are often outdated and incomplete, and the commodity sectors usually are inadequately
aggregated. Born [13] in his study on biomass energy has discovered some important pitfalls in
this method and had to make tailor-made corrections.

TABLE II. ASPECTS AND GREENHOUSE GASES INVESTIGATED AND
METHODOLOGIES USED IN VARIOUS FULL-ENERGY-CHAIN STUDIES OF
GREENHOUSE GAS EMISSION FACTORS (for numbering of energy sources see Table III)

Uchiyama
d-13) [1]

Yasukawa
(1-7; 13) [9]

San Martin (1-7;
10;13;14) [4]

Lewin(l; 3-4; 7;
10; 13) [12]

Fritsche (1; 3-4;
7; 13) [8]

Science Concepts
(1-4) [13]

Rudd (5) [7]

Van de Vate
(1-3; 5; 7; 11;
13-14) [3]

Haene (13) [14]

Born (14) [6]

Turhollow
(14) [5]

Sullivan (1) [2]

input/out-
put

analysis

+

+

+

(+)

+

process
analysis

+

+

+

+

+

+

+

+

energy
flux

related
emissions

+

+

+

+

+

+

+

+

+

+

materials
fluxes
related

emissions

+

+

+

+

+

+

+

+

+

CO2

+

+

+

+

+

+

+

+

+

+

all
GHGs

(CH4)

CH4

+

CH4
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TABLE III. LIST OF ENERGY SOURCES INVESTIGATED CONCERNING THEIR
FULL-ENERGY-CHAIN GREENHOUSE EMISSIONS AND THE NUMBERING
USED IN THIS REPORT

coal

1

wave

8

oil

2

tidal

9

(L)NG

3

ocean
therm

10

nuclear

4

solar
tower

11

hydro

5

solar cyl.
coll.

12

geother-
mal

6

solar PV

13

wind

7

sustain,
biomass

14

4. SUMMARY

Literature on Full-Energy-Chain Greenhouse Gas emission factors is limited and of low
accessibility. The above overview of the emission factors gives a plausible impression of the
climate benignancy of almost any energy source: the fossil fuels, nuclear and hydropower,
biomass energy, and solar and ocean energies.

The fossil fuels with their combustion associated CO2 emissions, and inherent CH4 emissions
associated with its production and transport are a separate category of high GHG emission factors,
ranging from 500 - 1200 g CO2 equiv./kW(e).h. Future energy efficiency improvements could
lower these emission factors considerably but it is unlikely that the large gap between fossil fuels
and the other energy sources can be bridged. A major factor of uncertainty of natural gas is the
release of gas during production and transportation.

The emission factors of non-fossil fuel energies which are mature, viz. wind, geothermal
and nuclear energy, are very low. They are in the range of 10 - 70 g CO2 equiv./kW(e).h.

The emission factors of hydropower and sustainable biomass are uncertain due to difficulties
in accounting for the emissions of CH4 from anaerobic biodegradation from the hydropower water
reservoir and in-soil biomass, (mainly roots), resp. Hydropower and sustainable biomass energy
have emission factors in the range of 10 - 400 and 40 - 180 g CO2 equiv./kW(e).h, resp.

The renewable energy sources, which are still under development, viz. solar and ocean
energies, show emission factors of 100 - 300 g CO2 equiv./kW(e).h.

Generally, accounting for methane sources in the complete fuel chain increases GHG
emission factors substantially.

Scatter within the emission factors from different studies of an individual energy source can
be attributed to different methods and data bases. Input/output analysis suffers from
methodological weaknesses whereas process analysis suffers from the incomplete identification of
GHG sources. Data bases often are not up to date. Uncertainties in the global warming potential
of CH4 also add to the scatter in the emission factors.

83



REFERENCES

[I] UCHIYAMA, Y., and H. YAMAMOTO, Greenhouse Effect Analysis of Power Generation
Plants. CRIEPI Report Y 91005 (1992), in Japanese.

[2] SULLIVAN, K.M., Greenhouse Stabilisation and Energy, paper presented at ENERGEX
1993, Seoul.

[3] VAN DE VATE, J.F., IAEA, Vienna, Austria, this study.

[4] SAN MARTIN, R.L., Environmental Emissions from Energy Technology Systems: The
Total Fuel Cycle, U.S.DOE , Washington, D.C., USA (1989).

[5] TURHOLLOW, A.F. and R.D. PERLACK, Emissions of CO2 from energy crop
production. Biomass and Bioenergy 1(1991), 129-135.

[6] BORN, P., CO2-neutrale Energietrager aus Biomasse? Brennstoff/Warme/Kraft 44(1992),
217-274.

[7] RUDD, J.W.M., R. HARRISD, C.A. KELLY and R.E. HECKY, Are hydroelectric
reservoirs significant sources of greenhouse gases? Ambio 22(1993), 246-248.

[8] FRITSCHE, U., L. RAUSCH and K.-H. SIMON, Umweltwirkungsanalyse von
Energiesystemen: Gesamt-Emissions-Modell Integrierter Systeme (GEMIS). Oeko-Institut,
Darmstadt, Germany (1989), in German.

[9] YASUKAWA, S., Y.TADOKORO and T. KAJIYAMA, Life Cycle CO2 Emission from
nuclear power reactor and fuel cycle system. In: Proc. Expert Workshop on life-cycle
analysis of energy systems, methods and experience. Paris, France, 21-22 May 1992.
OECD-IEA (1992).

[10] IPCC First Assessment Report, August 1990, UNEP/WMO.

[II] Climate Change 1992; The Supplementary Report to the IPCC Scientific Assessment. Ed.
J.T. Houghton, B.A. Callander, and S.K Varney. Cambridge University Press, Cambridge,
UK, 1992.

[12] LEWIN, B., CO2-Emission von Kraftwerken unter Beriicksichtigung der vor- und
nachgelagerten Energieketten. VDI BerichteNr. 1093, Diisseldorf, Germany (1993), in
German.

[13] Science Concepts, Inc., Reducing Airborne Emissions with Nuclear Electricity. Report for
US Council for Energy Awareness (1990).

[14] HANE, D. and N. GRUBER, Produktlinienanalyse eines monokristallinen Silizium-
Solarzellen-Moduls, ETH Zurich Report. Zurich, Switzerland (1991), in German.

84



VALIDITY OF FENCH-GHG STUDY: XA9642819
METHODOLOGIES AND DATABASES
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Abstract

The two methods for net-energy analysis, input/output analysis and process analysis, are discussed in
view of evaluation of life-cycle emissions of greenhouse gases. The method is applied to the full energy
chains of various energy technologies, such as power generation from various fossil fuels, from nuclear
fuel, and from a large number of renewable energies, including hydropower, geothermal and solar power
systems and various ocean energy systems. Energy ratios and CO2 emission factors of different energy
technologies are discussed and analyzed concerning their sensitivity to advancement of the technologies.

1. INTRODUCTION

There is increasing interest in global environmental problems such as acid rain and global
warming. Concerning the latter effect, the CO2 problem is given most attention. Countermeasures
for CO2 include energy saving, shift to non-fossil fuels such as nuclear or natural energy,
sequestration of CO2 by forest forestation and recovering techniques to selectively remove CO2

from flue gas of fossil-fired plants.

In order to lower CO2 emissions in the future, it is necessary to make visible the effects of
environmental technologies. To do this, technologies must be reviewed in detail to evaluate their
possibilities. Full energy chain analysis of greenhouse gas (FENCH-GHG) is one of the useful
methods to analyze greenhouse gas emissions from energy supply systems. FENCH-GHG analysis
is based on the inventory analysis of greenhouse gas emissions for electricity supply systems. The
main goal of the inventory analysis is to determine the magnitude of the relevant inputs and
outputs of a defined energy technology system.

We have developed a methodology to evaluate life-cycle emissions of GHG for the total
electricity supply system that includes emissions from construction of plants, mining,
transportation and refinement of fuel. We have already reported on CO2 reduction effects of
various technologies for power generating systems [1],[2],[3].

This paper, based on the above reports, has made further analysis to update the database, to
verify the accuracy of analysis by sensitivity study and to evaluate the effect of advanced
technologies.

2. METHODOLOGY

2.1. Net-energy analysis

FENCH-GHG analysis is based on net-energy analysis to evaluate the energy inventory of
electricity supply system. Energy requirements are calculated by setting up a system of processes
along with the materials and energy flows associated widi full-energy chain processes and tracing
the primary energy inputs the system needs for its functioning.

Net-energy analysis is a subcomponent of energy analysis that examines the energy
inventory of energy conversion and conservation technologies. There are two basic methodological
techniques used in energy analysis: energy input-output analysis and process-energy analysis. The
input-output method is borrowed from economic analysis and is based on the conversion of
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economic data on inter-industry flows of materials and commodities into estimates of the
associated energy flows. Process analysis is a traditional tool of the industrial engineer,
particularly in the chemical processing industries such as iron and steel, petrochemicals and
aluminum. Process analysis focuses on a particular energy conversion or conservation system,
rather than focusing on an industry or the entire economy as in energy input-output analysis.
Features and problems of these two energy analyses are compared in the Table I.

For electricity generation systems, process analysis is a useful tool to evaluate a net energy
producer. The total input energy needed to construct and operate facilities for each fuel chain
process during a plant life can be estimated by process analysis. The energy required to construct
all process facilities, including those for material production, equipment manufacturing,
transportation and site fabrication, is defined as the "construction energy'. The "operation energy"

TABLE I. COMPARISON OF NET-ENERGY ANALYSIS METHODS [4]

Features

Problems

Input-Output Analysis

- Macroeconomic approach, Top-
Down proceeding
- Complete energy accounting
- Industrial sector evaluation

- Sector averaging
- Value-based description of materials
and energy flows
- Treatment of imports
- Treatment of investments
- Time dependence of data
- Time lag for availability of data

Process Analysis

- Engineering approach
- Bottom-Up proceeding
- Process data collection
- Technology evaluation

- Truncation error
- Amount of data
- Availability of data
- Validity of data for average
processes
- Time dependence of data
- Choice of average process and
equipments

of a process facility is defined as the energy required to operate and maintain the facility. In net
energy analysis, the operation energy of an electricity generation plant does not include fuel used
to produce electricity and the auxiliary power consumed for plant operation. The input energy of
an electricity generation system is the total life-cycle energy, i.e. the sum of the construction
energy and the operation energy consumed in all processes of the system. The output energy of
electricity generation system is the total amount of electricity produced during the plant life.

Input energy (IN) — > System (mining, refinery, generation) — > Output energy (OUT)

Energy Ratio = OUT/IN > 1; Energy Supplied = OUT - IN > 0

A comprehensive assessment of the energy requirements of an energy system focuses on the
whole chain of fuel extraction, transportation, treatment, storage, conversion and waste
management. Fig. 1 shows the energy chains of two electricity generation systems, viz. coal and
nuclear. Generally the energy chain can be divided into three main components: upstream,
conversion and downstream.

There are three approaches in net energy analysis to compare input energy with output
energy : energy ratio, net electricity supplied and consuming rate of fossil fuel resources. The
input energy consists of the primary energy of fossil fuels and the secondary energy of electricity.
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Fig. 1. Scheme of fuel chain processes of electricity generation systems.

The energy ratio R is defined as the electrical output divided by the equivalent electrical
input, and amounts to:

R = Out/(Va + Ie) (1)

where, Out = electrical output, Ie = electrical input, Ip = thermal input, and a = conversion
factor of the electricity into primary energy (2,250 kcal/kW.h).

The net electricity S is defined as the electricity energy supplied less the sum of the
construction energy and the operation energy consumed in all system processes of the power
plant:

S [kW.h] = Out - (1,,/a + IJ (2)

The consumption rate C of fossil energy is defined as the primary energy, including the
combustion fuel, required for power generation divided by the electricity supplied less the
electrical energy consumed by the whole system.

C [kcal/kW.h] = (Ip + F)/(Out - Ie)

2.2. Analysis of greenhouse gas emission

(3)

Using net-energy analysis, the life-cycle CO2 emission will be derived from the direct
emissions from fossil fuel combustion and the indirect emissions associated with the energy
consumed for construction and O&M of the electricity generation system. The analysis also
includes the methane leakages during mining and the CO2 emissions from natural gas treatment at
the well and CO2 emissions from cement production. Methane is a greenhouse gase with a global
warming potential 21 times higher than CO2 from a time horizon of 100 years.

Fig. 2 shows the analytical framework of electricity generation systems. The greenhouse
effect of a power generation system is expressed in terms of an CO2 emission factor, which is
defined as the total amount of CO2 emitted per unit of electricity, accounting also for the methane
leakage during mining and CO2 gas emitted during cement production.
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Fig. 2. Framework of greenhouse gas emission analysis.

3. RESULTS

3.1. Technologies investigated

Table II shows the characteristics of the electricity supply systems evaluated in this study,
which deals with a selection of characteristic power technologies. The inventories of energy and

TABLE II. ELECTRICITY GENERATION SYSTEMS INVESTIGATED

Gross output (MW)
Gross efficiency(%)
Capacity factor(%)

Remarks

Nuclear power

1000
33
75

- Once-through fuel-cycle
- Gas diffusion enrichment

Coal-fired power

1000
39
75

- Pulv. coal
- SOX and NOX

control

Photovoltaic solar
power plant

1.0
17
15

- Polycryst. silicon
-annual production
of 10 MW

materials are estimated for each process which is part of the full energy system. For the nuclear
power system the energy chain comprises: uranium mining, milling, gas diffusion enrichment,
fuel fabrication, power generation, spent fuel storage and decommissioning. For a coal-fired
power system, the full chain comprises: recovery & extraction, refining, transportation, power
generation and ash disposal. In contrast, for a photovoltaic power system only the materials and
energy consumption of the electricity generation plant are taken into account.

3.2. Results of net energy analysis and CO2 emissions analysis

Fig. 3 shows the energy ratios of energy technologies, assuming 30 years of a plant life.
Clearly, the energy ratio of each technology is more than unity, which is a requirement for an
energy technology in order to be a net-energy producer. Coal and nuclear show good energy
ratios: three times and five times higher, respectively, than that of a photovoltaics, considering
only the differences in capacity factors.
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Fig. 3. Energy ratio of electricity generation system.

Nuclear and coal-fired power plants are not only good net-energy producers, they also are
capable of supplying large amounts of electricity. Fig. 4 presents the results on net power
generation of a 1000 MW(e) power plant over 30 years of plant life. The net power generation
depends strongly on the capacity factor of a power plant. The average capacity factor of PV
systems in Japan is below 15%, compared to 75% of nuclear and coal power plants. This explains
that the net electricity supplied by coal and nuclear power plants is five times larger than that of a
PV system.

NucIea r

Coal

PV

Net Electr ici ty Supplied

50 100 150 200

Fig. 4. Net energy supplied of different electricity systems.

An electricity generation system consumes substantial fossil fuel directly and indirectly. Fig.
5 shows the consumption rates of fossil fuel per unit of kW.h produced by a power plant using
nuclear, coal or solar energy. Obviously, nuclear is the lowest in fossil fuel consumption: 1/16
and 1/160 of that of PV and coal power systems, resp.

NucIea r

Coal

PV

Consumption of Fossil Fuel[kcal/kWh]

0 100 200 300 2,500 2,600

Fig. 5. Consuming rate of fossil fuel for electricity generation system.
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The results on CO2 emissions per kWh for different electricity generation systems are
displayed in Fig. 6, the methane leakage being included. The CO2 emission from fossil fuel
combustion is large compared with the indirect CO2 emissions from construction and operation of
the generation facilities. The CO2 emissions per kWh of nuclear and renewable energy plants are
considerably smaller than that of a coal-fired power plant.

COz Emission Factor[g-C/kWh]
o so foo FT5 2T0 2T0 300

Nuclear

Coat

PV

15. 7

|f 2 4 i

834;

i Fuel

\ I I
Combustion 1 | 270

Construction and O&M

Fig. 6 . CO2 emissions from electricity generation systems.

The indirect emission sources of greenhouse gas of generation systems are shown in
Fig. 7. The indirect sources are different for different generation systems: the most prominent
source of indirect emission is the O&M of facilities for nuclear, the methane leakages from coal
mining and the construction of PV facilities. The CO2 emission from construction of fuel
processes and generation facility of nuclear and coal systems is much smaller than that of PV
because of less energy input of the construction in full energy chains of the former two energy
systems.

C0 2 Emission Factor [g-C/kWh]

0 1. 0 0. 2 ' ° 20 30

Ŝissd:;,;;: 6. 8:::d 34PV

Construct ion 0 8 M Methane Gas Leakage

Fig. 7. Indirect CO2 emissions from construction and operation of facilities.

3.3. Sensitivity study

Since thermal and electrical energy forms could be involved in the analysis, the question is how to
account for thermal energy. Generally, 1 kW.h equals 860 kcal, however, this conversion of
thermal into electrical energy is site-specific and depends on the system under concern and on the
end-uses of energy. This study assumes a conversion factor of 2 250 kcal/kW.h for the Japanese
electricity supply system in 1992 FY, assuming a system efficiency of 38.2 percent(HHV). The
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energy ratio and the emission factor could vary depending on the conversion factor applied. We
made a sensitivity study on the conversion factor with 10 percent higher or lower figure than
2 250 kcal/kW.h. The results are indicated in Fig. 8, showing no significant effects except for the
energy ratio of the coal system, where there is a difference of 8 percent compared to the base
case.
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Fig. 8. Sensitivity analysis of electricity conversion factor.

If the CO2 emission factor is calculated with equation (3), the conversion factor is not
affected. The CO2 emissions can be calculated from the primary input energy including the
combustion fuel required for generating electricity. Then the CO2 emission factor is obtained as
the ratio of the fossil fuel consumption to the net electricity generated without conversion of
electricity energy into thermal energy, which useful for clarifying the environmental
characteristsics of energy technologies.

The results presented in this study are site-specific, because especially the annual capacity
factor of a power plant depends on its location and on the electricity system of a country. Nuclear
and coal power plants are often operated with 75 % capacity factor. The best capacity factor for a
PV system is 24%, which was in California, U.S.A., and in other low latitude countries. Fig. 9
shows the sensitivity of the energy ratio and the emission factor on the capacity factor. Obviously,
the energy ratio and the emission factor depend strongly on the capacity factor. In order to
improve the energy ratio and reduce the CO2 emission power plants should be operated with large
capacity factors.
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Fig. 9. Sensitivity analysis of annual capacity factor.
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3.4. Effect of advanced technologies

Efficient energy utilization by means of advanced high-efficiency power plants and
cogeneration systems is a significant R&D issue to improve the energy ratio and reduce CO2

emission from fossil fired powerplants. Table III shows the performance characteristics of
advanced fossil-fired technologies which are expected to be installed in the future. The efficiency
of advanced LNG combined system and ultrasupercritical (USC) system might be attained in near
future. The gross efficiencies given in Table HI with respect to IGCC and MCFC are target
values.

Assuming the performance characteristics from Table II, CO2 emission factors of advanced
technologies were determined. As shown in Fig. 10, advanced technologies show improved CO2

emission factors in proportion to the thermal efficiency of a plant.

TABLE IH. ADVANCED TECHNOLOGIES OF FOSSIL-FUEL FIRED POWER
GENERATION

Technology

Advanced LNG combined system

USC Coal-fired power plant

Integrated Gasification Coal-fired
Combined Cycle (IGCC)

Coal Gasification Molten-
Carbonate Combined Cycle
(IG-MCFC-CC)

Characteristics

- Gas turbine 1350 'C

- Steam: 351 ata, 649/595 *C

- Gasifier: dry coal, air
blown, dry gas clean-up
-Gasturbine 1300 *C

- Gasifier: dry coal, air
blown, dry gas clean-up
- Molten carbonate fuel cell

Gross
efficiency

50% (HHV)

43% (HHV)

45% (HHV)

55% (HHV)

C02 Emission Fac tor [g-C/k?h]
0 50 10Q 150 200 250 SCO

LNG f i r ed (Convent ional ) j

Advanced LNG combined

Coal f i red (Convent iona l )

USC coal f i r ed p lan t

IGCC

IG-MCFC combined cycle

128: average value (1992 FY)

Fig. 10. CO 2 emissions of advanced fossil-fuel fired power plant.
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The analysis of nuclear fuel-cycle is important, because there is strong interest in
comparative assessment of the environmental impacts from different energy systems. In this study,
process analysis was carried out to determine the energy required for the plutonium recycle
including reprocessing, MOx fabrication and spent-fuel processing & disposal. Gas-centrifuge
uranium enrichment was also evaluated. As shown in Fig. 11, the energy ratio and the CO2

emissions of a nuclear plant depend strongly on the uranium enrichment process, the energy ratio
being 24 for the gaseous diffusion process and 76 for the centrifuge process. Also the CO2

emission is much better for a nuclear fuel-cycle with centrifuge enrichment, it is only half of that
of gas diffusion.

A solar PV system consists of a large number of solar cells. Manufacturing of such systems
requires process materials like silicon and aluminum with high quality,which are highly electricity-
intensive materials. The energy ratio and the CO2 emission factor of solar PV systems can be
improved if thin silicon cells with higher efficiency can be developed. Table IV gives the
Japanese performance targets of silicon cell R&D. Based on the performance data in Table IV

TABLE IV. ADVANCED TECHNOLOGIES OF SOLAR PHOTOVOLTAIC POWER
GENERATION

System I
System II
System III

Annual production

1 GW of SOG
1 GW of SOG
1 GW of amorphous

Cell efficiency

20 %
20 %

12.6 %

Silicon cell thickness

300 fim
150 fim

the energy ratio and the emission factor were calculated for two different types of solar PV
installation: an electric utility installation and a roof-top installation. Fig. 12 shows that the CO2

emission factor can be reduced to 22 g-C/kW.h for system III, which is 35% smaller than that of
the conventional one. The improvement is larger if the PV system is installed on a residential
roof. The energy ratio of a PV system can be twice and CO2 emission factor can be half in case of
roof-top typed installation due to eliminating the needs for a frames and site constructions.

Energy Ratio

100 50

Fuel Cycle CO* Emission Factor[g-C/kffh]

0 2 4 6 8 10

Oncethrough

(Conventional)

Plutonium Recycle

(Gas Diffusion)

Plutonium Recycle

(Gas Centrifuge)

Fig. 11. Energy ratio and CO2 emissions of nuclear fuel cycle technologies for LWR.
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Fig. 12. Net energy analysis and CO2 emission of advanced photovoltaic cell.

4. CONCLUSION

In this study net-energy analyses and FENCH-GHG emission analyses were carried out for
three kinds of electricity generation systems: nuclear power, fossil-fueled power and renewable
power. The methodologies used provide information with which decision makers can evaluate
different electricity generation systems in order to reduce CO2 emissions which are inherent to the
whole power generation system. The methodology and database developed here are useful also for
the evaluation of electricity generation systems in other countries.
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Abstract

Methodology, characteristics, features and results obtained for greenhouse gases within the recent
Swiss LCA study 'Environmental Life-Cycle Inventories of Energy Systems' are presented. The focus of the
study is on existing average Full Energy Chains (FENCHs) in the electricity generation mixes in Europe and
in Switzerland. The systems, including coal (hard coal and lignite), oil, natural gas, nuclear and hydro, are
discussed one by one as well as part of die electricity mixes. Photovoltaic systems are covered separately
since they are not included in the electricity mixes. A sensitivity analysis on methane leakage during long-
range transport via pipeline is shown. Whilst within the current study emissions are not attributed to specific
countries, the main sectors contributing to the total GHGs emissions calculated for the various FENCHs are
specified.

1. INTRODUCTION

Detailed environmental inventories for major energy systems have been generated within a
co-operation project of the Swiss Federal Institute of Technology (ETHZ) and the Paul Scherrer
Institute (PSI). The aim of this work was to analyze environmental inventories of present energy
systems in Europe using the Life-Cycle Assessment (LCA) methodology, and to develop a
comprehensive database for applications by LCA practitioners in the industry and other fields, and
for comparative assessment of energy systems to support the Swiss energy policy.

The work started in 1990 and involved approximately 14 persons-years. The final report
was issued in March 1994 [1]. The resulting database contains detailed inventories of resource
requirements and emissions for energy systems and energy products in use in Switzerland and in
Western Europe. In particular, the European situation is described using average values applicable
to UCPTE. The UCPTE (Union pour la coordination de la production et du transport de
l'electricite) is the European association of electricity generating and transmission companies and
includes Austria, Belgium, France, Germany, Greece, Italy, Luxembourg, the Netherlands,
Portugal, Spain, Switzerland, and ex-Yugoslavia.

Table I describes the energy systems and relevant products considered in the study. The
established LCA-based inventories form an important input to the ongoing Swiss multidisciplinary
research project on 'Comprehensive Assessment of Energy Systems' (GaBE, from the German
'Ganzheitliche Betrachtung von Energiesystemen'),which covers health effects, environmental
impacts and economic aspects associated with different energy systems [2]. The objective of this
project is to develop, implement and use a comprehensive methodology for the consistent and
detailed assessment of energy sources of interest under Swiss conditions and thereby provide
scientific support to the decision-making process concerning future configuration of the Swiss
energy system. Global Warming Potential associated with emission inventories is considered to be
one of the important characteristics of the different energy chains and will to
some extent affect these decisions. The present paper provides a detailed comparative assessment
of Full-Energy-Chain (FENCH) Greenhouse Gas (GHG) inventories for major electricity
generation systems; the corresponding comparison of heating systems is under way and will be
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reported in the near future. Overall comparison of LCA-based inventories has recently been
reported [3].

TABLE I. ENERGY SYSTEMS AND RELEVANT PRODUCTS CONSIDERED IN THIS
STUDY

Systems

Coal

Oil

Natural Gas

Nuclear

Hydro

Electricity mix

Photovoltaic'

Solar thermal

Energy from wood

Geothermal

Products

Electricity from power plants; natural and synthetic coal; hard coal
and lignite; heat from residential and industrial boilers

Electricity from power plants; fuel oil; leaded and unleaded gasoline;
diesel oil; kerosene; naphtha; bitumen; refinery gas; heat from
residential and industrial boilers

Electricity from power plants; natural gas for residential and industrial
use; heat from residential and industrial boilers

Electricity from boiling water reactors and pressurized water reactors

Electricity from reservoir, flow-through and pumped storage
hydropower plants typical of the alpine region

Electricity generation mix in Switzerland and in UCPTE countries for
high, medium and low voltage applications. It includes the above
listed systems

Electricity from building-integrated 3 kW units, and from 100 kW
and 500 kW power plants

Warm water from solar collectors and hybrid systems for residential
use

Heat from boilers using different types of wood and wood waste
typical for the Swiss situation

Heat from small (shallow) residential heat pump units.

* Photovoltaic systems are treated separately from other electricity generating systems since they contribute
only marginally to the present electricity mixes.

2. METHODOLOGY

Full-energy-chains (FENCHs) are considered in the study; their scope ranges from
exploration and extraction of energy resources through processing and their final use, to
dismantling of infrastructures and disposal of waste. The environmental inventories were
developed for average existing systems, using 1990 as the reference year. The main features of
the study are described in the following. Inventories have been developed for different energy
products and systems. The inventories include energy and non-energy related resource depletion
categories (approximately fifty). They also include land depreciation, waste heat, gaseous and
liquid emissions (more than 200), and solid waste. The inventories of greenhouse gases constitute
only one important sub-set of the emissions considered.

Resource depletion and emissions are given in physical units without further valuation or
aggregation. Resource depletion and emission factors have been categorized at the most detailed
and disaggregated level possible (i.e. single chemical substances). Nevertheless, when only
aggregated information was available (i.e. classes of substances), it was included as such in the
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study. To avoid double counting, each data point for resource depletion or emission is counted
either as a single substance (or environmental intervention, if applicable), or as part of an
emission category (or an environmental category). In particular, gaseous emissions by
transportation systems have been considered separately from emissions originating from other
diffused sources and from stacks. This allows the separation of the contribution from transport
systems from the total calculated for the whole systems.

Each energy system has been subdivided into several processes. Each process is in turn
characterized by its product (e.g., electricity in the case of a power plant), and has been described
with one module which includes the energy and non-energy resource requirements, material
requirements, transport needs, requirements of products from other processes, and emissions to air
and water as well as solid waste, all normalized by the unit product. Approximately 500 sub-
processes have been developed, of which about 100 are strongly interconnected and 400 have few
linkages. A bottom-up process chain methodology was used for the calculation of the energy and
material balances for these systems and products. Therefore, all possible interactions between the
various parts of different energy systems were considered (e.g., mining of coal has also an input
of electricity from coal power plants).

The following energy resources are considered: gas from combined oil and gas fields;
natural gas; gas from coal mines; crude oil; lignite and hard coal in their natural state; natural
uranium in uranium ore; potential energy of water; wood from forests. All processes are described
on a "cradle-to-grave" basis. All stages in the life of each step of an energy system have been
included: construction, operation and maintenance, and dismantling. Infrastructures, downstream
processes, and production of materials are covered, highlighting the requirements of natural
resources and energy.

A set of standards was established for the definition of systems boundaries to achieve a high
level of consistency and detail throughout the energy systems. In particular, service modules for
material production, transportation, construction and disposal services have been developed in
order to be uniformly used by all energy systems. Data for these service modules were taken from
literature, dating as far back as the early 80s, mainly from German and Swiss sources; however, it
was also necessary to use a vast array of references from other west European countries.

Materials used in large amounts in energy systems (concrete, steel, aluminum) and materials
with associated highly toxic emissions during their production, use and disposal (e.g. platinum)
were analyzed with greater accuracy than ones used in lesser amounts. The service modules are
simpler than the modules describing the main processes in the energy chains. Road transportation
systems (trucks and cars), average rail transportation systems for west-European conditions, inland
waterway and sea transportation systems (ships and tankers) are considered. To avoid
arbitrariness, a set of standard transportation distances was defined for most important materials.
The load factor for road and rail transportation is set at an average of 50%. Construction and
materials for road and rail infrastructures are included. It is shown that road and rail
infrastructures account for an important share of the environmental impact of transportation. A set
of disposal systems was defined, including sanitary landfills, chemical landfills, industrial and
communal incinerators. Also the requirements of energy products for all the considered processes
are consistently treated throughout the study by using specifically developed modules.
Thus, the boundaries of the systems are defined by the steps of the energy chains, by the stages in
the life cycle of the facilities and by the common modules describing supply of services and
material production.

Details on system boundaries and allocation criteria for multi-input and multi-output
processes are explicitly mentioned in the report for each energy system. Energy and material
inputs to the processes are followed upstream regardless of geographic or political boundaries, up
to the extraction of resources from the environment. The effluents are followed downstream to the
final point of emission into the environment. The above means that also liquid and solid waste
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treatment, as well as other downstream processes are included in the analysis. The calculation of
the energy chains is made from the perspective of both the average Swiss and European final uses.
At the stage of final use, typical modern heating systems available on the Swiss and European
markets were considered, but no specification has been given for heating systems installed in
specific regions. Iterative loops are established among systems due to the tree structures defined
by the complex interconnections of the modules describing the various processes. All electricity
requirements outside Switzerland are inventoried using the average UCPTE electricity mix.

A static approach is used in the study: requirements/emissions are considered to be
independent of the time. In particular, it has been assumed that material production occurs entirely
at present. For example, dams built decades ago but still in operation are accounted with concrete
produced now and today's energy-mix; the materials and the energy used for the final repositories
of conditioned nuclear waste are supposed to have the characteristics of the current ones, even if
these facilities have not been yet built and will be in operation for many decades.

Multi-output processes are included in many energy systems (e.g., cogeneration of heat and
electricity; combined production of oil and gas on offshore platforms). Therefore, criteria for the
allocation of environmental burdens to the different products had to be defined. Explicit allocation
criteria based on the physical properties of the products are always applied instead of 'credits'
based on some reference system. In most cases a criterion based on the heating value of the
products is used, but criteria based on mass, weight, and exergy were also defined in some cases.
No additional credits were given to systems producing recycling materials.

The system of equations describing the balances of resources and emissions is solved using
an algorithm based on the algebraic inversion of the input/output matrix that represents the
interconnected subsystems. With this first step, the total cumulated inputs to the systems are
calculated (sum of the first order, second order, third order, etc. contributions from all processes
associated with a specific energy system). Final step is the calculation of the total cumulated
emissions and total cumulated resource depletion by multiplying the inverted matrix with the
matrix of the environmental interventions at the process level. A CONVEX computer was used to
perform the calculation.

3. ELECTRICITY SYSTEMS

In the following sub-sections, the analyzed chains for electricity generation are briefly
described. Data for the following GHGs has been collected: carbon dioxide, methane, CFCs,
N2O, etc. However, the paper presents mainly results obtained for CO2 and CH4 emissions
because the contribution from the other species to the total CO2-equivalent is generally very small.
The CO2-equivalent used is based on the IPCC 1992 global warming potentials (GWP) relative to
carbon dioxide with 100 year time horizon [4]. CO2 and CH4 are shown separately as well as in
terms of CO2-equivalent. In particular, the calculated N2O emissions GWP100 are on the average
one order of magnitude lower than CH4 GWP100 (with exception of lignite). CFCs are practically
not emitted by the energy systems analyzed.

3.1. Fossil systems

Existing conventional technologies for fossil systems have been analyzed. Systems under
development such as atmospheric/pressurized fluidized-bed combustion of coal, coal gasification
combined cycle, magnetohydrodynamic systems, etc., have not been included in the study.

3.1.1. Coal systems

Raw lignite, pulverized lignite, and briquettes are the energy carriers described for the first
group. On the level of final use, typical power plants burning lignite in Austria, Spain, ex-
Yugoslavia, France, Greece, Italy and Western Germany are described. The average UCPTE mix
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of lignite power plants is then constructed on the basis of the contributions of each country to the
total electricity generation by lignite. Heat produced in residential stove-heaters using lignite
briquettes is also analyzed.

Within the hard coal group, results are presented for typical coals mined in Europe and
coals imported to Switzerland and Europe from overseas. Production of coke is analyzed
separately from production of briquette. On the level of final use, typical power plants firing hard
coal in Austria, Belgium, Spain, ex-Yugoslavia, France, Italy, The Netherlands, Portugal andWest
Germany are described and used to calculate the average UCPTE mix of hard coal power plants.
Heat from residential boilers using briquettes, coke and hard coal is included. Results for
industrial boilers in the range 1-10 MW are given.

For lignite and hard coal Tables II and III show the methane emissions associated with
underground and open pit mining in the countries supplying coal to UCPTE. On the average, the
methane emitted in the mining of hard coal is two orders of magnitude greater than in lignite
mining.

TABLE II. METHANE EMISSIONS FROM UNDERGROUND AND SURFACE MINING OF
LIGNITE FOR SUPPLY TO UCPTE

Countries

West Germany
Greece
former

Yugoslavia
Spain

Austria

Total

Average
UCPTE

Soft lignite

Production
(M tonne/a)

112
54

43.7

14.5
2.1

228.3

-

CH4 from mining
(mVtonne)

0.02
0.02
0.2

0.2
0.2

-

0.068

Lignite

Production
(Mtonne/a)

-
-
9

5.1
-

14.1

CH4 from mining
(mVtonne)

-
-

2.28

2.28
-

-

Average
CH4 emission

(mVtonne)

0.02
0.02
0.55

0.74
0.2

-

2.28 II 0.2

3.1.2. Oil systems

All steps in the production and use of crude oil and oil products are described: exploration,
production, transportation, refining, regional distribution, and final use. Resources and emissions
to be ascribed to electricity from oil power plants, to heat from residential and industrial boilers
(systems with capacities from 10 kW to greater than 5 MW), and to various oil products for
energy and non-energy use have been analyzed, for both average Swiss and UCPTE conditions.
The emissions associated to the production of petrol (leaded and unleaded) are substantially higher
than those of diesel fuel, due to the higher energy needs for refining compared to other sub-
processes of the oil chain. For most oil products, the long-distance transportation of crude oil and
oil products contributes considerably to the total emissions.

3.1.3. Natural gas systems

Typical natural gas systems for average Swiss and European end uses are analyzed. No gas
fired power plant exists in Switzerland. Various energy chains are described depending on the
origin of the natural gas, namely gas from Germany, from the Netherlands, from Norway, from
the Russian Federation, and from Algeria. Because about 15% of the gas is produced in
combination with oil, it was necessary to define allocation criteria. Onshore gas production has
been treated separately from offshore production, and high-sulphur gas separately from low-
sulphur gas. High-sulphur gas must be treated before combustion, leading to higher sulphur
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TABLE III. METHANE EMISSIONS FROM UNDERGROUND AND SURFACE MINING OF
HARD COAL FOR SUPPLY TO UCPTE

Countries

Australia
Belgium
Canada
China

Columbia
former

Czechoslovakia
France

Germany
Poland
Russia

South Africa
Spain
U.K.

U.S.A.

Total

Average
Europe
Average
UCPTE

Surface mining

Share of
total
(%)
17.6

-
4.4
0.5

10.8

-

3
-
-
5

18.3
3.8
0.4
36.4
100

-

-

CH4

emission
(m3/tonne)

2
-

1.7
2
3

-

2
-
-

1.7
2
2

0.5
1.54

-

2

1.9

Underground mining

Share of total

(%)

2.6
1.5
-

1.5
-

2

6.1
48.4
4.5
2.7
10
7.8
0.7
12.2

100

-

-

CH4

emission
(m'/tonne)

10
25
-

25
-

26

25
25
5.7
21
y

12.5
19
17

-

23.5

20.1

Surface/
underground

(%)

71/29
0/100
100/0
11/89
100/0

0/100

15/85
0/100
0/100
40/60
40/60
15/85
17/83
52/48

-

2.3/97.7

27/73

Average
CH4

emission

(mVtonne)

4.3

25.0
1.7

22.5
3

26

21.5
25
5.7
13.2
6.2
10.9
15.8
8.9

-

23.0

15.2

dioxide emissions and higher energy consumption, with associated GHGs. Gas transportation via
pipeline over long distances (typically more than 1000 km) has an important influence on some of
the total cumulated emission factors (e.g. methane and nitrogen oxides). The available data for gas
production and transportation in the Russian Federation should be considered highly uncertain.
Gas leakage in the order of 2% of the delivered gas was assumed for gas of Russian origin. For
local gas distribution grids in Switzerland, an average of 0.9% leakage was considered realistic.
These assumptions lead to total gas leakage in the order of 1 % for industrial consumers and of
1.9% for residential consumers. For the calculation of the emissions associated with the average
UCPTE gas systems for electricity generation, the gas is assumed to be made of 84% natural gas,
8% coke gas, and 8% blast-furnace gas. The contribution from gases other than natural gas
increases some of the emission factors, especially CO2. Gas power plants are generally used to
cover peak demands of electricity, leading to relatively low load factors. On the other hand, the
energy-specific material use is lower than other fossil systems because of the limited extent of flue
gas treatment, and the reduced need for cooling devices and chemicals. Of the fossil systems, the
natural gas FENCH has the lowest total electricity consumption, i.e. approximately 1% versus 3%
for the oil chain, 4% for the lignite chain and 4.5% for the hard coal chain. This fact also
influences the total cumulated emissions, including GHGs.

3.2. Nuclear systems

The analysis is based primarily on the Swiss nuclear power plants and the associated energy
chain. Boiling water reactors (BWR) have been treated separately from pressurized water reactors
(PWR), using for reference respectively the Leibstadt (General Electric Mark ID) and the Gosgen
(Siemens) power plants, both of the 1000 MW(e) size. A once-through nuclear full energy chain
(or open cycle) was assumed, including mining (underground and open pit), milling, conversion,
enrichment (gaseous diffusion and centrifuge), fuel fabrication, power plant, reprocessing,
intermediate storage of radioactive waste, final disposal of conditioned solid waste in deep
repositories (high and low/medium radioactive level), and shallow land disposal of low level
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radioactive waste. All spent fuel is assumed to be reprocessed. The separated fissile material is not
re-introduced in the described chain into mixed-oxide fuel. The potential energy that can be
extracted from mixed oxide fuel has not been considered in the present assessment.

Operational data for the selected Swiss power plants were available. The assumed average
burnup values were 35 000 and 39 000 MWd/tU for Swiss and UCPTE BWRs respectively; 42
000 and 40 000 MWd/tU for Swiss and UCPTE PWRs respectively. All steps of back-end
processes are considered in spite of the fact that the repositories do not yet exist, in order to
calculate a complete nuclear energy chain. In particular, data from the planning studies for the
two Swiss final repositories are used. For the remaining steps of the nuclear chain, data were
mostly extracted from literature published in the 80s, especially of US origin. For the enrichment
step it is assumed that all nuclear power plants in UCPTE countries, including Switzerland, are
supplied by the diffusion plant Eurodif in Tricastin, France (about 90% of the total), and by the
three URENCO gas centrifuge plants in Germany, Great Britain and the Netherlands (about 10%
of the total). For the highly energy-intensive gaseous diffusion process it is assumed that the
electricity is delivered by PWRs, consistently with the real case in Tricastin. Data from the Swiss
power plants are extrapolated to UCPTE plants using the average load factors, burnups and
enrichments valid for major part of the European BWRs and PWRs. Data collected for the nuclear
chain associated with the Swiss power plants are transferred to describe the average UCPTE
situation by modifying the enrichment of the fuel and the shares of gaseous diffusion and
centrifuge in the enrichment step.

3.3. Renewable energy systems

3.3.1. Hydroelectric systems

Hydropower plants typical for Switzerland and the Alpine region are described. The average
hydropower systems in UCPTE countries were derived by extrapolation of the Swiss data. Hydro
electric dams, run-of-river plants and pumped storage plants are treated separately. Hydro electric
dams and run-of-river plants contribute about 50% each in the Swiss as well as in the UCPTE
hydro mixes for electricity generation. For these systems the following are estimated: concrete,
steel, consumption of explosives, energy needs for construction, land use, capacity of water
reservoirs and useful water volumes for energy conversion. The total calculated environmental
interventions largely derive from the consumption of cement and steel as well as diesel oil used in
construction machinery (cranes, bulldozers, trucks, etc.).

3.3.2. Photovoltaic energy systems

Many photovoltaic systems are considered, covering monocrystalline and polycrystalline cell
technologies. The systems include building-integrated 3 kW units for use in the residential and
commercial sectors for distributed applications on roofs and facades, and larger power plants
concentrated at a site, specifically a 100 kW plant installed on the guard-rails of a Swiss highway
and the PHALK 500 kW pilot power plant in operation in the Swiss Jura mountains since 1992.
The postulated operational lifetime of all systems is 30 years. For the calculation of the 3 kW
systems a relatively good site in Switzerland with associated yield of 3.6 GJ(e)/a is assumed.
However, the analysis of the larger facilities is plant and location specific and should not be used
directly for different sites and conditions. Monocrystalline and polycrystalline cells and modules
are analyzed separately, mostly based on German production data (Japanese and US production
data are also used). The photovoltaic systems are calculated both for the use of monocrystalline
and polycrystalline cells. A sensitivity calculation shows the effect of technological improvements
and increased production efficiencies achievable in the near future (1995).
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3.3.3. Other renewables energy systems

Other systems based on renewable sources have been analyzed in the study, but they do not
include electricity conversion. These are here shortly described for completeness.

Energy from biomass (wood). Heating systems with boilers in the range 30-300 kW(th)
burning wood harvested from natural forests typical of the Swiss Alpine region (beech and
pine) have been analyzed, considering separately briquettes from chips. The whole chain
from the natural growth of the trees to the burning in the boiler is covered and includes
cutting, transportation, disposal of ashes in communal incinerators, etc. Fixation of carbon
during the growth of trees is included in the calculation of CO2 emission factors. It is
assumed that pine wood chips are produced as a by-product of saw-mills, thus energy
production from this type of wood is not charged with the emissions from the steps related
to the production of chips. The results show that forest operations and end use in boilers
dominate the cumulated emissions.

Small scale geothermal energy systems. A typical low-temperature system for small scale
residential use (a single dwelling-house) was analyzed. It consists of an earth probe, a heat-
pump and a heat distribution system.

Solar thermal energy systems. Different types of solar collectors for the production of warm
water in the residential sector (single dwelling and multiple dwelling houses) were analyzed
in the study. All systems are equipped with an additional electric boiler to compensate for
insufficient production during periods of reduced solar radiation. Two approaches are
considered: in the first case the environmental burden for producing, operating and
disposing the collector is related only to the heat produced by the collector; in the second
case the total environmental burden of heat and electricity generation is related to the total
heat output of the hybrid system.

4. RESULTS

4.1. FENCHs for electricity generation

The results obtained by linking all processes are described in this section. Origin of the
various contributions to the total GHGs emissions is discussed. In particular, the shares of the
steps within energy chains as well as shares from various sectors are given. As discussed, the
cumulated environmental inventories have been calculated independently of geographical
boundaries. Consequently, the exact shares of emissions in Switzerland and external to
Switzerland are not provided here. Where feasible, an estimate of the shares is given; the same
applies to the UCPTE case.

Figures 1-8 show the share of the various steps in the energy chains and of the different
LCA-sectors to the total CO2 and CH4 emissions in the coal, oil and nuclear chains in UCPTE.
The shares are normalized by the electricity at power plant busbar. The contribution of different
LCA-sectors is calculated by considering the direct inputs into the main process steps in the
energy chains. For example, all contributions related to the materials flowing into the step
'Refinery' in the oil cycle are attributed to the sector 'Materials' at the step 'Refinery'. On the x-
axis the LCA-sectors are shown. On the y-axis the main process steps in the energy chains are
listed. The far-right columns on the x-axis show the summation of all LCA-sectors for each step.
The rear-most columns correspond to the total values for each LCA-sector. The cumulated
emission per unit of electricity produced is the rear-most, far-right column.
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Fig. 1. CO2 emissions 6-om lignite FENCH relevant to power plants in Vfest-Gennany.
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Fig. 2. CO2 emissions 6-om hard coal FENCH relevant to power plants in Wfest-Germany
(imported coal).
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Fig. 4. CO2 emissions from nuclear FENCH in UCPTE.
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Fig. 5. CH4 emissions torn lignite FENCH relevant to power plants in West-Germany.
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Fig. 6. CH4 emissions torn hard coal FENCH relevant to power plants in Wsst-Germany (imported coal).
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For fossil fuel FENCHs the greatest part of emitted CO2 is from combustion in power
plants, as expected, but contributions from the other steps of the chains, from material production
and transport are not negligible. Most of the methane is released during mining of hard coal
(especially underground), production of oil, and transportation and distribution of natural gas via
pipelines. The contribution of fossil systems to specific GHGs emissions are mostly dependent on
the efficiency of the technologies and on the fuel qualities.

Since no coal power plant exists in Switzerland, only results for UCPTE plants are given.
The figures show the result obtained for West German coal power plants. An interesting result of
the study is the estimation of the environmental burden of process steps in the coal energy chains
other than final use; this burden was often underestimated in the past. In particular, the
international long-distance transport of hard coal contributes considerably to the overall emissions.
In the case of CO2 transport is the second contributor, with a few percent of the total, because of
the long-distance transportation from the USA, South Africa and Australia to Europe; for
methane, the percentage of transport is lower.

Results obtained for coal products and coal use are generally somewhat higher than in
previous studies. This can be explained by considering that i) a larger number of relevant sub-
systems and material inputs was included, ii) iterative interactions between energy systems were
thoroughly considered, and iii) plants equipped with outdated technologies and burning low-quality
coal were included in the average European mix of coal power plants.

In the oil FENCH the power plant produces the greatest part of CO2 (about 93 % of the
total). Instead, emissions of CH4 occur most in the production phase (approximately 90% of the
total) due to flaring and leakages, with small contributions from other steps of the chain. It is
interesting to note that the refining step contributes the most to the total air emission of pollutants.
The refining step contributes roughly 6% of cumulated CO2 emission (a relatively low value
compared to earlier studies), and the production step 5%.

The operation of a nuclear power plant does not generate carbon dioxide. The CO2

emissions that may be attributed to the nuclear full energy chain are due to energy requirements in
all steps of the chain. The total emissions depend on the share of the gaseous diffusion process in
the enrichment step and on how the electricity supplied to this process is generated. In fact, the
gaseous diffusion plant in Tricastin typically consumes about 2 400 kW.h/SWU (Separative Work
Unit), whereas a modern gas centrifuge enrichment facility needs only about 75 kW.h/SWU, i.e.
32 times less. The cumulated electricity requirement for the full nuclear chain calculated in the
study is approximately 3.7% of the generated electricity, of which about 80% is the requirement
for the enrichment of uranium through gaseous diffusion (electricity from PWRs) and about 20%
the remaining (electricity mix from the Swiss and/or UCPTE grid). The emissions associated with
the electricity requirements are included in the cumulated emissions for the chain. As a result, on
the one hand the cumulated CO2 emission from the whole chain is relatively low compared to
other studies, on the other hand the calculated total radioactive releases attributed to the
enrichment step are substantially greater than the direct emissions from this step. About 6.5
g CO2/kW.h (1 800 kg CO2/TJ(e)) are calculated for the Swiss nuclear mix and about 8.3
g CO2/kW.h (2 300 kg CO2/TJ(e)) for UCPTE nuclear mix.

The CO2 emissions associated with the nuclear systems considered in the study originate
mostly from static sources, with very little coming from transport systems (3% of the total). The
major contributions are from milling, conversion, enrichment, power plant and reprocessing; these
were calculated to be each on the order of 15% of the total. The sources are the requirements of
electricity, transport, fuel and other materials.

CH4 is directly emitted only in the final repository step, being released during the digging of
the pit and the tunnels of the deep repositories planned for Switzerland. The estimated value is
very small, on the order of 3 x 10"* g CH4/kW.h. Thus, the value that is attributed to the nuclear
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chains (approximately 2 x 102 g CH4/kW.h) is derived from the indirect contributions from the
UCPTE electricity mix, the fuel and the material requirements throughout the various steps,
mainly milling, conversion, power plant, and reprocessing.

The calculated environmental factors for hydro systems are generally lower than those of
other electricity systems when normalized to the generated electricity. The reason consists in the
long lifetime of hydro systems, which more than compensates the high consumption of materials
in the construction phase. In particular, the total CO2 emission calculated for the Swiss
hydroelectric dams' FENCH is 3.8 g CO2/kW.h (1045 kg CO2/TJ(e)), for the run-of-river plants
is 3.5 g CCykW.h (961 kg CO2/TJ(e)).

In the case of pumped storage plants, the inventory is dominated by the contributions
associated with the electricity needed for pumping that compensates the losses in the conversion of
energy. It is estimated that the ratio of high voltage electricity supplied to the plant to the
electricity delivered to the grid is approximately 1.45. Thus, the carbon dioxide emissions of the
pumped storage plants are strongly influenced by the electricity mix supplied that is converted to
potential energy of water. Therefore, the chain associated with the Swiss pumped storage plants,
which are supplied through the Swiss grid, releases 28 g CO2/kW.h, but the same chain associated
with the UCPTE plants emits 25 times more, 698 g CO2/kW.h, because the converted electricity
is supplied by the UCPTE grid.

For all hydro systems, the associated emissions of methane are relatively small,
approximately 1.6 x 10"2-2.1 x 102 g CH4/kW.h (4.5-5.8 kg CH4/TJ(e)), imported in the hydro
FENCH through the energy and the material requirements.

Results for photovoltaic systems show that a large share of the total environmental burden
of photovoltaic systems, in particular the GHGs, derives from the use of the UCPTE electricity
mix for the production of the modules. The relatively high values for electricity requirements vary
in the range 13-44% of the generated electricity, the lower values being calculated for the
expected performances of the 1995 panel systems. Figure 9 shows the GHGs emissions for the
systems analyzed (included are CO2, CH4, N2O, CFCs and CF4). The values are between
81-257 g CO2/kW.h (2.2104-7.1104 kg CO2/TJe) for panels, 164 g CO2/kW.h (4.5104 kg
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3kWp=3kW panel; F=fa?ade; R=horizontal roof panel; SR=slanted roof panel;
100 kWp SSW= 100 kW plant along a Swiss highway; PHALK 500=500 kW demonstration
plant at Mont Soldi, in the Jura Mountains, Switzerland.

m=tnonocrysta]line; p=polycrystalline; 92=model available in 1992; 95=performances of
model expected in 1995.

Fig. 9. GHG emissions from solar photovoltaic systems.
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CO2/TJe) for the PHALK plant, and 228 g CO2/kW.h (6.3-104 kg CO2/TJe) for the 100 kW plant
along a Swiss highway. The contribution of CF4 is approximately 5% of the total. The expected
reduction in electricity requirements for the future panels decreases the total GHG emissions, as
shown in the figure. The contribution of electricity to total GHG emission is 80-90% for the 3 kW
panels, approximately 80% for the pilot plant PHALK 500; the remaining is associated with
material requirements.

4.2. Results for electricity mixes

Table IV presents the structure of the Swiss and UCPTE electricity mixes assumed in the
study, where year 1990 was used as reference. Table V shows the results related to GHG
emissions for the average Swiss and UCPTE electricity mixes.

TABLE IV. STRUCTURE OF THE SWISS AND UCPTE 1990 ELECTRICITY MIXES
ASSUMED IN THE STUDY

Countries

Switzerland
UCPTE

Share of electricity production at busbar by system
Lignite

(%)

10.5

Hard
Coal
(%)

18.3

Oil
(%)

1.2
9.6

Gas
(%)

9.5

Nuclear
(%)

41.2
36.2

Hydro
(%)

56.7
15.2

Other
(%)

0.9
0.7

As shown in Table V, the GHG emissions from the fossil chains are approximately of the
same order of magnitude. The highest GHG producers in the fossil group are the coal chains.
The GHG emission values for hydro and nuclear chains are each about two orders of magnitude
lower than the fossil chain values.

TABLE V. GHG EMISSIONS ASSOCIATED WITH SWISS AND UCPTE -RELEVANT
FENCH FOR ELECTRICITY GENERATION AND ELECTRICITY MIXES

GHG

CO2

CH4

CO2

equiv.

Countries

Switzerland
UCPTE

Switzerland
UCPTE

Switzerland
UCPTE

Emissions from FENCH [g/kW.h from the relevant chain]

Lignite

NA
1.33xl03

NA
0.269
NA

1.34X103

Hard
Coal
NA

9.73xlO2

NA
4.21
NA

1.02X103

Oil

8.59x10'
8.71xl02

1.02
1.11

8.75x10"
8.89xl02

Gas

NA
7.51xl02

NA
1.79
NA

7.72X102

Nuclear

6.89
8.14

1.73x10"
2.03xl0"2

7.13
8.42

Hydro"

3.62
3.99

7.97xl0J

8.82xl0"3

3.72
4.10

Mix
(g/kW.h

from
mix).

15.4
482

0.024
1.09
15.9
495

'Pumped storage not included.
NA: Not applicable.

The fossil systems cover about 48% of the total electricity generated in UCPTE. Expressed
in percentages, the CO2 attributed to the FENCHs of the fossil systems is more than 99% of the
total calculated for the UCPTE mix, and methane is more than 98%, as illustrated in Table VI.
Hydro and nuclear systems together generate more than half the total electricity produced in
UCPTE but their contribution to CO2 and CH4 emissions for the UCPTE electricity mix is less
than 1 %. Approximately three quarters of the total methane emissions associated with the UCPTE
electricity mix is due to the coal chains, the rest mainly from the gas chain.
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TABLE VI. PERCENTAGE CONTRIBUTION OF FENCH TO CO2 AND CH4 EMISSIONS
CALCULATED FOR THE AVERAGE SWISS AND UCPTE ELECTRICITY MIXES

GHG

CO2

CH4

Countries

Switzerland
UCPTE

Switzerland
UCPTE

Share FENCH to electricity mix (%)
Lignite

NA
29.4
NA
2.6

Hard
Coal
NA
37.8
NA
70.6

Oil

66.7
17.5
50.3
9.7

Gas

NA
15.0
NA
15.4

Nuclear

18.4
0.6

29.3
0.7

Hydro*

13.1
0.1

18.4
0.1

Mix

100
100
100
100

a Pumped storage not included.
NA: Not applicable.

An additional result of the study is that electricity distribution can substantially increase the
environmental burdens of electricity required by consumers at different voltage levels. Especially
the high losses and material intensive infrastructure of the low-voltage distribution grid increases
some of the environmental interventions of electricity generation by more than 20%. The effect of
inclusion of the GHG emissions associated with the materials/energy required for high, medium
and low grids is shown in Table VII. The increase for UCPTE is approximately 14%.

TABLE VII. EFFECT OF INCLUDING ELECTRICITY TRANSPORTATION AND
DISTRIBUTION TO TOTAL EMISSION OF GHGs

Electricity mix

Switzerland
UCPTE

GHGs emission relative to power plant (busbar =100)
electricity
supplied at

busbar
100
100

electricity by
high voltage grid

108.2
100.4

electricity by
medium-voltage

grid
111.9
101.8

electricity by
low-voltage grid

147.2
114.1

The modification is proportionally larger for the Swiss mix (up to about 50% for carbon
dioxide and 140% for methane) because most of the material for the networks is produced with
supply of UCPTE electricity, but still the total GHGs associated with the unit of low-voltage
electricity for Switzerland remain substantially lower than UCPTE. The high increase of methane
is mostly due to the methane associated with the production of copper used in the low voltage
network.

Table VIII shows the fraction of CH4 to total CO2-equivalent with GWP^ and GWPI00. It is
of interest to comment the values calculated for the fossil systems in UCPTE. The hard coal
FENCH has the largest ratio of methane to total GHG per unit of electricity.

TABLE VIH. PERCENTAGE CH4 OF TOTAL CO2-EQUTVALENT FOR FENCH FOR
ELECTRICITY GENERATION

GWP.0

GWP100

Countries

Switzerland
UCPTE

Switzerland
UCPTE

CH4 in total CO2-equivalent (%)
Lignite

NA
0.7
NA
0.2

Hard
Coal
NA
13.1
NA
4.5

Oil

4.0
4.2
1.3
1.4

Gas

NA
7.7
NA
2.5

Nuclear

8.0
8.0
2.7
2.6

Hydro*

7.1
7.2
2.4
2.4

Mix

5.2
7.4
1.0
2.4

a Pumped storage not included.
NA: Not applicable.
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As shown in Table IX, N2O values are one order of magnitude lower than CH4, except in the case
of lignite.

TABLE IX. PERCENTAGES N2O AND CH4 IN TOTAL CO2-EQUIVALENT FOR UCPTE
FENCH FOR ELECTRICITY GENERATION

GHG

CH4 GWPJO

N2O GWP^
CH4 GWP100

N2O GWP100

Percentage in total CO2-equivalent %)
Lignite

0.7
0.1
0.2
0.1

Hard
Coal
13.1
0.1
4.5
0.2

Oil

4.2
0.5
1.4
0.6

Gas

7.7
0.2
2.5
0.2

Nuclear

8.0
0.7
2.6
0.7

Hydro"

7.2
0.4
2.4
0.4

HMix

7.4
0.2
2.4
0.2

aPumped storage not included.
NA: Not applicable.

5. SENSITIVITY ANALYSES

5.1. CH4 Emissions in the Russian natural gas production and transportation system

In the base case a net leakage of 2% for natural gas in the Russian production and
transportation system is assumed. According to a more pessimistic scenario, based on backward
calculations starting from measured atmospheric methane concentrations, the leakage rate in
Russia could be as high as 10% of the transported gas [5].

Figure 10 shows the CH4 emission factors for different chains normalized by the unit of
electricity. The increase in the emission factor for UCPTE electricity mix from the natural gas
chain in the pessimistic 10% leakage scenario is shown. Even with this extreme assumption, the
hard coal chain retains the highest methane emission. The impact of the increased methane leakage
on the UCPTE mix is small, first because the Russian gas contributes only about 23% to the total
in the assumed gas chain, second because gas has a share of only about 9.5% in the UCPTE
electricity mix.
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Fig. 10. Sensitivity ofCH4 leakage during long-distance transport of natural gas torn die Russian
Federation.
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5.2. Electricity mix for enrichment step in nuclear FENCH

If it is assumed that the electricity for the gaseous diffusion enrichment plants is supplied by
the UCPTE grid instead of PWRs, the calculated total CO2 for the whole chain would be
approximately three times greater than the value calculated in the study, i.e. 24 g CO2/kW.h
(6,700 kg CO2/TJe). This result is based on unchanged shares of gaseous diffusion and gas
centrifuge processes.

Separately, if the gas centrifuge process is hypothesized to be the only enrichment process
used, the total electricity consumption in the whole cycle would decrease from 3.7% to
approximately 0.8% of the generated electricity, which would give a total release of about 9.5
g CO2/kW.h (2600 kg CO2/TJ(e)), assuming the UCPTE mix.

6. APPLICABILITY AND TRANSFERABILITY

The study supplies the data necessary to consider energy contributions in the LCA for
generic products. It allows to implement the LCA perspective in energy planning. The data can
also be useful for comparison of energy supply-side and demand-side options. It provides results
valid for the average electricity systems in the UCPTE network and in Switzerland. In the case of
fossil systems (coal, oil and natural gas) data from specific utilities in UCPTE were available. It
was thus possible to calculate emission inventories for different power plant classes in each
country. This information is explicitly given in the study for coal power plants. Upstream steps in
fossil FENCHs, on the other hand, were calculated on an average European basis. In using the
average GHG emission factors reported in the study for other regions, care should be taken in
considering the differences in technology and fuel mix, especially:

power plant efficiency affecting CO2 emission;

the share of various fossil fuels from different origins affecting CH4 emissions.

In contrast to fossil FENCHs, UCPTE hydro and nuclear electricity systems have been
extrapolated from data relevant to the Swiss condition. Critical parameters for the calculated total
emissions of GHGs for the nuclear chain are the electricity requirements (i.e., the electricity mix)
in the enrichment step with gaseous diffusion process and the average burnup of nuclear fuel. In
the study appropriate values for the UCPTE countries were applied. Results given for GHGs for
the nuclear chain should be treated with care when considered for applications to different
conditions.

The results for hydro systems reported in the study are valid for the Alpine region. UCPTE
average values were extrapolated from data for Swiss hydroelectric dams, run-of-river and
pumped storage plants. By no means should the results of the study be used to describe the
situation of hydro systems in other regions.

In the comparative assessment of energy systems, the use of the data shown for greenhouse
gases and for other environmental inventories covered by the study should be limited to the
present situation or to small changes from it (assumption of linearity in LCA studies). No future
technologies have been analyzed, with the exception of a two-year extrapolation for photovoltaic
systems. Therefore, great care should be taken in using results for energy policy purposes,
especially regarding the distant future. Another limitation arises from the fact that only existing
West European power plants and related chains were considered in the study.

7. ECONOMIC AND TRANSBOUNDARY ASPECTS OF GHG EMISSIONS AND THEIR
REDUCTIONS

Since the late eighties many studies have been published addressing costs of reducing
greenhouse gas emissions (in practice focusing on COz). A recent survey [6] concludes that the
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estimated costs span a very wide range. 'Bottom-up' engineering models tend to underestimate
costs by ignoring issues associated with implementation and other hidden costs. 'Top-down'
economic models, on the other hand, tend to overestimate costs by neglecting the potential for
enhancing structural changes and energy-efficiency improvements through regulatory policy.
Within the GaBE project a Swiss-specific version of the large scale ('bottom-up') energy-economy
model MARKAL is used. Since Switzerland uses almost exclusively hydro and nuclear for
electricity generation any GHG reductions are bound to be expensive. This applies also to
countries like Norway or Sweden while more moderate costs are expected in countries that to a
higher extent employ fossil fuels for electricity production (such as Japan, The Netherlands,
USA). These expectations have been confirmed by the results of IEA/ETSAP project [7]
illustrating the interrelations between energy use, CO2 emissions and the costs of emission control.

The above suggests that countries with strong differences in the structure of energy systems
could have significant gains from international co-operation in trading CO2 emissions. In Bahn et
al [8] an example of an analysis decomposing and integrating several national models is provided.
In this example Switzerland, the Netherlands and Belgium are co-operating in order to reduce
their present CO2 emissions by 20% in the year 2030. Marginal control costs are reduced for all
countries under co-operation as compared to unilateral control strategies. The benefit distribution
is estimated as: Switzerland 45%, the Netherlands 36% and Belgium 19%. Current MARKAL
models usually include fuel-related emissions embodied in materials (e.g., emissions stemming
from fossil fuel use in the steel industry). These emissions are, however, accounted for as steel
industry emissions rather than being assigned to the products ultimately produced from the steel.
This means that the available accounting framework is different from that needed by LCA [9]. It
would also be desirable to track imports and exports of products that embody high CO2 emissions.
This complex task could be facilitated by linking MARKAL with an economic model.

Integrated energy and material flows within the MARKAL framework have been recently
modelled by a Dutch group [10], showing a potential for decreasing CO2 emission reduction costs.
As pointed out, policies should primarily aim at the reduction of emissions in materials production
and recycling. This is only possible in an international context since the whole material system is
internationally embedded. There are indications that environmental product standards based on a
'cradle-to-grave' approach may not comply with free trade agreements (e.g., GATT).
Furthermore, CO2 emissions may vary within one material group. Consequently, CO2 policies on
materials based on the LCA analysis may be very difficult to implement internationally.

8. CONCLUSIONS

The study can be regarded as a very detailed environmental LCA of energy systems. A high
level of completeness has been achieved by covering the whole energy chains and by considering
material input, transportation and dismantling/disposal related to all process steps. The GHG
emission values for hydro and nuclear chains are each about two orders of magnitude lower than
values for the fossil chains; the contributions come mainly from energy and material requirements.
On the other hand, the GHG emissions in the fossil chains are primarily from power plant
operation, with mining and transportation contributing minor portions of the emissions in these
chains. The contributions from electricity requirements dominate GHG emissions of photovoltaic
systems; thus, the emission values are strongly dependent on the electricity mix used.

In energy planning, it is desirable in the global context to account for the emissions (of
GHGs as well as of other species) outside of national boundaries. These emissions are
straightforward to assess in some cases, e.g., direct emission of methane in mining or from gas
pipelines. The assessments of other cases, such as emissions associated with material production
(of less importance in the case of GHGs for mature electricity generation systems) or associated
with imported electricity, may be equally important but are much more complicated tasks. The
framework for such an approach is in principle available; however, its implementation,
particularly on the international level, is subject to practical difficulties.

113



Research projects continuing the study described are in progress at the Swiss Federal
Institute of Technology, with the aim of updating and expanding the environmental inventory
database, further developing downstream (i.e. disposal) processes, regional and local impacts of
energy transportation and distribution, as well as evaluating environmental interventions.
Further GHG analyses, including extension of the LCA-based comparisons as well as economic
analyses of GHG emission reduction scenarios, will be carried out within the GaBE project.
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Abstract

Life-cycle analysis is defined and the various impacts from energy systems to be included in such
analysis are discussed. A preliminary version of a scenario for a future Danish energy system based upon a
bottom-up energy demand scenario and renewable energy sources. LCAs of wind turbine and Si solar roof-
top modules are presented. The various impacts from Danish wind and building-integrated solar power
generation are discussed and compared with the impacts from coal-fired power generation. The former
electricity generating system looks more favorable.

1. INTRODUCTION

The work reported in the present communication is based on several years of consultancy to
the OECD regarding the methodology of life-cycle analysis, followed by implementation studies
performed for the Danish Department of Energy and as a contractor for the Fuel Cycle Externality
Project of the European Community Joule II Programme. The work also underlies the author's
work as a member of the IPCC (Intergovernmental Panel on Climate Change) working group II
and consultant to working group III.

2. DEFINING LIFE-CYCLE ANALYSIS

Life-cycle analysis (LCA) is a method, by which it is possible in principle to assess all
direct and indirect impacts of a technology, whether a product, a system or an entire sector of
society. LCA incorporates impacts over time, including impacts deriving from materials or
facilities used to manufacture tools and equipment for the process under study, and it includes
final disposal of equipment and materials, whether involving reuse, recycling or waste disposal.
Whereas product LCA is used by manufacturers and regulators to select the optimal one among
different products serving the same purpose, energy system and energy policy LCA may be used
to handle greenhouse emission issues in a way consistently embedding the global warming issue
within other environmental and social issues. In case not just individual energy systems, but
national and regional energy policies have to be assessed, the LCA must be based on an assumed
transition to a scenario for future energy supply, transmission, conversion and use.

These remarks define the issue of the present paper, linking issues of global development,
scenarios for future energy use, and finally political assessment with the assistance of LCA as a
tool.

3. IDENTIFICATION OF LIFE-CYCLE IMPACTS

The impacts that one would like to include in an LCA are likely to depend on time and
place of assessment. However, in broad terms, they may be grouped into the following
categories [1]:

Economic impacts such as impacts on owners economy and on national economy, including
questions of foreign payments balance and employment distribution.

Economy is basically a way of allocating scarce resources. Applying economic assessment to
an energy system, the different payment times of different expenses have to be taken into
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account, e.g. by discounting individual costs to present values. This again gives rise to
different economic evaluations for an individual, an enterprise, a nation, and some
imaginary global stake holder. One possible way of dealing with these issues is to apply
different sets of interest rates for the above types of actors, and in some cases even a
different interest rate for short-term costs and for long-term, inter-generational costs, for the
same actor. Precursors to these kinds of economic evaluation are the separate private
economy (sometimes referred to as direct economy) and national economy accounts often
made in the past. The national economy evaluation includes such factors as import fraction
(balance of foreign payments), employment impact (i.e. distribution between labor and
non-labor costs), and more subtle components such as regional economic impacts.

Environmental impacts, e.g. land use, noise, visual impact, local pollution of soil, water,
air and biota, regional and global pollution and other impacts on the Earth-atmosphere
system, such as climatic change.Environmental impacts include a very wide range of
impacts on the natural environment, including both atmosphere, hydrosphere, lithosphere
and biosphere, but usually with the human society left out (but to be included under the
heading social impacts below). Impacts may be classified as local, regional and global. At
the resource extraction stage, in addition to the impacts associated with extraction, there is
the impact of resource depletion. In many evaluations, the resource efficiency issue of
energy use in resource extraction is treated in conjunction with energy use further along the
energy conversion chain, including energy used to manufacture and operate production
equipment. The resulting figure is often expressed as an energy pay-back time, which is
reasonable because the sole purpose of the system is to produce energy, and thus it would
be unacceptable if energy inputs exceeded outputs. In practice, the level of energy input
over output that is acceptable depends on the overall cost, and should be adequately
represented by the other impacts, which presumably would become large compared with the
benefits, if energy inputs approached outputs. A low extraction efficiency can well be
accepted, if the resource is free or nearly free (e.g. solar radiation). In other words, energy
pay-back time is a secondary indicator, which should not itself be included in the
assessment, when the primary indicators of positive and negative impacts are sufficiently
well estimated. Also issues of the quality of the environment, as seen from a anthropogenic
point of view, should be included here. They include noise, smell and visual impacts
associated with the cycles in the energy activity. Other concerns include the preservation of
natural flora and fauna.

Social impacts, related to satisfaction of needs, impacts on health and work environment,
risks, impact of large accidents, institutions required. Social impacts include the impacts
from using the energy provided, which means the positive impacts derived from services
and products arising from the energy use (usually with other inputs as well), and some
negative impacts associated with the energy end-use conversion. Furthermore, social impacts
derive from each step in the energy production, conversion and transmission chain.
Examples are occupational health issues, work environment, job satisfaction, and risk,
including the risk of large accidents. Another area of potential social impacts are in the
institutional setup of the systems providing energy of a certain kind: types of organizations,
financing schemes, and so on. Some of these issues connect to those mentioned below under
the heading "political impacts".

Security impacts, including both supply security and also safety against misuse, terror
actions, etc. Security can be understood in different ways. One is supply security, and
another the security of energy installations and materials, against theft, sabotage and hostage
situations. Both are relevant in a life-cycle analysis of an energy system. Supply security is
a very important issues for those energy systems depending on fuels unevenly spread over
the planet. Indeed, some of the most threatening crises in energy supply have been related to
supply security (1973/74 oil supply withdrawal, 1991 Golf War).
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Resilience, i.e. sensitivity to system failures, planning uncertainties and future changes in
criteria for impact assessment. Resilience is also a concept with two interpretations: One is
the technical resilience, including fault resistance and parallelism, e.g. in providing more
than one transmission route between important energy supply and use locations. Another is a
more broadly defined resilience against planning errors (e.g. resulting from a misjudgment
of resources, fuel price developments, or future demand development). A more tricky,
self-referencing issue is resilience against errors in impact assessment, assuming that the
impact assessment is used to make energy policy choices. Many of the resilience issues are
connected to certain features of the system choice and layout, including modularity, unit
size, and transmission strategy. The possible use of an impact awareness escalation rate has
been suggested by Rabl [2].

Development impacts (e.g. consistency of a product or a technology with the goals of a
given society). Energy systems may exert an influence on the direction of development a
society will take, or rather may be compatible with one development goal and not with
another goal. These could be goals of decentralization, goals of concentration on knowledge
business rather than heavy industry, etc. For so-called developing countries, clear goals
usually include satisfying basic needs, furthering education, and raising standards. Goals of
industrialized nations are often more difficult to identify. Often emphasis on agriculture,
industry and export are ingredients in the strategies of developing countries. The positive or
negative impact of a given energy system on these goals constitute development or political
impacts.

Political impacts include e.g. impacts of control requirements, and on openness to
decentralization in both physical and decision-making terms. There is a geo-political
dimension to the above issues: Development or political goals calling for import of fuels for
energy may imply increased competition for scarce resources, an impact which may be
evaluated in terms of increasing cost expectations, or in terms of increasing political unrest
(more "energy wars"). The political issue also has a local component, pertaining to the
freedom or lack of freedom of local societies to choose their own solutions, possibly
different from the one selected by the neighboring local areas.

It is clear that a list of the kind given above is open-ended, and that some impacts will never
become quantifiable. This raises new problems of how to present and use an LCA, which would
typically produce a list of impact estimations, some of which quantified and some not, and with
the quantifiable impacts often given in quite different units (e.g. tons of sulphur dioxide, number
of work accidents, capital cost of equipment).

On the other hand, weighing of incommensurable impacts is precisely what the political
decision-making process is about. If the LCA impacts of each system could be expressed as a
single number, one might as well let the computer choose the solution with the smallest negative
impacts. But because the impacts are of different kinds, our value systems and preferences, as
well as some democratic playing rules are needed, in order to reach an agreement on the choice of
system. This raises new problems of how to present and use an LCA, which would typically
produce a list of impact estimations, some of which quantified and some not, and with the
quantifiable impacts often given in quite different units (e.g. tons of sulphur dioxide, number of
work accidents, capital cost of equipment).

One philosophy is to try to convert all impacts into monetary values, i.e. replace the sulphur
dioxide amounts with either the cost of reducing the emissions to some low threshold value
(avoidance cost) or alternatively an estimated cost of the impacts: hospitalization and workday
salaries lost, replanting cost of dead forests, restoration of historic buildings damaged by acid
rain. Accidental death would be replaced by the insurance cost of a human life, and so on
(damage costs). Unavailability of numbers has led to the alternative philosophy of interviewing
cross sections of affected population on the amount of money they would be willing to pay to
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avoid a specific impact or to monitor their actual investments (revealed preferences, willingness to
pay). Such a measure may change from day to day, depending on exposure to random bits of
information (whether true or false).

All of these methods are deficient, the first by not including a (political) weighing of
different issues (e.g. weighing immediate impacts against impacts occurring in the future), the
second by doing so on a wrong basis (influenced by peoples knowledge of the issues, by their
accessible assets, etc.). The best alternative may be to present the entire impact profile to
decision-makers, in the original units and with a time-sequence indicating when each impact is
believed to occur, and then to invite a true political debate on the proper weighing of the different
issues.

The difficulties encountered in using LCA in the political decision-making process have
been partly offset by the advantages of bringing the many impacts often disregarded (as
"externalities", meaning issues not included in the economic analysis) into the debate. It may be
fair to say that LCA will hardly ever become a routine method of computerized assessment, but
that it may continue to serve a useful purpose by focussing and sharpening the debate involved in
any decision-making process, and hopefully help increase the quality of the basis information,
upon which a final decision is taken, whether on starting to manufacture a given new product, or
to arrange a sector of society (such as the energy sector) in one or another way. Examples of
actual energy system LCA's are given towards the end of the paper.

4. THE CURRENT DEVELOPMENT SCENE

The recent collapse of a number of conservative communist regimes with a sterile top-down
control structure and inherent conservatism has led to a reassessment of development models, both
in currently industrializing countries and in economies yet to choose their path of development.

There has been a surge of efforts to reinstate and spread a variety of liberalism based upon
nineteenth century crude versions of market controlled economies with minimal roles accorded to
governments. This situation makes it very important for leaders responsible for national
development strategies to keep their heads cold and take a more comprehensive view of the issues.
An alternative development model used to be suggested by the Scandinavian countries. Central in
the Scandinavian way of thinking was a necessity for looking at things with global eyes, and an
ability to feel uncomfortable when confronted with a strongly unequitable distribution of assets
and opportunities. However, the set of values promoted by particularly the United States of
America have recently set themselves through in many other parts of the world, including
Scandinavia. The advocates are often economists basing their advice to decision-makers on a
partial model of society, and yet pretending that the prevailing economic theory is a universally
valid science. In reality it hardly deserves to be called a science, but rather constitutes a
codification of some particular views regarding social power structures, according e.g. to Blatt [3]
and Eichner[4].

In order to develop more comprehensive alternatives to the atavistic economic descriptions
of current development options, it is an urgent priority to look for consistent alternative social and
economic models, which on one hand avoid inviting to the power concentration and the
curtailment of development initiatives that accompanied the transition from socialism to
communism, and on the other hand offer a clear break with the primitive liberalism dominating at
present.

5. THE THIRD WAY

The basis for an alternative way of shaping national policies may involve a technique known
as the scenario method. It basically consists in selecting a few of the possible futures, chosen on
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the basis of having spurred an interest in the population and by reflecting different values held in a
particular society.

As the next step, these futures have to be modelled, with emphasis on the issues deemed
particular important: better social conditions, less polluting energy systems, environmentally
sustainable processes, societies offering human relationships within a preferred frame, and so on.
During this process one must keep in mind, that models are simplified and necessarily inaccurate
renditions of reality, and have to be treated accordingly. Models are essentially frameworks for
discussion.

One would next have to discuss the consistency of the elements in the models, e.g. as
regards sustainability, resource availability, and consistency between different aspects of the
scenario. And finally discuss possible paths from the present situation to the scenario future. This
would be done for each scenario proposed, as part of an assessment which involves the full
apparatus of political debates and decision-making processes.

Central questions to address are who should propose the scenarios and who should stage the
debate and decision process. There are clearly many possibilities for manipulation and unfair
representation of certain views. Whether a democratic process can be established depends on the
level of education and understanding of the decision process, by the citizens of a given society, as
well as on the tools used for debate, including questions such as fairness of and access to media.
Many developed countries have a tradition for broad social debates, but even in such countries,
there are also clear efforts by interest groups or sitting governments to take over the
communication means and distorting the process in favor of their own preferred solutions. These
institutional questions have to be part of any realistic proposal for a new way of approaching
development issues (Fig. 1).

PLANNING

Critical scientists,
Community groups
Interest groups, ...
Concerned

citizens

Government departments
Mandated experts

Private and
semi-public

organizations

Parliament and politicians

Fig. 1. The actor triangle, a model of democratic planning, decision-making and continued
assessment [18].
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6. AN EXAMPLE OF SCENARIO TECHNIQUE APPLIED TO ENERGY PLANNING

In order to illustrate the issues involved, scenarios of energy demand are first presented
from a global perspective, and then exemplified for Denmark in order to present an already
worked out energy system construction amenable to assessment by life-cycle analysis.

6.1. Demand models

The bottom-up approach for determining energy demand [5], [19], [20] is based on a model
in which all basic needs are to be covered (food, shelter, human interaction), and furthermore a
broad selection of secondary needs, that may be selected differently by different societies and by
different individuals (activities, relations, possessions). The needs are then analyzed in terms of
energy inputs, recognizing that in many cases, the same products and services can be produced in
different ways, characterized by highly different inputs of materials and energy (Fig. 2).

EXTRACTION /COLLECTION
1

REFINEMENT/TREATMENT
i

CONVERSION
I

TRANSMISSION /DISTRIBUTION
END-USE CONVERSION

(secondary or
produced energy)

(quartarnary or
final energy)

ENERGY SERVICE

GOAL-SATISFYING
PRODUCT OR
ACTIVITY

Fig. 2. Energy conversion chain [19].

The outcome of this analysis is, that over a broad range of secondary need's selections,
geographical locations (important for heating and cooling needs) and settlement types (from dense
cities to dispersed living), the required average flow of energy inputs are in the range of a half to
two kW per capita, except for extremely cold climates. This assumes using the best technology
known at present. Fifty or a hundred years ago, the numbers would have been higher (if the same
needs could have been delivered), and in the future, new technological breakthroughs may make
the numbers lower. Particularly as regards the low-temperature heat use, a wealth of options are
available, including heat pumps and heat cascading.

Fig. 3 gives an overview of energy flows, divided on energy qualities and broad classes of
activities. Note that the bottom-up approach implies, that the desired human activities constitute
the driving force, and that production of goods and services becomes a derived quantity, the size
of which depends entirely on the specification of needs. The societies are not assumed to produce
goods blindly, in the hope that a demand can be created, once the goods are brought to the
market. Again this is a Scandinavian way of looking at the production process, very different
from the primitive market picture prevailing in e.g. Anglo-Saxon countries. However, different
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Fig. 3. Scenario for the rate of end-use energy needed for satisfying goals in different societies at
different geographical locations (W/cap) [6], [19], [20],

societies may place emphasis on different types of production (basic materials, consumer goods,
agricultural products, knowledge-based services, and so on). This is what gives rise to the wide
ranges of possible energy use in the activity sectors.

Figure 4 gives a specific example of the demand matrix of Fig. 3, to be used for the energy
supply model considered in the following chapter and pertaining to a scenario for Denmark
attempting to catch some important traits of Danish preferences [6].

Among the energy demand models that could be considered, there would generally be
growth and saturation models. By this is understood growth and saturation in services and
production, which again may or may not lead to growth in energy demand, depending on the cost
of energy systems as compared with other factors in the economy. Historically, short periods of
growth have been followed by long periods of saturation on various levels, both for production
and energy use [7].

Present arguments for or against growth both refer to third world development: One side
claims that economic growth will make the cake to share larger and everybody happier, while the
other side says that growth will create stronger competition for scarce resources, and that will hurt
the regions trying to develop. The actual development trends over the latest decades in some areas
support the second view, and it is not difficult to argue in general terms, that global claims on the
resource base do not seem to promote equity, but certainly helps in creating hostility and cause
warfare (problem of fundamentalist movements, oil wars).

It is important to stress, that one can have growth in the economic sense without the
associated growth in resource usage: If the main growth is in intellectual activities and services,
the physical growth can be zero or negative, while the economy may continue to flourish,
remembering that economic indicators such as GNP only measure the level of activity. The
scenario depicted in Figs. 3 and 4 assumes a future society with increased emphasis on
environmental sustainability, low and efficient resource usage and growth in those activities
expected in an information-society [8].
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Fig. 4. Scenario for the rate of Danish energy use at the end-user in year 2030 (W/cap) [6].

6.2. Bottom-up construction of energy systems

Once the energy demand structure is given, the modeler's task is to construct a supply,
conversion and delivery system capable of satisfying the demand at the end-users. The selection of
the system depends on the technologies available, but also in some cases on preferences between
different system layouts, of which one is not clearly superior to all the other ones. Typically, the
life-cycle impacts of different types of system are so different, that some groups in the society
have clear preferences for one solution and feel that they would not like to live with some of the
other solutions, while other groups in the society may feel just the opposite way.

In such cases, one could possibly give high priority to options involving a decentralization,
that would allow different subgroups in a society to select different solutions, rather than going for
centralized solutions bound to make some fraction of society unhappy. That this is possible hinges
on the recent development of decentralized solutions without cost penalties, i.e. that technology
has entered a stage, where the economy of scale is less important than it was some decades ago.

The technique for constructing the energy system may consist in tracing the system back
from the end-user, but as it will become clear, this is not always possible, and some tracking back
and forth between supply end demand may be required. At each end-user, one may first consider
the options for local energy production, such as solar heat, solar cells, building-size fuel cells, and
so on. When intermittent production is included, the question of load-matching and energy storage
has to be considered. Some such storage may be located at the end-user. Current examples are
batteries for portable equipment and heat stores for solar thermal collection systems. In a wider
perspective, also load-management has to be considered, such as deference of non-urgent tasks,
within time-limits accepted by the user and possibly reflected in her/his cost of energy.
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On the supply side, there might be installations characterized by a large fraction of the cost
tied up in equipment (e.g. wind turbines, photovoltaic panels), but for which the operating cost is
very small. Such equipment should have priority, once it is part of the system, and if the energy
generation is also intermittent, these installations have to be dispatched before others that may be
regulated. This means, that such priority equipment has to be considered up front, also in cases
where it is not located near the user, and thus transmission and any further conversion to other
energy forms should be determined at this stage. There may also be options for central storage in
the system, that can take care of surplus production from priority sources. If not, any overflow
must be exported or will be lost.

In principle, the modeler works backwards from the end-user over transmission and
conversion equipment to the primary energy source inputs, but with the above-mentioned priority
sources as bound options. In some systems, the delivery paths in place (gas, electricity and heat
transmission lines) determine which energy flows can be directed at particular groups of
end-users, but in many cases, there would be more than one option for generating the various
energy forms then demanded. This defines the dispatch problem, where a routine must be found
for selecting the succession of generating equipment and feeding energy sources, that will be
employed at any given moment.

This selection may be based on a ranking of the sources (e.g. in terms of generating costs),
but often there is more than one solution satisfying any simple criteria. This is certainly the case,
if the system comprises storage and import/export options in various places between supply and
demand. One of the criteria to consider is security of supply, meaning that one minimizes the risk
that e.g. stores are empty when they are unconditionally needed (especially relevant for systems
with a high fraction of intermittent sources).

It is important to distinguish between systems modelling aiming at proposing an optimal
system layout, i.e. which components to build, and modelling aimed at utilizing a given system
optimally, by selecting the best dispatch pattern. These two aspects may be combined in a
dynamic simulation of the system, where one tries to identify the signals, that should lead to
decisions to add components to the system (or phase out components), with given lead times
between decision and operability of the new components.

Figures 5 and 6 give an overview of a preliminary version of a scenario for a future Danish
energy system based upon renewable energy sources and the demand scenario of Fig. 4 [9]. It
assumes a wind contribution based on a number of 2 MW turbines similar to the present number
of smaller machines, and that roughly a quarter of all buildings have solar thermal or photovoltaic
collectors. The contribution from biomass include gas and liquid fuels, and is based on the already
started transition in the Danish agricultural sector, where a smaller area will be used only for food
production, yielding however the same export of refined products but a balance considered more
healthy between animal and vegetable products for indigenous consumption. The biomass for
energy purposes are partly derived from better utilization of current "waste", partly from
dedicated energy crops. However, the total cultivated area is not expanded from its present value.

Figure 5 details the flows in the agricultural sector, while Figure 6 treats the rest of the
system leading to the end-users. The scenario is preliminary, as the dynamical simulation of the
supply-demand matching has not yet been performed, but only the overall balancing of flows.
However, it gives an example of a system taking advantage of the current transmission network
for electricity, gas and heat, and at the same time removing fossil fuel inputs and their greenhouse
emissions over a 30 year period, with minimum requirement for long-term energy storage
(although the system does comprise heat stores, gas stores in aquifers and salt domes, and a little
electricity storage capacity in batteries and compressed gas stores).
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It is assumed that the interconnection with the European power grid will take care of any
further mismatch between electricity production and local demand. This involves some imports
and exports, judged to be beneficial to both partners in the exchange. For example, the exchange
with countries such as Norway possessing large seasonal hydro stores allows for taking care of
day-to-day mismatch, while adding to the resilience of the Norwegian system towards coping with
particular dry years, a function which today is taken care of by the Danish fossil fuel power
stations [10].

In the transportation sector, the scenario for year 2030 assumes, that only electric vehicles
are allowed in cities, and that long-distance transport of goods and people will be based on
biofuels.

7. IMPLEMENTATION OF LIFE-CYCLE ANALYSIS FOR RENEWABLE ENRGY
SYSTEMS

The examples of LCA assessment given below is for selected energy technologies, such as
wind and photovoltaics, characterized by near absence of climatic effects (depending on where the
materials used and energy inputs to manufacturing comes from). For comparison, an assessment
of coal-based power is added, with its strong climatic impacts. One purpose of LCA is of course
to provide a full impact overview, such that the higher direct cost of many renewable energy
solutions may be weighed against the lower indirect impacts. An LCA assessment of a complete
future scenario of energy supply, such as the one given in the previous section for Denmark, is
underway but will not be reported here.

Now a few practical remarks. In a practical implementation of LCA, each impact is initially
presented in units relevant for the category in question. In presenting the impact profiles derived
in this way to decision-makers, a scale of -1 to 1 may be used, because the weighing of
incommensurable impacts will anyway involve the decision-maker's choice of weight factors. It
may seem, that the accuracy of this approach is lower than if physical units (such as death per
kWh or kilos of SO2 per kWh) had been used. However, this is not necessarily the case, since the
precision with which the physical data can be given is quite consistent with a fairly course
indication, allowing a resolution of perhaps less than ten levels in the range of impacts being
evaluated as negative over neutral to positive. It is also possible to include non-linearities in the
criteria adopted. At the extreme these could be the labelling of some impacts as unconditionally
unacceptable [11].

8. WIND TURBINES AND SILICON ROOF-TOP MOFULES

The wind turbine analysis [12] presented in Fig. 7 pertains to Danish turbines currently
produced and locally installed. It is realized that several of the impacts exhibit a dependence on
the natural, social and human setting. Thus one should be careful in transferring data to other
settings than the Danish one. The penetration of wind power in the Danish electricity system is
currently 4-5%. If penetrations above some 20% were achieved, the question of energy storage
would have to be addressed. However, given the strong international links, e.g. to the Norwegian
hydro system based on annual storage cycles, the cost of dealing with the variability of wind
energy production could turn out to be very low [13].

The manufacture of photovoltaic cells is today barely suitable for generic assessment. Some
mass-scale production is taking place, but the technology continues to change, as it has to in order
to approach a price level catering to major market segments such as bulk power production.
Furthermore, the worldwide industrial capacity is currently not fully used, and this slows down an
introduction of improvements that are already identified and ready for implementation. Some of
these improvements are known to lead to substantial improvements in conversion efficiency, while
others reduce the manufacturing cost and at the same time reduce the environmental impacts of
cell and module manufacture.
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Fig. 7. Life-cycle assessment of wind and solar cell systems, expressed in arbitrary units.

The life-cycle analysis presented in Fig. 7 pertains to the current manufacturing technology
for silicon-based cells [14]. These comprise the substantially different technologies of crystalline
and amorphous cells, and of solid or thin-film techniques. When impacts depend on these
differences, it will be pointed out. Furthermore, there are several differences between the impacts
of modules for centralized power plants, and those aiming at decentralized use, integrated into
building structures such as roofings. One of these differences has to do with the possibility of
using concentrator cells and tracking devices, while other obvious differences have to do with area
use. Also the possible modularity of electricity conditioning equipment such as inverters may
differ.

The present analysis assumes non-concentrating cells in modules mounted on individual
buildings. Cell and module fabrication is assumed to take place in the country using the modules,
and the penetration of the technology plus the structure of the residual electricity supply system is
assumed to be such, that no particular requirements for energy storage arise in conjunction with
the photovoltaic panels. The main steps in the life-cycle of photovoltaic devices are depicted in
Fig. 8.
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8.1. Impacts

The overall cost of producing wind energy in Denmark is currently about 35 0re/kW.h
(5 US cents per kW.h), with O&M constituting an average of 7 0/kWh (1 c/kW.h) out of this,
averaged over an assumed 20 year lifetime. Because the capital cost is dominating, there is much
less uncertainty in cost after the turbine is installed, than there would be for a fuel-based system.
The import fraction of the capital cost is 28%, that of the running cost 15%. The employment
factor is about 3 (fulltime equivalent per million Danish Kr. spent). Labor is considered a negative
impact in Fig.7, but it might be viewed as a positive attribute by some societies (with activity
deficiency or inefficient distribution of wealth), especially in times of unemployment. In any case,
creating jobs within a society is often viewed as preferable compared with creating jobs abroad.
Current cost of photovoltaic power is about 40 US cents per kW.h, but expected to fall to around
10 c/kW.h early in the next century. Of the 40 c/kW.h, about 25 c derive from module capital
cost and 1 c from O&M, the rest being balance of system (BOS) capital cost. The projection
would be for around 6 c/kW.h for the modules and 3 c/kW.h for the BOS in the rooftop mounted
case, assuming integrated PV-building elements or thin-film modules glued onto a cheap substrate
building element. No installation cost apart from electric connection is included, assuming that
mounting costs are the same as for other roofing elements. The national economy items are
similar to those of wind turbines, except for the higher labor content associated with the higher
cost.

Danish wind turbines are placed both in park configurations and individually. The land
between them and right up to the towers may be used for agriculture, so that the largest cost in
terms of land-use is often the access roads needed for service purposes. Typical values are 10 m2

per kW rated power. Land resources may be returned after decommissioning.
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The mechanical noise from Danish wind turbines is below current minimum regulatory
limits (35dB(A) in the audible range, and about 70 dB(A) for infrasound) a few rotor diametres
away from the turbine. Aerodynamical noise from the blades is similar to that of other structures
or vegetation. Telecommunication interference has been studied and found similar to that of static
structures (e.g. buildings).

The extraction of power from the wind has a slight influence on the microclimate below and
behind the turbines, but otherwise the pollution associated with the operation of wind turbines is
limited to minor issues such as oil used for greasing. The main potential source of pollution is the
manufacture and maintenance operations, which are subject to the usual industrial regulation. The
work environment at manufacturers of windmill components is similar to that of other equipment
manufacturers, while the work environment for tower building, assembly and maintenance is
similar to that of work in the building industry, with lots of open air activities and scaffold work
at a height. With proper safety precautions, such work is generally offering a varied and
challenging environment.

Health problems are primarily present in the industrial part of manufacture, including in
particular the use of epoxy resins in blade manufacture. Modern production lines have confined
this step of production to closed spaces with fully automated facilities, implying that employees
only do control-room work, and that the risk of exposure to harmful chemicals is basically an
accident risk. 18 years of blade manufacturing experience has proven that the accident risk can be
kept extremely low.

The use of dedicated land resources is zero for rooftop mounted solar panels. Silicium is
abundant everywhere, in the form of silicon dioxide, but as for any mining operation, its
extraction may affect the natural environment. The operation of solar panels is without noise or
smell, but the integration of panels in buildings does require architectural skills in order to
produce acceptable visual impacts.

The industrial handling of silicon, throughout the steps of production, all involve potential
pollution of the environment, unless all materials used are accounted for and recycled [15]. The
processes involved are typical of many chemical/mechanical industries or particularly of the
semiconductor industry, so one may use data from that industry in the analysis. Social benefits
derive from the electricity produced. Both wind and photovoltaic energy can have impacts on the
infrastructure of the electricity supply system, because of the dispersed mode of production, that
may lead to reduced demands for the power transmission.

The work environment for solar cell manufacture involves the risk of exposure to a range of
dangerous chemicals. Most have analogies in the semiconductor industry [15]. On the other hand,
few impacts are expected during operation of PV systems or their retirement.

Security of supply from both wind turbines and solar cells is generally high, with the
qualifications related to the variability of the resource. The modular nature of the systems make
individual failures less important. Because of the short time lag between deciding to built the
system, and its operation, the renewable energy technologies considered have much less sensitivity
to planning errors (e.g. wrong forecast of future loads) and changes in criteria used for selecting
technology, than systems with several years lag between decision and operation. For both wind
and particularly for building-integrated solar cells, a decentralized decision process and local
control are readily possible.

9. COMPARISON WITH CONVENTIONAL FUEL-BASED SYSTEM

The impact profiles of Fig. 7 are in many ways typical of renewable energy systems. It is
therefore relevant to place them in perspective, by comparing them to the profiles pertaining to
conventional fuel-based systems. Fig. 9 shows such a profile, for electric power produced by a
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large coal-fired plant. Data pertains to the Danish level of particulate removal, SO2 scrubbing
etc.[16]. Preliminary results of a fuel externality study within the EU Joule II program is
indicated, in those cases where numerical values have been obtained [17].

The profiles exhibit, in addition to the well-known differences between fuel-based and
renewable energy systems, in economic impacts, a number of stark differences in all other impact
areas, which strongly favors the renewable energy solutions.

COAL-FIRED POWER PLANT

ECONOMIC IMPACTS
1. Overall cost
2. Uncertainty in cost
3. Import fraction
4. Labour content

ENVIRONMENTAL IMPACTS
5. Resource use
6. Noise, smell and visual impacts
7. Local pollution
8. Regional pollution
9. Local climatic effects
10. Global climatic effects
11. Uncertainty in impacts

SOCIAL IMPACTS
12. Work environment
13. Health impacts
14. Accidents
15. Benefits
16. Impacts on infrastructure

SECURITY & RESILIENCE IMPACTS
17. Supply security
18. Sensitivity to failures
19. Sensitivity to planning errors
20. - to changes in assessment criteria

DEVELOPMENT & POLICY IMPACTS
21. Keeping options open
22. Consistency with goals of society
23. Impact on global issues
24. Impact on national independence
25. Possibility of participation
26. Allowing different choices
27. Avoiding institution-building

ffl Construction phase
m Operation phase
CJ Disposal phase

EU ExtemE stud
(mECU/kWh)

Best Average

18. to 5000.*
High High

negative

1

positive
LCA IMPACT ASSESSMENT

* lower figure:
crop loss, etc.
higher figure:
floods,
starvation, etc.

Fig. 9. Life-cycle impacts of coal power life-cycle (the figures on the right are preliminary).
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10. CONCLUDING REMARKS

The purpose of the present article has been to demonstrate some of the working methods
presently characterizing the field of energy and environment, and to place them in the context of
the IPCC work on greenhouse effect mitigation and development. This in particular involves the
identification of assessment methods, that retain not only conventional economic, but also
environmental and social impacts from energy activities. The scenario methods linked to LCA are
offered as the likely best candidates for political assessment in this field.
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GREENHOUSE GAS EMISSIONS FROM XA9642822
THE NUCLEAR FUEL CYCLE

M. TAYLOR
The Uranium Institute,
London, United Kingdom

Abstract

Emissions of carbon dioxide and methane from the whole fuel-cycle of nuclear power generation are
discussed. The low-cost, and therefore low-energy-using, uranium resources suffice to provide a large
worldwide nuclear programme with fuel without producing substantial carbon dioxide, very lower emissions
of carbon dioxide can be achieved if uranium enrichment is carried out by centrifuging. Methane emissions
from uranium mining are negligible or in almost any case virtually zero.

1. INTRODUCTION

When concern about the greenhouse effect began to increase in the late 1980s, it soon
became an increasingly important factor in public debate about the relative merits of different
sources of electricity. The case of nuclear power seemed clear-cut — it did not emit any
greenhouses gases (GHGs)- in contrast with fossil fuels. Of course, it was appreciated that some
of the energy used in nuclear fuel cycle facilities was itself from fossil fuels, but it seemed
self-evident that this resulted in insignificant quantities of GHGs.

However, some nuclear industry opponents began to put forward the view that carbon
dioxide emissions attributable to stages in the nuclear fuel cycle were significant, and could even
be comparable in magnitude to those from fossil fuel burning. Although this appeared to be an
insupportable hypothesis, it was adopted and repeated by other anti-nuclear groups in several
countries.

Thus, although the contention that nuclear power indirectly produces significant quantities of
carbon dioxide seemed clearly false, the Uranium Institute decided to examine these claims and to
attempt to refute them in more detail. What follows is a summary of our findings as a result of
that investigation.

2. THE NUCLEAR FUEL CYCLE AND CO2

The most widely quoted paper putting forward the view that nuclear power indirectly
(through its fuel cycle) emitted significant quantities of CO2 was presented by Friends of the Earth
at the UK public inquiry into the construction of the proposed Hinkley Point PWR; it was written
by Dr Nigel Mortimer [1]. Several other sources used this paper (known as FOE9) as a reference
to support their assertions that nuclear could indirectly produce a large amount of carbon dioxide.
The argument put forward by Mortimer rests on the assumption that if the use of nuclear energy
were to increase significantly then known uranium resources would be quickly consumed. This
would lead to the use of lower grade uranium ores resulting in increased CO2 emissions, because
uranium extraction from lower ore grades would need more fossil energy. Mortimer contends that
the CO2 emissions could reach the same order as those from a coal power station within a few
decades.

There are a number of flaws in Mortimer's argument, and a detailed rebuttal was prepared
by Donaldson and Betteridge of AEA Technology [2]. In particular, Mortimer assumes that no
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further low cost reserves of uranium remain to be found, whereas in fact a revival of nuclear
construction and an upturn in uranium demand would lead to increased exploration and the
definition of additional resources. In addition, any major expansion of nuclear power (as
postulated by Mortimer) would involve within a few decades the increased use of recycling and
the commercialization of fast reactors.

In any case, even if we assume a modest growth in nuclear output after 2000, then we can
calculate that relatively low cost resources (which are of reasonably high ore grade) already
identified today would be sufficient until after 2020.

In 1992 worldwide nuclear generation was about 323 GWe, which required about
55 000 tU. The UI expects that by 2000 annual nuclear generation will total 360 GWe, requiring
about 64 000 tU/year. If we assume, for example, that nuclear capacity will increase by 20 GWe
per year between 2001 and 2010, and by 30 GWe/y between 2011 and 2020, then total nuclear
generation will be 560 GWe by 2010 and 860 GWe by 2020. If the uranium requirement is 160
tU per GWe per year, then the cumulative total of uranium demand would be about 670 000 tU
by 2010 and nearly 2.5 million tU by 2020.

By comparison, in its most recent appraisal of world uranium resources [3] the UI estimates
that the total of already-known low cost uranium resources is over 3 million tonnes of uranium
(tU). Of this total, over 2 million tU are "Western World" resources, and over 1 million tU are in
the former Soviet Union, Central and Eastern Europe, and China.

Thus the hypothesis that nuclear would contribute significantly to CO2 emissions can be seen
to rely on a highly unlikely scenario. There would have to be a massive programme of new
nuclear construction, which would quickly use up known uranium resources, and which would
continue even in the absence of significant discoveries of additional economic uranium resources.
There would be no significant recycling or use of fast reactors, even after several decades.

2.1. Comparisons with other energy sources

We then looked at what few studies had been done to assess the actual level of CO2

emissions from the nuclear fuel cycle and to compare this with fossil fuel generation. Two studies,
one from Germany and one from the USA, appeared to correctly indicate the magnitude of these
emissions.

A detailed study by Weis, Kienle and Hortmann of German utility association VDEW [4]
estimated the CO2 emissions from the nuclear fuel cycle in the former West Germany. They
calculated how much energy is used in each of the stages of the fuel cycle, looked at the actual
sources of the energy used (i.e. coal, nuclear, hydro, etc.), and then calculated the resulting CO2

emissions. They also highlighted the fact that energy consumption in the fuel cycle has fallen
dramatically in recent years as efficiency has improved.

The study concluded that the energy used in preparing fuel for German reactors is 0.7% of
the electrical energy which the fuel will produce in the reactor. By far the largest part of this
energy use arises from the electricity used in enrichment plants, with only a small proportion from
uranium mining. The carbon dioxide emissions from this energy use, given the actual sources
used by German utilities, were about 0.5% of those from a coal fired station of the same capacity.
The results are reproduced in Table I.

The study also noted that there will be a reduction in the CO2 emissions from nuclear in the
future (in the German case), due to greater use of gas centrifuge enrichment instead of diffusion,
and to the opening of mines with higher uranium concentrations (for example, in Canada).
However, it is pointed out that, as the contribution of uranium mining and milling to total nuclear
fuel cycle energy use is only about 15%, even if this component changed significantly the effect
on the total would be small.

134



TABLE I. CARBON DIOXIDE EMISSIONS ATTRIBUTABLE TO VARIOUS STAGES OF
THE NUCLEAR FUEL CYCLE, FROM THE GERMAN PROGRAMME

Nuclear fuel
cycle process

Mining and
milling

Conversion

Enrichment

Fuel fabrication

Total

Specific energy
consumed

(kWh/kg Unat)

59

7

310

7

383

Energy
consumed as
% of electric

energy
content

0.1

0.01

0.6

0.01

0.7

Specific CO2

emissions from
energy consumed
(kg CO2/kg Unat)

47

<7

140

3

197

Annual CO,
emissions to fuel a
typical 1300 MWe

LWR
(tonnes)

9 100

<1400

27 200

600

38 300

From Weiss et al. [4].

A further analysis was carried out by Science Concepts for the US Council for Energy
Awareness (now the Nuclear Energy Institute) [5]. This calculated the CO2 emissions attributable
to nuclear plants in the United States, on the assumption that the only significant contribution was
from energy used in enrichment (other fuel cycle steps were not considered). It was assumed that
the total US nuclear capacity of about 100 GWe requires some 12 million SWU per year, and that
each SWU requires 2500 kWh of electricity (using the gas diffusion process). Thus the total
electricity required annually for enrichment was around 30 billion kW.h. In the region where
uranium is enriched, 65% of electricity is generated by coal, 6% by natural gas, and 29% by
nuclear and hydro. Thus, the study concluded that nuclear generation produces emissions at a rate
of about 4% of the equivalent coal generation.

The principal reason for the difference in the German and American figures is that, while
US enrichment is virtually all gas diffusion, only 17% of German enrichment is in diffusion
plants. The lower energy consumption of centrifuges accounts for the lower CO2 emissions. The
introduction of laser enrichment technology, now under development, will result in still lower
energy use than with centrifuges.

2.2. Methane emissions from uranium mining

The Uranium Institute also made an examination of possible methane emissions from
uranium mining. Again, although it seemed self-evident that these were insignificant compared to
those from fossil fuels, it was decided to examine the available evidence.

In general, methane is formed from the decomposition of organic material. When such
material is trapped beneath the Earth's surface, the methane itself often becomes trapped
underground in small gaps in the rocks. Mining in such areas allows the methane to escape, and if
it is not collected it seeps into the atmosphere. Underground coal seams inevitably contain
significant amounts of methane. In some cases it is possible to collect this from the mine and burn
it as a fuel; however, in other mines the ventilation system expels it to the atmosphere.

Methane can also be released from other types of mining in rock associated with organic
material. Potentially therefore, some methane could be emitted as a result of uranium mining in
certain areas. However, such emissions are very rare and consequently few studies have been
carried out. The information on which this report is based relates to Australia, Canada and the
United States, which account for about 40% of world uranium production.
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In Australia and Canada, although underground mines are routinely monitored for explosive
gases (including methane) it appears that none have been detected in any uranium mines. The
underground uranium mines in these countries are situated in very old rock formations which
contain virtually no organic material.

In the United States, information is available on one underground uranium mine in which
methane was detected. This mine, which closed in September 1988, appears to be the only recent
example of a methane producing uranium mine in the USA. The mine in which methane was
detected was the Lisbon Mine in La Sal, Utah, operated by Rio Algom Corporation. The mine
was classified as "gassy" by the US Department of Labor Mine Safety and Health Administration
(MSHA) in 1973 following an ignition incident and the subsequent detection of methane. Further
incidents involving outbursts of methane occurred in 1979 [6]. In an investigation of conditions in
the mine conducted in December 1978 [7], the MSHA reported that the total volume of methane
being liberated was 91 920 ft3/day (2600 m3/day). A paper by MSHA staff on methane
occurrence [8] provides estimates of the rate of methane emission per ton of ore mined. For the
Lisbon Mine, this is estimated to be about 100 ft3/ton (3 mVtonne).

The Uranium Institute was unable to find any other reports of any further uranium mines in
any country which have had similar problems with methane. Neither were we able to discover any
other references to methane emissions from uranium mining in published sources. Of course, this
does not rule out the possibility that there have been additional instances of methane production,
but it seems likely that any such instances have been very few in number.

It should be pointed out in this context that little historical information is available about
uranium mining in the former Soviet Union, and in some other countries. Therefore it is unlikely
that the Institute would be aware of any methane emissions from uranium mining in those
countries.

2.3. Potential methane emissions

The above information relates only to actual uranium mines (both shut down and operating),
and not to the potential methane emissions from uranium deposits which have not yet been
exploited. Uranium deposits do exist in a wide range of different geological formations, including
carbon-bearing rocks, but often not in economically recoverable concentrations. In the past,
studies have been performed on the viability of extracting uranium from low-grade coal [9]. In
fact, during the period 1963-67 several small US mines in the Williston Basin area of North and
South Dakota and Montana produced uranium from ore associated with lignite, which may have
contained methane. However, such deposits do not form a significant part of total uranium
reserves, and in any case are unlikely to be economic in the foreseeable future.

3. CONCLUSION

Studies of the carbon dioxide emissions from the nuclear fuel cycle under the different
circumstances prevailing in two different countries show that these emissions are in the region of
0.5% to 4% of the emissions from the equivalent coal-fired generating capacity. Assertions that
nuclear power could indirectly produce significant quantities of CO2 depend on a highly
improbable scenario.

On the question of methane from uranium mining, the information available indicates that
the vast majority of uranium is produced with little or no associated methane. In isolated
instances, methane may be associated with uranium mining and uranium-bearing ores. But
considering that world production of uranium involves the annual extraction of rather less than 10
million tonnes of ore, compared with annual coal production of around 4500 million tonnes, it
would seem that methane production from uranium mining can be accurately described as
negligible.
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Abstract

The methodologies of life-cycle analysis are discussed. The system boundaries have to be adequately
defined, which is illustrated with the example of coal-fired electricity generation. The input/output method
of LCA is discussed, including the incorporation of material recycling in the analysis. Also discussed is the
linkage of engineering and economic approaches together with the necessary improvements of MARKAL in
order to integrate the indirect processes. Finally examples are given of the analysis of the direct and indirect
CO2 emission from a pressurized-water reactor and its fuel cycle. The analysis shows that the life-cycle CO2

emission coefficient is 25.7 g CO2/ kW.h in case of gas-diffusion enrichment, whereas in case of centrifuge
enrichment this emission coefficient amounts to 7.9 g CO2/kW.h only.

1. INTRODUCTION

From energy economy statistics one might infer that supply and demand of goods and
services are increasing with socioeconomic development. The problems associated with energy and
environment might, therefore, be increasingly complex. Among these problems global warming
which arises from emissions of greenhouse gases like CO2, becomes the most misgiven and
worldwide recognized problem. Global warming has a worldwide impact, with impacts that would
be irreversible. Moreover, several generations will experience its impacts. Therefore, taking the
appropriate countermeasures is very difficult. The difficulty can be well understood if one
considers that our daily lives, i.e. food, clothing, shelter, energy, infrastructures, etc., depend so
much on carbon [1], as shown in Fig. 1. Especially for energy, the dependence on carbon is
high.
We are apt to consider energy and environment problems from the viewpoint of only the direct
utilization of goods and services. Of course, the impact of direct energy utilization to the
environment is usually large. For example, the direct emissions of CO2 from automobile use, have
a share of 81 % of the total CO2 emissions, which includes the emissions from indirect energy use
such as for the production process of goods and services and for the disposal of the car. However,
in case of a house about 7% of CO2 emissions comes from direct energy use, while 93% stems
from indirect processes [1].

Analysis of the energy requirement for the production of goods and services can hardly be
made if one focusses on these goods and services only. Indirectly, many other goods and services
are involved, e.g. in the production process, which in turn can be divided into sub-processes such
as material production, manufacturing of parts, assembling of equipments. More or less the same
applies to operation and maintenance of the production process, and to dismantling.

Life Cycle Analysis (LCA) is a tool for the analysis of above kind of problems where all
activities related to production, operation and disposal have to be taken into account. In such
cases, mutual substitutability of materials is an important topic, especially for future supply and
demand of energy. For attaining the sustainability of socio-economic activities, we must consider
the nature of various kinds of goods and services from the viewpoint of LCA, and improve the
associated weaknesses through technological and institutional measures. Since many goods and
services have international distribution through world trade, the assessment must also take an
international point of view.
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Fig. 1. Annual CO2 emissions from a household. (*1): Excludes contributions of maintenance and
demolition; (*2): Assumed: 10 000 km/year travel and 11.9 I/km fuel use.

In the following the way will be investigated to use LCA in integrating the direct and
indirect effects of production, operation, disposal, etc. of coal-fired and nuclear power generation.

2. EMISSION COEFFICIENT

2.1. Definition

Let us consider the emissions of SO2, NOx, and CO2 from fossil fuel combustion. As an
energy source material, let us consider coal. The main constituents of coal are carbon and
hydrogen, but it contains also small quantities of sulphur, nitrogen and other elements. During
coal combustion heat is generated and most of the carbon and hydrogen is converted into carbon
dioxide and water vapor. The sulphur and nitrogen compounds are released into the environment
as sulphur dioxide and nitrogen oxides.

Environmental emissions do not always result from the fuels themselves. Some of the
nitrogen in air is also oxidized during fossil fuel combustion and released as nitrogen oxides to the
environment. As shown in Fig. 2, under some circumstances a part of the raw materials can be
emitted as pollutants to the environment. E.g. in the cement production process more than two
thirds of the total CO2 emission comes from calcination of calcium carbonate is emitted as CO2

emissions, and there are also sulphur dioxide emissions from aluminum refinering, etc. [2].
Accordingly, we must include the emissions not only from fuels but also from raw materials and
auxiliary materials and impurities.

The emission coefficient of a pollutant is defined in several ways, per volume unit for
emissions at normal temperature and pressure, emissions per unit of mass, emissions per unit of
energy, etc. In the analysis of energy-environment systems, emissions are generally expressed in
amounts per energy unit. In this definition, however, a clear distinction must be made between
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gross energy and net energy. Additionally, we must indicate where this unit energy refers to, i.e.
at inlet or at outlet. For example, the CO2 emission from heavy distillate oil is 69.3 kg CO2 per
GJ of gross heating value, but per unit of net heating value it is 73.3 kg CO2/GJ, i.e. 6% higher
than the former value [2].

2.2. System boundary

In systems analysis the system boundaries need adequate definition. The emission coefficient
is sensitive to the choice of the system boundaries, and in some cases even the definition of the
emission coefficient depends on it. For example, let us consider again the CO2 emissions from
coal-fired power generation. The power plant consists of various facilities such as unloader,
conveyer, storage yards, crushing machines, boilers, turbines, generators, transformer and
switchyards, and also buildings and waste treatment facilities, etc. Part of the generated electricity
is consumed by the unloader and the coal preprocessing facilities. Various oil products, e.g. light-
distillate oil and gasoline, are used as fuels for driving transportation equipment. For each of these
direct activities, one can define emission coefficients. By integration, one can also define an
overall emission coefficient of the power plant, which includes the indirect processes, as shown in
Table I.

One can also define a national average CO2 emission coefficient for electricity generation. In
this case, there must be included the contributions not only from coal-fired plants but also from
the whole fuel mix for power generation from the other fossil fuels, and for the generation of
nuclear power, hydro power, and others. This shows that the emission coefficient depends on the
choice of the system boundaries.
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TABLE I. C02 EMISSION COEFFICIENT DEPENDENCE ON THE CHOICE OF THE
SYSTEM BOUNDARY1

Emission category

Direct emission

Indirect emission

Total

Coal
(g CO2/kcal)

0.387

-

0.387

Coal-fired electricity
(g CO2/kW.h)

955

7

962

Total electricity
(g CO2/kW.h)

396

9

405

a The "Indirect emission" from "Total electricity" generation is the average of the indirect emission coefficient
of generation by oil-fired power (4.22 g CO2/kW.h), LNG-fired power (2.16 g CO2/kW.h), coal-fired power
(6.94 g CO2/kW.h), nuclear power (22.8 g CO2/kW.h), and hydropower (12.8 g CO2/kW.h), averaged for the
1990 Japanese electricity generation of 29.6%; 23.6%; 10.4%; 23.5%; and 12.9%, resp. Uranium enrichment
by gas diffusion was assumed.

3. INTEGRATION OF INDIRECT EFFECT

3.1. Direct and indirect processes

A clear distinction between direct and indirect processes is required for LCA. Here, "direct
processes" means direct utilization of various kinds of goods and services, direct operation of
equipments and facilities, etc., while "indirect processes" means the activities of producing goods
and services or disposing them.

The production process can be subdivided into sub-processes, i.e. of material production,
manufacturing of parts and equipment, construction of facilities, etc. The operation process
requires some auxiliary materials, e.g. gypsum for coal ash treatment, spare parts for repair. At
the dismantling stage of the plant, some auxiliary equipment and materials are also used.
Evidently, each stage of production, operation and disposal has its demands for goods and services
and the production of these goods and services require materials, energy, goods, etc. Such a chain
of demands extends into the upper stream of production process. The input-output (I/O) method
can be used for evaluation of these propagation chains. As shown in Fig. 3, the total energy
requirement e of this process is given by e = f + H(I-A)"'y, where y is a demand vector of goods
and services for the final demand sector, A is a matrix of I/O coefficients, H is a matrix of energy
intensity, and f is an energy demand vector at final demand sector.

Total environmental emissions are expressed in an emission vector b, which is given by
b = Bf + BmHO-AyV. where Bf and Bm are matrices composed of emission coefficients of the
final demand sector and the intermediate sector, resp. After normalization of e and b by the
absolute value of the vector y, one obtains the sum of the direct and indirect components of the
energy use and environmental emissions normalized to vector y. Matrix (I-A)'1 shows the
propagation of intermediate demand, and is called the induce coefficient. To evaluate this matrix,
one has to know how many stages of propagation must be included. According to Saito's study,
10 stages are enough to obtain a stable value, as shown in Fig. 4 [3].

In the traditional I/O tables, both by-products and scraps are treated by a transfer method
and/or a negative input method. However, with a negative input method the value-added process
cannot be expressed correctly. Therefore, I/O tables must be improved, if one wishes to apply this
method to the evaluation of recycle use of various kinds of wastes, by-product material and
scraps. This difficulty can be circumvented by the introduction of additional columns and
additional rows corresponding to the recycling activities, accounting for these activities as
intermediate transactions. Such modelling has the additional advantage that it also evaluates the
value-adding process of recycled materials.
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Again, for the evaluation of various kinds of waste independent columns and independent
rows can be introduced for environment related industry sectors. With the use of such an
improved I/O frame, not only the recycling of by-products, scraps and waste materials but also
the regeneration process of waste materials can be handled. The matrix A, previously introduced,
should be of this type.

3.2. Linkage of engineering and economic approach

Substitutability and/or complementarity of economic resources, i.e. capital, labor,
materials, energy, etc., are very important analytical subjects in production and consumption.
Therefore, many economy models take the substitution of goods and services into account.
However, these models usually are not sufficiently technologically detailed, contrary to process
models in which each economic activity is described as an activity of technologies responding to
the system.

The dynamics of technology can be expressed by a set of variables, and the fundamental
mathematical relations contain many such variables and parameters. Most macro-economic models
do not encompass the method of process model, because some of the variables and parameters are
constrained, even if they are treated at all. If we cannot quantify parameters, the model cannot
work. Furthermore, there are errors associated with aggregation, and an aggregated result of
variables does not always coincide with the macro result, especially if the system has non-linear
characteristics.

In the process approach, however, the normative side of a problem is emphasized and a
fundamental nature is sought, omitting actual behavioral details. For example, one could imagine
the following model framework: investment, stock, and activity are selected as a set of variables
which describe technology behavior, by setting balance relations of capacity utilization, of energy
supply and demand, of energy resource utilization, by accounting for costs associated with the
installation, operation and decommissioning of a technology, by assessing environmental
emissions, by considering system operational principles (e.g. minimize discounted system costs),
and by keeping operation standards and other constraints (e.g. installed capacity bound from upper
and lower side).

The economic model, mentioned first in the above, is sometimes called a "top-down"
model, and is used for analyzing the macro behavior of the system. The model output is used for
a ceiling purpose which determines again the macro-nature of the system. On the other hand, the
process model, which aims for analyzing system behavior from a structural side, is called
"bottom-up" model. The MARKAL model developed at OECD/IEA/ETSAP is an example of the
latter model.

Also combined top-down and bottom-up models are being developed. Examples are the
MARKAL-MACRO model developed at BNL for OECD/IEA/ETSAP, and the JAERI model
MARKAL-MACROEM [4], [5]. In the former model, the industrial sector is represented by a
single production function, while in the latter model several sectors are introduced to express
inter-industry transactions. With the models MARKAL-MACRO and MARKAL-MACROEM, one
can obtain an optimal view of a technology installation. In addition, the balance between supply
and demand, substitution of factor inputs, and technological progress are taken into account in the
technology set. However, optimization is carried out considering the direct process only.
Accordingly, the energy embodied in facilities and equipment, and the associated environmental
emissions, cannot be handled in the above two models. Materials substitution is one of the most
interesting analytical subjects, especially for capital goods, and it is worthwhile to integrate these
indirect processes into the MARKAL model, using an endogenous approach as shown in
Fig. 3 [6].
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The analysis of energy and material flows has been made simultaneously with the extension
of MARKAL [7], [8]. Compared with these studies, the approach proposed here is much more
comprehensive. Firstly, the effects from the indirect processes, covering all activities from
material production to the disposal stage, are included. Secondly, in order to make a realistic
evaluation of value adding processes of the goods and services, the costs associated with material
processes are divided according to the stage of the life-cycle. Conservation of the value in these
processes is assured by using a salvage equation in the terminal condition of the model.

3.3. Material substitution

In order to integrate the indirect processes, the MARKAL model requires three
improvements: 1) the integration of indirect energy utilization and environmental emissions into
the direct processes, 2) the economic valuation of the indirect parts of processes compared to the
direct parts, 3) avoiding double accounting of various activities associated with indirect processes.
To accomplish this, one has to investigate the following possibilities. Firstly, an data base has to
be developed covering material use for energy facilities and equipments and auxiliary material
demand for operation and maintenance of these facilities and equipment. And secondly: 1) one has
to formulate the relationship between supply and demand of those materials; 2) one has to estimate
the energy intensities and environmental emission coefficients for material production,
discriminating between the direct parts and the indirect parts by means of the I/O table; 3) for the
rest of the activities, i.e. manufacturing of equipments, construction of facilities, etc., one uses the
sectoral approach, i.e. assigning energy intensity and emission coefficient sectorially as shown in
Fig. 3.

One has to add a new set of endogenously defined constraint relations, which represent
material supply and demand to the usual constraint relations, e.g. energy carrier balance,
electricity and heat balance, and environment emissions, etc. Concerning material uses, one has to
include the materials embodied in facilities and equipments and the auxiliary materials used for
construction, operation, and dismantling of facilities as illustrated in Fig. 5. Waste materials must
also be accounted for. To such endogenously constrained relations, one must add energy input and
environmental emissions from indirect processes. However, in order to avoid double accounting,
one should account for the direct and indirect components separately. Instead of simply adding
them, a function is introduced which takes care of the trade-offs between these two parts.
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\

Capital & Auxiliary

Goods

Fig. 5. Direct and indirect processes in production of capital goods and their uses.
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Regarding discounted system costs, one of the objective functions, namely the material
costs, also must be treated separately. Such an approach is required for economical assessment of
material substitution on the one hand; on the other hand one needs an assessment of the time
evolution of impacts and effects of the material recycling as well as a re-valuation of waste
materials. Therefore, one should separate material costs from capital costs, operation and
maintenance costs, transportation and storage costs, disposal cost, etc.

3.4. Indicator and phase diagram

Life cycle analysis deals with very long chains of goods and services, and these chains
contain many different technologies. Accordingly, LCA results depend on many variables and
parameters. Among the characteristics concerning energy and environment both the energy
intensities and emission coefficients are the most frequently used indicators for understanding the
characteristics of goods and services from the viewpoint of LCA. Energy saving can be assessed
from energy intensity analysis, if the energy utilization is considered separately for the direct and
indirect processes for each good and service. The same applies to environmental emissions, e.g.
what goods and services and which part of them must be improved for reducing CO2 emissions.
This requires for example area maps, phase diagrams, and correlation matrices. The use of area
maps has advantages: it visualizes quantitatively, while phase diagrams show trade-off
relationships and/or the time evolution. One specific example of such representations is the Hill's
diagram as shown in Fig. 6, where results of Kaya's decomposition of CO2 emission are given on
a logarithmic scale.
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Fig. 6. CO2 emission per unit of total primary energy as a function of the per capita energy use,
according to Kaya's decomposition.
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4. ANALYTICAL EXAMPLES

4.1. Assumptions

Nuclear power is one of the most promising energy sources for reducing CO2

emissions.However, the market share of this energy is only about 6% of the world primary
energy supply. This share is so low due to the fact that many of the major industrial countries
presently are not adding nuclear capacity, because of safety problems and public acceptance, and
the developing countries are still in a learning process.

The direct emissions of CO2 from nuclear power are very low. However, nuclear power
releases some CO2 if indirect processes are taken into account. The indirect CO2 emissions from
nuclear power generation have been calculated taking into account the materials used and the costs
of nuclear power plant and fuel cycle facilities.

The amounts of materials used in a typical large scale pressurized water reactor (PWR)
power plant are listed in Table II. Table III gives the percentage share of each cost component in
the total construction cost. The corresponding databases have been developed also for the facilities
of the whole fuel cycle. In addition, inducement coefficients of final demand for goods and
services have been derived from the I/O table modified as described above [9].

TABLE II. MATERIALS USED FOR A 1100 PWR

Material

Stainless steel

Ordinary steel

Special steel

Composite material

Aluminum

Total

kg/kWe

2.34

52.59

0.62

0.64

0.08

Material

Copper

Titanium

Cement

Insulation materials

kg/kWe

0.71

0.29

70.27

0.43

127.97

TABLE III. CONSTRUCTION COSTS OF A 1100 MWe PWR

Component

Land and land rights

Structures and site facilities
- site facilities
- reactor containment
structures
- other buildings

Turbine plant equipment

Electric plant equipment

Total

Share in total
construction

costs (%)

10

15
3

2
10

15

3

Component

Engineering and services

Reactor plant equipment
- reactor equipment
- accessory equipment
- waste treatment &
disposal
- fuel handling & storage
- other plant equipment
- control & safety systems

Interest during construction

Share in total
construction

costs (%)

14

28
2
10

1
1
9
5

15

100
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4.2. Results

Using the above databases, the direct and indirect CO2 emissions from nuclear power
generation have been calculated. Fig. 7 gives these emissions for the nuclear power plant itself,
and for the front-end and for the back-end processes of the nuclear fuel cycle. The total CO2

emissions associated with the construction of the PWR power plant is given in Fig. 8 for the
major components of the plant.

CO2g/kWh
25

Direct Indirect Direct Indirect Direct Indirect

Frontend Process Construction & Backend Process
Operation

Fig.7. CO2 emission from nuclear (PWR) generation (for details of the indirect emissions from
construction & operation, see Fig. 8).

The life-cycle CO2 emission coefficient, the sum of the direct and indirect components, is
about 25.7 g CO2/kW.h when the gas-diffusion process is utilized for uranium enrichment. The
indirect component is about 89% of the total CO2 emission coefficient. The emissions associated
with material production are 8% of the total.

The life-cycle CO2 emission coefficient for nuclear power is 2.7% of that of coal-fired
power generation. The enrichment process is a major contributor to the total CO2 emissions from
the nuclear fuel cycle, amounting to 72% of the total emission. However, if the centrifuge process
is utilized instead of the gas-diffusion process, the life-cycle CO2 emission coefficient reduces to
7.9 g CO2/kW.h and the share of enrichment process becomes only 6.7%.
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Fig.8. Indirect CO2 emissions per component of a 1100 MWe PWR nuclear power plant.

5. CONCLUSIONS

The integration of the indirect processes into the direct processes has been explained by
using the engineering model MARKAL as an example. However, indirect processes involve
various kinds of engineering processes such as production of materials, fabrication, distribution,
and waste disposal of goods. Using I/O data bases for deriving the effects associated with indirect
processes allows to integrate indirect processes which are not part of the actual engineering
processes.

In order to investigate the impacts from material substitution as well as from technology
progress in the life cycle analysis, an appropriate method must be developed, which should be an
engineering-economy linkage model. Such a model should handle material production, equipment
fabrication, waste disposal, etc., through technology responses associated with demand and supply
of capital goods and consumer goods. The MARKAL-MACRO and MARKAL-MACROEM
models could be improved for the integration of the direct and indirect processes.
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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.

Generation System

0

Nuclear

Oil

Coal

LNG

Geothermal

Hydro

Tidal

OTEC

Solar Thermal

Wind

Wave(Floating)

Photovoltaic

Roof-Top

Elect. Utilitv

N'et Electricity Supplied [Tfh]

50 100 150 200

"40
MO"

35'
""30

142

-"'98
~83

/g.5. Net electricity supply of different 1OOO MW power generating systems (30 years life time).

154



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.
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Fig.4. Rate of fossil fuel consumption of different power generating 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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Abstract

A full energy-cycle analysis of greenhouse gas emissions of biomass energy systems requires analysis
well beyond the energy sector. For example, production of biomass fuels impacts on the global carbon cycle
by altering the amount of carbon stored in the biosphere and often by producing a stream of by-products or
co-products which substitute for other energy-intensive products like cement, steel, concrete or, in case of
ethanol from corn, animal feed. It is necessary to distinguish between greenhouse gas emissions associated
with the energy product as opposed to those associated with other products. Production of biomass fuels also
has an opportunity cost because it uses large land areas which could have been used otherwise. Accounting
for the greenhouse gas emissions from biomass fuels in an environment of credits and debits creates
additional challenges because there are large non-linearities in the carbon flows over time. This paper
presents some of the technical challenges of comprehensive greenhouse gas accounting and distinguishes
between technical and public policy issues.

1. INTRODUCTION

To determine the full greenhouse gas implications of an energy system we would like to
examine every phase of the system from resource extraction to waste disposal and evaluate the
accompanying flows of greenhouse gases to and from the atmosphere. This includes the discharge
of combustion products like CO2 and the release of fugitive emissions like CH4, but generally it
means direct release of greenhouse gases during some phase of the fuel cycle plus emissions
embodied in the materials of facility construction. For the purposes of this discussion we will
focus only on the most important of the greenhouse gases, CO2. For simplicity we will describe
the flows of C, acknowledging that flows of C to and from the atmosphere are generally as CO2.
Our intent here is not to produce a detailed analysis of biomass energy systems but to illustrate the
qualitative features of the carbon flows and to focus attention on a couple of components of the
analysis which are particularly important for biomass systems. Biomass energy systems create a
number of interesting accounting challenges that may be unique to biomass but focusing on them
here may raise analogous issues for other energy systems. We will discuss 3 primary issues
related to: 1) by-products of the energy system, 2) carbon standing in forests or other ecosystems
and temporal variations in the net effect of biomass strategies on atmospheric CO2, and 3) the
possibility of both credits and debits in greenhouse gas emissions.

2. BY-PRODUCTS

Whereas many energy systems produce only energy products, biomass fuels are often
produced along with other products. For example, combustible straw can be produced as a
by-product of grain production, the dry milling process often used for producing ethanol from
corn also yields distillers dried grains and solubles (DDGS - used as a protein-rich animal feed),
and forest residues used as a fuel are often produced along with a wide range of lumber and pulp
products. How then should we associate greenhouse gas emissions with the energy product as
opposed to the other products? There are analogues in other fuel cycles as crude oil has
non-energy as well as energy products and a hydroelectric dam provides non-energy services like
flood control, irrigation, and recreation. The energy product may be a nearly incidental
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by-product, the primary product, or one of a slate of important products from a biomass harvest;
whereas in the usual case of fossil fuels it is the primary product.

We illustrate this with a simple case, ethanol from corn, where the DDGS is clearly a
by-product and the primary intent is to produce ethanol. Fig.l presents the net benefit, in terms of
CO2 emissions to the atmosphere, when ethanol is used as an alternative fuel to motor gasoline.
The carbon flows are based on current practice in the U.S. [1] where corn is planted with a diesel
tractor, ground with electric power, distilled with a coal-fired furnace, etc. In this case we have
assumed that by-product animal feed protein displaces an equal amount of protein which would
otherwise have been supplied from soybeans, and have credited to the ethanol fuel cycle the
fossil-fuel-based CO2 which would have been released. There are other ways one might choose to
represent the by-product credit and we suggest that the best choice may change when energy is not
the dominant product as in the forest-harvest case, which we reserve for further discussion later.
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Fig.l. Net cumulative reduction inflows of carbon to the atmosphere when ethanol produced from
corn is substituted for motor gasoline as a fuel. The various regions of the diagram show the
increase with time in both carbon storage and carbon emissions avoided. Assuming that the land
has been long used for agriculture there is no net change anticipated in soil or litter carbon and
only a small amount of carbon is contained in the annual harvest of "trees" (in this case, corn
plants). Assuming the feed protein is consumed promptly, there is no net storage of carbon in the
by-products and thus "Short-lived products" and Long-lived"products" do not show in the
diagram.. The two larger areas in the figure show the emissions avoided when ethanol is burned
instead of motor gasoline and when the by-product animal feed is used instead of having to
produce the same amount of protein from soybeans. What these areas do not represent is that
there is a large input of fossil fuels (and CO2 emissions) required for production of the corn and
its conversion to ethanol. When we deduct the excess of C emissions for ethanol production with
respect to the emissions when delivering gasoline from crude oil, the total net reduction inflows of
carbon to the atmosphere is shown by the saw-tooth line indicated by the arrow to the right of the
diagram [2].
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As seen in Fig. 1, the data of Marland and Turhollow suggest that there is a benefit in net
emissions of CO2 to the atmosphere when ethanol is used in place of motor gasoline. However,
the principal point which we want to make here is that the displacement of carbon emissions by a
by-product of the energy system can play a major role in the net carbon balance.

The amount of fossil fuel used to produce ethanol from corn is very large and this raises
another important point about biomass fuels. It is in principle possible to operate a bioenergy
system with no net emissions of CO2. For example, the production of ethanol from corn could use
its own product ethanol to run equipment on the farm, for transporting materials, and for power
generation. While this would create the appearance of very low CO2 emissions per unit of output,
it would have no net effect on the larger energy system. The overall effect would be to decrease
the ethanol resource, that is, there would be less ethanol available in outside markets to displace
other uses of fossil fuels. As long as ethanol provides energy at the margin of a large,
fossil-fuel-based, energy system, we could use it to embellish the apparent emissions coefficients
of its own fuel cycle but the net effect on total CO2 emissions would not be affected. This
principle can be generalized to state that the apparent impact of a fuel substitution can be made to
appear differently depending on how we choose to define system boundaries and the kinds of
numerics we select to represent emissions coefficients.

3. CARBON IN THE ECOSYSTEM

Forest management strategies can significantly affect the amount of carbon which is stored
in both above-ground and below-ground living biomass and in forest litter and soils. For example,
decisions to increase the production of wood fuel by decreasing the rotation length of forest
harvest or by establishing a plantation forest on previously unforested land could, respectively,
decrease or increase the amount of carbon stored in the ecosystem. In either case, analysis of the
fuel cycle would need to consider this effect.

Figures 2 and 3 show the impacts, over time, on the net flux of CO2 to the atmosphere
when a short-rotation plantation is planted on land which was previously used for agriculture or
grazing (Fig. 2) or when a conventionally managed forest is converted to a short-rotation
plantation for woody fuel (Fig. 3). (See Ref. [2] for details of the figures and of the model on
which they are based.) In Fig. 2 it is clear that there is a net accumulation of C in standing trees
and in forest litter and soils and that these play a significant part in the net C balance, especially
early in the project lifetime. For these illustrations we have selected what may be typical
parameters anticipated for C accumulation in the ecosystem but analysis of any specific project
would have to give careful consideration to both the current state of the ecosystem and to changes
anticipated in C storage.

When a conventional forest is converted to a short-rotation, fuel-wood plantatioi w- expect
a decrease in the standing stock of carbon in all components of the ecosystem (Fig. 3). This
decrease in C storage is a dominant feature of the net C balance during the early years of the
analysis and emphasizes our point about the temporal variability in the C flux (see also Fig. 4).
For any energy system there is some requirement for capital investment, e.g. facility construction,
during which energy is consumed and CO2 discharged with no immediate benefit in terms of
services (energy) delivered. The consequence is that a long-term commitment to reducing CO2

emissions might even result in a short-term increase in net CO2 emissions. This temporal effect
can be even more extreme for a biomass energy system and might come into consideration when
short-term goals are set for CO2 emissions. A biofuels project could end up as a net initial source
of C to the atmosphere, as in Figs 3 and 4, before plantation growth and fossil-fuel displacement
begin to compensate for an initial harvest. In cases of low forest productivity and/or efficiency in
the use of the forest harvest, it might require very long times to return to the initial C balance and
suggest against a biofuels project.
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Fig.2. Net cumulative reduction in Sows of carbon to the atmosphere when a plantation for a
short-rotation woody crop is planted in an area previously occupied by agriculture and the harvest
is used in a highly efficient way to substitute for coal for electric power generation. Some carbon
is expected to accumulate in soils, forest litter, and in the standing trees but, over time, the
dominant effect is the a voided fossil-6iel burning. The full harvest is used for power generation
and no by-products are produced, so that "Energy for products", "Short-lived" and Long-lived
products" do not show in the diagram As in Fig. 1, the fossil energy required for conversion of the
bio&el is greater tban for coal (only slightly so in this case) and die net reduction m emissions of
carbon to the atmosphere is shown by the line indicated with the arrow on the right [2],

That a site currently occupied by forest can provide initially a source of greenhouse gas
emissions yet eventually a sink is illustrated in both Figs 3 and 4. These figures capture another
point relevant to consideration of by-products. Where durable wood products are a by-product, or
co-product, of wood fuel production, a detailed analysis of C flows needs to acknowledge that the
wood products avoid CO2 emissions in 2 ways. They provide both a temporary (depending on the
product lifetime) sink for C and the wood products displace other (usually) more energy-intensive
products. In the illustration in Fig. 4, we have assumed that long-lived wood products have a
mean lifetime of 60 years and substitute for concrete and steel in construction and that short-lived
products with a mean lifetime of 15 years also have a similar effect on energy displacement. Over
the initial decades the amount of C stored in (or released from) the ecosystem or in wood products
dominate the net carbon balance but over time the role of fossil-fuel-combustion displacement,
both directly and indirectly through product substitution, assumes a larger role.

In many biofuels scenarios the net flux of carbon will fluctuate greatly with time. As seen in
Figs 3 and 4, there are major nonlinearities at not just an initial harvest, but at all subsequent
harvests. For any policy decisions that rely on something like a carbon tax or short-term
emissions-control targets this will require thoughtful consideration of how to deal with biofuels or
other biomass-based mitigation strategies. It is interesting to note that whereas all 4 scenarios
described so far produce net carbon benefits by the end of 50 years, there are striking differences
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Fig.3. Net cumulative reduction inflows of carbon to the atmosphere when a forest of 100 t C ha'1

is replaced with a plantation for a short-rotation woody crop and the harvest is used in an efficient
way to substitute for coal for electric power generation. The initial harvest is 100 t C ha'1 with
part of the harvest allocated to wood products, but all subsequent harvests are used for energy
only. The initial harvest results in a net decrease in the total of carbon stored in trees and durable
products and, for the case modeled, there is a net initial emission of carbon to the atmosphere.
This net initial emission is smaller than the decrease in C storage in trees and products because of
the displacement of fossil-fuel burning (see text for explanation). This model run assumes that
long-lived products have a mean lifetime of 60 years and short-lived products a mean lifetime of
15 years. The baseline of the diagram drops below the initial harvest loss of -100 t C ha' as some
carbon is lost from soils and forest litter over time [2].

in the situation at the end of 20 years: +6 t C ha"1 for ethanol from corn, 4-110 t C ha"' for the
short-rotation plantation on agricultural land, +50 t C ha"1 for the short-rotation plantation on
previously forested land, and -25 t C ha"1 for the conventional forestry with use of forest residues
for fuel. Although these numeric values are very dependent on the set of parameter values we
have chosen for these illustrations, the potential contrast between long-term and short-term
achievements is clear.

The possibility of storing carbon in the ecosystem also suggests that if land resources are
limited there is an opportunity cost associated with biofuels systems. When land is afforested there
will be a net decrease in atmospheric CO2 emissions whether or not the wood is harvested as a
fuel. In fact, Fig. 4 shows a situation in which, over a considerable time, the opportunity cost in
CO2 is greater than the CO2 benefit of the biofuels/wood products system and the forest is best left
standing unless we are prepared to consider a project lifetime greater than 100 years. Using a very
simple model Marland and Marland [3] have shown that with a 50-year planning time, the
opportunity to store C in the trees exceeds the benefits of a biofuels system over a large range of
circumstances (low growth rates and high standing biomass on the site). In summary, biofuels
systems require a large resource commitment (land) and a greenhouse gas assessment should
consider the opportunity for using the land in other ways to minimize net greenhouse gas
emissions.
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Fig. 4. Net cumulative reduction inflows of carbon to the atmosphere when forest residues from
conventional forestry are used with modest efficiency to displace coal combustion. Input of fossil
fuels for harvesting and processing ofbiomass has been neglected, because it is comparatively
small. As in Fig. 3, the model assumes that the initial harvest is 100 t C ha'; that the initial
harvest is allocated among long-lived, short-lived, and fuel products; and that there will be some
loss of Cfrom soils and forest litter subsequent to the initial harvest. We assume that in the
absence of a harvest the forest would have been capable of growing to a capacity approaching
160 t C ha' in 100years (from Schlamadinger and Marland[2]), and a line showing the
associated C uptake represents the opportunity for sequestering C. The figure shows that it takes
40 years before the net of carbon emissions to the atmosphere returns to zero and more than 100
years before the net of carbon emissions reaches what it would have been if the forest had been
given the opportunity to continue growing. ,

Ultimately we confront the question, what is the greenhouse gas impact of a biofuels system
based on a fuel like forest residues? This is essentially the other extreme in terms of the
importance of product and by-products compared with the case for ethanol production described
earlier. Based on the discussion above, our suggestion is that one needs now to compare against
an alternate scenario where the residues are not used for energy. Figure 5 shows the net carbon
flows when all of the details are as in Fig. 4 except that residues are returned to the forest.
Acknowledging that the lifetime of forestry residues will depend on the climate, Fig. 5 assumes a
mean lifetime of 15 years and shows that for the first 9 years net emissions of C are actually
greater for the biofuels harvesting case because in this case the residues are burned promptly but
are used to substitute for fossil fuels with only modest efficiency (i.e. using efficiencies similar to
those that characterize current practice in the U.S.). Schlamadinger et al [4] made detailed
calculations for the carbon balance from logging residues, based on a box model of litter and soil
layers, and came to similar results.

It should be noted that the scenarios displayed in this paper are all based on C flows for a
single unit of land (1 ha) which is treated as a homogeneous unit. If our objective is to manage a
larger unit of land in order to maintain a constant flow of wood products or biofuels, the
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Fig. 5. Net cumulative reduction inflows of carbon to the atmosphere as in Fig. 4, except that
forest residues are returned to the forest as litter rather than being gathered to substitute for coal
combustion. Comparison with the black line (taken from Fig. 4) shows that net emissions of C may
be less for the first few years but that over longer times the greater C benefit is achieved by
harvesting and using the residues for energy.

short-term, initial characteristics of the C flow can be notably different depending on how the
system is phased in. For example, the initial increase in net C emissions observed in Fig. 4 (i.e.
negative values for cumulative net reductions in C emissions) may reach out to 70 years if we
envision that 1 parcel of mature forest out of a larger system of 60 parcels is harvested each year
and put into the 60-year rotation for producing wood products and bioenergy.

4. CREDITS AND DEBITS

Production of wood as a fuel involves relying on the photosynthetic process to remove C
from the atmosphere and then burning the wood to extract useful energy while returning the C to
the atmosphere. As discussed earlier, it is conceptually possible to design such a system with no
net (over time) discharge of C to the atmosphere. With such a system, it is likely that there may
be corporate or national boundaries that subdivide the system. Given then a political climate of
credits and debits for greenhouse gas emissions, how should we allocate such credits if one party
grows trees with the intent that they be used as fuel by another party? This transboundary
accounting problem is equally relevant for the wood products industry generally. It is also likely
that a biofuels system, with full fuel-cycle accounting, will generate a flow of carbon credits and
debits that is very uneven over time. How then do we distribute credits over time when trees are
grown with the intent that they will be harvested and used at some later time?

The problem here is again one of defining system boundaries and understanding all of the
relevant processes which occur within the defined system. As described above and in
Schlamadinger and Spitzer [5], for a complete and accurate accounting of the net carbon benefit of
bioenergy systems we have to account for changes in the carbon stored in plants, plant litter, and
soil; we have to account for the fossil fuels which are necessary to produce biofuels and convert

165



them into useful energy; and we have to recognize that fossil fuels are displaced both by direct use
of biofuels and by use of by-products. The balance of these accounts depends very much on the
efficiency with which biofuels are produced and converted, the type of fuels which are displaced,
and the efficiency with which the displaced fuels were or would have been used. For the
accounting challenges described thus far, we can characterize the technical issues involved in a
full and accurate representation. When there is interest in credits and debits we can primarily
point out the kinds of issues which are uniquely relevant to biofuels and which will have to be
confronted in a political context. It is a very different process to inventory emissions than to
establish responsibility for them.

We describe 3 situations that involve harvest and use of wood with a likely net benefit in
emissions of CO2 to the atmosphere. In each case, however, the system boundaries are such that
one part of the system experiences net carbon releases while another is neutral or has net carbon
uptake. Our intent here is mostly to raise questions, as the answers lie largely in the political
realm, but the key is that if we insist on assigning credits and debits, the accounting system should
encourage both parties to participate in the process that produces the best result in summed carbon
emissions.

(1) Party A harvests trees and sells wood fuel to Party B. The basic question is at what point
the carbon is considered to be discharged to the atmosphere. Is it discharged to the
atmosphere at the time the trees are cut, so that Party B gets an essentially carbon-free fuel
while Party A gets all of the carbon debits; or is the carbon assumed to be discharged at the
point of combustion so that Party A has no net carbon discharge (except for losses of soil
and litter carbon) and Party B sees no carbon advantage in burning wood as opposed to
coal? Party A controls whether the wood is from harvest of old-growth forest or from
sustainable plantations and Party B controls how, and with what efficiency, the fuel is used.

(2) Party A harvests trees and sells wood products to Party B. When wood is used for durable
products rather than as a fuel it no longer seems logical to consider that carbon is released
at the time of harvest. However, if all of the carbon credits for sequestering carbon reside
with Party B, Party A has no incentive for providing the renewable feedstock and might, in
fact, incur debits for emissions from operating energy and losses from soils and forest litter,
and perhaps for storing less carbon in the forest. Presumably party B should get credit for
using wood rather than a more energy-intensive material such as aluminum?

(3) Party A pursues an afforestation project and gets credits for sequestering carbon. What
happens when, at some future time, the forest is harvested for biofuels or wood products?
Does it matter whether the products or biofuels are sold to another party as in items 1 and 2
above?

Many variants on these themes pose a challenge for any system of credits and debits. Can a
system assure that wood fuels and wood products will be used in the most advantageous and
efficient manner? Is a flow of credits and debits or of money necessary between parties in
exchange for the flow of carbon in biomass and how should it be determined?

5. SUMMARY

Accounting for emissions and sinks of greenhouse gases over the full fuel cycle is a
challenging task for any fuel cycle. For fuel cycles which involve biomass fuels there are some
additional accounting problems because biomass fuels are often produced along with other
non-energy products and because producing and harvesting biofuels involves associated changes in
the storage and flows of C in the biosphere. Using a simple model of carbon flows we have tried
to describe the implications of the decision to use biofuels. The output from this model suggests
that substituting biofuels in place of fossil fuels can make a contribution to ameliorating the
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atmospheric increase in CO2 but that producing biofuels is not necessarily the best choice under all
circumstances and that there are significant differences among alternative approaches. It is
necessary to examine the specifics of particular cases, the opportunity costs for committing land
resources, the fossil-fuel-based system that would be replaced or used as an alternative, and the
efficiencies which would characterize the alternatives. In particular, biofuels scenarios need to
examine the disposition of any initial harvest, the growth rates which can be expected in
subsequent cycles, and finally - as a consequence - the characteristics of the total net effect on
atmospheric CO2 as a function of time.

The characteristics of biofuels scenarios need to be considered in terms of the ultimate
objectives, like preventing climate change, because various schemes for emissions credits, debits,
and short term targets may conflict with what are, over the long-term, the most attractive choices
in terms of net carbon flows. And, the discussion here is based only on CO2. Ultimately we
should give some consideration to CH4, N2O as greenhouse gases, and perhaps to species that
influence the oxidation chemistry or paniculate burden of the atmosphere. For biofuels projects a
full and complete analysis of the full fuel cycle creates some interesting accounting challenges, but
it is very important that the balance of credits and debits be clearly understood.
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Abstract

This paper aims at providing guidance to the workshop discussion on the accountability of full-
energy-chain greenhouse gas emissions from the use of energy sources if emissions did not take place inside
the national borders of a country. Examples of such emissions are those from the generation of imported
electricity or from mining and transportation of coal and natural gas. The FENCH-GHG approach, if used
in energy planning, would automatically take such greenhouse gas emissions, which are inherent to energy
systems, into account. The paper raises the basics, practicality and the feasibility of dealing with extra-
boundary emissions in energy planning.

1. GENERAL

Agenda 21 and the Framework Convention on Climate Change, both documents resulting
from the United Nations Conference on Environment and Development, aim at "sustainable
development", i.e. environment and development in a comprehensive way. This workshop's
objective is not to create consensus on this term which is now used worldwide though in different
meanings. As mentioned in the introductory paper "Full Energy Chain Analysis of Greenhouse
Gas Emissions from Different Energy Sources", this workshop has an underlying view which is in
the spirit of the Framework Convention: it deals with the greenhouse threat in a comprehensive
way, i.e. one should consider accounting for the emissions of all greenhouse gases (GHGs) as
well as these emissions from the full energy chain (FENCH), from cradle to grave. However,
dealing with the complete energy chain implies that the upstream or downstream part of the
energy chain often is outside the national borders1. Genuine global partnership, as it was called by
Maurice Strong, the UNCED's Secretary General, is a fundamental part of worldwide sustainable
development and implies that the polluter accepts that he has to pay for all emissions from the
complete energy chain, also those arising from activities associated with the links abroad of
energy chain. Therefore, it is correct and reasonable to charge a country for the greenhouse gas
emissions associated with the energy or parts of the energy system if these are imported upstream
or exported downstream. The present approach of the Guidelines for National Inventories of
Greenhouse Gas Emissions, recommended by the IPCC to the INC/FCCC and the Conference of
Parties, does not include such national energy consumption related "imported" or "exported"
greenhouse gas emissions from outside the national borders. If such indirect emissions are not
accounted for in national emission inventories, then national restructuring will take place such that
some GHG-intensive activities will move to other countries, presumably to developing countries.
There is similarity with labor-intensive and energy-intensive industries.

2. EXAMPLES OF EXTRA-BOUNDARY GREENHOUSE GAS EMISSIONS

Let us consider greenhouse gas emissions associated with the generation of imported
electricity. It is remarkable that many European countries import up to 20% cheap electricity,
without accounting for:

1 This paper uses the term "extra-boundary" for this.
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the upstream GHG emissions e.g. from the energy-intensive step of uranium enrichment,
and from hydropower generation (methane emissions from the water reservoirs),

the CO2 emissions from fossil-fuel power generation;

the methane emissions from mining of imported coal and for the methane emissions
associated with the production and transportation of imported oil and gas;

the greenhouse gas emissions associated with production, transportation and distribution of
imported fossil fuels;

greenhouse gas emissions associated with the manufacturing of imported wind turbines,
solar power systems and parts of these systems. Here special attention must be given to the
disposal, and related waste treatment, of the waste from dismantled renewable energy
systems.

3. DISCUSSION

There is little literature on this topic. In a Commentary discussion in the periodical
Environment [1] between Gregg Marland and the World Resources Institute, Marland refers to a
study by the USA State of California. This study compared two different CO2 emission inventories
for California. One CO2 inventory was based on CO2 emissions physically discharged from
within the state of California. The other inventory "was oriented more toward the idea of
responsibility" by accounting for FENCH-CO2 emissions. Quoting from Marland's commentary,
"The difference is not small, and California's emissions from fossil fuels increased from 107
million to more than 124 million tonnes of carbon".This means that if the extra-boundary CO2

emissions were included in the CO2 emission inventory, California's CO2 inventory would have
been ca. 20% higher.

Wyckoff and Roop [2] have analyzed the "embodiment of carbon" in imports into six of the
largest OECD countries of manufactured products and its implications for international agreements
on greenhouse gas emissions. Their estimate is that a considerable amount of about 13% of the
total CO2 emissions of these countries is embodied in these countries' manufactured imports. This
shows the top of the iceberg, we actually are looking for. Five energy-intensive industries:
ferrous and non-ferrous metals, chemicals, electricity, gas and water, and mining, have been the
source of this CO2 emission, which nationally usually is not accounted for.

4. DISCUSSION ISSUES

A discussion on extra-boundary aspects of FENCH-GHG energy planning might focus on
the following questions.

4.1. Fundamentally

Is the view of charging the FENCH impacts to the ultimate national energy consumer a
fundamentally correct approach from the point of view of sustainable development, i.e. of global
partnership and taking into account the global character of the threat of the climate change due to
the anthropogenic greenhouse perturbation?

4.2. Feasibly

Can this approach of FENCH responsibility by the ultimate energy consumer be
implemented using existing methods and databases; and, if not, could existing methods and
databases be adequately modified such that energy planning and international negotiations can be
based on this FENCH approach?
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4.3. Practically

Since IPCC has developed its Draft Guidelines for National Greenhouse Gas Inventories
[3], which is not based on the FENCH approach, could reasonably be expected that the FENCH

approach could be adopted by the international community, though not on a short term maybe?

5. CONCLUSIONS

Accounting for GHG emissions outside the national borders, which are inherently associated
with the national energy consumption, in national energy planning is a logical consequence of the
full-energy-chain approach. This should be considered as closely related to the idea of sustainable
development and global partnership. It differs basically from the present approach underlying the
Guidelines for National Inventories of Greenhouse Gas Emissions which was adopted by the First
Conference of the Parties of the FCCC and which accounts only for national emissions (and sinks)
of GHGs.

Accounting also for the CO2 emissions, which are outside the national borders and FENCH
associated, increases a country's national inventory by ca. 20%.
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FINDINGS AND RECOMMENDATIONS

Session A. Methods, including Emission Factors of Materials Used in Energy Chains

Aims of energy planning on the basis of full energy chain (FENCH) analysis

The aim is to advise decision makers on available technologies for the future from the point
of view of GHG emissions. Such decision making also takes into consideration other aspects such
as: environmental pollution, economics, security of energy supply, use of domestic resources,
local industry participation, employment, and public acceptance.

The advantages and disadvantages of each technology and possible improvements of their
weaknesses should be considered.

Methods of analysis to be used

To the extent practical, process analysis is recommended, to be complemented with
input/output (i/o) analysis outside the boundaries of the process analysis. It should be taken into
consideration that i/o analysis which is based on existing data, might be inappropriate for energy
planning as this concerns future situations. However, in such complementary assessment it is
recognized that process analysis will capture the major part of the effects. If analysis of a whole
energy system is required for identifying more efficient GHG policies, a more comprehensive
approach should be used which is different from that described.

Time horizons

The lifetime of the devices1 in the chain of a plant, including its decommissioning, should be
used in technology analysis. For systems analysis a time horizon should be used which is
compatible with the problem concerned, e.g. 30 years in case of CO2 reduction by 2030.

Accounting for GHGs of different species

It is recommended to complement calculations of GHG emissions in terms of CO2

equivalents with the emissions of individual GHGs, viz. CO2, CH4, and N2O. The calculation in
terms of CO2 equivalents should also include a sensitivity analysis using different GWP values.

End points

The electricity transmission lines should be included in the analysis if the transmission
requirements of the technologies to be compared are different. In particular where different energy
forms, such as heat and power are involved, the analysis has to be carried out further to the end
use.

Electricity generation

For analysis of technologies where external electricity inputs are substantial, such as
nuclear, solar and wind, there is a high sensitivity to the assumptions made regarding the mix of
sources for the electricity input. It is recommended that the relevant assumptions are stated
explicitly.

1 A device is a component of the energy chain: power plant, transmission line, mine, refinery, end-use
device, etc.
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Combined systems

In comparing technologies that produce more than one form of energy, such as cogeneration
of heat and power, the comparison should be made with systems that provide the same range of
output.

Intermittent energy sources

Technologies that may require storage or support should be compared only when integrated
in a system. For example, wind power should not be compared coal fired power but as part of the
system.

Session B. Energy Chains and Databases of Fossil Fuels, Nuclear Energy and Renewable
Energies

General agreements

There are various agreements, such as the Toronto Resolution and the Framework
Convention on Climate Change, which have led to national commitments to mitigate greenhouse
gas emissions. The time horizons of such commitments are until 2010. In order to achieve the
goals of these commitments, usually aiming at stabilization of the 1989/90 CO2 emissions, the
FENCHs of a whole range of energy technologies have to be reviewed. This range extends from
the best available, new and demonstration technologies (including improved-efficiency and end use
technologies) to the high GHG emission technologies which have to be phased out. It is
recommended that the FENCH assessment should be extended to the energy system level and that
this be done on the basis of well-established FENCH analysis.

Database requirements

The various existing FENCH assessments show different results due to the site-specific
nature, i.e. national variability of technologies, industries, energy endowment, etc. Whether data,
generic or site specific, are preferable for FENCH assessment in view of their reliability depends
on the purpose of the assessment. Site specific data are preferable for comparison of different
technologies or different plant levels. In cases where full databases are not available, a first
assessment can be made using generic data2.

Material flows

Careful consideration should be given to the GHG emissions associated with the material
flows into each device of the FENCH. In order to define generic data for material flows, it is
worthwhile to improve the insight and usefulness of international databases established so far and
to explain the differences between these data.

Actions

1. A table should be drafted3 showing the emission factors of the energy technologies
investigated by the German, Japanese and Swiss groups and a preliminary analysis should be
made of the differences.

2. Participants will inform the Scientific Secretary of existing databases for FENCH analysis
and their availability. A compilation of this information will be distributed among the
participants.

2 For many countries, such as the developing countries, such databases do not exist.

3 This table is included in the Summary report of these Proceedings.
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Session C. Transboundary Aspects of FENCH-GHG Emissions in Energy Planning

The full energy chain approach deals with all links of the energy chain which could be
outside national borders. Since a large share of the GHG emissions from the FENCH can be in
other countries, this might have implications at a political level.

Follow-up meetings

The participants expressed their interest in follow-up meetings on one or more of the
following topics:

progress in the field of FENCH-GHG investigations and comparing the results of these
investigations;

sensitivity analysis of national FENCH-GHG assessments;

FENCH-GHG emissions of developing countries;

FENCH-GHG emissions of new technologies, e.g advanced nuclear power generation;

energy system analysis in terms of GHG emissions;

generic data, in particular for developing countries.
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