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Abstract

It is emphasized that sustainable energy planning should account for the emissions of all greenhouse
gases (GHGs) from the whole energy chain, hence accounting not only carbon dioxide as the greenhouse gas
and not only for the emissions from the combustion of fossil fuels. Lowering greenhouse gas emissions
from the worldwide energy use can be done most effectively by accounting in energy planning for the full-
energy-chain (FENCH) emissions of all GHGs. Only energy sources with similar output can be compared.
This study investigates electricity generating technologies, which are compared in terms their GHG emission
factors to be expressed in CQj-equivalents per kW.h(e). Earlier IAEA expert meetings are reviewed. A
general meeting made general recommendations about methods and input data bases for FENCH-GHG
analysis. Two more recent meetings dealt with the energy chains of nuclear and hydropower. The site-
specific character of the emission factors of these energy sources is discussed. Both electricity generators
have emission factors in the range of 5-30 g CO2-equiv./kW.h(e), which is very low compared to the
FENCH-GHG emission factors of fossil-fueled power generation and of most of the renewable power
generators.

1. INTRODUCTION

The Conference of the Parties (CoP) to the Framework Convention on Climate Change
(FCCC) has adopted the Methodology for National Inventories of Greenhouse Gas Emissions. The
guidelines for use of the methodology was developed in the early 1990s jointly by the
Intergovernmental Panel on Climate Change (IPCC) and the OECD [1], Chapter 1, on Emissions
from Energy, of the Guidelines describes the method for calculation of CO2 emission factors for
stationary sources on the basis of the national consumption of fossil fuels. Two methods are
optional: one using country-specific data, e.g. heating values, and the other based on default
values. Both methods implicitly assume zero GHG emissions from energy sources other than fossil
fuels and only fuel-associated GHG releases (e.g. also CH4 from coal mining). This, however,
should be considered to be unrealistic and not a sustainable approach since it neglects the often
substantial GHG releases from all activities inherent to the production of the energy. This is a
"life-cycle" or "cradle-to-grave" approach. The IPCC/OECD methodology also assigns emissions
to the country within which borders the releases occur (thereby neglecting the global character of
climate change), in stead of allocating all FENCH-GHG emissions to the country using the
energy.

CO2 is the major GHG and energy use is the major source of it (Fig. 1). Therefore,
energy-use associated air pollution is considered to be the main threat to the Earth's climate.
Energy planning in the spirit of the FCCC requires comparing objectively various energy sources.
This implies accounting for emissions of all greenhouse gases (GHGs), i.e. not only CO2.
Therefore, the usual approach of considering only the conversion step of primary to secondary
energy, viz. only CO2 from combustion of only fossil fuels in power plants, is inadequate for
climate benign energy planning. The correct approach should account for all GHG emissions from
the whole energy chain.

In the cases of nuclear power, hydropower and the renewable energies GHGs are emitted
mainly from upstream and downstream activities. For example, e.g. uranium enrichment, a
strongly electricity intensive process, dominates the GHG emission factor of nuclear power
generation. Similarly, GHGs are emitted from electricity generation using solar (PV) technology



and wind power, e.g. from the manufacturing of silicon panels and from the manufacture and
transportation of turbines parts. All non-fuel emissions associated with the construction of
installations have to be averaged over the installation life-times of one or more decades, thereby
lowering the importance of these non-fuel related emissions compared to fuel related emissions.
Generally, this makes the fossil fuels, including natural gas, less attractive as an energy source.

The number of experts carrying out comparative assessments of FENCH-GHG emissions
is small. Two Swiss institutes, the Paul Scherrer Institute (PSI), Villigen, (Dones, in [2]) and the
University of Zurich (Frischknecht, in [3]), have made an extensive FENCH intercomparison of
energy sources which includes not only GHGs but also many environmental factors. The Japanese
group of Uchiyama from the Central Research Institute of the Electricity Producing Industry has
made what is probably the most extensive FENCH-GHG comparison concerning some 13 different
energy technologies [4]. Both Swiss and Japanese studies are being refined and updated. In
Germany there are at least two groups involved in FENCH-GHG studies: the C»KO Institute,
Darmstadt [S] and the University of Stuttgart [6]. USA investigations in this field are limited to
those reported in 1989 by San Martin in [7]. These were not updated. A more recent USA study
by DeLuchi, published as an ANL report [8], deals with nuclear power and fossil-fueled power
generation only. A German publication [9] by Lewin is based on a thesis study on FENCH-GHG
emission intercomparison and is largely based on DeLuchi's investigations. Scattered in literature
there are a few more FENCH-GHG studies which are limited to individual energy sources
only [10].

Literature on FENCH-GHG analyses is somewhat scanty and often difficult to access.
Either it is grey literature or it is not published in English. Moreover, most studies deal neither
with all links of the energy chain, nor with materials-manufacturing associated GHG emissions,
nor with non-CO2 GHGs. An IAEA workshop reached consensus about the methods and data
bases for FENCH-GHG analysis and compared the results of four FENCH-GHG projects for nine
different energy sources [2]. Literature values scatter due to different system boundaries of energy
technologies and the use of different analytical methods and outdated economic data bases, the
latter especially in input/output analysis. FENCH-GHG emission factors scatter also due to the use
of different global wanning potentials (GWPs) of CH4. Fig. 2 gives an impression of the literature
data on FENCH-GHG emission factors and their ranges for various energy sources. Literature
shows substantial uncertainty ranges for coal and natural gas (different accounting of CH4 releases
from extraction or transportation), for hydropower (different accounting of CH< and CO2 releases
from water reservoirs), for solar power (different accounting of solar-panel manufacturing
associated releases) and for biomass (mainly different system boundary definitions).

The International Atomic Energy Agency (IAEA) in Vienna, Austria has convened a
number of international expert meetings dealing with the comparative assessment of "full energy
chain" emissions of GHGs from different energy sources. A few more are planned for the years
1997-1998. The social, environmental and economic impacts from electricity generation are
outside the scope of the meetings. The meetings take place in the framework of a larger research
programme on intercomparison of energy sources in terms of their costs and their impacts on
health and environment. Major meetings were convened in Beijing (China), October 1994, on
general aspects [2]; in Vienna, Austria, September 1995, on the nuclear fuel cycle [11]; and in
Montreal (Canada, Quebec), March 1996, on hydroelectricity [12]. This paper summarizes
information from these three IAEA meetings. One chapter deals with the methodologies and
databases for comparative assessment of FENCH-GHG emission factors and largely refers to the
1994 workshop in Beijing. Further chapters review FENCH-GHG literature and the GHG
emissions from the FENCHs of nuclear and hydropower. The latter chapters refer to the expert
meetings on these energy sources [11],[12].



2. FENCH-GHG ANALYSIS: METHODS, DATA BASES AND APPROACHES

2.1. Methods of analysis

Basically, two methods are available for FENCH analysis: input/output (i/o) analysis and
process analysis. I/o analysis uses national economic sector/commodity statistics in order to derive
energy flows into the various links of the FENCH. Process analysis, however, analyzes in detail
the flows of materials and energy into each 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 for
technologies which are recent at best. Process analysis is much more time-consuming than i/o
analysis, requires inventiveness and therefore has the risk of unintended neglect of processes. The
statistics required for i/o analysis often is not available, in particular in most developing countries
and countries in economic transition, or is inadequate (commodities aggregation).

Where necessary and practical, i/o analysis could complement process analysis, in
particular for extending analysis outside the boundaries of a process analysis. However, in such
complementary assessment it should be recognized that process analysis captures the major part of
ihc efiecii. II analysis of a whole energy system is lequired foi identifying more efficient GHG
policies, a more comprehensive approach should be used which is different from that described.

2.2. Data base requirements

One of the reasons for the scattering results of the various existing FENCH assessments
(see below) is the site-specific nature of the energy chains or parts of them due to the 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 data bases1 are not available, a first assessment can be
made using generic data.

23. Time horizons and life-times

The life-time of the devices, which are the links in the chain of a technology (including its
decommissioning), should be used in FENCH technology analysis. For systems analysis a time
horizon should be used which is compatible with the problem under concern, e.g. 30 years in case
of CO2 reduction by 2030. Recent expert meetings have recommended life-times for nuclear
power plants and hydropower plants of 40 years and 100 years, respectively [11],[12].

2.4. End-use points, output and downstream of electricity generation

Several problems can be distinguished in relation to the downstream and end-use points of
electricity generation.

Where different energy forms, such as heat and power, are involved, the analysis has to
be carried out further to the end-use. 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. There are cases, in particular in developing countries,
where energy is a byproduct of a non-energy service, such as hydropower from irrigation or
fresh-water storage. It is difficult, if not basically incorrect, to quantitatively allocate the GHG

1 For many countries, such as the developing countries, such data bases do not exist.



emissions from use of e.g. a water reservoir for these different services. It is not recommended to
compare GHG emission factors derived for such energy byproducts with energy source related
GHG emission factors.

2.5. System boundaries in FENCH-GHG analysis

Technologies that may require storage or backup support, should be compared only
integrated in a system. For example, wind power should not be compared with coal-fired power
but as part of the system. Usually wind power has backup support which has to come from peak-
load power supply, usually being fossil-fueled supply and strongly GHG-intensive. The same
applies to solar power.

If electricity storage is applied to the intermittent renewable power sources, such as wind
and solar power, then the storage system should be accounted for in FENCH-GHG analysis. In
case of hydropower a pumped-storage system contributes strongly to the ultimate GHG emission
factor of hydropower [12].

It can be shown that the backup electricity generation required during seasons of low
hydropower generation (especially from run-of-river plants) could, depending on the national
energy system, substantially contribute to the total national FENCH-GHG emission factor of
hydropower [12].

The electricity transmission requirements of the technologies to be compared could be
different. For example, if centralized power generation is compared with decentralized small
power systems, then the electricity transmission lines should also be included in the analysis.

As mentioned above the CoP/FCCC prescribes a Methodology for National Inventories of
Greenhouse Gas Emissions which only accounts for the GHG emissions released within the
national boundaries. However, from the standpoint of sustainable energy production and services
it is basically correct, that all FENCH-GHG emissions inherent to the whole energy chain are
charged to the ultimate consumer. These are emission from sources within the system boundaries
which do not coincide with the national boundaries. Sustainable development implies global
partnership and should take into account the worldwide character of the impacts of anthropogenic
climate change. The FENCH approach deals with all links of the energy chain which links could
be, and in many cases some links are, outside the national borders, such as imported electricity,
mining and extraction of fossil fuels, and materials for installations. Since a large share of the
GHG emissions from the FENCH can have released in other countries, this might have
implications at a political level.

2.6. Electricity-intensive energy technologies

For analysis of technologies - such as nuclear, solar and wind power - where external
electricity inputs in the upstream part (mainly materials manufacturing) of the energy chain are
substantial there is a high sensitivity to the assumptions made regarding the mix of energy sources
for the electricity input. For example, there are countries, such as Austria, Brazil,France,
Norway, and Sweden, relying largely on low CO2 emitting power generation, mainly hydropower
and/or nuclear power. These countries have national energy-specific CO2 emission factors ranging
from 40 to 60 Tg CO2 per EJ primary energy produced which is in the range of the (non-FENCH)
emission factor of natural gas combustion. For comparison: the world average is 72 Tg CO2 per
EJ. In view of this important site-specific factor it is recommended that the relevant assumptions
are stated explicitly.

2.7. 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 data bases established so-far and
to explain the differences between these data. Most studies focus on the direct and indirect energy
use, resulting in neglect of most manufacturing-process associated GHG emissions. Table I
compiles the total GHG emission factors of GHG-intensive materials from literature. Frischknecht
[3], the European Commission [13], Fritsche [5], and Lewin [9] developed their own data base,
whereas the data given by Van de Vate [10] are a compilation from literature.

TABLE I. GREENHOUSE GAS EMISSION FACTORS OF GHG-
INTENSIVE MATERIALS (in g CO2-equiv./g)

Materials

High alloyed
steel

Low alloyed steel

Unalloyed steel

Cement

Concrete

Reinforced
concrete

Copper

Aluminum

Aluminum
(recycled)

Glass

Plastics

Nitric Acid

Fertilizer

Silicon

Van de Vate
[10]

-

2.0-2.2

-

0.76-0.9

0.14

!.C5

3.5-4.9

13-34

-

0.9-1.2

2.0-7.9

1.4

12

181

FriscbJknecht
[3]

7.21

3.03

2.44

0.96

0.16

5.4

23

1.3

1.2

1.37-5.45

0.61

-

-

EUR. Comm.
[13]

-

2.4

-

-

0.16

2.7

-

-

-

2.4 (GRP)

-

-

-

Fritsche
[5]

-

3

-

0.9

-

8.8

2.5

-

1.9

6

-

-

-

Lewiu
[9]

-

2.0

-

0.855

-

0.29

4.9

13.0

-

0.935

1.94

-

-

109

Despite the fact that site-specific aspects might be important, there is fair agreement between the
emission factors in Table I from the various sources of almost each material. With some care (in
view of the possibly country-specific character) these figures can be used as default values.

2.8. The use of GWPs in comparing GHG emissions from different energy sources

Comparative assessment of different energy sources in terms of their greenhouse gas
emissions has to account for all greenhouse gases. This requires a conversion factor to convert
into common units. It is internationally accepted and general practice to define CO2 as the
reference gas and to use the global warming potential (GWP) as a conversion factor. This means
that in our case one expresses amounts of non-COj GHGs in g CO2-equivalent units. Since many
energy sources, such as nuclear power, hydropower, and wind and solar power are pure
electricity generators, the functional unit should be electrical units, i.e. kW.h(e). Emission factors
of energy sources, therefore, are expressed in units of g CO2-equiv./kW.h(e). The GWP is a
worldwide accepted and criticized conversion factor. It is referred to the extensive literature, e.g.
the Assessment Reports of the Intergovernmental Panel on Climate Change (IPCC) (e.g. [14]). An
extensive discussion of the science and policy aspects of GWPs is given in the findings of the
Workshop on the Scientific Basis of GWP Indices [15].

CH4 is a non-CO2 GHG and the second important GHG in FENCH-GHG assessments.
Therefore, the GWP of CH4 is of importance for such assessments. Experts.participating in



2%

FENCH-GHG meetings have recommended to use the GWPs adopted by the Intergovernmental
Panel on Climate Change (IPCC) for FENCH-GHG calculations. Most recently, IPCC has
recommended a GWP of 21 for CH4 in its Second Assessment Report [14]. This GWP value, as
well as others, will be subject to changes following the still improving insight in the indirect
climate effects of CH4 and in the atmospheric residence times of CH4 and CO2 (IPCC has changed
its recommendations on CH4 already four times in some 5 years time). A recent IEA report [16]
discusses the literature on the various views on GWPs and the corrections to be made to these
IPCC GWP values. In particular, new findings concerning the sources and sinks of CO2 will lead
to increased GWPs of CH4, which could be substantially higher, and of other non-COj GHGs.
GWP values for CH4 of up to 45 (100 years time horizon) are reported from existing literature by
IEA. Taking this into account one might expect GWP values for CH4 of ca. 50.

In conclusion, the IPCC GWP is a simple, but imperfect and often inadequate, tool with
obvious limitations in its application to comparative assessment of hydropower associated
emissions of non-CO2 GHGs. There are other means proposed for comparing these emissions.
However, their use is not recommended [2]. If, however, different GWP values are used or
different comparative methods are applied, these should be stated or explained carefully. It should
be stressed that studies on full energy chain emissions should report both the assumed GWP
values and the relevant flows of energy and materials, as well as the emission factors of the
energy and materials used, in order to allow a sensitivity analysis for deriving data which are
based on the reference IPCC GWPs.

3. FENCH-GHG EMISSIONS FROM NUCLEAR POWER GENERATION

3.1. General

Literature values on emission factors from the whole nuclear energy chain, i.e. from the mining
of nuclear fuel to the plant's decommissioning and waste storage, range from 8-69 g CO2-
equiv./kW.h(e). This large range has various explanations [11]:

the energy mix for generation of electricity use for activities in the energy chain,

the technology for enrichment: gas-diffusion enrichment or centrifuge enrichment,

plant life time, and load factors,

country-specific assumptions concerning energy use for waste handling and mining/milling
activities.

From the point of view of their FENCH-GHG emissions the energy chains of light-water
reactors (LWRs) and pressurized heavy water reactors (PHWRs) are substantially different, the
main difference being the absence of enrichment and the site-specific energy requirements for
heavy-water production in case of PHWRs. There is no literature on FENCH-GHG emissions
from HWRs.

The experts participating in the earlier meeting on the nuclear fuel cycle made an analysis of the
direct and indirect emissions of greenhouse gases (GHGs) from the full nuclear energy chain [3].
The analysis was based on detailed discussions of the results of two studies on FENCH-GHG
emissions from light-water nuclear power generation, viz. the studies of Uchiyama [4] and Dones
[11], using process & input/output hybrid analysis and process analysis, respectively. The results
of these two studies, though differing in the analytical methods used, are in excellent agreement.
The FENCH-GHG emission factors are equal for the case of a once-through nuclear fuel cycle
with centrifuge enrichment and reprocessing, 8.90 ± 0.02 g CQ2-equiv./kW.h(e). Plutonium
recycling in Japan increases the emission factor only marginally to a value of 10.2 g CO2-



equiv./kW.h(e). A German (i/0 hybrid) study by Marheineke [11] has yielded a GHG emission
factor of ca. 18 g CO2-equiv./kW.h(e) with relatively high contributions from uranium mining and
preparation (5.9 g CO2-equiv./kW.h(e)) and power plant construction (7.3 g CO2-
equiv./kW.h(e)). Fritsche in a very recent study [17]has calculated a slightly higher emission
factor of 20 g CO2-equiv./kW.h(e) for the German nuclear fuel cycle assuming enrichment
electricity from nuclear power plants (37 g CO2-equiv./kW.h(e) for typical German nuclear power
generation).

TABLE H. CHARACTERISTICS OF THE NUCLEAR FUEL-CYCLES OF THE SWISS AND
JAPANESE STUDIES1

Uchiyama [11] Dones [11J

Type of reactor Boiling water reactor Pressurized water reactor

Electricity source 392 g CO2 equiv./kW.h(e) 520 g CO2-equiv./kW.h(e)
(Japanese grid, 1992) (European grid; diffusion

enrichment; nuclear power)

Capacity 1000 MW(e) gross output 940 MW(e) net output

Type of enrichment Gas diffusion/Centrifuge Gas diffusion/Centrifuge

Burn-up 30 000MWd/ton 40 000 MWd/lou

Life-time of installations 30 years 40 years

Load-factor 75% 70%

3.2. GHG emissions from the various FENCH links

The substantial contributions to the final FENCH-GHG emission factor of nuclear energy
are from: milling, conversion of lower-grade ore, enrichment, construction and operation of the
power plant, reprocessing (if relevant), and repository of intermediate-level waste (ILW), which
has a substantial but not major contribution in the Japanese study. Table III shows how the
different links of the nuclear power chain contribute to the ultimate GHG emission factors of a
few nuclear fuel cycles in different countries.

Gas-diffusion enrichment, assuming the use of substantially fossil-fueled electricity from
the Japanese grid, results in more than doubling of the total emission factor. Gas diffusion
enrichment using low-GHG electricity (e.g. from French PWRs) yields approximately the same
GHG emission as with centrifuge enrichment.

Electricity use, and possibly in some cases the use of CFCs for cooling, in gas-diffusion
enrichment are the main contributors from the enrichment step. Energy requirements for gas
diffusion are 30-50 times higher than for centrifuge enrichment. The origin of the electricity (often
from nuclear or hydropower plants) and the quality of the cooling system using the CFCs are of
direct importance for the magnitude of the contributions. Data on CFC releases stem from older
USA gas-diffusion plants, leading to a contribution of 2.7 g CO2 equiv./kW.h(e) for the present
GWPJOO and use of European electricity (Dones, in [11]). However, the greenhouse effect from

this CFC contribution becomes virtually zero if one reckons with the scientific evidence in support
of low, near unity, GWPs of CFCs. Moreover, the contribution will be negligible if CFCs in the
cooling system of gas diffusion plants are substituted by non-GHG alternatives.

See also Table III.



TABLE HI1. EMISSION FACTORS OF SELECTED LINKS OF THE FULL NUCLEAR
ENERGY CHAIN, in g CO2 equiv./kW.h(e)

Mining

Milling

Conversion

Enrichment

Fuel fabrication

Power plant: construction
and operation

Reprocessing

Intermediate depository

Final repository for
S/ILW

Final repository for
I/HLW

Total

Swiss study
once-through

chain UCPTE,
enrichment--

tnix1,
reprocessing,

no Pu use

0.39

1.41

1.45

1.003

0.09 .

3.04

1.19

0.03

0.09

0.19

8.88

Japanese study
once-through,

diffusion (D) or
centrifuge (C)

enrichment

0.25

included in
mining

1.083

13.98(D)
1.98(C)

0.13

4.497

-

0.24

-

0.76

20.92(D)
8.92(C)

Swiss study
once-through

chain UCPTE,
centrifuge,

reprocessing,
no Pu use

0.39

1.41

1.45

1.04

0.09

3.04

1.19

0.03

0.09

0.19

8.92

Japanese study
once-through,

diffusion (D) or
centrifuge (C),
reprocessing,

Pu use

0.18

included in
mining

0.92"

10.75(D)
1.52(C)

0.136

4.49«

1.61

-

1.18

0.15

19.41(D)
10.18(C)

Transportation of construction materials, fuels, etc. between the various links in he
nuclear energy chain has a negligible effect on the ultimate GHG emission factor.

Decommissioning of the various facilities has a small but noticeable contribution (ca. 0.07
g CO2-equiv./kW.h(e)) to the final FENCH-GHG emission factor, mainly from the power plant

1 Conversion of methane emissions into g CO2 equiv./kW.h(e) by means of the IPCC 1994 Global Wanning
Potential (GWP100): 24.5 g CO2 equivalent per g of CH«

1 90% gas-diffusion and 10% centrifuge enrichment

3 GHG emissions from LLW disposal (operation) are included

4 GHG emissions from LLW disposal (operation) are included

5 Emissions of CFCs considered to be negligible, assuming near unity GWP of CFCs and negligible CFC
release from modern installations.

6 Includes GHG emissions from MOX fuel fabrication

7 Includes decommissioning and total transport



and the reprocessing plant. High-level waste (HLW) and low-level waste (LLW) disposal do not
contribute significantly to the emission of GHGs.

3.3. Summary

GHG emissions from the whole chain of nuclear power generation are relatively low: the
once-through fuel cycle of light-water nuclear reactors produces electricity with a GHG emission
factor amounting to as low as 9 g CO2-equiv./kW.h(e). The main contributions of this common
reactor type come from the power plant construction, and its milling and conversion steps, and
also - if fossil-fuelled electricity is used for the diffusion process - from the uranium fuel
enrichment.

4. FENCH-GHG EMISSIONS FROM HYDROPOWER GENERATION

4.1. General

The hydropower chain gives rise to greenhouse gas emissions from the various links of its
energy chain, but it has a special feature concerning emissions from the water reservoirs.
Hydropower has the usual points of greenhouse gas emissions, such as those associated with
transportation, plant construction and storage of dismantling waste. Hydropower generation,
however, also releases greenhouse gases, mainly CO2 and CH4, from anaerobic degradation of
organic material that was flooded by the water reservoir. CH4, methane, is a powerful greenhouse
gas with a much higher infra-red trapping capability than CO2.

The GHG emission sources from the energy chain of hydropower generation are:

materials and energy use for hydropower plant construction,

the hydropower reservoir,

if carried out at the system level: GHG emissions associated with the generation the
backup electricity during periods of low hydropower supply. This mainly applies to run-
of-river plants.

The emissions related to construction and water reservoir are site-specific. In view of the
conditions for GHG release one should distinguish between [12]:

reservoir-type plants in cold-climate "northern flat areas", such as in Canada and Finland
(at northern latitudes higher than 48*),

reservoir-type plants in "humid tropical areas", such as in Brazil,

reservoir-type plants in "Alpine areas", which are at higher altitudes, such as in Austria
and Switzerland,

run-of-river type of plants.

4.2. The lifetime of hydropower installations

The use of a reference lifetime of 100 years has been recommended for hydropower
plants. The accumulated indirect GHG emissions from hydropower generation should be
normalized over 100 years even emissions of duration shorter than 100 years, e.g. the first
relatively high CO2/CH4 pulse after flooding. Comparisons using GHG emission data for time
windows shorter than the installation lifetime are not recommended. In view of the value



judgements underlying discounting in normalization, it is not recommend to apply such an
approach though this position contains also a value judgment.

4.2. Greenhouse gas emissions from hydropower plant construction

Sources of GHG emissions associated with the construction of hydropower plants are
related to the construction materials, concrete (mainly the cement) and steel, and with the energy
used for construction and transport, i.e. fuels and electricity.

Parameters of the plant of particular significance to the GHG emissions are:

the geomorphology of the reservoir,

the electrical capacity of the plant,

the composition of the dam: earth/rock and/or reinforced concrete.

TABLE IV. ESTIMATED GREENHOUSE GAS EMISSION FACTORS ASSOCIATED WITH
THE CONSTRUCTION OF HYDROPOWER PLANTS
(in g CO2 equiv./kW.h(e); life-time: 100 years)

Country/region Run-of river Reservoir
(concrete dam)

Reservoir
(earth-rock filled

dam)

Switzerland 2.9 (small)1

Germany

China3

Canada (Quebec) 0.9 (large)

6.22

11.24 (Annex I)

3.4 (large)
- 40.6 (small)

1.3(large) 1.2 (large, plateau)

The geomorphology of the water reservoir determines to a large extent the materials
required and the energy used for constructing the dam and eventual borders of the reservoir.
Typically "Northern flat area" and "humid tropical" dams are lengthy structures, whereas in
mountainous areas high and less lengthy dams prevail. Table IV illustrates the estimated indirect
GHG emissions associated with the use of materials and energy for the three different larger types
of hydropower plants: run-of-river, reservoir (concrete), and reservoir (earth-filled). Another key
parameter is the size of the plant. Small plants have relatively high GHG emission factors as
illustrated in Table IV by the higher emission factors for the small plants from China and
Germany.

A complete investigation of the hydropower supply system should include also the GHG
contributions from the often lengthy (1000 km or more) power lines connecting the hydropower
plant to the grid. This contribution to the total GHG emission factor of a hydropower generation
is low and amounts to ca. 1 g CO2-equiv./kW.h(e) for Canada. The formation of N2O and O3 due

1 Average of Swiss hydropower plants

2 Average of 52 major Swiss hydropower plants

3 Includes run-of-river and concrete and earth/rock -filled dams. More than 90% of installed hydro-capacity
is "concrete dam".
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to arcing at power lines is probably negligibly small.

4.3. GHG emissions from the hydropower reservoir

In order to obtain the net GHG emissions from a reservoir the GHG release rates before
and after flooding have to be known. This is seldom. Most of the information on reservoir
associated GHG emissions comes from measurements in "northern flat areas", Finland and
Quebec. There is no measurement data on the emissions for the three other plant categories:
reservoir-type in "humid tropical areas", reservoir-type in "Alpine areas" and run-of-river type of
plants.

"Northern flat areas" and "humid tropical areas" combine a relatively large energy specific
flooded area with substantial surface density of old and living biomass. Generally, Alpine
reservoirs are relatively deep and, if above 2000 meters, have relatively low biomass density.
Presumably, Alpine reservoirs will have low reservoir-related CO2 and CH4 emissions.

The main processes responsible for emissions from reservoirs are related to the size of the
"flooded area", and not the reservoir size. It is always smaller than the reservoir size at maximum
filling level. However, due to redistribution of material of the reservoir, measurements from the
entire reservoir are necessary. In some cases the periodically flooded areas could be an important
source of GHGs. Another important factor is whether the flooded area was forest (1 - 3 cm of
humus layer), peatland (more than 10 cm peat layer) or Alpine meadows (up to 5 cm of humus
layer). This affects the limnological properties of the reservoir as well as the resulting GHG
production. The tropical regions have higher temperatures than the northern flat areas and,
therefore, will tropical reservoirs have higher GHG release rates; similarly, the colder Alpine
reservoirs will have lower release rates.

The processes relevant for GHG formation during the operation of a hydropower reservoir
take place in three subsequent phases, depending on its geomorphological and hydrological
properties:

an "initial phase" of 1 - 3 years duration,

an "erosion phase" of 7 - 10 years duration,

a "balanced phase" of 10 - 30 years.

The insight has to be improved in the processes during these three phases in order to develop an
ecological model which can describe the carbon cycle from which the CO2 and CH4 are emitted.
Then predictions of GHG release rates, as well as cumulative emissions, reasonably can be made
based on pre-impoundment surveys of the areas to be flooded.

Measurement data on GHG release rates exist only for "northern flat area" reservoirs.
Measurements in Canada (Quebec), which were carried out 1-2 years and 14 -15 years after
flooding were surprisingly comparable. Release rates typically are 0.5 - 1 g CO2. m"2.d' and 5 -
10 mg CH4. m^.d'1 for the Canadian reservoirs [18].

4.4. GHG emissions due to removal of the vegetation which originally was a CO2 sink

Vegetation sequesters CO2 by photosynthesis. If land with vegetation becomes flooded,
this sequestering will be stopped. Such a negative sink should be considered as a CO2 source. Any
generic estimate of this contribution to the ultimate CO2 emission factor of hydropower is rather
uncertain. However, as an example one might assume an energy-specific flooded surface area of
10* m2/MW and a CO2 sequestering rate 200 g CO2.m'2.y' (arid grass land [19]). This would
result in a negative sink strength of ca. 20 g CO2-equiv./kW.h(e), which is a substantial



contribution. However, the biotic activity in the water reservoir has not been considered. This is a
rather complex system of CO2 sequestering and subsequent biodegradation. In view of the possibly
high indirect emission factors involved further investigations are required into this field of
negative sinks from flooding. A recent letter to the author by the IPCC chairman, Prof. Bert
Bolin, raises in general also the issue of this section [20].

4.5. GHG emissions from backup electricity generation

In case of extension of the FENCH analysis to the system level one should consider also
the backup electricity generation during period of low hydropower availability. Normally,
hydropower plants with a reservoir provide a high level of service and do not require backup
power generation to a large extent. However, the run-of-river plants show important natural
seasonal power production variations, which requires backup electricity generation and which is
foreseen in the national or regional energy planning. In some cases this backup electricity is
provided by reservoir hydropower plants with their relatively low emission factors. However,
some countries have insufficient low-CO2 power production capacity available for backup
generation. In such cases the GHG emission factor of run-of-river plants has to be increased with
a contribution from the relatively high GHG emissions associated with the backup electricity
which was imported or used from the domestic grid. In case of Austria this could amount to
several tens g CO2-equiv./kW.h(e).

5. SUMMARY

It is very difficult to derive, and it cannot be justified to use, one single total full-energy-
chain GHG emission factor for all hydropower systems. The emission factor for hydropower
depends on the type of plant, "reservoir" or "run-of-river", and on a number of region-specific
factors. It is important to distinguish between "Alpine reservoirs" (e.g. Switzerland), "humid
tropical reservoirs" (e.g. Brazil), "norther flat reservoirs" (e.g. Canada and Finland) which
probably have significantly different reservoir-associated GHG emissions.

The emissions of GHGs from the water reservoir of hydropower plants generally
dominate the total GHG emission factor of hydropower generation. Only in the cases of higher
altitude (Alpine) mountainous water reservoirs and of run-of-river hydropower generation could
the indirectly accounted GHG emissions, such as from the hardware of a plant, dominate the total
GHG emission factor.

Run-of-river plants can have increased total GHG emission factors (up to several 10 g
CO2-equiv./kW.h(e)), if backup electricity is required from grid electricity generated with
substantial fossil fuel contributions.

The indirect contributions from the construction of hydropower plants to the total GHG
emission factor vary substantially and are in the range of

0.4-3 g CO2-equiv./kW.h(e) for run-of-river plants,

10-40 g CO2-equiv./kW.h(e) for small "concrete dam" plants,

1-5 g CO2-equiv./kW.h(e) for large "concrete dam" plants,

0.1-1 g CO2-equiv./kW.h(e) for "earth/rock dam" plants.

Full-energy-chain GHG emission factors for hydropower generation from "northern flat
area" and "humid tropical" reservoirs are subject to large uncertainty. For tropical reservoirs
adequate data are lacking. For "northern flat area" reservoirs there are measurement data, though



limited. On the basis of the existing data for "northern flat area" reservoirs, the total emission
factor of these reservoirs is in the range of ca. 15 g CO2-equiv./kW.h(e) [21].
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FIG.l. Rate of worldwide carbon dioxide emission in Gtonnes ofCO2 per year showing the lower increase
rates associated with the economic crises of 1973, 1980 and 1990 (source: CDlAC-ORNL report Trends
'93). The dashed line is the 4-years normalized rate of change of the atmospheric CO} level (source: BP
Statistical Review of World Energy 1995). There is a remarkable coincidence of the irregularities in both
time series indicating a strong correlation. The relatively steep decline of the CO2 rate of change indicates
that another factor plays a role. One speculates increased CO} uptake by terrestrial biosphere in the
northern hemisphere or a temporary effect from the Pinatubo volcanic eruption in 1992.
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FIG 2 Per unit of electricity emitted greenhouse gases from different energy sources. The value of9g CO2

equiv /kW.h(e)for nuclear power generation applies to the West-European standard fuel cycle of pressurized
water reactors f3J, while the value of 18 g CO, equiv./kW.h(e) for hydropower generation applies to
northern cold-climate flat-area reservoir-type hydropower plants (4J. Both data are consensus values of
international expert meetings. The other values have been taken from literature and represent the ranges of
these values, not displaying the very extreme values. The large uncertainty in the fossil-fueled power
generation is due to different assumptions concerning system boundaries, methane releases (e.g. natural gas
leakages) and the methane GWP. The high emission factor for hydropower can be related to probably
unrealistic assumptions about GHG releases from the reservoirs. The uncertainties in the solar PV and wind
power data are probably due to different assumptions about system boundaries and site-specific factors, lite
higher ('sustainable') biomass data result from accounting for energy and fertilizer use in biomass
plantation and in one case from accounting for methane release from in-soil biomass degradation.


