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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.
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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.
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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).

61



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.

63



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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