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ABSTRACT

The basis for quantifying the relative effect of greenhouse gas emissions from coal utilisation is
discussed. Emission factors (gC/MJ) need to include greenhouse gas emissions and energy losses
throughout the fuel cycle in order to compare the fuels. Nevertheless CO, is the most important
greenhouse gas from coal. Emission factors have decreased due to improved efficiency of coal use.
The scope for further improvements in efficiency of conventional and advanced power generation is
assessed. Control of CO, emissions is viewed as a less promising option owing to the high cost and
energy penalty of most methods.

It is concluded that there is no firm basis for evaluating the effect of reducing emissions on their
global warming potential. However it is desirable that available technologies be implemented to reduce
emissions by improved efficiency.

'INTRODUCTION

Greenhouse gases from coal include methane (CH,), released during hard coal production, and most
important, carbon dioxide (CO,) as well as nitrous oxide (N,0) which are emitted when coal is used.
Ozone (Og) is another greenhouse gas formed indirectly from complex reactions with other pollutants
in the atmosphere. Here other oxides of nitrogen, nitric oxide and nitrogen dioxide (jointly referred to
as NO,), play a role and are emitted from coal use. The topic of nitrogen oxide emissions from coal
combustion was reviewed recently at IEA Coal Research by Sloss (1991). Chlorofluorocarbons (CFC)
are important greenhouse gases which are produced in the industrial sector where coal is not involved.

Policy choices over the next few years to reduce greenhouse gas emissions are likely to have a
profound effect on the use of coal in many countries. It is therefore essential to examine and monitor
the scientific and technical basis for reducing emissions of greenhouse gases from coal use. A major
“scientific assessment of the greenhouse gas issue is provided by the recent report (Houghton and
others, 1990) of Working Group I of the Intergovernmental Panel on Climate Change (IPCC), set up in
1988 by the World Meteorological Organization and the United Nations Environment Programme. The
IPCC considered that a reduction in CO, emissions >60% would be required to stabilise CO,
concentrations in the atmosphere. IEA Coal Research has been keeping a watching brief on this issue
since 1977 (Smith, 1978, 1982, 1988; Vernon, 1990). This paper examines the basis of the quantitative
evaluations which are being commissioned by policy makers in attempting to deal with the greenhouse
gas issue and assesses the state-of-the art of abatement and control technologies as they relate to coal
use. Information is drawn from a new draft report on this topic (Smith and others, 1991).

GREENHOUSE GAS EMISSIONS
The contributions (%) of trace gases to the greenhouse effect are estimated for the IPCC by Shine and

others (1990) over the past decade (based on increased concentrations in the atmosphere) and
integrated over the next 100 y (in terms of emissions from human activities in 1990) as follows:

1980-90 100y
CO, 56 61
CH, 15 15
N,O 6 4
CFC 24 12
others - 8
101 100

The indirect effects of CH, oxidation (the production of CO,, stratospheric water vapour and
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tropospheric O,) are potentially significant but difficult to quantify. This applies also to the indirect
effects from other trace gases: CO (1%), NO, (6%) and non-methane hydrocarbons (0.5%). Shine and
others emphasise that the quantification of these indirect effects needs further revision and evaluation
and does not include some important chemical reactions. Victor (1990) points out that the indirect
effects vary spatially as well as with time.

Further uncertainties arise from different ways of estimating the effective residence time for CO, in
the atmosphere. The uptake of CO, into the various storage sinks of the global carbon cycle can take a
short time, for example into non-woody vegetation or a much longer time into the deep ocean. The
IPCC adopted a range of 50-200 y for the effective residence time of CO, in the atmosphere (Watson
and others, 1990). There are uncertainties in accounting for all the CO, emissions which do not remain
in the atmosphere. Othér potential long term carbon sinks (Tans and others, 1990) have not been
quantified but would shorten the effective residence time for CO,.

The contribution to the greenhouse effect of CH, relative to CO, is important when considering the
merits of fuel substitution from coal to natural gas or a carbon tax. The global warming potential of
one mole of CH, relative to that of CO, ranges from 20-35 or more depending on the assumptions of
different authors (Selzer, 1989: Zittel and Selzer, 1990). This uncertainty is compounded by differing
values for the effective residence time of CO,, resulting in a wide variety of numbers for the relative
global warming potential of CH, : CO, (see Table 1). The estimates in Table 1 are ranked from the
simplest (no consideration of the differences in residence times for CO, and CH, and a molar global
warming potential of 27) to the most sophisticated by Lashof and Ahuja (1990) and Shine and others
(1990). The latter use oceanic models for estimating the residence time of CO,, more complex
chemistry for the indirect effects and include the concept of integrating over the short or long term.
In the long term, CO, assumes greater importance relative to CH, than in the short term. Despite
current limitations, the concept of applying global warming potentials over different time horizons is
the best available means of evaluating emission abatement scenarios but requires further validation.

The contribution of global coal use to the enhanced greenhouse effect is evaluated from CO, emissions
in 1988 for the low and high estimates of the contribution from deforestation and land use adopted by
the IPCC (see Table 2). Shine and others (1990) assume 7.1 GtC/y for the total CO, emissions from
human activities in 1990. This lies within the range for total CO, shown in Table 2 but implies a low
value for deforestation and land use if the 1988 CO, emissions of 5.7 GtC/y for fossil fuel are
extrapolated to 1990. There is little difference between the contributions for one year or over 100 y.
Coal, ¢il and gas would contribute about 20%, 20% and 8% respectively. There would be an additional
1% and 3% for CH, from hard coal mining and gas pipeline leakage respectively, assuming these
sources contributed 6.3% and 20.8% of CH, emissions from human activities (World Resources
Institute, 1990). There would also be small contributions from N,O and NO, emissions but these have
not been quantified reliably.

Average CO, emission factors for bituminous coal, crude oil and natural gas, based on the higher
heating value (HHV), are 24.1, 19.9 and 13.8 gC/MJ (Marland, 1983; Marland and Rotty, 1984). Those
for the brown coals assessed by Couch (1988) averaged 25.2 gC/MJ. Anthracites have CO, emission
factors of about 26 gC/MJ. When allowance is made for the effect of CH,, in terms of its CO,
equivalent, the emission factor for natural gas increases relative to that of coal and oil due to CH,
leakage from natural gas distribution systems. Mitchell and Sweet (1990) applied the concept of global
warming potentials and estimated that coal and natural gas would have the same emission factors at a
CH, leakage rate of 11.5% over a 100 y time horizon. Over 20 y, the breakeven point would occur at a
CH, leakage rate of about 5%. Such CH, leakage rates are not uncommon in some systems. However,
it is unlikely that leakage from new gas supplies for large scale use would exceed 1% (James, 1990).

Similar evaluations including hard and brown coals in the FRG (Zittel and Selzer, 1990) conclude that,
over short time horizons, brown coal has a lower effective CO, emission factor than hard coal if most

of the CH, from hard coal mining is vented to the atmosphere. The two fuels would be equal over the

100 -y time horizon,

Energy consumption or emission penalties are incurred when coal is upgraded. For example, a coke

from 2 bituminous coal with a CO, emission factor of 24.1 gC/MJ (HHV) had an effective emission
factor of 31.8 gC/MJ when coal production overheads were included (Thurlow, 1990). Synthetic fuels
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from coal generally have much higher CO, emission factors than the original coal - even where
gasoline is produced at a high thermal efficiency of 65% or more, the CO, emission factor is
38 gC/MJ. However this penalty will be offset by the lower CO, emission factor and improved
combustion efficiency of the resulting synthetic fuels.

ABATEMENT

The proportion of coal used in power generation is about 73% in OECD countries (IEA, 1990) but
worldwide it is probably around 50% (Matthews and Gregory, 1989). This section will therefore
concentrate on technologies which decrease CO, emissions per unit of useful energy in the large scale
use of coal for power generation.

The efficiency of coal use in steam power plants has already improved greatly this century. For
example, in the FRG increasing operating pressures and temperatures and the use of steam'reheat in
conventional power plants have resulted in a reduction in the heat rate from 35 MJ/kWhe in the early
1900s to about 9 MJ/kWhe in the 1980s (Schilling, 1990). Emissions and waste heat losses are now only
about 25% of what they were in the early steam based power plants.

Current trends show that further improvements are achievable, both on conventional plants and using
more advanced technologies (see Table 3). Hence the use of supercritical steam conditions (Riedle and
others, 1990) should reduce CO, emissions by 20% compared to a conventional 500 MWe pulverised
coal (PC) plant with wet limestone flue gas desulphurisation (FGD) and sub-critical steam conditions
(US DOE, 1990). Co-firing with natural gas or oil also results in reductions in CO, emissions due to a
lower emission factor of the blending fuels. The use of flue gas recycling (Wolsky and Brooks, 1989)
or selective H, combustion (Steinberg and Grohse, 1990) appears to offer 100% reductions of CO,
emissions but at considerable energy costs for the separation and disposal of CO2 or carbon.

The use of combined cycles with gasification, pressurised pulverised coal or fluidised bed combustion
(PFBC) should achieve CO, reductions of 13-26%. At the upper end of this range are the hybrid
PFBC gasification topping cycle developed by British Coal (Dawes and others, 1990) and a new
scheme for pressurised pulverised coal combustion (Weinzierl, 1990). In the latter, pulverised coal is
burnt under pressure in an ash slagging combustor with gas expansion through a gas turbine.
Pulverised coal-natural gas combined cycles with supercritical steam conditions are expected to
achieve a reduction in CO, emissions of about 37% (Hebel and Kotschenreuther, 1990).

Commercial MHD generators could reduce CO, emissions by up to 27% in the near term and even
more in future with a greater efficiency of heat recovery (Morrison, 1988). The development of
molten carbonate and solid oxide fuel cell technology is currently in its infancy but is potentially
capable of reducing CO, emissions by up to 44% when used with gas/steam turbine combined cycles
(Kinoshita and others, 1988). :

Finally, where waste heat can be used in cogeneration or combined heat and power such as in
Denmark (Mortensen, 1989), CO, reductions approaching 60% are achievable even with conventional
coal combustion technologies.

CONTROL TECHNOLOGIES

In contrast to abatement measures, the control of CO, emissions by recovery and disposal is generally
regarded as a last resort owing to the high energy costs involved. A recent study by the US Electric
Power Research Institute (Smelser and Booras, 1990) concluded that 90% CO, recovery by MEA
scrubbing, solvent regeneration, compression and removal for disposal in the ocean at a depth of

'457 m would incur an energy penalty of 370-374 kWhe/t CO,. The busbar cost of electricity would
increase by 159-178% relative to a coal-fired power plant without CO, control. These results lie
within a range of 222-988 kWhe/t CO, for the energy penalty estimated by several authors for control
technologies using absorption or cryogenic separation at 90% CO, removal or membrane separation at
80% removal. The estimates of energy use are in the range of 21-95% of the energy released from coal
combustion (Smith and others, 1991).

Disposal options include the oceans or sites on land such as salt domes and depleted natural gas or oil
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fields. For disposal in the oceans, the transfer of CO, as solid blocks of dry ice or hydrate was found
to be less practical and more costly than gas or liquid injection owing to the tonnage involved. 1t is
desirable to inject the CO, into the ocean at depths >1,000 m and preferably at 3-4,000 m in order to
minimise the transfer of CO, from the ocean to the atmosphere (Hoffert and others, 1979). More
research is required on the long term effects of macromixing in the oceans on CO, retention in the
deep ocean. On land there is potential for storage of liquid CO, in salt domes. For example in the
USA, the existing storage capacity of strategic crude oil reserves could accomodate about 15 GtC of
CO, emissions. Global 1980 natural gas production values suggested that the storage capacity of
depleted gas reservoirs could increase at about 0.7 GtC/y with an overall capacity as large as that of
past and present reserves of natural gas (Baes and others, 1980). Storage of CO, in depleted oil fields
can be combined with its use as a solvent for enhanced oil recovery by miscible flooding. In the USA
it is estimated that this use could only take up 7.7 MtC/y of CO, (Abel and others, 1989). However,
there would be a substantial release or recycling of injected gas at active production wells.

Alternative means of controlling CO, emissions include its use or recycle by natural or industrial
processes. A recent study by Martin and others (1990) of essential growth nutrients in the Antarctic
ocean shows that the correction of an iron deficiency could promote a thirty fold increase in
phytoplankton growth in the outer continental sea. Estimates indicate that increased growth by iron
seeding could sequester up to 1.6 Gt C/y of CO2 over a 50 y period but such an action is undesirable
because of unknown ecological effects (Baum, 1990). On land, commercially managed forests in
temperate ecosystems could sequester 2.9-5.4 Gt C/y but securing the necessary land areas of 465-
733 Mha (Marland, 1989; Sedjo and Solomon, 1989) would pose problems. Unused land in tropical
ecosystems (865 Mha) that previously supported forests might however be used to accumulate up to
1.5 Gt C/y over a 100 y period (Houghton, 1990). Two tropical reafforestation projects by US and
Dutch utilities are to offset the CO, emissions from a new 180 MWe coal-fired power plant in the
USA and two 600 MWe coal-fired power plants in the Netherlands (Flavin, 1989; EER, 1990). The
reuse of CO, in fuel or chemical synthesis is economically viable only if the total energy used can be
produced at a lower cost than the fuel or chemical value of the product. Here, biofuels, relying on
solar radiation as a 'free’ energy source for direct removal of CO, from the atmosphere, offer a means
to slow the growth of fossil fuel use whilst simultaneously reducing the net accumulation of CO, in
the atmosphere. The present consumption of CO, for process use and the synthesis of industrial
chemicals suggests that this sector is unlikely to make a significant contribution to reducing the overal!
global emissions of CO,.

CONCLUSIONS

The contributions of the greenhouse gas emissions to the enhanced greenhouse effect are expressed in
terms of the equivalent global warming potential of CO, when policies to reduce emissions are
evaluated. This exercise is however complicated by indirect effects from some, as yet, unquantifiable
chemical reactions and by uncertainties regarding the effective residence time of CO, in the
atmosphere. Thus the concept of applying global warming potentials of greenhouse gases over
different time horizons is the best available means but requires further revision and evaluation. It is
clear that CO, is the most important greenhouse gas from coal. However, consideration of CH, affects
the relative ranking of different fossil fuels as greenhouse gas emitters. Hence high CH, leakage rates
of 5-10%, such as occur in some natural gas distribution systems, would virtually offset the advantage
of the lower CO, emission factor for natural gas over coal; although the leakage rates of <1% claimed
for new gas distribution systems would make little difference. Coal use worldwide is responsible for
about 20% of the enhanced greenhouse effect, half of which is attributable to coal-fired power
generation.

There are many options for the abatement of emissions from coal use in power generation. Apart from
reducing the overall demand for energy by conservation, there are technologies which will reduce
emissions from an improved efficiency of coal use. Existing technologies based on supercritical steam
cycles can achieve CO, emission reductions of up to 20%. Over the next decade, technologies such as
PFBC and gasification combined cycle offer improvements up to 25% or 37% with the use of
pulverised coal-natural gas combined cycles. For the future, MHD and fuel cells should reduce Cco,
emissions by 17-44%. All of these technologies could be improved further with co-generation for CO,

emission reductions approaching 60% - close to that required to stabilise concentrations of CO, in the
atmosphere.



The control of CO, emissions by recovery and disposal appears to incur too high an energy penalty
with uncertain environmental consequences for a practical solution. However systems which offer the
possibility of the combined removal of CO,, SO, and NO, might have some role in future in
conjunction with energy savings. Reafforestation and recycling of CO, in fuels potentially have more
scope for reducing the concentration of CO, in the atmosphere but probably not on the scale required
to stabilise it.

Considerable progress has been made to improve efficiency for economic reasons in the past. Now
there is an added impetus to achieve more for both economic and environmental benefits. There is
scope for reducing emissions from coal use by both abatement and control measures but their success
depends on how quickly they can be implemented.

REFERENCES

Abel A, Holt M E, Parker L B (1989) Controlling carbon dioxide emissions: CRS report for Congress. .
CRS-89-157-ENR, Washington, DC, USA, Congressional Research Service, Library of Congress, 34
pp (9 Mar 1989).
Baes C F, Beall S E, Lee D W (1980) The collection, disposal, and storage of carbon dioxide. In:
Proceedings of the international conference: Interactions of energy and climate, Munster, FRG, 3-6
Mar 1980, W Bach, J Pankrath, J Williams (eds.). Dordrecht, Netherlands, D Reidel, pp 495-519
(1980).
Baum R (1990) Adding iron to ocean makes waves as way to cut greenhouse CO,. Chemical and
Engineering News; 68 (27); 21-23 (2 Jul 1990).
Boden T A, Kanciruk P, Farrell M P (1990) Trends *90: A compendium of data on global change.
ORNL/CDIAC-36, Oak Ridge, TN, USA, Carbon Dioxide Information Analysis Center, 278 pp (Aug
1990). )
Couch G (1988) Lignite resources and characteristics. IEACR/13, IEA Coal Research, London, UK,
102 pp (Dec 1988).
Dawes S G, Arnold M StJ, Cross P J 1, Holmes J (1990) British Coal development of advanced power
generation technologies. Paper presented at the Institution of Mechanical Engineers conference on
steam plant for the 1990s, London, UK, 4-6 Apr 1990, 9 pp (1990).
European Energy Report (1990) Dutch consider rain forest planting to offer power station emissions.
European Energy Report; (312); 4-5 (20 Apr 1990).
Flavln C (1989) Slowing global warming: a worldwide strategy. Washington, DC, USA, Worldwatch
Institute, pp 94 (1989).
Hebel G, Kotschenreuther H (1990) Wirkungsgradverbessernde Massnahmen an bestehenden
Kraftwerken (Measures to improve the efficiency of existing power plants). In: VGB-Konferenz
Kraftwerkstechnik 2000 - Ressourcenschonung und CO,-Minderung (VGB conference power plant
engineering 2000 - Conservation of resources and CO, control), Essen, FRG, 21-22 Feb 1990. Essen,
FRG, VGB-Kraftwerkstechnik GmbH, pp 200-204 (1990).
Hoffert M I, Wey Y C, Callegari A J, Broecker W S (1979) Atmospheric response to deep-sea
injections of fossil-fuel carbon dioxide. Climatic Change; 2 (1); 53-68 (1979).
Houghten J T, Jenkins G J, Ephraums J J (1990) Climate change: the IPCC scientific assessment,
Cambridge, UK, Cambridge University Press, 414 pp (1990).

" International Energy Agency (1990) Coal information 1990. Paris, France, OECD/IEA, 538 pp (1990).
James C G (1990) Natural gas and the greenhouse. Nature; 347 (6295); 720 (25 Oct 1990).
Kinoshita K, McLarnon F R, Cairns E (1988) Fuel cells: 2 handbook. DOE/METC-88/6096,
Morgantown, WV, USA, United States Department of Energy, Morgantown Energy Technology
Center, 156 pp (May 1988).
Lashof D A, Ahuja D R (1990) Relative contributions of greenhouse gas emissions to global warming.
Nature; 344 (6266); 529-531 (5 Apr 1990).
Marland G (1983) Carbon dioxide emission rates for conventional and synthetic fuels. Energy; 8 (12);
981-992 (1983).
Marland G (1989) The role of forests in addressing the CO, greenhouse. In: Proceedings of the
conference on global climate change linkages. J] C White, W Wagner, C N Beale (eds.), Washington,
DC, USA, 15-16 Nov 1988. New York, NY, USA, Elsevier Science Publishing, pp 199-212 (1989).
Marland G, Rotty R M (1984) Carbon dioxide emissions from fossil fuels: a procedure for estimation
and results for 1950-1982, Tellus; (36B); 232-261 (1984).

358



Martin J H, Gordon R M, Fitzwater S E (1990) Iron in Antarctic waters. Nature; 345 (6271); 156-158
(10 May 1950).

Matthews A K, Gregory K (1989) A global estimate of the proportion of coal used in the production
of electricity. Draft report OR/951/20/1, Harrow, UK, British Coal, Operational Research Executive,
4 pp (Feb 1989).

Mitchell C, Sweet J (1990) A study of leakage from the UK natural gas supply system with reference
to global warming. London, UK, Greenpeace UK, 112 pp (Aug 1990).

Mortensen H C (1989) Role of CHP in energy conservation and emissions reduction. In: IEA/OECD
experts’ seminar on energy technologies for reducing emissions of greenhouse gases, Paris, France,
12-14 Apr 1989, Paris, France, OECD\IEA, Vol. 2, pp 173-178 (1989).

Pearman G 1 (1989) Prediction of climatic change from best scientific models. Paper presented to the
first meeting of the Prime Minister's Science Council. Canberra, NSW, Australia, 6 Oct 1989, pp 28
(Oct 1989).

Riedle K, Rukes B, Wittchow E (1990) Die Erhohung des Kraftwerkswirkungsgrades in
Vergangenheit und Zukunft (Improvement of power plant efficiency in the past and in the future). In:
VGB-Konferenz Kraftwerkstechnik 2000 - ressourcenschonung und CO,-Minderung (VGB
conference power plant engineering 2000 - conservation of resources and CO, control, Essen, FRG,
21-22 Feb 1990. Essen, FRG, YGB-Kraftwerkstechnik GmbH, pp 189-199 (1990).

Rodhe H (1990) A comparison of the contribution of various gases to the greenhouse effect. Science;
248 (4960); 1217-1219 (8 Jun 1990).

Schilling H D (1990) Technology trends in large power plants. Modern Power Systems Supplement;
21-26 (Sept 1990).

Sedjo R A, Solomon A M (1989) Climate and forests. In: Greenhouse warming: abatement and
adaptation workshop, Washington, DC, USA, 14-15 Jun 1988, Washington, DC, USA, Resources for
the Future, pp 105-119 (1989).

Selzer H (1989) Energiebedingte Methanemissionen (Methane emissions from energy sources). Study
A.3.3, Ottobrunn, FRG, Ludwig-Bolkow-Systemtechnik GmbH, 80 pp (Oct 1989).

Shine K P, Derwent R G, Wuebbles D J, Morcrette J J (1990) Radiative forcing of climate. In:
Climate change: the IPCC scientific assessment. J T Houghton G J Jenkins J J Ephraums (eds.).
Cambridge, UK, Cambridge University Press, pp 41-68 (1990).

Sloss L (1991) Nitrogen oxides from coal combustion. London, UK, IEA Coal Research, 107 pp (In
press). ’

Smelser S C, Booras G S (1990) An engineering and economic evaluation of CO, removal from fossil
fuel-fired power plants. In: Proceedings of the EPRI 9th annual conference on gasification power
plants, Palo Alto, CA, USA, 17-19 Oct 1990. Washington, DC, USA, Electric Power Research
Institute, pp 855-2471 (Oct 1950).

Smith I M (1978) Carbon dioxide and the *greenhouse’ effect - an unresolved problem. ICTIS/ER 01,
London, UK, 1IEA Coal Research, 40 pp (Apr 1978).

Smith 1 M (1982) Carbon dioxide - emissions and effects. ICTIS/TR 18, London, UK, IEA Coal
Research, 132 pp (Jun 1982).

Smith I M (1988) CO, and climate change. IEACR/07, London, UK, IEA Coal Research, 52 pp (May
1988).

Smith I M, Thamblmuthu K V, Clarke L B (1991) Greenhouse gases, abatement and control: the role
of coal. Draft Report, London, UK, IEA Coal Research, 88 pp (Jan 1991).

Steinberg M, Grohse E (1990) Economical clean coal carbon fuel co-product gaseous and liquid fuel
from coal. In: Processing and utilization of high-sulphur coals 11I. R Markuszewski, T D Wheelock
(eds.). Amsterdam, The Netherlands, Elsevier Science Publishers B.V., pp 709-724 (1990).

Tans P P, Fung I Y, Takahashi T (1990) Observational constraints on the global atmospheric CO,
budget. Science; 247 (4949); 1431-1438 (23 Mar 1990).

The Changing Atmosphere: Conference Statement Committee (1988) The changing atmosphere:
implications for global security. In: The changing atmosphere conference. Toronto, Ontario, Canada,
27-30 Jun 1988, Downsview, Ontario, Canada, Environment Canada, pp 12 (1988).

Thurlow G (1990) Emissions of greenhouse gases. In: Proceedings of the conference on technological
responses to the greenhouse effect. G Thurlow (ed.). London, UK, 24-25 Apr 1990, London, UK,
Rooster Books, pp 16-24 (1990).

US Department of Energy (1990) A Fossil energy perspective on global climate change.
DOE/FE-0164, Washington, DC, USA, US Department of Energy, 99 pp (Jan 1990).

Vernon J L (1990) Market mechanisms for pollution control: impacts on the coal industry. IEACR/27,
London, UK, IEA Coal Research, 38 pp (Aug 1990).

359




Victor D G (1990) Calculating greenhouse budgets. Nature; 347 (6292); 410,431 (4 Oct 1990).
Watson R T, Rodhe H, Qeschger H, Siegeathaler U (1990) Greenhouse gases and aerosols. In: Climate
change: the 1PCC scientific assessment. J T Houghton G J Jenkins J J Ephraums (eds.). Cambridge,
UK, Cambridge University Press, pp 1-40 (1990).

Weinzierl K (1990) New concepts for coal-fired power stations. VGB Kraftwerkstechnik; 70 (5);
333-339 (1990).

Wolsky A M, Brooks C (1989) Recovering CO, from large stationary combustors. In: IEA/OECD
experts’ seminar on energy technologies for reducing emissions of greenhouse gases. Paris, France,
12-14 Apr 1989, Paris, France, OECD\IEA, pp 179-185 (1989).

World Resources Institute (1990) World resources 1990-1991. New York, NY, USA, Oxford
University Press, 383 pp (1990).

Zittel W, Selzer H (1990) Die Klimawirksamkeit von Methan (Impact of methane on climate). Erdol
Erdgas Kohle; 106 (9); 364-367 (Sep 1990).

Table 1 Summary of estimates of CH, : CO, global warming potential
Global warming potential Effective Allowing for Reference
CH,: CO, residence indirect
(molar) time, y effects
CO, CH,
27 . (10) 10
35 100 10 CO, (Selzer, 1989)
6 60 10 yes (Pearman, 1989)
10 - 120 10 04, CO, (Rohde, 1990)
3.7 230 14.4 0,4, H,0, (Lashof and
12 (1% discount of future) 45 COeCO, Ahuja, 1990) .
17 0y 04, H,0, (Shine and
5.7 (100 y)* ¢ 120 10 CO, NO,, others, 1990)
2.5 (500 y)* 4 - NMHC
® integration time horizons NMHC = non-methane hydrocarbons
Table 2 Coutributions to the greenhouse effect (Boden and others, 1990; Shine and others,
1990; Watson and others, 1990)
CO, emissions, 1988 Greenhouse effect, %
GtC/y % overly overl100y
Coal 24 37-28 21-16 23-17
Oil 24 37-28 21-16 23-17
Gas 09 - 14-11 8-6 9-7
Fossil fuel .57 88-68 50-38 54-41
Cement manufacture 0.2 2.3-1.8 1.3-1.0 1.4-1.1
Deforestation and land use 0.6-2.6 9-31 5-17 6-19
“Total CO, 6.5-8.5 100 56 61




AHH &

21943
wi3es141505-384d PUS ‘84d 094 + Id 404 dbues 65-95 §'8L1-6'801 ”-22 19213142.Gn8  (dHI) Jamod pue 393y PaULQuo)
wo ) JesausBo]
uoj3es1anydInsap woss SUOSSILD 200 JEUOLIIPPE 99-92 $°264-1°291 »85-5% 19313142-gns 81192 1any
w1Ies1anydinsap woay suoysswse 209 1euotatpEe 22-24 $°912-5°261 57-0 193§3143-qns aHM
Indul sed jeJnieu XgE 9°9¢ 1°991 &Y (J%q Q0g) 18213}45Jadns =o..u-v ‘@94 + 888 \SJnivU-Id
andut se8 jesmieu X 1 e 1"202 0y 18213142.gn8 :ozuv ‘@93 + 886 JBunIRU.Id
00|3951JNYdINSIP WOJS4 SUOLSS WD
200 'BuluEa}a $9B 10y PIsn ABJIua (GUOLI IPPR 9” PR oy 18313142-gns 1802 PasiJIAINd pasiInssald
6uiuEa]? SEB InIBJadwWI YBIY 62-6°€2 5" 641-9°S61 6Y-8% (49q (62) 192131J2Jadns 21342 U0}183141506-383d
Buiue3)? s86 JuNILJAdWIY yBiy [ 18 1'922 2 193131J2-gns 284d
Bu1uE ] SO6 FuMeJacal mo) 681 e 1) 18943143-0n8 2291
831242 pouLqmo)
jesodsip uoqJea Joy Isn ABIAUI 1EUOLIIPPE ‘aNEA
6utleay 1903 ;O X9/ UOileJudas 2y 1o asn ABsaus <00t - 8 ALETRIRER 41 woIsnquod 2y uBysep-2d
jesodsip sed ~B 404 ¥sn ABI3ul |euoi)ippe
200 3/3unY 022-281 LO139IRdIs J1@ J0) IS ABIUS [(TT3] §°155-6752€ 9°92-9°22 18313193-gns ©134234 am)y 200-3d
ndul j10 13Ny X0Y 'y 27152 st 19313043-gn8 v 110 902 - uBisIp Id
nduy se8 jesnieu xSiL (333 ) L-292-€7 852 § 2£-9% 19243143-gn8 6utJij0 seB jeun3vu-d
JasUBpUOI Jeq £0°0 ‘2,009 02 Y602 sy (J9q 00€) 19913t4dJadns Yonap ‘93 + 3d
J95UapUOI Jeq §90°0 .uoaom.oem 113 bTgee by (Jeq 0g2) 183134J3adns =.u..u-v ‘093 + 2d
no..uv ‘uo}3e8iJnydinssp paq-uy <671 252 pid 19313442-gns 284V
SUO1SSIWLD 200 404 UEYd INDIDHRL 0 1292 43 18343142-gne @®4 + 2d
15U0 1 JUMUOD
x ayy /28 x
U0 1 3INPIY fSUOLESIR  (AHT) ANB1I144 SU0 3 1pUod
SIUA0) ~8 ~oo ueyd Jamod 33N weAs ABojouysa)
(1661 ‘saayzo pue v_u..aﬁmv uotr3jvIousb Iemod J03 SSINSWOUW JUWSIVQW ~OO 3o Kxwuumsg € eTqVl

361



