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cars that meet tough vehicle emissions standards. ... A key
drawback to a hydrogen-powered car is the lack of a distribution
system for hydrogen gas to power the vehicles," according to
Takanori Minami, general manager of the company’s technical
research center in Hiroshima, Japan. "Hydrogen gas currently
costs about $2 per cubic liter, meaning it would cost about $74
to fill the HR-X's tank. But Minami said cheaper sources of
hydrogen gas could come as a byproduct of steelmaking" (Rob
Wells, AP/ALBANY TIMES UNION, 4/17).

*3  PENCILS: RECYCLED NEWSPAPERS FIND A USE
Faber-Castell this week unveiled a pencil made of recycled
newspaper and cardboard fibers. The Parsippany, NJ, company says
the "American EcoWriter" is the first major development in pencil
composition since erasers were introduced at the turn of the
century. Chris Wiedenmeyer, chairman of the board of the
company: "There is a growing demand for recycled products.
We’'re trying to stay ahead of the curve." About 15 percent of
the 1 billion pencils sold each year by the company will use the
recycled product. Wiedenmeyer says the company will benefit both
from the consumer demand for the recycled product and in savings
as the price of wood goes up. He says Faber-Castell hopes to
eventually make all its pencils from the product, which right now
costs slightly more than wood. Ronald Mersky, an associate
professor of civil engineering at Widener University in Chester,
PA, says the 75 tons of waste the recycled pencils will save each
year is less than what a big city generates in one day. Mersky:
"It’'s not to say it’s not a productive contribution”
(AP/NASHVILLE BANNER, 4/20). - /
N

*10 ALUMINUM: INDUSTRY MAY CONTRIBUTE TO GREENHOUSE EFFECT
"Canada’s aluminum makers have generally basked in a
favorable environmental light," reports Martin Mittelstaedt in

the Toronto GLOBE AND MAIL. "This is an industry, after all, : Cljuldrbfif¢V/
that has promoted metal recycling. As well, most aluminum in

Canada is produced by hydroelectric power, not petroleum-based

fuels; thus, it has been viewed as a minor contributor to the

greenhouse effect. However, in their first assessment of the Cﬂ&*446v}
aluminum-industry’'s emissions and global warming, ([Canadian]

environmental officials have found that two little-studied waste

gases emitted in aluminum production -- tetrafluoromethane and

hexafluorethane -- are among the most important greenhouse gases

created by human activity." He reports that their effect may be

thousands of times that of carbon dioxide, and makes the aluminum

industry second only to producers of CFCs in emitting greenhouse

gas, producing the equivalent of 6 percent of Canada’s entire

output of carbon dioxide, according to Environment Minister Jean

Charest in a confidential document to Jim Fulton, a member of



MEMORANDUM

DATE: January 13, 1992

TO: Senator Gore

FROM: Mike Nelson

SUBJECT: The Aluminum industry and global warming

Before the end of the month, I expect there to be some
press stories about how the aluminum industry is
contributing to global warming. Apparently, the aluminum
industry recently discovered that the aluminum smelting
process produces significant quantities of carbon
tetrafluoride (CF—4)(§H‘ C2F6. These are incredibly stable
compounds belonging "to a class of compounds called poly-
fluorinated compounds (PFCs). These are NOT ozone-
depleting chemicals, but they are powerful greenhouse gases.
Alcoa and other aluminum companies are eager to make sure
you are fully briefed on this new finding and would be happy
to brief you if you wish.

The key points:

The atmospheric concentration of CF4 is about 70 parts
per trillion.

CF4 and C2F6 have very long lifetimes--about 10,000 to
20,000 years.

Aluminum smelting is the only significant source of
CF4. About 1 pound of CF4 is produced for each ton of
aluminum. U.S. production of aluminum: about 4 million
metric tons. Global production: about 17 million metric
tons.

A molecule of CF4 absorbs about 2,000 times as
much infrared radiation as a molecule of C0O2. However, it
is much less abundant. Although the calculations are still
preliminary, it is clear that CF4(and C2F6 are responsible
for less than one-quarter of oné percent (or 1/400) of
present-day global warming.

Because of its long lifetime, CF4 will continue to
accumulate in the atmosphere. Consequently, the aluminum
industry is eager to reduce emissions.

By altering the smelting process, it is possible to
minimize the amount of CF4 produced. The industry is
investigating how best to do this.

Would you like a briefing on this issue?




RV E S N L
i
ST

FROFEZSSOR DEAN ABRAHAMSON

Hubert H. Humphrey Institute of Public Affairs
University of Minnesota

30! 19 Avenue South
Minneapolis, Minnesota 55414

tel: (612) 625-2338
fax: (612) 625-6351
home: (612) 623-9449

January 30, 1992

Anthony Socci
Commerce Committee
U.S. Senate

427 Hart Building
Washington, DC 20310

Dear Dr. Socci:

I enjoyed our conversatiaon, and look forward to following these
matters as they evolve.

Several things are enclosed:
AMBIO Manuscript
This is

in the form of a commentary on an article by Henning
Rodhe, et al. published in Ambio last spring.

There were
actually four companion articles, summarizing the Swedish

greenhouse gas emission budgets.

The manuscript was sent for technical review, accepted for
publication, and the enclosed is the "final" text. It will
be published in March. Feel free to circulate it, with the
cover page indicating that publication is forthcoming.

NATURE Letter

This is the briefest of submissions entertained by Nature.

I sent it off in late-December and have as yet received no
response from the editors.

If you circulate it, make it clear that it has not been
reviewed or accepted (or rejected) by the editors.

Reprints of newsletters

The current issues of Energy, Economics and Climate Change
and of Global Environmental Change Report have blurbs about

this work. These are published (were distributed last week)
and so can be circulated at will.
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Iceland, Aluminum, and the Greenhouse Effect

This was published, in Icelandic, in November [the Icelandic

citation is noted in the box on the caver pagel.

It illustrates the situation for countries which have made a

commitment to reduction in their emissions of greenhouse
gases, and are contemplating expansions of their primary
aluminpum industries. The Icelandic case is extreme because
of circumstances peculiar to Iceland.

It was written for popular consumption and published in

Iceland’s largest daily newspaper. [l can send the Icelandic

version if you want.] It lays out the policy box which

Iceland faces in encouraging a new smelter while at the same

time meeting their greenhouse gas stabilization commitment.

Circulate it at will.

Misc. Tables

Note that some of these tables are from published literature

and some are DRAFT and the numbers not verified. Please do
not cite or circulate the latter.

Some of this stuff was done for the papers above, some as
part of a longer piece that I’m working on for Climatic
Change or a similar journal. 1 don’t expect to have a
manuscript ready for submission for a few weeks.

I would prefer that this be given very limited, if any,
distribution.

Please let me know if there is any way in which I can be of
assistance to you. Also, I have copies of all source materials
cited in the above and, if you can’t ftind them locally, 1 can
have copies made and sent to you. [Please bear in mind, however,

that 1 have essentially no secretarial support and anything that
I copy, I copy myself, etc.]

Finmally, I often work at home and do not hesitate calling there
if you can’t reach me at the office. My home phone is
(612)-623-2449.

S{ncerely yours,

encl Sures
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ICELAND, ALUMINUM, AND THE GREENHOUSE EFFECT

Dean Abrahamson and ValdimarK. Jénsson

THE CONTEXT

Human activities are releasing pollutants into the atmosphere which are resulting in global
heating, climatic change, and destruction of the stratospheric ozone layer. The conse-
quences of these disturbances are regarded as potentially catastrophic by national and
international authorities and agencies.

The international community has formulated, and most industrialized countries have
signed, the Montreal Protocol on Substances that Deplete the Ozone layer, making a
commitment to phase out the use of these substances, most of which are chlorofluoro-
carbons (CFCs), within about a decade. Iceland is a signatory to the Montreal Protocol.

An Ozone Committee, under the jurisdiction of the Icelandic Ministry of Industry, has
summarized uses of CFCs and other ozone-depleting substances. The Ministries of
Industry and Ministry of Health and Social Security were charged with meeting commit-
ments under the Montreal Protocol after ratificationby the parliament in 1989. The first
action taken was a ban on ozone-depleting substances in spray cans effective 1 June
1990. The Ministry of Environment is now preparing a program to phase out the use of
CFGCs, particularly in fish and other food processing industries where they are used as the
working fluid in refrigerators and freezers.

There are similar international and national efforts underway to control emissions of
greenhouse gases — the pollutants which are responsible - for global warming. Negotia-
tions are in progress for an international greenhouse gas convention along with other
initiatives associated with the United Nations Conference on Environment and Develop-

ment (UNCED) to be held in Rio de Janeiro in June 1992.

Iceland — together with the other European Free Trade Association (EFTA) and European
Community (EC) countries, Australia, Canada, Japan, and New Zealand — agreed, in
October 1990, to stabilize carbon dioxide emissions at not greater than the 1990 levels by
the year 2000 as a first step toward making the reductions necessary to slow the rate of
global climate change.” This agreement is formally concerned with carbon dioxide, but is
widely interpreted as applying to all greenhouse gases.
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A Carbon Dioxide Committee was established under the jurisdiction of the Ministry of
Environment following the November 1990 EFTA agreement to stabilize emissions. The
Committee is developing an inventory of emissions and proposals for achieving their
reduction.’

Initial international efforts to limit climatic change caused by man-made increases to the
greenhouse effect are focused primarilyon carbon dioxide released from the burning of
fossil fuels — coal, oil, and natural gas — and from deforestation and other land-use
changes which result in loss of vegetation and soil carbon. This makes sense. Carbon
dioxide produced from fossil fuel burning produces 55% of the increases to the green-
house effect by human activities.' Reducing fossil fuel use willalso result in reductions of
methane and nitrous oxide emissions which, together, are responsible for 21% of global
heating*

The chlorofluorocarbons (CFCs) are the remaining class of important greenhouse gases,
in addition to being the most important ozone-depleting substances. They are responsible
for 24% of the global greenhouse effect — 17% from CFC-11 and CFC-12, the balance
from CFC-113, HCFC-22, CFC-14, CFC-116, and several others. Additionally, many of the
substitutes for ozone-destroying CFCs are powerful greenhouse gases and efforts to
comply with the Montreal Protocol willnot necessarily reduce greenhouse heating from
CFCs.

Itis customary to express the global heating from all greenhouse gases in terms of that
from an equivalent amount of carbon dioxide computed by using an index defined as the
Global Warming Potential (GWP). For example, a kilogram of methane produces the same
amount of global warming over a 100-year period as do 21 kilograms of carbon dioxide,
hence methane has a GWP,, of 21.

THE IMPORTANCE OF ALUMINUM SMELTING
Aluminumsmelting produces greenhouse gas emissions in three ways:
Energy used for producing electricity, carbon electrodes, and other steps in the

aluminum production process releases carbon dioxide (CO,), carbon monoxide
(CO), methane (CH,), and nitrous oxide (N,0), each contributing to global heating;
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* Reducing alumina to aluminum metal produces additional CO, ;

» CFC-14 and CFC-116 are produced from reactions with cryolite and alumina as by-
products of aluminum smelting;*"*

Electricityis the largest energy input into aluminum smelting, the average smelter consum-
ing 16,800 kilowatt-hours of electricity for each 1000 kilograms (metric ton) of aluminum
produced (kWh/tAl). Electricity produced from hydropower and geothermal power
produces very small greenhouse gas emissions, electricity from coal-fired plants produces
large emissions.

Alumina reduction produces about 1.76 tons of carbon dioxide per ton of aluminum
metal, in addition to that which may result from electricity production.’

CFC-14 and CFC-116 are extraordinarily powerful greenhouse gases, having 100-year
global warming potentials of 10,900 and 11,500 respectively. Aluminum smelting produc-
es (1.6 + 0.2) kg-CFC-14 per ton of aluminum, and (0.2 + 0.02) kg of CFC-116 per ton of
aluminum.” CFC-14 and CFC-116 releases, therefore, are equivalent to emissions of
19.74 tons of CO, per ton of aluminum using a 100-year Global Warming Potential."

Taken together, the emissions from aluminum production, in a smelter which uses
electricity produced from hydropower, have a greenhouse contribution equal to that from
emissions of 21.5 tons of CO, per ton of aluminum.

ICELANDIC GREENHOUSE GAS EMISSIONS

In 1990

Icelandic greenhouse gas emissions include significant amounts of carbon dioxide,
methane, nitrous oxide, CFCs used as refrigerants and foam-blowing agents, and CFCs

produced as a by-product of aluminum smelting, Table 1.

Ninety percent of Icelandic CO, emissions are from the use of petroleum products and
coal, 70% of which are petroleum products used for transport,”? Table 2.
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By the Year 2000

Fossil fuel consumption decreased following programs to reduce consumption after the oil
shocks of the 1970s, but has been increasing since 1983 at the rate of about 5% per

year, with petroleum use in the domestic transportation sector increasing at about 6% per
year.” Ifpetroleum consumption were to increasing at 5% per year, CO, emissions from
petroleum consumption would increase from the 1990 level of about 2,400 thousand tons
to about 3,900 thousand tons by the year 2000. Carbon dioxide emissions from fossil fuel
use could, therefore, increase by about 1,500 thousand tons per year if the current trends
in petroleum consumption were to continue to the year 2000. Ifpetroleum consumption
growth rates were reduced to 2% per year, carbon dioxide emissions would increase by
500 thousand tons per year.

Anincrease in fossil fuel use would also result in increased emissions of methane and
nitrous oxide. The extent to which other sources of methane change willbe largely
dependent on changes in the numbers of domestic animals and the way in which land-fills
are operated. Nitrous oxide emissions would also increase were more fertilizer used, for
example, for an expanded program of revegetation and reforestation. Changes in
emissions of methane and nitrous oxide will, however, be small compared with those of
carbon dioxide and the CFCs.

Iceland has been shifting to CFCs for refrigerators, freezers, plastic foams, and other
conventional uses, to chemicals which are less damaging to the ozone layer. This shift
has not yet, however, reduced the greenhouse contribution from CFCs used for these
purposes. Itseems likely, however, that a reduction willbe achieved before the year
2000.

Asecond aluminum smelter of 210,000 tons per year capacity, is being proposed. This
smelter would increase aluminum production capacity from the present 90,000 tons per
year to 300,000 tons per year. Such a new smelter would increase carbon dioxide emis-
sions by about 370 thousand tons per year.” Ifthe conventional Halland Héroult
smelting process were used in a new smelter, emissions of CFC-14 and CFC-116 would
increase the greenhouse contribution equivalent to emissions of an additional 4,100
thousand tons of CO, per year."
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Stabilization of Emissions in 2000 at 1990 Levels

The extent to which greenhouse gas emissions need to be controlled by the year 2000
depends on several factors, the most important of which are fossil fuel consumption
growth rates, the proposed new aluminum smelter, and the interpretation of the EFTA
stabilization commitment.

If The Stabilization Commitment Applies only to CO,

Anew 210,000 ton per year aluminum smelter in operation by the year 2000 would cause
CO, emissions to increase by 370 thousand' tons per year. Petroleum consumption would
result in increases in CO, emissions by zero, 500, or 1500 thousand tons per year with oil
consumption growth rates of zero, 2, and 5 percent per year respectively.

If The Stabilization Commitment Applies to all Greenhouse Gases

If a new 210,000 ton per year aluminum smelter, using the conventional Halland Héroult
process, were in operation by the year 2000, CFC-14 and CFC-116 emissions would
further increase, making a greenhouse contribution equivalent to a 4100 thousand tons of
CO,(equivalent). The total increase would then be 4470 thousand tons CO,(equivalent)
from the smelter plus the contribution resulting from changes in oil consumption.

OPTIONS FOR REDUCING EMISSIONS

There are several approaches available to reduce Icelandic greenhouse gas emissions
prior to the year 2000, including:

Adding pollution control devices to remove CFC-14 and CFC-116 from aluminum
smelter exhaust gases;

Switching to a aluminum reduction process which produces neither CFC-14 nor CFC-
116 as does the conventional Halland Héroult process;

» Switching from CFCs used at present for conventional purposes to compounds which
have little or no greenhouse effect;
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+ Reducing the use of fossil fuels;

+ Undertaking a large reforestation program which would remove carbon dioxide from
the atmosphere and hence compensate for the increased emissions which could
occur before the year 2000. '

Removing CFC-14 and CFC-116

Pollution control devices currently used in aluminum smelters do not remove CFC-14 or
CFC-116." The development and use of techniques for CFC-14 and CFC-116 removal
from smelter exhaust air would reduce, perhaps eliminate, this source of greenhouse gas
pollution. Were this done for both the exiting and the proposed new aluminum smelters,
greenhouse gas emissions would be reduced below 1990 levels by the equivalent of
about 1000 thousand tons of CO,. This would permit petroleum consumption to increase
by about 3.5% per year until the year 2000, but would require no further increases in
fossil fuel use after that time unless further measures were taken to reduce net COo,
emissions.

Using a Different Smelting Process

Several alternatives to the conventional Halland Héroult aluminum reduction processes
are known. For example, the Alcoa process avoids productions of CFC-14 and CFC-116,
and uses less electricity.” Recognition of the environmental costs of the greenhouse

- effect caused by the conventional smelting process, perhaps through a tax on green-
house gas emissions,” is likelyin the near future. This will force reexamination of the
Alcoa, and other, alternative smelting processes.

Were the new smelter to use the Alcoa process, its CO, emissions would be about the
same as with a conventional smelter, but there would be no emissions of CFC-14 or CFC-
116. An Alcoa-process smelter could, however, produce another greenhouse gas,
carbontetrachloride (CCl,), which would either have to be removed from the smelter
exhaust air or compensated for by reductions in other greenhouse gas emissions.
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Replacing CFCs Used As Refrigerants

The greenhouse effect implications of releases of CFCs used as refrigerants, foam
blowing agents, and a variety of other purposes are well recognized. Work is under way
in several countries to develop means to accomplish the same ends without emissions of
chemicals that deplete the ozone layer or add to greenhouse heating.

1990 emissions from these CFCs, and a small amount from a related class of pollutants
known as halons, were equivalent to emissions of 890 thousand tons of CO, . Replace-
ment ~* 1l of these compounds by those which were not greenhouse gases would,
therefcre, compensate for the increased CO, emissions from a new smelter and permit
petroleum consumption to increase by about 2% per year until the year 2000, with no
growth thereafter. The greenhouse contribution from CFC-14 and CFC-116 emissions
would, however, remain unresolved.

. Reducing Use of Fossil Fuels

Fossil fuels could be replaced with electricity, hydrogen, or alcohol produced from
Icelandic solar, hydro, and geothermal energy. To do so would require at least a decade,
perhaps longer, and the economic implications of such a switch have not yet been investi-
gated. '

Ifthe EFTA commitment is interpreted as applying only to carbon dioxide, petroleum use
would have to be reduced between 1990 and 2000 by about 15% of 1990 levels to
compensate for emissions from the new smelter. Replacing this oil by hydrogen produced
from Icelandic hydropower would require about 2.35 TWh(e).? This is 53% of 1990
electricity production, almost exactly the amount now used for the aluminum and the
ferro-silicon smelters. Additionalhydrogen would have to be produced to supply any
increased need for transportation fuels.

If, on the other hand, the EFTAcommitment is interpreted as applying to all greenhouse
gas emissions, even replacing all oil with hydrogen would not be sufficient to stabilize
emissions. Further, this replacement would require the annual consumption of 15.2
TWh(e), nearly three and a half times 1990 electricity production. Offsetting the total
greenhouse contribution from the new smelter would require about 28 TWh(e), or six
times the amount of electricity used for all purposes in 1990.
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Reforestation To Remove Carbon Diaxide from the Atmosphere

Just as deforestation adds carbon dioxide to the atmosphere, growing new trees removes
atmospheric carbon dioxide. This is because all of the carbon in living things is taken
from the atmosphere through photosynthesis by green plants. Trees are, on average,
about 45% carbon and, as they grow, become storage sites for carbon dioxide that was
once in the atmosphere. Itmust be realized, however, that new forests remove CO, from
the atmosphere only until they reach maturity — in the Icelandic case about 40 to 60 years
— and would then release as much carbon dioxide to the atmosphere as they remove
from it.

Iceland was heavily wooded at the time of the settlement, but has now been largely
deforested. The forests further suffered from the harsh climate during the 1400s and
1500s and from volcanic eruptions. Only isolated remnants of the old forests remain, but
estimates are that 11,000 square kilometers (km®) of Icelandic land is suitable for growing
trees under present climatic conditions.?

Ifthe EFTA agreement is interpreted as applying only to CO, , reforestation of approxi-
mately 1,070 km’ would be necessary to remove the 370 thousand tons of CO, released
by the new smelter.® Atthe other extreme, namely interpretation of the EFTA agree-
ment as being applicable to all greenhouse gas emissions, reforestation of the entire
11,000 km’ regarded as being capable of growing trees would remove only 85% of the
emissions from the new smelter.

CONCLUSION

The Icelandic government, together with those of the other EFTAcountries, the EC
countries, New Zealand, Japan, Australia, and Canada, has made a commitment to
stabilize greenhouse gas emissions at not more than the 1990 levels by the year 2000.
The government is also on the verge of making a commitment to a second aluminum
smelter. Further, carbon dioxide emissions have been increasing rapidly since 1983
because of increasing fossil fuel consumption — largely by the transportation sector.

Various combinations of actions are open to compensate for the potentially increased
greenhouse gas emissions by the year 2000. Which of these actions are necessary
depend critically upon three factors: the interpretation as to whether the EFTAagreement
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shall apply to all greenhouse gas emissions or only to carbon dioxide; the growth (or
decline) in greenhouse gas emissions from oil consumption between now and the year
2000; and the choice of technology to be employed were a second smelter built and
operated. '

Development and use of means to remove CFC-14 and CFC-116 from the existing and
the proposed new aluminum smelter would reduce emissions sufficiently to compensate
for the CO, emissions from the new smelter and would yet permit oil consumption to
increase by about 3.5% per year until the year 2000. Greenhouse gas emissions from the
energy sector would, however, have to be stabilized at year 2000 levels.

Building a new smelter which uses one of the alternatives to the conventional Halland
Héroult smelting process, for example, that developed by Alcoa, would have a similar
effect as would removing CFC-14 and CFC-116 from smelter exhaust air, assuming that
no other greenhouse gases, for example carbontetrachloride, were released.

Replacing all CFCs used as refrigerants, foam blowing, and other purposes with technolo-
gy producing no greenhouse heating would compensate for increased CO, emissions for

a new smelter and would permit petroleum consumption to increase by about 2% per year
until the year 2000, and its stabilization thereafter. However, the contribution to green- '
house heating from increased CFC-14 and CFC-116 emissions would yet remain.

Petroleum could be replaced by hydrogen produced from Icelandic hydropower.
Compensation for the increased CO, emissions from a new smelter would require an
increase in electricity production by 53% plus that necessary to supply any increased
demand for transportation fuels. |

Finally, reforestation of about 1,070 km® would compensate for the increased CO,
emissions from a new 210,000 ton per year aluminum smelter. This is 76% of the 1,400
km’ now under cultivation for agricultural purposes. A substantially larger area would
have to be reforested to offset any increased use of fossil fuels.

Itappears that some combination of the above measures willlikely be required if emis-
sions are to be stabilized by the year 2000.
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Table 1 Icelandic greenhouse gas
emissions, by greenhouse
gas, in percent of their total
greenhouse contribution us-
ing 100-year Global Warming
Potential.

Greenhouse Gas Percent
Carbon Dioxide 494
CFCs — aluminum smelting 23.0
CFGs, other & halons 14.9
Methane 7.4
Nitrous Oxide 53

\
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Table 2 Carbon dioxide emissions from
Icelandic economic activities,
1990, in thousands of tons.
1000 Tons

Activity Co, Percent
Fishing vessels 734 25
Motor vehicles 553 19
Other ships 502 17
Icelandic aircraft 333 11
Coal and coke 249 8
Industrial petroleum 182 6
Carbon electrodes 150 S
Other petroleum 63 2
Res. & comm. oil 60 2
Geothermal power 52 2
Cement (CaCO,) 51 2
Imported wood 31 1
Electricity (oil) 5 <1
Fertilizer (CaCO,) 4 <1
TOTAL 2968 100

e ——————————— L TT———

| 11
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ic residence time of greater than 10,000 years, much longer than the other
known greenhouse gases — a longer GWP integration time might be appro-
priate.

Abrahamson, D., Jénsson, V.K & Sélnes, J., "Iceland and Climatic Change,"
Proceedings of the First Nordic Inter-Disciplinary Research Conference on
the Greenhouse Effect, Copenhagen, Inpress (Sept. 1991).

National accounts of fossil fuel consumption are reported by international
agencies. Interpretation of these data must be done with care, particularly
as different agencies handle fuels used for international transportation
(bunker fuels) differently. The International Energy Agency data set reports
bunker fuels separately from those consumed withina country. See, for
example: International Energy Agency, Energy Balances of OECD Countries,
OECD, Paris (1991).

These data are detailed in Abrahamson, et al, op cit.

210,000 tons-aluminum/year - 1.76 tons-CO,/ton-aluminum = 369,600 tons-
CO,/year.

210,000 ton-aluminum/year - 19.74 tons-CO,(equivalent)/ton-aluminum
4,145,000 tons-CO,(equivalent)/year. '

Fabian, P, et al, op cit.
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1990 emissions of CFC-14 and CFC-116 from the existing smelter were
equivalent to 376 thousand tons of carbon or 1379 tons of CO, Removing
CFC-14 and CFC-116 from the existing smelter exhaust would therefore
compensate for the 370 thousand tons of CO, from the new smelter plus an
additional 1000 thousand tons of CO,. This would permit increasing the
emissions from petroleum use from the 1990 level of about 2400 to 3400
thousand tons of CO, . This, in turn, would permit an average growth rate of
oil consumption by 3.5% per year between 1990 and 2000.

The Alcoa process first reacts alumina with chlorine and carbon producing
aluminum chloride which is then dissociated by electrolysis to aluminum
metal and chlorine. 2 ALO,+ 6 Cl + 3 C -4 AICL,+ 3 CO, - 4 Al+ 6 Cl,
+ 3 CO,. Itis a closed process. See: Elvers, op cit.

The European Community has recently proposed a $10 per barrel tax on oi’
as part of its efforts to reduce greenhouse gas emissions. This translates t.
a tax of $80 per ton of carbon. Ifgreenhouse gas emissions on aluminum
production were taxed proportionally to the proposed EC tax on oil, the tax
would be about $450 per ton of aluminum metal smelted with electricity
produced from hydropower, but over $900 per ton if the electricity were pro-
duced from coal. The present price of aluminum metal is about $1,150 per
ton. See: Montgomery, P.L., "Heavy Energy Tax is Proposed to Curb
Emissions in Europe,” New York Times (26 September 1991); Aluminum
price from New York Times (27 September 1991).

Petroleum use would have to be reduced sufficiently to reduce CO, emis-
sions by the 370 thousand tons from a new 210,000 ton per year smelter.
This is equivalent to reducing oil consumption by 117 thousand tons per
year. 50 thousand tons of oil can be replaced by hydrogen produced from 1
terawatt-hour of electricity (TWh(e) = 10* watt-hour(e)), so replacing 117
thousand tons of oil would require 2.35 TWh(e).

Pdll Bergbdrsson, Holmgeir Bjornsson, Olafur Dyrmundsson, Bjarni Gudmun-
dsson, Aslaug Helgadd6ttir,and J6n Vidar J6nmundsson, "The Effect of
Climatic Variations on Agriculture in Iceland," in M.L. Perry, et al, [eds], The
Impact of Climatic Variations on Agriculture. Volume 1. Assessments in Cool
Temperate and Cold Regions, Reidel, Dordrecht, The Netherlands: 1987.

Itis estimated that new forests in Iceland would store 0.94 tons of carbon
per hectare per year from the time the forests were planted until they
reached maturity, perhaps 40 to 60 years. Therefore, removing 370,000 tons
of CO, per year would require: [(370,000 tons CO,/year) - (0.272 tons
carbon/ton CO,)] / [0.94 tons carbon/hectare-year] = 107,350 hectares =
1,074 km’.
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MISCELLANEOUS MATERIALS ON CF, and C,F,

1] Table 1 from Hansen, J.,Hansen, J., Lacis, A. & Prather, M, Journal of
Geophysical Research 94, 16417-16421 (1989).

2] Note on the reactions producing CF, and C,Fg in primary aluminum smelters
which use he Hall-Héroult process [used by all commercial smelters.]

3] DRAFT table of greenhouse gas releases from primary aluminum smelters

from several countries.

THIS IS DRAFT, | HAVE NOT DOUBLE-CHECKED MY
COMPUTATIONS. DO NOT CITE, DO NOT CIRCULATE.

4] DRAFT table showing greenhouse gas releases from primary aluminum
production as a function of the primary energy source used to produce the
electricity.

THIS IS DRAFT, | HAVE NOT DOUBLE-CHECKED MY
COMPUTATIONS. DO NOT CITE, DO NOT CIRCULATE.

file: miscrefs.al



16,418 HANSEN ET AL.: GREENHOUSE EFFECT OF CHLOROFLUOROCARBONS

TABLE 1. Global Mcan Radiative Forcing of the Climate System (AT,) duc to
Estimated Changes of Several Trace Gases During the 1980's.*

Growth Rate, [Estimated Abundance, pptv  Band Strength,

AT, °C %/yr 1980 1990 em?aim™ stp  Remarks

CCL,F, (CFC-12) 0.0143 4.6 297 468 3642 a, S

CCL,F (CFC-11) 0.0067 4.7 173 - 275 2782 a, S
CCIL,FCCIF, (CFC-113) - 0.0057 133 20 70 5315 3, R .

CHCIF, (CFC-22) 0.0034 8.2 50 110 2627 a, F

———3- CF, (CFC-14) 0.0009 25 70 90 4640 b, S

CcCl, 0.0007 15 100 115 1437 a, P

CCIF,CCIF, (CFC-114) 0.0004 5.8 4 7 6570 a, R

CF,Cl (CFC-13) 0.0004 *4.7 7 11 4452 b, S

CF,CF,Cl (CFC-115) 0.0003 9.0 2 5 a, X

CH,CCl, 0.0002 44 110 170 a, Y

CH,Cl, 0.0002 3.9 30 44 583 b, P

CH,CICH,CI 0.0002 24 30 38 b, Z

CF,Br 0.0002 18.2 0.6 32 4144 a, P

~—3 C,F; (CFC-116) 0.0001 3.2 4 55 4861 b, P

CHCl, 0.0001 2.2 10 12.5 1149 b, P

Sum 0.0338

*CFC growth rates arc bascd on (a) data of the International Ozone Trends Pancl as summarized by Watson et al. [1988])
and (b) on Ramanathan et al. [1985] estimates. Abundances are in parts per trillion by volume. Absorption data used to
compute AT were obtained from the following sources or assumptions indicated under the Remarks column: S [Smith et
al, 1985], R [Rogers and Stephens, 1988], F (D. Fisher, private communication, 1989), P [Pugh and Rao, 1976], X (assumed
to absorb like CFC—-113),Y (scaled from Hummel and Reck [1981)), Z (assumed to absorb like CH,CCl,).




Sources of CF, and C,F,

usual textbook sources of CF, & C/F,:
1.16 volts 2 ALO,+ C «+ 4 Al+ 3 CO,

1.80 volts 2 Na,AlF, + Al,O,+ 3 C « 3COF, + 6NaF + 4 Al
COF, being unstable and producmg CO, and CF,

2.55 volts 4 Na,AlF, + 3 C «~4 Al+ 12 NaF + 3 CF,

Usual voltage across a cell is about 4 volts, across electrolyte, 1.6 volts.
Durmg Anode Effect 25 40 volts across cell.

T PP TR TT TPV e i 2 s ot -
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Table 2 Greenhouse contribution in tons equivalent carbon dioxide emissions
per ton of aluminum metal, tCO,[eq}/tAl, from primary aluminum
production using 100-year global warming potential. A smelter
consuming 16.8 MWh(e)per ton of aluminum metal is assumed.

Smelting
Primary Energy Alumina Bauxite
and Elect-  Reduct- CFC-14 and Total
Power Plant ricity ion &-116  Total Alumina Aluminum
Coal
Conventional 21.6 176 19.74 433 21 454
Best Available 17.2 1.76 19.74 38.7 21 408
ol | -
Coaventional 136 1.76 19.74 35.1 21 372
Best Available 105 176 _19.74 320 21 M1
Natural Gas
" Conventional 99 176 1974 T 314 2177 335
Best Availz_lblc 74 1.76 19.74 289 21 - 310
Nuclear 3.0 1.76 19.74 245 21 . 266
Hydropower 0 1.76 19.74 215 21 23.6
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Table 3 Aluminum smelting, cement production, and fossil fuel contributions to per capita
emissions of greenhouse gases for selected countries with high per capita or
rapidly growing primary aluminum production , 1987, ranked by greenhouse
contribution per ton of primary aluminum smelted.

1987 Percent

Alum  Increase T eql/person-vr

Prod  AlProd. CO,feq]  Pop. Alum, Cemt Fossil
Country 10’ ton 1980-87 per t-Al  10° Smelt Prod. Fuels
Australia 1024 238 39.6 16.7 243 0.18 14.0
Indosesia 201 201 346 180.5 004 003 0.6
Bahrain 180 43 314 05 810 ° O 323
Canada 1548 4 279 265 157 024 148 -
New Zealand 249 59 2.7 34 174 0.13 62
Brazil 844 224 2S5 150.4 013 008 12
Norway 798 21 215 42 408 020 748
Iceland 84 14 215 026 692 021 81
Global 16240 13 305 5292 0.094 0097 381

Sources: Aluminum production, UNIDO(1989) and UN (1991); Population, fossil fuels and
cement emissions, WRI(1990).
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Greenhouse Worries for the Aluminum Industry

With its well-adveriised recycling efforts, the
aluminum tndustry has long cultivated a “green®
image. But there are growing concerns in the
business that it may soon be viewed as a *green-
house” tndustry instcad. The CO2 cmissions from
aluminum production arc accompanicd by small
amounts of the relatively obscure gases tetrafluoro-
methane (CF4) and hexafluoroethane (CoFa). These
compounds are drawing increasing attention as
very potent greenhouse gases that substantially
boost the climatic fmpacts of the tndustry.

James W. Plumb. director of communications for
the US-based Aluminum Association. told EECC
that "anything the industry does that affects the
cnvironment in any adverse way is a big con-
cem.” But he also noted that the industry does
not consider emissions of CF4 and C3Fs to be “a
ternbly severe problem.” Nevertheless, the in-
dustry 1s worried that 1ts public image could be
larntshed i the matter is not carefully handled.
“Opinton research shows that we happen to
enjoy a pretty high public regard.... We guard
that very zealously,” Plumb said.

The Aluminum Association therefore is being
very tight-lipped about what it knows about the i
industry’s emissions and what thetr cltmatic im-
pacts might be. The motivation behind this
redeence, Plumb says, is Lo avoid a disruptive
and perhaps costly public debate based on in-
complete, nusleading information.

But Dean Abrahamson, an American professor
who is trying to study the industry's emissions,
brisues at the association’s efforts to withhold in-
formation on the matter. ! am alarmed and dis-
lressed that the Aluminurn Assoclation is not
being open about this very serious greenhouse
issue.” said Abrahamson. He believes that the
association’s silence s "evidence that they're
trying to concoct a story instead of being open
with i(,”

The dispule illustrates the kinds of pmhlems
that are likely o cweiyge as effurts (o grapple with
the climate problem go beyond COz emissions
and constder other compounds. and as the tocus-
shitts to specific countries and industries. Dis-
agreeinent on both emissions and tmpacts are
likely. along with arguments over what the ap-
propriate responses should be.

Background

Roughly 12-20 kilowatt-hours (kwh) of electricity
are required to produce a kilogram of alummnum.
By way of comparison, the average US household
directly used over 24 kwh per day in 1887. On a
global level, the industry may have used ap-
praxtmately 2.5%-3.0% of the warld's electricity tn
1989. Since roughly 279 of the world’s CO2
emissions from fossil fuels come from generating
electricity, the aluminum industry worldwide might
account for perhaps 0.7%-0.8% of global CO3 emis-
sions (uslng the slplifyluy assumplung Uil all
electricity is generated with the same fuel aux).

In addition to the COz attributable to aluminum
production, CF4 and C2Fs are released directly
during the smelting process. The chemicals have
long been recognized as byproducts of alumtnum
smelting. Bul as they are nearly inert gases with
no known toxic properties, and are produced In
minute quantities, there seemed to be no reason
Lo be concerned about them,

According to the Aluminum Association. the in-
dustry learned early tn 1991 that the compounds
were strong greenhouse gases, Abrahamson
found cut about the compounds lates L the year,
while working with a colleague at the Untversity
of Iceland to catalogue Iceland's sources of green-
house gas emissions. Besides fish-related in-
dustries, the only stzable industry in the country
i5 & sligle aluuduwn sieller, When Abraham-
son investigated the atmospheric emissions of
the smelter, he leamed of CF4 and C2Fe and
since then has studied further the clirnatic tm-
plications of thec gases.

Greenhouse Effects

The two gases are very persistent in the atmos-
phere, with lUfetimes in excess of 10,000 yeass.
For a given atmospheric concentration, they are
also moure effecuve at absorbing energy than
some of the other more widely publicized
halogenated compounds sucli as CFC-11 or 12.

The “global warming potentials™ (GWPs) of the
two gases, which are functtons of both thetr at-
mospheric lifetimes and thetr molecular tenden-
cics to absorb cnergy, are thousands of times
greater than COz. GWPs were calculuted for the
Norweglan aluminuin turnpany Hydro Aluminum
Ly Frude Stordal of the Norwegitan Institute for
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According to Abruhamson. Stordal
d a GWP 8,400 Umes greater than that

{using an integration period of 100 ycars),

GWPs are not perfect measures of Lthe ciimatic im-
plicatons of these gases, und thelir values can vary
considerably depending on the assumptions used
in calculating them. They are stmplifications
that some argue are misleading. Nevertheless,
Stordal's figure — roughly comparable to
Abrahamson's back of the-envelope GWP calcula-
tion of 10,900 — clearly tndicates that the com-
pounds are extraordinarily effecttve greenhouse
gases. The GWPs are “certatnly the largest of any
compound I've ever looked at.” Abrahamson told
EECC.

But because much sualler quanUttes of CFg aud

. CaFs arc produced cach year than compounds
such as COz, they collecuvely absorb far less
eneryy in the aunusphere tian CO2 and several
vther prominent greenhouse guses, In 1988
about 5.9 billion metric tons of carbon were
released globally as COz. CF4 and CzFy emils-
sions. on the other hand. were on the order of
0.026 milllon metric tons and 0.0032 million
metric lons, respectively.

Even s0. CFa and C2Fe greatly amplify the
climatic impacts of the aluminum industry. The
relatve importance of the two gases in aluminum:
production depends on the amounts of CO2
emitted when the industry’s electric power is
generated. Where only hydropower is used.
Abrahamson belleves CF4 and C2Fe may con-
tribute nearly 85% of the total GWP contribution
associated with producing aluminum. Where a
conventional coal plant provides the electricity,
CF4 and C2Fe may contribute closer to 45% of

' the GWP. While many uncertainties remain, the
conclusion that these gases are important within
the indusay s itkely to be conflrned as addition-
al work 1s done.

Estimates of CFs/CaFe Emissions

Abrahamson’s work suggests that the aluminum
industry is the only major cmittcr of the two com-
pounds. If there are natural emissions. the
amounts released are so small that researchers
have been unable to detect them. Very small
amounts of the compounds are produced arufl-
cially and deliberately outside ot the aluminum
tidusuy, bul these are of Htle cunseyuence rela-
tive to those from the aluminum tndustry.

A recent reference book on aJuminum production
says “a tolal evolution of 1.5-2.5 kg CF4 per
metric ton of aluminum [is) produced. Some-

times C3Fs can be detected iwo or
magnitude less than CFa4.”

Traces of the compounds are produced during
normal operations. but most of the emisaions of
CF4 and CzFu result from a phenomenon called
the “anode cficct.” In aluminum smeiting, large
quantitics of clectrivily run between two electrodes,
one of which is called an anode. This decom-
poses alumnina in a process known as electrolysis.
The result {8 molten aluminum. During the
process, as the alumina ty depleted within the
smeltng cell, conditfons develop that tmpede the
current [low between the electrodes. The anode
vollage increases and electrical arcing occurs.

The frequency and duration of the anode effect —
aud hence cudssions of CFs and CaFe — vary
frun vne siueller Lo the next. Industry sources
say emissions can be as low as 0.2 to 0.3 kg of
CF4 per metic ton of aluninum produced,
depending upon the technology used (n suneling
and how efficiently it is managed.

Uncertainty ahout the emissions of CF4 and CaFe
is amplified further by the fact that no one
routinely measures emissions of the compounds
al most plants. Where measurements have been
made, they are not widely and readily avatlable.

An alternauve to measuring industry emissions
directly is to measure the annual increase in at-
mogpheric concentrations of the gases, and to
dertve from those measurements estimates of
total annual emissions. Since the gases remain
in the atmosphere so long, the annual emissions
should be close in magnitude to the annual in-
crease of CFs and C2Fg in the atmosphere.

Abrahamson’s calculations indicate that ap-
proxtrnately 26,000 metric tons of CF4 and 3.200
metric tons of C2Fe accumulated in the atmos-
phere during the 1980s. If all of those emissions
originated from aluminum smelters, the average
crmission factors might be on the order of 1.6 kg
of CF4 and 0.2 kg of C2Fs per ton of primary
aluminum produced.

Implications

The lssue ls signdllicant nul Just for the aluminum
industry, but also for regions of the world where
aluminum production ts concentrated. Of the es-
timated 17.8 million metric tons of aluminum
pruduced by the world’s primary alummum in-
dustry in 1990, 23% was produced in the US,
making it by far the world's largest producer. US
production is concentrated in the Pacific
Northwest and in the area served by the Ten-
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Authority, regions characterized by
and inexpenstve electricity when most
¢ capacity was bulilt.

Outside the US, olher major producers are the
fonmer USSR (12.39%), Canada (8.8%), Australia
(7%). Brazil (5.2%). China (4.8%}. Norway (4.796),
and Germany (4.3%). Eussions will tend to in-
crease and their regional distribution will change
as the industry responds to the antictpated raptd
growth in global aluminum demand during the
next decade. Companies will probably build the
new smelling capacily Lt areas where large
amounts of cheap electricity are expected to be
available. including parts of Latin America and
the Middle East.

When CO2 emissions from aluminum production
are considered along with CF4 and C2Fe, the
areas with the highest combined atmospheric im-
pacts are those n which a large aluminum in-
dustry depends heavily on coal. Austraiia is one
such example. According to Abrahamson’s
rough calculations, Australla’s aluminum-related
emissions, expressed in CO2-equivalents (corn-
puted using his GWP estimate), amounted to
39.6 tons of CO2-equivalent per metric ton of
aluminum. Conversely. in countries such as Nor-
way. where hydropower {s the primary source of
energy for the industry. the figure is 21.5 tons of
CO2-equivalent per metric ton of aluminum.

In some areas. factoring in CF4 and C2Fe emis-
sions dramatically alters greenhouse-gas emis-
ston profiles. particularly where aluminum 1s a
major industry and where it ts heavily dependent
on hydropower. In New Zealand, for example.
Abrahamaon cstimates that totul unnuaul per
capita emussions from fosstl fuels in 1987 were
about 6.2 metric tons of CO2-cyuivalent. At the
same ume. aluminum siuclidug cuulled ap-
praximately 1.74 metric tons of CO2-equtvalent
per capita. largely due to CF4 and C2Fs.

Indusiry’s Position

According to Abrahamson, the (ndusuy 18 “very
jumpy” about the issue. On 17 December 1991
the Alundnum Association met to discuss the
gases' contribution Lo global warming. The meet-
ing was for members of the industry only and
was closed lo outside observers. Abrahamson
asked to attend and was refused. An association
spokesperson told EECC that attendees included
the European Aluminum Assoctation. the French
aluminum producer Aluminum Pechiney, Hydro
Aluminum of Norway, and other US and
European industry representatives.

The meeting's primary purposc was to enco
an exchange of information on the issue among
the industry’s technical people, and to help
develop a work plan ta guida the mndustry’s
response. The wurk plan will be presented to a
meeting of the association’s Primary Aluminum
Division this month.

In an interview with EECC, Plumb and M. Basry
Meyer. the association’s vice president for govern-
ment relations, said that the industry is con-
cerned about the situation, but is sull trying to
tmprove its assessment of the global magnitude
and distribution of the emissions, the climatic im-
pacts, and the options for reducing cmiasions
should that prove to be neccssary.

Reviewing the industry’s position. Plumb said:
“The bottom line really is that therc's something
there. It ought to be looked at. IL way not be as
serious as what Dr. Abrahamson has found....
But before we go out and criticize him and say
his numbers are wrong, we'd better make damn
sure that ours arc arrived al 1n a good sclentiflc
way.” While the industry has made some meas-
uremments of emissions, vnly 4 small number of
facilities have been surveyed and different
methodulugles were used. Meyer and Plumb
would not divuige their findings, saying thai the
numbers might mislead people. Plumb cau-
toned that "there's always the likelthood that the
number's going to be misused. If it's the first
number out. it seems to be the one that sticks.”

Plumb and Meyer told EECC that to some extent
emissions per unit of aluminum probably have
declined as the smelting technology has tm-
proved over thc years. The anode cffcct wastes
expensive eleciduity. Therefore, techuical bu-
provements aim to minimize the unnecessary oc-
yunguve aud duratlon of tie anode efect. As
lechnwolugy has improved. they argued. the anode
effect hius become less common. They anticipate
{urther improvements as technology progresses,
and Plumb said that researchers are working on
technologics in which the anode effect may be en-
tirely avoided.

Better operating practices can also help to limit
the anode effect, and they said that promoting
such practices would be an early option if action
{s necessary. Roy H. Carwile. the assoctation’s
director of environmental affairs. noted: “Every-
thing we do to reduce these emissions also im-
praves our energy picture.”

But Plumb and Meyer admitted that since they
do not know exactly what current cmissions are,
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or what they have been n the past, they cannot
accurately and precisely quantify the tmpacts of
previous efficicncy fmprovements on emisaions.
Nor can they estimate the potential of future ef-
fictency tmprovements to reduce CF4 and CaFe
cmissions. since the relationship hetween those
emissions and the anode effect is not precisely
understood.

SOURCES

Dean Abrahamson has briefly summarized the greenhouse
emissions from primary aluminum productionin a short ar-
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@ Industry Watch

Discovery of “New”
Greenhouse Gases May
Affect Aluminum industry

Question: What greenhouse gases
persist in the atmosphere for more
than 10,000 years, have global
warming potentials over 8,000 times
greater than that of COg, and are
traceable to virtually one source?
Answer: tetrafluoromethane (CFa,
sometimes referred to as CFC-14)
and hexafluoroethane (C2Fs, called
CFC-116 by some), two byproducts
of the aluminum production process.
Scientists recognized the com-
pounds as greenhouse gases over a
decade ago, but they have received
little attention until recently, when
Dean Abrahamson, a professor at
the University of Minnesota (Min-
neapolis, Minnesota, USA), began
1o assess thetr relative importance
and climatic impact.

The January issue of GECR''s sister
publication, Energy, Economics
and Climate Change, reports that
while global emissions of the two
compounds are small compared with
most other greenhouse gases
(26,000 metric tons of CF4 and
3,200 tons of C2Fe in 1988), they
“greatly amplify the climatic im-
pacts of the aluminum industry.”

Aluminum production is an energy-
intensive process, and rough calcula-
tions indicate that the industry
worldwide contributes about 0.7%-
0.8% of global CO2 emissions, from
the production of electricity used for
primary aluminum smelting. In ad-
dition, it now appears that CF4 and
C2Fe, which are produced by all
smelters, contribute a comparable
greenhouse forcing.

The relative greenhouse contribution
of CF4 and C2Fs compared with
CO2 depends on a given aluminum
plant’s source of electricity: where
hydropower is used, according to
Abrahamson, CF4 and C2Fs may ac-
count for nearly 85% of the total

global-warming-potential contribu-
tion associated with aluminum
production. Where coal provides
the power, the compounds con-
tribute closer t0 45%.

Adding the impact of CFs and C2Fs
to COz emissions from aluminum
smelting may have important region-
al implications for the industry.

~ Abrahamson notes that in New Zea-

land, for instance, aluminum smelt-
ing in 1987 emitted about 1.74 tons
of CO2-equivalent per capita, most
of which is from CF4 and C2Fe.
This figure is almost 30% of New
Zealand's total annual per capita
emissions from fossil fuels that year
(6.2 tons of COz-equivalent).

CF4 and C2Fs are produced by an
*“anode effect” that occurs during the
smelting process; aluminum manu-
facturers have an incentive to mini-
mize this effect because it wastes
electricity. Spokesmen for the
aluminum industry say that tech-
nological improvements are ex-
pected to reduce or in some cases
eliminate CF4 and C2Fs emissions,
but it’s worth noting that such im-
provements may be slow in coming
to developing countries, where
much of the new global smelting

capacity is expected to be built over
the next decade.

The aluminum industry has known
about the gases’ climatic implications
for at least a year, and is in the midst
of performing its own assessment of
emissions levels. Spokesmen for the
industry are currently reluctant to
release any preliminary figures for
fear that they might be misleading. -

VOL.IV,NO. 1

17 JANUARY 1992



COMMENTARY ON

Henning Rodhe, Hillevi Eriksson, Kerstin Robertson, and Bo H. Svensson,
SOURCES AND SINKS OF GREENHOUSE GASES IN SWEDEN: A CASE STUDY,
AMBIO, 20, 143-145 (May 1991)

DEAN ABRAHAMSON

Professor

Humphrey Institute of Public Affairs
University of Minnesota

301 - 19* Avenue South
Minneapolis, MN 55455, USA

Visiting Professor

Environment & Energy Systems Studies Department
Lund University Institute of Science & Technology
Gerdagatan 13, S-223 62 Lund, Sweden

Visiting Professor
Faculty of Engineering
University of Iceland
IS-101 Reykjavik, Iceland




COMMENTARY ON

Henning Rodhe, Hillevi Eriksson, Kerstin Robertson, and Bo H. Svensson,
SOURCES AND SINKS OF GREENHOUSE GASES IN SWEDEN: A CASE STUDY,
AMBIO, 20, 143-145 (May 1991).

Dean Abrahamson
Rodhe, et al., have done a masterful job estimating the complex web of sources
and sinks of greenhouse gases in Sweden. But, some general issues remain,

among them:

CF, and C,F, emissions have not been considered

Of the chlorofluorocarbons, Rodhe, et al. include CFC-11, CFC-12, and CFC-113 ,
but not emissions of CFC-14 (CF,) and C-116 (C,F;). Primary aluminum smelting
appears to be responsible for the increasing atmospheric inventory of both CF, and
C,Fs ' and Sweden has an aluminum smelter.

Combining the rate of increase of the atmospheric concentrations of CF, and C,F,
and global primary aluminum production data suggests average aluminum smelter
emission factors of (1.6 + 0.2)kgCF,/tAl and (0.2 + 0.02) kgC,F4/tAl.2 Recent
aluminum industry references indicate smelter CF, emissions of between 1.5 and
2.5 kilogram per ton aluminum and an order of magnitude or so less of C,Fg.>

Preliminary measurements from primary aluminum smelters in Norway suggest a
considerable variation in CF, emissions from one smelter to another,* perhaps
related to the frequency and duration of the anode effect, a condition where the
voltage across individual smelter electrolysis cells increases from the usual four
volts to between 25 and 40 volts.5

CF, and C,Fq are extraordinarily stable, having atmospheric residence times in
excess of 10,000 years.® They are greenhouse géses with band strength 4640
cm? atm™ stp for CF, and 4861 cm2 atm™ for C,F, .” They do not react in the
atmosphere and so have no indirect greenhouse effect. They do not affect
stratospheric ozone and so are not covered by the Montreal Protocol. They have
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no direct affect on human health nor do they cause any known non-greenhouse
environmental impacts and so have not been subject to emission control measures.

The Intergovernmental Panel on Climate Change (IPCC) has not included CF, and
C.Fs in its summaries of major greenhouse gases aithough the greenhouse contri-
bution from these compounds, taken together, was about a third that of HCFC-
22,° making them the fifth most important CFC in terms of direct greenhouse
forcing during the decade of the 1980s. | estimate the global warming potential
(GWP) of CF, and C,F, , based on the band strengths, uncorrected for absorption
bands of methane and nitrous oxide in the same spectral region, to be between
10,000 and 11,000 using a 100-year integration time. Stordal, using a more
complete model, has estimated the 100-year GWPs to be 8,400.? The use, and
definition, of GWP is now under review,'® but CF, and C,F,; may be the most
potent greenhouse gases being emitted in significant quantities. The very long
atmospheric residence time of CF, and C,F, result in their GWP increasing with
increasing integration time, and, as these compounds cause essentially permanent
global climate change, a GWP integration time longer than a few hundred years is
appropriate for policy purposes.

Swedish smelters produced 81,500 tons of primary aluminum metal in 1987
resulting in emissions of about 208 tons of CF, and 26 tons of C,F, if global
average emission factors apply. These emissions are equivalent to about 2 ¢ 10°
tons of CO, using a 100-year GWP of 8,400.

Primary aluminum production also results in CO, emissions of about 1.6 tCO,/tAl
from carbon electrode consumption during the reduction of alumina (Al,0,),"

plus the emissions resulting from primary energy used to pfoduce the electricity
and other energy inputs into production of bauxite, alumina, carbon electrodes, and
aluminum. Aluminum smelters in the Nordic countries uses electricity produced
from non-fossil sources and so the energy-related greenhouse gas emissions are
small. In countries which produce electricity from coal or other fossil fuels,
however, the energy-related greenhouse gas contributions are comparable to those
from electrode consumption plus CF, and C,F, .
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Sweden’s modest primary aluminum smeiting industry results in comparatively
small greenhouse gas emissions on a national per-capita basis, but not so for many
other countries. Iceland and Norway, where aluminum smelting is a large part of
the economy and geared for export rather than domestic consumption, have large
per capita emissions from their primary aluminum industries, Table 1. Emissions
from cement production, currently the only commodity other than fossil fuels
individually represented in national greenhouse gas emission accounts, are also
noted in Table 1.

| propose that national greenhouse gas budgets explicitly identify emissions from
the production of other commadities, including aluminum, which results in signifi-
cant releases of greenhouse gases.

Bunker fuel emissions are not included

Total carbon dioxide emissions from fossil fuels consumed in Sweden are estimat-
ed, in the companion paper by Eriksson,'? to be 16 (15.5 to 17)Mton C yr'.

Fuels consumed by Swedish ships or planes for international transportation appear
not to have been included. '

| have no data for Sweden, but in the case of Iceland, 1990 fossil fuel consump-
tion produced CO,releases of 0.54 MtC /f fuels consumed by Icelandic ships and
aircraft in international travel are excluded, but 0.79 MtC if these fuels are includ-
ed, an increase by 45 percent.'® Further, 74 percent of the fuel consumed in
international travel by Icelandic flag carriers was purchased in countries other than
Iceland.

Norwegian data for 1990 show petroleum consumption, hence CO, emissions, by
international shipping (exclusive of air carriers) to be equal to domestic consump-
tion, each being 309 PJ.™

Data for the other Nordic countries may show a similar pattern when emissions
resulting from their international air and sea carriers are included. It seems to me
that all greenhouse gas emissions resulting from activities contributing to national
economic indices, including fuel consumed in international transport regardless of
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the country in which the fuel is purchased, should be included in national green-
house gas emission budgets. :

Rodhe, et al. suggest that a credit be taken for avoided methane emissions
because of wetlands drained in the past 100 or so years. This approach opens
possibilities for mischief. Should, for example, a credit for avoided methane
emissions be shared by Canada and the United States for killing most of the bison
in the 1800s and to east African countries for killing their herds of wildlife more
recently?

| suggest that none of these schemes to take credits for past human actions which
have resulted in avoided contemporary releases are appropriate.
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Table 1 Carbon dioxide from alumina reduction, CO, Al.Red., and estimated CF, plus C,F,
emissions from aluminum smelting, and carbon dioxide emissions from total
national fossil fuel use (exclusive of bunker fuels) for the Nordic countries, 1987.
CF, and C,F, emissions are computed on the basis of estimated global average
emission factors. All electricity used for aluminum smelting is produced from non-
fossil fuel sources in the Nordic countries so there is no contribution to green-
house warming from this aluminum smelting input. Equivalent carbon dioxide
emissions, CO,leq], are computed using a 100-yr. GWP of 8,400 for both CF,

and C,F, .

1987  Percent Tons CO,(eq]

Alum  Increase Co, CF, + ‘per person-yr

Prod Al Prod. Al. Red. C.Fe Pop. Alum. Fossil
Country 10° ton 1980-87 10° ton ton 10° Smelt. Fuels
Denmark -0- -0- -0- -0- 5.1 -0- 11.94
Finland -0- -0- -0- -0- 5.0 -0- 10.57
Iceland 83.5 14 * 135 150 0.26 5.37 7.67
Norway 797.9 21 1280 1440 4.2 3.18 7.49
Sweden 81.5 -0- 130 147 8.3 0.16 7.07

Sources: Aluminum production, United Nations, /ndustry and Development: Global Report
1989/90, UN Industrial Development Organization, Vienna (1989). Population, cement,
and fossil fuels for Denmark, Finland and Norway, World Resources Institute, Worl/d
Resources 1990-91, Table 24.1, Oxford Univ. Press, New York (1990).lcelandic fossil
fuel, Abrahamson, D., Jénsson, V.K., & Séines, J., "lceland and Climatic Change,”
Proceedings of First Nordic Inter-Disciplinary Research Conference on the Greenhouse
Effect, Copenhagen, 16-18 September 1991 (in press). Swedish fossil fuel, Eriksson, H.,
"Sources and Sinks of Carbon Dioxide in Sweden,” Ambio, 20, 146-150 (May 1991).

L
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SCIENTIFIC CORRESPONDENCE

GREENHOUSE GAS EMISSIONS FROM ALUMINUM PRODUCTION:
AN IPCC OVERSIGHT

Dean Abrahamson®

The Intergovernmental Panel on Climate Change (IPCC) has overlooked two
important greenhouse gases, CF, (CFC-14) and C,F, (CFC-116). These gases have
atmospheric residence times in excess of 10,000 years and have strong absorption
bands in the atmospheric window. Of the chlorofluorocarbons, the radiative
forcing of CF, and C,F, during the 1980s was exceeded only by CFC-11, -12,
-113, and HCFC-22."

The only significant known anthropogenic source term for _CF4 and C,F; is primary
aluminum smeiting. A smali, yet unidentified, natural source of CF, is suspected.
Fabian, et al., estimate global emission rates of 28,000 tonne CF, and 3,200 tonne

C,Fe per year based on the growth of atmospheric concentrations.? This suggests

Dean Abrahamson is Professor, Humphrey Institute of Public Affairs, University of
Minnesota, Minneapolis, MN 55455, and Visiting Professor, Environment and
Energy Systems Department, Lund University Institute of Science and Technology,
S-223 62 Lund, Sweden.
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global average emission factors of about 1.6 kgCF, and 0.2 kgC,F, per tonne of
primary aluminum production. These rates are consistent with conventional
aluminum industry estimates of 1.5 to 2.5 kg of CF, , and an order of magnitude

or so less of C,Fg , produced and emitted to the atmosphere per tonne aluminum.?

Using the band strengths reported by Hansen, et al., | estimate the Global Warming
Potential (GWP) to be about 10,900 for CF, and C,F, with 100-year integration
time and without correction for the overlapping of absorption bands of CH, and
N,O. Stordal, using a more detailed model, has estimated the 100-yr GWP of CF,
and C,F, to be about 8,400.*

Average CF, and C,F; emissions are thus equivalent to the greenhouse contribution
of about 19.7 tonnes of CO, per tonne of aluminum using a 100-year GWP of
10,900. To the extent that CF, and C,F, are produced during electrolysis cell
anode effect, considerable variation is to be expected as the frequency of anode

effect varies by about a factor of 20 from smelter to smelter.®

CF, and C,Fs may be the most potent greenhouse gases being emitted in large
amounts. Not only do they have a very large greenhouse contribution per kilogram,

they also cause an essentially permanent alteration in greenhouse forcing.

Aluminum smelting also results in large greenhouse gas emissions from production
of electricity consumed during smelting, and CO, produced during alumina reduc-
tion to aluminum metal. Alumina reduction, 2 Al,0, + 3C = 4 Al + 3 CO,,
results, in practice, in emissions of between 1.5 and 2.2 tonnes of CO, per tonne
of aluminum. Aluminum smelters consume between 13 to 20 MWh of electricity
per tonne of aluminum depending on smelter efficiency. Greenhouse gas emissions

from producing this electricity vary from at least 22 tonnes of CO, equivalent per
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tonne of aluminum when the electricity is produced by a conventional coal-fired

power plant to essentially zero from hydropower.

Cement is the only primary commaodity, other than fossil fuels, specifically included

in IPCC and other standard tabulations of sources of greenhouse gas emissions.

Yet, the total greenhouse contribution from primary aluminum production appears

to be greater than that from cement production on a global basis and can be tens

of times greater in countries with a large primary aluminum industry based on

fossil-fuel generated electricity.
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