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Policy responses to global climate change
have been hampered by large uncertainties
in the magnitude and timing of potential
impacts and the economic implications of
proposed response measures. Cost-effective-
ness is a key measure for comparing a broad
range of options to mitigate the effects of
greenhouse warming. Although the full
cost of many mitigation measures is difhicult
to assess, analysis suggests that a variety of
energy efficiency and other measures that
are now available could reduce U.S. emis-
sions of greenhouse gases by roughly 10 to
40% of current levels at relatively low cost,
perhaps at a net cost savings. Such mea-
sures are proposed as an initial U.S. re-
sponse to global warming concerns in con-
junction with other domestic and interna-
tional efforts.

Analysis Framework

The potential for man-made emissions of
catbon dioxide (CO,), chlorofluorocar-
bons (CFCs), methane (CH,), nitrous
oxide (N,0), and other greenhouse gases
to alter the earth’s climate has gained
widespread attention in recent years. In-
ternational concern has been spurred by
predictions that a doubling of atmospheric
CO, concentrations could produce a 1° to
5°C increase in average global temperature
by the middle of the next century (1). The
fear of significant climate change impacts,
including rising sea levels, altered precip-
itation patterns, increased storm frequen-
cy, and damage to natural ecosystems, has
led policy-makers in Europe and elsewhere
to call for immediate action to stabilize or

E. S. Rubin, Department of Engineering and Public
Policy and Department of Mechanical Engineering,
Carnegie Mellon University, Pittsburgh, PA 15213.

R. N. Cooper, Department of Economics, Harvard
University, Cambridge, MA 02138.

R. A. Frosch, General Motors Research Laboratories,
Warren, MI 48090.

T. H. Lee, Department of Electrical Engineering and
Computer Science, Massachusetts Institute of Tech-
nology, Cambridge, MA 02139.

Q. Marland, Environmental Science Division, QOak
Ridge National Laboratory, Oak Ridge, TN 37831.

A. H. Rosenfeld, Lawrence Berkeley Laboratory, Uni-
versity of California, Berkeley, CA 94720.

D. D. Stine, National Academies of Science and
Engineering, Washington, DC 20418.

148

reduce the growth in greenhouse gas emis-
sions (2). The U.S. government, howev-
er, has argued that current scientific un-
derstanding of global climate change is
still too crude and uncertain to warrant
such programs, which it believes could
severely damage the economy (2, 3).
Thus, the scientific uncertainty regarding
the timing and severity of future climate
impacts, and of its consequences, exacer-
bates the policy dilemma of what actions,
if any, should be taken now to mitigate
global warming.

We outline here a framework for evalu-
ating mitigation options in the face of
current uncertainties. If any mitigation

measures are to be taken, what options and
policies make most sense? What are the
advantages and disadvantages of different
options and how can they be compared?
We suggest that cost-effectiveness be an
essential guideline in evaluating and com-
paring alternative mitigation strategies. Be-
cause measures to limit greenhouse gas
emissions imply investment efforts lasting
many years and large enough to affect the
macroeconomic profile of a country, the
costs of climate policy and the technologi-
cal means of achieving emission reductions
need to be considered prominently, with a
focus on obtaining the largest reduction in
potential greenhouse warming at the lowest
cost to society.

Because of differences in the atmospheric
lifetime and heat trapping (radiative forcing)
characteristics of different gas molecules, the
relative contribution of different species to
greenhouse warming is complex (Table 1).
Roughly 25% of annual greenhouse gas
emissions from human activities comes from
the United States (4, 5). To date, CO, from
combustion of fossil fuels has been the pri-
mary focus of attention. A comprehensive
look at mitigation options, however, must

Table 1. Estimate of current greenhouse gas emissions from human activity (5).

Annual emissions

CO,-equivalent

- *
Source (Mt/year) (Mt/year)
World u.s. World us.
CO, emissions
Commercial energy 18,800 18,800
Tropical deforestation 2,600 2,600
Other 400 400
Total CO, 21,800 4,800 21,800 4,800
CH, emissions
Rice cultivation 110 2,300
Enteric fermentation 70 1,500
Fuel production 60 1,300
Landfills 30 600
Tropical deforestation 20 400
Other 30 600
Total CH, 320 50 6,700 1,050
CFC emissions
Total CFCs 0.6 0.3 3,200 1,640
N,O emissions
Fertilizer use 15 440
Coal combustion 1.0 290
Tropical deforestation 0.5 150
Agricultural wastes 0.4 120
Land cultivation 0.4 120
Fuel and industrial 0.2 60
biomass
Total N,O 4.0 14 1,180 410
Overall total 32,880 7,900

*Millions of metric tons based on the estimated global warming potential (GWP) for a 100-year averaging time (6):
CO, = 1, CH, = 21, N,O = 290, CFC-11 = 3500, CFC-12 = 7300 and CFC-113 = 4200. Values give the
CO,-equivalent radiative forcing for an instantaneous injection of 1 kg of gas into the atmosphere. Values for CH,
include the estimated indirect effects of CO, produced. However, the GWP does not incorporate complex
couplings with other greenhouse gases such as stratospheric and tropospheric ozone and their precursor
emissions. The GWP thus provides only a preliminary basis for comparing diverse mitigation strategies.
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consider emissions of all greenhouse gases.
To compare the relative importance of dif-
ferent emissions we employ the concept of a
global warming potential (GWP) to esti-

of the major greenhouse gases (Table 1).
This index considers the infrared absorptive
capacities, concentrations and concentration
changes of individual greenhouse gases, their

©  occupancy sensors, and day lighting to reduce lighting energy consumption by 30 to 60%.

mate the CO,-equivalent emissions of each  spectral overlaps, and atmospheric residence

Table 2. Best-practice technology options available at littte or no net cost that are not fully
implemented due to institutional and other barriers. Numbers with options refer to steps in Fig. 1.
Com., commercial; Res, residential; Ind, industrial.

CO,-equivalent

3 b
Option reduction® Net cost
Residential and commercial energy use
Electricity efficiency
1. White roofs and trees® 32 -84
2. Res. lighting? 39 -79
3. Res. water heating® 27 -74
4. Com. water heating' 7 -72
5. Com. lighting? 117 -71
6. Com. cooking” 4 -70
7. Com. cooling’ 81 —64
8. Com. refrigerationy 15 —-60
9. Res. appliances* 72 -44
10. Res. space heating’ 74 ~39
11. Com. and Ind. space heating™ 15 -35
12. Com. ventilation” 32 1
Oil and gas efficiency® - 300 -62
Fuel switching? 74 -90
Sector total 890 —62 (—78/-47)
Industrial energy use
Electricity efficiency? ) 137 -43
Fuel use efficiency” 345 —24
New cogeneration® 45 —18
Sector total 527 —28 (—42/—14)
Transportation energy
Light-duty vehicles! 251 —-40
Heavy-duty trucks¥ 39 =59
Sector total 290 —43 (-21/-75)
Power plants :
Coal plants¥ 45 ~0
Hydroelectric plants* 12 ~0
Nuclear plants* 42 2
Sector lotal 99 1 (0/2)
Landfilt gas” 230 1 (0.4/2)

sEquivalent CO, reduction in millions of metric tons per year based on 1989 fuel and electricily use. bNet
implementation cost in dollars per ton of CO,-equivalent. Costs are mid-range estimates based on a 6% real discount
rate, constant 1989 dollars. Parentheses give low/high range for average cost reflecting real discount rates of 3 to 10%
plus uncertainty across different studies or estimates.  Plant shade trees and paint roofs white at 50% of residences
to reduce air conditioning use and the urban heatisland eflect by 25%.  “Replace incandescent lighting (2.5 inside
and 1 outside light bulb per residence) with compact fluorescents to reduce lighting energy consumption by
50%.  °Efficient tanks, increased insulation, low-flow devices, and afteralive water heating systems to improve
efficiency by 40 to 70%. ! Residential measures above, plus heat pumps and heat recovery systems to improve
efficiency by 401060%.  2Replace 100% of commercial light fixtures with compact fluorescent lighting, reflectors,
hAdditional insulation,
seals, improved heating elements, reflective pans, and other measures 1o increase efficiency by 20 to 30%.  ‘im-
proved heat pumps, chillers, window treatments, and other measures to reduce commercial cooling energy use by 30
to 70%. /Improved compressors, air barriers, food case enclosures, and other measures to improve efficiency 20
to 40%. kmplementation of new appliance standards for refrigeration and use of no-heat drying cycles in
dishwaters to improve efficiency of refrigeration and dishwashers by 10 to 30%. "Improved and increased
insulation, window glazing, and weather stripping along with increased use of heat pumps and solar heating to reduce
energy consumption by 4010 60%  ™Use measures similar to residential sector to reduce energy consumption by
20t030%.  “Improved distribution systems, energy-efficient motors, and other measures to improve efficiency 30 to
50%. ©Efficiency measures similar to those for electricity to reduce fossil fuel energy use by 50%.  PSwitch 10%
of building electricity use from electric resistance heat to natural gas heating to improve overall efficiency by 60 to
70%.  9More efficient motors, electrical drive systems, lighting and industrial process modifications to improve
electricity efficiency by 30%.  ‘Energy management, waste heat recovery, boiler modifications, and other industrial
process enhancements 1o reduce fuel consurption by 30%.  %An additional 25,000 MW of co-generation plants to
replace existing industrial energy systems.  ‘Use existing technology to improve fuel economy to 32.5 mpg (CAFE)
with no changes In the existing fleet.  “Use existing technology to improve fuel economy to 18.2 mpg (CAFE) with
nochanges in the existing fleet.  ¥Improve efficiency of existing plants by 3% through improved plant operation and
maintenance.  *Improve efficiency by 5% through equipment modemization and maintenance.  *Increase the
annual average capacity factor of existing plants from 60 to 65% through improved maintenance and operation-
¥Reduce landfill gas generation by 60 to 65% by collecting and buming in a flare or energy recovery system.
SCIENCE »
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times (6). The GWP thus depends on the
time interval of integration; short-lived gases
become less important as time increases. CO;
emissions from fossil fuel energy use remain
the largest contributor to total worldwide and
U.S. emissions, but methane, CFCs, and
N,O also are important. These comparisons
have large uncertainties and may change with
future revisions.

An international perspective, involving
both developed and developing countries,
also is essential in considering mitigation
strategies realistically. Given the limited
availability of information on a global basis,
however, and because the United States
currently is the largest single emitter of
greenhouse gases, our analysis focuses on
the United States and is based almost en-
tirely on U.S. experience and data. We
return later to the international dimensions
of the problem. We examined a wide range
of mitigation options that are currently
available and capable of being- widely im-
plemented in the next decade (see Tables 2
and 3). We estimated their emission reduc-
tion potential based on current (1989) con-
ditions. To derive first-order estimates of
costs across the full set of greenhouse gases,
we focused on the direct cost of implement-
ing a given option. Capital investments in
mitigation technology were amortized over
their useful life and combined with annual
operating and maintenance expenses to ob-
tain a total annual cost for each mitigation
measure considered. Associated with this
cost is a direct or indirect reduction in
greenhouse gas emissions. The objective
was to build a “supply curve” showing the
marginal cost of an incremental reduction
in CO;-equivalent emissions from intro-
ducing a new mitigation measure. Given a
specified emission reduction target, the
least costly combination of methods to
reach that target then can be identified.

A basic premise in this approach is that
responses to greenhouse warming are re-
garded as investments in the future of the
nation and the planet; nonetheless, such
investments should be evaluated in compar-
ison with other claims on a nation’s re-
sources. The choice of a discount rate, or
interest rate, is a critical parameter in com-
paring alternative investments (7). To test
the sensitivity of results to different assump-
tions, we used real (inflation-adjusted) dis-
count rates of 3, 6, and 10% to amortize
capital investments for greenhouse mitiga-
tion. These discount rates are representa-
tive of current criteria for public invest-
ments in the United States (8). A major
limitation of this approach is that it does
not reflect other types of indirect costs that
may be important in evaluating options.
We consider such factors later.

(Continued on page 261)
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(Continued from page 149)

Options for Reducing
U.S. Emissions

We grouped the various mitigation measures
into two categories. The “best practice” tech-
nology options (Table 2) are available at low
cost or a net cost savings but are not fully
implemented because of various institutional
and other barriers. Additional options (Table
3) either are relatively expensive, or have
significant other benefits or costs that are not
readily quantified, or face implementation
obstacles that are not fully represented in our
direct-cost estimates. Because of the great

_ uncertainty in projecting economic and emis-

sions trends over many decades, we avoided
the use of forecasts or future scenarios in favor
of a simpler, more transparent approach based
on current emissions and costs. Thus, all of
our results apply to a 1989 base year, not
future years.

A look at energy efficiency measures for
the residential and commercial sector illus-
trates the approach used in the analysis. In
1989 residential and commercial buildings in
the United States used 1630 billion kilowatt-
hours (BkWh) of electricity for lighting, air
conditioning, space heating, appliances, and
other uses. Additional quantities of natural
gas and petroleum were used for space heat-
ing, water heating, cooking, and other energy
needs. Improving the efficiency of such end-
use devices can lower greenhouse gas (primar-
ily CO,) emissions by reducing the demand
for fossil fuels used directly for heating or
indirectly for electricity generation. Across
the United States there are significant region-
al differences in energy-use patterns that affect
the potential for such savings. Buildings in the
West and South use greater quantities of
electricity for air conditioning whereas those
in the North consume more gas and oil for
heating. For this first-order analysis we used
average data for U.S. buildings.

The potential for saving electricity in res-
idential and commercial buildings has been
studied most extensively (9). We considered
12 types of measures (Table 2 and Fig. 1).
Aggregate electricity savings for U.S. build-
ings are displayed in Fig. 1 as a “conservation
supply curve” showing the cost and energy
savings foreach measure based on the mid-
range of results from nine studies compiled by
Rosenfeld et al. (10). For example, for a 6%
discount rate, the cost of improved commer-
cial lighting to reduce lighting energy con-
sumption by about 45% is equivalent to 1.5
cents/kWh saved (the fifth step in Fig. 1). If
installed in all commercial buildings, the total
electricity savings for the United States from
this measure would be about 10% or 163
BkWh. On the basis of the current U.S.
average electricity price of 6.4 cents’kWh,

more efficient commercial lighting would

yield a net savings of 4.9 cents/kWh. The

implication of the data shown in Fig. 1 is that
all investments in energy efficiency measures

Table 3. Additional mitigation options that are costly or that have significant other benefits or costs
that are not readily quantified. Some of these options would face serious implementation obstacles

because of such factors.

CO,-equivalent

Mitigation option raduction® Net cost?
Industrial energy use
Fuel switching® 24 60
Transportation energy use
Demand management? 49 —22 (—50/5)
Light-duty vehicle efficiency 53 530 (40/1020)
(change in fleet mix)®
Aircraft engine efficiency’ 13 360
Electric supply technology9
Advanced coal” 200 280
Natural gas’ 850 32 (17/46)
Nuclear/ 1500 49 (28/69)
Hydroelectric 30 38
Biomass 130 36 (29/42)
Wind 30 79 (33/125)
Solar photovoltaic 400 87
Solar thermal _540 160
Sector total® 1780 50 (30/70)
Halocarbon use'
Non-halocarbon substitutes™ ‘ 302 0.02
CFC conservation” 509 0.04
HCFC/HFC (aerosols, etc.)? 248 0.6
HFC (chillers)? 88 3
HFC (auto air conditioning) 170 5
HFC (refrigerators) 11 11
HCFC (other refrigeration)” 67 4
HCFC/HFC (refrigerator insulation) _ 14 : 28
Sector total 1409 1.4 (0.9/3)
Domestic agriculture
Nitrogenous fertilizers® 126 2.5
Paddy rice! 23 0.5
Ruminant animalsY 84 2.0
Sector total 223 2 (1/5)
Reforestationv 242 7 (3/10)
Other options

New industrial technology” 300 ?
New transportation fuels* 1130 -7

aEquivalent CO, reduction in millions of metric tons per year based on 1989 fuel and electricity use. 5Net
implementation cost in dollars per ton of CO,-equivalent. Includes direct costs only. Many of these measures have
additional indirect costs that could be significant (see text). Values are mid-range cost estimates based on a 6% real
discount rate, constant 1989 dollars. Values in parentheses give low/high range for average cost for real discount rates
of 3 to 10% plus uncertainty across different studies or estimates. <Switch current coal consumption in industrial
plants to natural gas or oil where technically feasible (estimated at 0.6 quadiilion Btu). dEliminate 25% of
employer-provided parking spaces and tax remaining spaces to reduce solo commuting by 15 to 20%. eimprove
on-road fuel economy from 32.5 to 46.8 mpg (CAFE) with additional technology measures and downsizing that require
changes in the existing fleet mix. fImplement improved fan jet and other technologies to improve fuel efficiency by
20%. 9Potential emission reductions apply only to one technology at-a time and are not cumulative. All
cost-effectiveness estimates are relative to existing (1989) coal plants. hBased on advanced pulverized coal
plants. /Based on the use of combined cycle systems in place of coal. Co-firing natural gas at existing coal-fired
plants has simitar costs but lower reduction potential. ~ Based on advanced light-water reactors replacing current
fossil-fuel capacity for baseload and intermediate load operation. kBased on replacing all fossil fuel plants in
the 1989 generating mix. Replacement of coal plants only yields 1470 Mt/year. Remaining potential after maximum
demand reductions and plant upgrades is 950 Mt/year. !Includes chloroflucrocarbons (CFC), hydrofiuorocar-
bons (HFC), and hydrochlorofluorocarbons (HCFC). mModify or replace existing equipment to use non-CFC
materials as cleaning and blowing agents, aerosols, and refrigerants where technically possible. "Upgrade
equipment and retrain personnel to improve conservation and recycling of CFCs. oSubstitute cleaning and
blowing agents and aerosols with fluorocarbon substitutes. PRetrofit or replace all existing chillers to use
fluorocarbon substitutes. aReplace existing automobile air conditioners with equipment using fluorocarbon
substitutes. rReplace commercial refrigeration equipment such as used in supermarkets and transportation
with equipment using fluorocarbon substitutes. sReduce nitrogenous fertilizer use by 5%. tEliminate all
U.S. paddy rice production. uReduce ruminant animal production by 25%. vReforest 28.7 Mha of
economically or environmentally marginal crop and pasture lands and nonfederal forest lands. Yincrease
recycling and reduce energy consumption primarily in the primary metals, pulp and paper, chemicals, and
petroleum refining industries through new, less energy intensive technology. xBased on replacement of
highway transport fuels with alternative fuels that emit no greenhouse gases (see text). ?, unknown.
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costing less than the price of electricity will
produce a net savings at the chosen discount
rate. For a 6% real discount rate (comparable
to a utility’s cost of capital for investments in
new electricity generation facilities), imple-
menting all of the measures in Fig. 1 would
reduce current electricity use in the U.S.
building sector by 45% (745 BkWh), for a net
annual cost savings of nearly $30 billion (the
area in Fig. 1 between the supply curve and
the current average electricity price). The
corresponding reduction in CO, emissions is
estimated at 515 million metric tons (Mt) of
CO, per year on the basis of a national
average emission rate of 0.7 kg of CO, per
kilowatt-hour for the fuels currently used for
power generation (11). The average cost per
ton of CO, reduced thus is —$57.

In addition to electricity savings, we esti-
mate that a combination of fossil fuel efficien-
cy programs aimed at heating systems, water
heaters, and other appliances, plus fuel
switching from electricity to natural gas or fuel
oil in building appliances and heating sys-
tems, could produce further emission reduc-
tions of up to 374 Mt of CO, per year, also at
a net savings in cost. Overall, the maximum
CO, emission reduction potential for the
residential-commercial sector thus is estimat-
ed at 890 Mt/year, at an average cost of —$62
per ton of CO, removed (Table 2).

Analogous to the building sector, a limited
number of studies for the U.S. industrial
sector suggest the potential for reducing elec-
tricity consumption by about 30% with cur-
rently available technology (12). Most of the
savings would come from investments in more
efficient motors, electrical drive systems, and
lighting. For real discount rates as high as
10%, such savings could lower CO, emissions
by about 527 Mt/year at a net savings in cost
(see Table 2). Case studies of energy-inten-
sive industries such as steel mills and petro-
chemical plants (13) suggest that additional
energy savings on the order of 25 to 30% in
direct industrial fuel use also may be available
at a net cost savings by investing in more
efficient furnaces, energy recovery systems,
and other process equipment. Increased in-
vestments in cogeneration technologies also
yield cost-effective CO, emission reductions
(Table 2). On the other hand, substituting oil
or gas for coal in manufacturing processes
yielded significantly higher costs with only
modest reductions in CQ, emissions (Table
3). Fundamental improvements in industrial
process design, including greater use of recy-
cled materials, offer perhaps the greatest long-
term opportunity for reducing industrial ener-
gy demand. We estimate the potential for at
least a 25% decrease in overall industrial
energy demand through process technology
improvements over the next 10 to 15 years
(Table 3). The cost of such measures, how-
ever, cannot readily be estimated or ascribed
solely to environmental improvements.

262

For the transportation sector currently
available technology can improve the effi-
ciency of light-duty vehicles, heavy-duty
trucks, and commercial aircraft that account
for the bulk of transportation energy de-
mands. Conservation supply curves (analo-
gous to those in Fig. 1) derived for light- and
heavy-duty vehicles [from (14)] suggest that
for discount rates of 3 to 10% the corporate
average fuel economy (CAFE) of U.S. auto-
mobiles could be increased to 32.5 miles per
gallon (mpg) and of trucks to 18.2 mpg
(CAFE) at a net cost savings. These efficiency
gains would be obtained wholly from a set of
existing technological measures, such as im-
proved engine designs, drive trains, transmis-
sions, and aerodynamics improvements re-
quiring no change in the overall fleet mix
(Table 2).

Fuel economy improvements beyond these
levels also are achievable (Table 3). Howev-
er, it is achieved largely through weight re-
duction and vehicle downsizing, which results
in a change in amenities and incurs much
higher cost per unit of CO, reduced (5)-
There is significant disagreement, however,
between results of government- and industry-
sponsored studies in the assumptions that
underlie these cost and effectiveness esti-
mates, including the interactions among com-
binations of technologies and the effects of
consumer preferences and market behaviot®
Changes in car size and amenities also may
result in significant indirect costs that are not
considered in this analysis (for example, costs
related to consumer comfort, life-style chang-
es, and auto safety).

Similarly, transportation ~management
methods that reduce fuel use and CO, emis-
sions by reducing traffic congestion and vehi-

Fig. 1. Representative marginal
cost curve for building sector 0

cle miles of travel also involve indirect costs
that are pervasive and difficult to quantify.
One strategy would be to decrease CO, emis-
sions 50 Mt/year by taxing or eliminating free
parking spaces to force a shift toward vanpool-
ing and greater use of existing mass transit (5).
The net negative cost (Table 3) is attributed
to savings in parking space construction costs
and out-of-pocket travel expenses that exceed
the estimated value of time lost from longer
commuting trips. Such estimates remain
highly controversial because of the difficulty
in estimating indirect costs and subsidies for
alternate transportation modes (15).

Greenhouse gas emission reductions from
the energy sector also may be had by changing
fuel and energy supplies, particularly for elec-
tric power generation. Such measures are
substantially more costly than the demand-
side options in Table 2. In the near term, the
most cost-effective reductions in CO, emis-
sions are likely to come from modest efficiency
gains and improved utilization of existing
power plants (potentially about 100 Mt/year;
see Table 2). Replacement of some gas- and
oil-fired capacity with more efficient gas-based
systems may provide some additional gains at
relatively low cost (16).

We also considered the longer term pros-
pect of reducing power plant CO, emissions
by up to 83% (1473 Mt/year) by replacing all
existing U.S. coal-fired power plants with
lower emitting technologies once existing
plants are fully depreciated or by eliminating
all power plant emissions by use of nuclear
and renewable energy sources (Table 3). Al-
though emissions can be greatly reduced,
none of the available altemnative systems are
as cheap as existing coal plants (17-19).
Average mitigation costs range from roughly

Reduction in CO, Emissions (Mt/yr)
100 200 300 400 500

electricity use. Each step corre-
sponds to the annualized invest-
ment cost of a given technologi-
cal option (see Table 2), ex-
pressed in cents per kilowatt-hour
for real discount rates of 3, 6, and
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10%. Electricity savings for each
option are given as a percent of
total 1989 building sector electric-
ity use. Eleven measures costing
less than the average 1989 price
of electricity (6.4 cents/kWh)
would reduce building energy
use by 734 BkWh (45%) at a net
cost savings. The corresponding
reduction in CO, emissions is
based on the national average
emission rate for 1989.
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$30 to $70 per ton of CO, removed, depend-
ing on the combination of technologies se-
lected. New gas-fired combined cycle systems
appear to be the least costly option; however,
the long-term availability and price of natural
gas remain uncertain. Significant increases in
the use of natural gas also could exacerbate
the leakage of methane from pipelines and
distribution systems, offsetting some of the
benefits of CO; reductions (20). Our esti-
mates do not reflect such interactions. Nucle-
ar plants and renewables are the most expen-
sive at today’s costs. Although these systems
emit no CO,, other technical, economic, and
political factors militate against their wide-
spread use (21). Nuclear energy remains the

- most widely deployed nonfossil technology

now available for power generation. Many of
the renewable options either have limited
generation potential or significant technolog-
ical or cost barriers to overcome (I8, 22).
Thus, ‘all of the major electricity supply op-
tions face significant implementation barriers
as greenhouse gas mitigation measures. In the
longer term, a variety of advanced power
generating technologies and CO, removal
methods now under development could be-
come important (23).

Reducing transportation sector emissions
through the use of alternative fuels also is
technologically feasible, but a careful ac-
counting is needed to assess the overall effec-
tiveness. When considered on a systems basis,
most alternative fuels that are now emerging
in the United States or used commercially
elsewhere (24), such as reformulated gasoline,
natural gas, methanol produced from natural
gas, or electricity produced from fossil fuels,
reduce greenhouse gas emissions by less than
25% relative to gasoline; some result in a net
increase in greenhouse gas emissions (25).
Alternative fuels that can eliminate or nearly
eliminate greenhouse gas emissions include
methanol and ethanol produced from newly
grown biomass (using biomass fuels to also
produce and transport the fuel), plus electric-
ity or hydrogen produced from nonfossil fuels.
However, the technology and infrastructure
to produce and use such fuels on a widespread
basis remain to be developed. Because U.S.
experience with alternative transportation fu-
els is still limited, and because of the com-
plexity of the overall system, we did not
estimate cost-effectiveness for this option.
The emission reduction potential, however, is
large (see Table 3).

Potential mitigation measures outside the
energy sector involve landfills, CFC use, ag-
ricultural activity, and forests. Landfill gases
are the major source of anthropogenic meth-
ane emissions in the United States (26). The
collection and combustion of landfill gas also
would reduce methane emissions by about
65% [based on analyses in (27)]. The costs
shown in Table 2 reflect the full cost of
abatement, about $1 per ton of CO, equiva-

lent. Should such measures be implemented
to control air toxics, the marginal cost of
greenhouse gas mitigation would be small or
negligible.

In a similar vein, significant reductions
in CFCs and other halocarbons responsible
for stratospheric ozone depletion are ex-
pected under the Montreal Protocol and
the 1990 U.S. Clean Air Act Amendments
(Table 3). Our estimates are based on
replacing CFCs by fluorocarbon or non-
halocarbon substitutes plus increased con-
servation of current CFC supplies (28) but
do not include indirect effects such as the
increased CQO, emissions that may result
from any decrease in the energy efficiency of
appliances now using CFCs (5). Because
the costs of CFC reductions will be incurred
regardless of global warming concerns, the
marginal cost of greenhouse gas mitigation
may be a small or negligible portion of the
costs shown here. However, because many
CFC substitutes still have relatively high
levels of radiative forcing (29), future mit-
igation strategies may have to consider the
cost of replacing these chemicals.

The agricultural sector is a source of meth-
ane from paddy rice production, ruminant
animals, and N,O from fertilizers and land
clearing. For the United States, these sources
of methane and N,O are small, though on a
worldwide basis they are significant (30). Im-
proved agricultural practices and technology
can play a role in reducing these emissions,
although the cost-effectiveness for such mea-
sures is not easily derived (5). The values
shown in Table 3 are based on rough esti-
mates of the cost of reducing the supply of
U.S. ruminant products and rice through
taxes, subsidies, and buy-outs but do not
reflect any indirect costs associated with lost
production (31).

Sequestering CO, in new forest growth
can offset anthropogenic emissions by fixing
carbon in plant tissue. Long-term sequestra-
tion requires that forests are periodically
harvested for lumber and wood products that
remain in service and do not return CO; to
the atmosphere by combustion. Based on
work by Moulton and Richards (32), we
estimate that a reforestation program for the
U.S. involving approximately 30 million
hectares of economically marginal crop
lands, pasture lands, and non-federal forests
(about 3% of U.S. land area) could sequester
roughly 5% of current U.S. CO, emissions
at an average cost of $7 per ton of CO,.
Higher rates of sequestration probably could
be achieved, but costs and land availability
are much more uncertain (5).

Comparing Options

Because there is no single magic bullet, any
approach to greenhouse gas mitigation must
involve a mixed strategy employing a variety
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of measures (Fig. 2). Energy efficiency im-
provements in the buildings, transportation,
and industrial sectors emerge as the most
cost-effective measures for reducing green-
house gas emissions. The results in Fig. 2
suggest that such measures, combined with
the phaseout of CFCs already in progress, can
reduce greenhouse gas emissions by 800 to
3100 Mt/year, equivalent to 10 to 40% of
current U.S. emissions. Energy cost savings
would exceed annual investment expendi-
tures by about $10 to $110 billion per year
(the area between the supply curve and the
x-axis). Additional measures aimed at meth-
ane, CO,, and N,O emissions could reduce
CO,-equivalent emissions by another 200 to
800 Mt/year at a direct cost of less than $1
billion per year. In contrast, new electricity
supply options that emit no CO, could
achieve further reductions of 400 to 1000
Mt/year, but would involve high implemen-
tation costs (for example, $30 billion per year

_for the most optimistic case in Fig. 2).

For comparison with our results, a range
of results from other studies (33) also is
presented in Fig. 2. Energy models, which
employ inferences from historical economic
data and assumptions about economic
structure, have been used to analyze the
effects of carbon and energy taxes for abat-
ing CO, emissions (34). These models typ-
ically project emissions well into the next
century. Although many features of such
models are important to framing a concep-
tually sound approach to mitigation policy,
current models remain limited by structural
assumptions and a general lack of detail (5).
Thus, neither technological costing nor
energy modeling offers a fully satisfactory
means of evaluating costs. Both approach-
es, however, indicate that mitigation costs
increase rapidly with increasing emission
reductions. Overall abatement require-
ments, driven by policy decisions and the
growth in future emissions, thus are critical
to total mitigation costs.

Policy Measures and Indirect Costs

Is there really a “free lunch” from investing in
energy efficiency measures to reduce green-
house gas emissions? Past experience in at-
tempting to implement energy efficiency pro-
grams in buildings has revealed a number of
obstacles to achieving the maximum techni-
cal efficiency. Perhaps most important is the
empirical evidence that most businesses and
homeowners will not invest in large-scale
energy-savings improvements unless the in-
vestment can be recovered almost immediate-
ly—typically in no more than 2 to 3 years
(35). Such payback periods imply discount
rates on the order of 30 to 50% or more, in
contrast to the 3 to 10% range typical of
supply-side investments. At these high effec-
tive rates of return, the maximum potential
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Fig. 2. Cost-effectiveness versus emission reduction
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energy savings is greatly diminished (36),
producing a large gap between best practice
and average practice. Similar empirical evi-
dence for the industrial sector indicates that
expected rates of return much greater than
10% are required to stimulate most private
investments in industrial energy efficiency im-
provements. Criteria for energy conservation
investments may require rates of return of at
least 30%, even for corporations that aggres-
sively pursue such opportunities (37).

There are many explanations for this be-
havior. Information about the cost, reliabili-
ty, and performance of efficient technologies,
which are continually changing, is not widely
diffused among consumers, purchasing agents,
and contractors. Hence, less efficient technol-
ogies continue to be used. Other consumers
simply do not have the capital required for the
initial investments or can obtain it only at
high interest rates (for example, credit card
customers). In other cases institutional ar-
rangements such as landlord-tenant and
builder-buyer relationships provide little or no
incentive to invest in energy efficiency mea-
sures. Why should a landlord pay more for an
efficient furnace when it is the tenant who
pays the heating bill?

Such obstacles make it unlikely that the
cost and emissions reduction potential sug-
gested in Table 2 will be approached in the
absence of effective policy tools and incen-
tives to develop and implement energy
efficiency programs [see (5) for discussion].
Several measures at the state and federal
levels appear to be especially attractive as
reasonable first steps. Revision of state pub-
lic utility regulations to make it profitable
for electric and gas utilities to promote
energy efficiency measures in buildings and
industrial facilities is one such measure.
Among the efforts to move in this direction
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are state and regional programs in the Pa-
cific Northwest, New England, and Califor-
nia (38). This approach brings the techni-
cal expertise and long-term investment per-
spective of the utility into the demand
sector: Because investments in energy effi-
ciency are less costly than new generating
capacity, ratepayers ultimately benefit.
Adoption of nationwide building codes and
efficiency standards that lower the energy
demands of new buildings, appliances, and
industrial equipment also merit consider-
ation. Efficiency standards already exist for
common appliances such as refrigerators.
Extension of such standards to buildings
and other energy-intensive products could
afford a workable approach to improving
energy efficiency over time.

For the transportation sector, improve-
ments in auto efficiency could be achieved
through modest increases in the national
CAFE standards now in place, coupled per-
haps with incentives for manufacturers to
install more energy-efficient technology.
However, CAFE currently is beset by political
controversy surrounding the effects of vehicle
downsizing on. safety, competitiveness, and
other issues. Similarly, policies that seek to
reduce greenhouse gas emissions by way of
taxes on fuel carbon or energy content likely
would face stiff political opposition. For ex-
ample, a tax of $25 per ton of CO, (roughly
$100 per ton of carbon) would be equivalent
to an additional 28 cents per gallon of gaso-
line. Historically, such energy tax proposals
have not fared well in the United States. On
the other hand, information and public edu-
cation programs to promote energy efficiency,
conservation, and recycling, plus new re-
search and development (R&D) programs on
end-use energy efficiency, could enjoy more
immediate success.
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PR potential for various mitigation options. The results
T~ - derived in this study are shown as steps for ten major

S~ calegories of mitigation options ordered by cost-

=~ effectiveness. For each sector, the “high” and “low"

P direct-cost estimates from Tables 2 and 3 are com-

_ g \___Energy "bined with implementation rates of 25 and 100% of the

i Modeling maximum potential reduction for each measure to

characterize the range of uncertainty (48). The energy
modeling results that employ other methods of analy-
sis are shown by the dashed lines encompassing a
range of studies summarized by Nordhaus (33). All
costs are in constant 1989 dollars. Emissions are in
metric tons.

The costs of implementing policy mea-
sures to overcome institutional barriers and
market imperfections that hamper energy
efficiency gains are not reflected in our
analysis. Nor are a number of other indirect
costs such as the effects on the economy of
any major actions that are undertaken or
the reduction in other externality costs that
would accompany greenhouse gas abate-
ment (for example, a reduction in emissions
that contribute to acid rain and urban air
pollution). Thus, pending additional data,
the true magnitude of potential cost sav-
ings, if any, from investments in energy
efficiency cannot be firmly established.

International Considerations

Although we have not explicitly treated
scenarios of future emissions growth in our
analysis, it is clear that the pressures of
economic development and population
growth worldwide will exacerbate the like-
lihood of greenhouse warming and the po-
tential for adverse impacts globally.
Though the United States is currently the
largest single emitter of greenhouse gases,
emissions growth in developing countries,
particularly from increased energy use, is
likely to shift this balance in the future.
Developing countries now account for
about 23% of world commercial energy use,
up from 17% two decades ago. Projections
suggest this share will grow to about 40% by
2030 (1). Nations such as China, India,
and Russia, which rely on vast coal re-
sources for much of their energy, pose a
special concern. China, for example, cur-
rently foresees a fourfold increase in coal
consumption by the middle of the next
century. The resulting increase in global
CO, emissions would doom any interna-
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tional effort to stabilize or reduce worldwide
greenhouse gases. Thus, efforts by the Unit-
ed States to reduce its greenhouse gas emis-
sions, while important and necessary, will
do little to ameliorate global warming un-
less accompanied by sustained actions in
the international arena. '
International efforts to address global cli-
mate change was a central issue of the June
1992 United Nations Conference on Envi-
ronment and Development. Although the
conference failed to produce a global commit-
ment to stabilize greenhouse gas emissions by
the tum of the century, it did succeed in
obtaining broad international agreement to
pursue greenhouse gas reductions. Historical-
ly, such agreements have been the first step
toward major international action (39).

. Nonetheless, the difficulties in achieving sig-

nificant worldwide reductions in greenhouse
emissions cannot be underestimated. Despite
its emphasis on sustainable development, the

United Nations conference revealed deep

concerns that environmental control could
impede economic development and that in-
ternational withdrawal from fossil fuel use
would harm nations whose economies depend
heavily on the production, processing, and
exportation of fossil fuels such as petroleum.
To begin addressing environmental con-
cems, programs to assist developing nations
adopt the appropriate technology and infra-
structure are especially critical (40). Japan, for
example, has announced a long-term plan to
develop and market “clean” technologies to
developing countries. Other industrial na-
tions need to follow suit. Mitigation options
internationally also will involve measures be-
yond those considered for the United States.
Tropical deforestation is one such example.
Significant increases in the rate of deforesta-
tion appear to be occurring in many develop-
ing countries in response to pressures for
economic development and other social needs
(26). Efforts to limit the rate of deforestation
to mitigate greenhouse warming must take
account of a host of indirect costs or benefits
that cannot readily be valued, including im-
provements in human welfare and losses in
biodiversity. The feasibility and cost of pro-
grams to slow the rate of deforestation thus are
difficult to evaluate. Based on the direct cost
of providing economic incentives to practice
sustainable forestry in developing countries
(41), we estimate a mitigation cost of roughly
$0.4 per ton of CO,. This is about 5% of the
estimated direct cost of reforestation in the
United States (Table 3). Such relative costs
suggest opportunities for international coop-
eration in seeking cost-effective measures in-
ternationally for greenhouse gas mitigation.
Measures to reduce the rate of population
growth worldwide also must be recognized as a
key mitigation strategy. At any given rate of
greenhouse gas emissions per capita, a smaller
population will produce lower total emissions

and less stress on the environment in general
(42). Although some researchers suggest that
reducing population growth rates will lead to
increased growth in per capita income that
could increase total greenhouse gas emissions,
a recent analysis of countries with widely
different income and population growth char-
acteristics suggests a net decline in future CO,
emissions, even after allowing for higher per
capita income (5). Given the complexity of
the links between population growth and
emissions, we did not estimate cost-effective-
ness.” The direct costs of family planning
measures are relatively small (43), but this
option remains beset by social, political, and
ideological barriers in many countries.
Should significant global warming actu-
ally become observable in the next century,
international deliberations also might con-
sider the use of geoengineering measures
that directly or indirectly affect the earth’s
radiative balance (for example, stratospher-
ic particles that screen out sunlight). Our
analysis of nine such measures suggests that
some of these may be very inexpensive and
capable of reducing greenhouse warming on
a substantial scale (5). Similar proposals
have been put forth in the context of
stratosphere ozone depletion (44). Because
the feasibility and side effects of geoengi-
neering options are poorly understood, and
because their social acceptability is argu-
able, significant additional research is need-
ed to assess further their merits ‘as realistic
options in the event that future climate
change warrants their consideration.

Conclusions and
Recommendations

Qur analysis for the United States suggests
that a variety of measures are available to
slow or reduce the growth in greenhouse gas
emissions at low cost, perhaps even at a net
cost savings. In most cases such measures
will bring ancillary benefits, such as a re-
duction in urban air pollution. If other
implementation costs are not excessive,
many of these measures may be viewed as
“no regrets” options that are worth pursuing
independently of greenhouse concerns.

In consideration of the existing U.S.
commitment to the phaseout of CFCs and
other halocarbon emissions, our results in-
dicate that any new initiatives to reduce
U.S. emissions should focus first on energy
conservation and efficiency measures that

reduce emissions of CO, and methane. The -

choice of policy instruments will affect
overall costs and feasibility and must be
considered carefully. In all cases, experi-
ence with initial undertakings should be
used to resolve some of the current uncer-
tainties regarding actual implementation
costs. This approach will allow future plans
and policies to be developed more effective-
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ly. In addition, greenhouse warming should
become a factor in planning for the future
energy supply mix of the United States and
other nations. Recommended measures in-
clude an expanded R&D program to devel-
op safe, lower cost nonfossil energy sources,
improve the efficiency of existing fossil fuel
technology (particularly combined cycle
systems using natural gas or coal), and
assess the feasibility of CO, sequestration
and disposal from fossil fuel facilities. A
systems approach that considers interac-
tions and externality costs across the entire
fuel cycle from supply to conversion and
end use should be used to guide energy
supply choices and to guard against unan-
ticipated side effects.

This framework also affords a method that
other countries can adopt to identify cost-
effective measures to undertake initially. We
urge that the United States exert strong in-
ternational leadership in seeking cost-effective
measures globally. Indeed, many of the most
cost-effective mitigation options may be found
at first in some of the poorest developing
countries. Because such countries may be
unwilling or unable to afford such measures,
developed countries may choose to under-
write such efforts. This targeted redistribution
of mitigation efforts could prove less costly to
the industrialized nations than strategies di-
rected solely toward their domestic econo-
mies. Bilateral agreements to promote tech-
nology and information transfer, an expanded
program of international R&D, plus full U.S.
participation in international efforts to curtail
deforestation and to slow the growth in world
population, are other essential elements of a
realistic approach to mitigating greenhouse
warming.

Finally, the United States and other na-
tions should give much higher priority to the
study of mitigation and adaptation strategies,
commensurate in breadth and depth with
current research efforts in the earth and envi-
ronmental sciences (45). To develop sensible
and politically acceptable policies for dealing
with global climate change, we need to know
a lot more about the full social and economic
consequences of alternative mitigation mea-
sures, the potential human and ecological
impacts of global warming, and the costs of
adapting to climate change (46). Internation-
al cooperation will be needed on many of
these research efforts. Comprehensive inte-
grated assessments (47) can help keep re-
search efforts focused on delivering the type of
information most needed for mitigation policy
decisions.
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