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The impacts of increased pollutant concentration may affect the behavior of the Earth-atmosphere
system. In particular, large-scale changes in atmospheric composition are associated with changes
in the Earth’s radiative balance and climatic change. In this paper, we describe the various sub-
stances that are important, and examine emissions of air pollutants from residential fuelsin relation
to emissions from other sources. Using a global simulation of pollutant transport, we also estimate
atmospheric concentrations of one pollutant, carbon particles, and identify regions in which resi-
dential fuels contribute greatly to the atmospheric aerosol. Finally, we compare total emissions from
a variety of residential end-use technologies and estimate their effect on the radiative balance, with
the implication that improvements could lead to a cleaner atmosphere on scales that are much

larger than typically considered.

1. Atmospheric chemistry on the grand scale
Increasingly, human activities are producing effects on
global and regional scales in addition to the familiar in-
door and urban scales. Although the globally averaged
concentration of pollutants is small, changes in that con-
centration are of concern when they affect the Earth sys-
tem. In this paper, we discuss the contribution of
residential fuels — those used for heating and cooking -
to atmospheric composition on very large scales. The im-
pacts of increased concentration may affect the behavior
of the Earth-atmosphere system, as discussed later in this
section. This phenomenon is popularly called “global
warming”, but is more properly called “climate change’.
We discuss the chemical species (gases or different types
of particles) that lead to these changes and some of the
ways in which they affect the Earth’s climate. In Section
2, we use recent emission inventories to examine emis-
sions of air pollutants from residential fuels in relation to
emissions from other sources. Simulation results show at-
mospheric concentrations of particles in Section 3, iden-
tifying regions where residential fuels have significant
impacts on atmospheric composition. A comparison of total
emissions from a variety of residential end-use technologies
appears in Section 4, combining the effects of severa pol-
[utants to assess total impacts of different technologies.
1.1. Greenhouse gases

The best-known problem involving fuel consumption and
the composition of the global atmosphere is that of carbon
dioxide (CO.). Because the Earth system (including
plants, soil and the ocean) cannot absorb all the CO> that

is emitted, the atmospheric concentration of that gas is
increasing. Human activities are also causing increases in
the atmospheric concentration of other gases such as
methane (CH4) and nitrous oxide (N20). The Earth’s en-
ergy balance will be affected because these so-called
“greenhouse gases” (GHGs) act as a blanket, as shown in
Figure 1a. This blanket hinders the escape of infrared en-
ergy to outer space.

The resulting behavior of the Earth system may include
increased temperatures, but also changes in rainfal pat-
terns or extreme weather events [IPCC, 2001, Ch. 9]. Sci-
entists have higher confidence in some of these projected
changes, such as higher temperatures, than in others. It is
thought that these changes will become significant over
several decades, because these gases stay in the atmos-
phere for decades to centuries, and emissions can result
in significant accumulation over long periods even if the
annual totals seem small. To address this long-term prob-
lem, governments and other organizations are discussing
ways to limit GHG emissions, a consideration that has
become a component of assessing sustainability.

Changes in residential solid fuels have not been con-
sidered a mgjor part of a solution to the greenhouse-gas
problem because most solid fuels (excluding coal) are
considered “renewable”’. When they grow by taking up
COg that is already in the atmosphere, the CO2 produced
when they are burned is not a net addition to the atmos-
phere. However, if the fuel burned is not replaced with
new growth, then a net addition of COx to the atmosphere
does occur.
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Species Greenhouse gases Ozone Reflective aerosols Absorbing aerosols
(CO2, methane, N20) (formed from NO/NO2, VOCs)  (Sulphate, organic carbon) (black carbon)
Effect Trap infrared energy Absorb ultraviolet Bounce incoming Absorb incoming
leaving earth and infrared light visible light away visible light
Approx. Warming Warming Cooling 0.9 w/m? Warming
magnitude 2.4 W/m? 0.35 W/m? plus cloud effects 0.4 Wim?

(d)

Figure 1. Impacts of combustion products on the Earth’s radiative balance

1.2. Short-lived species

Greenhouse gases with long lifetimes are not the only spe-
cies that change the Earth’s radiative balance. Two other
substances that have significant effects are ozone and
aerosols, both found in polluted areas, and both with typi-
cal atmospheric residence times of less than two weeks.
Concern about ozone and aerosols usually focuses on their
effects on health or local air quality; such short-lived spe-
cies aren’'t considered in the long-term problem of climate
change.

Ozone is a gas that absorbs both ultraviolet light and
infrared radiation, adding energy to the Earth system as
shown in Figure 1b. It is formed through a complex series
of reactions that involve nitrogen species (NO and NOy),
organic (carbon-containing) gases, and sunlight. Any
process that produces NO, NO, or volatile organic com-
pounds (VOCs) can contribute to ozone formation. Some
VOCs are better at forming ozone than others, but we
will not address that fine detail in our discussion here.

Aerosols are tiny suspended particles, with diameters
about 50-100 times smaller than a human hair. Diameters
range from 0.01 to 20 nm, with the most humerous being
in the range 0.05-0.5 nmm. Aerosols come from many proc-
esses, including burning fuels and formation from gases
emitted to the atmosphere. The effects of aerosols on the
Earth’s energy balance are more difficult to determine
than those of greenhouse gases, because there are two
general classes of particles. One type reflects sunlight
away from the Earth (Figure 1c), so that less energy is

added to the Earth system. Another type both absorbs and
reflects light (Figure 1d), with the net result usually being
an increase in energy added to the atmosphere. The major
component of the absorptive type is sometimes called
“black carbon” or “soot”. Reflective aerosols include a
range of compounds such as sulfates, nitrates, and “or-
ganic” (non-black) carbon. A piece of burning wood dem-
onstrates the difference between black carbon (BC) and
organic carbon (OC). The fire may emit black smoke
(mostly BC) when the flaming is vigorous, and white
smoke (mainly non-black, OC) when there is little flame.
How the wood - or any fuel - is burned can determine
whether the resulting particles add energy to or remove
it from the system.
1.3. What's important?
With so many species affecting the Earth’s energy bal-
ance, how does one determine which are most important?
To compare impacts, we introduce two terms. The first,
“radiative forcing”, is the change in the amount of energy
entering the lower atmosphere (troposphere). Although
most people are interested in how that energy change will
affect their lives directly — for example, altering tempera-
ture, rainfall, or growing seasons - determining these
more immediate impacts is difficult, and the results of
computer simulations do not always agree. It is easier to
obtain agreement on estimated changes in the energy bal-
ance.

All species are removed from the atmosphere, some
more quickly than others. A species that stays in the
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Table 1. Global warming potentials (GWP) of various combustion products, relative to CO2, The GWP is presented on a mass basis, showing
the impact of 1 kg of each product versus 1 kg of CO2. The definition of GWP is the total amount of radiative forcing during the period of
interest after 1 kg of the species is emitted, divided by the total amount of radiative forcing by 1 kg of CO2 emitted at the same time.

Species Lifetime Global warming potential Additional concerns
20-yr 100-yr 500-yr

Traditional greenhouse gases

Carbon dioxide (COz)m ~100 yrs 1 1 1 None

Methane (CH4)[1] 12 yrs 62 23 7 Ozone production

Nitrous oxide (N20)[Y 114 yrs 275 296 156 None

Other climate-active species

Carbon monoxide (CO)[1] ~1 month 10 3 1 Ozone production

Volatile organic compounds (VOCs)I%) A few days 49 17 0.9 Ozone production

Black carbon aerosol (BC)4 A few days 2000 650 170 Health effects

Organic carbon aerosol (OC)[5] A few days -250 -75 -20 Health effects

Notes

1. From IPCC, 2001

From IPCC, 1990

Non-methane VOCs only (because methane is counted separately as a greenhouse gas)
From Bond and Sun [2004]

See discussion in Appendix A.

oo~ W

atmosphere longer contributes to global change for along
time after emission. To compare species with different at-
mospheric residence times, we introduce the *“global
warming potential” (GWP), or the total amount of radia-
tive forcing experienced during some period of interest
after emission (usually 20-100 years) [IPCC, 2001, Ch.
6]. The value of GWP for various speciesislisted in Table
1, along with the lifetimes of those species. Although
greenhouse gases have far longer lifetimes than the other
climate-active species listed, the GWPs of the other spe-
cies are till significant, even over long periods. A large
GWP means that trace amounts of a species are relatively
powerful, but it does not mean that the species is respon-
sible for most of the radiative forcing. For example, both
nitrous oxide and black carbon have large GWPs, but be-
cause their atmospheric concentrations are far lower than
those of CO», their total forcing is lower than that of CO..

The concept of the GWP is well accepted for green-
house gases that are well mixed in the atmosphere, and
has been evaluated for other gases such as carbon mon-
oxide [IPCC, 2001] and volatile organic compounds
[IPCC, 1990] that are not evenly mixed. The use of GWP
for aerosols is rather controversial. Appendix A gives
some technical details describing how the GWPs for black
and organic carbon were derived, athough the full deri-
vation will appear in another paper. GWPs for volatile
organic compounds and for aerosols are very uncertain;
we estimate that the GWP for black carbon is only known
within a factor of three.

Aerosols also have several impacts that cannot be re-
flected in the GWP. These include changes in the vertical
energy structure of the atmosphere, the quantity or loca-
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tion of rainfall [Rotstayn and Lohmann, 2002; Menon et
al., 2002], and changes in cloud properties that affect their
interaction with sunlight and their ability to produce rain
[Twomey et al., 1984; Albrecht, 1989; Rosenfeld, 2000].
While it is easy to find arguments that the GWP is not a
perfect way of comparing relative impacts, it is more dif-
ficult to come up with a better comparison. In the follow-
ing discussion, we will use the GWP to compare the
atmospheric impacts of different species.

When a fuel is burned, the carbon it contains forms a
number of products. If the combustion is complete, it
forms only CO». If the combustion is not complete, it
emits other gases such as carbon monoxide (CO) or
VOCs, as well as particles. Particles emitted from solid-
fuel combustion contain mostly black and organic carbon,
and a small amount of other substances such as potassium.
An important point is that most carbon-containing prod-
ucts of incomplete combustion have greater effects on the
energy balance (as measured by their GWP) than the CO2
from complete combustion, for two reasons. First, some
of these compounds absorb radiation much more strongly
than does CO». Second, CO; isafina combustion product
and does not participate in further chemical reactions. In
other words, CO> might be considered an undesirable
product in terms of Earth’s energy balance, but any other
combustion product is probably worse. The combined ef-
fects of incomplete combustion on the energy balance are
discussed further in Section 5.

2. Sources of climate-active species

2.1. New attention to residential fuels
Both modeling and measurement results have been leading
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toward the conclusion that residential fuels could have im-
portant impacts on large-scale atmospheric chemistry. Over
a decade ago, scientists had estimated that impacts of
aerosols on the Earth’s radiative balance could rival those
of greenhouse gases. Most of the simulations examined
particles containing sulfate, which mainly comes from
coal-fired power plants [e.g., Charlson et al., 1991; Kiehl
and Briegleb, 1993]. Other models examined impacts of
black carbon and organic carbon aerosols from open field-
and forest-burning [Penner et a., 1992]. The contribution of
residential biofuels to atmospheric aerosols was lumped into
this open-burning calculation in the “scientific consensus”
reports on globa change [IPCC, 2001].

Large visibility reductions attributable to aerosols over
the Indian subcontinent have been reported for years
[Moorthy et al., 1993, 1999; Husar et a., 2000], and simi-
lar observations were reported from several other world
regions [Husar et al., 2000]. However, the climatic im-
pacts of the haze around India appear to have been ig-
nored until a large experiment involving dozens of
scientists, called the Indian Ocean Experiment
(INDOEX), “re-discovered” it in 1999 [Lelieveld et a.,
2001]. The darkness of the haze was of particular surprise
to INDOEX scientists. Measurements showed that its im-
pact on the regional radiative balance was approximately
10 times greater than that of greenhouse gases [Satheesh
and Ramanathan, 2000], and computer simulations sug-
gested that it could cause changes in rainfall as well
[Ramanathan et al., 2001]. The haze was originally nick-
named the “Asian Brown Cloud”, a name that was
changed to “Atmospheric Brown Cloud” when compari-
sons showed comparable aerosol concentrations in other
world regions [Quinn and Bates, 2003].

The discovery of the “brown cloud” led to much specu-
lation among scientists who had little knowledge of the
combustion practices in these countries. Where did the
cloud come from? Some named burning of biomass, either
for energy use or open burning, as the culprit [Guazzotti
et a., 2001]. Others pointed at fossil fuels on the basis
of limited chemical information [Novakov et al., 2000].
Results from other experiments near the east coast of Asia
[Huebert et al., 2003] also implied that residential fuels
might contribute to the atmospheric aerosol [Carmichael
et al., 2003]. These recent experiments have highlighted
the importance of aerosols from residential use of fuel,
but those fuels may also be significant sources of ozone-
forming species [Tsai et al., 2003] and other pollutants
[Ludwig et al., 2003].

Along with the experimental results, additional work on
emissions [Reddy and Venkataraman, 2002a; Streets et d.,
2003; Bond et d., 2004], combined with improvements in
biofuel consumption data [Hall et a., 1994; Marufu et a.,
1997; Sinha et d., 1998; Amous, 1999; Kituyi et d., 2001;
Yevich and Logan, 2003], meant that models of the atmos-
phere could better represent the contribution of residential
fuels. Although residential fuels are an age-old challenge,
the scientific focus and the computational tools needed for
amospheric scientists to examine their contribution have
only recently become available.

2.2. Building emission inventories

All models of atmospheric chemistry, whether global,
regional, or urban, begin with “emission inventories’. An
inventory is a tabulation of the quantity and location of
emissions, estimated by combining data on activities —
the actions that produce the emissions — and emission fac-
tors — how much of the species is produced by the activ-
ity. Activity data include fuel consumption, energy used,
products produced, or hectares burned. As an example,
aerosol emissions from a family’s cooking might be cal-
culated as follows. the family burns 5 kg of wood per
day (activity); 3 g of particulate matter are emitted per
kg of wood burned (emission factor). The particulate mat-
ter emitted from the family’s home is (5 kg/day) = (3
o/kg) = 15 g/day, assuming that the family engages in no
other activities that emit aerosols and that all the particles
escape to the outdoors.

Obtaining accurate activity data for residential fuels
is quite difficult. Even in fossil-fuel energy statistics,
the allocation of fuel to residential, commercial, or ag-
ricultural uses is not always broken down. In contrast
to fossil fuels, many solid biomass fuels are traded or
gathered by the users and do not form part of a formal
economic network, so that the official recording asso-
ciated with fossil-fuel use does not occur. Biofuel con-
sumption estimates are often based on survey data.
Because these surveys are not available for all regions
or years, they may be extrapolated on the basis of popu-
lation surveys, per-capita consumption, or economic
data. A recent study has reduced the uncertainties in
estimates of biofuel for cooking by producing estimates
based on food consumption [Habib et al., 2004]. How-
ever, uncertainties of 50-100 % in activity data are
common [Yevich and Logan, 2003; Bond et al., 2004;
Habib et al., 2004].

Most of the carbon in fuel becomes CO2 during com-
bustion, so it is not difficult to predict CO2, emission fac-
tors. In contrast, the emission factors for particles and
VOCs depend very much on the burning process, with
poor combustion generally resulting in higher emissions.
Figure 2 shows the range of black carbon emission factors
from burning 1 kg of coal in different ways. The figure
shows why residential fuels might be important sources
of aerosols even if fuel quantities are small. Large, well-
designed, expensive burners use a combination of air-fuel
mixing and high temperatures to reduce emissions. Low-
technology combustion does not have those advantages
and produces emissions that are orders of magnitude
higher. With the exception of a few studies (tabulated by
[Reddy and Venkataraman, 2002a; Bhattacharya and
Salam, 2002; Bond et al., 2004]), measurements that char-
acterize emission factors have not concentrated on such
small sources. Few emission factors have been measured,
and lack of relevant emission factors is a major uncer-
tainty when developing emission inventories. (Because
biofuel is so widely used, it might be more interesting for
Figure 2 to show the range of emissions that occur from
burning wood different ways, but there are not enough
available measurements to do so!)
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Figure 2. Emission factors of “black carbon” from different kinds of coal-burning, from tabulation in Bond et al. [2004]. The dashed lines indicate
uncertainties in emission factors. “ESP” means electrostatic precipitator, a type of emission control device installed on most modern coal-hoilers.

2.3. Inventory results

Many of the emission estimates used in global modeling
can be accessed via the Internet. This include the EDGAR
database (http://arch.rivm.nl/env/int/coredata/edgar/) and
the Global Emission Inventory Activity collection (GEIA,
http://geiacenter.org). Some recent inventories are also de-
scribed in the peer-reviewed literature, especially for Asia
[Bhattacharya et al., 2000; Reddy and Venkataraman,
2002a, 2002b; Streets et al., 2003; Bond et al., 2004]. To
produce Figure 3, we combined data from the EDGAR
database [Olivier et al., 2001] on gaseous species and
from Bond et al. [2004] on aerosol emissions. Uncertain-
ties in both databases are high.

The figure shows the major sources of three species,
each representing one pathway to radiative impact: COs,
a traditional greenhouse gas; VOCs, which lead to atmos-
pheric ozone; and black carbon, the fraction of the aerosol
that causes warming. For al species, vehicles are a large
source. Power generation contributes strongly to CO, and
little to aerosol impacts. Residential fuels are a large
source of aerosols and a small source of greenhouse gases.
Characteristic sources and source magnitudes vary be-
tween regions. For example, aerosol emissions appear
dominated by transport in North America, by open burn-
ing in Africa, and by residential solid fuelsin Asia

Figure 4 is similar to Figure 3, but it focuses on the
residential sector, showing emissions of black (light-ab-
sorbing) carbon from different fuels. (Available invento-
ries of other species do not provide enough detail to
include them in this treatment.) The figure also shows
comparative per-capita emissions in different regions. As
we shall see in the next section, high populations in Asia

result in large total emissions, but examining per-capita
emissions is also instructive. Although there are large
uncertainties in these values, it is easy to see that solid
fuels are the largest sources of aerosols in this sector, even
in industrialized countries where alternatives are avail-
able. In Africa, estimated per capita emissions of aerosols
are higher than they are in Asia because of the relatively
greater use of anima waste (dung); although emissions
from burning 1 kg of dung are only slightly greater than
those from 1 kg of wood, dung is an inefficient fuel, re-
quiring more fuel to achieve the same tasks.

3. Atmospheric impact

Emission inventories may suggest the sources and loca-
tions responsible for pollutants. However, the highest con-
centrations and the highest emissions do not necessarily
occur in the same locations. For example, winds carry
pollutants away from sources and reduce local concentra-
tions, but spread them over a larger region, so that even
areas with no emissions can be affected. Determining the
locations that are most greatly affected requires a com-
puter model. While these models are not perfect, they do
consider many of the physical processes that govern at-
mospheric concentrations.

Figure 5 shows the results of a global transport model
(MATCH, run at the National Center for Atmospheric Re-
search in Boulder, Colorado, USA; description available
at http://www.cgd.ucar.edu/cms/match/new_website/in-
dex.html). The top panel shows the calculated average an-
nual distribution of carbon particles (both black and
organic) that are emitted from biofuel-burning. Tota
emissions of biofuel-related aerosols differ somewhat
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Figure 3. Sources of radiative forcing: (a) carbon dioxide, a greenhouse gas; (b) non-methane volatile organic compounds, an ozone precursor; (c) black
carbon, an aerosol. CO2 emissions from open burning include only deforestation. They exclude cyclic open burning such as field-clearing and residential
or industrial biomass where replacement growth occurred. (Pg = 10%° g; Tg = 10%2 9)

Sources: COz and non-methane VOCs: EDGAR 3.2 by RIVM/TNO, Olivier et al. [2001]; BC: Bond et al. [2004].
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Figure 4. Sources of black carbon emission from residential fuel consumption

from total residential emissions because the former in-
clude biofuel used in industry and power generation, and
do not include coal-burning. However, to our knowledge,
this is the first published global simulation where the
emissions from biofuel-burning have been separated from
those from open biomass combustion.

The largest concentrations appear around Asia, where
large populations rely on biofuels. There are aso large con-
centrations around sub-Saharan Africa, resulting from bio-
fuel for cooking, and the north-eastern United States,
resulting from heating with wood. The lower portion of Fig-
ure 5 shows the fraction of total carbon aerosol that comes
from biofuel use. Other sources are fossil-fuel use, open
field- and forest-burning, and emissions from trees. The bio-
fuel fraction is dso largest around Asia, especially South
Asia, where other sources are few. The fraction is dightly
lower in East Asia because of greater use of fossil fuel there,
especially coal. The fraction is also low over North America
and Europe because of greater use of and emissions from
fossil fuel, and because of large biogenic (tree) emissions at
far northern locations. Although the top pand shows that
biofuel use does result in significant atmospheric concentra-
tions in the Southern Hemisphere, the fractiona contribution
islow because of the very large contribution of open burning
(see Figure 3). Thus, aerosol from biofuel-burning does
cause significant concentrations, which dominate the con-
centration of carbon particles around Asia but not in other
regions. Cleaning up residential biofuel consumption will
help to reduce concentrations of these particles, but other
sources will need to be addressed as well, and the same is
true for pollutants other than aerosols.

26

4. Toward a holistic view of technology choice

It is generally accepted that sustainability considerations
include minimizing long-term changes in atmospheric
chemistry. We now know that greenhouse gases are an
important part of the atmospheric chemistry picture, but
not the only part. Technology choice affects emissions of
many species that alter the Earth’s energy balance on both
short and long time-scales.

4.1. Previous studies

Few studies have considered the simultaneous radiative
effects of CO2 and short-lived species. Most of these stud-
ies use some variant of the global warming commitment
(GWC) introduced by Smith et al. [2000]. This measure
represents the total GWP of the emissions from producing
a fixed amount of useful energy, so it accounts for inef-
ficiencies in the cooking or heating as well as the emis-
sions. Bhattacharya and Salam [2002] compared options
for cooking based on a comparison of long-lived green-
house gases only. Smith et a. [2000] compared the total
GWP from both long-lived and short-lived greenhouse
gases and found that biofuel emissions had a higher GWC
than fossil-fuel emissions owing to the poor burning and
low efficiencies. By combining the impacts of CO, and
particles, Jacobson [2002] suggested that diesel vehicles
warmed climate more than gasoline vehicles on short
time-scales, even though diesels emit less CO;. Bailis et
al. [2003] found that charcoal and wood had similar CO2
emissions, but charcoal had much higher emissions of
greenhouse gases even though it had lower health effects.
These studies highlight the impacts of incomplete com-
bustion on the Earth’'s radiative balance, and they send a
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Figure 5. Atmospheric aerosol produced by biofuel burning, from computer simulations. Top: Column burden of carbon particles from biofuels (“column
burden” means the total emissions of carbon particles from biofuels at a given point). Bottom: Fraction of total carbon particles that come from biofuels.

Simulation: NCAR-MATCH with meteorological data for 2001.
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Figure 6. Global warming commitment (GWC) by 1 GJ of energy delivered to a cooking pot, for 20-year and 100-year GWP. Diagonal fill: traditional
greenhouse gases; horizontal fill: non-traditional greenhouse gases; vertical fill: aerosols; dotted fill: CO2 from biofuel. CO2 from biofuel is a net emission
only if the harvested material is not regrown and so is called “potential CO2” in the figure. See the text for an explanation of the offsetting bars between
BC and OC. Sulfate from coal-burning has not been included here and would also offset warming.

common message despite the different sources and species
examined. Considering the total effect of individual tech-
nologies may give different answers from comparing just
the CO,. Often, the presence of incomplete combustion
indicates greater impacts on global climate despite low
CO2 emissions.

28

Although poor combustion is definitely a concern for
the people in the immediate vicinity, it also presents some
large-scale challenges. People who cook and heat with
solid fuels may experience many immediate problems, in-
cluding but not limited to high exposures to pollutants,
and may not be concerned with atmospheric chemistry on
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Table 2. Change in radiative impact compared with traditional fuels and stoves when different species and time-frames are considered. In the
table, all CO2 from biomass is considered renewably harvested and does not contribute to radiative impact. The column headed “Total
gases” is rather uncertain, and the columns headed “Gases + BC” and “Gases + all particles” are very uncertain. All of the values
underlying the analysis are uncertain: emission rates of ozone-forming gases and aerosols could be uncertain by a factor of two or more,
and GWPs could be uncertain by factors of three or more.

Traditional GHG Total gases Gases + BC Gases + all particles

20-year

Traditional stoves 0 % 0 % 0 % 0 %
Improved stoves 0 % -30% -40 % -30 %
Charcoal +430 % +250 % +90 % +170 %
Clean fossil fuels +70 % -30 % -70 % -50 %
100-year GWP

Traditional stoves 0 % 0 % 0 % 0 %
Improved stoves 10 % -40 % -40 % -30 %
Charcoal +410 % +190 % +50 % +120 %
Clean fossil fuels +300 % +0 % -70 % -40 %

the grand scale. However, the converse is not true: those
investigating the global picture should give attention to
residential fuels, which produce impacts of the type and
magnitude caused by greenhouse gases.

4.2. A full comparison of technology choice

Using the combined global warming potential (GWP),
Figure 6 shows a comparison of global change impacts
for different residential cooking technologies. The figure
compares total emissions from processes that deliver 1 GJ
of energy to a cooking pot. This analysis combines the
concepts introduced by Smith et a. [2000] and Jacobson
[2002], combining the effects of greenhouse gases, 0zone-
forming gases, and particles on Earth’'s radiative balance.
The GWHPs listed in Table 1, for 20-year and 100-year
time-scales, are applied to the total emissions. For this
analysis, we have used emission factors and efficiencies
tabulated by Bhattacharya et al. [2000], Andreae and Mer-
let [2001], and Bond et al. [2004], supplementing them
with more recent measurements by Smith et al. [2000],
Zhang et al. [2000], Venkataraman and Rao [2001], Pen-
nise et a. [2001], and Bhattacharya et al. [2002].

In Figure 6, the total without dotted bars represents the
contribution of renewably harvested biomass; total with
dotted bars represents the GWC that would occur if wood
came from deforestation. For aerosol bars, the additive
bars beneath show the warming by BC, while the bars
above show the offsetting cooling by co-emitted OC. The
net warming is given by the difference between the two
bars, and is often far smaller than the warming by BC,
but the presence of large amounts of aerosol results in
climatic effects other than warming that cannot be repre-
sented in the graph. Because of large uncertainties, this
figure should be taken to represent only a qualitative com-
parison. The values underlying the figure come from a
limited number of measurements of biofuel-burning, and
more studies are needed to reduce these uncertainties.
More detailed analyses of al fuels, including full fuel-cycle

calculations, are also needed to refine the comparison.
Emissions from other parts of the fuel cycle, including
extraction, processing or harvesting and transportation,
may alter the comparisons shown in the figure.

It should be emphasized that Figure 6 compares only
technologies for which emission factors of al climate-ac-
tive gases and particles (not just CO.) have been meas-
ured. These measurements are not available for many
cleaner technologies, including gasification, densification,
or other transformations of biomass fuels. Thus, the figure
represents only the most prevalent practices and does not
reflect the promise of technologies that may spread in the
future, including “modern” biomass.

The discussion here will compare the general technol-
ogy classes for which measurements are available: tradi-
tional and improved biomass stoves, charcoal, and clean
(distilled) fossil fuels. Figure 6 also shows high emissions
of both greenhouse gases and other species from raw coal,
while briquetted coal has high CO. emissions but low
emissions of other material. For charcoal, emissions from
production and consumption were added to determine the
atmospheric impacts of that fuel. No emissions from other
parts of the fuel cycle were included, such as emissions
during transport or extraction. The combination of green-
house gas emissions and ozone-forming gases repeats the
analysis presented by Smith et al. [2000] with emission
factors updated from the other studies, but no previous
analysis has combined the effects of greenhouse gases and
aerosols from residential fuels, nor has a comparison us-
ing the 100-year GWP appeared previously.

Averaging the data in Figure 6, Table 2 shows the ap-
proximate change in the impact by switching from tradi-
tional stoves when considering only traditiona
greenhouse-gas emissions, all gases, and gases plus black
carbon. Previously, we discussed how aerosols other than
black carbon reduce energy getting to the Earth system,
causing cooling instead of warming. The last column in
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Table 2, and the offset bars in Figure 6, show the effects
of these cooling particles. Considering non-absorbing aero-
sols alters the magnitude of impacts of each technology, but
it does not change the sign of the comparison in this
analysis. However, the uncertainties in emission rates and
aerosol GWP might very well lead to a change in sign.
Given the uncertainties in the underlying calculations, Ta-
ble 2 should not suggest that we can calculate exact im-
pacts of technology change on climate. Instead, the main
message is that consideration of non-greenhouse gas spe-
cies can lead to vastly different conclusions about tech-
nology choice.

Use of the 20-year GWP emphasizes short-lived species
relative to CO2 and follows the analysis of Smith et al.
[2000]. The effect of switching to improved stoves is the
same no matter what species are considered. For tradi-
tional greenhouse-gas emissions only, fossil fuels appear
to have the largest impact, but that conclusion changes
when the other species are considered. Clean fossil fuels
and improved stoves provide similar improvements when
all gases are considered, and those fuels appear far better
when considering particles as well. The high impact of
charcoal is a result of the production process, which in-
volves oxygen-starved heating of wood and releases both
organic gases and particles.

Using the 100-year GWP increases the emphasis on
long-lived greenhouse gases. Under this framework, fossil
fuels show a much greater impact when traditional green-
house gases are compared, but again fossil fuels and im-
proved stoves look favorable when other species are
included. By reducing emissions from residential solid fu-
els, it is possible to decrease human effects on large-scale
atmospheric chemistry in addition to achieving local and
household benefits. Two general classes of improvements
are possible: cleaning up existing combustion, or changing
to different energy sources.

The first option includes improved cookstoves, which
are shown in Figure 6, as well as some cleaner options
such as biogas from anaerobic digesters or thermal gasi-
fication that are not shown. The figure shows that im-
proved cookstoves are better than traditional cookstoves,
but still have substantial emissions. However, previous
stove improvements have often focused on efficiency for
deforestation considerations, not emission reductions. The
“improved” stoves shown in the figure do not represent
the maximum reduction that could be achieved if both
efficiency and emissions were addressed. Biogas tech-
nologies would nearly eliminate the impact from both
short-lived and long-lived species. Capturing and utilizing
the off-gas from charcoal production would greatly reduce
the atmospheric impacts of that fuel. These latter two op-
tions are not represented in Figure 6 simply because there
is no emission data on these improved technologies.

The second option includes clean fossil fuels and re-
newable energy sources such as solar electricity. Figure 6
shows that clean fossil fuels can aso lead to maor im-
provements in the global impacts associated with hon-CO»
species, even if they add CO» to the atmosphere. Similar
to biogas, renewable energy sources would eliminate the

impact from both short-lived and long-lived species.

For each of these options, affordability, availability, dis-
tribution, and maintenance play a role in acceptance, and
are particularly important when identifying viable options
for the poor. Because of the diversity of situations and
needs, multiple-fuel strategies [Masera et al., 2000] that
include a range of solutions, including clean fossil fuels,
improved biofuel technologies, and renewables, should be
considered.

4.3. Final note: sustainability as a balance

The discussion here, as well as that in previous work
[Smith et a., 2000; Hansen et al., 2000; Jacobson, 2002],
suggests an urgent need to develop a holistic under-
standing of the impacts of technology choice, including
residential fuels. Both long-lived and short-lived species
play important roles in the global energy balance. Con-
sideration of short-lived species has highlighted new sci-
entific areas for investigation, and including these species
in comparisons of global change might affect how society
views specific technologies. Discussions on sustainability
typically require balancing long-term and short-term con-
siderations. We are learning that the challenging task of
addressing atmospheric chemistry and the Earth's radia-
tive balance is no exception. m
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Appendix A. GWP of carbon aerosols

As mentioned in the text, the use of global warming po-
tential (GWP) for aerosols is not established in the sci-
entific community. Our purpose in using it in this paper
is to examine which species and which technologies have
the greatest impacts on direct radiative forcing, a com-
parison that requires some measure that incorporates ra-
diative forcing and lifetime. The full derivation of the
current understanding of GWP for black carbon (BC) will
appear elsewhere [Bond and Sun, 2004]. Here we provide
a general discussion of how the values used in this paper
were derived.

The GWP of BC is caculated as described in [IPCC,
2001, Sec. 6.12], by integrating the forcing of BC over
its lifetime, and dividing that integral by the integrated

forcing of the same mass of COo, which has a lifetime of
several decades, over the period of interest (in this case,
20 or 100 years). The atmospheric lifetimes of aerosols,
and the forcing by aerosol mass in the atmosphere, are
estimated by synthesizing the results of seven different
modeling groups, including all those tabulated by IPCC
[2001, Ch. 6] and work since that assessment.

There is a common perception that model complexities
are the cause of the varying radiative forcing reported by
different groups and tabulated by Chung and Seinfeld
[2002]. On the contrary, it can be shown that differences
in basic assumptions (particle size, morphology, water up-
take, and composition) are responsible for most of the
major discrepancies. Our best estimates of forcing by BC
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and OC are based on combining the information from
these studies in the light of current knowledge. The simu-
lation results shown in Figure 5 of this paper are not used
to estimate GWR, although the aerosol lifetimes do com-
pare well with those of the other modeling groups.

The large GWP of aerosols, particularly BC, may come
as asurprise. However, a simple thought experiment based
on the information published by IPCC [2001] can confirm
the order of magnitude. Forcing by fossil-fuel BC is es-
timated at +0.2 W/m? based on emissions of about 7
10%2 glyear. The lifetime of aerosols is about one week,
so the atmospheric burden is about 1.3 © 10% g. Forcing
by CO; is estimated as about +1.5 W/m? based on an
anthropogenic concentration of 87 ppm, or 5.6 © 10' g
of atmospheric concentration. So forcing by the same
mass of BC and CO differs by a factor of about 6 © 10°,
an estimate that concurs with the comparison made by
Jacobson [2002]. However, the lifetime of BC is much
shorter than that of CO» — about 5,000 times shorter if

one week is compared to 100 years — leading to the pre-
liminary result that the warming of BC integrated over
100 years is about 100 times that of CO». The GWP used
in this paper is somewhat larger because we account for
the initial rapid decay of CO- as represented in the Bern
carbon-cycle model, and because we account for some
new considerations raised since the IPCC summary was
published in 2001.

Values of GWP for OC and SO were derived for this
paper in a manner similar to that described by Bond
and Sun [2004] - that is, by combining normalized di-
rect radiative forcing (NDRF) with atmospheric life-
time. For OC, we estimated a value of -150 W/g for
NDRF by comparing the modeling studies summarized
by IPCC [2001, Table 6.5]. This value was intermediate
between forcing values for “dry” OC (no water uptake)
and “wet” OC (assuming water uptake). The lifetime of
OC was the same as assumed by Bond and Sun [2004]
for BC, 6.4 days.
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