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Importance of this Paper. Cookstoves in developing countries are individually small, but so numerous that, depending on
emission factors, they could be significant influences on CO inventories. This paper presents a new and comprehensive
database of CO emission factors for 56 fuellstove combinations commonly used in developing countries. These include
various stoves using animal dung, different species of crop residues and wood, root fuel, charcoal, kerosene, and several
types of coals and gases. The chosen fuellstove combinations represent a large fraction of the total in developing countries
and a large fraction of biomass stoves used worldwide. Thus the database can be used to improve estimates of national and
global CO emission inventories.

Abstract

Cookstoves in developing countries are individually small, but so numerous that, depending on emission factors,
they could be significant influences on global and regional carbon monoxide (CO) inventories. This paper presents a
new database of CO emission factors for commonly used cookstoves in developing countries. The emission factors were
determined using a carbon balance approach for 56 types of fuel/stove combinations in China and India. These include
various stoves (e.g., traditional, improved, mud, brick, and metal, with and without chimney) using animal dung,
different species of crop residues and wood, root fuel, charcoal, kerosene, and several types of coals and gases. The
chosen fuel/stove combinations represent a large fraction of the total in developing countries. Thus, the database can be
used to improve estimates of CO emission inventories. The CO emission factors ranged widely, from 3.0 x 102 g/kg for
the coal gas/traditional stove to 2.8 x 10? g/kg for the charcoal/Angethi stove, nearly 4 orders of magnitude. Since stove
efficiencies and fuel energy contents were measured simultaneously, CO emission factors on the basis of a standard
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cooking task (energy delivered) were also determined and reported in this paper. Task-based emission factors are
particularly useful for comparing the air pollution potential of different fuel/stove combinations and assessing the
impacts of substitutions. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

It is clear that carbon monoxide (CO) released
into the atmosphere plays an important role in
global, regional, and urban atmospheric chemistry
by affecting the concentration of the hydroxyl
radical (OH) and the cycle of tropospheric ozone
(Os) (Seinfeld and Pandis, 1997). CO is considered
an indirect greenhouse gas due to its close cou-
pling to atmospheric methane (CHy4), a strong
greenhouse gas (IPCC, 1990; Khalil and
Rasmussen, 1985). CO is often found to be a toxic
air pollutant in urban polluted air and indoor air
(Hubbard, 1995; Klouda and Connolly, 1995).
Current estimates indicate that combustion of
fossil fuels and biomass fuels contributes about
44% (range: 36-78%) of the total global CO
budget (Khalil and Rasmussen, 1990). However,
the uncertainty of the current estimates is large,
partly due to the lack of an accurate database of
CO emission factors. In recent years, the wide
uncertainty about the emissions of CO and other
trace gases from open large-scale biomass fires has
led to a substantial increase in attention given to
measuring emissions from wildland fires (Ward
and Hardy, 1991), prescribed fires (Cofer et al.,
1993), agricultural burning, etc. (Jenkins et al.,
1992; Crutzen and Andreae, 1990). A significant
fraction of all biomass combustion, however, oc-
curs in enclosed or semi-enclosed small-scale de-
vices such as cooking and space-heating devices.
For example, about 90% of the firewood and a
large fraction of the combusted crop residues are
burned in such conditions worldwide, mainly in
developing countries (FAO, 1987, Smith et al.,
1993). These uses make up 10-15% of global direct
human energy use. Such small-scale devices are
expected to have different emission factors com-
pared to the open, large-scale combustion. Un-
fortunately, few measurements have been made to

determine emission factors for these devices in
developing countries. Thus, it is necessary to
conduct measurements of CO emission factors for
a range of fuels and combustion devices to im-
prove estimates of regional, national, and global
inventories of CO. This is also needed for esti-
mating the impact on CO emissions and exposures
of fuel switching. Estimates of CO exposures re-
sulting from fuel combustion in various cook-
stoves is presented in Part 2 of our report on CO
cookstove emissions, which is also published in
this issue.

Experiences have shown that slight changes in
combustion conditions in small stoves (e.g., in the
fire-tending behavior) can have large impacts on
emission factors. Some stoves are so massive that
they can not be easily transported. Therefore, it
would be more appropriate to conduct tests in the
field rather than in a controlled setting such as a
chamber. In a typical chamber test, the emission
factor of a measured species can be determined by
constructing a mass balance model for the mea-
sured species only, i.e., one only needs to measure
concentrations of the species at the input and
output points of the chamber plus the air flow rate.
Because air flow rates vary greatly in actual homes,
we have applied a carbon balance approach to
measure emission factors. This approach does not
require the measurement of air flow rate but re-
quires a complete carbon analysis in the fuel, ash
and unburned residues, and all airborne emissions.

Carbon balance models have been often used to
determine emission factors for large-scale open
biomass fires (Delmas et al., 1995; Hurst et al.,,
1994a, b). In a similar fashion, a carbon balance
model has been used to determine emission factors
for several cookstoves in a Manila pilot study
(Smith et al., 1993). After this carbon balance
model was validated in the pilot study, we have
conducted the present study in China and India
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where total of 56 fuel/stove combinations were
tested for emission factors of carbon dioxide
(CO,), CO, CHy, total non-methane hydrocarbons
(TNMHC), some 60 species of hydrocarbons, ni-
trogen oxides (NO,), and sulfur dioxide (SO,). In
this paper, we only report the methodology used
and a comprehensive database of CO emission
ratios and CO emission factors both on a per-fuel-
mass basis and on a per-cooking-task basis. All
other data required for the carbon balance ap-
proach, as well as details in methods and quality
assurance, are reported elsewhere (Smith et al.,
1999; Zhang et al., 1997; Smith et al., 1995).

2. Methodology

As shown in Table 1 and Table 2, 56 fuel/stove
combinations were tested in China and India, 28 in
each country. In India, all of the fuel/stove com-
binations were tested in a simulated village house
located in suburban Delhi. In China, the vast
majority of the fuel/stove combinations were tes-
ted in a simulated village house located in subur-
ban Beijing, while those stoves using piped gas
fuels (coal gas and natural gas) were done in actual
homes in Beijing.

2.1. Sampling protocol

Since it is known that emissions from most
solid fuels can vary during the burning process
(Smith et al., 1993; Cooper and Malek, 1982), in-
tegrated sampling is needed to cover a whole burn
cycle (from fire start to fire extinction) in order to
obtain emission data that can represent the real
burning situation. In addition, as with many
household appliances, it is necessary to choose a
particular use cycle for fair comparison among
different stoves. In the present study, we used the
“water boiling test” procedure developed as a
standard international method (VITA, 1985), i.e.,
a pot containing known amount of water was
placed on a tested cookstove during each experi-
ment. The initial and final water temperature and
the amount of water evaporated was measured for
each burn cycle. Hence, the energy received by the

pot can be determined. This procedure has an
added advantage of enabling the simultaneous
measurement of emissions and stove efficiencies,
thus facilitating future calculations of the impact
of changes in one or the other. Except for coal
burning, the burn cycles ranged from 30 to 45 min
for all other types of fuel/stove combinations. Coal
burning needed a longer cycle (up to 6 h).

A typical sampling configuration from up-
stream to down-stream included a sampling probe,
a filter holder, a pump, and a Tedlar bag. For
those having no flue, the stoves were placed under
a hood built for the study, and the probe was
placed inside of hood exhaust pipe. For those
stoves with flues, the sampling probe was placed
inside of the flue or inside of a hood which was
placed over the end of the flue. Filters employed to
collect total suspended particles (TSP) were heat-
treated 37 mm quartz fiber filters (Pallflex Prod-
ucts, Putnam, CT). The sampling flow rate was
adjusted to fill one or two 80-liter Tedlar bags
throughout a burn cycle.

All 80-liter Tedlar bags were flushed at least
three times with clean air before use. The bags
were sealed at the end of the sampling period. Air
samples were then taken from the 80-liter bags
using glass syringes and either injected into a gas
chromatograph (GC) for analysis or transferred in
smaller (4-liter) Tedlar bags when local transpor-
tation of the air samples from burn test sites to the
analytical laboratories were necessary. In addition,
stainless-steel canisters were used to sample a
subset of samples of the 80-liter Tedlar bags. The
procedure was to fill an evacuated 0.85-liter can-
ister to 2 atmospheres using a battery-operated
pump, a process taking about 2 min. All Tedlar
bag samples were stored less than 48 h before the
GC analysis. The canister samples, however, were
stored for up to 90 days due to complicated in-
ternational shipping procedures.

Three successful tests with complete burn cycles
were conducted for each fuel/stove combination.
The flue gases collected in all three tests were
measured in local laboratories of China and India
for CO,, CO, CHy4, and TNMHC. At least one
background indoor air sample was taken for each
fuel/stove combination and several outdoor sam-
ples were collected as well.
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2.2. Analytical methods

In both China and India, GCs were set up to
analyze background samples and samples taken
out of the filled Tedlar bags for CO,, CO, CHy,,
and TNMHC. A system of GC-flame ionization
detector (FID)-methanizer was employed for
analysis of CO,, CO, and CH,. In this system, a
Carbonsphere-packed column was used to sepa-
rate these three compounds. The separated CO
and CO, were converted by hydrogen at 375°C in
a nickel catalytic device (the methanizer) to CHy
which was then determined by the FID. TNMHC
was measured by subtracting CHy from the total
hydrocarbon (THC) which was determined using a
FID and a blank GC column (the air peak was
corrected). All GCs were calibrated daily with lo-
cally made standards and periodically checked
with a standard gas mixture of CO,, CO, CHy
prepared by Scott Specialty Gases, USA. The
agreement between the locally made standards and
US made standards was < +4%,

The filled canisters were shipped back to Ore-
gon Graduate Institute of Science and Technology
(OGIST) to be analyzed mainly for hydrocarbon
speciation. These canister samples were also ana-
lyzed for CO,, CO, CH4, and TNMHC, providing
data for inter-laboratory comparison.

Fuel and ash analyses (calorific values, carbon
contents, sulfur contents, moisture contents, etc.)
were completed locally by the standard fuel anal-
ysis methods. Carbon contents of TSP collected on
quartz fiber filters were measured using a thermal-
optical carbon analysis technique (Johnson et al.,
1981) at Sunset Laboratory, Oregon, U.S.A.

2.3. Quality assurance

The same sampling sheets and data input
methods were used in China and India to reduce
the confusion when handling and transferring da-
ta. Similar sampling and analytical procedures
were followed by both laboratories.

Prior to the three planned tests for each fuel/
stove combination, trial runs were conducted until
a satisfactory method precision was obtained. At
least one set of parallel sampling was conducted
for each fuel type. Results from these replicate

samples were <20% RSD. For GC analysis, two or
more injections were made for each sample to in-
sure a RSD <10%. Calibration curves for all
measured compounds were made daily and had
linear regression R%>0.99.

Inter-laboratory checks were also conducted.
The three laboratories were provided with a stan-
dard mixture of CO,, CO, and CH4 from the same
source (Scott Specialty Gases, U.S.A.). Results
obtained by the local GC analyses were compared
with results of canister samples analyzed by
OGIST (see Fig. 1). The China results and OGIST
results appeared to be in fairly good agreement:
the line in the top panel of Fig. 1is a 1:1 line. The
India results, however, were systematically lower
than the OGIST data: the line in the bottom panel
of Fig. 1 is a linear regression line with a R? =0.93.
Based upon the comparison between the China
and OGIST results and our belief that the OGIST
lab has extensive experiences in GC analysis, we
have corrected all GC results of the India lab using
linear regression equations derived from split

CO (ppm)

2000

1600

1200

OGIST

800

400 | *

0 400 800 1200 1600 2000
China

CO (ppm)

OGIST

0 100 200 300 400 500 600 700
India

Fig. 1. Comparison of results from the OGIST lab and the labs
in China and India. (Note: the results are derived from analyses
of split samples.)
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sample analyses by the two labs (in Fig. 1, [OGIST
data]=8.32+0.52 [India data]). The corrected
values were reported and used for emission factor
calculations.

2.4. Carbon balance model

As used in the Manila pilot study (Smith et al.,
1993), a carbon balance model was used in the
present study to calculate the emission factors for
each fuel/stove combination tested. The mass
balance for carbon can be described as follows,

Cr—C,
= Cco, + Cco + Ccn, + Crnmuc + Crsp, (1)

where C;= carbon mass in the fuel, C, carbon
mass in the ash including remaining unburned
solid fuel, or char. Cco,, . .., Ctsp = carbon mass in
CO,, ... and TSP, respectively. It is assumed, in
Eq. 1, that the carbon mass in other organic
emissions than TNMHC and CHj is negligible. A
small amount of lighter fluid was used to start
burning in some of the solid fuels. In this case, the
carbon mass of the lighter fluid was added to the
left-hand side of the Eq. 1. Rearranging Eq. 1
leads to:

G -G, 14 Cco . Ccn, , Crnmuc
Cco, Cco, Cco, Cco,
C
SO gLk 2)
Cco,
because,
C C C C
K = Leo CH, TNMHC TSP, (3)
Cco, Cco, Cco, Cco,
where Cco S Crwwne Crse are called the emission

Cco,” Cco,” Cco, ’ Cco,
ratios of CO, CHy;, TNMHC, and TSP carbon,
respectively. K is the sum of the emission ratios
(relative to CO,) for CO, CHy, etc. and is assumed
to represent all products of incomplete combus-
tion. Thus,

Cf_Ca
1+K °

4)

Cco, =

If the emission factor (E;) for a pollutant is
defined as mass of the pollutant emitted per mass

of fuel burned (M), the emission factor for CO,

can be calculated from the following equations
Cf - Ca

(1+K)M (5)

(unit : carbon mass in CO, per kg of fuel)

COyErc =

or
C—C, p

1+ K)M7 (6)

(unit : CO, mass per kg of fuel)

COLE; =

where fco, is a conversion factor from carbon
mass to the compound mass. Since the molecular
weight of CO, is 44 and that of carbon is 12,
fco, = 3.67. The emission factors for the other
pollutants can now be calculated easily from the
CO, emission factor and their emission ratios to
CO,. For example,

Cco
Cco,’ (7)
(unit : carbon mass in CO per kg of fuel)

CO Eirc = CO;, Eic

or

CO E; = COE;c x 2.33

(unit : CO mass per kg of fuel). ®)

One of the advantages of using this carbon
balance model to determine emission factors is
that this method requires the measurement of
emission ratios, but not absolute carbon mass, of
the emitted airborne species. This means that the
sampling probe position can be relatively flexible
in the flue gas stream, because it can be reasonably
assumed that all the species experience the same
dilution factor at a sampling position in the flue
gas.

Since different amounts of fuels are needed for
the same cooking task using different fuel/stove
combinations, task-based emission factors E;;
(mass of pollutant per cooking task) rather than
the fuel mass based are a better performance index
to compare the air pollution potential of different
fuel/stove combinations (Joshi et al., 1989; Zhang
and Smith, 1996a). The simplest task measure is the
release per unit energy delivered to the pot (g/klJ).
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The following two parameters are needed to con-
vert emissions per kg of fuel to emissions per task:
fuel calorific value (H in kJ/kg) and stove efficiency
(n in \%),
CO E; 7.

H )
(unit : CO mass per task)

COEf{V t —

where J=-energy delivered per standard task (kJ/
task). In this paper, the standard cooking task was
defined as one that would deliver 1 MJ heat to the
pot (modified from Ahuja et al., 1987 and Joshi et
al., 1989). H and n were measured in the study and
reported elsewhere (Smith et al., 1999).

3. Results and discussion
3.1. Molar emission ratios

Under a hypothetical condition for a perfectly
complete combustion, all the carbon contained in
the fuel would turn into CO,. Therefore, com-
pounds other than CO, found in the flue gas are
typically called products of incomplete combus-
tion (PIC); the emission ratio of total PIC to CO,
usually serves as an indicator of combustion effi-
ciency (Smith et al., 1999); and the emission ratio
of an individual PIC is often used as a relative
parameter for the source strength of the PIC
(Smith et al., 1993; Crutzen and Andreae, 1990).
Because sampling positions in the flue gas stream
were not identical for different burns, CO con-
centration values alone are difficult to interpret.
Instead, since CO, is a major product emitted
from fuel combustion and dilution factors for
CO,, CO and other species can be considered
equal (Smith et al., 1993), CO emission ratios (E;)
are presented in Tables 1 and 2. Calculation of CO
E, was based on the following equation:

(CO); — (CO),

CO Er = )
(COs); = (COy),

(10)

where (CO);=CO concentration in flue gases
(ppb), (CO), =background CO concentration
(ppb), (CO,)f =CO, concentration in flue gases
(ppb), and (CO,), =background CO, concentra-

tion (ppb). The emission ratios calculated from
Eq. 10 using molar (or equivalent) concentrations
are virtually the same as those defined in Eq. 3
based on carbon mass.

Reported in Tables 1 and 2 are mean values and
coefficients of variation (c.v.) from three tests for
each fuel/stove combination. In general, results
from the three tests agreed well (with a low c.v.).
The c.v. values for gas/stove tests tended to be
larger. This is because these stoves emitted CO
concentrations close to background CO concen-
tration and the analytical detection limit.

Across the 56 fuel/stove combinations tested,
CO E, ranged widely from 4.91x 107> or the coal
gas/traditional stove to 3.02x107! for the im-
proved brick stove burning wheat straw. The range
of CO E. for all the biomass fuel/stove combina-
tions and the coal/stove combinations, however,
was a little over an order of magnitude: from
1.96x 1072 for the coal briquette/metal stove to
3.02x107" for the wheat straw/improved brick.
Except for the kerosene pressure stove tested in
India, CO emission factors for the other two ker-
osene stoves, the LPG stoves, and the biogas
stoves, were about 1 to 2 orders of magnitude
lower than for all the tested biomass and coal
stoves. Burning natural gas and coal appeared to
generate the lowest CO E,.

3.2. Emission factors

Fuel mass based and task based CO emission
factors are listed in Tables 1 and 2. The results
indicate that:

1. CO emission factors were dependent upon
not only fuel types, but also stove types. For ex-
ample, the range of fuel mass based CO E; (g/kg)
for the following fuel/stove combinations was
close to an order of magnitude: 10 combinations of
crop residue/stove, 15 wood/stove, 11 coal/stove,
and 4 kerosene/stove (see Table 3).

2. Across the 56 fuel/stove combinations tested,
CO emission factors ranged widely. For example,
the fuel mass based CO E; ranged from 3.0x 1072
g/kg for the coal gas/traditional stove to 2.8 x 10?
g/kg for the charcoal/Angethi stove, nearly 4 or-
ders of magnitude. The task based CO Ef; ranged
from 1.4x 1073 g/task for coal gas/traditional stove
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Table 3

CO emission factors (Ey) for various biomass and fossil fuels (when they are burned in cookstoves)

Fuel type Number of E; (g/kg) E; (g/task)
fuel/stove types
Mean Min. Max. Mean Min. Max.

Dung cake 4 43E+1 3.0E+1 6.1E+1 39E+1 2.1E+1 6.5E+1
Crop residue 10 7.7E+1 3.6E+1 1.7E+2 4.0E+1 1.6E+1 8.0E+1
Root fuel 3 5.6E+1 4.5E+1 6.7E+1 2.0E+1 19E+1 2.1E+1
Wood 15 78E+1 42E+1 1.7TE+2 1.7E+1 32E-0 44E+1
Charcoal 2 2.0E+2 1.2E+2 28E+2 27E+1 1.OE+1 7.6E + 1
Coal 11 74E+1 1.8E+1 1.7TE+2 2.8E+1 39E-0 74E+1
Kerosene 4 24E+1 6.6E — 0 6.2E+1 1.IE-0 33E-1 3.0E-0
LPG 3 1.LIE-0 2.1E-0 1.7TE+1 53E-1 8.8E—2 8.8E—1
Biogas 1 2.0E-0 2.0E-0 2.0E-0 19E—1 19E—1 1.9E—1
Natual gas 2 49E -1 39E—1 S8E—1 9.7E-3 53E-3 14E-2
Coal gas 1 3.0E-2 3.0E-2 3.0E-2 14E-3 14E-3 14E-3

to 0.8 x 107 g/task for wheat straw/improved brick
stove, almost 5 orders of magnitude. Although the
charcoal/Angethi had the highest fuel mass based
CO E, the highest task based CO E;; was for the
wheat straw/improved brick stove. This is because
charcoal has a higher carbon content (and thus
energy content) than crop residues and that the
charcoal stove may have a higher energy efficiency.
Even though burning a kg of charcoal produces
more CO than burning a kg of wheat straw, per-
forming the same cooking task would emit less
CO.

3. Among the fossil fuels tested, coal had the
highest CO E;. The CO E; for coal was compa-
rable to those for biomass fuels. Performing the
same cooking task using any gas fuels, LPG, and
kerosene would emit significantly less CO than
using biomass and coal.

4. Improved stoves did not necessarily have
lower CO emission factors compared to the tra-
ditional stoves of the same type. In fact, it is often
true that improved stoves tend to generate more
PICs (Zhang and Smith, 1996b). We also found
this being true in the present study for CO emis-
sion factors when comparing the traditional brick
stove vs. the improved brick stove regardless of
wheat straw, maize stalk, brush wood, or fuel
wood. Although improved stoves often increase
overall fuel efficiency, which is the product of
combustion efficiency and heat transfer efficiency,

through increasing the heat transfer efficiency, in
many cases they decrease the combustion efficiency
(Smith, 1987). A decreased combustion efficiency
could lead to less complete combustion which
emits more PICs including CO.

3.3. CO emissions from combustion of household
fuels

The emission factors reported in this paper
would enable an accurate estimate on CO emissions
from combustion of domestic fuels if stove-specific
fuel consumption data are available. Unfortu-
nately, the regional or national fuel consumption
data have often not been stove-specific, perhaps
due to the lack of such a detailed database of
emission factors. We thus hope that these fuel/stove
specific emission factors stimulate the collection of
stove-specific fuel data in the future.

To obtain a rough idea about the relative im-
portance of CO emissions from household fuel
usage, we estimated CO emissions from major
domestic fuels in China and India using the CO E
measured in this study and the fuel consumption
data “best” available to us. The results are shown
in Table 4 for China and Table 5 for India. For
China, the fuel consumption data was for 1994
and was obtained from the Institute for Techno-
Economics and Energy System Analysis ITESSA)
of Tsinghua University, Beijing, China; the CO E;
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Table 4

Estimated CO emissions from major household fuels in China in 1994
Fuel type Fuel consumed (Tg/yr)* CO E; used (g/kg) CO emitted (Tg/yr)
Dung 3.5 0.15
Crop residue 283 77 21.8
Wood 163.6 78 12.8
Total biomass 450.1 34.75
Coal 175.7 74 13.0
Kerosene 1.09 24 0.026
LPG 3.85 1.1 0.0042
Natual gas 1.74 (2E+9 m3/yr)® 0.00085
Coal gas 2.34 (5.4E+9 m?/yr)® 0.03 0.000070
Total fossil 184.7 13.03

#Source: ITEESA, Tsinghua University, Beijing, China.

® Density of natural gas=0.868 kg/m?, density of coal gas=0.433 kg/m®.

Table 5

Estimated CO emissions from major fuel/stove combinations in India (1990-1991)
Fuel/stove Fuel consumed (Tg/yr)* CO E; used (g/kg)® CO emitted (Tg/yr)
Dung/traditional mud 31.6 49
Dung/improved mud 30
Dung/Hara 19.12 61 1.17
Crop residue/trad. mud. 58.6 65 3.81
Crop residue/improved mud 2.9 90 0.261
Crop residue/improved metal 0.3 56 0.017
Wood/traditional mud 48 8.83
Wood/improved mud 122 0.775
Wood/improved metal 58 0.041
Charcoal/Angethi 0.5 275 0.138
Total biomass 316.3 16.68
Coal 6 74 0.44
Kerosene/wick 2.16 18 0.039
Kerosen/pressure 1.82 62 0.113
LPG 2.1 15 0.032
Biogas 0.5 (6.66E+8m?) 2 0.001
Total fossil 12.6 0.63

#Source: Smith et al., 1999.

> Weighted averages based upon fuel and stove distributions (Smith et al., 1999).

used were simply the averages for each fuel type, as
shown in Table 3, due to the lack of the stove-
specific data. In Table 4, the amount of coal con-
sumed was for both cooking and heating (the
stoves were, in most cases, the same for cooking

and heating), while other types of fuels were
mainly for cooking. For India, since more detailed
information on stove and fuel distributions were
known, the CO E; used for calculating CO emis-
sions were weighted averages (Smith et al., 1999).
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Since none of coal stoves was tested in India, the
average CO E; measured in China was used to
calculate CO emissions from coal combustion in
India cookstoves.

Our rough estimates show that China emitted
47.78 Tglyr of CO from combusting 634.8 Tg/yr
of fuels in residential sector in 1994 and that
India emitted 17.31 Tg/yr of CO from combu-
sting 328.9 Tg/yr of household fuels in 1990-991.
In India, fossil fuels contributed about 4% to
total household fuels in terms of fuel mass; they
contributed about 4% to the total CO emission
from all household fuels. In China, fossil fuels, in
which 95% was coal, accounted for 29% of total
household fuels. Due to the large fraction of coal
in fossil fuels and high CO E; for coal, com-
bustion of fossil fuels accounted for 27% of the
total CO emission from all household fuels in
China.

Globally, it was estimated that combustion of
fossil fuels releases 500 Tg/yr of CO and that
biomass combustion (both anthropogenically and
naturally) emits 680 Tg/yr of CO (Khalil and
Rasmussen, 1990). Based upon the estimates
shown in Tables 4 and 5, biomass combustion in
cookstoves in China and India alone emits 51.43
Tglyr of CO, or 8% of the total biomass emission.
On the other hand, CO emitted from burning fossil
fuels in cookstoves in India and China together
accounts for about 3% of the total global fossil
fuel emission, a relatively small amount, although
perhaps larger than the fraction of total fossil fuel
consumption represented by this use.

4. Conclusions and implications

This paper presents a new and comprehensive
database of CO emission factors for 56 fuel/stove
combinations commonly used in developing
countries. These include various stoves (e.g., tra-
ditional, improved, mud, brick, and metal, with
and without chimney) using animal dung, different
species of crop residues and wood, root fuel,
charcoal, kerosene, and several types of coals and
gases. The chosen fuel/stove combinations repre-
sent a large fraction of the total in developing
countries and a large fraction of biomass stoves

used worldwide. Thus the database can be used to
improve estimates of national and global CO
emission inventories.

The CO emission factors measured were not
only a function of fuel type, but also of stove type.
This suggests that the emission factors measured
under open or large-scale combustion conditions
(e.g., open fire of biomass, industrial scale burning
of coal or other fuels) would not be applicable for
the enclosed or small-scale combustion devices
such as cookstoves.

Across the fuel/stove combinations tested, CO
emission factors ranged widely. In general, bio-
mass fuels and coal had higher CO emission fac-
tors than other fossil fuels. Due to the large
biomass consumption and the high biomass
emission factors, a rough estimate, based on fuel
consumption data of China and India, indicates
that biomass combustion in household cookstoves
may contribute significantly to the total CO
emission from all sources of biomass combustion
globally.

Simultaneous measurement of stove energy ef-
ficiencies and fuel energy contents enabled us to
report CO emission factors on the basis of a
standard cooking task as well. These data will be
further analyzed to assess impacts on CO emis-
sions and exposures of changes brought about by
fuel switching, stove switching, or improvement,
and other technical and policy options, as discus-
sed in Part 2 of our report on CO emissions from
these various cookstoves (see this same issue of
Chemosphere).
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