
Carbon monoxide from cookstoves in developing countries:
2. Exposure potentials

J. Zhang a,b,*, K.R. Smith b,c, R. Uma d, Y. Ma e, V.V.N. Kishore d, K. Lata d,
M.A.K. Khalil f, R.A. Rasmussen g, S.T. Thorneloe h

a Environmental and Occupational Health Sciences Institute, Robert Wood Johnson Medical School and Rutgers University,

170 Frelinghuysen Road, Piscataway, NJ 08854, USA
b Program on Environment, East-West Center, Honolulu, HI, USA

c University of California, Berkeley, CA, USA
d Tata Energy Research Institute, New Delhi, India

e Tsinghua University, Beijing, People's Republic of China
f Portland State University, Portland, OR, USA

g Oregon Graduate Institute of Science and Technology, Beaverton, OR, USA
h US Environmental Protection Agency, Research Triangle Park, NC, USA

Received 27 July 1998; accepted 15 January 1999

Importance of this Paper. This paper presents estimated CO concentrations and exposures, in a hypothetical village

kitchen, resulting from use of a range of fuel/stove combinations commonly used in developing countries. The results suggest

that people using biomass and coal cookstoves could have daily CO exposures greater than the exposure equivalents of

health-based national standards and WHO guidelines if the house conditions and activity patterns are comparable to those

typical village-house values assumed in the estimation. The comparison of various fuel/stove combinations, made system-

atically under the same conditions, provides quantitative assessment on CO exposure reduction that can be brought by fuel/

stove switching.

Abstract

In this paper, we estimate carbon monoxide (CO) concentrations and exposures in a well-mixed, hypothetical village

kitchen using measured CO emission factors and published typical values for house, fuel, and activity parameters. The

estimate was made to compare CO exposure potentials for a range of no-¯ue fuel/stove combinations. Based upon this

quantitative comparison, recommendations were made on CO exposure reduction by fuel/stove switching. If their house

conditions and activity patterns are comparable to those typical values assumed in our estimation, people using biomass

and coal cookstoves could have daily CO exposures greater than the exposure equivalents of health-based national

standards and WHO guidelines. Ó 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In Part 1 of our report on carbon monoxide
(CO) emissions from cookstoves, we have pre-
sented a new database of CO emission factors for
56 fuel/stove combinations commonly used in de-
veloping countries. We have also estimated the
contribution of cookstove emissions to the global
CO budget using the new database and fuel con-
sumption data in China and India (see Zhang et al.
in this same issue of Chemosphere).

Adverse health e�ects of CO are well known
and can be classi®ed into those occurring from
acute CO poisoning and those due to chronic CO
exposure (Amdur, 1991). Here we only deal with
the latter problem, although the former is known
to be a signi®cant risk in parts of the world using
low-volatile solid fuels. Ambient CO is one of the
primary pollutants regulated in many countries
where focus has often been on controlling CO
emissions from industrial and transportation
sources. As shown in part 1 of our report, com-
bustion of solid fuels (biomass and coal) in cook-
stoves generates high CO emission factors and
thus may result in high CO concentrations in
kitchens. In general, because the household
sources emit directly into the places and at the
times of human occupancy, exposures to certain
air pollutants derived from these small sources are
often greater than those derived from large out-
door sources (Smith, 1993; Wallace, 1987).

Although high indoor concentrations of CO
have been measured when cooking was performed
(Raiyani et al., 1993; Kandpal et al., 1994; Saksena
et al., 1992; Reid et al., 1986; Smith et al., 1994),
none of the earlier studies were able to systemati-
cally compare CO exposures from a range of typical
fuel/stove combinations used in developing coun-
tries. In this paper, we attempt to estimate CO
concentrations and exposures in a well-mixed, hy-
pothetical village house (kitchen) using our mea-
sured CO emission factors and published typical
values of house and fuel combustion parameters.
This is done systematically for a range of fuel/stove
combinations for the following two major pur-
poses: (1) to compare cookstove-generated CO ex-
posures with exposure equivalents of health-based
CO standards and guidelines- This will examine the

importance of health risks associated with CO
emitted from cookstoves; and (2) to compare CO
exposure potentials for the examined fuel/stove
combinations. This will provide insights and rec-
ommendations on the exposure reduction that can
be brought by fuel/stove switching and introduction
of other possible technical and policy options.

2. Methodology

2.1. Methods for predicting indoor CO concentra-
tions

A simple, but commonly used IAQ model ± the
single-compartment mass balance model is used
here to estimate CO concentrations in a well-mixed
village kitchen (Brauer et al., 1990; Lioy and
Zhang, 1999; Ahuja et al., 1987; Zhang and Smith,
1996a). In this hypothetical kitchen, CO concen-
tration will have an even spatial distribution in the
kitchen. We further assume that all CO emitted
from the stove is released indoors (this is true when
a stove having no ¯ue or hood is used) and is re-
moved only by indoor/outdoor air exchange and
that no other CO sources are present. Under these
assumptions, the CO concentration C (g mÿ3) in
the kitchen during the combustion can be de-
scribed as follows,

dC�t�
dt
� FEf

V
ÿ SC�t�; �1�

where F� fuel burn rate (kg hÿ1), Ef � fuel-mass-
based CO emission factor (g kgÿ1), t� time (h),
V� volume of the kitchen (m3), S� air exchange
rate or ventilation rate (hÿ1). Assuming that the
initial CO concentration (before the ®re is started)
in the kitchen is zero (t� 0, C� 0) enables to solve
Eq. (1) to yield the concentration at any time t
during the combustion,

C�t� � FEf

VS
�1ÿ eÿSt�: �2�

At time T (h) when the cooking task is completed
(i.e., the ®re is extinguished), CO reaches its
maximum or peak concentration Cmax,

Cmax � FEf

VS
�1ÿ eÿST �: �3�
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The averaged concentration C for the entire burn
duration (t from 0 to T) can be calculated from the
following equation,

C �
R T

0
C�t�dt
T

� FEf

VS
1

�
� 1

ST
�eÿST ÿ 1�

�
: �4�

After time T, CO concentration in the kitchen
follows the following equation,

C�t� � FEf

VS
eÿSt�eST ÿ 1� �for t > T �: �5�

2.2. Methods for estimating CO exposures

Inhalation exposure is a function of the air pol-
lutant concentration at the breathing zone and the
duration that a person experiences it (Smith, 1993;
Zartarian et al., 1997; Lioy, 1990). Mathematically,
potential exposure (E) is de®ned as (Lioy, 1990),

E �
Z t2

t1
C�t� dt: �6�

If a person stays in the kitchen throughout an
entire cooking task (t from 0 to T), this personÕs
CO exposure during the cooking course can be
calculated using Eq. (7), which is derived from
Eqs. (6) and (2) (Zhang and Smith, 1996a),

E � FEf

VS
T
�
ÿ 1

S
�1ÿ eÿST �

�
: �7�

If the person stays from time T to t in the kitchen
after the cooking is done, the post-combustion CO
exposure shown in Eq. (8) can be derived from
Eqs. (6) and (5),

E � FEf

VS2
�1ÿ eÿST � eÿSt � eÿS�tÿT �� �for t > T �:

�8�
The unit of E directly derived from Eqs. (7) and (8)
is h-g mÿ3, which can be converted to ppm-h or other
units of concentration times time when necessary.

3. Results and discussion

To estimate CO concentrations (C) and expo-
sures (E) using the equations shown above, we

would have to get values of other necessary pa-
rameters in the equations. Collection of these
values for a large (statistically meaningful) number
of households in developing countries, however,
has not been done to our knowledge. In this paper,
therefore, we use published data mainly for illus-
trative purposes for a typical village house situa-
tion in developing countries. In this situation, fuel
wood consumption is about 1 kg person-dayÿ1 or
5 kg household-dayÿ1, ventilation rate S ranges
from 2 to 24 hÿ1 (more frequently, 10±19 hÿ1),
cooking duration T is about 2.4±3.6 h dayÿ1, and
the room volume is 40 m3 for a rural kitchen
(Smith et al., 1983; Smith, 1987). The household
typically cooks 3 meals per day, and cooking each
meal lasts 1 h using 1/3 of the daily fuel con-
sumption (e.g., 1.7 kg mealÿ1 or 1.7 kg hÿ1 for fuel
wood). Obviously, however, there is a tremendous
amount of variation in these parameters according
to local fuel availability, housing type, family size,
type of food cooked, season, elevation, etc.

3.1. Predicted indoor concentration-time pro®le and
air exchange rate

With above assumptions, we calculated CO
concentrations in the well-mixed 40-m3 kitchen
where 1.7 kg of fuel wood was burnt for 1 h in a
metal stove without ¯ue. This fuel/stove combi-
nation had CO Ef � 74 g kgÿ1 (see Table 1 in
Zhang et al. in this same issue of Chemosphere).
The calculation of CO concentration as a function
of time was for the ®xed fuel burn rate, emission
factor, room volume and 4 levels of air exchange
rate S (5 hÿ1, 10 hÿ1, 15 hÿ1, and 20 hÿ1). The
results are shown in Fig. 1.

As shown in Fig. 1, air change rate S a�ects not
only the peak indoor concentration, but also the
concentration level and duration after the ®re is
extinguished. For example, when S is 5 hÿ1, indoor
CO reaches a peak concentration of 624 mg mÿ3

and remains at elevated concentrations for a hour
after the ®re is extinguished. When S� 20 hÿ1, on
the other hand, indoor CO reaches its near-peak
concentration quickly (about 10 min) (the peak
concentration at t� 60 min is 157 mg mÿ3). At this
high air change rate, the indoor CO concentration
depletes to `zero' within 20 min after the ®re is
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extinguished. Note that 20 hÿ1 is at the high end of
the air exchange rate range for village houses in
developing countries. Air exchange rate of 5 hÿ1 is
at the low end of the range but is more likely for
houses located in rural areas with colder climate,
such as in alpine regions. This is, however, very high
compared to air exchange rates of <1 hÿ1 for typical
homes in developed countries (Godish, 1989; Lioy
et al., 1999; Boman and Kronvall, 1993).

Increasing air exchange rate has been often
recommended for removing or reducing indoor-
generated pollutants in work environments (e.g.,

chemical and biological laboratories and hospital
surgery rooms). The air exchange rates for village
houses are simply controlled by means of win-
dows, doors, gaps between roofs and walls, etc.
During winter time, the air exchange rates cannot
be kept as high as in summer time, meanwhile, a
greater amount of CO and other pollutants is
emitted into the houses from cooking and heating
stoves (Arashidani et al., 1996). This may limit the
power of increasing air exchange rate to reduce
indoor CO concentrations in village houses.

The CO concentration-time pro®le shown in
Fig. 1 is similar to that measured in a real kitchen
where simulated cooking tests were conducted by
Kandpal et al. (1994). In their study, Kandpal et
al. measured CO concentrations at two di�erent
positions in the kitchen and found that the con-
centration was higher at the breathing height of a
standard person than at the breathing level in
squatting posture. This indicates, as expected, that
the kitchen air would not be completely well mixed
as assumed in our calculation. Nevertheless, the
concentrations predicted using high S values (e.g.,
15 hÿ1) fall into the range of CO concentrations
measured during cooking sessions in real homes
(Saksena et al., 1992). Thus, an air exchange rate
of 15 hÿ1, which is approximately in the middle of

Table 1

Indoor CO concentration resulting from burning 1 h of various fuels in stove without ¯ues or hoods

Fule CO Ef
a(g/task) CO concentration (mg mÿ3 )

Average during burning Maximum

Charbiquette 66.0 562 603

Charcoal 62.0 528 566

Brush wood 60.0 511 548

Dung 54.5 464 498

Crop residue 28.3 241 258

Fule wood/metalb 23.0 196 210

Coal 20.9 178 191

Root fuel 20.0 170 183

Fuel wood 17.6 150 161

Kerosene 1.1 9.4 10.0

LPG 0.53 4.5 4.8

Biogas 0.19 1.6 1.7

Natural gas 0.0097 0.083 0.089

Coal gas 0.00014 0.0012 0.0013

a Average value for fuel/stove/no-fule combinations (derived from Tables 1 and 2, Part 1 of our report).
b The fuel wood/metal stove with detailed parameters described in the paper.

Fig. 1. Calculated CO concentrations in a well-mixed room

where fuel wood was burned in a no-¯ue metal stove, t� 0, ®re

started; t� 60 min, ®re extinguished.
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air exchange rate range for village houses (Smith,
1987), will be used in our further calculations and
discussion.

3.2. Estimated indoor concentrations and energy
ladder

As done above for the fuel-wood/metal stove
combination, indoor peak or maximum CO con-
centration (Cmax) in the hypothetical, well-mixed
room can be calculated for other no-¯ue fuel/stove
combinations. For a fair comparison of di�erent
fuel/stove combinations, we assume that cooking
a meal would take 1 h regardless of fuel/stove
combinations used and that the energy delivered to
cooking vessel from each fuel/stove combination
would equal the energy delivered from burning
1.7 kg of fuel wood in the above metal stove. These
would allow us to calculate Cmax for each fuel/stove
combination by simply using the task-based CO
emission factors (see Tables 1 and Table 2 in Zhang
et al. in this same issue of Chemosphere) and Cmax

for the above fuel-wood/metal stove. In a similar
fashion, we have also calculated CO average con-
centrations during the 1-h burn (see Table 1).

The results shown in Table 1, in general, sup-
port a typical South Asian household energy lad-
der concept (Smith, 1990; Smith et al., 1994).
Cleanliness, energy e�ciency, and capital cost in-
crease along the energy ladder in the following
order: dung, crop residue, wood, kerosene, gas,
and electricity. When using the estimated CO
concentrations shown in Table 1 as an indicator of
fuel cleanliness, our results are in general agree-
ment with the energy ladder concept. In addition,
char briquette, charcoal, and brush wood should
be placed before dung; coal and root fuel should
be added between crop residue and fuel wood; and
LPG (a type of gas fuel under typical ambient
condition) should be added between kerosene and
other gas fuels (which can be further broken down
to biogas, natural gas, and coal gas, from dirtier to
cleaner). This fuel ranking, however, is surprising
because char briquette and charcoal seems the
dirtiest among all the fuels tested. Char briquette is
the by-product, which is left in the gasi®ers, of
biogas production, and is not widely available.
Charcoal normally has a higher energy content

than wood and thus should be a more e�cient fuel
than wood. However, CO emission factor depends
not only on fuel type but also stove type (see
Zhang et al. in this same issue of Chemosphere).
The stove used for testing charcoal and char bri-
quette was an Angethi stove, which had a very low
overall stove e�ciency.

In an earlier study, Kandpal et al. (1994) tested
four types of biomass fuels: animal dung cake,
crop residue (mustard stalk), fuel wood (Acacia),
and a mixture of fuel wood and dung cake. These
fuels were combusted in a traditional U-shaped
cookstove (without ¯ue, hood, or other venting
devices) and an improved mud cookstove (with
¯ue). Regardless of which stove was used, the CO
concentrations measured in the kitchen air was the
highest during burning dung cake, followed by the
dung-wood mixture, crop residue, and fuel wood.
This trend across the tested biomass fuels,
excluding the dung-wood mixture, is consistent
with that shown in Table 1 and also agrees with
the energy ladder concept.

The estimated concentrations shown in Table 1
are very low for LPG and other gas fuels. These
estimates, made based upon conditions for a

Table 2

CO daily exposures resulting from cooking using various fuels

in stove without ¯ues or hoods

Fuel CO daily exposure (h-mg mÿ3)

For women

and children

For men

Charbiquette 1808 680

Charcoal 1698 639

Brush wood 1643 618

Dung 1493 562

Crop residue 775 292

Fule wood/metala 630 237

Coal 572 215

Root fuel 548 206

Fuel wood 482 181

Kerosene 30.1 11.3

LPG 14.5 5.5

Biogas 5.20 1.96

Natural gas 0.27 0.10

Coal gas 0.0038 0.0014

a The fuel wood/metal stove with detailed parameters described

in the paper. Note: 2 or 3 places of precision shown for con-

venience. Actual precision is lower.
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typical village kitchen, are useful in comparing
with coal and biomass fuels. In reality, however,
LPG and other gas fuels are likely to be used in
urban houses where the air exchange rate may be
� 15 hÿ1. Therefore, indoor CO concentrations
during combustion of LPG and other gas fuels in
urban houses could be higher than the values
shown in Table 1.

3.3. Estimated exposures and health-based stan-
dards

As de®ned in Eq. (6), exposure (E) depends not
only on the concentration (C), but also on expo-
sure duration (t). Assessing E, thus, requires time/
activity data in addition to concentration data.
For illustrative purposes, we set up the following
two hypothetical, but typical and realistic, expo-
sure scenarios to assess daily CO exposures for
people living in village houses.

Scenario A (for women and small children or
cooks): A person stays in the well-mixed kitchen
(V� 40 m3, S� 15 hÿ1) during cooking each of
three meals daily. This pattern is typical of a
woman living in a rural village. In general, she
cooks every meal every day. This is also often the
case for a small child who stays with his/her
mother all the time, and thus the child is exposed
to cookstove emissions three times per day while
the mother is cooking. It is also assumed that this
person stays in the kitchen having meal for 0.5 h
immediately after cooking ®re is extinguished.

Scenario B (for men or non-cooks): A person
spends a total of 1 meal-equivalent per day in the
kitchen during cooking and 0.5 h immediately af-
ter cooking each meal. This is more like the life
style of a man (non-cook) living in a rural village.

Based upon exposure patterns described in the
above scenarios and using Eqs. (7) and (8), we
calculated daily potential exposures to CO result-
ing from cooking in the well-mixed kitchen with
stoves having no ¯ues, hoods, or other venting
devices. The results, shown in Table 2, indicate
that the estimated CO exposure from biomass
cooking ranges widely, depending upon the type of
biomass fuel used and the time/activity pattern
(e.g., menÕs vs. womenÕs). An average daily CO
exposure of 110 h-ppm has been reported for adult

women living a rural Garhwal Himalaya area
(Saksena et al., 1992).

The threshold limit value (TLV) for CO in the
work environment, adopted by American Con-
ference of Governmental Industrial Hygienists
(ACGIH), is 29 mg mÿ3. This is a time-weighted
average concentration for a normal 8-h workday
and a 40-h workweek, to which nearly all workers
may be repeatedly exposed, day after day, without
adverse health e�ects. The exposure equivalent of
the TLV is 232 h-mg mÿ3, which is above most of
the estimated values for biomass and coal shown
in Table 2. This suggests that CO exposures of
village residents, especially women and small
children (see Scenario A) could possibly exceed the
TLV if their households conditions and personal
activities were close to the hypothetical conditions
we have used in our model prediction.

It should be noted, however, that for a number
of reasons occupational limits such as TLVs are
not appropriate for this situation. Among these
reasons are that TLVs are based upon 40-h
workweek exposure, but people living in village
houses are exposed to CO everyday. In addition,
occupational limits are set for healthy working-age
populations, and cannot be extended directly to
the very old, young, or ill populations that are
exposed in households. Finally, there is often an
assumption that occupational exposures have an
element of voluntariness, i.e., that the worker is
able to make the choice to be subjected to the
exposure in exchange for the bene®ts of the job.
This assumption is questionable in many work-
place settings, however, and is clearly not appro-
priate to poor rural householders in developing
countries who have neither the knowledge or re-
sources necessary to make such judgments.

Lacking a set of coherent indoor residential
standards or guidelines, ambient values are the
most appropriate ones to apply, since they are
designed to protect the entire population. Here we
compare our estimates with US, Indian, and
Chinese standards and WHO Guidelines for am-
bient CO (see Table 3). This we do on the basis of
hourly and daily exposures, as indicated by h-mg
mÿ3, even though we recognize that there may be
substantial non-linear health responses to chronic
CO exposures, as there are for acute exposures.
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For India and China, we take the middle of their
three standards, i.e., not those designed for in-
dustrial areas and not those designed for special
regions of national treasure.

US has a one-hour standard of 40 mg mÿ3

which is also the WHOÕs guideline value. The es-
timated 1-h average CO concentration in the hy-
pothetical well-mixed room during burning
biomass or coal could be 3±14 times higher than
this standard (see Table 1). In addition, US has a
8-h standard of 10 mg mÿ3 which is the WHO
guideline value, as well. For any 8-h period during
daytime in which at least two meals are cooked,
CO exposures resulting from biomass and coal
cooking could easily exceed this standard, i.e.,
80 h-mg mÿ3, if the house conditions and activity
patterns are comparable to those assumed in our
estimation. The CO standards for residential and
cultural areas are 2 mg mÿ3 of 8-h average (16 h-
mg mÿ3 exposure equivalent) in India and 4 mg
mÿ3 of daily average (96 h-mg mÿ3 exposure
equivalent) in China, respectively. These national
standards, lower than the US standards, obvious-
ly, could be more easily exceeded by CO exposures
caused by biomass and coal stoves without use of
¯ue, hood, or other venting devices.

This adds further evidence that some of the
world's highest exposures to toxic substances may
occur in the villages and urban slums of develop-
ing countries. Emissions from biomass and coal
cookstoves contain many other toxic and poten-
tially toxic compounds as well, such as, carcino-
genic VOCs (e.g., benzene, 1,3-butadiene), sulfur
dioxide, nitrogen dioxide, aldehydes, polycyclic
aromatic hydrocarbons, and particulate matter
(Raiyani et al., 1993; Zhang and Smith, 1996a;

Zhang and Simth, 1996b; Kandpal et al., 1994;
Smith, 1987). All these pollutants together un-
doubtedly sum to high health risks for people who
are repeatedly exposed to the emissions (Smith and
Liu, 1994). In addition, the population using
simple solid fuels is huge, exceeding 50% of hu-
manity (Johansson and Reddy, 1997).

3.4. Recommendations on exposure reduction

In this paper, we have estimated CO concen-
trations and exposures in a well-mixed, hypothet-
ical, village kitchen using measured CO
emission factors and published typical values for
house, fuel, and activity parameters. These esti-
mates were made systematically for a range of fuel/
stove combinations under the same conditions
and thus could provide quantitative assessment on
CO exposure reduction by switching fuel usage
from a dirtier to a cleaner one based upon the
energy ladder constructed for the various fuel
types.

It is obvious that using LPG or other gas fuels
in typical village kitchens would result in CO levels
far below the health-based standards and guide-
lines. Unfortunately, substitution of coal or bio-
mass fuels with LPG and other gases is not very
practical in many rural areas in developing coun-
tries because cleaner fossil fuel supplies are ex-
pensive and often unreliable. The substitution by
kerosene may be more practical (kerosene is often
used as fuel for lighting in villages lacking of an
access to electricity). Our estimates indicate
switching from charcoal, brush wood, dung, crop
reside, coal, and fuel wood to kerosene would
lower the daily CO exposure by a factor of 60, 55,
50, 26, 19, and 16, respectively (see Table 2). If this
switch is still not possible for some parts of de-
veloping countries, our analysis indicates that even
switching from one type or one species of biomass
to another one could result in a signi®cant reduc-
tion of CO exposure. For example, switching from
dung to fuel wood would lower the daily exposure
by a factor of about 3; switching from crop residue
to fuel wood would lower the exposure by a factor
of almost 2; and switching from brush wood to
fuel wood would lower the exposure by a factor of
over 3.

Table 3

Exposure equivalentsa of national standards and WHO guide-

lines (h-mg mÿ3)

1 h 8 h One day

WHO 40 80

Chinab 96

Indiab 16

USA 40 80

a Derived from values listed in Smith et al., 1994.
b The middle standards from China and India are used here,

they are for residential and cultural locations.
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Another option for CO exposure reduction, al-
though not directly supported by this study, is
to encourage the use of cookstoves having ¯ues or
chimneys, or building hoods or exhaust fans. By
doing so, only a fraction of CO and other pollu-
tants emitted from fuel combustion will be directly
released into the kitchen. For example, the CO
concentrations measured in the simulated kitchen
when an improved stove with a chimney was being
used were< 50% of those measured when a tradi-
tional no-chimney stove was being used (Kandpal
et al., 1994). Although the emissions to the at-
mosphere are not signi®cantly changed (see Tables
1 and 2 in Zhang et al. in this issue), use of chi-
mneys, fans, or hoods can substantially reduce the
pollutant concentrations in the kitchen and con-
sequently reduce the exposures and health risks
(Reid et al., 1986; Kandpal et al., 1994). This
strategy seems economical and practical, yet rela-
tively e�cient.
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