Chemesphere, Vol 26, Nos.1-4, pp 479-505, 1993 0045-6535/93 $6.00 + 0.00
Printed in Greal Britain Pergamon Press Lid.

GREENHOUSE GASES FROM BIOMASS AND FOSSIL FUEL STOVES
IN DEVELOPING COUNTRIES: A MANILA PILOT STUDY

K. R. Smilh", M.A.K, Khalil}, R.A. Rasmussen’, 5.A. Thorneloe®, F. Manegdeg®, M. Apte®

"Environment and Policy Instituie, East-West Center
Honolula, Hawaii 96848, USA
*Oregon Graduate Institute of Science and Technology
Beaverton, Oregon 97006, USA
*Global Emissiens and Control Division
Air and Energy Engineering Research Laboratory
Research Triangle Park, North Carolina 27711, USA
*College of Engincering, University of the Philippines
Dept. of Mechanical Engincering
Ditiman, Quezen City 1101, Philippines
SLawrence Berkeley Laboratory, University of California
Applied Science Division, Bldg, 90, Room 3120, 1 Cyclotron Road
Berkeley, California 94720, USA

(Received in USA 26 November 1991; accepted 15 April 1592)

ABSTRACT

Samples were taken of the combustion gases released by household cookstoves in Manila,
Philippines. In a total of 24 samples, 14 cookstoves were tested. These were fueled by
liquefied petroleum gas (LPG), kerosene (three kinds of stoves), charcoal, and wood. Ambient
samples were also taken. All samples were analyzed for CO,, CO, CH,, N,0, and total
non-methane organic compounds (TNMOC). Results generally confirm increasing emissions for
most products of incomplete combustion moving down the “energy ladder” from gaseous to
liquid to processed solid 1o unprocessed solid fuels. Although the sample size and number of
background samples were too small to give great confidence in the results, extrapolation of the
emission ratios (each gas relative to CO,) to global estimates indicates that published global
inventories of several gases imponant in atmospheric chemistry may be somewhat teo small for
the fuelwoed combustion category, When weighted by global warming potentials, the
greenhouse impact of the emissions of non-CQ, greenhouse gases from wood combustion may
rival or exceed those from CQ, alone. If verified, this could have substantial implications for
energy and environmental policies in developing countries. These tentative findings indicate that
more measurements of this type in developing countries would be justified.

1. INTRODUCTION

1t is clear that the products of biomass combustien play significant roles in global
atmospheric chemistry and thus in the potential for global warming from an ephanced

greenhouse gas effect (Seiler and Crutzen, 1980). As shown in Table 1, for example, three recent
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Table 1. Estimates of global greenhouse-gas emissions from biomass burning (Tgfly, element

basis)
Biomnass Totat % Biomass' % Biomass® % Biomass®

Co, 3500 8700 40 25-45
CO 350 1100 32 15-50
CH, 38 380 10* 3-10 8
N,O? 0.10.3 12-14 - 0382 0.42
TNMOC* 24 100 24
CH.ClI 0.51 2.3 22

Source: Andreae (1991) unless noted otherwise.

*Total non-methane organic compounds (including, but not limited to. NMHC, ie.,
non-methane hydrocarbons)

! Levine, 1990; agrees with (4).

? Crutzen and Andreae, 1990.

Y IPCC, 1990

* Cicerone and Qremtand (1988).

reviews estimate the contributions of biomass combustion to global emissions to be as high as
one-half for some of the major greenhouse gases.  Although uncertain {(Robinson, 1989), the
contribution of biomass combustion to the global carbon cycle has been estimated by Crutzen
and Andreae (1990). Their categories are reorganized and expanded in Table 2, which shows
four categorics representing large-scale open combustion (i.e., outdoor fires associated with

swidden agriculture, permanent deforestation, savannas, and crop residues).

Much crop residue, however, is also burned in small-scale closed or semi-enclosed
conditions inside cooking and heating sioves (perhaps 800 million people rely on such
cookfuels according to Barnard, 1985). As shown, Meyers and Leach (1989} estimate crop
residues used in stoves to be approximately 350 million tonnes (see also Kohlmaier et al.,
1987). In addition, most firewood in the developing world is bumed in semi-enclosed
conditions or made into chiarcoal for use in such conditions. Thus, the developing-country
biomass fuel flow (crop residues, fuelwood, and wood for charcoal) represents a significant
fraction of total global carbon emissions from all biomass combustion, more than one-fifth

and perhaps approaching one-half (based on data in Table 2).



Table 2. Total carbon released by biomass combustien

Tg {carbon)/year

Open berning'

Swidden agriculture 500-1000
Permanent deforestation 200-700
Savanna fires 300-1600
Crop residues 150-450
Eanclosed burning in developing countries?
Crop residues* 350
Firewood 540
Wood for charcoal 70
Wood in developed countries® . 80
Total biomass 2100-4700
Total fossi fuels 5700

* Includes animal dung used as fuel.

' Crutzen and Andreae (1990)
¥ Meyers and Leach (1989)
? Andreae (1991)

In recent years, the wide uncertainty about the emissions from open large-scale
biomass fires has led to a substantial increase in attention given to measuring and
understanding these processes (Levine, 1991). Substantially less auention, however, has been
given to the latter two categories, firewood and crop residues in small-scale combustion

devices (e.g., one paper, Joshi, 1991).

In both categories, the uncertainty about total emissions is partly due to uncertainty in
the source terms (i.e., how much is burned each year) and partly 1o uncertainty in the
emission factors (i.e., how much of each greenhouse gas is emitted per kilogram biomass
bummed). In general, emissions factor estimates are based on limited sets of published
measurements made in field and laboratory situations. Most of these have been designed to
duplicate the conditions of open large-scale combustion (e.g., Lobert et al., 1990). Asa
result, the emissions from fuelwood combustion have been rated in category D in certainty,
where B is Ieast certain (Watson et al., 1991).

This is unfortunate, for it is clear that the emission factors for biomass are quite

sensitive to changes in combustion conditions {Cooper and Malek, 1982; Cofer et al., 1991;
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Ward and Hardy, 1991). Tt should not be assumed, therefore, that the emission factors
derived for open large-scale combustion can be appropriately apptied to small-scale semi- or
completely enclosed combustion. And yet, it seerns that perhaps 90% of the firewood (FAQ,
1989) and a large fraction of the combusted crop residues in the world (Table 2) are bumed
in such conditions in household cooking and heating stoves. Although household heating
stoves are important in some developed countries, cooking and space heating in developing
countries account for most small-scale wood combustion on a global basis. Globally about
half the households in the world use simple biomass fuels (wood, charcoal, crop residues,

animal dung) for cooking (Smith, 1987).

Thus, more extensive field measorements of greenhouse-gas emission factors for a
range of fuels and combustion devices would be useful in pinning down global greenhouse-
gas emissions inventories that are now known within rather wide ranges of uncertainty. In
addition, they would help in the design of greenhouse-gas reduction strategies, for it is
possible that changes in fuel and/or combustion conditions in these small devices may be a

cost-effective way to address part of the preenhouse-gas problem on a global basis.

To some observers, it might seem more appropriate to monitor greenhouse-gas
emissions from such stoves in controlled settings, as is done with other combustion devices,
such as gas stoves and automobiles. Unfortunately, experience has shown that slight changes
in comnbustion conditions can have large impacts on emission factors (Ahuja et al., 1987;
Joshi et al., 1989; Joshi et al., 1991)., This means that it is difficult to know how well
laboratery cenditions actuatly duplicate those in the field. In any case, a better data base of
field measurements will be a necessary siep in eventually designing reliable Iaboratory

measurement protocols.

Since little is known about ermission factors of small-scale combustion of other fuels in
developing countries, it would be valuable to sample. them as well. Kerosene and liquified
petroleum gas (LPG), for example, are often the fuels that first substitute for biomass as
development occurs in poor countries {(Smith, 1990). Consequently, their emission levels
provide reasonable interim targets for what might be achieved by a program to reduce

biomass fuel use in households.

Since a large-scale sampling effort to determine greenhouse-gas emission factors in
developing countries would entail significant costs with uncertain benefit, it was decided to

undertake a pilot study first.



2. METHODS

Using a previously prepared city-wide stratified random sample in Manila {(Garcia and
Manegdeg, 1991; Sathaye and Tyler, 1991), fourteen homes using six different fuel/stove
combinations were chosen for taking twenty-four samples (see Table 3). Sampling involved
filling an evacvated 850 cc stainless-steel canister to 2 atmospheres pressure by use of a
battery-operated pump, a process taking about two minutes. Each sample was taken directly
above the lit stove, at a point where the temperatore of the combustion gases had cooled to
about 65°C +5°C (none of the stoves had flues or chimneys). This reduced differential
condensation of hydrocarbons in the fluegas stream. The same pat was taken to each
household and, with 2 liters water, placed on each stove before lighting and kept on
throughout the measurement pericd. Because it is known that emissions from most solid
fuels can vary during the burning process (Cooper and Malek, 1982), three samples were
taken for each wood and charcoal session: just after lighting, after ten minutes, and at the end
(i-e., at approximately thirty minutes when only char was left). These give some idea of the
variation in time and can be weighted in different ways when estimating the overall average.
Two cutdoor samples at breathing height were also collected in the nearby residential area of

Manila.

Table 3. Sampling strategy for monitoring stove emissions {Twenty-six samples total:
Twenty-four emission samples and two ambient samples.

Kerosene
Wood Charcoal LPG  Wick Gravity Pressure Ambient
Sessions 3 2 2 3 2 2 2
Samples/ 3 3 1 1 i 1 1
session
Total 9 6 i 3 2 2 2

The canisters were shipped back to Oregon and analyzed by techniques and methods
of quality control described in Rasmussen and Khalit (1980, 1981). TNMOC was determined
by the procedure established as EPA Compendium Method TO-12.! Laboratory blanks were
retained for the canisters sent to the field. Data reported for field samples are net of the

'Not reported here are resslts for non-methane hydrocarbons (NMHC), which are obtained
by GC-FID analysis (Smith et al,, 1992). TNMOC include NMHC plus others (c.g., oxygenated
hydrocarbons).
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concentrations found in these blanks after the field samples retumed. The chromatograph were:
calibrated daily by the EPA TO-14 method using NIST traceable reference material,

Extensive experience on the part of one of the aathors (Rasmussen) has revealed that it
is not worth the cost to send out and analyze field blanks. Since the major potential
contamination is outgassing from material left on the walls of the canisters, field blanks
provide lintle information beyond what is learned from lab blanks. Furthermore, having
evidence of field blank contamination during transport and handling would not hetp much,
since there would still be need to identify just which samples were also contaminated.
Conversely, even if there was no evidence of field blank contarmination, there stil would be
such a need. To send enough field blanks to be usable on their own would be prohibitively
expensive. Most important, unlike other sampling media, each canister is tested separately for
leaks and contamination hefore being sent to the field.

One common quality assurance procedure is to take duplicate samples for comparison.
For trace gas measarements in remote locations, for example, it is common te take samples in
triplicate. Because of the high concentrations in this pilot study, duplicates of stove samples
were not thought to be needed. Futre full-scale studies might plan to take some duplicates

to verify this assumption,

To guard against contamination of the canisters, there was a metal filter in line to
remove acrosol from the pumping train. To prevent any possible contamination of samples
from material left on the filter, one-time. use. of disposable filters shouid be used in the next

study.

3. RESULTS

Table 4a lists the emitted concentrations (net of the mean Manila background levels)
for the principal gases of interest here: CO, CH,, CO,, N;0, and total non-methane organic
compounds (TNMOC). Table 4b shows the resulting emission ratios in a dimensionless

format, that is, as a molecular ratio 1o CQ,.2

* Not reported here are data for three CECs, five other halocarbons, detailed speciation for
several dozen hydrocarbans, ang three ambient samples taken in Bangkok, Thailand (Smith et
al., 1952).



Table 4a. Net concentrations (flue gas minus ambient)

CO, co CH, N,O TNMOC
Fuel ppm ppm ppm ppb ug/m’
LPG 5600 12.3 -03 4.5 460
1380 311 0.1 145 3396
Kero-pres 1812 49.5 07 0.5 8964
3491 20.5 -03 245 1766
Kero-grav 331 7.3 02 16.5 764
6142 139.8 49 47.5 26159
Kero-wick 666 83 03 17.5 18007
4727 109.9 33 235 27581
3647 93.3 10.4 28.5 11048
Char #1 690 90.0 7.5 13.5 1578
9039 746.4 68.2 1885 6683
764 687 2.1 4.5 2403
Char #2 5482 7204 63.2 495 19468
4080 721.9 49.3 785 6808
3912 677.1 20.7 24.5 5448
Wood #1 5164 635.9 54.3 149.5 58476
4562 43.1 1.7 155.5 8994
1715 2859 754 22.5 44973
Wood #2 5558 191.1 i3 316.5 19736
786 64.8 46 46.5 5860
1938 260.6 40.6 109.5 30001
Wood #3 8863 698.4 80.4 494.5 96902
9215 7274 199.3 174.5 75504
3305 537.1 79.6 595 50053
Ambient (actual measurements)
Manila 381 1.1 34 315 420
379 1.5 20 310 193

Note: All digits used in calculations are shown, but only one or two places of precision are

Justified in terms of actual uacertainty.
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Table 4b. Emission ratio to CO,

Fiiel cO CH, N,O TNMOC
LPG 0.002 -54E-05 9.7E-06 1.4E-04
0.023 7.2E-05 1.1E-05 4.1E-03
Kero-pres 0.027 3.9E-04 2.8E-07 8.3E-03
0.006 -8.6E-05 7.0E-06 8.4B-04
Kero-grav 0.022 6.0E-04 5.0E-05 3.9E-03
0.023 8.0E-04 7.7E-06 7.1E-03
Kero-wick 0.012 4.5B-04 2.6E-05 4.5E-02
0.023 7.0E-04 5.0B-06 9,7E-03
0.026 2.9E-03 7.8E-06 5.1E-03
Char #1 0.130 1L1E-02 2.0E-05 3.8E-03
0.083 7.5E-03 2.1E-05 1.2B-03
0.090 2.7E-03 5.9E-06 5.3E-03
Char #2 0.131 1.2E-02 9.0E-06 5.9E-03
0.177 1.2E-02 1.9E-05 2.8E-03
0.173 5.3E-03 6.36-06 - 2.3E-03
Wood #1 0.123 1.1E-02 2.9E-05 1.9E-02
0.009 3.7E-04 3.4E-05 3.3E-03
0.167 4.4E-02 1.3E-05 4.4E-02
Wood #2 0.034 1.6E-03 5.7E-05 5.9E-03
0.082 5.9E-03 5.98.05 1.2E-02
0.134 2.1E-02 5.7E-05 2.6E-02
Wood #3 0.079 9.1E-03 5.6E-05 1.8E-02
0.079 2.2E-02 1.9E-05 " 1.4E02
0.163 2.4E-02 1.8E-05 2.58-02

See note, Table 4a.

Note that the high variability seen in Table 4a is expected, because of variations in the
geometry and other uncontrolled conditions of sampling, such as room temperature.
Assuming that the fire is the major source of the net measured combustion-related gases, the
differences among the ratios to CO, in Table 4b, should mainly reflect differences in actual

stove emissions.

Table 5 and Figure | show the same data aggregated into the overall mean, coefficient
of variation (CV), and median for each fuel and pellutant {the high CVs for LPG reflect the
small sample size (2). Shown also for the solid fuels are the means and Cvs of those samples
taken at each of the three times during the bumn (start, ten minutes, end). For the
solid fuels, weighted means are created by multiplying the means of samples taken at the
beginning and end of the. burn by 0.25 each and the mean of the middle sample by 0.5 and
then surnming (see Dasch, 1982, for a discussion of changes in emissions during wood

burning}.
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Figure 1. !E,mission ratios for each fuel and pollutant (carbon in pollutant divided by carbon
in carbon dioxide), Shown are the mean and median values for all fucls except
LPG, which consists of only two data points. Also shown are the weighted means
for wood and charcoal, in which the middle-bumn data are given twice the weight
of the measurements taken at the start and end phases of the burn. See Tabie 5,

Although the calculations below use overall means, Figure 1 shows that substitution by
medians or weighted means would not change the results significantly. As expected for this
pilot study, the small sample sizes and large Cvs limit the degree of statistical inference that

can be drawn.

3.1. Discussion

In determining the net concentrations and emissions ratios in Tables 4a and b, it was
necessary to subtract the ambient values, of which there were only two in Manila. As shown
in the table, there is not much difference between them for the combustion-related gases and
thus it seems reasonable to use the mean of the two for netting out the emission values for

the different fuel/stove combinations. To be more confident, however, it would be better to



take ambient samples at the approximate piace and time of the stove sampling. There would
scem 1o be two potential sources of error: (1) dilution of the sample by room air that might
have built up significant concentrations of the gases toward the end of the bum cycle

(2) medified by potential combustion of these guses should they pass through the combustion
zone, a sort of inadvertent secondary combustion. These would tend to act in opposite.
directions on the final result. The overall bias is reduced because emissions ratios rather than
absolute emissions are being deternmined. Nevertheless, future stodies should include at least
one ambient sample per location, perhaps both at the beginning and end of emission samples
taken over long periods and conduct the sampling in relatively uncontaminated conditions,

ie., with good ventilation.

In general, there is a tendency for the ratios representing different points during cach
woodstove session to increase with time, with the third being the highest for each pollutant
(Table 4b). This probably indicates that a significant amount of volatiles was still remaining
in the wood even at the time of the third sample. There does not seem to be any simple

pattern for the charcoal ratios.

The Indian standard for domestic LPG stoves specifies 0.02 as the limit allowed for
the CO/CO, emission ratio (ISI, 1984). Although the means for both the Philippine LPG and
kerosene stoves would meet this standard, about half of the stoves of each type had higher

values. None of the charcoal and weod stoves came close to meeting this standard,

At 0.1 in Table 5, the CO emission ratio for woodstoves is higher than the 0.06
reported by Hao et al. (1990), for open combustion of a range of biomass types. The mean
ratio for CH,, 0.015, is at the high end of the range (0.01 +/- 0.006} for all biomass in
Crutzen and Andreae (1990), but well above the range (0.001-0.0025) reported by Delmas et
al. (1991) for savanna burning, and by Hao et al. (1990) for a range of biomass types, 0.004,
Hao et al. (F991) find the emission ratio for TNMOC 16 be 0.011, reasonably close to the
value found here, 0.015. The value for N,O, at 3.8 E-5, is substantially lower than quoted by
Crutzen and Andreae, 0.007, but similar to that of Hao et al, (1991).2

There are clearly a number of encertainties remaining in these data and consequent
limitations to the inferences that can be drawn. To explore the potential utility of these kinds
of data and thus the possible value of continuing such measurements, however, we continue

by asing these pilot data in a series of illustrative analyses.
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3.2. Carbon Balances and Absolute Emission Factors

With these emission ratio measurements, it is possible to construct rough carbon
balances and emission factors (grams poliutant per kilogram fuel) for the different fuel/stove

combinations. The necessary assumptions are:

--These two-minute grab samples are representative of the emission ratios throughout the

bum.
--The fuel is the only source of the net carbon measured in the grab samples.

--The carbon-containing gaseous species other than those measured contain a negligible

fraction of the carbon, <1%.

~The carbon contents of the fuels are ¢lose to those reporied in‘ the literature, that is, 50% for
wood, 83% for charcoal, 85% for kerosene, 86% for LPG {Smith, 1987; Culp, 1979).

--The carbon contained in unmeasured flows, that is, dsh {incfuding remaining char) and
aerosol, is relatively smalf, This is supported by evidence that acrosol (total suspended
particulates) emission factors for wood-burning cookstoves are generally less than 5 g/kg
(Smith, 1987). Even if the aerosol wis 100% carbon, which it is not, this would amount to
only 1% of the fuel carbon. At more typical aerosol carbon contents (60%) and emission
factors (2g/kg), the contribution is smatler still (0.24%). Aerosol emissions from the other
fuels are even less. Ash from the solid fuels are possible sources of error, although
experience has shown that the char [eft after a cooking cycle that, as in Manila, incorporates a
low power phase (i.e., char burning} contains less than 2% of the fuel carbon (Baldwin,

1987). Ash from kerosene or LPG is negligible.

Here, we calculate the wood emission factors under two assumnptions for the ash and
aeroso! carbon 1o CO, carbon ratic {AAC): zero and 0.05. These bracket the probable actual
values. As will be shown, this uncertainty is not a serious source of error for the purposes of
the rough calculations in this pilot study. Future studies, however, should measure carbon

contents of fuel, ash, and aerosol, if possible.

IRecerit data show that N,O can be generated inside canisters between sampling and analysis,
particularly in the presence of SO, and water vapor (Hao et al., 1991). Our N,O values are low
and the SO, levels probably small for wood and charcoal, but we cannot rule out enhancement
in this fashion.



With these assumptions, on a carben-balance basis (Ward et al., 1979);

where FC is fuel carhon. Thus,

I = FC/CO, - (CO+CH+TNMOCHAACYCO,, or 1 = FC/CO, - K

CO + CH, + TNMOC + COQ, + AAC = FC

Since the last term (K) is known, the absolute CQ, emission factor can be calculated:

CO, = EC/(1+K)

To illustrate, for wood, which is 50% carbon, Table 6 shows K = 0,13 (with AAC = 0):

or 1620 g CO/kg fuel.

CO, = 500/1.13 = 440 g carbon/kg fuel,

The emission factors for the other pollutants can now be calculated easily. For example,

Table 5 shows the CO from wood has an emission ratio of 0.10,

COM40 =010, CO=44 g C as CO/kg fuel; or 103 g CO/kg fuel.

8)]

@

3

@

()

Table 6: Emission factors, grams per kilogram dry fuel (K = sum of emjssion ratios, see

Table 5)

Carben

K Content CQ, co CH, N0 TNMOC!
LPG 0.015 0.86 3110 24 0.04 0.03 3
Kerosene (.03 0.85 3030 38 1 0.05 11
Charcoal  0.14 0.85 2740 230 8 0.04 4
Wood-12 (.13 0.5 1620 100 9 0.06 13
Wood-2° 0.18 0.5 1560 99 8 0.06 12
"TNMOC: Per carbon molecular weight taken as 18.
*Wood-1: No carbon in ash or aerosel.
*Wood-2: Ash and aerosol emission ratio = 0.05 (carbon basis). Assuming that ash and

aerose] have an average carbon content of 0.67, the resulting ash and aerosol
emission factor is 32 g/kg of dry wood.
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Figure 2.

200 158 100 5

The carbon cycle derived for the mean woodstove in Table 6. Shown is the fate
of one kilogram of wood (500 g carbon). Approximately 11% of the carbon

(60 g) is diverted into PIC (products of incomplete combustion) by the stove and
distributed among CO, CH,, and TNMOC as shown. Althcugh not part of the
carbon balance, the emissions of N,O are also shown. Based on these data, the
stove achicves about 89% combustion efficiency. Shown also are the 20-year
GWPs (global warming polentials--see Figure 3), which are multiplied by the PIC
and N,O emissions to determine the non-CO, contribution to total global warming.
The result, 460 g COy-equivalent, slightly exceeds that of the CO, itself (440 g).
Nearly all of the PIC, of course, eventually changes to carbon dioxide in the
atmosphere. Ash and aecrosol were not measured, but, as shown in Tabie 6, are
not likely to contain enoungh carbon to significantly affect this balance.
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The mean emission facters for all fuels and poliutants are shown in Table 6. Wood-1
assumes that ash and aerosol contain no carbon, while Wood-2 assumes that they together
amount to 5% of CO, carbon. Note that the change has little effect on the greenhouse-gas
emission factors. Figure 2 illustrates the resulting total carbon balance for the mean wood
cookstove of Tables 5 and 6 (Wood-1).

The CO emission factor for wood cookstoves (~100 g/kg) is well within the range
reparied for CO emissions measured by other means, e.g. 17-130 g/kg in a broad range of
wood-fired cookstove measurements surmmnarized by Smith (1987) and for biomass
combustion in Crutzen and Andreae (1990) and Ward and Hardy (1991). The kerosene CO
emission factor of 38 g/kg is near the 41-67 measured by TERI for wick stoves (1987) and
much above levels typically found for kerosene radiant heating stoves, that is, 2.8 g/kg in
Apte and Traynor (1986).

3.3. Global Inventories

Twenty-six samples cannot represent the world’s huge variety of small-scale
combustion devices using these fuels for different kinds of cooking in different seasons.
Nevertheless, to give an indication of whether these kinds of measurements should be
continued, it is useful to extrapolate these emission ratios to global emissions. These then can

be compared to previous estimates, as shown, for example, in Table 1.

As shown in Table 7, these indicate that combustion of firewood (including that made
into charcoal) is respensible for 10-45% of the 38 Tg/y CH, released from all biomass
combustion (Table 1). This is higher than would be expected by the ratio of firewood to total
biomass, which is 10-15%, Table 6 indicates that wood stoves could release 10-25% of the
350 Tg/y CO accounted to biomass. The 40-95 Tgfy is slightly higher than the 10-65 Tgfy
previously estimated for fuelwood by Khalil and Rasmussen (1990).
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Table 7. Global emissions extrapolated from emission ratios determined in this study (In
Tgly, element basis)

cO CH, N,O TNMOC
LPG 1.0 3J0E-3 82 E4 0.18
Kerosene 0.6-0.8 0.005-0.05 1.3-10 E-4 0.16-0.49
0.2-1) 0-0.1) (1-170 E-5) {0.03-0.95)
Charcoal* 52 0.3-0.8 0.001 0.14-0.34
(6-12) 0.2-0.8) (0.09-0.42)
Wood 31-84 4-16 0.016-0.026 5.3-17
(5-20) (0.2-24) (0.007-0.03) (1.8-24)

*Assumes that emnission ratios for charcoal making are the same as those for charcoal
combusiion. They are probably much greater, however, especially for hydro-carbons (Foley,
1986).

Shown are the ranges among the means for the three different kerosene stoves and, for wood,
the ranges of the means of the grouped early, middle, and late burn measurements. The
ranges of values from alt the measuremenis ure in parentheses,

Fuel consumption data for calculations of annual global greenhouse gas emissions:

LPG: 1.5 E+8 tons x 0.98 (fraction oxidized) x 0.87 (fraction carbon) x 0,66 (estimated
fraction used in small stoves) = 83 Tz carbon. Iustrative calculation of global CO
emissions: 83 Tg x 0.012 (from Table 5) = 1.0 Tg C as CO (UN, 1990; IEA, 1990).

Kerosene: 4.1 E+7 tons x 0.99 (fraction oxidized) x 0.86 (tons C per ton kero) = 35 Tg C
(UN, 1990; JEA, 1990)

Charcoal: Meyers and Leach (1989) estimate that 140 E+6 tons fuelwood (or 70 E+6 tons
carbon) are made into charcoal in developing countries.

Fuelwood: 1.7 E+9 m® (FAQ, 1989) x 0.9 (fraction oxidized) x (0.7 Tg dry matter/1.0 E+
6 m* x 0.5 {fraction C in dry matter) = 540 Tg C (comparable to the range in
Table 2). This is close to the totut for developing-couniry feelwood use of 1080
E+6 tons (30% carbon) estimated by Meyers and Leach (1989).

The TNMOC emissions in Table 6 (5.4-17 Tg) would confirm fuglwood and charcoal
as a significant proportion of the estimated total of 100 Tg from a!l human activizies (IPCC,
1990}, Other estimates, for example, show about 17 Tg (on a carbon basis) for all volatile

organic compounds from globai fuelwood use (Watson et al., 1991).

The N,O emissions seem quite small ¢ompared to the available estimates. Little is
known about the glabal inventory of sources (Lyon et al., 1989; Hao et al., 1991) and further
work could provide valuable additional information (IPCC, 1990).*
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Ahuja (1990) has estimated the contribution of biomass combustion in small stoves to
total anthropogenic greenhouse-gas radiative forcing/warming as about 2.0%, using a thousand
year time horizon (Lashof and Ahuja, 1990). About half (1.1%) is due to CO,, a calculation
based on the author’s estimate that about one-gighth of the observed deforestation in the
warld is due 1o fuel demand, the rest being caused by togging, read building, and land
clearance: The other half of the steves’ contribution is due to the trace gases, CQ = 0.6%;
CH, = 0.2%; and N,O = 0.2%. Using the same assumptions, the Manila measurements
reported here imply similar values for wood alone, that is, CO = 0.4-0.6%; CH, = 0.1-0.5%.

Crop residues and other lower quality biomass fuels such as shrubs and grass are
significant contributors as well, both because of their widespread use (60% of wood on a
carbon bacis in Table 2) and their non-CO, emission factors, which can be expected to be
higher than those far wood in small-scale combustion because of their increased surface-to-
volume ratios (Smith, 1987). Because of their origin, however, they produce little net CQ,.
Considering also that the Manita data imply that wood stoves are alse responsible for 5-17%
of tota]l human global emissions of TNMOC, it would be consisient to say that the non-CQ,
gases in biomass stove emissions might be responsible for 1-2% percent of total greenhouse
impacts, with the CO, accounting for a similar aimount, depending on the degree to which the
fuel is harvested on a sustainable basis. Such statements, of course, implicitly include a

number of assumptions, such as the time horizon chosen (see following).

Clearly, more data are needed on emission factors and quantities burned before more

detailed estimates can be relied vpon.

3.4. Global Warming Potentia! of Combustion Gas Mixtures

Another way of looking at this issue is to examine the relative greenhouse-gas impact
of the different pases in the emissions. To do this, it is necessary have some indexing
method to compare fairly the different gases, which have different radiative properties and

different lifetimes (Smith and Ahuja, 1990). Table 8 uses Global Warming Poteatials

“Care would have to be taken, however, that N,O is not created inside the caristers during
storage (Hao et al,, 1991).
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(GWPs) proposed by IPCC (1990) and derived from the radiative forcin gs, chemical
interactions, and lifetimes to weight the direct and indirect impacts of the gases relative to
CO,. To handle the different patterns of warming over time, it is necessary to choose a time
horizon up to which effects will be counted. The table compares the four time horizons used
by IPCC {0 [i.e., instantaneous forcing); 20; 100; and 500 years), but other choices could be
made {Smith er al., 1991).

Table 8 shows the relative GWP for CO, CH,, N;0, and TNMOC compared to CO,
for each fuel. Note that the 20-year time frame pives most relative importance to these gases,
mainly because of the fairly shémlivcd indirect chemical impact of CH, and TNMOC, (The
IPCC (1990) has specified 2 GWP for non-methine hydrocarbons (NMHCQ), rather than for all
TNMOC. In this study, the difference is only about 7%.)

For LPG, the non-CO, greenhouse-gas addition to CQ, is minimal, a few percent at
most (1.7-8.5%, in Table 8). It is hi gher for kerosene but, except for the 20-year values, still
modest, albeit perhaps twice that of LPG. As one would expect from semi-enclosed
small-scale combustion of solid high-volatile fuels, wood gives a substantially higher range:
13-180% across the four time horizons in Table 8. In other words, the GWP of these four
greenhouse gases together may rival or even exceed the impact of the CO, released dusing
wood burning. Figure 3 shows the relative contribution of each preenhouse gas to woodstove
GWP according ta time horizon, Note the importance of CH, and TNMOQC under short time

horizons.

Figure 2 shows how GWPs can be incorporated into the carbon balance of the mean
woodstove in Tables 5 and 6 (Wood-1). Note. that the tatal GWP of this average woodstove
(500} is more than 1wice that of the CO, alone (440). Although these estimates are only
based on a few measurements, as demonstrated previously they are consistent with many
other similar measurements of biomass combustion. It thus seems safe to say that, under
some circumstances and assumptions, the global warming implication of the non-CO, gases
from wood-fired cookstoves (mainly the PIC - products of incomplete combustion) can rival

or exceed that of the CO, alone.
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Figure 3. Greenhouse contributions {global warming potentials) at four time horizons from
the non-CO, gases of the mean woodstove in Table 5. The vertical axis is marked
in fractions of the CO, released by the same stove at the same time. Note that at
a 20-year time horizon, the total contribution of the four non-CQ, gases is about
equal 1o that of the (X, alone, that is, the total contribution is double that of CQ,.
Strictly speaking, it is the subset, non-methane hydrocarbons (NMHC), rather than
TNMOC that has been assigned a global warming potential (IPCC, 1990). The

Time Horizon (years)

difference for these woodstoves, however, is only about 7%.
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Table 8. Increase in giobal warming potential from non-CO, emissions released from
cookstoves. These are based on the additional greenhiouse impact above that from
the CO, alone. Percentage increase for various time horizons of warming based on
emission ratios in Table 5 and the Global Warming Potentials listed below, which
are from IPCC (199G}, see also Smith et al., 1992,

Fuel Instantanecous 20 years 100 years 500 years

LPG 1.7% 8.4% 3.5% 2.3%

Kerosene 2.5-6.5 13-29 5.2-11 3.3-6.6

3 types {0.6-9.2) (3.7-40) (1.6-15) {1.1-8.5)

Charcoal* 22-37 73-91 30-36 19-22
(15-44) (53-110 (22-45) (14-28)

Wood 25-82 60-180 23-66 13-37
(2.8-110) (10-230) (4.5-83) (2.8-46)

*There are additional greenhouse-gas centributions from fuel-cycle facilities, which may be
particularly large at charcoal kilns.

Shown are the ranges among the means for the three different kerosene stoves and, for the
solid fuels, the ranges of the means for the data grouped by time of measurement during the
burn, The ranges for all individual measurements for the fuel in question are in parentheses,

Global Warming Potentials (ratio to CO,) at four time herizons:

Instantancous: CO = 1; CH, = 21; N,O = 210; TNMOC (NMHC) = |
20-year: 4.5, 23, 280, 12.

100-year: 1.9, 7.6, 300, 4.1.

500-year: 1.3, 3.2, 200, 2.3.

For iflustration:  multipty the 20-year values by the mean emission ratios for LPG in Table
5 and sum, that is, (0.012x4.5) + (0.000036x23) + (0.00001x280) +
(0.0021x12) = (LOB4R (B.5%).

For charcoal, however, not only is the non-CO, impact significant (up to 91%), there
can be expected to be substantial additional cantributions of all four greenhouse gases during

the charcoal manufacturing process, Charcoal, therefore, is probably substantially worse than

wood cn an overall GWP basis. Systematic measurements at charcoal kilns in developing

countries are needed 1o detenmine emission ratios more accurately.

Table 9 shows how this information might be used in designing an international

greenhouse-gas control program. If wood is harvested on a completely non-renewable basis,



Table 9. Global Warming Potential (GWP) benefits frem fuel switching in cookstoves
depending on time horizon. This includes the relative production of CQ, as well as
the non-CO, greenhouse gases: CO, CH,, N,O, and TNMOC and is dependent on
relative stove efficiencies (see below). GWPs taken from Table 8.

Case A: Where wood is harvested on a completely nonrenewable basis (i.e., woodstove and
charcoal CO, emissions, as well as those from fossil fuels, are included as net
atmospheric additions).

Relative GWP
in going from

Woed to Instantaneons 20 yr 100 yr 500 yr
Charcoal* 0.74 0.77 0.77 O.T?
Kerosene 0.22 0.19 0.23 0.25
LPG 0.14 ' D.12 0.1 0.17

Case B: Where wood is harvested on a completely renewable basis (i.e., CO, emissions are
not included for wood stoves because the CQ, is completely recycled, but is included
for the fossil fuels).

Relative GWP
in going from

Wood to Instantaneous 20 --yr 100 yr 500 yr
Kerosene 0.69 0.44 0.96 1.5
LPG 0.46 0.27 0.63 10

In either case:

Relative GWP
in going from
Kerosene (o Instantaneous 20 yr 100 yr 500 yr

LPG 0.67 0.61 0.66 0.67

*This does not 1ake into account greenhouse gases emitted during the other parts of these fuel
cycles (e.g., at oil refineries). In particular, the inclusion of emissions from charceal kilns
might greatly shift the results.

These calculations depend on (1) the available combustion energy per carbon atomn being
about the same for LPG and kerosene and approximately two-thirds as much for charcoal and
wood (Culp, 1979); and (2) cookstove efficiencies of 20%, 30%, 50%, and 70%, tespectively,
for wood, charcoal, kerosene, and LPG stoves (Smith, 1987; World Bank, 1985),

all of the CO, from woodburning results in a net atmospheric increase, and there are
significant advantages in going from wood to kerosene or LPG (Tzble 9A). The size of the
benefit ranges from 74-80% reductions for kerosene or 83-88% reductions by going to LPG

{the range depending on the time horizon chosen).
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Surprisingly, even in the opposite situation (Table 9 Case B), where none of the CQO,
from wood stays in the atmosphere {i.e., no net deforestation), there are. still apparent
advantages in moving from wood to kerosene or LPG at the shorter time horizons preferred
by many analysts. The advantages are. smaller, however, (possible reductions of 4-56% for
kerosene, 37-63% for LPG). The reason is that wood produces a tremendous amount of
non-CO, greenhouse gases, overwhelming the fossil carbon CO, emissions of the fossil fuels.

Only under the longest time horizon shown (500 years) is wood better than kerosene.

Any actual situatien, of course, is likely to fall between complete deforestation (no

recycling of carbon) and no deforestation (complete recycling of carbon).

One implication of these resuits is that fuel substitution or increases in the combustion
efficiency of small biomass-fired stoves through improved biomass stove programs (Caceres
et al., 1989; ESMAP, 1991} may have substantially more benefit than the already considerable
benefits of bringing the CO, cycle closer to balance and enhancir; g local environments by

reducing pressure on biomass. resources.

4, CONCLUSIONS OF PILOT STUDY

Based on these evaluations, there seem to be good arguments for embarking on a more
detailed study of these smail-scale combustion devices in developing couatries. The

reasontng is as follows:

1. Based on previous work, emissions from biomass combustion play large, but still uncertain,

roles in global atmospheric chemistry.

2, A significant fraction of all biomuss combustion occurs in enclosed or semi-enclosed

small-scale devices (Table 2).

3. There is evidence that such devices have somewhat different emission factors compared to

open large-scale combustion, such as forest and savannah buraing.

4, Preliminary evidence from this Manila study shows that emission faciors of wood
combustion in smail devices seem to be high for CH,, CO, and TNMOC, important

greenhouse-telated gases.



5. For illustrative purposes, extrapolations of these factors to glohal emissions indicate that
presently estimated global inventories of these gases from biomass burning may be somewhat

fow.

6. Analysis also reveals that, from wood combustion, the global warming potential of the four
non-CQ, gases, CO, CH,, N,0, and TNMOC, may rival or exceed that from CQ, itself.

Point 5 suggests taking more measurements so¢ that knowtedge of global inventories
can be improved. Point 6 argues for more monitoring so that measures to reduce greenhouse-
gas and other emissions in developing countries can be designed mare effectively (¢.g., 50
that policy measures do not just reduce CO, in one place while the non-CQ, gases are

increased even maore in anaother).

Based on experience, there are several additional factors that might be considered

when designing the next study:

A. Since a large proportion of crop residues in developing countries are also burned in such
stoves, their emission factors can be expecsed o be higher than previously indicated by open
field buming. The next study should include sampling of crop-residue buring stoves. This

will likely change the emissions inventory for this source.

B. Since a growing amount of coal is being used in small-scale combustion in many
developing countries (e.g., China, India, Botswana, Hait), it would be appropriate to include
it in the next study. This is unlikely to change the global inventories for all coal combustion

but might make large local differences (e.g., in China).

C. A greater proportion of ambient samples should be taken next time and emission samples
should be taken in conditions verified to be well-ventilated. It might also be possible to use
background concentrations of inert gases such as F-11, to derive mare accurate emission
factors can be detenmined for the gases at lower concentrations in the combustion-gas

streams.

D. A protocol is needed for monitoring combustion of solid fuels becanse the emission rates
vary so much at different ttmes during the burn cycle. One approach would be to use

low-flow pumps that slowly fill the canisters during the entire bum.
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E. To eliminate the potential variation in emissions because of different geometrical
arrangements of fuel, stove, and measurement probe, some means of mixing flue gases from

unflued devices might be employed.

F. To complete the carbon balance, future studies should consider monitoring the carbon in
aerosol emissions and in the ash and char left after combustion. This will alse allow health

impacts, which depend heavily on aerosol emissions, to be estimated.

G. Since the emissions during charcoal making can be expected to have high emission ratios,
future studies might inciude monitoring of charcoal kilns, although this may prove difficalt

because of the long processing period.
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