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I n t r o d u c t i o n  

o f  food and space h e a t i n g  by  smal l  f i r e s .  
indoors  and the  combustion products a re  n o t  vented o u t  o f  t he  b u i l d i n g ,  bu t  
s imp ly  escape through windows, doors, and porous w a l l s  and roo f ing .  
descr ibes a p r e l i m i n a r y  s tep  i n  d e f i n i n g  a t e s t  p r o t o c o l  f o r  t he  simultaneous 
measurement of e f f i c i e n c y  and emissions o f  open biomass cook ing /heat ing  stoves 
as they a r e  used i n  many deve lop ing  count r ies .  T h i s  study i s  p a r t  o f  a l a r g e r  
study of t h e  h e a l t h  impacts  of these combustion sources [Smith and o t h e r s  (I)]. 

Prev ious  s tud ies  o f  t o t a l  suspended p a r t i c u l a t e s  by Smith & &. (Z), and 
carbon monoxide c o n c e n t r a t i o n s  i n  v i l l a g e  houses by  Dary g& d . ( 3 ) s h o w  t h a t  
exposures a r e  s i g n i f i c a n t  and may approach o r  even exceed those exper ienced by 
c i g a r e t t e  smokers (4 ) .  
importance i n  some areas  i s  t he  a v a i l a b i l i t y  o f  f u e l  and ways i n  which the  e f f i c i e n c y  
o f  f u e l  use might be inc reased [de Montelembert and Clement (5)]. 

f i r e d  spaceheaters [Cooper & Malek, (6 ) ]  and the re  have a l s o  been severa l  s tud ies  
o f  the e f f i c i e n c i e s  o f  f u e l  use f o r  undeveloped c o u n t r i e s  [Prasad (7)l. The t e s t  
p ro toco l  descr ibed h e r e  a t tempts  t o  combine t w o  i m p o r t a n t  o b j e c t i v e s :  

those expected i n  t h e  f i e l d ;  

A l a r g e  f r a c t i o n  of t h e  p o p u l a t i o n  o f  t h e  e a r t h  i s  served by the  p r e p a r a t i o n  

Th is  r e p o r t  

I n  many cases t h e  cooking i s  done 

Another aspect o f  biomass f u e l  use which i s  o f  considerable 

There have been many s t u d i e s  o f  e f f i c i e n c i e s  and emissions f o r  metal  wood- 

1) 

2) 

The burn c o n d i t i o n s  i n  t h e  t e s t s  should s i m u l a t e  as c l o s e l y  as p o s s i b l e  

The t e s t i n g  shou ld  combine e f f i c i e n c y  and emission measurements. 

The combustion r e g i o n  i n  a v i l l a g e  house i s  d e f i n e d  by t h e  stove, which conf ines  
t h e  f i r e  and suppor ts  t h e  cooking u t e n s i l ,  and a l s o  by t h e  cooking u t e n s i l  i t s e l f .  
An impor tan t  b e n e f i t  o f  combining e f f i c i e n c y  and emissions t e s t s  i s  t h a t  f u t u r e  
work on t h e  design o f  improved stoves can eva lua te  changes and p o t e n t i a l  compromises 
between emissions and e f f i c i e n c y  goals.  

c o u l d  be r e p l i c a t e d  a t  a reasonably low c a s t  and opera ted  by i n d i v i d u a l s  wi th  
1 i m i t e d  exper ience w i t h  emissions and e f f i c i e n c y  t e s t i n g .  Such e a s i l y  assembled 
systems m i g h t  then be made a v a i l a b l e  a t  f i e l d  l o c a t i o n s  i n  the  r e l e v a n t  count r ies ,  
where l o c a l  i n s t i t u t i o n s  f a m i l i a r  w i t h  l o c a l  customs and f u e l  t ypes  cou ld  examine 
ways of improv ing  t h e  performance of the  combustion systems. 
s a t i s f y i n g  the  requ i rements  f o r  accuracy necessary f o r  showing compliance t o  
r e g u l a t o r y  requirements,  such a system c o u l d  be v e r y  u s e f u l  f o r  des ign ing  and 
t e s t i n g  improved s tove / fue l  combinations. 

Apparatus and M a t e r i a l s  

Another o b j e c t i v e  o f  t h i s  s tudy  i s  the  design o f  a measurement system t h a t  

While perhaps n o t  

3 The t e s t s  were conducted i n  a small (17m ) u t i l i t y  b u i l d i n g  o f  t he  type of ten 
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7' 
used f 6 r  equipment storage. The b u i l d i n g  had a conc re te  f l o o r ,  a s l i d i n g  en t rance  
door, and s l i d i n g  windows on two s ides.  
a v i l l a g e  hu t  (8). 
and the  emissions were c o l l e c t e d  by  a hood t h a t  i s  a q u a r t e r  s e c t i o n  of a cone and 
cou ld  be ra i sed  and lowered over  t h e  f i r e .  
b u i l d i n g .  
10 m3/min through a 0.2 m diameter duc t  w i t h  a 1/3 hp b lower  l o c a t e d  j u s t  o u t s i d e .  

emissions from the types o f  wood f i red  s toves i n  common use i n  i n d u s t r i a l  c o u n t r i e s  
(6). 
probes i n t o  the f lue-gas stream. The stoves o f  i n t e r e s t  here, which a re  t h e  most  
common stoves i n  the  world, have no f l u e s .  The emissions t e s t i n g  equipment must 
capture a l l  the emissions w i t h o u t  s i g n i f i c a n t l y  a1 t e r i n g  the  combustion c h a r a c t e r -  
i s t i c s  o f  the stove. 

T h i s  b u i l d i n g  was a l s o  used t o  s t i m u l a t e  
The c o o k f i r e  was b u i l t  i n  a s tove  i n  t h e  co rne r  o f  t he  b u i l d i n g  

The hood f i t t e d  i n t o  a co rne r  o f  t h e  
A i r  i n  t h e  hood was exhausted f rom the  b u i l d i n g  a t  a r a t e  of about  

Such an arrangement i s  q u i t e  d i f f e r e n t  from those t y p i c a l l y  used t o  measure 

Such stoves have f l u e s  and emissions measurements can be made by i n s e r t i o n  of 

The movable hood met these s p e c i f i c a t i o n s  i n  ou r  t e s t s .  The hood was r a i s e d  t o  
about 0.6 m i n  o rde r  t o  change stoves and c lean  up a f t e r  t e s t s .  Most types o f  sim- 
p l e  biomass-fueled cookstoves (8,9) w i t h o u t  f l u e s  c o u l d  be p laced  o r  cons t ruc ted  on 
the f l o o r  under t h i s  hood. The hood was then lowered t o  about 0.3 m. Th i s  a l l owed  
a l l  t he  emissions from t h e  f i r e  t o  be captured by t h e  hood exhaust, b u t  i s  n o t  so 
c lose  t o  the stove t h a t  i t  c rea tes  a g r e a t l y  increased a i r  f l o w  through t h e  combus- 
t i o n  reg ion.  

The a i r  f l o w r a t e  through 
the  exhaust duct was i n f e r r e d  from the  pressure drop across an o r i f i c e  p l a t e  i n  a 
sec t i on  o f  0.15 m d iameter  duc t  downstream o f  t he  b lower .  The f l o w r a t e  was c a l i -  
b ra ted  t o  the pressure drop by making an absolute measurement o f  t h e  f l o w r a t e  w i th  
a p i t o t  t ransverse i n  a s t r a i g h t  s e c t i o n  o f  t he  d u c t  downstream f rom the  o r i f i c e  
p l a t e .  
c i t y  was degraded somewhat by  the b u i l d u p  o f  p a r t i c l e s  on t h e  b lower  vanes, t he  
o r i f i c e  c a l i b r a t i o n  was n o t  s i g n i f i c a n t l y  a f fec ted .  The a i r  was exhausted a t  a 10- 
c a t i o n  about three meters f rom t h e  b u i l d i n g .  
was n o t  a problem d u r i n g  these experiments. 

TSP and CO were sampled j u s t  upstream o f  t he  blower. 

The c a l i b r a t i o n  was performed on two occasions. A l though t h e  b lower  capa- 

The ent ra inment  o f  t h e  exhaust  gases 

S ta in less  s t e e l  and copper probes ( t"  I .D . )  f a c i n g  i n t o  the  a i r  f l o w  removed 
These were passed through f i l t e r  casse t tes  ( f o r  a l i q u o t s  o f  the t o t a l  emissions. 

TSP) o r  through a damping volume and then taken through an Ecolyzer  CO mon i to r  
(Model 2100; mod i f i ed  t o  a d e t e c t i o n  range of 0-500 ppm). 
by the  pump i n  the  Ecolyzer  which operated a t  about 1.2 l i t e r / m i n .  
c a l i b r a t e d  w i t h  a 203 ppm CO standard (span gas). The s e n s i t i v i t y  o f  t h e  i n s t r u -  
ment was such t h a t  t h e  measurement e r r o r  of t h e  CO concen t ra t i on  ranged f rom 4 t o  
8 PPm. 

The p a r t i c u l a t e  ma t te r  sample stream was drawn by a b a t t e r y  powered personal  
The per-  

The CO stream was drawn 
The Eco lyze r  was 

sampler ( G i l i a n  model HFS113) a t  r a t e s  rang ing  f rom 1.5 t o  4 l i t e r / m i n .  
sonal sampler was operated i n  the constant  f l o w r a t e  mode and t h i s  r a t e  was moni- 
t o r e d  by the  rotameter  on the  sampler. The rotameters were c a l i b r a t e d  by volume 
displacement. 
p o i n t  (g lass f i b e r  f o r  TSP, Tef lon f o r  TSP and t r a c e  metals, qua r t z  f o r  e lementa l  
carbon determinat ion) .  

The c o l l e c t i o n  method i s  more s i m i l a r  t o  t h a t  used by  Butcher and E l l enbecke r  (10) 
i n  a s tudy o f  r e s i d e n t i a l  heaters  than i t  i s  t o  EPA Method 5, which has been used 
t o  s tudy emissions from a wide range of combustion sources, i n c l u d i n g  r e s i d e n t i a l  
heaters  (11). 

Several types of 3 7 m  f i l t e r s  were used depending on the  d e s i r e d  end- 

The temperature i n  t h e  duc t  a t  t h e  sampling probes was g e n e r a l l y  30-40' C. 
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Biomass fuels f o r  these t e s t s  should be chosen t o  represent those in common 
use in developing count r ies ,  which a re  mainly in tropical areas. Anecdotal accounts 
by v i l lagers  (2)  and measurements of emissions from wood species from temperaie c l i -  
mates indicate t h a t  emissions vary by t ree  species (6,12). Emissions from various 
kinds of crop residues vary even more s igni f icant ly  because of greatly varying ash 
contents and physical charac te r i s t ics  (1). Emissions f r o m  animal dung a l so  vary 
somewhat according t o  the content of d i r t  incorporated during the collection pro- 
cess. The emissions from a l l  biomass fue ls  can be expected t o  vary by moisture 
content. 

I n  these preliminary tests, six tropical t r ee  species,  cow dung, coconut husks, 
and charcoal were used. 
t o  resu l t  i n  a range of moisture contents typical of what would be expected in the 
f ie ld .  

Test Procedure 

The heat u t i l i za t ion  measurements were based on the provisional international 
standards developed by Volunteers fo r  International Technical Assistance (13). The 
temperature o f  two l i t e r s  of t a p  water was determined and then placed in a covered 
cooking p o t .  
amount of kerosene t o  help insure t h a t  each t e s t  began i n  a consistent manner. 
Particulate samplers were s t a r t ed  a s  the f i r e  was l i t .  
by adding f u e l ,  rearranging fue l ,  and blowing on the f i r e  t h r o u g h  a blowpipe, as 
needed. Fires in r ea l  f i e l d  s i tua t ions  usually receive similar a t ten t ion .  
vigorous f i r e  was maintained t o  r a i se  the water t o  the boiling point and t o  boil i t  
f o r  15 minutes. When the water boiled, the time was noted. Afier boiling fo r  15 
minutes the f i r e  was reduced t o  keep the water a t  a simmer (>95 ) f o r  30 minutes. 
A t  the end of th i s  period the f i r e  was extinguished and the samplers were turned 
off.  

Collection, drying, and storage procedures were designed 

The f i r e  was s ta r ted  under the pot w i t h  the aid of a small measured 
The 

The f i r e  was ac t ive ly  tended 

A fa i r ly  

The amount of fuel added and the fuel residue were determined by a pan balance 
t o  an accuracy of lg. 
The amount of kerosene added was recorded and the amount of water remaining in the 
p o t  was determined. 

was the "overall heat u t i l i za t ion , "  which i s  the r a t i o  of the heat o u t p u t  (sensible + 
l a t en t  heat o f  the water) t o  the heat  i n p u t  in terms of the heats of combustion of 
fuels used ( the  "low heat value," corrected f o r  moisture content a n d  charcoal resi-  
dues); The kerosene used f o r  l igh t ing  accounted fo r  only a small f rac t ion  of energy 
used. The second was the "net heat u t i l i za t ion"  and i s  the r a t io  of sensible heat 
o u t p u t  t o  heat input. 
the type of cooking being considered. A t h i rd  "power" measure i s  sometimes impor- 
t a n t  a s  well: 
t e s t  cycle. 
s t o p p i n g  the f i r e  t o  weigh the  fue l .  
greatly a f f ec t s  emissions. 
technique, perhaps placement of the en t i re  stove on a large scale. 

uously and c r i t i c a l  values were recorded a t  5-minute in te rva ls .  
cluded o r i f i ce -p la t e  pressure drop, sampler flow ra t e s ,  duct temperature a t  the 
sample probes, ambient temperature, and Ecolyzer reading. 

Charcoal and unpyrolyzed wood residues were weighed separately. 

TWO types of "efficiency" of the cooking process were determined. The f i r s t  

Both measures of heat u t i l i za t ion  a re  useful, depending on 

i t  is the average stove power during the heat-to-boil phase of the 
This was n o t  determined in these t e s t s  because the power t e s t  required 

S tar t ing  and stopping the f i r e ,  unfortunately, 
Jo in t  power and emissions t e s t s  would require some other 

During the burn, the a i r  sampling equipment was monitored more o r  l e s s  contin- 
These values in- 

The f i l t e r s  were placed i n  a dessicator f o r  24 hours before the t a r e  and 
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sampled weights were taken. In  most 
cases, each f i l t e r  represented an i n t e g r a t e d  sample over t h e  e n t i r e  burn. The t o t a l  
p a r t i c l e  emissions were determined as the  produc t  o f  t h e  f i l t e r e d  we igh t  and t h e  ra -  
t i o  o f  t he  t o t a l  d u c t  f l o w  t o  the  p a r t i c l e  sampler f l ow .  
P a r t i c u l a t e  m a t t e r  was then c a l c u l a t e d  as t h e  r a t i o  o f  t o t a l  p a r t i c l e  emissions t o  
ne t  f u e l  consumed. These p a r t i c u l a t e s  c o u l d  be expected t o  have mass median a r o -  
dynamic diameters of about 0.6 vm o r  l e s s  based on wood and dung smoke measurements 
i n  open and c losed stoves (8,14). 
r e s p i r a b l e  range (4.5 pm). 

Weights were then measured t o  within 0.01 mg. 

The emission f a c t o r ’ f o r  

Th is  means t h a t  e s s e n t i a l l y  a l l  TSP i; w i t h i n  t h e  

The carbon monoxide c o n c e n t r a t i o n  i n  the  d u c t  was ob ta ined f rom t h e  Eco lyzer  
, read ing  (cor rec ted  f o r  temperature). The duc t  c o n c e n t r a t i o n  was then i n t e g r a t e d  

The emission f a c t o r  was ob ta ined by d i v i d i n g  
over the  t ime o f  t h e  burn and m u l t i p l i e d  by the  f l o w  r a t e  through the  d u c t  t o  o b t a i n  
the  t o t a l  carbon monoxide emissions. 
by the  f u e l  consumed, as descr ibed above. 

Resu l ts  and D iscuss ion  

The r e s u l t s  o f  seventeen t e s t  burns a re  summarized i n  Table 1. These r e s u l t s  
a re  s o r t e d  by stove type. 
stones. The convent ional  *=shaped and open a t  t h e  top  t o  suppor t  t h e  cook- 
i n g  u t e n s i l .  
C.P.R.I. stove i s  a c y l i n d r i c a l  metal s tove  designed f o r  increased h e a t i n g  e f f i c i e n c y .  
The f u e l  use r a t e  ranged f rom 0.2-1.6 kg/hr. A number of d i f f e r e n t  f u e l s  were 
tes ted ,  b u t  these r e s u l t s  a re  aggregated f o r  p resent  purposes. 
i n  emissions f a c t o r s  very  l i k e l y  r e s u l t e d  f rom v a r i a t i o n s  i n  the  burn ing  c o n d i t i o n s  
f rom one burn t o  t h e  n e x t  and a l so  f rom e r r o r s  o f  measurement. V a r i a t i o n s  i n  the  
burn ing  c o n d i t i o n s  occur n a t u r a l l y  and have a l s o  been observed i n  o the r  s tove  t e s t s  
(8,lO). These v a r i a t i o n s  can on ly  be minimized by  conduct ing  many t e s t s .  Key among 
the  measurement e r r o r s  a r e  those which a r i s e  f rom we igh ing  the  37 nun f i l t e r s .  
some cases the  p a r t i c u l a t e  weight was l e s s  than 0.10 mg and near the  l i m i t  o f  sensi-  
t i v i t y  o f  t he  a v a i l a b l e  balance. There may a l s o  be problems assoc ia ted  w i t h  t h e  ad- 
so rp t i on  o f  gases such as SO2 on g lass  f i b e r  f i l t e r s .  

probes. 
ductwork and just upstream o f  t he  blower i n l e t .  S u b s t a n t i a l  inhomogeneity of t h e  
flow f i e l d  was observed i n  t h i s  reg ion  and the  p a r t i c l e  c o l l e c t i o n  e f f i c i e n c y  may 
have depended on t h e  sample probe l o c a t i o n  and o r i e n t a t i o n .  
duc t  upstream o f  the.sampler were es t imated  by measuring t h e  d e p o s i t i o n  on weighed 
aluminum f o i l .  For a se r ies  of burns i n  which t h e  t o t a l  emissions were 62 grams, 
about 5 grams were es t imated  t o  have been depos i ted  i n  t h e  duct.  

The emissions f a c t o r s  i n  Table 1 may be compared wi th  f a c t o r s  o b t a i n e d  by 
o t h e r s  f o r  f i r ep laces .  
chulas,  a re  more s i m i l a r  t o  chulas than a re  c losed metal  stoves. Dasch (14), i n  a 
m a c e  study us ing  EPA Method 5, obta ined an average o f  5.4 g/kg f o r  f i l t e r a b l e  
p a r t i c u l a t e s  w i t h  a range o f  2.4-12 g/kg. 
aged 6.9 g/kg w i t h  a range of 2.3-22 g/kg. DeAngelis, et. (ll), obta ined aver -  
ages of 2.4 g/kg p a r t i c u l a t e s  and 6.7 g/kg condensible o rgan ics  f o r  f i r e p l a c e s .  
The r e s u l t s  ob ta ined here tend t o  f a l l  between va lues  f o r  p a r t i c u l a t e s  o n l y ,  and 
those fo r  p a r t i c u l a t e s  p l u s  condensibles f rom these o t h e r  s tud ies .  
n’eeded t o  de f i ne  t h e  sampling method most a p p r o p r i a t e  f o r  assessing t h e  h e a l t h  e f -  
f e c t s  of these l o w  temperature combustion sources. 

The chu las  were cons t ruc ted  o f  f i r e b r i c k  o r  o f  l a r g e  
I 

, It i s  cons t ruc ted  o f  c l a y  o r  s i m i l a r  indigenous m a t e r i a l s .  The 

The l a r g e  v a r i a t i o n s  

For  

1 

Other problems may a r i s e  from t h e  c o n f i g u r a t i o n  o f  t h e  duct near the  sampling 
I The sampling probes were l oca ted  f a i r l y  c l o s e  t o  a r i g h t  ang le  bend i n  t h e  

P a r t i c l e  losses  i n  the  

F i rep laces ,  a l though u s u a l l y  n o t  tended cont inuous ly  l i k e  

The condens ib le  o rgan ic  f r a c t i o n  aver-  

F u r t h e r  work i s  

Dasch (15,16), L i p s  (17). and DeAngelis, et. (11918) obtained average carbon 
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monoxide emiss ion f a c t o r s  which ranged f rom 16 t o  110 g/kg i n  f i r e p l a c e  s t u d i e s .  
Th is  range inc ludes  seve ra l  burns c a r r i e d  o u t  a t  much h ighe r  combustion r a t e s  than 
we have used. Smith, etal. (E), i n  a s tudy o f  concen t ra t i ons  i n  a s imu la ted ,v i l -  
l age  hu t  which a l l owed  t h e  de te rm ina t ion  of emission f a c t o r s  by i n d i r e c t  means ob- 
ta ined  the r e s u l t s  a t  t he  l o w  end of t he  range. A d d i t i o n a l  research i s  be ing  con- 
ducted t o  e x p l a i n  t h i s  discrepancy. 

Table 1 

Summary o f  Resul ts  
Mean Values (range) 

Stove 
Overa l l  P a r t i c l e  h i s s  i on Carbon Monoxide 
E f f i c i e n c y  Factor  Emission Factor  

Small Chula 13.3% 9.1 g/kg 84 g/kg 
9 burns (9 .O-16.6) (4.2-21.3) ( 72-92) 

Large Chula 14.2 
2 burns 

12.3 
(9.1-15.5) 

Three Rock Chula 11.6 7.7 63 
3 burns (6.7-14.3) (4.2-10.2) (39-81) 

C.P.R.I.  Stove 15.5 5.2 
3 burns (11.8-18.0) (0.3-8.3) 

182 
(86-360) 

The c u r r e n t  system us ing  personal samplers o f f e r s  the advantage o f  s imple and 
s tab le  pumps usable i n  o the r  a p p l i c a t i o n s  such as personal sampling. 
i s  t h a t  t he  smal l  sample volumes r e s u l t  i n  p a r t i c l e  masses than can on ly  be de te r -  
mined w i t h  a sub -m i l l i g ram l e v e l  a n a l y t i c a l  balance. 
masses o f  1-5 mg were e a s i l y  measured, b u t  f o r  some f u e l s  these masses were less than 
0.1 mg. The advantages o f  u s i n g  t h e  present  system w i l l  be compared with those using 
a l a r g e  volume o f  a i r  and less  demanding weighing procedure i n  f u t u r e  work. 

f i r e  somewhat and one can o n l y  t r y  t o  min imize these e f f e c t s .  
0.3 m d i s tance  from t h e  hood t o  the  f l o o r  means t h a t  t he  hood opening i s  about 
0.54 m* f o r  these s tud ies .  A t  an average f l o w r a t e  o f  10 m3/min, t h i s  g ives an 
average face v e l o c i t y  of about 19 m/min. 
f e c t  t h i s  a i r f l o w  has on the f i r e .  We do know t h a t  f u g i t i v e  emissions t o  the  i n t e r -  
i o r  o f  the h u t  was a m ino r  f a c t o r  f o r  these t e s t s .  
smoke was apparent i n  t h e  hu t .  The CO concen t ra t i on  was measured a t  the edge o f  the 
hood on t h r e e  occasions. 
l i m i t  of t he  system as se t  up (less than 2 ppm), and one measurement was about 4 ppni. 

seems t h a t  it can be u s e f u l  a s  an inexpensive approach t o  measuring thermal e f f i -  
ciency and a i r  emiss ions f rom simple open b iomass- f i red stoves. 

A disadvantage 

In many cases the  f i l t e r e d  

Some aspects  o f  t h e  sampling method are bound t o  a f f e c t  the opera t i on  o f  the 
As mentioned, the  

I t  i s  d i f f i c u l t  t o  say how much o f  an e f -  

Genera l ly  speaking, ve ry  l i t t l e  

TWO o f  these measurements were l e s s  than t h e  d e t e c t i o n  

Although the re  a r e  severa l  remaining problems t o  be so l ved  i n  t h i s  system, i t  
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