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ORIGIN OF AIR POLLUТING EKISSIONS FROK FIREWOOD COKBUSTION 
IN А RESIDENTIAL STOVE 

Н. Zeedijk 

Laboratory of Instrumental Analysis, 
Eindhoven University of Technology, Р.О. Вох S13, 

5600 КВ Eindhoven, The Netherlands 

ABSTRACT 

А survey is given of the air pollutants that are emit:.t:.ed Ьу 

residential woodstoves. For the combustion process а computer model 
has been developed that simulates the operation of the stove. Some 
results of this model are discussed and separately the pyrolysis of 
wood during its warming up in а stove is treated. The evolution of 
pyrolysis gases is depending on heating rate and water content of 
the wood. 

Finally the bottlenecks with respect to air polluting emissions 
from woodstoves are discussed and possibilities for improvement are 
mentioned. 

INTRODUCTION 

Firewood use seemed а disappearing habi t in the beginning of 
the years 70 (1). The rise of fuel prices reversed this trend and at 
the moment the woodstove has made а соте back in modern society. 
This firstly holds for regions and countries with large stocks of 
firewood. For instance in the USA an estimated 10% of the dwellings 
are heated Ьу use of firewood fuel and the consumption of it i s 
increasing at а rate of 10% per year (2). But also in а densely 
populated country like the Netherlands with 1 imi ted f irewood 
supplies woodstoves have been sold for 7 to 8% of the residences 
during the past 5 years (З). Burning of wood correctly is not simple 
and needs attention and experience of the stoker. In areas with а 

large firewood consumption environmental proЫems can arise and for 
this reason the first legal restrictions сап Ье expected (4) . 

CAUSES OF EHISSIONS FROH FIREWOOD BURNING 

Normally firewood is burnt in а special wood stove . Figure 1 
shows the outline. The fuel is brought into the stove Ьу opening the 
door in which valve 1 gives access of air into the fireroom 
("primary air"). The wood logs lay on а flat floor. There is no need 
for а grate nor an ashpan owing to the small ash content of firewood . 



FIGURE 1: TYPICAL WOODSTOVE 
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The flue gases flow from the fire room to the recuperation room 
passing а restriction created Ьу placing а baffle in the stove. Just 
in this restriction air coming from the valve 2 inlet mixes up with 
the flue gases in order to estaЫish afterburning. In the recupera
tion room the flue gases are cooled down before they enter the 
chimney. The function of this is the improvement of the heat effi
ciency of the stove. Usually the air flow in woodstoves is main
tained Ьу chimney draft, i.e. the density difference between the hot 
gas in the chimney and the colder air outside it creates an under
pressure in the stove that sucJc.s the combustion air through the 
valves. 

Combustion of wood is а complicated physical and chemical 
process. When а wood log is brought onto the fire, it starts to warm 
up Ьу heat radiation, and the contact with hot gases and already 
burning fuel. Firstly the physically bound water of the wood, usual
ly 10 to 20,. in air-dry wood, will limit the rise in temperature. 
Wood is а good heat insulator and so it is possiЫe that the surface 
of а log is already burning while the interior is still wet. 

At relatively low temperatures chemical reactions in the wood 
start. Pyrolysis begins already at 250°С. During pyrolysis the 
density of the wood decreases and gases are escaping that contain 
inflammaЫe components. Also а tar is formed that is cracked at 
higher temperatures (5,6,7). 

The burning of char coal is а two-step conversion: In the first 
step oxygen is absorbed and а surface oxide is formed: 

2 С+ 02 ➔ 2 C-O(ads). 
In the next step either carbon monoxide or carbon dioxide is formed: 

2 C-O(ads) ➔ 2 СО, or: 
2 C-O(ads) + 02 ➔ 2 СО2, 

The ratio between formed carbon monoxide and carbon dioxide is 
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given Ьу the Boudouard equilibrium and can Ье expressed as (8): 
~ = 103.4.exp(-12400/RT) 

for char coal and ternperatures in the range 460-900°С. Fi gure 2 
illustrates that above S00°C the monoxide is the main product. 
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This means that at usual ternperatures in wood combustion 
(800-1000°С) carbon monoxide is prevailing and must Ье burnt in the 
gasphase. This oxidation occurs in а number of succeeding steps in 
which the reaction of carbon monoxide with hydroxyl radicals is rate 
determining (9): со+ ОН ➔ СО2 + Н. 

The rate constant consists of an exponential part in which an 
activation energy of 16 Kcal/mol. The reaction rate is proportional 
to the carbon monoxide concentration and the concentrations of 
oxygen and water vapour to the power of 1/4 and 1/2 respectively. 

At high temperatures also carbon dioxide can react at the sur
face of char coal (10,11): 

C02(ads) ~ CO(gas) + O(ads); and 
O(ads) + C(solid) ➔ СО (gas). 

The overall reaction is the reduction of carbon dioxide into 
monoxide. This is an endothermic reaction and, therefore, it means 
the restriction of the ternperature in а woodfire. 

POLLUTAНTS 

Besides carbon rnonoxide the cornbustion of wood in а woodstove 
is the cause of the ernission of many organic pollutants of which the 
origin is strongly related to the process of pyrolysis. In contrary 
the ernission of sulphur dioxide is low as а result of the low 
sulphur content of wood (emission factor ~O.S g S02 per kg 
fuel) and so the emissions of nitrogen oxides do, because the 
content of nitrogen compounds in wood is low as well as the 
cornbustion temperature is low enough to avoid the thermic formation 
of thern frorn nitrogen and oxygen (ernission factor ~O.S g NOx 
per kg fuel). 
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The pyrolys i s of wood i s in fact the sum of the pyrolyses of 
the wood compounds. The main ones are cellulose, hemicellulose and 
lignin (2). The pentosanes of the hemicellulose already start to 
pyrolyse at а temperature of 250°С; the hexosanes of the cellulose 
follow at about 300°С and the lignin at again а 50°С temperature 
elevation. А high pyrolysis temperature favours the formation of 
gaseous products and suppresses the char production. 

The main reaction route of low temperature pyrolysis is dehy
drogenation and at elevated temperatures also the depolymerisation 
is important in which the first product is levoglucosan in the 
cellulose pyrolysis. Following reactions are complex, sometimes 
endothermic, sometimes exothermic. 

Under all conditions important gaseous pyrolysis products are 
water vapour, carbon dioxide • carbon monoxide and methane. An ample 
survey of formed products during pyrolysis of wood under oxidising 
conditions is given in (13). The scope of this study is not the 
smoke of а woodstove, but the smoking of food and as а matter of 
fact the composition of smoke is very important for this 
application. ТаЫе 1 has been derived from this reference and gives 
а survey of the character and the number of compounds found in 
woodsmoke. 

TABLE 1 

Category 

Hydrocarbons 

Alcohols 

Ketones 

Ketoalcohols 
Aldehydes 

Alcoholaldehydes 
Ketoaldehydes 
Phenols 

Carbonic acids 

Esters 

Ethers 
Alicyclic 
Heterocyclic 

COKPOUNDS IN WOODSMOKE 

Nature 

paraffinic 
aromatic 
polycyclic aromatic 
paraffinic 
aromatic 
paraffinic 
aromatic 

paraffinic 
aromatic 

monohydroxy 
dihydroxy 
polyhydroxy 
aldehyde and keto 
mono, paraffinic 
di & keto, paraffinic 
aromatic & phenolic 
paraffinic 
aromatic 
aromatic 

0-hetero 
N-hetero 

Number of analysed 
components 

1 
10 
47 

2 
2 

17 
7 
5 

13 
2 
1 
1 

23 
19 
11 
10 
18 

8 
7 
5 
2 
4 

23 
36 

8 

It concerns components in the smoke condensate. In gaseous 
state also а number of volatile hydrocarbons can Ье found. We ana
lysed the components of ТаЫе 2 in the smoke of а woodstove. 
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TABLE 2 

Kain components 
Kethane 
Ethane 
Ethene 
Acetylene 
Propene 
1-Butene 
2-Butene 
1-Pentene 
Benz.ene 
Toluene 

GASEOUS HYDROCARBONS IN ТНЕ FLUE GAS OF А 

WOODSTOVE 

Trace components 
Propane 
Iso-butane 
n-Butane 
Iso-pentane 
n-Pentane 
3-Kethyl Pentane 
n-Hexane 
Cyclopentene 
2-Pentene 
2-Kethyl Butenes 

Furan 
Ethyl Benz.ene 
m+p-Xylene 
o-Xylene 
Methyl Chloride 

Striking is that in pyrolysis of hemicellulose, cellulose or 
lignin · , nearly the same components are formed. Only aromatics are 
occurring in clearly higher concentrations when lignin ~ is pyrolysed 
and furan is а typical product of cellulose. Both can Ье explained 
easily wi th the chemical structure of the pyrolysed compound. That 
is also the case with the experience that pyrolysis of softwoods 
produces much more acetyl groups containing compounds such as acetic 
acid than hardwoods do. 

The quantity of organics formed in wood pyrolysis in а wood 
stove is consideraЫe. ТаЫе 3 gives an indication of these amounts 
(14), but self-evidently the figures are depending on the used fuel, 
stove and combustion procedure. 

TABLE 3 

Kethane 
Paraffinics 
Olefinics 
Aromatics 

EМISSION FACTORS IN g/Kg FUEL OF GASEOUS 
HYDROCARBONS 

Y.-load %--load full-load smouldering 
11 1.7 3.7 41 
2.2 0.2 0.1 5.7 
3.7 1.0 3.6 23.5 
3.7 2.1 o.s 3.7 

It is clear, that the emissions are higbest during low load and 
smouldering condi tions. ТЬе composi tion of wood smoke particulates 
is very complex. However, the number of elements is small. Besides 
carbon, oxygen, ni trogen and hydrogen only the non-toxic elements 
chlorine, potassium and silicium are found, and traces of iron, 
z.inc, lead and copper. Wood smoke that has cooled down contains many 
polycyclic arornatic hydrocarbons condensed onto the smoke particu
lates, of which а number are cancerogeneous. 

COMPUTER KODEL FOR ТНЕ WOODSTOVE 

А computer model has been developed to describe the combustion 
process in the woodstove. Owing to the complexity it was inevitaЬle 

to make simplifications and the combustion process is also standar
dised and made more uniform as it is in real practice. The model can 
Ье applied for every stove of the already described type build up 
from а combustion room and а recuperation room in which eventually 
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afterburning takes place. Also the chimney draft is cornputed and the 
qualification of the chimney can Ье changed. 

During the execution of the stove-model program wood is perio
dically added onto the fire at fixed intervals. During such an addi
tion it is simulated that the stove door is opened and the stove and 
chimney are filled with air at room temperature. After closing of 
the stove door the added fresh air and wood have to Ье heated and as 
а result of this the temperatures in the stove decrease. When the 
fresh added wood r_eaches the ternperature of 400°С, i t is supposed 
that from the wood escaping gases are ign i ted and the wood log 
starts burning wi th flames. The volume of the flames is calculated 
from the amount of developed cornbustiЫe gases and the lifetime of 
the flames from the gas turbulences. Wi th the present model it is 
not possiЫe to calculate the developrnent and the nature of the 
pyrolysis gase~, because the right information is lacking, but the 
formation, the combustion and the emission of carbon monoxide is 
estimated quantitatively. 

An important part of the model self-evidently is the calcula
tion of the general performance of the stove, such as the gas- and 
heat flows within the stove. The inflow of combustion air is con
trolled Ьу the draft as well as the positioning of the air valves. 
The heat flows are dependent of the used materials for building the 
stove. Calculated are the ternperatures within the stove (ternperature 
of the fire, gas, walls, flames), the cornbustion efficiency and the 
content . of the flue gases wi th respect to carbon monoxide, carbon 
dioxide, oxygen and water vapour. 

FIGURE 3: COMPUTED STOVE PERFORMANCE 
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Figure З shows an example of the computation results . The com
bustion conditions concern full load operation and are mentioned in 
the figure. On the X-axis the time is given in minutes after igni
tion of the fire. The range between 80 and 100 minutes means one 
interval between two firewood additions onto the fire (burn cycle) 
and burn time of 80 minutes is sufficiently long to reach а statio
nary combustion. 

The most import.ant fact we can see in figure 2 is, that 2 
minutes after addi~ion of fresh firewood onto the fire an emission 
of carbon monoxide starts as а result of the lowering of the mean 
fire temperature. This is the point, that the new fuel sets to fire. 
When the combustion proceeds the fire temperature rises again and 
the combus ti on wi 11 Ье complete. The drop i n the а i r flow d i rec tly 
in the beginning of the burn cycle is caused Ьу the filling of the 
chimney with air at room temperature when the stove door is opened. 
Closing of the door re-estaЫishes the draft and air flow within one 
minute. 

PYR0LYSIS GASES 

As а first step for the incorporation of pyrolysis in the com
bustion model the degassing of wood has been calculat.ed when а wood 
surface is heated Ьу thermal radiation and Ьу contact with hot 
gases. ,This calculation is not simple, because during the heating 
process the surface temperature of the wood as well as the heat flow 
are unknown and varying. So one needs to keep equilibrium between 
the input of heat into the wood and the heat content of i t in the 
calculation, as given Ьу the product of temperature and heat capaci
ty. Ву doing so it is possiЫe to estimate the temperature profile 
into the wood. After some time the surface of the wood will Ье modi
fied into char coal. At some depth there will exist а layer of wood 
that pyrolyses, followed Ьу а layer of dry wood, а drying zone at а 

temperature of about 100°С and wet wood (Figure 4). 

FIGURE 4: WARMING UP OF WOOD 

--НЕАТ RADIATION CHAR 

НЕАТ TRANS-
COAL 

PORT FROM нот 

GAS 

PYROLYSIS DRYING 
ZONE ZONE 

- 7 -

soo 

400 

300 

200 

100 

lriJ..R~: lt.G tJP ('!I~E IN SEC.) 

~J..TER CONTEKT WOOD 10\ 

~~D1J..1IOJ: ТЕ~Р. 10ОО0С 

слs Tt~rER~TURE еоо0с 

О 2 4 о 8 10 12 14 lt 
D[РТИ 1r; ТИЕ ~OOD {~~} 



Evaporated water and pyrolysis gases are moving through the 
wood and escape at the surface. Figure S shows the calculated 
temperature profiles in the wood after varying heating times (given 
in seconds). It can Ье seen. that а surface temperature of 400°С is 
already reached. while the interior of the wood is still cold as а 

result of the good heat-f'solating properties of wood. Even after а 
time lapse of 20 minutes • there does not exist а uniform tempera
ture. The rate at which pyrolysis gases escape from the wood appears 
to Ье depending on. the conditions and the beating time. The choosen 
conditions are those occurring in woodstoves: radiation temperatures 
of 800-1000°С • gas temperatures of 600-800°С and water contents of 
the firewood of 0-30~. 

Figure 6 shows that with а high radiation temperature the de
gassing rate has а peak value after about 2 minutes and Figure 7 
that this peak . height increases with decreasing water content of the 
firewood. 

FIGURE б: DEGASSING OF WOOD -
EFFECT OF TEMPERATURES. 
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FIGURE 7: DEGASSING OF WO0D -
EFFECT OF WATER CONTENT 
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DISCUSSION 

The wood stove model predicts an incomplete combustion some 
minutes after addition of fresh firewood to the fire. In real situa
tions • however I different parts of wood logs warm up at different 
rates and not uniformly as is supposed in the stove model. So we 
believe that in reality а peak in emission can occur. but also will 
Ье flatted off over 11 longer time interval. However • just in that 
period of the burn cycle tbe degassing rate of the firewood is at а 

maximum value and so the effect will Ье the maximum emission of 
organics from wood pyrolysis. 

Peak values in woodstove emissions during the first minutes 
after fuel addition have been found in several studies: of particu
late emission (lS,16) 1 of particulates, organic gases and carbon 
monoxide (17). and of pbenol and formaldehyde (18). The effect will 
Ье favoured Ьу high temperatures in the stove and а low water 
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content of the firewood. Under the combustion conditions mentioned 
in Figure 3 we found а comparaЫe emission peak of "combustiЫes" 

(sum of carbon monoxide and organic gases) in the first minutes of а 
burn cycle (Figure 8). 

FIGURE В: FLUE GAS COMPOSITION DURING 
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In contradiction with the stove model, there was а steap de
crease in oxygen concentration, but this сап Ье caused Ьу the effect 
of organic gases, that in general already oxidise at lower tempera
tures than carbon monoxide. In fact, the oxygen concentration in the 
combustion room can Ье nearly zero and in that case the measured 
oxygen concentration in the flue gases only corresponds to the air 
dosage Ьу the secundary valve. From both the computer calculations 
and real measurements (19) it сап Ье learned, that the effect of 
afterburning Ьу secundary air addition is limited to some tens of 
percents. 

An improved woodstove model, that also takes into account the 
pyrolysi s process of firewood сап Ье an important tool in order to 
design better and cleaner woodstoves and so we will try to make the 
model more reliaЫe. 

The direction of improvement of woodstoves is clear from the 
origins of emissions: it is necessary to avoid cold as well as very 
hot spots in the fire. In the first case combustion is incomplete, 
even when the oxygen excess is sufficient; in the second case а high 
level of thermic radiation сап cause а too fast degassing of the 
firewood, that leads to overconsumption of oxygen and emission of 
carbon monoxide and organic matter. 

Other solutions сап Ье found, for instance it is already known, 
that continuous fuel addition of small fuel particles onto the fire 
decreases emissions with а factor 10 (2). It is clear, that Ьу such 
а measure excessive degassing of the fuel сап Ье avoided. Another 
advantage of continuous fuel feed is that cooling down of the stove 
Ьу opening of the stove door is avoided. 

Totally different i s the improvement of afterburning Ьу appli
cation of catalytic afterburners, of which good effects сап Ье 
expected (2,4,20). The disadvantage is, besides the costs, that the 
firewood must meet strong requirements in order to avoid poisoning 
of the catalyst. 
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