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ABSTRACT 

Wood contains more energy than do its products of slow pyrolysis. Consequently, slow pyrolysis 
must he an exothermic process, and cannot consume heat as generally believed. Heat release in 
experiments with thermally slowly decomposing wood has indeed been reported in the literature. The 
exothermic nature of  pyrolysis explains why wood self-heats when its temperature has been somehow 
raised above 80 C and when the released heat does not dissipate. This way the temperature may 
reach the level of oxidation and combustion. Such pyrolytic self-heating occurs in piles o f  sawdust, 
wood chips. and bark, in hot-stacked boards and paper rolls, in dryers for veneer and other wood. 
and in structural lumher near heat sources. In contrast to other kinds of  self-heating, pyrolytic self- 
heating cannot he prevented hy exclusion of oxygen; instead the process has to he decelerated by 
cooling the material. 

K ~ p w o n l . ~ :  Pyrolysis, thermal decomposition, exothermic point, self-heating, spontaneous ignition, 
heat o f  combustion. 

INTRODUCTION 

In  piles of wood chips, sawdust, bark, chopped whole-tree material, and bales 
of waste paper, temperatures may rise without any influx of heat (Riley 1979). 
Other wood products self-heat after their temperature has been raised by an 
external source, among them kiln-dried fiber insulating boards piled while still 
above 90 C (Holmgren 1948). hardboard during the tempering process (Ostlin 
1959), veneer and pieces for wood-base panels in dryers, structural lumber close 
to hot items such as steam pipes (Matson et al. 19.39). and paper rolls stacked in 
the mill while still hot. 

The various self-heating processes as such involve loss of mass and chemical 
changes that impair the recovery of pulp and paper from wood (Bergman 1974). 
The generated heat causes wood decomposition along with discoloration, in this 
way affecting wood strength to the point of charring (Schaffer 1966) and reducing 
the fuel value (Browne and Brenden 1964). The damage increases progressively 
as the temperature rises, at times leading to smoldering combustion (Schaffer 
1979) or culminating in spontaneous ignition and fire hazards in dryers, in build- 
ings, in vehicles during transport of forest products, and in wood piles outdoors. 

OPINIONS AROUT CAUSES OF SELF-HEATING 

Springer et al. (1971) showed convincingly that living parenchyma cells in fresh 
wood chips generate heat as they respire. Between 50 and 60 C, the cells die and 
cease respiring, but then the metabolism of microorganisms releases heat (Mess- 
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ner and Serentschy 1978), until at near 80 C even the most heat-resistant (ther- 
mophilic) microbes perish (Jach 1973). 

It is generally believed that above 80 C direct chemical oxidation is responsible 
for further self-heating (Tsuchiya and Sumi 1977). However, in piles of wood 
chips, sawdust, bark, and particularly stacks of hot fiberboard, self-heating is 
much greater in the center than near the surface, indicating that some process 
other than oxidation-possibly thermal disintegration-generates heat. True, sur- 
faces of the pile remain cooler mainly because heat dissipates into the environ- 
ment, but the temperature differences within the piles cannot be explained by 
dissipation of heat alone. 

According to the literature (Browne 1958; Aaron 1980), until the level of 280 C, 
thermal disintegration or decomposition (pyrolysis) of wood absorbs heat and 
is endothermic. Only at higher temperatures is the process believed to be exo- 
thermic, and may cause self-heating. This view of an exothermic point near 280 C 
is apparently based on thorough studies by Klason et al. (1909 and 1910). who 
heated 800-g batches of cellulose and wood in a retort at normal pressure at 400 C 
within 8 h. The temperature in the sample's center lagged behind the surface 
temperature, except around 270 to 330 C, where it rose higher. The exothermic 
point 280 C seems to agree with practical field experience in charcoal production, 
where in retorts, kilns, pits, or piles some of the wood is burned to raise the 
temperature to a point at which it continues to rise in the absence of air, without 
combustion. Klason et al. (1909) reasoned, however, that pyrolysis gives 
off heat up to 400 C; later (1910) they concluded that the amount of heat given 
off is greater when pyrolysis proceeds at lower temperatures. In their experi- 
ments, heat release or exothermicity was undetectable as long as the retort was 
much hotter than the sample and, therefore, imposed a temperature gradient on 
the sample. Only when at around 270 C the sample temperature approached that 
of the retort, and when the heat release became significant, the center became 
hotter than the surface. At that point the exothermic nature of pyrolysis became 
obvious, but the material probably had given off heat long before. 

It is the objective of this study to clarify the thermal balance of wood pyrolysis, 
to find out under which conditions pyrolysis becomes exothermic, and particu- 
larly to discover whether slow pyrolysis releases heat. 

APPROACH 

The thermal balance or heat of pyrolysis (AH) is calculated by means of this 
corollary of the first law of thermodynamics: 

AH = Z AH", - 2 AH', (1) 

The symbol AHP means heat of combustion, while the indices stand for pyrolysis 
reactants (r) and pyrolysis products (p). 

As an example, let us calculate the alcoholic fermentation of the sugar glucose, 
a reaction which is related to pyrolysis of wood constituents: 

glucose -, ethyl alcohol + carbon dioxide 
CnH,,O, -, 2C,HsOH + 2C0, 

Heats of combustion are -2,810 kJimole for the reactant glucose, - 1,411 kJ/mole 
for the product ethyl alcohol, and of course zero for carbon dioxide (Table 1; 
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TABLE 1. Heof.? of comhusfion~ and relared daro for woodp~ro l~s i .~  compoundr. 

Heat ofcomhulrion 

Compund Stxlc Pormulr Weight kllmole kl lg 

Hydrogen gas H, 2.016 -286.0 -141.88 
Water liquid HIO 18.015 0 0 
Water gas H,O 18.015 -44.0 -2.44 
Carhon (graphite) solid C 12.011 -393.8 -32.78 
Carbon monoxide gas CO 28.01 1 -283.2 -10.11 
Carhon dioxide gas COI 44.010 0 0 

Methyl alcohol gas CH:,OH 32.042 -764.6 -23.86 
Formaldehyde gas HCHO 30.027 -563.8 -18.78 
Formic acid liquid HCOOH 46.026 -254.8 -5.54 
Formic acid gas HCOOH 46.026 -301.0 -6.54 
Ethyl alcohol pas C,H,OH 46.070 -1.411.0 -30.63 
Acetaldehyde gas CH,,CHO 44.054 -1.193.4 -27.09 
Acetic acid liquid CH,COOH 60.053 -875.0 - 14.57 
Acetic acid gas CH,COOH 60.053 -925.1 -15.41 

Ketene gas CH,CO 42.038 -1,012.4 -24.08 
Glyoxal gas C,H,O, 58.037 -759.4D - 13.08 
Acetone gas (CH,),CO 58.081 -1,822.6 -31.38 
Furane gas C,H,O 68.076 -?,I 12.5 -31.03 
Futfural liquid C,H,OCHO 96.086 -2.342.5" -24.38 
Levoglucosan solid C,;H,,,05 162.144 -2,837.4O - 17.50 
Charcoal solid CjGHlOo9 234.255 -7.507.9" -32.05 

Methane gas CH4 16.043 -891.0 -55.54 
Acetylene gas C,H, 26.038 -1,300.5 -49.95 
Ethylene %as CxH, 28.054 -1,411.9 -50.33 
Ethane gas CzH8 30.070 - I  Sm.9  -51.91 

Xylose solid C5H,,,oh 150.133 -?,340.4? -15.59 
p-D-Glucose cryst. CSH,~O,, 180.159 -2.809.9 -15.60 
Cellulose solid (CcH,oOs). 16?.144 -2,838.2" -17.50 
I,imin solid C,,,H,.O,, 620.788 -16.314.7' -26.28 . .. . . . . 
Woad solid C,,H,,,G,, 1,012.930 -20,262.hU -20.00 

"Some vhlucr am calculnfcd from published heats of formation, which acncrnlly nrc hn~cd  on menlured hrnlsnf combustion. Unlcss 
another source is five", the numhcrn oripinatc fmm Gray. D. E. ,Ed, e1 81. 1972, American lnrf i f i , ,~ of  Physics handhook. 3rd cd. 
McGrmw Hiil. New York. Ch. I. 

" Khsnsh. M. S. 1929. Heats ofcomhu~lion of onanic compounds. Bur. Standards J. Rcs. 2386389. 
Dean, I. A. 1973. Handhook of chemi~fry. I Ith d. McGmw Hill. New York. Paecr 9-96. 

,' Klaron cf al. (19101. see references. 
W e a r t .  R. C. 1972. H;$ndhook of chemistry and physic.;. 53rd cd. Chcm. Ruhher Co.. Cleveland. OH. Pugc D279 
' Rrauns. F. E. 1952. Thc chemi5lry of lianin. Paae 442 in I.. E. Wire m d  E. C. Jrhn. Wood chcmirfry. 2nd sd.. vol. I. Reinhold 

Puhl Corp.. New York. 
" H~wIcy ,  I.. F. 1952. Comht!stion of wood. Pace 822 in L. E. W i z  and E. C. Jahn. Wood chemistry. 2nd ed.. vol. 2. Rcinhold 

Puhl COT.  New York. 

following physical chemistry customs, heat of combustion is expressed in nega- 
tive numbers, as being the heat given off by the system). With these values in 
Eq. (I),  we obtain 

AH = -2,810 - [2 x (-1,411) - 01 = +12 kJ1mole 

meaning the reaction consumes +12 kJ per mole of glucose. 
Calculating heat of wood pyrolysis with Eq. (1) appears to be impossible be- 

cause wood pyrolysis involves many complex reactions that depend heavily on 
numerous variables and are in part unknown. The reactions, however, do not 



Kuhlrr-THERMALLY DISINTEGRATING WOOD 169 

have to be known in detail along with all intermediate products; it suffices to 
know the entering reactants and final products. The overall heat of a chemical 
reaction remains the same regardless of the intermediate stages involved. 

Heats of combustion have been measured accurately for numerous compounds 
by the U.S. National Bureau of Standards and by others. The heats of interest 
in this study are listed in Table I, in units of kJ/mole and kJ/g. When calculating 
the thermal balance, the mole as reaction quantity is advantageous, whereas for 
comparisons of identical masses, gram units are preferable. All heats of combus- 
tion apply to the standard state, that is, normal pressure and 25 C, to avoid errors 
due to heat capacities of the substance. The compounds are assumed to burn to 
liquid water and carbon dioxide gas. For cellulose, the data apply to one single 
link of the molecule chain rather than to the molecule as a whole. 

Compounds which boil above 160 C are listed in their physical state at 25 C 
(solid or liquid), whereas in cases where the boiling point is below 100 C, I chose 
the gas state, the reason being that low-boiling products evaporate and escape 
from decomposing hot wood. "Dual-state'' compounds between these two 
groups-water (boiling point 100 C), formic acid (110.5 C), and acetic acid 
(1  18.1 C)-are considered in both the liquid and the gaseous state. Near the wood 
surface, these compounds tend to evaporate and to escape, while deep in large 
wood piles a large proportion of them remain liquid or adsorbed. The energy 
consumed for evaporation, known as latent heat, does not appear in the thermal 
balance. 

PYROLYSIS PRODUCTS 

For the calculation we need to know which products evolve from thermally 
disintegrating wood, particularly from wood which decomposes slowly above 80C. 
Browne (1958) compiled the major kinds of pyrolysis products in an extensive 
literature review about pyrolysis reactions. In rapidly heated wood, pyrolysis 
begins above 100 C and accelerates until the temperature approaches 300 C. 
Beyond this peak the reaction rate decreases even when temperature continues 
to rise as fast as before. Up to 200 C, oven-dry wood dehydrates, losing water 
of constitution which escapes as vapor mixed with traces of carbon dioxide, 
acetic and formic acids, and glyoxal. Between 200 and 280 C, the proportion of 
water vapor becomes smaller as the other volatiles appear in increasing quantities, 
together with carbon monoxide. Between 280 and 500 C, carbon monoxide, meth- 
ane, formaldehyde, formic and acetic acids, methanol, and later hydrogen are the 
most notable products, still diluted with carbon dioxide and water vapor but also 
mixed with tars. What remains is the solid residue charcoal, generally the major 
product of pyrolysis in terms of mass. 

Klason (1914) found that the heating rate has a strong influence on pyrolysis. 
When he carbonized birch in vacuum within 5 h, the percentages of produced 
char, water, and carbon dioxide were 19.5, 16.6, and 6, respectively. They were 
39.4. 26.1. and 12.6 when heating a larger sample at normal pressure in the course 
of 14 days to the same temperature of 400 C. In an 8-h 400 C test, at normal 
pressure, the quantities were in between those of the two extreme tests-30.9, 
20.5, and 10.2%. The wood tested contained 11% moisture, but this hygroscopic 
water is disregarded in the given percentages. 

In tests with sawdust, which lasted only from 2 to 390 min and ended either at 
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TABLE 2 .  P ~ O ~ U C I S  evolving in models for slow and fast pyrol,vsis of I0 moles of oven-dw wood. 

Nvmher of moles for pyrolysis rate Weight (percent] for pymlysir rate 

Product Slow Past Slow Farr 

Hydrogen 
Water 
Carhon monoxide 
Carbon dioxide 

Methyl alcohol 
Formic acid 
Acetic acid 
Glyoxdl 
Furfural 
Acetylene 
Charcoal 

525 or at 600 C, more rapid carbonization yielded less acid, less alcohols, and 
again less charcoal (Goos et al. 1948). Among volatiles of slowly decomposing cel- 
lulose in vacuum at 160 C, the H,OICOz/CO ratios were 210.7511 at the end of the 
drying phase, but one month later when the decomposition was much slower they 
were 1012.511 (Murphy 1962). In experiments reported by Demidov (1962), the 
proportion of carbon monoxide among the volatiles increased as wood temper- 
ature rose, peaking around 400 C; hydrogen and the hydrocarbons methane, 
acetylene, and ethane appeared only at temperatures of 300 C and higher. 

In slow pyrolysis, "the decomposition proceeds in an orderly manner in which 
there is stepwise formation of increasingly stable molecules" whereas "in very 
rapid heating, macromolecules may be literally torn into volatile fragments with 
little possibility of orderly arrangement" (Browne 1958, p. 7). 

Moisture accelerates wood decomposition through hydrolysis, that is, a chem- 
ical process in which a compound reacts with the ions of water. Hydrolysis splits 
hemicellulose and cellulose-wood's main constituents, besides lignin-into sug- 
ars, acetic acid, and formic acid. These are products that are known to evolve 
when wood is steamed or "boiled" at 70 to 100 C to soften it for veneer cutting 
and for other purposes (Plath and Plath 1955). The acids catalyze and accelerate 
further hydrolysis, particularly when trapped in the wood. 

Strictly speaking, hydrolysis is not a kind of pyrolysis, since acids and alkalis 
catalyze wood already at room temperature. Hydrolysis without added chemicals, 
however, requires temperatures that are nearly as high as those of pyrolysis. 
Besides, pyrolysis is generally accompanied by hydrolysis even in oven-dry 
wood, where the evolving water of constitution acts as an hydrolytic agent. For 
these reasons, hydrolysis is here treated as a kind of pyrolysis. 

HEAT OF PYROLYSIS CALCULATION FOR WOOD AS A WHOLE 

Here the thermal balance is calculated for slow and for fast pyrolysis. Unfor- 
tunately, complete quantitative analysis data are not available and are difficult to 
determine. Pyrolysis researchers have either identified only the kind of evolving 
products, or have measured the quantity of only some products. Klason (1914) 
analyzed the process rather completely, but for some of his tars, oils, and other 


















