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Abstract
Accurate determination of gas concentration emitted during thermal degradation (pyrolysis) of biomass in forest ﬁres is one of the
keypoints in recent research on physical-based ﬁre spread models. However, it is a very cumbersome task not well solved by classical
invasive sensors and procedures. In this work, a methodology to use open-path Fourier transform-based infrared (OP-FTIR) spectrometry has been applied as a remote sensing technique that permits in situ, non-intrusive and simultaneous measurements. Main gaseous byproducts (CO, CO2, CH4 and NH3) have been measured and quantiﬁed in terms of path-integrated concentrations. Diﬀerent emission
ratios have been determined for the species under study. These results can help to simplify the modelling of pyrolysis processes inside the
physical-based models for ﬁre spread.
 2006 Elsevier B.V. All rights reserved.
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1. Introduction
Physical models for predicting wildland ﬁre behaviour
are based on the resolution of a set of conservation equations (mass, momentum and energy) in order to estimate
the energy ﬂux between burning and unburned fuel [1].
One of the keypoints of these models concerns the modelling of the thermal degradation of biomass (pyrolysis). This
complex process generates diﬀerent gases, some of them
ﬂammables, acting ahead the ﬁre on the rate of spread.
Experimental knowledge of these gas concentrations is a
determinant factor to validate and improve these models
trying to simulate the spread of a ﬁre. However, one important problem is to perform an accurate mode to measure
the concentration of pyrolysis gases as they are produced
in a harsh environment and at open air.
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This paper presents an experimental characterization of
gases emitted during thermal degradation of selected Galician shrub fuels. The work has been divided in diﬀerent
parts. The ﬁrst one focuses on the experimental setup and
the preparation of samples. This is an important part of
the work as it makes feasible comparisons between IR procedures and classical forest ones. The second part of this
work is devoted to the experimental results and the analysis
of correlations between the concentrations of diﬀerent
pyrolysis gases for the species under study. Finally, some
conclusions about these results and further applications
are proposed.
1.1. Thermal degradation of biomass
Wood (and, in general, forest fuels) is a thermally
degradable and combustible material mainly composed
by cellulose (40%), hemicellulose (30%) and lignin
(25%). A small proportion is solvent soluble extractives
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(lipids and terpenes) and inorganic materials (ashes) [2].
When wood temperature is increased, the diﬀerent chemical components undergo a thermal degradation. This thermal degradation is called pyrolysis. The process is very
complex, and can be divided in diﬀerent temperature
regimes.
A general description of the process can be found in Ref.
[3]. Below 100 C only the loss of water is remarkable.
Between 100 C and 200 C water vapour and other noncombustible gases like carbon dioxide, formic acid and acetic acid are produced. Exothermic oxidation reactions can
occur because ambient air can diﬀuse into and react with
the developing char residue. From 200 C to 300 C active
pyrolysis begins with the decomposition of hemicellulose
and lignin. The same gases cited previously are produced,
but with a greatly reduced quantity of water vapour and
now signiﬁcant amounts of carbon monoxide are emitted.
At this point, the products are almost entirely non-ﬂammable. From 300 C to 500 C the rapid decomposition of cellulose takes place giving rise to an important production of
ﬂammable volatiles and tars. If these gases are mixed with
air and heated to their ignition temperature, transition to
ﬂaming combustion (fast exothermic gas-phase reactions
that emit radiation in the visible spectrum) can occur.
Above 500 C all volatiles are gone, and the remaining
wood residue is char that can be oxidized to CO2, CO
and H2O (glowing combustion).

2. Experimental description
2.1. Samples
Over 14,000 wildﬁres happen every year in Galicia (NW
of Spain) and more than 80% of them burn in shrubland
areas [4] where diﬀerent shrubs communities (gorse, winged
broom, heather, etc.) are widespread. The study of initial
stage of combustion of these shrub species is highly interesting as they are highly ﬂammable and capable of sustaining extreme ﬁre intensity even at moderate ﬁre danger
levels [5]. Five representative species of these communities
were selected for this study: Calluna vulgaris (L.) Hull, Chamaespartium tridentatum (L.) P. Gibbs, Erica umbellata L.,
Ulex europaeus L. and Ulex minor Roth. Trying to simplify
the nomenclature we name the ﬁve species as S1, S2, S3, S4
and S5, respectively.
For each species, tips of the ﬁne (/ < 6 mm) twigs with
leaves were collected in Galicia during the autumn season.
Plant samples were immediately placed in plastic containers, preserving its structure. Containers were hermetically
closed and brought to the laboratory, where they were
stored at 5 C to avoid water losses. Following this procedure, both fuel structure and moisture are preserved after
gathered in the ﬁeld and carried to the laboratory. Before
each series of experiments, fuel moisture content of the
selected species were determined by means of a representative sample, oven dried at 100 C for 24 h. Table 1 presents

Table 1
Species and moisture content
Species

Moisture content (%)

S1
S2
S3
S4
S5

101
74
74
118
105

(Calluna vulgaris)
(Chamaespartium tridentatum)
(Erica umbellata)
(Ulex europaeus)
(Ulex minor)

the moisture content of each species, expressed on a dry
weight percentage basis.
2.2. FTIR measurements
The experimental device selected to measure in situ gases
emitted by thermal degradation of biomass fuel is partially
based on the ‘‘ﬂammability measurement method’’ developed by Delabraze and Valette [6] to determine the ﬂammability parameters of forest fuels. This method is fully
accepted, and has widely been described [7–9].
The experimental setup is located inside of an area with
a smoke evacuator working at a ﬁxed forced draught, so
that the air ﬂow is constant. The device is composed of
(see Fig. 1):
(a) A heating circular surface (10 cm diameter), constituted by an electric radiator powered at 300 W were
samples to be tested are laid. The surface temperature
is 330 C at the steady regime. This value of temperature assures that pyrolysis processes have been completely activated.
(b) An artiﬁcial IR source to perform absorption measurements. This source is another electric radiator
powered at 90 W. In this case, surface temperature
is 140 C. It is perpendicularly placed to the caloriﬁc
focus.
(c) A FTIR spectrometer (FTIR-SM), working in
absorption mode, located 225 cm in front of the
artiﬁcial IR source.
The FTIR-SM is placed in a way that its optical line of
sight is a few cm above the sample. In this way, radiation
coming from the solid parts of the sample would be
90 W / 140 °C

255 cm

1 cm-1
32 scans
1 s/scan

8.5 cm

(B)

(C)

≈4g

(A)
300 W / 330 °C
Fig. 1. Scheme of the experimental setup: (A) heating surface; (B) IR
radiant source; (C) FTIR spectrometer. Distances are not critical.
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avoided, and only absorption of the emitted gases would be
measured. In front of the spectrometer an artiﬁcial IR
source is placed to perform active remote sensing. In our
experiments, the temperature of this source was 140 C.
The use of an FTIR-SM is mandatory because of the
Fourier-transform technique’s advantages:
(a) It is necessary to perform in situ, non-intrusive measurements, avoiding manipulation of the emitted
gases.
(b) It is necessary to measure the absorbance spectra of
all the emitted gases at the same time (Fellgett’s
advantage). This point is critical to compare concentrations of diﬀerent gases, and it cannot be achieved
by dispersive radiometers.
(c) It is necessary to acquire spectra fast enough to evaluate temporal evolution of gas concentrations. High
acquisition speed also permits co-adding multiple
scans to improve the signal-to-noise ratio.
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Both spectral resolution and number of scans give an
acquisition time around 30 s for each spectrum.
For each species under study, ﬁve homogeneous samples
of 4 g (fresh weight) have been tested. The sample is carefully placed on the heating surface heated at 330 C
(Fig. 1), without packing it, so that its structure is quite
similar to reality in the ﬁeld. Thermal degradation of the
sample begins to occur, and the FTIR-SM is continuously
measuring the emitted gases during the process. The experiment is considered to be valid whereas no ﬂame appears. If
ignition of the sample is produced, the spectrometer will
measure the energy emitted by the ﬂame over imposed to
the absorbance spectrum, giving a total spectrum meaningless. Experiments with the higher number of valid spectra
have been selected as representative of each species.
Fig. 2 shows an example of absorbance spectra measured
for carbon dioxide and monoxide in U. europaeus.
2.3. Quantitative determination of concentrations

Experimental working conditions of the FTIR-SM are
also very important. Among others, two important parameters have to be carefully selected:
Spectral resolution: This resolution has to be good
enough to determine the absorption bands. On the other
hand, acquisition times have to be short enough to
obtain certain information on the temporal evolution
of these concentrations. Taking into account that the
higher the spectral resolution, the higher the acquisition
time, it is necessary to ﬁnd a compromise between these
two parameters. In these experiments, a spectral resolution of 1 cm1 has been selected as the optimum.
Number of scans: An appropriate number of scans has to
be selected in order to guarantee a good signal-to-noise
ratio and an acquisition time fast enough to obtain
information on temporal evolution. In our experiments,
a number of 32 scans per spectrum has been chosen.

According to Beer’s law, quantitative information could
be easily obtained on the basis that intensities of spectral
absorption bands are linearly proportional to the concentration of each gaseous component. However, there are different reasons that give rise to deviations from Beer’s law
linearity. The most important one is related to the ﬁnite
spectral resolution of the acquisition system, which produces a ‘‘smoothing’’ of the spectrum.
A way to obtain quantitative information is to compare
the experimental spectrum with other spectrum known as
the reference spectrum. This one must fulﬁl the following
items:
(a) Reference spectrum must have the same spectral resolution than the experimental one.
(b) Concentration of reference spectrum must be accurately known.
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Fig. 2. Example of absorbance spectra of CO2 and CO (spectral resolution 1 cm1).
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Multicomponent analysis procedures can provide accurate quantitative information on gas mixture when a
proper set of reference spectra has been chosen (one spectrum for each diﬀerent gas), by comparing it to the experimental spectrum. One of the most typical solutions for this
problem is the use of classical-least-squares (CLS) regression analysis methods. The results presented in this article
have been obtained from a commercial code (AUTOQUANT) that performs CLS analysis by using an
advanced multivariate algorithm.
One problem to be taken into account is the fact that
our experiments have been performed in open air. In these
experiments, it cannot be possible to measure accurately
the optical path due to the variability of the spatial location
of pyrolysis gases. One solution could be to use a ‘‘chimney-like’’ structure to collect the emitted gases and to
deﬁne a precise value of the optical path (the width of
the chimney). However, this solution presents important
problems related to the condensation of gases in the walls
of this structure. Heating systems to solve this condensation problem makes complex the experimental setup. In
order to maintain the simpler open air conﬁguration being
able to compare concentrations of diﬀerent gases, we propose the use of the (C · L) value provided by the CLS
method instead of the value of C. In this work, we will call
this value the ‘‘path-integrated concentration’’ (PIC).
Units for C · L are (parts per million meter (ppm m)).
Nevertheless the optical path L, although not very well
known, is not strictly necessary. In fact, L will always be
the same for the diﬀerent gases involved in the calculations,
which is its only relevant property to be accomplished as
the aim of the work is to propose a method to calculate relative concentrations of pyrolysis gases and not absolute
ones.
The proposed procedure also needs to maintain a high
accuracy to determine the limit of validity for quantitative
analysis. One way to perform this point is to ‘‘fabricate’’ a
set of diﬀerent spectra covering a wide range of concentrations. For this purpose, a code based on the HITRAN96
spectral database has been used [10]. HITRAN is a compilation of spectroscopic parameters for 32 diﬀerent molecules present in the atmosphere that a variety of computer
codes use to predict and simulate the transmission and
emission of light in the atmosphere.
3. Experimental results
3.1. Carbon-related products
During the pyrolysis of biomass the most important carbon-related products are solid char and gases as CO2, CO
and CH4 [11]. These three gases can be measured in situ by
FTIR spectrometry. Table 2 shows the spectral regions
used to perform the quantitative analysis.

Table 2
Spectral regions used to perform the quantitative analysis for the diﬀerent
gases under study
Gas

Spectral window (cm1)

Carbon monoxide
Carbon dioxide
HC

2050–2230
2240–2400
3010–3020

3.1.1. CO2 and CO analysis
Reference spectra for CO2 and CO have been downloaded from the AEDC/EPA spectral database website
[12]. They are spectra calculated using the HITRAN96
spectral database and a modiﬁed version of the fast atmospheric spectral code (FASCODE) [13]. Original spectra
have been calculated at a resolution of 0.125 cm1 and
degraded to 1 cm1 using triangle apodization.
Our proposed method states as a ﬁrst step the study of
the linearity limits for the use of these AEDC/EPA spectra.
To do that a set of diﬀerent ‘‘synthetic’’ spectra has been
fabricated by using the HITRAN96 database and a commercial program (TRANS). This set has been analyzed
by the AUTOQUANT program and the AEDC/EPA references. Fig. 3 illustrates the evaluation of the limit of
validity for CO2 and CO analysis by using these reference
spectra. As it can be seen, limits for the linear quantitative
analysis can be identiﬁed approximately at 50 (ppm m) for
CO2 and 100 (ppm m) for CO.
200
CO 2

150

ppm m (fitting)

(c) Reference must be measured at a temperature as close
as that of the experiment.
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Fig. 3. Limits of validity for CO2 and CO quantitative analysis.
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Fig. 5. CO path-integrated concentration versus an evaluation of the
concentration for most of the carbon-related by-products. All the tested
species are included in the plot.
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Fig. 4. Temporal evolution of path-integrated concentrations of CO2 and
CO during the experimental thermal degradation of a sample S4.

Fig. 4 illustrates examples of temporal evolution of
path-integrated concentration of CO2 and CO during the
experimental thermal degradation of sample S4. Error bars
only correspond to the error provided by the ﬁtting subroutine of AUTOQUANT. The small value of these errors (5%
for [CO2] values and 2% for [CO] values) means that the ﬁtting is performed satisfactorily. When quantitative analysis
is performed on the whole sample set for all the species, the
maximum values of path-integrated concentration never
exceed the limits of validity of the method for both gases.
As a conclusion, the AEDC/EPA reference spectra are
valid for our purposes.
The most signiﬁcant result is summarized in Fig. 5. This
ﬁgure shows that [CO] correlates well with [CO2] + [CO].
The quantity [CO2] + [CO] represents most of the carbon
released in the gas phase during the pyrolysis process. Dots
represent typical results for all the species under study. The
strong correlation revealed in the ﬁgure shows that the
chemistry of the pyrolysis is very similar for all the tested
species. Therefore, we can ﬁnd a common way to describe
the CO production by using this ratio
½CO
¼ 0:64  0:03
½CO2  þ ½CO

ð1Þ

This result is important, because Eq. (1) appears to be a
simple and useful way to model the CO2/CO emissions during the biomass pyrolysis process.
It is important to realize that results as showed in Fig. 5
or in Eq. (1) can be obtained because acquisition of absorbance spectra is simultaneous and the optical path L the
same for both gases. These two properties are stated
throughout this work for all measurements and calculations and for all involved gases. This is the reason for the
use of FTIR based spectroradiometers in this kind of
experiments.
3.1.2. CH4 analysis
The study of methane absorbance spectra is not so
straightforward. As can be seen in Fig. 6, a wide absorption band (typically between 2800 and 3100 cm1) superimposes the ﬁne structure of methane. The wide band is a
complex structure that corresponds mainly to the stretch
of H–C bonds. This band cannot be associated to a unique
compound, but it is infrared active for many hydrocarbons.
Moreover, in general it is a diﬃcult task to identify which
hydrocarbon is the responsible of this band. To do that, it
is necessary a commercial (and expensive) spectral database
and speciﬁc software. Otherwise, to perform the quantitative analysis it is mandatory to provide pure and calibrated
spectra of each component to be analyzed. That means in
our case we would need (a) to identify each of the hydrocarbons contributing to the absorption band, and (b) to
ﬁnd calibrated spectra for each hydrocarbon. In order to
avoid the need of a hydrocarbon spectral database, and
taking into account that we are interested only in the methane concentration, we propose to ‘‘fabricate’’ a synthetic
spectrum to simulate the wide band contribution. This synthetic spectrum will be included in the method as an artiﬁcial compound that will solve the overlapping between the
methane band and the wide band. In order to obtain the
synthetic spectrum, an experimental spectrum with only
the wide absorption band and no traces of methane has
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Fig. 6. (Up) Experimental absorbance band in the 2750–3150 cm1 spectral region. (Down) Absorbance reference spectrum for pure methane.
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Fig. 7. Mathematical ﬁtting of the broad absorption band corresponding to unburned hydrocarbons.

been used. An attempt to ﬁt the wide band by using analytical equations has been performed. It has been found that
the wide band has been very well ﬁtted by the superposition
of two Lorentzian functions, as can be seen in Fig. 7. This
superposition will be our synthetic spectrum. Afterwards,
in order to simulate experimental conditions, this synthetic
spectrum has been spectrally modiﬁed by a noise function.
Finally, this spectrum has been used as an artiﬁcial reference spectrum for the contribution of non-methane hydrocarbons in the quantitative analysis. Otherwise, reference
spectrum for methane has been taken from the AEDC/
EPA database. AUTOQUANT will use both reference
spectra to separate the methane concentration values from
the other hydrocarbons whichever they are. The limits of
validity for the quantitative analysis have been determined
as in the case of CO2 and CO. For methane, this limit has
been established in 150 (ppm m). This previous analysis

gives also validity to the use of the AEDC/EPA methane
reference spectrum in our study. As an example, Fig. 8
shows the temporal evolution of the path-integrated concentration for CH4 measured during the experiment with
the sample S4.
In order to obtain a relative comparison of diﬀerent gas
emissions, a quantity called ‘‘emission ratio’’ is deﬁned as
the above background mixing ratio of the compound studied divided by the above mixing ratio of a reference
compound. The term ‘‘mixing ratio’’ represents the concentration (volumetric fraction) of a gaseous compound in the
atmosphere. In forest fuel burning calculations, carbon
dioxide is mostly taken to be the reference compound.
Emission ratios relative to CO2 are of more interpretive
value than raw concentrations and remove some systematic
errors [14,15]. In our work, the path-integrated concentrations have been used, and then we can obtain a path-inte-
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PERupp ðCH4 Þ
¼ 0:29
PERðCOÞ

10

Ulex europaeus

[CH 4] (ppm m)

ð4Þ

PERlow ðCH4 Þ
¼ 0:07
PERðCOÞ

8

6

If these values are compared with the one given by Eq. (3),
it can be estimated than methane emission is roughly 20%
of the values for carbon monoxide emission. Consequently,
as a ﬁrst approach, the inﬂuence of methane production
could be neglected in a pyrolysis model.
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Fig. 8. Temporal evolution of path-integrated concentrations of CH4
during the experimental thermal degradation of a sample S4.

grated emission ratio (PER) by using PIC values in the definition of emission ratio.
PER ¼

27

path-integrated concentration gas
path-integrated concentration CO2

ð2Þ

One remarkable property of PER is that provide a relative concentration between species which is independent of
the optical path L used in the original measurements, so
avoiding the uncertainly of its exact value. This deﬁnition
allows traceability for concentration values of diﬀerent species relative to CO2, being a robust index of pyrolysis process, which is an aim for ﬁre computer model makers.
Fig. 9 represents PER for methane versus PER for carbon monoxide. In order to compare these results with the
emission of CO, an averaged value of PER for CO can
be obtained from Eq. (1)
PERaver ðCOÞ ¼ 1:78  0:05

ð3Þ

Although Fig. 9 does not show a clear linear dependence, it is possible to determine upper and lower limits
for the averaged PER of CH4. These values can be easily
obtained from the slopes of the two straight lines plotted
in the ﬁgure:

Major nitrogen-related products of pyrolysis are nitrogen and ammonia. Nitrogen cannot be studied by infrared
methods because this gas does not present any absorption
band in the infrared region. On the other hand, ammonia
shows absorption peaks in the 900–975 cm1 that can be
used to obtain the path-integrated concentration of this
gas.
Reference spectrum for NH3 can be downloaded from
the AEDC/EPA website. The limits of validity for the
quantitative analysis have been determined as in the case
of CO2 and CO. For ammonia, this limit has been established in 20 (ppm m).
The quantitative method applied to ammonia absorption spectra provides the following results. Fig. 10 shows
PER for ammonia versus PER for carbon monoxide. Following the same procedure as in methane analysis, it is possible to determine a straight line that takes into account an
averaged behaviour for the PER values. Eq. (5) corresponds to the slope of this line
PERðNH3 Þ
¼ 0:06
PERðCOÞ

ð5Þ

This result indicates a low ammonia emission (6%) compared to the carbon monoxide emission. Hence, for these
species, ammonia emission can also be neglected in the
pyrolysis description as a ﬁrst approach.
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Fig. 9. CH4 path-integrated emission ratio represented as a function of
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the plot.
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Fig. 10. NH3 path-integrated emission ratio represented as a function of
CO path-integrated emission ratio. All the tested species are included in
the plot.
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Fig. 11. (a) Thermocouple arrangement onto the radiator. (b) Temporal evolution of temperature measured by the central thermocouple during diﬀerent
experiments for the sample S4.
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Temperature of pyrolysis gases plays an important role
in the concentration retrieval. Absorbance at each wavenumber depends on temperature. That means that reference spectrum has to be measured/calculated at the same
temperature than gases are emitted.
One important point to be determined is the temperature at which pyrolysis gases are emitted. This temperature
has been measured by using three thermocouples (1 mm
diameter) that deﬁne a small area located at the height
intercepted by the line of sight of the FTIR-SM. Fig. 11a
shows the thermocouple arrangement onto the radiator
(A), and Fig. 11b illustrates a typical temporal evolution
of temperature measured by the central thermocouple during one of the experiments when forest fuel was S4. As it
can be seen in Fig. 11b, the temperature is far from a constant value. For sample S4 temperatures can vary between
60 C and 260 C. For the other species, ranges are similar.
This is a very wide range that makes diﬃcult the quantitative analysis. Problems arise when diﬀerent reference spectra (one for each temperature) have to be chosen. That
involves the availability of an experimental device that permits to measure at diﬀerent temperatures the absorbance
spectra of calibrated gas mixtures, or the use of speciﬁc
software tools to calculate a set of diﬀerent reference spectra depending on the temperature. In practise, it is not
always possible to have reference spectra (from experiment
or calculation) for a wide range of temperatures.
For practical reasons, we propose in the framework of
our methodology an approach based on a temperature time
average. Analysis of the diﬀerent temperature curves
measured for the diﬀerent species will permit to deﬁne a
time-averaged value of temperature. Only one reference
spectrum for each gas is selected, with a temperature as
close as possible to this average. For instance, average
temperature in S4 gives maximum values around 150 C.
Following this criterion, reference spectra searched at
AEDC/EPA database have been chosen at 400 K (the
closest available temperature).

In order to evaluate the errors, two diﬀerent sets of
synthetic spectra have been fabricated by using the
HITRAN96 spectral database; one is generated at 400 K,
whereas the other is generated at 500 K. This last temperature can be considered as an upper limit at sight of temperature curves (as shown in Fig. 11b) measured in all
the species. Both spectra sets have been analyzed by the
AUTOQUANT method by using a reference spectrum at
400 K. In this way an estimation of errors associated to
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Fig. 12. Temperature dependence of the limits of validity for CO2 and
CO.
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the use of only one reference spectrum can be calculated, at
least in the range 400–500 K. Fig. 12 shows as an example
results of these calculations for the most important byproducts of the combustion: CO2 and CO. As a summary,
results from CO2, CO, CH4 and NH3 show that path-integrated concentration values are underestimated around a
30% when spectra at 500 K are analyzed by using references at 400 K. We consider these values as an acceptable
deviation taking into account the simplicity gained by the
use of one reference.

of carbon monoxide emissions. These ratios can support a simpliﬁcation in the pyrolysis models by taking
into consideration only carbon monoxide and dioxide
emissions.
The results exposed above can help to improve the modelling of the pyrolysis processes in physical-based models
for predicting forest ﬁre behaviour.

4. Conclusions

The research was funded by the European Union Project ‘‘FIRE STAR: A decision support system for fuel management and ﬁre hazard reduction in Mediterranean
wildland-urban interfaces’’ (Energy, Environment and Sustainable Development, Fifth Framework Programme,
EVG1-CT-2001-00041). We thank the staﬀ of Centro de
Investigaciones Forestales y Ambientales de Lourizán
(Xunta de Galicia), FIRE STAR partner, for collecting
the plant samples used in this work.

From this study the most important carbon-related
and nitrogen-related by-products of the pyrolysis processes in diﬀerent shrub species have been measured under
low heating ratio conditions. Fourier transform infrared
spectrometry has been used to measure in situ the gaseous
by-products of the thermal degradation process. Experiments performed at open air have been proposed in
order to gain simplicity in the experimental setup. The
use of path-integrated concentrations in (ppm m) is proposed to compare emission ratios from diﬀerent gases.
These ratios are very robust as they correspond to simultaneous measurements and independent of the optical
path.
CO and CO2 are by far the most important emitted
gases. The chemistry of pyrolysis can be characterized in
a ﬁrst approximation by a simple equation, which involves
CO and CO2 concentrations. The most remarkable result
in this work is that this main chemistry shows a common
behaviour in all the species under study that can be characterized by this equation. This result can help to simplify
main chemical reactions in the theoretical models of wildland ﬁre spread.
The detection of ﬂammable light hydrocarbons as methane is an indicator of the active pyrolysis of cellulose, as it
can be seen by thermogravimetric techniques [11,16]. This
active pyrolysis is mainly associated to the depolymerization of cellulose beginning at temperatures above 270 C.
In this work methane is clearly measured by the proposed
method. This result is compatible with the temperature
reached by the surface of the heater (330 C). An easy
way to separate methane contribution from the wide H–
C absorption band for quantitative analysis is proposed
by using a ‘‘synthetic’’ spectrum. The spectral features of
this wide absorption band due to non-methane hydrocarbons are simulated quite well by using two Lorentzian
curves.
Ammonia is the only nitrogen-related by-product
detected in these experiments. Nitrogen oxides (NOx) are
produced during the ﬂaming combustion phase, where
temperatures reach values high enough to oxidize the nitrogen [17,18]. A good degree of correlation has been measured between emission ratios for NH3 and CO.
Quantitative results show that methane and ammonia
emissions are roughly around 20% (CH4) and 6% (NH3)
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vegetation forestière méditerranéenne. Revue Forestière Française,
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