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Abstract. An adapted bench-scale Mass Loss Calorimeter (MLC) device is proposed

for evaluating effective heat of rapid flaming combustion of fine Mediterranean forest
fuels. The MLC apparatus uses a calibrated thermopile to quantify heat release rate
(HRR) as an alternative to the classical oxygen consumption measurement. A porous
holder was used to simulate rapid flaming combustion. Average effective heat of com-

bustion (AEHC) during the flaming phase was related to the classical measurement
of gross heat of combustion (GHC) obtained in oxygen bomb calorimeter. Results
showed that the effective heat of combustion (oven-dry basis) was between 18% and

44% lower than the gross heat of combustion. A linear regression was obtained
(r2 = 0.48; SEE = 1.25; p< 0.01; n = 26) to relate AEHC and GHC values. The
simple model developed (AEHC = GHC - 6.75) suggests the possibility of reduc-

ing the heat of combustion values used in forest fire behaviour models for Mediterra-
nean forest fuels.

Keywords: Calorimetry, Dead fine forest fuel, Gross heat of combustion, Live fine forest fuel,

Rapid flaming combustion

1. Introduction

Bench-scale tests are used as a first step in understanding the combustion process
in forest fuels. Calorimetry studies to measure the amount of heat released from
forest fuels have typically been carried out in oxygen consumption calorimeters
[1, 2]. The main advantages of the oxygen consumption method are its standard-
ized worldwide use and the availability of a large amount of data for all kind of
materials. This methodology allows estimating the HRR directly from measure-
ments, without knowing chemical composition or the combustion chemistry.
Other systems such as the mass loss calorimeter (MLC) are also used to study
heat released at bench-scale [3]. This device is the complete fire model of the cone
calorimeter but the system is calibrated using known flow rates of methane gas
and the heat release is then calculated using the change in air enthalpy. Its main
advantage against the cone calorimeter is the simpler configuration because it is
not necessary to analyze gas concentrations but, on the contrary, there is not
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information about convective gases to characterize the combustion process. In
addition, this method is only appropriate for materials having radiative/convective
heat release ratios similar to the calibration standard used.

Fire hazard assessment is carried out by bench-scale tests, to predict full-scale
fire behaviour [4]. Physical models take into account the complex phenomena to
relate combustion variables to fire front behaviour [5, 6].

Quantification of the fireline intensity of wildland fires, expressed as heat-release
rate per unit length of the fire front, is usually estimated from the mass loss rate,
by the Byram equation [7]:

I ¼ Hwr ð1Þ

where I is the fireline intensity (kW/m), H is the heat of combustion (kJ/kg), w is
the fuel consumption on an area basis (kg/m2) and r is the rate of spread of the
fire (m/s). In monitored experimental fires, forest fuel inventory before and after
the test enables estimation of w. Several methodologies can be used to estimate r
(e.g. visual estimation based on referenced points, imaging techniques, thermocou-
ple measurements) [5]. This variable can also be monitored through infrared
techniques with the aid of multispectral cameras and/or remote sensing [8]. Never-
theless, there is some controversy about the correct value of H used for forest
fuels.

The BehavePlus fire modelling system for prediction of surface and crown fire
behaviour [9] propose an average of 18 MJ/kg for ‘heat content’ as a characteris-
tic value for forest fuels [10]. Other authors [11] propose a value of 15 MJ/kg,
incorporating nominal radiation loss of 15% and additional heat loss due to evap-
oration of fuel moisture. This value is the upper limit obtained by Babrauskas
[12] for flaming combustion of conifers in large scale experiments (12 MJ/kg to
15 MJ/kg), which demonstrated the importance of determining the heat of com-
bustion during the flaming phase, which is much lower than the value obtained
in the glowing phase. Forest modellers traditionally do not consider this variable
because it is believed to introduce a small error into the energy calculation com-
paring r and w, and consequently is usually considered as a constant. Neverthe-
less there may be intraspecific variation in the gross heat of combustion
depending on phenology (seasonal variation) and provenance, and also interspe-
cific variation, depending on the chemical characteristics of the species considered
[13]. In addition, heat of combustion data are not available for all species, and
are particularly scarce for shrubs and herbaceous vegetation [13]. Calorimetry
studies have revealed significant differences in HRR and H among species
[13–15], so that the influence of these variables during forest fire must be clari-
fied, because the reliability of the predictions may be compromised by uncer-
tainty surrounding parameters such as heat of combustion [13]. In summary, the
complexity of heat release estimation in forest fires is limited by correct measure-
ment of the variables involved. On the other hand, the need to understand the
complex forest fire combustion (rapid flaming combustion in porous fuel with a
low bulk density along a dynamic fire front) has made necessary simulation of
the phenomena at bench scale.
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Several authors [see reviews in 13, 15] have considered measurement of the
average effective heat of combustion (AEHC) of forest fuels by use of a cone calo-
rimeter as a substitute for measurement of heat of combustion by use of an oxy-
gen bomb calorimeter. The AEHC measured in the cone calorimeter reflects the
heat of combustion due to combustion of the cellulose and hemicellulose contents
of the vegetation, which allows complete combustion of pyrolysis products, except
carbon monoxide and other products emitted before ignition. These combustion
processes result in lower values of the AEHC than the heat of combustion
obtained in an oxygen bomb calorimeter. There is therefore a need for studies
that compare cone calorimeter and oxygen bomb calorimeter data, as previously
suggested [13, 15].

Effective Heat of Combustion (EHC) of forest fuels is strongly dependent on
fuel moisture content [12]. Nevertheless, there are other variables affecting EHC,
like fireline intensity, oxygen supply, local heat balance and particular size and
porosity characteristics of the fuel bed. Therefore, in order to compare results
between different fuels at bench-scale, some of these variables must be fixed
[13–15].

This study is a first bench-scale approach to relate effective heat of rapid flam-
ing combustion emitted by fine forest fuel and the gross heat of combustion. An
adapted mass loss calorimeter device was used to simulate rapid flaming combus-
tion and an oxygen bomb calorimeter was used to determine the gross heat of
combustion for 26 different Mediterranean forest fuels. Relationships between
these two variables were explored and a relative comparison among fuels tested
were conducted.

2. Materials and Methods

2.1. Materials

Series of tests were conducted in order to study 26 forest fuels. The characteristics
of the forest fuels used in the tests are shown in Table 1. The species used are rep-
resentative and very common in European Mediterranean forests, and the samples
present a wide range of gross heat of combustion values, so it will be possible to
extrapolate the results to a wide range of Mediterranean forest fuels.

As most forest fire behaviour models [5, 6, 9] as well as experimental estimates
[10] assume that most of the fuel consumed during an active-flaming fire is of
diameter<1 cm, fuel samples of this size were used in the present study.

2.2. Description of the Devices

2.2.1. Mass Loss Calorimeter (MLC). The Mass Loss Calorimeter (MLC) is
manufactured by Fire Testing Technology Limited (FTT�). This apparatus
(Figure 1a) is the complete fire model of the cone calorimeter, which has assumed
a dominant role in bench-scale fire testing of building materials. A chimney
(Figure 1b), manufactured from stainless steel (600 mm long 9 114 mm inner
diameter) and containing a thermopile of four mineral insulated inconel sheathed
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thermocouples (type K, 1.6 mm diameter), was added to the MLC (650 mm above
the holder surface). The thermopile output is first calibrated by use of a methane
burner (Figure 1c) and a flowmeter, and then used to quantify heat release [3, 14].

The MLC standard sample holder used for building materials contains low den-
sity ceramic wool to ensure correct positioning of the samples, 25 mm from the
conical heater, and the sample is placed on aluminium foil. A specific porous
holder adapted to forest fuel samples was designed [16] to simulate rapid flaming

Figure 1. a General view of the MLC device. b Detail of the
thermopile. c Detail of methane burner used to calibrate thermopiles.
d Porous holder with Pinus pinaster dead litter, immediately before a
test.
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combustion. The holder (10 9 10 9 5 cm3) is made of stainless steel and has small
uniformly sized holes over the entire outer surface (sides and bottom). These holes
create an open space for inlet combustion gases to pass into the holder and
through the fuel samples (Figure 1d).

The MLC device and the porous holder have been evaluated [14] and comply
with the repeatability criteria established by different authors [2, 17, 18].

2.2.2. Oxygen Bomb Calorimeter. The oxygen bomb calorimeter manufactured by
IKA� was used to obtain the gross heat of combustion. A description of the
device is provided in ISO standard 1716 [19].

2.3. Experimental Methods

2.3.1. Mass Loss Calorimeter Tests. The characterization of forest fuels combus-
tion was performed through a series of tests conducted with the selected forest
fuels, in the mass loss calorimeter with the porous holder. The FMC was fixed on
an oven-dry basis, after drying the samples at 60�C to constant weight. This con-
ditioning protocol was selected because oven-drying of the samples at 100�C may
result in loss of volatile substances before the test. The initial sample mass was
10 g and the resulting thickness of this mass was 5 cm. In accordance with the
volume of the holder, these experimental conditions correspond to a bulk density
of 20 kg/m3. The electric conical heater was regulated so that the samples were
exposed to a heat flux of 50 kW/m2. Tests were repeated for each species so that
at least two replicates that comply with the repeatability criteria were obtained (52
tests corresponding to 26 forest fuels). When twigs, needles or leaves were longer
than the sample holder, they were trimmed to fill the holder, and uniformly cov-
ered its exposed surface area [20]. The initial mass of the sample was measured
immediately before the sample was placed under the heater. The spark ignitor was
used to provide the piloted ignition.

Prior to conducting the tests, and in order to determine the response of the
MLC thermopile, a given flow of methane gas (99% purity) was burnt under the
MLC chimney and thermopile signal recorded. For methane a HRR value of
1 kW is known to correspond to a 27.83 cm3/s volumetric flow rate.

The calibration is performed for 9 flows of methane corresponding to 5 kW,
4 kW, 3 kW, 2 kW, 1 kW, 0.75 kW, 0.5 kW, 0.25 kW and 0 kW. With these cali-
bration values, the average value of the thermopile signal outputs (mV, �C) can be
used to estimate heat release (kW). Calibration lines for a constant heat flux of
50 kW/m2 are shown in Figure 2.

2.3.2. Oxygen Bomb Calorimeter Tests. The gross heat of combustion (GHC) was
calculated following the method outlined in ISO standard 1716 [19]. Analogous
samples to those tested in the MLC were also oven-dried at 60�C and then tested
in the oxygen bomb. Tests of the 26 forest fuels that comply with repeatability cri-
teria (52 tests) were selected for comparison with the results of MLC tests.

The gross heat of combustion is the value that is directly obtained from the
oxygen bomb test. The net heat of combustion (NHC) is considered the higher

Effective Heat of Combustion for Flaming Combustion 467



limit to the effective heat of combustion and it is a calculated adjustment that
accounts for the fact that the water in the combustion product is vapor, rather
than liquid [12]:

NHC ¼ GHC � 0:2183 � %H½ � ð2Þ

where [%H] is the percentage of hydrogen in fuel by unit mass. Alexander [21]
proposed two categories of heat losses from GHC obtained in oxygen bomb must
be taken, assuming complete combustion and absence of radiation loss: the first
reduction for the latent heat absorbed when the water of reaction is vaporized
(1.263 MJ/kg) and the second reduction is for fuel moisture content (24 kJ/kg per
moisture content percentage point). Having in mind these differences between
NHC and GHC and taking into account that tests were carried out with oven-dry
fuels, GHC was selected as analysed variable.

2.4. Data Analysis

The MLC results are presented as curves of Heat Release Rate (HRR) and Mass
Loss Rate (MLR) plotted against time (1 s frequency). The curves enable numeri-
cal calculation (from series of tests for each species) of: Peak Heat Release Rate
(PHRR, kW/m2), Total Heat Release (THR, MJ/m2), Time to Ignition (TTI, s),
Period of flaming combustion (Flame Duration FD, s) and Mass Loss Rate (MLR,
g/s) for flaming combustion. The mass loss rate (MLR) can be used to determine a
time-varying value of the Effective Heat of Combustion (EHC, MJ/kg) [3]:

EHC ¼ HRR

MLR
ð3Þ

As MLR requires numerical differentiation for its determination and is, therefore,
noisier than measurements obtained directly from instrument readings, it is better

Figure 2. Heat release rate (HRR) calibration line for heat flux of
50 kW/m2. Tho is the change in thermopile output relative to the
baseline generated at a heat flux of 50 kW/m2.
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to calculate average values of EHC. In addition, since the total mass loss is very
small compared to the weight of the sample holder and the structure that supports
it in the weighting scale, the signal is extremely noisy. To obtain such averages,
the numerator in Eq. 3 must be averaged separately rather than calculating the
average ratio. In this case Average Effective Heat of Combustion (AEHC, MJ/kg)
over the flaming phase is obtained as:

AEHC ¼
PEOF

TTI HRR � Dt
mTTI � mEOF

ð4Þ

where Dt is sampling time interval (in this case 1 s), TTI is time to ignition, EOF
is time to end of flame, mTTI is the mass of specimen at time to ignition and mEOF

is the mass of specimen at the time to end of flame.
The t-test parametric requirements were checked before comparison of mean

values (AEHC and GHC) obtained with live (n = 20) and dead (n = 6) fine fuel.
Kolomogorov–Smirnov tests were used to test the null hypothesis that the two
samples can reasonably be assumed to come from the same distribution.

In order to explore correlations between GHC and MLC variables, the follow-
ing steps were done: (i) A correlation matrix was calculated to detect relationships
among variables (ii) Simple regression models were explored to correlate the
AEHC obtained in the MLC device and the GHC obtained in the oxygen bomb
calorimeter (iii) Linear regression models (least square method) were selected
because linear model showed similar fit, lesser errors and better interpretation
than other non-linear models like exponential or multiplicative models.

3. Results and Discussion

The typical progression of a test is shown in Figure 3: ignition is produced, the
heat release rate rises quickly and the peak (PHRR) is reached, then the HRR
decreases until the end of flame and finally the glowing phase starts and continues
until the end of the test. MLC tests generated rapid flaming combustion with FD
values comprised between 27 s and 104 s (59 ± 17 s, average ± standard devia-
tion), MLR of 0.158 ± 0.038 g/s and peak MLR between 0.5 g/s and 1.6 g/s
(0.88 ± 0.21 g/s). Average and range values of FD agree with residence time of
flame (45 s) proposed by Stocks et al. [10] on crown fire experiments (an extre-
mely rapid flaming fire). In addition, the mass flow rate for crown fire is approxi-
mately 3 kg/m2/min [22]. According to the experimental conditions (bulk density
of 20 kg/m3) this flow rate corresponds to 0.5 g/s, which is the minimum value
obtained. The results therefore indicate reasonably good simulation of a rapid
flaming combustion during the bench-scale tests with forest fuels.

During tests, the porous nature of both fuel and holder caused a variable effec-
tive heat of combustion, because the mass loss rate (g/s) changed greatly (Figure 3).
The average EHC (AEHC) during the rapid flaming combustion was between
10.58 MJ/kg and 19.04 MJ/kg (14.25 ± 1.88 MJ/kg). The AEHC values (oven-dry
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basis) obtained for the selected Mediterranean fuels (10 MJ/kg to 19 MJ/kg) were
consistent with the normal range for forest fuels [12, 13, 15, 20, 23].

The AEHC values for dead fuels are significantly higher than those for live
fuels (t-test, p< 0.01; average 15.55 MJ/kg for dead fuels and 13.72 MJ/kg for
live fuels). Results confirm the differences between dead and live fuels obtained by
Madrigal et al. [14] in the adapted MLC device and the important implications of
the presence of dead fuel during flaming combustion, taking into account that
these differences were detected on a dry weight basis. The results therefore suggest
that dead fuel may not only affect combustion process from the point of view of
fuel moisture content. Nevertheless, the differences were not significant
(p = 0.4534) for GHC (average 21.07 MJ/kg for dead fuels and 20.65 MJ/kg for
live fuels). Madrigal et al. [14] detected differences between Pleurozium schereberi
and Quercus coccifera in the AEHC values obtained with the MLC device,
whereas no significant differences between GHC were detected with the oxygen
bomb calorimeter. These results may confirm the effect of fuel structure in rapid
flaming combustion properties. By contrast, the oxygen bomb calorimeter uses
ground material to determine the GHC, and therefore overlooks the effect of the
forest fuel structure on combustion characteristics [13]. Thus, the differences in
GHC are caused by phytochemicals [24], and the values did not differ significantly
between fuel types.

Figure 3. Heat release rate (HRR, grey line) and Mass Loss Rate
(MLR, black line) for one of the tests (test no. 5) in the Pinus pinaster
dead litter series tests (Heat flux of 50 kW/m2, bulk density of
20 kg/m3). Vertical lines show time-to-ignition (continuous) and time
to end of flame (discontinuous). MLR has been smoothed by moving
average method (5 s period).
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Correlation matrix (Table 2) shows the significant correlation between GHC
(bomb calorimeter) and some of the considered combustion characteristics during
the flaming phase (MLC device): PHRR, THR and AEHC. The variables most
strongly correlated to GHC were AEHC (r = 0.7086, p< 0.001) and THR
(r = 0.7956, p< 0.001). In addition both PHRR and THR presented significant
correlation with AEHC (p< 0.01), TTI and FD (p< 0.05) showing the impor-
tance of those variables to describe the combustion process [4] and the strong
autocorrelation among variables which describe the combustion during the flam-
ing combustion phase. Simple linear and non-linear regression models were
explored to relate GHC and AEHC values and linear regression models were
finally developed (Figure 4a and b) because they presented lesser errors and easier
interpretation. The regression analysis of all data (dead and live fuels, Figure 4a)
revealed a moderate fit (r2 = 0.48; SEE = 1.25; p< 0.01; n = 26) but a simple

Table 2
Correlation Matrix for Main Measured Variables: Bomb Calorimeter
(Gross Heat of Combustion, GHC) and Mass Loss Calorimeter (PHRR,
THR, AEHC, TTI and FD during the Flaming Combustion)

PHRR THR AEHC TTI FD

Bomb GHC 0.6116** 0.7956** 0.7086** 0.1381ns 0.3042ns

MLC device PHRR 0.7429** 0.5977* 0.5310* 0.4053*

THR 0.8226** 0.3992* 0.4446*

AEHC 0.1195ns 0.2740ns

TTI 0.0569ns

Pearson correlation and significance levels are shown (* 95%, ** 99%; ns not significant).

Figure 4. a Linear regression relating AEHC (dependent variable)
and GHC (independent variable) for all data (n = 26). b Linear
regression relating AEHC (dependent variable) and GHC (independent
variable) for series of dead fuels (n = 6) and live fuels (n = 20).
Points indicate average value and bars indicate standard deviation
limit of repeatability for the MLC device (8%, vertical bars) and
oxygen bomb calorimeter (1%, horizontal bars).
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model form (AEHC = GHC - 6.75). The AEHC (oven-dry basis) could there-
fore be predicted by subtracting a value of 6.75 MJ/kg from the GHC obtained in
the oxygen bomb calorimeter. Separate regression analysis of the dead fuel
(n = 6) and live fuel (n = 20) data revealed that dead fuel presents a better fit
(r2 = 0.86; SEE = 0.78; p< 0.01; n = 6) and a stronger relationship between
GHC and AEHC values than live fuel (r2 = 0.45; SEE = 1.11; p< 0.01; n = 20)
(Figure 4b). The strong correlation for dead fuel (more data are necessary to con-
firm the result) suggests that GHC could be a good predictor for AEHC during
an active-flaming fire. Nevertheless, only a moderate model fit was obtained
(Figure 4a) because the AEHC of live fuel was less variable than the AEHC of dead
fuel (Figure 4b), again suggesting the possibility of a greater influence of phyto-
chemicals for dead fuel than for live fuel (i.e. dead fuels are more lignified than live
ones). Some physical characteristics were fixed or the variability reduced by experi-
mental configuration (fuel depth, fuel loading, fuel moisture content, bulk density).
Nevertheless, there were differences among species in other forest fuel properties
such as surface-area-to-volume ratio, density and packing ratio in the MLC tests.
The variability in these important factors, in a configuration where natural diffusion
of air is allowed, may strongly affect the combustion process and variability of
AEHC among species. The moderate fit of the live fuel regression model shows that
species with differences in GHC due to different chemical characteristics tend to
have higher AEHC, but within a narrower range. The results therefore suggest that
the differences in species for the estimated value of AEHC during rapid flaming
combustion are lower than the GHC. Physical processes during the rapid flaming
combustion probably absorb the variability due to the chemical characteristics of
species. From this point of view, the AEHC (oven-dry basis) of most of Mediterra-
nean fuels tested (Figure 4a and b) may be considered within a range of 12 MJ/kg to
16 MJ/kg (average 14 MJ/kg). Linear regression analysis of all data (Figure 4a) and
of live and dead fuel data (Figure 4b) suggest that a reduction of 18% to 44% (aver-
age 30%) in the GHC is required in order to obtain AEHC on an oven-dry basis.
This reduction is greater than the differences between GHC and AEHC obtained for
Adenostoma fasciculatum (20% to 25%) in a cone calorimeter with a standard
holder [15] which produces a lower rate of combustion than the porous holder tested
in the present study [14]. Nelson and Adkins [11] proposed a nominal reduction of
15% for net heat of combustion with respect to GHC due to radiation losses and an
additional heat loss due to evaporation of fuel moisture. Taking into account that
MLC tests are carried out on an oven-dry basis, the results show that the reduction
is greater than differences reported by these authors. Babrauskas [12] proposed a
reduction of 30% for the net heat of combustion for flaming combustion of conifers
based on the results of large-scale experiments, which are consistent with the results
reported in the present study for oven-dry fuel.

4. Conclusions

This study is a first attempt to detect differences and correlations between effec-
tive heat of combustion for flaming combustion (AEHC) and gross heat of
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combustion (GHC) of Mediterranean forest fuels. Further research is needed in
order to improve and generalize the results obtained to field conditions: different
fuels must to be tested and the effect of fuel moisture content on effective heat of
combustion during a rapid flaming combustion of live fuel must be explored. Lin-
ear regression model presents poor level of correlation showing the differences
between the combustion in the rapid flaming mode and in the bomb calorimeter.
Therefore results suggest that more physics should be taken account to develop
future models. Nevertheless, the results show the need to reduce the heat of com-
bustion used in forest fire behaviour models. The average reduction required is
around 30%, although this may differ significantly depending on the vegetation
growth forms and whether dead or live fuels are considered. Although heat of
combustion of forest fuels may be considered as a constant or be comprised
within a narrow range (10 MJ/kg to 19 MJ/kg according to the results of the
present study), differences between species and fuel types were significant. There-
fore modellers and end-users of forest fire behaviour models should take into
account the species present in the field in order to improve simulations and pre-
diction validations. Validation of the results in large-scale tests is also necessary in
order to ratify the relationship between AEHC and GHC detected at bench-scale.
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