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ABSTRACT

The combustion of vegetative fuels or biomass has important applications in energy generation, wild-
fire spread, and structural fire safety. It is critical to be able to accurately quantify the energy content
of these fuels (i.e., their respective heats of combustion [kJ/g]) and where this energy is released
during burning (i.e., in the gas-or solid-phase due to flaming or smoldering combustion). In this
study, a microscale combustion calorimeter (MCC) is used to perform repeated experiments on veg-
etative fuels and the chars that they produce to uniquely measure the heat of combustion of flaming
combustion (A H g,5) and the heat of combustion of char oxidation (A H char). CHNS-O elemental
analysis is also performed on both virgin fuel samples and char residue of selected fuels, to quantify
the relation between measured heats of combustion and molecular composition. Species of interest
tested in this study include (a) sticks, stems, and/or leaves of grasses and trees, (b) peat (commercial
and natural samples, obtained from multiple sources), and (c) solid and engineered wood samples
(i.e., western red cedar and oriented strand board, OSB). Initial results demonstrate up to 65 % varia-
tions in AH_ 4, measured for these different fuels (consistent with values reported in the literature)
and a factor of 2.1 to 2.9 increase in AH char Versus AH, 4, for a given fuel. The relative amounts
of energy released (per gram initial sample mass) in the gas-phase and the condensed-phase can be
calculated based on measured AH gas, AH char, and residue yields. The fraction of total fuel en-
ergy content released in the condensed-phase due to char oxidation varied substantially: between
24 % and 58 % for all fuels tested here and, on average, 50 % for peat samples and 35 % for each of
the other vegetative fuels.

INTRODUCTION

The combustion of vegetative fuels or biomass is relevant to energy generation, wildfire spread,
and structural fire safety (especially with the growing inclusion of engineered wood and wood products in
the built environment). Models that describe the flaming or smoldering combustion of such fuels require
both accurate representations of the chemical mechanisms (e.g., pyrolysis, oxidation, species production)
and physical mechanisms (e.g., heat and mass transport, physical deformation) that control these burning
behaviors. They also require accurate material property data as correpsonding model inputs. Across
these varied applications, a key model prediction of interest is heat release rate (HRR). Consequently,
understanding the energy content of these fuels (i.e., their respective heats of combustion) is critical.

Cone calorimetery' and oxygen bomb calorimetry>> are often used to measure effective (AH,cq) or
total (AH_ tota1) heats of combustion for vegetative fuels. Numerous studies have measured heats of
combustion for multiple vegetative fuels*~’ or analyzed reported variations in AH,. for different fuel
types®. Further analyses have been developed to predict AH,. as a function of elemental composition® >
or molecular composition (e.g., lipid, cellulose, or lignin content)'?~!4: these typically indicate a positive
correlation between A H, and carbon content of the fuel. Correspondingly, the heat of combustion of
char (AH_ char), Which is carbon rich, has been measured to be substantially higher than that of the
original fuel from which it was produced'>'6. Although char yields of vegetative fuels typically measure
between 20 % to 35 %, this explains why between one third and one half of the heat released by the
burning of wood arises due to smoldering (glowing combustion)!”~1°.

Common wildfire fuel models often define a single heat of combustion for a given vegetative fuel (typ-



ically AH_ total; €.8., Ref.2%). However, it has been demonstrated that the use of a higher (though rep-
resentative) heat of combustion for smoldering reactions can have significant impacts on the predicted
mass loss rate in a wildfire flame spread scenario®! (effectively, this alters where energy release is calcu-
lated in the system). Recent modeling approaches to more accurately represent smoldering and flaming
energy release of vegetative fuels include: (1) defining an empirical parameter? to account for the frac-
tion of gas phase energy release that remains within the solid phase?”> and (2) prescribing a higher heat
of combustion for smoldering reactions?!">3. Despite this demonstrated need and the broad availability
of AH. . and AH_ t,a1 measurements for vegetative fuels, limited measurement data exists to provide
fuel-specific heats of combustion for gas-phase flaming (AH, g,5) versus condensed-phase smoldering
(AH_ char)- Further, if AH, o, is used at all, it is often simply estimated as an upper bound value: the
heat of oxidation of pure carbon to COs.

A technique has recently been demonstrated to uniquely determine the heat release contribution of char
oxidation'® by performing repeated oxygen bomb calorimetry measurements on spruce wood samples
that were either pyrolyzed, smoldered, or burned in response to radiant heating applied under differ-
ent ambient oxygen concentrations in separate bench-scale experiments. Previously, Demirbas et al.!?
pyrolyzed beech ‘trunkbarks’ to increased temperatures and similarly measured total heat of combus-
tion of the residual mass (‘pyro-oil and bio-char’) by oxygen bomb calorimetry. These results demon-
strate the possibility of uniquely determining AH, oa1 and AH, char; however, they require multiple
time-consuming experiments, large (thermally thick) sample masses, and/or engineering judgement to
interpret results (e.g., subjective assessment of mass loss behavior).

In this study, a microscale combustion calorimeter (MCC)?* is used to perform repeated experiments on
multiple vegetative fuels, and the chars that they produce, to uniquely measure AH, g, and AH cpar US-
ing only mg-scale samples in tests that can be completed in minutes. First, dried and weighed samples are
pyrolyzed in pure nitrogen and the evolved gaseous volatiles are burned in an oxygen rich environment
to determine their heat of complete combustion. Next, residual sample mass is weighed and this residue
is retested (decomposition in 20 vol.% oxygen) to determine the heat of complete combustion of char
oxidation to ash. Species of interest tested in this study include (a) sticks, stems, and/or leaves of grasses
and trees, (b) peat (commercial and natural samples, obtained from multiple sources), and (c) solid and
engineered wood samples (i.e., oriented strand board, OSB, and western red cedar). Additionally, for a
subset of materials that demonstrated unique decomposition behavior in MCC experiments (i.e., varied
heat release profiles across different temperature ranges), CHNS-O elemental analysis is also performed
on both virgin fuel samples and char/ash residue, to quantify the relationship between measured heats of
combustion and molecular composition.

MATERIALS AND PREPARATION

The names and sources of each of the vegetative fuels tested in this work are provided in Table 1.
Most vegetative fuel samples were purchased from local nurseries rather than collected directly from a
field site. Prior to testing, all prepared samples were stored in a desiccator (in the presence of Drierite)
for a minimum of 48 hours. Oriented Strand Board (OSB) and Western Red Cedar samples (represen-
tative of wood-based materials found in the built environment) were obtained as part of a recent project
that focused on quantifying the impact of material composition on fire growth rate?>. For the purposes
of pyrolysis material calibration (i.e., material property determination), previous mg- and g-scale exper-
iments were conducted elsewhere?6~2® on these exact same wood products. Samples of Bluestem Grass,
Douglas-fir leaf, Excelsior, Pine Straw (Loblolly Pine), OSB, and Western Red Cedar were tested both
whole (cut directly from original vegetation or board) or after cryogrinding. For all of these samples

In Ref.?, it is noted that by increasing [the fraction of gas phase energy release that remains within the solid] as a function
of the fraction of fuel consumed, the relative shift in the location of energy release from the gas phase (flaming) to the solid
phase (smoldering) later in the burning process can be qualitatively captured.



Table 1: Materials Tested

Sample Name Scientific Name Source

Vegetative Fuels
Bluestem Grass Schizachyrium scoparium Local plant nursery in Maryland
Douglas-Fir (Leaves/needles and  Pseudotsuga Menziesii Local plant nursery in Maryland
trunk core samples)
Excelsior (Aspen) Populus tremuloides Local craft store in Maryland
Pine Straw (Loblolly Pine) Pinus palustris Local plant nursery in Maryland

Peat

Peat (Commercial) Dominated by sphagnum species Commercially available Canadian peat

moss purchased from a hardware store in
Missoula, MT

Peat (Fairbanks, AK) Dominated by sphagnum species ~70 km southwest of Fairbanks, AK
(64.371778°, -149.030262°)*
Peat (Prudhoe Bay, AK; samples = Dominated by eriophorum species ~30 km south of Prudhoe Bay, AK
obtained from 3 depths) (69.954221°, -148.737924°) B
‘Construction” Woods
Oriented Strand Board (OSB) Manufacturer: Georgia Pacific Distributor: Lowe’s
Western Red Cedar Thuja plicata The Hardwood Store of N. Carolina

A Peat collected near Fairbanks was obtained from a lowland boreal forest collapse scar bog dominated by sphag-
num species.

B Peat collected near Prudhoe bay was obtained from a flooded wetland meadow (5 cm to 10 cm standing water
depth) dominated by eriophorum species.

except OSB, no significant differences in measured residue yields, heats of combustion, or elemental
composition were observed, hence results from all replicate tests on these samples are averaged together.
For OSB, measurement data collected from tests on whole and cryoground samples are reported sepa-
rately. Excelsior and Douglas-Fir core samples from the trunks of 5 m tall trees were only tested as small
pieces cut directly from original specimens.

Natural peat samples were harvested from Alaskan peatlands, where organic soil layer depths varied
between 40 cm and 68 cm, as part of a research project studying the smoldering of peat®. Specific sites
of interest (Arctic and Boreal peatlands) were identified using a recently developed 1 m spatial resolution
peatland map of Alaska®’. One of the core samples obtained near Prudhoe Bay, AK (arctic peatland) had
three visually distinct layers. Thus, samples were taken from each of the three layers — approximately
0 cm to 6 cm deep (‘shallow’), 6 cm to 15 cm deep (‘mid’), and 15 cm to 22 cm deep (deep) — and tested
separately. The middle layer of this core sample resembled that of other core samples obtained nearby.
All peat samples were first dried in an oven at 80 °C for a minimum of three days, then ground in a ball
mill at 10 Hz for 10 minutes or until a fine powder resulted.

EXPERIMENTAL APPROACH

Instrument Setup

Microscale Combustion Calorimetry experiments were conducted in a Deatak MCC-3° equipped
with a paramagnetic oxygen sensor. In these tests, samples of known mass are heated at a constant rate
in a well-controlled gaseous environment, either: (Method A) pure nitrogen or (Method B) a mixture
of oxygen and nitrogen. In Method A, samples are pyrolyzed in a continuous flow (80 cc/min) of ultra
high purity (UHP— 99.999 %) nitrogen and evolved gaseous pyrolyzates are transported by this flow to
a high temperature (900 °C) combustion chamber where they are forced to complete combustion in an
oxygen rich environment (provided by 20 cc/min UHP oxygen). In Method B, samples (here, residue

PCertain equipment, instruments, software, or materials, commercial or non-commercial, are identified in this paper in
order to specify the experimental procedure adequately. Such identification does not imply recommendation or endorsement of
any product or service by NIST, nor does it imply that the materials or equipment identified are necessarily the best available
for the purpose.



from the anaerobic pyrolysis tests) are oxidized by a mixture of 20 cc/min UHP oxygen and 80 cc/min
UHP nitrogen; the resulting mixture of volatiles is then transported to the 900 °C combustion chamber.

In MCC tests, heat release due to combustion is computed based on the amount of oxygen consumed
in the gas stream exiting the combustion furnace. In this work, the standard value! for the heat of
combustion of oxygen (energy released per gram of oxygen consumed, AH, o,) is used for these cal-
culations: AH.o, = 13.1 kl/g & 5 %. Although previous work!? has suggested that AH.o, =
13.23 kJ/g £ 0.66 kJ/g for cellulosic materials, the value selected for this work is consistent with the
ASTM D7309 Test Standard®* and with a recent study of nearly 50 charring materials®” that measured
an average value, AH.o, = 13.1 kl/g 4+ 0.78 kJ/g . Previous works have also demonstrated that
‘reaction-step-specific’ heats of combustion can better capture the energy content of gaseous pyrolyzates
generated during different stages (i.e., temperature ranges) of decomposition’-?®?® and that heating rate
and final pyrolysis temperature can impact char, tar, and gaseous species yields**~3; these second order
effects are beyond the scope of this work and they are not explored here.

At the start of each week of testing, the MCC paramagnetic oxygen sensor was calibrated using a pre-
pared gas mixture (19.19 % oxygen in nitrogen). At the beginning of each day of testing, total system
calibration was checked (Method A) using a reference material, polystyrene (Styron 665 GP). In each
test, sample temperature is continuously monitored using a K-type thermocouple positioned directly be-
neath the sample crucible. A temperature calibration was conducted as per best practices’* to provide
a relation between measured and actual sample temperature. The calibration was performed using the
same crucible type, heating rate, and nitrogen flow rate as was used during thermal analysis experi-
ments on vegetative fuel samples. All MCC tests were conducted within six months of this calibration.
Temperature-resolved measurements of HRR during oxidation tests can be highly sensitive to factors
such as sample mass and geometry, flow conditions (rate and oxygen concentration), and heating rate.
Consequently, temperature-resolved HRR measurements may vary from test to test; however, it is em-
phasized that this study is focused on accurately measuring AH ooy and AH,. 4,5, which only requires
integral values of the measured HRR curve.

The elemental compositions of gaseous pyrolyzates were determined using a Thermo Fisher Flash 2000
organic elemental analyzer, which features two analytical channels for measuring either (1) carbon, ni-
trogen, hydrogen, and sulfur or (2) oxygen. UHP helium (He) flows through the system, acting as both
a carrier and reference gas®. In the first channel, powdered samples are folded into tin capsules and
placed in an auto-sampler. The capsules are then dropped into a 950 °C reactor tube, where a concurrent
pulse of UHP oxygen (250 mL/min) facilitates complete sample combustion. Within the reactor, com-
bustion products are converted into a mixture of known gasses (N2, CO2, H2O, and SO») representing
the elements of interest. Quantification of these species is achieved through gas chromatography thermal
conductivity detection (GC-TCD). Products are temporally separated in a GC column and transported to
the TCD. The voltage signal generated by this detector is quantified vs time as a chromatogram. Peaks in
the chromatograms represent each analyte, with the peak areas being proportional to individual species
(and therefore elemental) mass. The second channel follows the same operational principle, although
samples are loaded into silver capsules and introduced into a 1060 °C reactor without oxygen. Thus,
the material fully pyrolyzes within the reactor, and oxygen content is quantified based on the CO peak
within the chromatogram.

Calibration curves converting chromatogram peak area to element mass were developed using three
analytical standards (2,5-Bis(5-tert-butyl-benzoxazol-2-yl)thiophene (BBOT), sulphanilamide, and urea)
to allow for accurate measurement of samples with a wide range of initial masses (1.5 mg £+ 0.1 mg
to 3.5 mg + 0.1 mg). Repeated tests of these three standards (with different initial masses) showed
excellent agreement: on average, mass fractions of each element were measured within 1 % of their

“In the CHNS channel, carrier flow is set to 140 mL/min and reference to 100 mL/min. In the O channel, both flows are
set to 100m mL/min.



expected values. This calibration procedure is rated to last for 200 experiments, thus each test conducted
here used the same system calibration and relative test conditions. Detailed results of this calibration and
validation exercise are provided elsewhere®,

Test Procedure

Immediately before testing, MCC samples were removed from the desiccator, pressed flat into
the base of an alumina test crucible, and weighed using a Mettler M3 analytical balance. Filled crucibles
were then introduced into the pyrolysis chamber and allowed to reach equilibrium: constant oxygen
signal, sample temperature (approximately 75 °C), and furnace temperature (900 °C). First, prepared
samples were pyrolyzed in UHP nitrogen (to determine A H. 4,5) by increasing the pyrolyzer temperature
to 750 °C at a constant heating rate of 60 °C min~!. The sample was allowed to cool, residual sample
mass was weighed, and then this char was retested (oxidation under the same constant heating rate of
60 °C min~! up to 750 °C) to determine AH_ o Figure 1 provides representative images of a virgin
sample, residual char after anaerobic pyrolysis, and the final ash/residue remaining after oxidation. For
all samples, pyrolysis and oxidation tests were repeated at least three times each.

e o | :

Figure 1: Blusetem grass: (a) pristine sample prior to testing, (b) residual char after pyrolysis in nitrogen,
and (c) residual ash after oxidation.

Initial sample masses on the order of 6 mg (slightly larger than typically recommended for MCC tests)
were used in most of these experiments to ensure that sufficient char residue remained for oxidation tests.
Although this may affect time-resolved HRR measurements, preliminary tests (conducted in triplicate)
on 5 mg and 10 mg or 12 mg samples of OSB, Pine Straw, Western Red Cedar, and Douglas-Fir (leaves
and the core of the trunk of a 5 m tall tree) demonstrated that this had no impact on measured AH_ g,
or AH¢ char- MCC tests (Method A, pyrolysis) were also repeated on 10 mg or 12 mg vegetative fuel
samples to provide approximately 2 mg samples of char/ash for elemental analysis experiments.

MCC tests were repeated for many of the fuels considered in this work using whole samples (cut directly
from original vegetation or board) and using powdered samples, made by cryogrinding. For each of
these fuels except OSBY, no significant differences were observed in measured residue yields, heats
of combustion, or elemental composition, hence results from all replicate tests on these samples are
averaged together. For OSB, measurement data collected from tests on whole and cryoground samples
are reported separately due to slight (4 % to 10 %) differences in AH. g5, as discussed below.

For elemental analysis tests, samples were removed from the desiccator, loaded into tin or silver test
capsules (for measurement of CHNS or O mass fractions, respectively), and weighed (initial sample
mass: 2.0 mg to 3.0 mg) using a Mettler M3 analytical balance. Prepared capsules were sealed and
loaded into an autosampler, the system was allowed to stabilize (approximately 1 hour, until constant
furnace temperature, steady gaseous flow, and stable TCD readings were observed), and then prepared
sample capsules were introduced into the analyzer’s furnace. All tests were repeated in triplicate, with
blank tests performed between samples of different fuel types to limit potential cross contamination
between measurements.

40SB is inhomogeneous as the material consists of strands of wood, compressed and held together by an adhesive. In this
work, AH_ z.s measured 4 % to 10 % higher for cryoground samples than for individual wood chips; it is expected that this is
because this powdered mixture contained a relatively higher fraction of adhesive binder than the individual wood pieces.



RESULTS

Smoldering and Flaming Heats of Combustion

Figure 2 plots temperature-resolved heat release rate (HRR) measurements recorded during re-
peated MCC tests on all fuels of interest (left, anaerobic pyrolysis; right, oxidation). Here, unique col-
ors correspond to different fuels and varied line types indicate different test replicates on the same fuel.
These are unedited MCC measurements, prior to baseline correction. As seen here, temperature-resolved
measurements obtained in anaerobic pyrolysis tests are substantially more repeatable (onset and endset
temperatures of decomposition; peak HRR and the temperature at which it occurs) than those obtained in
oxidation tests. This demonstrates the strong sensitivity of char oxidation to minor differences in sample
size, packing, and morphology. It is emphasized that, despite these variations in temperature-resolved
HRR data from repeated tests, integral values of these HRR curves are nevertheless highly repeatable,
which allows for accurate determination of AH . ooy and AH, g, as discussed below.

Decomposition behavior of these fuels can be qualitatively compared by considering HRR data measured
in pyrolysis tests (left plot in Fig. 2). As seen here, for some fuels, there are distinct differences in the
onset temperature of degradation, the number of apparent reactions, peak HRR (overall and reaction-
specific values), and the temperature at which peak HRR is observed. Across all samples tested, the
temperature corresponding to each of these reaction peaks varies between 310 °C and 470 °C. Douglas-
fir leaf decomposition was observed across a wider temperature range (between 200 °C and 500 °C),
consistent with previous measurements of thermal decomposition of stem and leaf samples from multiple
plant species’. Grasses and woody fuels were generally more energetic than peat samples, with greater
HRR observed across a relatively narrower temperature range for these fuels. For peat samples collected
at different depths in the same location near Prudhoe Bay, AK, a clear trend is observed of decreasing
energy content deeper into the core sample.
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Figure 2: Measured heat release rate (normalized by initial sample mass) of all fuel species tested in this
work during (left) anaerobic pyrolysis and (right) oxidation tests conducted in an MCC (heating rate of
60 °C/min). In the legend, “PB” indicates peat samples collected near Brudhoe Bay, AK.

Heats of combustion are calculated based on the integral values of baseline-corrected HRR curves and the
mass lost during the test® as per equations 1 and 2. Here, mcp,, and m,gy represent the mass remaining
after pyrolysis and oxidation tests, respectively.

°For all calculated heats of combustion, sample moisture content is assumed negligible as a result of pre-test conditioning’.
The balance used to measure initial mass (minisia1) and residual char and ash masses (Mmcharand Mmagh, respectively) provides
40.001 mg linearity and reproducibility but a temperature sensitivity of < 0.01 mg/°C. To mitigate the impact of this sensitiv-
ity, after removal from the MCC at the end of a test, samples are allowed to fully cool to room temperature before measuring
Mchar OF Magh. During this cooling, it is possible that samples absorb ambient moisture. Expanded uncertainty in each of these
three mass measurements is thus estimated as +2%; this is explicitly included in the final calculations of combined uncertainty
of residue yields and heats of combustion.
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Typically, a baseline HRR correction is provided by identifying the onset and endset temperatures of de-
composition (Typset and Ty dset, respectively), cropping measurement data between 50 °C below Topget
and 50 °C above Ty 4set, and subtracting a linear baseline between these two points. As seen in Fig. 3b, it
can be difficult to clearly identify 7,5t in these oxidation tests, thus this baseline correction is repeated
at minimum and maximum reasonable bounds for Tise¢. The average difference in AH, ca, calcu-
lated based on either of these two baselines (i.e., the difference between the lower and upper bounds
of AH, char) varied between 5 % and 8 % across all fuels tested. This is greater than the inherent un-
certainty in oxygen consumption calorimetry measurements and is included in calculations of combined
uncertainty, as discussed below.
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Figure 3: Measured heat release rate (W/g) of Douglas-Fir core samples (obtained from the trunk of a
5 m tall Douglas-Fir tree) during: (a) anaerobic decomposition in nitrogen and (b) oxidation in a mixed
oxygen/nitrogen environment. Tests are conducted on 10 mg samples heated at 60 °C/min in an MCC.

Table 2 provides average residue yields (ptchar = %}3‘"‘5}‘ and flash = mﬁ:‘i‘al) and heats of combus-
tion for the vegetative fuels tested in this work. Char yield, pichar, is calculated on a dry-ash-free basis.
Combined uncertainty in average heat of combustion measurements is calculated as the root-sum-of-
squares of individual uncertainty components: (1) uncertainty in AH, o,, £5 %; (2) uncertainty in mass
lost during the experiment, approximately £3.0 % for pyrolysis tests and +2.0 % for oxidation tests; (3)
test repeatability, calculated as one standard deviation of replicate measurements; and (4) [for oxidation
tests only] uncertainty in defining a representative baseline, between 5 % and 8 % across all fuels tested.

Expanded uncertainties are reported for a 95 % confidence interval with a coverage factor k£ = 2.0.

Anaerobic pyrolysis tests were highly repeatable and most of the uncertainty in AH_ 4,5 can be attributed
to uncertainty in AH. o, and uncertainty in sample mass lost. However, for AH, 4,,, On average
between 50 % and 75 % of the combined uncertainty can be attributed to differences in the lower- and
the upper-bound measurements of AH . 1,5, (due to the choice of baseline correction), between 13 % and
24 % of the combined uncertainty in AH, .h,y can be attributed to test repeatability, and between 7 %
and 14 % of the combined uncertainty in AH_ .., can be attributed to uncertainty in AH, o, .

The measurement data shown in Table 2 demonstrates significant variability in measured heats of com-
bustion for each of the fuels tested in this work. Excluding the deep core sample of peat collected near
Prudhoe Bay, AK (limited total mass loss and heat release in these tests), AH, z,s nonetheless varied
considerably from fuel to fuel: 9.3 kJ/g < AH, 4, < 15.4 kJ/g. Even more substantial differences were
observed between condensed- and gas-phase heats of combustion: for each of these fuels, AH car Was



Table 2: Measured residue yields, heats of combustion, and energy contents of vegetative fuels

Hchar Mash APIc,g;as, AI_Ic,char Egas FEcondensed
Sample Name  [g/g] [g/g]  [KI/g]* [k)/g]* [k)/g]® [k)/g]®
Vegetative Fuels
Bluestem Grass  0.18  0.03  12.5%0.7 30.5+3.5 9.940.8 5.4+0.7
Douglas-Fir (Trunk/core)  0.18  0.00 12.840.9 32.6+4.1 10.5£1.0 5.840.8
Douglas-Fir (Leaves)  0.21 0.03 154414 32.142.7 11.6+1.3 6.9+0.7
Excelsior 0.13  0.00 13.94+1.0 29.046.5 12.1£1.1 3.7+£0.9
Pine Straw 022  0.01 13.441.0 32.7+3.3 10.3£1.0 7.3+0.8
Peat
Peat (Commercial) 030  0.11 9.3£1.1 25.54+3.1 55+0.7 7.6£1.0
Peat (Fairbanks, AK)  0.21 0.06 10.7+1.3 28.8+4.4 7.84+1.0 6.2+1.0
Peat (Prudhoe Bay, shallow) 0.16  0.29 11.34+1.1 27.7+3.4 6.34+0.7 4.3+0.6
Peat (Prudhoe Bay, mid) 0.20 0.32  9.7+1.3 27.74£5.0 4.740.7 5.5£1.0

Peat (Prudhoe Bay, deep) 0.01  0.89  6.3£2.6 Not Measured 0.6+0.3 Not Measured
‘Construction’ Woods

Oriented Strand Board (OSB) 023  0.01  11.84+0.7 33.1£3.1 9.0£0.8 7.5£0.8
OSB (cryoground samples) 020 NM  13.0£0.8 NM 10.4£0.9 NM
Western Red Cedar  0.16  0.00 13.9+0.8 32.843.0 11.7£1.0 5.1+0.6

A Normalized per gram volatilized mass

B Normalized per gram initial sample mass

Expanded uncertainty in char and final residue yields (ftchar and frash) is equal to £2.83% of measured values.
NM: Not Measured

between 2.1x and 2.9x greater than AH 4. It should be noted that all’ measured AH_ char values
remain close, but below, the upper bound of heat of combustion of pure carbon to COs: 32.8 kJ/g?’.

Total energy content of these fuels (complete combustion; per gram initial mass) is calculated as:

Etotal = ((1 — Mchar — Mash) X AI_Ic,gas) + ((,U/char) X AI_Ic,t:haur) (3)

The relative amounts of energy released (per gram initial sample mass) in the gas-phase and the condensed-
phase can be estimated as Fgas = (1 — fichar — Hash) X AH¢ gas and Econdensed = (fchar) X AHe chars
respectively. Measurements of Fg,s and Fcondensed are reported in Table 2. Across each of the fuels
tested in this work (neglecting deep core peat samples collected near Prudhoe Bay, AK), E\, varied
between 10.2 kJ/g and 18.5 klJ/g. Comparing between fuel types, peat samples had a lower Fi i, versus
the other vegetative species. Primarily, this is because peat samples generally had similar Eopgensed but
lower Eg,s (i.e., they release less energy, per gram initial sample mass, by flaming combustion); this
trend is shown in Fig. 4. Consequently, for peat samples, approximately 50 % of total measured energy

release occurred in the condensed-phase due to char oxidation (i.e., % ~ 50%) whereas, for the

total
other fuels tested in this work, W ~ 35 %)8. This demonstrates, for all fuels tested here, that a

substantial fraction of the total heat released during the burning of these vegetative and wood-based fuels
can be expected to occur in the condensed phase, due to smoldering combustion (char oxidation).

Elemental Composition

For all fuel samples, elemental analysis experiments were conducted to measure the mass fractions of C,
H, N, S, and O in the initial fuel. For selected fuels, these tests were repeated on the solid char/ash residue
remaining after anaerobic pyrolysis tests. The elemental composition of gaseous volatiles produced by
anaerobic pyrolysis of these fuels was calculated by subtracting the elemental composition of residue
(weighted by the corresponding char and ash yields measured previously; see Table 2) from the elemental

fAH ¢,char 0f OSB measured 0.9 % above the theoretical limit of 32.8 kJ/g (well within measurement uncertainty).
€The relative location (gas-phase flaming vs. condensed-phase smoldering) of potential heat release was observed to vary
substantially between fuels: at the extremes, W varied between 24 % (excelsior) and 58 % (commercial peat).
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Figure 4. Measured energy content (normalized per gram initial sample mass) expected due to
condensed-phase oxidation, Econdensed, and gas-phase combustion, Fg,s. Error bars indicate expanded
uncertainty (coverage factor, k = 2). “PB” indicates peat samples collected near Brudhoe Bay, AK.
From left to right, samples are ordered from lowest to highest carbon content (wt. %) in the original fuel.

composition of the initial fuel. For all samples tested here, negligible amounts of sulphur, S, were
measured, thus S content is not reported. Measured elemental composition of the 12 vegetative fuels
studied in this work are reported in Table 3.

For most fuels (excluding peat), complete mass balance was achieved within approximately 4 %, that
is, the sums of their measured CHNS-O mass fractions averaged 96 %. These results indicate the pres-
ence of other elements or molecules®® (e.g., phosphorus, potassium, silicon, clay, and silt). For peat
samples, especially those obtained deeper at the Prudhoe Bay, AK site, inorganic material accounted
for a substantial fraction of initial sample mass. As seen in Fig. 5a, final residue yield, p,sn increases
with greater inorganic content. Also, total fuel energy content, F\ .1, and energy content for gas-phase
combustion, Eg,s, are both observed to decrease with greater inorganic content (fairly linear relation-
ship). Finally, consistent with previous results'?>~'#, elemental analysis measurements confirm the strong
positive correlation between the mass fraction of carbon in the fuel and E} ) (see Fig. 5b).
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Figure 5: Correlation between elemental composition and (a) final residue yield and (b) total energy
content. Error bars indicate expanded uncertainty values (coverage factor, k = 2). Error bars are not dis-
played when comparable in size to the data markers; corresponding uncertainty information is available
in Tables 2 and 3.



Table 3: Measured elemental composition [g/g] of vegetative fuels

Virgin Sample Char/Ash Residue Gaseous Pyrolyzates
Sample Name C H N o | ¢ H N 0 C H N 0
Vegetative Fuels
Bluestem Grass 0.467 0.059 0.008 0.397 - - - - - - - -
Douglas-Fir (trunk/core) 0481 0.059 0.001 0.423 - - - - - - - -
Douglas-Fir (leaves) 0.528 0.065 0.011 0356 | 0.767 0.018 0.016 0.069 | 0465 0.78 0.010 0.432
Excelsior 0.476  0.061 0.001  0.430 - - - - - - - -
Pine Straw 0.502 0.061 0.004 0399 | 0.810 0.018 0.008 0.059 | 0415 0.72 0.003 0.495
Peat
Commercial 0.445 0.047 0.013  0.380 - - - - - - - -
Fairbanks, AK 0.443  0.056 0.013 0.397 - - - - - - - -
Prudhoe Bay, shallow 0.338 0.043 0.008 0.160 - - - - - - - -
Prudhoe Bay, mid 0.330 0.039 0.012 0.279 - - - - - - - -
Prudhoe Bay, deep 0.044  0.009 0.002 0.064 - - - - - - - -
‘Construction’ Woods
Oriented Strand Board (OSB) | 0.500 0.061 0.004 0.416 | 0.866 0.018 0.007 0.052 | 0.390 0.74 0.003 0.525
Western Red Cedar 0.497 0.059 0.001 0406 | 0.869 0.019 0.002 0.049 | 0426 0.67 0.001 0.474
For virgin and char/ash residue samples, the relative expanded uncertainty in mean mass fractions is typically 2 % of measured

values (in absolute terms, < 0.010 g/g for virgin samples and < 0.017 g/g for char/ash residue). For gaseous pyrolyzates, the
relative expanded uncertainty is slightly higher, approximately 4.5% of measured values (in absolute terms, < 0.024g/g); this
accounts for (by root sum of squares) the contribution of uncertainty in measured yields, fichar and flash.

CONCLUSION

In this work, an experimental approach is presented to uniquely quantify the heats of combustion
of vegetative fuels as they burn in the gas phase (AH. go5) or the solid phase (AH char). This approach
uses a microscale combustion calorimeter (MCC) to first measure AH, ,s of the gaseous volatiles pro-
duced during anaerobic pyrolysis and to produce samples of char. Next, these char samples are retested in
the MCC during oxidation experiments to measure AH_ .,,r. Relevant char yields (dry-ash-free, fichar)
and ash yields (i.e., final residue, p,s}), are also measured. Each test requires just minutes to complete
and only several milligrams of a sample of interest, thus this approach can be easily applied to a variety
of fuels to quickly and accurately characterize their respective energy contents and where (gas or solid
phase) this energy is released.

This technique was applied to an initial set of 12 materials including sticks, stems and/or leaves of
grasses and trees, commercial and natural peat, and solid and engineered wood samples (OSB and west-
ern red cedar). Initial results demonstrate up to 65 % variations in AH, .5 measured for different fuels
(consistent with our previous measurements of a different set of vegetative fuels’) and a factor of 2.1
to 2.9 increase in AH, char versus AH. g, for a given fuel. Potential energy release in the gas- and
the condensed-phase during complete combustion of each fuel can also be calculated based on these
measurements. It is demonstrated that between 24 % and 58 % (fuel-type-specific) of total fuel energy
content can be expected to be released in the condensed-phase during char oxidation (i.e., smoldering).
Compared to the other vegetative fuels tested here, peat samples, release a greater fraction of their total
energy content through char oxidation/smoldering. Elemental analysis performed on each of the mate-
rials tested here, confirmed the strong correlation between the mass fraction of carbon in the fuel and
measured fuel energy content. Further, this analysis showed that reductions in total energy content and
increases in non-combustible residue yield, w.s1, (particularly in peat samples) correlate with increased
inorganic content in the sample.

A detailed uncertainty analysis of measurement data presented in this work identified drift in oxygen
sensor measurements as the primary source of uncertainty in AH, char. Ongoing work is focused on
developing and validating a robust, repeatable, and more accurate means to define the HRR baseline
in these tests; this is expected to reduce combined uncertainty in AH, char by a factor of 2. Tests are
ongoing to apply this experimental technique to additional biomass and woody fuel species of interest and
to automate related analysis steps (e.g., HRR baseline definition and calculation of heats of combustion).



All measurement data and derived properties (i.e., original HRR data, calculated heats of combustion,
and residue yields) are saved with standard formatting and metadata in the NIST Material Flammability
Database, which is designed to support quantitative prediction of material flammability behavior by
maintaining: (1) measurement data and automated analysis tools for material property calibration, (2)
material property sets, and (3) experimental measurements for fire model validation (flame spread and
fire growth), and (4) uncertainty analysis tools to guide informed experimental and modeling design.
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