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HIGHLIGHTS

« Beech wood is exposed to radiative heat flux higher than 1000 kW/m?.
« Sample geometry evolves dramatically.

« Temperature higher than 1500 °C are reached.

« Tar yield is lowered by thermal cracking and steam reforming.

« Initial moisture content plays key role in the biomass behavior.

ABSTRACT

In this study, thermally thick samples of beech wood are exposed to radiative heat flux above 1 MW/m?
(1000 suns). It was motivated by the fact that concentrated solar energy allows to achieve temperatures
higher than 1200 °C where char gasification, tar thermal cracking and tar steam reforming can take place.
It is achieved using a new experimental device made of an artificial sun and a new reaction chamber, that
monitors the sample mass throughout a run and can trap the produced tars using a liquid nitrogen cooled
tar condensing device. Thanks to this experimental device, it is possible to compute the average wood
consumption rate as well as drying water, char, gas and tar production rates. The produced light gases
are also analyzed using microGC. Furthermore, a radiometer is used to monitor surface temperature,
which is around 1500 °C. First, a new behavior has been highlighted. Under high radiative heat flux, a char
crater which mirrored incident heat flux distribution, is formed inside of the sample. Then, using this
device, the impact of two major parameters was tested: wood fiber orientation relative to the solar flux
and initial moisture content. Wood fiber orientation (end grain and with the grain) was shown to only
have a minor impact on the production rates, gas composition and crater formation. Three initial mois-
ture contents (0, 9 and 55 %wb) were tested. It was shown that increasing the sample moisture leads to
direct drying steam gasification of the char produced by the pyrolysis. Moreover, steam also promotes tar
steam reforming and therefore decreases the tar yield. Finally, form an energetic point of view, the dry
samples can achieve an energetic conversion efficiency of 90%, capturing up to 72% of the incident solar

power in chemical form.

1. Introduction

Mankind is currently facing an increase in energy cost and a cli-
mate change problem. Its reliance on fossil fuel has to decrease in
favor of renewable energy sources. Among the candidates, biomass
pyro-gasification is of note. This process allows to produce carbon
neutral gaseous energy vector from biomass. Yet, the transforma-
tion of biomass into an energy rich gas is a succession of complex
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phenomena. It starts with the drying of biomass [1] around 100 °C,
where water evaporates from the biomass. Then, pyrolysis takes
place around 500 °C. This complex stage turns dry biomass into
three main products: light gases (from H, to C3Hg), tars (a mixture
of more than 300 molecules [2]) and char [3]. Finally, around
800 °C, steam - and to a lesser extend CO, - can oxidize char
and transform it into syngas (H, and CO). This high temperature
also enables tar thermal cracking [4] and tar steam reforming [5].
The produced raw gas is therefore potentially a mix of pyrolysis
gas, syngas and thermally cracked and steam reformed tars. Once
cleaned, filtered or upgraded, this gas can be used in a wide variety



of processes [6]: fuel cells [7], gas turbines [8], combustion for
heat, Fisher Tropsch synthesis [9] or methanol synthesis [10].
Pyro-gasification is highly endothermic. Classically, heat is sup-
plied by burning a fraction of the inlet biomass feed. Two main
drawbacks come with this technique: the efficiency with respect
to the biomass is lowered and the produced syngas is diluted by
N, if air is used to power combustion in the gasification reactor
[11,12].

Supplying the required heat using solar energy would avoid
these drawbacks. Indeed, even on a large scale, solar concentrated
power plants can achieve incident heat flux higher than
1000 kW/m?. Hence, it is possible to reach a temperature of
1200 °C or higher and lead pyrolysis and gasification reactions [13].

Studies on the combination of biomass gasification and concen-
trated solar power have been led in the past. However, they mainly
focused on reactor scale experiments and modeling. These studies
have yielded more insight on the design of the reactors (fixed bed
[14-17], fluidized bed [18,19], cyclonic [9,20]) and the possibilities
of the technology. Two reviews are available on the subject [21,22].
Yet, they do not permit better understanding of biomass and solar
power interaction.

The combination of solar energy and biomass still raises several
questions at the sample scale. Radiative power has long been seen
as a way to achieve high heating rates [23,1,24-27]. Recently, solar
pyrolysis has been studied in order to assess produced char proper-
ties [13]. The study featured agglomerated wood powder pellets
that were suitable to lead a thermally thin experiment, but not to
understand the interaction between biomass and solar energy. Fur-
thermore, the behavior of a thermally thick virgin piece of biomass
under high solar heat flux has never been studied. Wood is an ani-
sotropic material, thus fiber orientation relative to the incident heat
flux may have an impact on the behavior of the sample. The initial
moisture content may also alter the sample transformation. Indeed,
char produced by biomass pyrolysis can undergo gasification if in
contact with steam from drying. Moreover, tar thermal cracking
[4] and tar steam reforming [5] may be favored. One could therefore
expect a smaller tar yield and a higher direct raw gas production.

The aim of this article is to investigate the behavior of a ther-
mally thick biomass sample under high solar heat flux. The bio-
mass behavior is observed qualitatively, by examining its shape
evolution, and quantitatively, by monitoring mass, gas composi-
tions and temperatures. These measurements allow to expose a
never reported before behavior as well as to draw closing mass
and energy balances, providing valuable insights on the biomass
solar pyro-gasification process.

2. Material and methods

A new experimental device was built in order to investigate the
effect of the initial moisture content and of the fiber orientation on
wood pyro-gasification behavior. The aim of the device is to expose
thermally thick beech wood samples to radiative heat flux above
1 MW/m? (1000 suns). In order to achieve such high heat flux, an
artificial sun was used [28-31]. Two main parameters were varied
during this study: initial moisture content and fiber orientation.

2.1. Experimental apparatus

Fig. 1 provides a schematic of the reaction chamber. The beech
wood sample is placed in an enclosure. A quartz window placed
above the sample allows the radiative power to enter the enclosure
and reach the sample surface. The sample is continuously swept by
nitrogen in order to prevent gas and tars released by the sample to
reach and soil the quartz window. This nitrogen sweep also
ensures that no oxygen is present in the device at any time.

The sweeping nitrogen then carries released gas and tars
through a tar condensing system. This system is made of a liquid
nitrogen cooled condenser and a cotton trap. The condenser lowers
the gas temperature, allowing the tar to condensate into small dro-
plets. These droplets are then captured by the cotton trap. The con-
densing device is removable. It is also possible to run experiments
where tars escape from the reaction chamber. It allows for the
quantification of the tar production following a procedure
described further.

During a run, the whole system is weighted using a scale. There-
fore, the sample mass loss can be accounted for. A pyrometer is set
in such a way that it measures sample surface temperature at the
focal spot (Optctra 1MB CF2 (B3, working wavelengths:
0.7-1.1 pum, measurement range: 600-1800 °C). A set of three type
K and S thermocouples is placed inside of the sample in order to
monitor its core temperature. The repeatability of these measure-
ments was very poor and they therefore are not reported. Finally,
part of the gas escaping the condenser and the cotton trap were
collected and analyzed using a microGC.

A xenon arc lamp is used as radiative power source. Its radiation
is concentrated toward the sample surface using an elliptical mir-
ror. This kind of device has long been used to emulate concentrated
solar energy in terms of density and spectrum. It is often referred
to as an artificial sun or solar simulator [32]. In our case, the bio-
mass sample surface is set at the focal spot of the device. It receives
about 655 W of Gaussian distributed radiation with a maximum
above 1100 kW/m? (Fig. 2) [33].

2.2. Samples and varied parameters

The samples used are beech wood cylinders with a height of
5 cm and a diameter of 10 cm. Such massive samples were chosen
to behave as slabs during a 5 min run. Knowing that wood is an
anisotropic material, special care was taken in choosing the wood
fiber orientation. Two batches of sample were used for the exper-
iments: a first batch of sample made of end grain wood where the
wood fibers are parallel to the cylinder axis (Fig. 3a), a second
made of with the grain wood where the wood fibers are perpendic-
ular to the cylinder axis (Fig. 3b).

Sample moisture content is also a parameter that was varied in
this work. Three different moisture contents were used for the
experiments: 0 ¥wb, oven dried until mass stabilized, 9 %wb, water
content stabilized after several month under room condition and
55 %wb, impregnated in water until mass stabilized which is
thought to be a representative state of the wood after cutting
[34]. Because of the induced swelling and shrinking, the wood den-
sity varies with moisture content. The densities are 652 * 40,
579 + 38 and 535 + 8.0 kg of wood/m? for, respectively, 0, 9 and
55 %wb initial moisture content samples.

2.3. Experimental procedure
The following steps were strictly followed for every run:

o weighting the sample, the reaction chamber, the condenser and
the cotton

e cooling the condenser by immersing it in liquid nitrogen

e placing of the sample in the reaction chamber

¢ loading the liquid nitrogen cooled condenser and the cotton
trap

e set up of the cell at the focal spot

¢ exposing the sample for 5 min while collecting gas sample

e cooling the sample under nitrogen sweep for 5 min

e extracting the sample

o weighting the sample, the reaction chamber, the condenser and
the cotton
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Fig. 1. Schematic of the reaction chamber. (1) Nitrogen inlet, (2) porous medium, (3) sample, (4) incident heat flux, (5) quartz window, (6) tar condensing device, (7) cotton

trap, and (8) insulating material. Radiometer: not shown.
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Fig. 2. Incident heat flux on the sample surface.

In order to assess for the repeatability, every runs was repeated
at least three times.

2.4. Data processing

In order to calculate wood consumption, evaporated water,
char, gas and tar average production rates, several mass measure-
ments were taken before and after a run. Before a run, sample mass
Mgample, i and reaction chamber mass Mengmper, i Were measured.
After a run, sample mass Msmpe, f and reaction chamber mass
Menamber, f Were measured again. Exposed samples contain a char
residue produced by pyrolysis which was not consumed by gasifi-
cation (Fig. 4). This char was scratched away from the sample and
its mass me,, Was taken. Then, the void left by the char was filled
with sand in order to measure the volume of the crater in the
wood. The mass of this sand my,y was taken. Knowing, the sand
bed and the wood density, it is possible using Eq. (1) to determine
the mass of anhydrous wood m,,,,q consumed during a run.

Pwood (-l )

Muwood = Msand
Psand bed

Samples were exposed to radiative power in two configura-
tions: with and without tar condensing device. During a run with-
out tar condensing device, gas, tar and water freely escaped from
the reaction chamber. Thus, the reaction chamber mass variation
AMcpamber. no cond. aCccounts for the mass of gas produced by the sam-
ple Mg, the mass of evaporated water from the sample myqer and
the mass of tar produced by the sample m, (Eq. (2)). One should
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Fig. 3. Samples sketches.

note that, in this work, my, includes the water produced by the
pyrolysis [35-39] and myq.- refers only to the water coming from
the drying of the sample.

Amchamber‘ (no cond.) — mchamber, f (no cond.) — Mchamber, i (no cond.)
= mgas + Myqter + Myqr (2)

During a run with the tar condensing device, gas alone escapes
from the reaction chamber. Thus, the reaction chamber mass vari-
ation AMcpamper. cong. ONlY accounts for the mass of gas produced by
the sample my, (Eq. (3)).



Fig. 4. Schematic cut view of a sample after exposure. Dark gray: moist wood area,
light gray: dry wood area, black: char residue.

Amchamber, cond. = Mchamber, f (cond.) — Mchamber, i (cond.) = Mgqs (3)

The question of the validity of the comparison between
AMchamber, no cond. ANA AMchamper, cond. May arise. Indeed, these two
values are not determined using the same sample. Comparing
the reaction chamber mass variation in the two configurations
(i.e. AMchamber, no cond. ANA AMchamper. cond.) 1S POssible thanks to the
good repeatability of the mass signal (Fig. 5).

From these various measurements, it is possible now to deter-
mine the mass of evaporated water released by the sample
Muyater- First of all, Myood, Mchar, msumple. is msumple, fr mgas and
AMchamper. no cond. are known. We now consider the sample mass
variation AMgmpie. It accounts for the mass loss of wood Myg0q, Mass
loss by drying myqe and mass gain by char formation mgyg,
(Eq. (4)). It is possible to access myqr using Eq. (4). By knowing
Muyaeer, it is Now possible to access my, using Eq. (5).

Amsample = Msample, f — Msample, i = Mchar — Mwood — Mwater (4)

Myqr = mchamber, f (no cond.) — mchamber, i (no cond.) — mgas — Muwater (5)

It is therefore possible to calculate the wood consumption and
also drying water release, char gas and tar average production rates
by dividing the masses by the total run time of 5 min.

Furthermore, by weighting the reaction chamber during a run
with the tar condensing, it is possible to determine the evolution
of gas production rate.

Three gas samples were also taken at the outlet of the cotton
trap at t = 0-1 min, 2-3 min and 4-5 min. Gas was then analyzed
using a microGC. Average gas composition was also used to

Time (min)

Fig. 5. Three mass signals of reference case sample (9 %wb, end grain). Black: with
tar condensing device (stopping tar and water), gray: without tar condensing
device.

calculate the average gas production rate. Indeed, knowing the
nitrogen flow rate from the mass flow meter and the stream com-
position, it is possible to compute the average gas flow rate.

3. Results
3.1. Reference case processing

The case processing is here extensively described for the refer-
ence case: end grain 9 %wb.

Fig. 6 shows the sample after a 5 min exposure to radiation. A
complex geometry has developed. On the top view, one can see a
fractured design showing alternatively empty canyons and char
rods. The cut view highlights the presence of a charred area with
a crater shape. This shape corresponds to the incident heat flux dis-
tribution. This crater is filled with standing char rods as illustrated
in Fig. 4.

On average, wood consumption rate is 5.76 g/min (Table 1). It is
mainly transformed into gas (3.65 g/min) and char (1.37 g/min).
The production of tar is quite low with only 9% (0.50 g/min) of
the wood being turned into tar. This low tar yield is later explained
by tar thermal cracking and steam reforming.

Gas readings show a good repeatability from run to run. Fig. 7
reports N, free gas composition during a run. One can see that
H, and CH,4 fractions remain constant throughout a run, while CO
fraction decreases from 44% to 36% and CO, fraction increases from
5% to 17%. The explanation for the observed trends in term of gas
composition is not straightforward because both tar cracking and
tar reforming reactions may participate to the process. Thus, it is
beyond the scope of this paper. Other species (C;H,, CsHg, C;Hg
and CyH4) present in the gas were measured. Their fractions
remain stable during a run. The averaged gas production rate
was computed from average gas composition. The obtained values

(a) Top view

(b) Cut view

Fig. 6. 9 %wb moisture content end grain sample after a 5 min exposure.



Table 1

Time averaged wood consumption, water, char, gas and tar production rates and average surface temperature for the six configurations.

Time averaged rate (g/min)

Temperature (°C)

Wood Water Char Gas Tar
End grain 0 %wb 7.05+0.48 0.49 +0.49 1.74 £ 0.002 4.12+£0.07 1.63£0.88 1594 123
9 %wb 5.76 £ 0.42 1.57 £ 0.43 1.37 £ 0.002 3.65 £ 0.07 0.50  0.82 1530 £ 120
55 %wb 0.99 + 0.02 5.89 +0.06 0.09 +0.002 1.70£0.55 —-0.87 +0.93 1317 +98
With the grain 0 %wb 7.09 £ 0.48 0.06 + 0.49 1.48 £ 0.002 3.64£0.19 1.84£0.98 1616 £ 46
9 %wb 5.68 +0.42 1.09 +0.42 1.38 £ 0.002 3.58+0.23 0.49 +0.83 1605 + 90
55 %wb 1.49£0.03 2.57 £0.04 0.17 £ 0.002 1.9410.20 —-0.80£0.98 1426 £ 20
tar steam reforming [42]. Here, the surface temperature is much
50 — - - - - higher than 800 °C, making tar thermal cracking and tar steam
reforming kinetically favored.
w0l CcO i
3.2. Crater formation
ga 30 T—E—4L T 7 ] Cut views of 9 and 55 %wb initial moisture content samples in
= L S both fiber directions are reported in Fig. 9. The 0%wb initial
%
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Fig. 7. Gas composition downstream the tar condensing device for the reference
case (9 %wb, end grain). Triangle: Hj, circle: CO, diamond: CO,, square: CH,4.

are 10% close to the one obtained using mass measurements. It is
thought to be a very satisfactory agreement.

Surface temperature measurements exhibit the same trend
(Fig. 8) when repeating the experiment. During the first few sec-
onds of the run, the reading exhibits an overshoot. This overshoot
is explained by the high reflectivity of virgin wood around 63% [40]
that blinds the radiometer with reflected light from the Xenon arc
lamp. Once the surface is charred, the reflectivity drops to near
zero and allows for a proper measurement of the surface tempera-
ture. During a run, surface temperature is around 1530 °C, with a
slightly downward trend. Between runs, +120 °C variations are
observed. It is known from literature that temperatures higher
than 800 °C are required to achieve tar thermal cracking [41] and
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Fig. 8. Surface temperature for 9 %wb initial moisture content end grain samples.

(a) 9 %wb, end grain

(b) 9 %wb, with the grain

(c) 55 %wb, end grain

(d) 55 %wb, with the grain

Fig. 9. Samples cut views after 5 min exposure.



moisture content samples cut views are not reported because they
are very close to those of 9 %wb initial moisture content samples.
During a run, sample geometry is significantly modified. Two main
behaviors emerge from these observations. For low initial water
content samples, char rods stand inside the crater. For high initial
water content samples, a smaller crater is formed, yet no rods
stand inside of it. Moreover, cut views show that the transition
between wood and char is very sharp. It is therefore possible to
consider that the sides of the crater are in fact the location of a
pyrolysis front.

o In the case of low initial moisture content, wood shrinking and
mechanical failure are thought be at the origin of the char rods
formation. Indeed, it is known that during pyrolysis wood
shrinks as it turns into char loosing about 70% of its initial vol-
ume [40,43]. In this case, under the high radiative heat flux, the
medium undergoes pyrolysis and starts shrinking. As the
mechanical constraint grows, some weak spots in the wood
structure break. These breaks yield char rods on one hand and
canyons on the other. Then the canyons allow the radiation to
penetrate even further inside of the sample, providing energy
for in depth pyrolysis. In the end, this mechanism yields a crater
zone which has a shape close to incident heat flux distribution.
Moreover, it is possible using the cut view pictures to determine
the pyrolysis front thickness. The front thickness is about 3 mm
for 9 %wb sample and 4 mm for 0 %wb samples.

In the case of high initial moisture content, steam coming from
drying is thought to play a major role in the geometrical evolu-
tion of the sample. In the case of low initial moisture content
samples, the amount of water released by drying is not high
enough to allow for complete char gasification. For high initial
moisture content samples, the drying provides enough steam
to gasify the char produced by the pyrolysis. Indeed, in order
to escape from the sample, the steam has to go through the char
which is at temperature far higher than 800 °C. Therefore, char
undergoes steam gasification which explains why no char rods
are found inside of the crater. Furthermore, the pyrolysis front
thickness is small, about 0.5 mm. Indeed, pyrolysis is thought
to be shortly preceded by a drying front and is closely followed
by a gasification front which immediately consumes the char
produced by the pyrolysis front.

There are also similarities in the crater shapes between end
grain and with the gain samples (Fig. 9). In the case of 9 %wb initial
moisture samples, the char rods inside of the crater are standing
upward in both cases. This is surprising given the fact that in the
end grain cases, the wood fibers are orthogonal to the incident heat
flux. One can also note that the average diameter of the char rods is
more important in with the grain samples. Nevertheless, some
minor discrepancies remain. End grain samples exhibit a deeper

and narrower crater than with the grain samples. This is due to
the fact that wood is an anisotropic material. In the end grain cases,
the fiber orientation favors heat conduction towards the bottom of
the crater inducing sharper shapes. In the with the grain cases, the
fiber orientation favors heat conduction towards the sides of the
crater inducing flatter shapes.

3.3. Impact of fiber orientation

Sample fiber orientation varies between two extreme configu-
rations: end grain (vertical fibers) and with the grain (with hori-
zontal fibers). This difference was expected to have an impact on
the global behavior of the samples because wood is an anisotropic
material. Indeed, the ratio of longitudinal to radial thermal conduc-
tivity is about 2 [44]. Furthermore, the ratio of the permeability in
the same directions is about five thousands [45].

Fig. 10 allows for a direct confrontation of the production/con-
sumption rates between the two fiber orientations (data can be
found in Table 1). The wood consumption, drying water release,
gas, tar and char production rates exhibit close values with only
one exception for the 55 %wb cases. In this particular case, water
released is much higher for vertical fibers samples than for hori-
zontal ones. It can be explained by the fact that these saturated
samples naturally dry in air. Indeed, the channels of the wood
come out directly on a pure nitrogen sweeping flow. This setup
dramatically promotes drying. In the case of end grain samples,
the channels of the wood come out on the side of the sample,
where there is no sweep. The discrepancy between end grain and
with the grain water release rate for 55 %¥wb samples is explained
by a more efficient drying. This was checked in special experiments
where sample were expose to the nitrogen sweep without radia-
tive heating.

Fig. 11 reports the fractions of the major components of the gas
at the outlet of the tar condensing device (data can be found in
Table 2). The gas compositions for two fiber orientations are very
close for CO, CO, and CH4. The fraction of H, may seem to be
slightly more important for with the grain samples, yet, given
the uncertainty, no solid conclusion can be drawn. The same can
be stated for gas minor components (Table 3).

Finally, average surface temperatures are very close for end
grain and with the grain configurations (Table 1).

3.4. Impact of initial moisture content

The comparison between consumption/production rates with
different initial moisture contents is not direct. For instance, the
amount of gas produced by a high initial moisture sample is
lower than for an initially dry sample. Yet, the amount of con-
verted wood is not the same between these two. In order to solve
this problem, the wood consumption rate was chosen as the

Production/consumption rate
(g/min)
-~

| "

.

— 0 %wb
— 9 %wb
3 55 %wb

mmm Bois de bout
E= Bois de fil

Wood Water

Char Gas

M

ar

Fig. 10. Production/consumption rates for the six configurations.
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Fig. 11. Major components of the gas for 9 %¥wb moisture content samples. Dark
gray: end grain, light gray: with the grain.

Table 2
Fractions of major components in the N, free gas at the outlet of the tar condensing
device averaged throughout a run.

Fraction (vol%)

H, co CO, CHy4
2585+2.06 43.16+237 11.09+2.59 13.22+0.53

End grain 0 %wb

9%wb  27.79+231 39.88+2.13 945+229 11.63+0.44

55%wb 37.81+£3.42 30.95+3.12 12.15+241 847%0.95

With the 0%wb  30.52+3.32 40.53+1.17 11.23+2.01 11.23+0.49
grain  9%wb  31.35%0.89 40.01+3.04 11.78+2.81 10.76+0.75
55%wb 36.83+£1.69 33.42+236 13.51+2.13 8.71x0.53

Table 3
Fractions of minor components in the N, free gas at the outlet of the tar condensing
device averaged throughout a run.

Fraction (vol%)

CHy C3Hg CyHg CoHy
End grain 0%wb 1.69+0.48 031+0.13 0.34+0.05 2.73+0.29
9%wb  1.41+0.28 0.27+0.08 026+0.06 2.29+0.31

55%wb 1.70+038 0.03+0.02 0.11+0.02 1.80+0.32

With the grain 0%wb  1.33+£0.19 0.20+0.08 0.32+0.05 2.26+0.39
9%wb  1.58+0.51 0.22+0.11 029+0.04 2.08+0.20
55%wb 1.65+0.26 0.10£0.05 0.20+0.03 1.97+0.12

reference. The water, char, gas and tar production rates were
divided by the wood consumption rate, giving yields on dry wood
basis (Table 4).

Firstly, as one can see from Table 4, the closure of the mass bal-
ance is between 88% and 106% which is quite good. Then, as stated
before, fiber orientation induces only minor variations in terms of
production/consumption rates. Fig. 12 reports the relative produc-
tion yields for with the grain samples; two main trends emerge
from these results:

Table 4
Time averaged yields on dry wood basis and mass closure.

—
— ot

o
ot

Relative production rate

10 20 30 40 50

Initial moisture content (%wb)

Fig. 12. Relative production rate for with the grain samples over the range of initial
moisture content. Triangle: drying water, square: char, circle: gas, diamond: tar.

e An increase in sample initial moisture content leads to a signif-
icant reduction of tar production. For 0 %wb initial moisture
content samples, about 25% of the wood is transformed into
tar, whereas the tar yield is only 9% for 9 %wb initial moisture
content samples. Tar steam reforming is thought to play a role
in this reduction. Indeed, both tar and steam have to escape
the medium passing through the crater where temperature
are high enough to promote tar steam reforming.

An increase in sample initial moisture content leads to a major
increase in gas production. The gas yield even exceeds 1 for 55 %
wb initial moisture content samples. This means that the pro-
duced gas mass exceeds the consumed wood mass. It is possible
if steam contributes to gas mass through char steam gasifica-
tion, tars or methane steam reforming.

The reported tar production rates are negative for 55 %wb initial
moisture content samples (Table 1). The error associated with
these measurements is quite high. Two observations are to be
added. It has been qualitatively observed that tar production dur-
ing these runs is actually very low. Indeed, at the end of these runs
the tar condensing device contains only water; no sign of tar can be
found in it. Furthermore, the tar cotton trap is superficially colored
in light brown, suggesting that only few tars were produced and
trapped.

As one can see in Fig. 13, gas composition varies with sample
initial moisture content. Given the error bars, it is possible to
consider that 0 and 9 %wb initial moisture content gases have
the same composition. Increasing the initial moisture content to
55 %wb leads to an increase in H, fraction from 26 to 38 vol%, a
decrease in CO and CH, fractions from 43 to 31 vol% and from 13
to 8.5 vol% respectively, while CO, fractions remains stable. Yet,
one should note that the relative gas mass production dramatically
increases at the same time. The rise in H, production is thought to
be associated with syngas production by steam gasification of char.

Water Char Gas Tar Closure (%)
End grain 0 %wb 0.07 £ 0.07 0.25 +0.02 0.58 + 0.05 0.23+0.14 106
9 %wb 0.27 £0.09 0.24 +0.02 0.63 +0.06 0.09+0.15 96
55 %wb 5.97 £0.20 0.09 +£0.01 1.73£0.60 -0.89 £0.93 105
With the grain 0 %wb 0.01 £0.07 0.21+0.01 0.51+0.06 0.26+0.16 98
9 %wb 0.19 £ 0.09 0.24 £ 0.02 0.63 £ 0.09 0.09 £0.15 96
55 %wb 1.73 £0.07 0.11£0.01 1.31+0.17 —0.54 £ 0.65 88
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Fig. 14. Gas production rate for the reference case sample (9 %wb, end grain).

Finally, average surface temperatures drops from about 1600 °C
to 1300 °C as biomass initial water content increases from 0 to 55 %
wb (Table 1). This is thought to be a consequence of the char steam

Table 5

gasification. Indeed, as char gasification is an endothermic reac-
tion, it can therefore lower the medium temperature.

3.5. Gas production over time

Until now, we only considered time averaged value over a run.
The experimental device allows to go one step further and study
the gas production rate with time. Gas production rates for the
reference case is available in Fig. 14. Gas production clearly
increases with time. It is thought that as the char crater grows
the residence time of tars inside of it increases. Therefore, the
contact time between steam and tar before quenching by nitrogen
sweep increases, favoring tar thermal cracking and tar steam
reforming leading to gas formation.

3.6. Energy balance

Considering that at the process scale, gas, tar and char are the
recoverable output energy carriers; it is interesting to evaluate
the fraction of the input energy these products can contain. We
consider the two energy inputs - incident radiative power and
chemical power contained in wood - and the three energy outputs
- chemical powers contained in gas, tar and char. It is possible to
calculate the power contained in the chemical species flows using
their HHV. Wood, tar and char HHVs were taken form the literature
with values of 19.0, 19.0 and 32.1 MJ/kg respectively [46-48]. Gas
HHV was calculated based on its composition (Tables 2 and 3).
Table 5 provides the values of the input power sources and the
three outputs powers for the six configurations. One can see that
the total power contained in the outputs ranges as high as 94%
for dry samples down to 59% for high initial moisture content
samples. Gas contain about 40% of the input power in any of the
configurations. For high initial moisture content, the retained
power is only around half of the input power. It is indeed hindered
by drying endothermicity. Nevertheless, one should note that in an
industrial process, steam or hot water could be produced in heat
exchangers when the producer gas is cooled down, hence increas-
ing the energetic efficiency of the system. From a more general
perspective, process integration would allow to increase the
reported laboratory scale energetic efficiency [49,50].

For the six configurations, the total power contained in the
outputs is higher than the wood input power alone, meaning that

Power distribution (in W) between inputs and chemical outputs. All percentages are on a total power input basis (radiative + wood).

Radiative input

Wood HHV input

HHV output in gas HHV output in tar HHV output in char Total HHV output (%)

End grain 0 %wb 655 2233 1254 [43%] 517 [18%] 933 [32%] 94
9 %wb 655 1825 1137 [46%] 159 [6%] 732 [30%] 82
55 %wb 655 312 529 [55%] - 49 [5%] 60
With the grain 0 %wb 655 2246 1095 [38%] 584 [20%] 792 [27%] 85
9 %wb 655 1798 1066 [43%] 154 [6%] 738 [30%] 80
55 %wb 655 470 576 [51%] - 89 [8%] 59
Table 6
Stored radiative power in the system outputs.
Radiative input (W) Wood HHV input (W) Total HHV output (W) Converted radiative Converted radiative
power (W) power fraction (%)
End grain 0 %wb 655 2233 2704 471 72
9 %wb 655 1825 2028 203 31
55 %wb 655 312 578 266 41
With the grain 0 %wb 655 2246 2471 225 34
9 %wb 655 1798 1958 160 24
55 %wb 655 470 665 195 30




a fraction of the incident radiative power was converted into
chemical form. The amount of converted radiative power is
calculated by subtracting the wood HHV input from the total
HHV output. Table 6 reports the amount of radiative power
retained by the system outputs. The fraction of the input radiative
power converted into chemical form ranges from 24% for 9 %wb,
with the grain samples to 72% for 0 %wb, end grain samples.

4. Conclusion and perspectives

Thermally thick beech wood samples were exposed to radiative
heat flux comparable to the ones found in solar power towers. To
do so, a new experimental device was built. It allowed to investi-
gate for behavior of the biomass under heat fluxes higher than
1000 suns.

First, an original behavior has been highlighted. Under high
radiative heat flux, sample geometry evolves dramatically during
a run. A crater which mirrors incident heat flux distribution is
formed. Two mechanisms of crater formation have been proposed:
one involving sample shrinking and mechanical failure for low ini-
tial water content sample, then other relying on char steam gasifi-
cation for high initial water content samples.

Then the effect of wood fiber orientation relative to the incident
heat flux was questioned. Samples in end grain and with the grain
woods were used to address this question. Surprisingly, the pro-
duced results show that varying the sample orientation between
these two extrema has only a minor effect on the sample behavior.

The influence of the sample initial moisture content was inves-
tigated. It was highlighted that samples containing high initial
water content undergo char gasification. They produce 2.6 times
more gas than low initial moisture content samples. Furthermore,
this gas is richer in H, - 36 vol% instead of 26 vol%. Nevertheless,
the input power retained in the products is quite low, around
59%. The tar yield is close to zero. It has also been shown that sam-
ples containing no water produce much more tar than moist sam-
ples. Furthermore, solar pyro-gasification of dry samples exhibits a
very good energy conversion efficiency: the recoverable products
contain 90% of the input powers (solar + wood), capturing up to
72% of the incident solar power in chemical form.

It can be concluded that the solar pyro-gasification of moist bio-
mass is interesting for enhanced direct H, production with reduced
tar yield, while solar pyro-gasification of dry biomass is advanta-
geous in the perspective of solar to fuel (gas and tar) conversion.
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