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ABSTRACT

Oxidative pyrolysis is a key step in the autothermal operation of many fixed-bed reactors for staged gasification
and advanced carbonisation. In these reactors, biomass is converted into charcoal, condensates and permanent
gases inside a moving Oxidation Zone (OZ) which also produces energy to self-sustain the process. Oxidative
pyrolysis of three different biomass types: pine wood, miscanthus and wheat straw pellets, was performed in a
batch 20 cm diameter fixed bed reactor. Results showed that the OZ consumed 11% to 14% of the stoichiometric
air to self-sustain the process and reached a peak temperature around 720 °C whatever the biomass. The pro-
pagation velocity and thickness of the OZ were inversely proportional to the ash content and to the bulk density
of the biomass. Ash was also shown to influence the yield and composition of the resulting products due to a

catalytic effect on primary and secondary pyrolysis reactions.
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1. Introduction

Energy production from lignocellulosic biomass has been receiving
increased attention in recent years as it has many advantages including
reducing reliance on fossil fuels, reducing energy shortages, con-
tributing to environmental protection and providing benefits for rural
habitats. Thermochemical processes allow the conversion of chemical
energy from the biomass into convenient energy such as heat, elec-
tricity or fuel. Three main commercial technologies are available de-
pending on the application: fixed bed, fluidized bed, and entrained
flow. Fixed bed reactors, of updraft or downdraft type, are widely ac-
knowledged to be particularly suitable for the carbonisation or gasifi-
cation of woody biomass because they are simpler, more robust, and
cheaper to produce. However, extending the range of biomass type to
fibrous and low density resources is complex because of technical
problems such as bridging and jamming currently encountered with
this type of reactor. Moreover, the use of biomass requires overcoming
logistic problems involved in their storage, transport and supply.
Pelletizing is thus a good alternative way to extend the range of biomass
which can be used for fixed bed gasification or carbonisation [1]. In
addition, the insertion of a pelletizing step may also allow to consider
the use of blends of agricultural, forestry [2] and industrial by-products
such as paper industry wastes [3].

* Corresponding author at: CIRAD, UPR BioWooEB, F-34398 Montpellier, France.
E-mail address: huynh.pham_xuan@cirad.fr (X.-H. Pham).

In thermochemical processes, pyrolysis plays a major role in pro-
ducing char, condensates and permanent gases for subsequent reac-
tions. When pyrolysis is considered separately from the rest of the
process, one question is the way the energy required for the en-
dothermic heating/drying/pyrolysis of the biomass is supplied. One
standard efficient way is through partial oxidation of the biomass itself
by injecting a low air mass flux. In this case, the pyrolysis is auto-
thermal and refers to oxidative pyrolysis [4].

In a fixed bed configuration, oxidative pyrolysis occurs in a zone of
the packed bed called the oxidation zone, which propagates towards the
fresh biomass and produces char, condensates and gases. The propa-
gation of the oxidation zone in a porous media is called “smouldering”.
It has been studied in many contexts, including forest fires [5,6] organic
soil or house fires [7], underground fires in coal mines [8], waste and
biomass incineration [8] or biomass gasification [7]. Smouldering can
be natural or forced depending on the way the air penetrates the porous
medium. Depending on the relative direction of the propagation of the
oxidation zone and the air supply, the smouldering is said to be counter-
current and co-current. In counter-current smouldering, the oxidation
zone propagates inversely to the direction of the air flow, whereas in co-
current smouldering, the oxidation zone and the air flow propagate in
the same direction.

We investigated the counter-current

forced smouldering



configuration in a pyrolysis downdraft fixed bed reactor, and analysed
the behaviour of the oxidation zone with three different kinds of pel-
letized biomass.

The oxidation zone can be described by several specific features: (i)
propagation rate, (ii) temperature, (iii) geometry, such as thickness and
shape, (iv) yields and the composition of the resulting char, con-
densates, and permanent gases. Among these features, the propagation
rate, which is controlled by many reactions and heat and mass transfers,
is widely investigated in the literature on counter-current smouldering.
These studies [1,9-14] show that the propagation rate depends on the
air mass flux, fuel properties and bed properties. However, the inter-
dependence of all these parameters makes it difficult to draw specific
conclusions about the impact of each separate parameter on the beha-
viour of the oxidation zone [11].

Nevertheless, the major influence of air mass flux is acknowledged
by all authors. Many studies have highlighted its impact on the pro-
pagation rate [1,9-14], and temperature [11,13], but fewer on the
geometry of the oxidation zone [9,10]. It has been reported that the
propagation rate inside a biomass packed bed initially increases along
with the air mass flux until it reaches a peak. A further increase in the
air mass flux then reduces the propagation rate. Three different regimes
- oxygen limited, reaction limited and quenching by convection - are
usually identified in counter-current smouldering applied to the com-
bustion process. The regimes are determined by the main process
controlling the propagation of the oxidation zone [9,14,15].

The influence of the nature of the biomass or bed properties has
been the object of fewer investigations. A few studies have shown that
the propagation rate is higher when: (i) particle size [9,14,15],
moisture content [8,13,15] and ash content [13] are low or (ii) when
the heating value is high [14,15]. In addition, the propagation rate has
been shown to be inversely proportional to bed bulk density [4,9,16].
Regarding the geometry of the oxidation zone, some authors have at-
tempted to measure the thickness of the ignition zone in counter-cur-
rent combustion processes [9,10]. The thickness has been reported to
be proportional to particle size, and not to be sensitive to the air mass
flux [10]. The shape of the oxidation zone has been shown to be flat and
horizontal in a wood pellet bed but inclined and less stable in a wood
chip bed [4].

Regarding the products of oxidative pyrolysis, some authors [17]
reported that the yields of organic condensates were lower than those in
inert pyrolysis, whereas the production of pyrolysis water and perma-
nent gases was higher. Zhao et al. [12] investigated the influence of
oxygen and showed that its presence improved the yields of permanent
gas and water, but reduced the yields of char and condensates. CO and
CH,4 were mostly released between 300 °C and 400 °C and their pro-
duction decreased at higher temperatures.

Some remarks need to be made before positioning the present work.
First, we need to emphasise that almost all the research related to
forced counter-current smouldering has been performed with high air
flux compared to studies of oxidative pyrolysis. Indeed, in those studies,
air flux varied from stoichiometry conditions (equivalence ratio equal
to 1) to fit combustion applications, down to gasification ones with
equivalence ratio close to 0.25. Several authors [10,11,13] investigated
a lower air flux but none as low as the level in the present study. Thus,
information is missing on the propagation rate, geometry, and con-
version during counter-current smouldering in packed bed in very low
air flux conditions. Moreover, it has also been reported that with such a
small air mass flux, steady state regime is difficult to reach [10]. Sec-
ondly, very little information is available on the influence of the nature
of the biomass on the features of the oxidation zone; quantitative results
in particular, would advance our understanding of the process. And
finally, in counter-current smouldering in a downdraft reactor, com-
paction occurs in the oxidation zone and thus needs to be taken into
consideration for a global understanding and potential applications.

We investigated counter-current smouldering in a continuous fixed
bed reactor with woody biomass in two previous studies [4,17]. The

influence of air flux and bed density on oxidative pyrolysis was studied
in low air flux conditions, but the continuous operation mode did not
allow the fine characterisation of the propagation rate and the geo-
metry of the oxidation zone. What is more, propagation velocity and
front temperature are key processing features that cannot be controlled
by the operators when the biomass type is changed. It is thus essential
to identify and understand the main impacts of biomass properties on
these particular processing features during oxidative pyrolysis.

The aim of the present work was thus to focus on the character-
isation of the oxidative pyrolysis of biomass pellets in a downdraft fixed
bed reactor in batch operating conditions under a low air flux of
0.022kgm~%s~ !, This value was chosen as a representative air mass
flux for the pyrolysis stage of an industrial gasifier. Three different
pelletized biomasses were selected: one representative of forestry
(pine), one representative of agricultural residues (wheat straw), and
one representative of energy crops (miscanthus). Our specific objective
was to investigate the influence of their physical properties and che-
mical composition on the features of the oxidation zone. We measured
the propagation rate, thickness, temperature field, compaction rate,
yields and composition of the pyrolysis products.

This paper provides new insight into the behaviour of oxidation
zone propagation in a counter-current smouldering configuration. It
supports research for the validation or development of CFD models, as
well as for designers and operators in the optimisation of their process
design and operation.

2. Experimental devices and procedure
2.1. Description of the equipment

The study was carried out in a fixed bed reactor with an internal
diameter of 20 cm (Fig. 1), and previously described by [4,17,18]. It
consists of a 310 type refractory steel tube (160 cm L) surrounded by
30 cm thick refractory wool insulation. Thermocouples were installed at
10 cm intervals inside the bed to enable measurement of the tempera-
ture profile. In addition, a laser beam device was placed above the
biomass bed to continuously measure the bed height during the ex-
periments, thus allowing calculation of bed compaction.

Biomass and air are fed in at the top of the reactor. The pyrolysis
products are collected at the bottom, below the grate. The pyrolysis flue
gas is sent to a flare burner. After an experiment, the grate is lowered;
the char is extracted from the reactor and collected in a char tank. The
fine particulates are trapped by a cyclone. A sampling pipe is inserted
below the grate to collect both condensable and non-condensable gases.
The sampling train adapted from the tar protocol [19] consists in a
series of eight impingers. The first two impingers are empty and
maintained at ambient temperature, followed by four impingers at
20 °C: two impingers are filled with isopropanol and the remaining six
are empty. Finally, two silica gel and cotton impingers at ambient
temperature allow absorption of all the residual tars and water and
protect the Micro-GC system.

Proximate analyses of biomass and char were carried out in a muffle
furnace according to standards AFNOR NF EN 1860-2 and AFNOR XP
CENT/TS 14775. Ultimate analyses were performed using a Vario
Macro Cube Elemental analyser. Permanent gases were analysed online
with a VARIAN pGC, equipped with a TCD detector with two columns:
MolSieve 5A and PoraPlotQ for permanent gases including O, N, CO,
COZ, H,, CH4, C2H4, and C2H6.

2.2. Biomass feedstocks

Three different biomasses of different nature and origin were se-
lected: miscanthus as a representative of herbaceous energy crops,
wheat straw as a widespread agricultural residue and pine wood as a
representative of forestry residues. As discussed in the introduction, we
used biomass in pellet form. The biomass pellets were all homogeneous
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Fig. 1. The fixed bed reactor.

Table 1
Proximate and ultimate analyses of the biomasses.

Biomass Pine Miscanthus Wheat straw
Moisture (wt%, wb) 7.0 7.9 8.8
Proximate analysis (wt%, db)

Ash 0.28 2.98 8.17
Volatile matter 82.13 84.83 78.75
Fixed carbon 17.59 12.19 13.08
Ultimate analysis (wt%, daf)

C 54.80 57.87 58.91
H 5.65 5.04 5.07
N 0.09 0.24 1.10
O (by difference) 39.46 36.86 34.92
LHV (MJ kg, db) 21.76 20.04 19.12
Bulk density (kgm~2) 657 584 549

in size, with a diameter of 6 mm and a length of around 20 mm.
Biomasses were purchased from commercial outlets: pine from
Bioforest®, miscanthus from Jardinova® and wheat straw pellets from
RAGT®. The results of proximate and ultimate analyses are listed in
Table 1.

The main difference in composition concerned ash content, which
ranged from 0.28% for pine wood to 2.98% for miscanthus and 8.17%

for wheat straw. Volatile matter contents differed slightly. The low
heating value (LHV) was 21.76 MJkg™' for pine, followed by
20.04 MJ kg ! for miscanthus and 19.12 MJ kg ~! for wheat straw.

The moisture contents of the three biomasses were 7.0% for pine,
7.9% for miscanthus to 8.8% for wheat straw. In order to investigate the
influence of moisture content on the oxidation zone, we dried some
miscanthus pellets in a climate controlled chamber with 15% relative
humidity for 48h at a temperature of 50 °C. The resulting moisture
content of was 3.9%.

2.3. Experimental procedure

The oxidation zone (OZ) was ignited at the surface of a 10 cm layer
of char at the bottom of the reactor by dropping some barbeque starters
onto the surface of the layer of charcoal. During this step, a high air flux
of 90 NL min~' was supplied to accelerate combustion in the layer of
charcoal and obtain a homogeneous OZ covering the whole surface of
the reactor. Correct ignition was verified when the temperature at T9
reached 950 °C (Fig. 2). After ignition of the OZ, the air flow from the
top of the reactor was reduced to the value to be investigated in the test
of 34 NLmin~! (0.022kgm™~2s71), and the reactor was filled with
biomass pellets to a height of about 80 cm above the grate (about 10 cm
of charcoal and 70 cm of biomass). The OZ then propagates upward and
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Fig. 2. A typical temperature versus time profile obtained from an experiment with pine pellets, 0.022 kg m

can be monitored by the increase in temperature measured successively
at 10 cm intervals by thermocouples.

First, at T9, we observed a rise in temperature up to 950-1000 °C at
30 min. The temperature then dropped to around 650°C as a con-
sequence of the reduction in the air flux to the studied value of
34NLmin~"! and the introduction of biomass. Finally, the temperature
remained almost stable while the OZ propagated upward to the other
thermocouples right up to the end of the experiment.

The oxidation zone propagated upward from position T9 to the top
of the bed. Note that at the end of the experiment, the top of the bed
was below T4 because of compaction of the bed. The temperature
profiles versus time were used to measure the propagation velocity of
the oxidation zone in the biomass bed. Details on this method are
provided in the following section.

The gas was sampled during propagation of the OZ from T7 to T5,
over a distance of 20 cm assumed during the stationary regime. Each
experiment was performed three times in order to check repeatability,
after which the average measurements were calculated.

3. Methods for characterising the oxidation zone
3.1. Propagation velocities of the oxidation zone and bed compaction

In this counter-current smouldering configuration, the oxidation
zone propagates upwards. The bottom of the bed but mainly the OZ
may undergo compaction, forcing the bed to slowly flow downward. As

a consequence, we define (Fig. 3):

— The apparent propagation velocity, Voz/reactor, as the OZ upward
velocity calculated from the location of the OZ at different times.

— The effective propagation velocity, Voz/biomass, as the velocity of the
OZ related to the virgin biomass. This velocity refers to a term
commonly referred to in the literature as “front propagation velo-
city”, “ignition velocity” or “flame speed”.

Considering the compaction of the bed, the effective velocity can be
calculated from the measured apparent velocity according to Eq. (1):
Vozbiomass = Vozreactor + Ve (1)
where the compaction velocity V is defined as the downward velocity of

~2571 air flux.

Biomass
/] VC

VOZs‘biomass

VOZs’reactor

0Z

Char

Fig. 3. Schematic representation of OZ propagation velocities and compaction

velocity.

the virgin biomass bed caused by compaction in the OZ. Assuming no
compaction in the virgin biomass bed, the compaction velocity is cal-
culated as the derivative of the total bed height versus time. The bed
height is measured by the laser beam.

Compaction can be caused by shrinkage, fragmentation, and re-
arrangement of biomass particles during the conversion, as the
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Fig. 4. Determination of the OZ velocities: (a) The time of passage of the oxidation zone (b) Bed compaction and OZ propagation: pine pellets, 0.022kgm™ s

flux.

consequences of a number of coupled chemical and mechanical phe-
nomena [16,20].

We also define the effective propagation rate, migz, as the flux of
biomass consumed by the oxidation zone during its propagation ac-
cording to Eq. (2):

2

Moz = Voz/biomass- Pbiomass

3.1.1. Determination of apparent propagation velocity

In the literature, a method to determine the apparent propagation
velocity of the oxidation zone was first proposed by Ohlemiller and
Lucca [21] and later on used by other authors [9,11,13]. It is based on
the measurement of a temperature threshold to locate the OZ at a given
position.

We tested and compared several criteria based on temperature
measurements to locate the OZ and concluded that the maximum de-
rivative of the temperature (dT/dt),., was the most relevant and re-
peatable one. Thus, the oxidation zone is said to be located at a given
thermocouple T; when dTi/dt is maximum. We define the passage time
to7 as the time corresponding to the passage of the OZ at elevation i
(Fig. 4a).

Knowing the distance between two thermocouples (10 cm), it was
then possible to plot the elevation of the oxidation zone in the reactor
versus time (Fig. 4b). The apparent velocity was calculated as the de-
rivative of this profile of OZ elevation versus time.

3.1.2. Bed compaction velocity

During upward propagation of the OZ, bed compaction was mea-
sured by a laser beam (Fig. 1). Fig. 4b shows the total bed height h (t) as
well as the elevation of OZ versus time.

Between 100 and 280 min, the bed height slope remained constant.
Towards the end of the experiment, the measured bed height appeared
to fluctuate. This phenomenon is caused by radiation from the OZ
which reaches the surface of the bed and disturbs the measurements
made by the laser system.

For the discussion, we calculated the bed compaction rate, C(t),
versus time as follows:

h(t) — h(to)

0=

3

where h(tp) is the bed height corresponding the moment that the OZ
reaches T7 position (25 cm from the grate).

(b)

257 1air

3.2. Thickness of the oxidation zone

Several ways to determine the thickness of the oxidation zone are
reported in the literature. First, Fatehi and Kaviany [22] defined the
front thickness as the length across which the chemical reaction rate
was equal to or > 1/10 of its maximum value. Second, working on
municipal solid waste and wood chip combustion, Yang et al. [23]
defined the reaction zone thickness as the physical distance in the flame
front where the bed temperature rises from 30 °C to the peak value.
Recently, Porteiro et al. [10] described these front thicknesses using
temperature thresholds. For this purpose, the starting temperature of
the heating and drying layer (drying front) was considered to be 303 K;
the final point of the drying and the start of the devolatilisation (de-
volatilisation front) was considered to be 373 K. The temperature which
determines the final stage of pyrolysis and the beginning point of the
char reaction layer (ignition front) was assumed to be 773 K. The end
point of the char reaction layer was defined as when the temperature
reached its maximum value.

In the present work, we propose to locate the top and the bottom
surfaces of the OZ based on changes in temperature. The derivative of
temperature versus time “dT/dt” is proposed as the criterion. The time
for the OZ top surface to," at a given thermocouple (elevation) is when
dT/dt > 5°Cmin~! while the time for the bottom surface to,2°%™ is
when the temperature started to decrease, i.e. dT/dt = 0. Then, the OZ
thickness 80Zwas calculated as follows:

__ (¢bottom to,
oz = (t57"°™ — toy

4

)- Voz /reactor

4. Results and discussion
4.1. Air/biomass ratio and equivalence ratio

The air mass flux was the same for all three types of biomass. We
measured the average biomass consumption rate for each type
(Table 2). These values allowed calculation of the parameters required
for process operation and optimisation: the equivalence ratio and the
air/biomass ratio. Biomass consumption rates and the ratios are also
presented on a dry ash-free basis (daf) to facilitate the comparison.

The air/biomass ratio on daf basis was 0.76, 0.64 and 0.63 re-
spectively for pine, miscanthus and wheat straw. The equivalence ratio
(ER), defined as the actual air/biomass ratio relative to the stoichio-
metric air/biomass ratio, was calculated to be respectively, 0.14, 0.11,
and 0.12. The higher ER for the woody biomass than for the herbaceous
biomasses shows that less woody biomass is consumed to sustain the OZ



Table 2
Air/biomass ratio and equivalence ratio of the oxidative pyrolysis of the three
biomasses.

Table 3
Inlet and outlet flow rates (kgh~!) of the oxidative pyrolysis of the three
biomasses.

Biomass Pine Miscanthus ~ Wheat straw

Air mass flux (kgm ™~ 2s™1) 0.022  0.022 0.022

Average biomass consumption rate 0.029 0.034 0.035
(kgm~2s~1) (daf)

Air/biomass ratio (daf) 0.76 0.64 0.63

Air/biomass stoichiometry (daf) 5.39 5.66 5.34

Equivalence ratio (daf) 0.14 0.11 0.12

propagation under the same air flux. Daouk et al. [4] carried out ex-
periments with pine pellets using the same reactor in continuous op-
erating mode and measured an air/biomass ratio on a dry basis of 0.68.
In our case, in batch mode, this ratio is clearly higher than their finding.
Indeed, in continuous mode, the OZ is maintained stable in the reactor
(by moving down the bed) and consequently remains in a hot zone. In
batch mode, the OZ propagates towards a cold zone: heat losses are
significantly higher. This result highlights the important role of the heat
losses through the reactor walls during propagation of the OZ.

In addition, we investigated the impact of the moisture content of
the biomass on these ratios. When the moisture content in the mis-
canthus pellets was reduced from 7.9 to 3.9%, the air/biomass ratio
(db) decreased from 0.62 to 0.38 and the ER from 0.11 to 0.08. Indeed,
the lower the water content of the biomass, the less energy is needed for
drying and water/steam heating. As a consequence, the biomass con-
sumption rate is higher in the case of dry biomass. In our case, dividing
the moisture content by a factor 2 made it possible to increase the wood
consumption rate by a factor 1.6 (from 0.036 to 0.057 kgm ~2s™1).

4.2. Fine characterisation of the oxidation zone

Here we compare the influence of the nature of the biomass on the
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following important features of the OZ: effective propagation velocity,
thickness, temperature, and compaction rate (Fig. 5). The results pre-
sented were obtained in the zone located 25-45 cm from the grate. Note
that below and above this zone, the measurements were not repeatable,
revealing non-stability of the OZ beyond this zone. The ignition took
place 10 cm above the grate and the total biomass bed height at the end
of the experiment was 55 cm.

4.2.1. Propagation velocity

In Fig. 5a, effective velocity is plotted versus the height of the bed in
the three biomass beds. These velocities can be considered constant
along the study zone, as regards to the accuracy of the experiments. The
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Fig. 5. OZ features in different pellet beds with 0.022 kgm ™25~ ! air flux. a) Propagation velocity, b) Thickness, c¢) Temperature, d) Compaction rate. The dashed line
represents pine; the solid line represents miscanthus; the dashed-dotted line represents wheat straw.
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Table 4
Proximate and ultimate analysis of the char produced by oxidative pyrolysis of
the three biomasses, 0.022kgm™ 2571 air flux.

Charcoal Pine wood Miscanthus Wheat straw
Proximate analysis (Wt%, db)

Ash 1.5 11.2 25.0
Volatile matter 6.75 6.4 9.5
Fixed carbon 91.8 82.4 65.5
Ultimate analysis (wt%, daf)

C 94.4 91.2 88.5
H 2.0 1.8 1.8
N 0.4 0.5 1.6
O (by difference) 3.3 6.6 8.1
LHV MJ kg™ !, daf) 33.4 33.1 31.8

profile of the wheat straw pellet bed (dashed-dotted line) suggests that
the stationary regime is not fully reached at a distance of 35 cm from
the grate, compared to the two other biomass pellet beds. The effective
velocity was lower in the wood pellet bed than in the two other beds.
The average velocity was 0.28, 0.37, and 0.39 cm min ™" in the beds of
pine, miscanthus and wheat straw pellets, respectively. As a con-
sequence, the effective propagation rate was calculated as 0.031, 0.036,
0.036 kgm~2s~'. These values are in agreement with the average
biomass consumption rate calculated by weighing (Table 2). This
agreement validates the method for the determination of effective ve-
locity.

Explaining the difference in OZ propagation velocity is complex
because it is controlled by many factors related to biomass/bed prop-
erties. In our tests, bed bulk density ranged from 549 kg m ~ for wheat
straw pellets to 657 kgm™> for wood pellets, and could impact the
velocity. Porteiro et al. [13] compared velocities in a wide range of bulk
densities, under higher air flux than in the present study. They showed
that velocity decreased from 2.5cmmin~! to 0.7 cmmin~! with an
increase in bulk density from 150 to 350 kgm 3. Above this density

Condensates

Permanent gases

2571 air flux.

range, velocity decreased much more slowly and remained close to
0.5cmmin~!. Indeed, the same authors measured a slight drop (of
about 5%) in velocity in the pellet beds when the bulk density was
increased from 600 to 700 kg m 3. Compared to our experiment, their
results show that in the same range of bed density, lower propagation
velocities (from 0.28 to 0.39 cm min ~!) are obtained with low air flux.
We obtained a sharper decrease in the propagation velocity, i.e. of
about 25%, when we changed the bulk density from 549 kgm ™~ with
wheat straw pellets to 657 kgm ™3 with wood pellets. Nevertheless,
despite the higher sensitivity of the propagation velocity to the bulk
density that we observed, which could also be explained by our specific
very low air mass flux conditions, we believe that other properties of
the biomass have a greater impact. Indeed, the ash in the biomass,
which influences the thermal properties of the bed (conductivity or
emissivity) and reaction kinetics (inhibition and/or catalytic effects), is
certainly the main factor responsible for the difference measured in the
propagation velocity between woody and herbaceous biomass.

4.2.2. Oxidation zone thickness

Regarding the OZ thickness (Fig. 5b), it was 5.7 cm for the pine bed
and 7.8 cm for miscanthus and wheat straw bed. The lower propagation
velocity in the wood bed (higher air/biomass ratio) associated with its
higher density can explain this difference. In addition, the thickness of
the OZ increased until a distance of 35cm above the grid, and then
stabilized in the wood bed showing that stationary propagation was
reached. In the case of wheat straw, the stationary regime could not be
completely reached.

It is possible to understand the behaviour of the OZ thickness by
comparing our results with the literature. Porteiro et al. [10] measured
the thickness of the reaction front (similar to what we call the oxidation
zone in our work) in counter-current smouldering in a bed of wood
pellets with a density of 690kgm 3. They assumed that the main
processes occurring in the reaction front do not overlap and are defined
by threshold temperatures. They described a reaction front with three

Table 5

ICP analysis of ash content in the three biomasses.
ppm, db SiO, Cl P K Ca Mg Fe Na Zn Al
Pine 1,540 80 39 510 710 240 0.4 0.6 0.1 0.4
Miscanthus 12,600 360 350 4,000 3,180 530 1.7 1.3 0.1 2.3

Wheat straw 47,300 1,450 1,320 10,180

3,800 820 1.9 2.3 0.1 2.3




different zones: drying zone, devolatilisation zone, and char reaction
zone corresponding to the threshold temperatures of 100 °C, 500 °C, and
Tmax, respectively. Their results showed that the thickness of each of
the two first zones was about 5 mm whatever the air flux. The thickness
of the char reaction zone they measured ranged from 10 to 15 mm with
an air flux > 0.12kgm~2?s~'. But when the air flux was reduced to
0.07kgm~2s™! the thickness of the char reaction zone increased to
40 mm. In the present work, the thickness of the OZ we measured based
on the derivative of the temperature should be compared to the sum of
the three zones defined by Porteiro et al. To summarise, when propa-
gating under a low air flux (0.022kgm™~2s™!), the global OZ was
slightly thicker than with a higher air flux.

4.2.3. Temperature field

A temperature profile along the bed height can be calculated from
the temperature profiles measured by a given thermocouple (Fig. 2) and
an average value of the propagation velocity can be determined. Fig. 5c¢
shows the temperature profile in the bed of three biomasses when the
OZ is at a height of 35cm. Comparing the three biomasses, it is re-
markable that no difference in temperature was observed, despite sig-
nificant differences particularly in properties such as ash content or
heating value. The temperature increased from 50°C to a peak of
around 720 °C, and then decreased slowly and regularly along the char
bed. This decrease is due to heat losses through the reactor walls and
possibly to char gasification by vapour. In most of the previous studies
on smouldering, the maximum temperatures of a propagation front
have been reported to be higher than 800 °C [9,14,21]. The reason is
that the experiments were generally carried out in conditions close to
stoichiometric combustion to fit a fixed bed incinerator. In our ex-
periments, oxidative pyrolysis was performed in high sub-stoichio-
metric conditions, using only 11% to 14% of the stoichiometric com-
bustion air, which resulted in a lower peak temperature. These
temperature profiles, associated with OZ velocity and thickness provide
information on the heating rate, which is known to strongly influence
the yields of the pyrolysis products. The average heating rate was cal-
culated to be 20-35 °Cmin ™" in all the experiments.

4.2.4. Bed compaction

Compaction occurred in our experiments during the OZ propagation
in all three biomass pellet beds (Fig. 5d). The compaction rate, plotted
versus the elevation of the OZ, corresponds to the ratio of the decrease
in the bed height to the initial bed height. At the end of the experiment,
i.e. 45 cm from the grate, the compaction rate was 24%, 17%, and 14%
for the pine, miscanthus and wheat straw beds, respectively. Bed
compaction can be caused by a reduction in the size of the pellets
during the reaction (particle shrinkage), rearrangment of the particles,
or to fragmentation. However, as shown in Fig. 4b, in our experiments,
compaction of the bed was linear, revealing that the bed was quite
static and that the impacts of particle rearrangment, and fragmentation
were negligible. Thus, particle shrinkage was clearly the main phe-
nomenon responsible for bed compaction.

In order to determine particle shrinkage, we measured the average
diameter of biomass pellets to be 6.08 mm, 6.28 mm, 5.56 mm, and the
average diameter of the char after oxidative pyrolysis to be 4.35 mm,
4.80 mm, 4.37 mm, for pine, miscanthus and wheat straw, respectively.
The reduction in particle diameter was then calculated be 28%, 24%
and 21%. These values are in line with several studies focused on
particle shrinkage of pelletized biomass during pyrolysis, with a tem-
perature range of 300-800 °C [24,25].

The difference in ash content may be linked to the differences in the
shrinkage of the three biomasses. Indeed, the higher the ash content,
the less the particle shrinks during pyrolysis. Nevertheless, the particle
volume shrinkage, calculated to be 63%, 55% and 51% for pine, mis-
canthus and wheat straw, respectively, is considerably higher than the
measured compaction rate of the bed. This observation shows that, as
the char bed is static, the rearrangment of the particle does not occur

efficiently and that the intra-particle porosity is consequently con-
siderably higher in the char beds than in the biomass beds.

4.2.5. Influence of moisture content

The influence of moisture content was also investigated. We per-
formed experiments with a bed of miscanthus pellets dried to 3.9%
moisture content and compared the OZ features to those of the re-
ference miscanthus pellets (7.9% moisture content). The effective pro-
pagation velocity in the “dried” miscanthus bed was 10% higher. The
lower velocity is probably caused by the drying process which delays
the devolatilisation and oxidation reactions. This result is consistent
with the increase in the ER (from 0.08 to 0.11) measured when the
moisture content was higher. Indeed, as the air flux was the same in the
two cases, the decrease in the oxidation zone velocity explains the
higher ER with a higher moisture content.

Comparing the thicknesses of the OZ with the dried pellets and with
the reference miscanthus pellets, it is worth noting that using dried
pellets allows a stationary regime to be reached faster, as shown by the
stabilisation of the thickness. Nevertheless, no significant difference
was observed in the thickness with a moisture content within the range
of 4 to 8%.

We also measured the temperature profile in the OZ in the bed of
dried miscanthus pellets. In our high sub-stoichiometric conditions, the
peak temperature, around 720 °C, was shown to be independent of
moisture content. This result is in agreement with the results of ex-
periments reported in the literature in stoichiometric conditions [16].
In that case, peak temperatures were 1300 °C, similar to the calculated
adiabatic end of combustion temperatures. Finally, the compaction of
the bed was not affected by the moisture content of the biomass, which
ranged from 4 to 8%. Shrinking of the particle was measured in the
same way after oxidative pyrolysis of the wet and dried miscanthus
pellets.

4.3. Yields and composition of the char, condensates, and permanent gases

Gases were sampled during the propagation of OZ over 20 cm, from
T7 to T5, to ensure the stationary regime had been reached.

The nitrogen mass flow rate in the feed air (rhy,;) was used as a
tracer to calculate the total mass flow rate of permanent gases (vip,) at
the outlet of the reactor according to Eq. (5).

mNz,i
FN2,0 5)

Mpg =

where Fy,  represents the nitrogen mass fraction in the permanent
gases measured by the micro-GC. The mass flow rates of each compo-
nent (ih;,) in the permanent gases (pg) was calculated using Eq. (6).

mj,o = Fjo. mpg
j =1{0,,C0,,CO, H,, CH,, C,H,, C,He} (6)

The total mass of biomass fed into the reactor was weighed be-
forehand. Knowing the total duration of the experiment, we calculated
the average biomass consumption flux rz, (in kgm~2s™!). We calcu-
lated the char production flux m, (in kg m~2s7Y using the ash tracer
method as follows:

1. ASH)

mq, =
T ASH,, %)

where ASHy, and ASH,;, are the ash fraction in the biomass and char,
respectively.

Yields of char (ch) and of permanent gases were measured with high
accuracy and are expressed as percentages of the mass of biomass on a
daf basis:

Yk=(ﬂ) k = ch, pg
Mb ) o ®



We determined the yield of condensates by the difference between
the inlet mass (biomass and air) and outlet mass (char and permanent
gases) because weighing the condensate in the impingers was shown to
be too imprecise because of its high dilution in isopropanol.

The heating values of the biomass and the chars were measured
with a calorimeter (Parr Instrument, Parr-6200). The heating value of
the permanent gas was calculated from the measured concentration of
each individual gas and their respective standard enthalpies [26].

Mass balances were determined from the experimental results by
considering the products entering and leaving the oxidation zone in the
beds with the three different biomasses (Table 3). The presented values
are the average of at least three tests for each biomass, with a dis-
crepancy < 10% in each flow rate. The total inlets and outlets were
exactly the same as the flow rates of the condensates and were calcu-
lated by difference.

The yield of the char, condensates and permanent gases were cal-
culated as a percentage of the mass of daf biomass and plotted (Fig. 6).
Note that the sum of the measured yields (char, condensates, perma-
nent gases) exceeded 100%. This is because oxygen from the air reacts
inside the bed and is recovered in the pyrolysis products.

As can be seen in Fig. 6, the yield of pine, miscanthus and wheat
straw char was 18.7%, 24.5% and 26.6%, respectively. The yield of
permanent gas ranged from 46 to 54%, and the highest yield was ob-
tained from miscanthus pyrolysis. The yield of condensates from the
pine pyrolysis was significantly higher, 53.5%. There are many factors
affect the yields of the products [27]. Nevertheless, these differences
cannot be explained by the difference in peak temperatures and heating
rates during pyrolysis as we showed that the operating conditions were
almost the same for the three biomasses. The explanation may lie in the
difference in the ash content and its composition [28]. Indeed, biomass
particles shrink during pyrolysis and the ash tends to concentrate on the
external surface thereby creating a thin layer of ash surrounding the
particle. The catalytic effects of the ash layer accelerate secondary char-
forming reactions (i.e. condensation, cross-linking and repolymerisa-
tion) and favour the cracking of heavy organic compounds. As a con-
sequence, there is an increase in char yield and a reduction in the yield
of condensates [29-33].

Ash not only affects the yield but also the composition of the char
(Table 4). The chars produced by oxidative pyrolysis of the three bio-
masses were all rich in carbon since they contained 94.4%, 91.2 and
88.5% of carbon for pine, miscanthus and wheat straw, respectively.
High carbon and low oxygen contents are responsible for the high
heating values of the resulting chars. The oxygen content of the pro-
duced pine, miscanthus and wheat straw chars was 3.3%, 6.6% and
8.1%, respectively. This result can be explained by the catalytic effects
of ash on the formation of the secondary char by the condensation/
polymerisation of the primary tar and the interaction between the re-
sulting volatiles and char. Song et al. [34] showed that during the ad-
sorption and subsequent conversion of tar molecules by char, some O-
containing species originating from tar are transferred to the char and
form additional O-containing structures in the char matrix.

Some specific elements in the ash play an important role in the
biomass pyrolysis process. As reported in the literature [29,32,33],
potassium in particular has a significant influence on the char forma-
tion stage by increasing the char yield [23,35]. Regarding volatile
products, Pan and Richards [29] reported that they act as a catalyst in
pyrolytic reactions, resulting in the formation of carbon dioxide and
carbon monoxide. What is more, the reactivity of the alkaline metal
compounds decreases in the presence, ranked in order of importance of
K, Na, Ca, Mg, Al, Zn, Fe. Regarding the three biomasses studied here,
Table 5 shows that the amounts of Al, Zn and Fe are very small com-
pared to those of K and Ca. Thus, the high concentration of potassium
confirms its role in the pyrolysis yields of three different biomasses.

Some authors [36,37] have also demonstrated the catalytic effect of
ashes on char oxidation reactions. In our study, the yield of char from
oxidative pyrolysis of ash-rich (herbaceous) biomass was shown to be

higher than the yield of low-ash biomass. This observation suggests that
no significant oxidation of char occurred during oxidative pyrolysis
under a low air mass flux of 0.022kgm~2?s . This conclusion is of
importance with respect to the OZ propagation phenomena as it shows
that only oxidation of volatile matter provides the energy for the pro-
cess. This result is in a good agreement with the conclusions of previous
works at higher air mass fluxes [10,17,38].

5. Conclusions

A comparative oxidative pyrolysis in fixed bed of three biomasses
highlighted that the oxidation zone's velocity and thickness are 25%
lower for wood pellets than for miscanthus or wheat straw pellets. Ash
has a significant impact on the process by slowing down the propaga-

tion velocity and catalyzing reactions that affect pyrolysis products
composition and yields. Under a low air mass flux of 0.022kgm ™25~ %,

the OZ consumed 11% to 14% of the stoichiometric air to self-sustain
the process. The peak temperature, about 720 °C, is not sensitive to the
biomass nature. A significant compaction took place in all biomass
beds, ranging from 14 to 24%. In addition, increasing biomass moisture
content results in a higher equivalence ratio and a lower propagation
velocity.
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