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Abstract—Torrefaction is considered as a method for producing biofuels with improved characteristics com-
pared to those of the “raw” biomass (higher calorific value, moisture resistance, better grindability). The tor-
refaction process is an endothermic process that is usually carried out in a gaseous atmosphere in the absence
of oxygen. To reduce the required heat input, it is proposed to employ the oxidative torrefaction and conduct
the process in a f luidized bed agitated with f lue gases containing less than 6% oxygen. Preliminary studies of
the oxidative torrefaction of sunflower husks, including thermogravimetric analysis of the treated material,
have shown that the heat treatment time for the biomass should be at least 5 min. A f luidized bed is a reactor
with ideal mixing of the treated material where uniform treatment of raw material particles cannot generally
be attained. To overcome this disadvantage of the f luidization technique and achieve the required residence
time for biomass in a f luidized bed during a continuous torrefaction process, it was proposed to equip a tor-
refaction reactor with a series of vertical baffles spaced at 50 mm. These baffles induce a loop-like f low of the
processed biomass from the inlet to the outlet of the reactor. To investigate the residence time for husk parti-
cles in the reactor, a tracer, which was colored to husk particles' color with a water-soluble dye which did not
change the weight and size of the particles, was injected into the bed of uncolored particles. Tracer samples
were taken every 30 s at the outlet of the reactor and were analyzed using a special procedure to determine the
fraction of colored particles in each sample. This enabled us to gauge the time during which the colored par-
ticles injected into the f luidized bed reached the point of their discharge from the bed. Studies performed in
a “cold” model of the reactor showed that a series of vertical baffles in the bed can provide the required res-
idence time for biomass in a reactor including commercial reactors. Plates can provide the necessary biomass
residence time in the reactor.
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Biomass combustion is considered to release the
same amount of СО2 as the plant absorbed during its
growth, i.e., biomass combustion does not increase the
content of greenhouse gases in the atmosphere [1, 2]. In
addition, biomass is abundant since it is formed in a
large amount at agricultural, forest, and wood-process-
ing enterprises. However, wide application of biomass is
hindered by the fact that it has a lower heating value in
its initial state, a higher moisture content, and a lower
bulk density than those of fossil fuels [3, 4].

Torrefaction is a method of low-temperature (at
200–300°С) treatment of biomass in an oxygen-free
environment to cut down the moisture content of the
biomass, improve its hydrophobic properties, increase
the heating value, and also to render the biomass more
suitable for further thermal processing by pyrolysis,
gasification, or combustion [5–9].

At the same time, torrefaction is an energy-con-
suming process, and the use of an inert gas, nitrogen,
for its implementation makes it also quite expensive.
Using f lue gases of a boiler or furnace rather than an
inert gas is more efficient [10, 11]. The oxygen content
in the f lue gases can range from 6 to 14 vol % [11]. The
oxidative torrefaction (OT) of biomass involves, in
addition to the reactions of releasing some volatiles
and oxygen, exothermic reactions reducing the
required heat input and duration of the process. On
the one hand, to obtain the same mass loss as that with
the nonoxidative torrefaction, OT is carried out at
lower temperatures [12, 13]. On the other hand, oxida-
tive torrefaction is a more intricate process than torre-
faction in an inert gas environment since this process
occurs in a temperature range close to the onset of
exothermic processes in the biomass during its heating
and can lead to ignition of the biomass.
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Table 1. Characteristics of biomass after oxidative torrefaction or torrefaction in an inert atmosphere

Characteristic
After torrefaction

oxidative in inert atmosphere (oxygen-free)

HHV, MJ/kg 22 20
Content, %:

volatile matter 56.0 70.4
fixed carbon (coke residue) 43.0 29.0
other substances 1.0 0.6
Since torrefied biomass is often a mixture of fine
particles, it was proposed in [14] to perform oxidative
torrefaction in a f luidized bed. This investigation dealt
with OT of sawdust in a f luidized bed of 1.0 mm diam-
eter glass beads in the temperature range from 240 to
300°С. The reactor feed-gas oxygen concentration
varied from 0 to 9 vol %. The experiments suggest that
increasing the torrefaction temperature and the feed-
gas oxygen concentration considerably improves the
characteristics of the biomass as a fuel (Table 1). This
fact demonstrates that biofuels produced by oxidative
torrefaction is more suitable for cocombustion with
coal than fuels obtained in an inert atmosphere.

At the same time, biomass processing in a f luidized
bed by the OT method brings about some problems. It
is rather difficult to obtain uniform processing of raw
materials in a f luidized bed, i.e., to attain conditions
under which all heat-treated particles would have the
same characteristics. This is due to the fact that the
fluidized bed operates in a regime close to the ideal
mixing one, i.e., the particles that have just been fed
into the reactor for processing may be in the discharge
zone after a short time.

Sawdust was supplied continuously into the reactor
for torrefaction in [14]. The sawdust particles lost their
weight as they were treated and were entrained from
the f luidized bed by the gas f low. The torrefied saw-
dust particles were separated from the gas f low in a
cyclone. However, it was found that, after 50 min of oper-
ation of the test setup, not all sawdust particles left the
fluidized bed of glass beads. The sawdust accumulated in
the fluidized bed increasing its height by 10–30%. The
height of the f luidized bed increased at a very high rate
at a torrefaction temperature ranging from 240 to
270°С. The sawdust sampled from the f luidized bed
after 50 min of continuous oxidative torrefaction at a
temperature of 300°С contained 56% of volatile mat-
ter and 43% of fixed carbon. At the same time, the
sawdust sampled from the cyclone after the continu-
ous oxidative torrefaction under the same conditions
(50 min and 300°С) contains 78% of volatile matter
and 22% of fixed carbon, i.e., the degree of uniformity
of the biomass processing in the experiments of [14]
was from 39 to 95%.

At present, the authors of this study are developing
industrial equipment for the torrefaction of various
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biowastes, including sunflower husk for processing of
which the method of oxidative torrefaction in a f luid-
ized bed has been selected. To do this, we had to inves-
tigate the oxidative torrefaction of sunflower husk and
design a reactor offering the required residence time
for the material in the reactor to improve the unifor-
mity of biomass treatment. The results of investigation
are presented below.

EXPERIMENTAL SETUP

To study the process of oxidative torrefaction of
sunflower husk in a f luidized bed, an experimental
setup, whose schematic diagram is shown in Fig. 1,
was constructed. It consists of a f luidized bed reactor
with a jacket supplied with a high-temperature heat
carrier headed in an electrical boiler to the required
temperature. The reactor made of a 108 mm diameter
steel pipe 1000 mm in height is equipped with a bio-
mass batch feeder (at the reactor top) and a treated
biomass discharge unit (at the reactor bottom).

According to [14] and [15], uniformity of biomass
particles after heat treatment in a f luidized bed of inert
material cannot be achieved. It is also difficult to sep-
arate biomass particles from particles of the inert
material. Therefore, it was decided in this study to
abandon the use of inert material. The f luidized bed in
the experimental reactor is made up of ground parti-
cles of the biomass proper.

The biomass bed in the reactor is f luidized with
flue gases directed to its bottom using an exhauster.
The f lue gases are supplied from a boiler (not shown in
Fig. 1) fired with biofuel (pelletized sunflower husk).

The reactor outlet gases contain condensable and
noncondensable gaseous products of the biomass tor-
refaction. These gases are cooled in a heat exchanger
with water circulated by a pump (not shown in Fig. 1)
installed between the heat exchanger and a water stor-
age tank. Condensate formed in the heat exchanger is
removed from the system, and noncondensable torre-
faction gaseous products are cleaned mechanically in
a cyclone and discharged into the atmosphere.

Prior to the experiment, the setup was purged with
flue gases that were cooled in the heat exchanger and
were analyzed after moisture removal for СО, СО2,
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Fig. 1. Scheme of the experimental setup for investigating the oxidative torrefaction of sunflower husk. 1—Reactor; 2—exhauster;
3—electric boiler; 4—storage tank; 5—heat exchanger; 6—Vario Plus Industrial (SYNGAS) gas analyzer; 7—cyclone. 
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Н2, and СН4 using a Vario Plus Industrial (SYNGAS)
through-flow gas analyzer.

The torrefaction of ground sunflower husk was
investigated since the husk in its original conditions
could not be f luidized. These particles of the ground
husk had the following fractional composition, %:

Other characteristics of the husk and the experi-
mental setup:

The weight of ground particles of sunflower husk
was measured before and after torrefaction with an
Acom JW-1 laboratory balance, and the husk moisture
content was measured with an Ohaus MB45 moisture
analyzer.

The ash content and the volatile matter fraction
were determined by a thermogravimetric analysis
using a NETSCH STA 409 PC/PG thermal analyzer.
Prior to measuring the ash content, volatile content
and elemental composition, the samples were dried
until a relative humidity of 0.1% was reached.

>5.0 mm 0.02
From 2.0 to 5.0 mm 6.48
From 1.0 to 2.0 mm 30.84
From 0.4 to 1.0 mm 50.54
From 0.2 to 0.4 mm 9.72
From 0.09 to 0.2 mm 2.40

True density of husk particles, kg/m3 520

Minimum velocity of husk particles f luid-
ization, m/s

0.30

Operating gas velocity at reactor inlet, m/s 0.45
The elemental composition of the husk before and
after heat treatment (content of C, H, N, S) was deter-
mined using an Elementar Vario Macro Cube elemen-
tal analyzer. The content of oxygen, wt %, on a dry basis
was calculated from the following material balance:

where    and  are the content in a sample
of carbon, hydrogen, nitrogen, and sulfur, respec-
tively;  is the raw material ash content. Both the
content of elements and the raw material ash content
are expressed in wt % on the dry basis.

The high heating value of the husk before and after
treatment was determined using a BKS-2Kh combus-
tion calorimeter.

In the experiments, a portion of biomass 218 g in
weight was periodically loaded into the reactor. The
experimental conditions were as follows:

After holding in the reactor, the heat-treated bio-
mass was unloaded into a tightly sealed container for
subsequent analysis.

Husk particles' stationary bed height in 
the reactor, mm

100

Temperature of high-temperature heat 
carrier supplied to the reactor jacket, °C

250

Temperature of f lue gases at the reactor 
inlet, °C

350–400

Temperature in the f luidized bed of 
ground husk particles, °C

288

Biomass holding time in the reactor, 
min

2.5, 5.0, 7.5

( )= − + + + +O C H N S100 ,C C C C C AA

C,C H,C N,C SC

AA
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Fig. 2. Scheme of a “cold” reactor model. 1—reactor; 2—air distribution unit with silica gel poured on it (particles 3 mm in diame-
ter); 3—gratings; 4—air inlet chamber (short tubes 25 mm long and 25 mm in diameter); 5—cyclone. 
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To attain the required residence time for the husk
particles in the f luidized bed reactor, it was proposed
to install a series of vertical baff les in the reactor.
These baffles should be installed with a gap between
them and the reactor wall. In addition, the first baff le
in the husk particles from the reactor inlet was
installed with a gap to a side wall, for example, the
right wall. The next baff le had a gap with the left side
wall, the third partition again had a gap with the right
side wall, etc. This arrangement offered a loop like
flowpath for the husk particles from the inlet to the
outlet. The ideal mixing regime was observed between
any two baffles with the overall reactor operating
under plug f low conditions providing the required res-
idence time for the husk particles in the reactor.

“COLD” REACTOR MODEL

A “cold” reactor model whose scheme is shown in
Fig. 2 was prepared to simulate the husk particles f low
in a f luidized bed reactor and obtain data required for
designing an industrial reactor.

The “cold” reactor model was a 300 mm diameter
cylinder 1640 mm in height. The reactor rests on an air
distribution bed consisting of a 3-mm-diameter silica
gel particle bed squeezed between two gratings. The sil-
ica gel bed was 70 mm thick. An air inlet chamber filled
with short metal pipes 25 mm in diameter and 25 mm
long is provided under the air distribution bed. The
THERMAL ENGINEERING  Vol. 67  No. 9  2020
reactor model has a biomass feeder and a biomass dis-
charge assembly. A cyclone is installed downstream of
the f luidized bed reactor to separate biomass particles
entrained from the f luidized bed from the air f low.
The reactor was provided with a series of vertical baf-
fles whose arrangement is shown in Fig. 3.

To investigate the residence time for the husk par-
ticles in this reactor, a tracer, which was colored to
husk particles' color with a water-soluble dye, was
injected into the bed of uncolored husk particles. After
dye drying, these particles did not differ in weight and
size from other particles of the bed.

The experiments were performed at an air velocity
of 0.45 m/s corresponding to the free cross section of
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Table 2. Results of chemical analysis of sunflower husk particles before and after the oxidative torrefaction in a fluidized bed

* After annealing in a muffler at 550°C.

Characteristics Original husk
Husk after torrefaction for

2.5 min 5.0 min 7.5 min

Moisture content, % 10.6 9.3 3.2 2.7

Ash content*, % 3.7 4.9 6.1 6.8

LHV, MJ/kg 16.0 18.4 20.7 21.2

Content, %

volatile matter 75.6 65.2 54.8 49.9

elements

C 51.3 55.6 59.9 62.0

H 6.30 5.65 5.00 4.86

N 0.92 1.00 1.09 1.12

Sulfur, mg/kg 1510 1740 1970 2010
the reactor. The height of the stationary biomass par-
ticles' bed was 300 mm. With this bed height, the par-
ticles could not f low over the top of the baffles. Ini-
tially, the fluidized bed was made up of uncolored par-
ticles. A portion of colored particles was then loaded in
a biomass hopper used to feed the fluidized bed reactor,
and the colored particles were supplied continuously
into the fluidized bed reactor at a rate of 500 g/min
(30 kg/h). A mixture of colored and uncolored parti-
cles was sampled every 30 s at the reactor outlet. The
sample volume was 40 dm3. Each experiment was
repeated five times.

The samples were then processed by the procedure
described in [15]. To do this, each sample was spilled
in a thin, 1-particle thick layer and photographed.
Each photo was then scanned from left to right and
from top to bottom using a special software package to
read each pixel (colored and uncolored) of the image.
This yielded a fraction of colored particles in a given
mixture. This enabled us to calculate the time for the
colored particles injected into the f luidized bed to
travel to the f luidized bed discharge assembly.

DISCUSSION OF THE RESULTS
Table 2 presents the results from chemical analysis

of husk particles before and after the oxidative torre-
faction in the f luidized bed at a temperature of 288°С.

As follows from Table 2, to make a high-calorie
biofuel, the residence time for husk particles in the
reactor may be limited to 5 min since a further increase
in the torrefaction time does not considerably increase
the husk heating value and noticeably reduce the vol-
atile matter fraction. This conclusion is confirmed by
the results of thermogravimetric analysis of sunflower
husk samples (Fig. 4). The samples with a torrefaction
time of 5 min (Fig. 4b) have nearly the same thermo-
gravimetric characteristics as the husk samples with a
torrefaction time of 7.5 min (Fig. 4c).

Figure 4 enables us to estimate the thermal effect
observed in the thermogravimetric analysis of bio-
mass. Each part of Fig. 4 demonstrates two peaks: left
and right. The left peak is induced by the heat yield in
the combustion of volatiles released from the husk
during its heating, while the combustion of the coke
residue (fixed carbon) is responsible for the right peak.
The thermogravimetric analysis of the husk after OT
yielded (see Figs. 4b, 4c) that the right peak becomes
more gentle than that for the original husk. The area
under this curve is larger than the area under the curve
for the original husk, and, therefore, the thermal effect
from the coke residue combustion will be greater. An
increase in the OT duration from 5.0 to 7.5 min does
not considerably increase the thermal residue of the
heat-treated husk.

The oxidative torrefaction is a f luidized bed does
not result in a noticeable change in the fractional com-
position of the husk. Thus, for example, a treatment of
7.5 min will yield the following particle size distribu-
tion, %:

These data demonstrate that the husk particle loss
due to entrainment is small.

>5.0 mm 0.02
2.0 to 5.0 mm 12.2
1.0 to 2.0 mm 27.68
0.4 to 1.0 mm 51.46
0.2 to 0.4 mm 7.72
0.09 to 0.2 mm 0.92
THERMAL ENGINEERING  Vol. 67  No. 9  2020
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Fig. 4. Results of thermogravimentric analysis of the samples of the (a) original sunflower husk and the husk torrefied (b) for 5.0 min
and (c) 7.5 min. 
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Further, we examine the conditions that can offer
the specified residence time for husk particles in the
torrefaction reactor.

Figure 5 shows a photo sequence of a layer of par-
ticles from material samples taken at the “cold” model
outlet.
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Figure 6 shows a change in the concentration of
colored particles in the samples taken at the “cold”
reactor model outlet. It is evident from Fig. 6 that the
percentage of colored particles in a sample taken at the
model outlet does not exceed 15% 2.5 min after the
onset of feeding colored particles into the “cold” reac-
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Fig. 5. Photo sequence of a particle layer from samples taken at the “cold” reactor model outlet after the onset of injection of
colored particles into the f luidized bed. The sampling time from the onset of colored particles injection, s: (a) 30, (b) 150, (c) 300,
(d) 600, (e) 900, (f) 1200.

(a) (b) (c)

(d) (e) (f)

Fig. 6. Dependence of the colored particles' content in the
samples taken at the “cold” reactor model outlet on the
experiment duration. 

0

10
20
30
40
50
60
70
80

100 200 300 400 500 600 700

C
ol

or
ed

 
pa

rt
ic

le
s p

er
ce

nt
ag

e

Experiment duration, s
tor model. This means that, at a certain rate of particle
discharge from the reactor (30 kg/h) and a certain air
speed (0.3 m/s), 85% of the particles loaded into the
reactor will reside in the reactor for at least 2.5 min.
Five min after the onset of feeding the colored parti-
cles into the reactor, it can be guaranteed that more
than 50% (more accurately 65%) of the particles will
be in it for 5 min, while the residence time for the
remaining particles in the apparatus will be less than
5 min. After 7.5 min from the onset of feeding the col-
ored particles into the reactor, less than 50% (only
40%) of the particles will have a residence time of at
least 7.5 min.

It should be noted that, on the one hand, the path
length for the husk particles to travel along the baffles
from the feeding point to the discharge point is pro-
portional to the reactor diameter of the reactor. There-
fore, increasing the reactor dimeter by a factor of 5 (up
to 1500 mm), the residence time for the husk particles
in the reactor will also be five times greater (while the
number of baff les is kept). On the other hand, the husk
particles' velocity along the baffles is proportional to
the husk particles' discharge rate from the reactor.
Therefore, having increased the reactor diameter by
five times, we can increase the treated husk particles'
discharge rate from the reactor by the same number of
times, i.e., increase the reactor capacity by a factor of
five. Thus, a 1.5-m diameter reactor can have a heat-
treated biomass capacity of 150 kg/h. In this case,
more than 50% of biomass particles will be in the reac-
tor for a minimum of 5 min.
THERMAL ENGINEERING  Vol. 67  No. 9  2020
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Further increasing the reactor capacity requires
increasing the residence time for the particles in the
reactor. To do this, for example, additional baff les can
be installed between the existing ones to induce a
loop-like low of the material along the vertical.

CONCLUSIONS
(1) The oxidative torrefaction of finely dispersed

biomass, such as sunflower husk, can be carried out in
a f luidized bed where the f lue gases from a boiler fired
with the same biomass is used as a f luidizing agent.
This enables us to cut down the energy consumption in
the torrefaction process with the processing time of
only 5 min, which is sufficient for increasing the bio-
mass heating value by 32.5%.

(2) It is difficult to have the required residence time
for biomass in a f luidized bed reactor since this reactor
operates in the ideal mixing regime.

(3) Installation of a series vertical baff les in a reac-
tor producing a loop-like f low of the biomass from the
feeding point to the discharge point is a simple design
solution to make the operating conditions closer to
those of a plug f low reactor without increasing the
reactor’s overall dimensions.
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