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Abstract—Recent years have seen increasingly growing attention to decarbonizing the energy sector and
decreasing, owing to this policy, the consumption of fossil fuels. Since recycling of waste is among the urgent
problems at present, then, seeing that biomass accounts for a significant fraction of waste, efforts taken to
more efficiently use it as fuel are becoming of issue. Torrefaction is one of the most acceptable technologies
for obtaining high-quality fuel from biomass, the application of which makes it possible to increase the heat-
ing value of biofuel, decrease its hydrophilicity, and improve its grindability, all with relatively moderate
energy expenditures. The torrefaction process can be further improved by performing it in a gaseous medium
with some content of oxygen. This will make it possible to decrease both the energy expenditures for conduct-
ing the process and the time taken to perform it. The article presents the results from studying the oxidative
torrefaction of three kinds of finely dispersed biomass: ground sunflower husk, chicken litter, and wood saw-
dust. The process is performed in a f luidized bed with biomass f luidization by subjecting it to smoke gases at
a temperature of 250°С and with the oxygen content equal to 2–3 vol %. The study results have shown that,
given the polydispersed composition and complex shape of biomass particles, their stable f luidization is pos-
sible in a rather narrow range of gas velocities. The oxidative torrefaction process itself takes from 5 to 15 min
for its completion, depending on the biomass kind. Such a wide interval of time is due to the presence or
almost complete absence of exothermal reactions developing in the process depending on the kind of raw
material used. The maximal and minimal exothermal effects take place in performing oxidative torrefaction
of sunflower husk and chicken litter, respectively.
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The amount of carbon dioxide (CO2) that is
released in firing plant biomass is the same as that
which the plant absorbed for its entire vegetation time.
This carbon dioxide is a carbon-neutral readily acces-
sible fuel [1, 2], because the time taken by the plant
biomass to grow until its combustion is hardly more
than a few decades in contrast to fossil fuel, which was
formed over millions of years. However, biomass in its
initial state has a significantly lower heating value and
is characterized by a significantly higher moisture
content and low bulk density in comparison with fossil
fuel [3, 4], circumstances that impose limitations on
its use for energy-generation purposes. Pelletized bio-
mass is free from some of the above-mentioned draw-
backs, but it still remains hydrophilic, a feature that
adds difficulty to its transportation and storage. In
addition, despite their being widely used in domestic
heat supply, pellets cannot be used on a wide scale in
large power installations in view of their high cost.

The content of moisture and volatiles in biomass can
be decreased, its heating value can be increased, and its

hydrophobicity and grindability can be improved by
subjecting biomass to thermal treatment in oxygen-free
medium at a temperature of 200–300°C. This process is
called torrefaction. In the course of torrefaction, mois-
ture is removed from the initial biomass, as a result of
which the content of oxygen in it becomes significantly
lower. As a result, the gaseous products obtained from
the gasification of torrefied biomass have a higher heat-
ing value than those obtained from the gasification of
initial biomass. Torrefied biomass has a combustion rate
lower than that of the initial biomass, due to which it
becomes possible to complete the combustion process
in the boiler furnace and rule out the possibility of com-
bustion in the furnace smoke conduits, thereby mini-
mizing the danger of ash melting and dense ash deposits
forming on the boiler’s convective heating surfaces.
Owing to its improved hydrophobicity, torrefied bio-
mass can be stockpiled not in indoors but outdoors
under a shelter, which helps to achieve significantly
lower costs for storing such biofuel and to simplify its
handling.
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Fig. 1. Schematic design of the experimental setup for studying the biomass oxidative torrefaction process. 1—Reactor; 2—electric
boiler; 3—exhaust fan; 4—heat exchanger; 5—water storage tank; 6—cyclone; 7—electrochemical sensor. 
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Data are available according to which the energy
resources consumed for biomass grinding are a factor
of 3.5–4.0 higher than those for coal processing [5].
These expenditures can be decreased by improving the
torrefied biomass' grindability. Thus, it can be con-
cluded from what was said above that torrefied bio-
mass is a product more suitable for its combustion
jointly with coal in comparison with the initial bio-
mass [6–10].

Torrefaction is a rather energy consuming process.
The costs for operation of torrefaction facilities can be
decreased by using air and gaseous torrefaction prod-
ucts instead of nitrogen. Such a process is called oxi-
dative torrefaction. The accomplished works on study-
ing the effect that the oxygen concentration in the gas
supplied to the reactor and the torrefaction tempera-
ture have on the biomass properties [11] have shown
that the change in the O2 content in the range from 2
to 21 vol % does not have a significant influence on the
solid product composition at low temperatures (below
280°С). This helps prevent oxidation of the volatiles
released in the course of torrefaction.

The authors of [12–14] have determined that the
oxidative torrefaction characteristics (the solid prod-
uct mass yield and properties) essentially depend on
the nature of the initial raw material. In particular,
they have found that oxidative torrefaction is more
suitable for processing wood biomass than fibrous
(nonwood) biomass. Apart from the shape of particles,
the oxidative torrefaction process depends on the par-
ticle size, including the surface area of the processed
particles that is contacting with the gas medium [12].

The aim of this work is to study the oxidative torre-
faction of various biomass kinds: wood waste, sun-
flower husk, and chicken litter. For achieving the max-
imal possible surface area through which the biomass
contacts with oxygen-containing gas, it is proposed to
grind the biomass and to perform the torrefaction pro-
cess in a f luidized bed [15, 16].

EXPERIMENTAL SETUP

For studying the oxidative torrefaction of ground bio-
mass, an experimental setup was constructed (Fig. 1). It
consists of a fluidized bed-containing reactor covered
with a “jacket” into which a liquid heat carrier (TLV-330
thermal oil) heated in an electrical boiler is supplied.
Physically, the reactor is a steel pipe 108 mm in diam-
eter (the wall thickness is 4 mm) and 1000 mm in
height. The initial biomass is fed in portions into the
reactor from the top through a connection pipe, and
the torrefied biomass is taken out from the bottom.

According to the study results reported in [15, 16],
it is impossible to achieve heterogeneity of biomass
particles in the f luidized inert material bed during tor-
refaction. It is also difficult to separate biomass parti-
cles from the inert material. Therefore, it was decided
to discard the use of inert material.

In this study, a periodically operating reactor was
used, the fluidized bed in which was formed by ground
particles of biomass itself. The biomass bed in the reac-
tor was fluidized by flue gases from the boiler, in which
biofuel (granulated sunflower husk) was combusted.
The flue gases were supplied to the reactor’s lower part
by means of an exhaust fan (not shown in Fig. 1). Flue
gases were produced using a flame tube/flue tube hot
water boiler with a capacity of 500 kW equipped with a
furnace for burning granulated sunflower husk in a flu-
idized bed.

The gases f lowing out from the reactor contained
condensable and noncondensable gaseous biomass
torrefaction products. These gases were cooled in a
heat exchanger by water that was set to circulate, by
means of a pump (not shown in Fig. 1), between the
THERMAL ENGINEERING  Vol. 69  No. 2  2022
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Table 1. Characteristics of the studied biomass kinds

Biomass characteristics Sunflower husk Wood sawdust Chicken litter

Fraction of particles with size, %:
smaller than 0.09 mm 0 1.83 3.76
0.09–0.20 mm 2.40 20.88 7.50
0.2–0.4 mm 9.72 47.60 16.19
0.4–1.0 mm 50.54 26.02 37.62
1.0–2.0 mm 30.84 3.04 33.13
2.0–5.0 mm 30.84 0.35 1.80
larger than 5.0 mm 0.02 0.29 0

Moisture content, % 10.60 19.00 6.00
heat exchanger and a water storage tank. The obtained
condensate was removed from the system. After that,
noncondensable gaseous torrefaction products were
mechanically purified in a cyclone and discharged
into the atmosphere.

Prior to the beginning of experiments, the setup
was purged with f lue gases, which were cooled in the
heat exchanger and, after the removal of moisture
from them, were subjected to a chemical analysis by
means of a Vario Plus Industrial f low-type gas ana-
lyzer (the error of readings is 5–10% of the measured
value depending on the used electrochemical sensor).

The characteristics of the studied biomass kinds are
given in Table 1.

The mass of ground sunflower husk, litter, and
wood sawdust particles before and after torrefaction
was measured using an Acom JW-1-200 RS 232 C lab-
oratory scale (the maximal and minimal mass values
are 200 and 0.2 g, and the measurement step is 0.01 g).
The husk moisture content was determined using an
Ohaus MB45 moisture analyzer (the measurement
error is ±0.05%).

For determining the fraction of volatiles, a thermo-
gravimetric analysis (TGA) was carried out using a
NETSCH STA 409 PC/PG thermoanalyzer (with a
sensitivity of 0.002 mg). The ash content was measured
by burning a sample in a muffle furnace at a tempera-
ture of 600°С until a constant mass was achieved. Prior
to determining the ash content, content of volatiles,
and elemental composition, the samples were dried to
the relative moisture content equal to 0.1%.

The elemental composition (C, H, N, S) that the
studied biomass had before and after the thermal treat-
ment was analyzed using an Elementar Vario Macro
Cube analyzer (with the measurement error equal to
0.1%). The oxygen content CO, % per dry mass was
calculated proceeding from the following material bal-
ance:

where CС, CH, CN, and CS are the contents of carbon,
hydrogen, nitrogen, and sulfur, respectively, in the

= − + + + +O C H N S100 ( ),C C C C C A
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sample, and A is the ash content in raw material, % per
dry mass. These data were used for determining the
initial and torrefied biomass heating values.

After the first experiments on biomass oxidative
torrefaction, it was found that the cap of the gas distri-
bution grate located in the reactor’s lower part was
prone to becoming clogged with dense deposits con-
sisting of condensed sulfur containing substances
released from the gaseous granulated sunflower husk
combustion products. The problem was solved by
modifying the cap design.

The biomass under study was a polydisperse mix-
ture of particles with a complex geometrical shape. For
more detailed studying of their f luidization process, a
setup was constructed, the key component of which
was a reactor 108 mm in diameter (with an inner diam-
eter of 100 mm) and 2000 mm in height. The reactor
walls were made of acryl glass. The bed in the reactor
was f luidized by air at room temperature. 

The setup enabled us to determine the range of air
velocities at which the bed of biomass particles
remained in a stable f luidized state. In studying the
process, the replacement of f lue gases with t = 200°С
by air with t = 20°С is quite justified because, accord-
ing to [17], the ratio between the f luidization numbers
at 20 and 200°С can be estimated by the square root of
the densities of gases at the corresponding tempera-
tures. This ratio for the densities of air and flue gases
at the above-mentioned temperature is equal to 1.23.
Thus, it can be concluded that f luidization by air and
flue gases takes place in the case considered with
approximately the same fluidization numbers. The
observation results are given in Tables 2–4.

An analysis of these data has shown that finely dis-
persed biomass particles having a small mass and com-
plex shape are stably f luidized in rather narrow ranges
of the ratio of bed initial height to reactor diameter and
gas velocities. For this reason, in the torrefaction
experiments, the fixed bed of biomass particles in the
reactor had a height of 100–170 mm, and the gas
velocity related to the empty torrefaction reactor sec-
tion was from 0.67 to 0.85 m/s at room temperature.
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Table 2. Results of observations of the ground sunflower husk particles bed transition into a f luidized state

State of biomass particles 
bed based on visual 
observation results

Mass
of material charged 
into the reactor, g

Biomass bed height in the 
reactor, mm Pressure difference 

across the bed, Pa

Air velocity related 
to empty reactor 

cross section, m/sfixed in f luidized 
state

Start of f luidization 218 100 220 226 0.75

Developed fluidization

218 100 350 220 0.92
327 160 370 360 0.80
436 220 610 490 0.81
763 370 900 940 1.40

Plug formation
545 270 420 630 0.80
654 320 630 750 0.75
872 420 690 1030 1.14

Table 3. Results of observations of the ground chicken litter bed transition into a f luidized state

State of biomass particles 
bed based on visual 
observation results

Mass of material 
charged into the 

reactor, g

Biomass bed height
in the reactor, mm Pressure difference 

across the bed, Pa

Air velocity related 
to empty reactor 

cross section, m/sfixed in f luidized 
state

Developed fluidization

270 100 160 290 0.57
405 160 200 420 0.42
540 215 300 580 0.62
675 255 400 780 0.62

Plug formation
810 300 600 950 1.40
945 350 500 1080 0.65

Unstable f luidization 1080 450 600 1270 0.60

Table 4. Results of observations of the wood sawdust bed transition into a f luidized state

State of biomass particles 
bed based on visual 
observation results

Mass of material 
charged into the 

reactor, g

Biomass bed height in the 
reactor, mm Pressure difference 

across the bed, Pa

Air velocity related 
to empty reactor 

cross section, m/sfixed in f luidized 
state

Stable f luidization
200 160 330 210 0.65
200 170 350 216 0.80
310 180 400 287 0.87

Start of plug formation 413 250 530 330 0.95

Plug formation
512 320 690 480 1.05
630 420 976 570 1.15
715 520 1350 660 1.27
According to the data presented in Tables 2–4,
with the gas velocity maintained in the range 0.67–
0.85 m/s, the f luidized bed for all three biomass kinds
(sunflower husk, ground litter, and wood sawdust) is
in a stable f luidized state. Therefore, during the torre-
faction experiments, the gas velocity was maintained
particularly in this range. At higher gas velocities, the
fluidization of particles of one biomass kind or
another became unstable. Since the gas velocity in the
bed may have an effect on the torrefaction rate, it was
THERMAL ENGINEERING  Vol. 69  No. 2  2022
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Fig. 2. Change with time of f luidized biomass particles bed. Biomass: (a) chicken litter, (b) sunflower husk, and (c) wood sawdust
in the course of torrefaction. 
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decided to maintain the same gas velocity in the bed to
exclude the influence of this parameter in f luidizing
the particles of all three biomass kinds.

The temperature of the heat carrier supplied to the
reactor “jacket” was 250°C, and the temperature of
flue gases forwarded into the reactor was 200°С. The
flue gases in the f luidized bed contained approxi-
mately 8.5% of water vapor and had the following
chemical composition, vol %:

A high content of carbon monoxide was because the
amount of blast air supplied to the boiler was limited to
decrease the oxygen concentration in flue gases and to
prevent biofuel from igniting during its torrefaction.
Nonetheless, in regard to carbon monoxide emissions,
the boiler operation was in compliance with the
requirements of the State Standard GOST 30735-2001
[18], which specifies the maximal level of CO emis-
sions equal to 24000 mg/m3 (in this study, taking into
account the dilution factor equal to 1.17 calculated as
the dissolved substance mass to the solvent mass
ratio, the maximal CO concentration did not exceed
14625 mg/m3).

In the considered temperature range, carbon diox-
ide does not interact with carbon; therefore, the pres-
ence of CO2 in the f lue gases should not affect the tor-
refaction rate.

The biomass was held in the reactor for a specified
time interval, after which the thermally treated sam-
ples were unloaded into a hermetically closed reservoir
for a subsequent analysis. Biomass was held in the
reactor for different the periods of time, which were
equal to 3, 5, 10, and 15 min.

In the course of experiments, we continuously
determined the f luidized bed temperature and pres-
sure difference across it taking into account the pres-
sure drop across the gas distribution grate (the mea-
surements were carried out using a Testo 521 differen-
tial micromanometer with an error of ±0.4%).

Oxygen 2–3
Carbon dioxide 16.0–17.3
Nitrogen 70
Carbon monoxide 0.75–1.25
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As regards the gaseous products, the Vario Plus
Industrial gas analyzer design options include the pos-
sibility of determining the composition of measured
medium with a temperature of up to 1700°С. However,
during torrefaction, its gaseous products may contain
a large quantity of moisture; therefore, prior to supply-
ing f lue gases to the gas analyzer, they were cooled in
a shell-and-tube heat exchanger for approximately 2 s
to a temperature below 100°С, due to which moisture
was removed from them, and stable operation of the
gas analyzer was ensured. From the amount of infor-
mation produced by the gas analyzer, only those data
were used in the subsequent torrefaction process anal-
ysis that pointed to a change in the carbon monoxide
concentration.

RESULTS AND DISCUSSION
Figure 2 shows the change with time τ of the litter,

husk, and sawdust f luidized bed temperature in the
course of torrefaction. The thermocouple measuring
the f luidized bed temperature was installed a few mil-
limeters above the bed of fixed biomass particles.
During the transition into f luidized state, the bed of
relatively dry chicken litter particles is rapidly heated,
and the thermocouple records a monotonic growth of
temperature to t = 235°С, which is a certain interme-
diate value between the f luidizing gas and hot liquid
heat carrier temperatures (see Fig. 2a).

For wetter husk particles, the bed transition into a
fluidized state and its heating are accompanied by dry-
ing the particles, and the bed temperature remains
constant for τ = 3.5 min, after which it begins to rap-
idly grow to t = 350°С (see Fig. 2b).

For sawdust particles, which have a still higher wet-
ness, their fluidized state entails a rich release of water
vapor. As this takes place, the bed temperature decreases
and begins to grow only in τ = 1.5 min after the process
starting moment and reaches 220°С (see Fig. 2c).

As is known from [19–24], exothermal reactions
occur during the biomass heating, as a result of which
the hemicellulose, cellulose, and lignin that are pres-
ent in the biomass composition are destructed. As
applied to wood, these reactions run in the tempera-
ture range 200–500°С, but the maximum amount of
heat releases at 370°С [19]; it is from 425 to 1113 kJ/kg
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Fig. 3. Change with time of carbon monoxide concentration in noncondensable gaseous products in the course of oxidative tor-
refaction. Biomass: (a) wood sawdust, (b) sunflower husk, and (c) chicken litter in a f luidized bed. 
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Fig. 4. Change with time of pressure difference across the bed of particles during oxidative torrefaction. Biomass: (a) sunflower
husk, (b) wood sawdust, and (c) chicken litter. 
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at 230°С; from 22 to 1375 kJ/kg at 250°С, and from
1160 to 1516 kJ/kg at 280°С [25].

In this study, the torrefaction was performed at a
temperature of up to 250°С; therefore, a noticeable
exothermal effect was not observed, and the graph
showing the temperature variation in the f luidized bed
of wood particles confirms this (see Fig. 2c).

In the presented experiments, pine sawdust was
used, which contained 42–43% of cellulose, 29–30%
of lignin, and 18–25% of hemicellulose [26].

Sunflower husk contains 23% cellulose, 18% hemi-
cellulose, and 29% lignin [24]; i.e., sunflower husk is
close to pine sawdust by the content of the above-
mentioned substances. However, as can be seen from
Fig. 2b, a noticeable exothermal effect is observed in
torrefying sunflower husk, due to which the bed of
particles is heated to a temperature that exceeds the
fluidizing agent and liquid heat carrier temperatures
by 150°С and 100°С, respectively. It can be conjec-
tured that this effect is due to the ether oils that release
from husk particles in heating them.

Lignin, cellulose, and hemicellulose may enter in
chicken litter with feedstuff or when it is mixed with
bedding (wood sawdust or ground straw). In view of
this, the content of these substances in chicken litter
is much smaller than it is in wood sawdust or sun-
f lower husk. Thus, chicken litter contains only 3.4%
of lignin [27]; therefore, an exothermal effect is not
observed during its torrefaction, and the data shown
in Fig. 2a confirm this.

An analysis of the graphs characterizing the change
with time τ of CO concentration in gaseous torrefaction
products (Fig. 3) and the change of pressure difference
(Fig. 4) across the bed of torrefied biomass particles
shows that this process proceeds in two stages. During
2 min after the torrefaction process starting, a drastic
drop of carbon monoxide concentration in gaseous
products is observed for the bed of wood sawdust (see
Fig. 3a), sunflower husk particles (see Fig. 3b), and
chicken litter particles (see Fig. 3c). This may be con-
nected with the final oxidation of СО to СО2 at tem-
peratures below 200°С. After that, the CO concentra-
tion begins to grow and exceeds the carbon monoxide
concentration in the flue gases suppled for fluidization.
The growth in the CO content is connected with the
biomass destruction processes resulting in breaking of
chemical bonds in macromolecules and release of vola-
tiles in heating the material in the course of its oxidative
torrefaction.

Biomass torrefaction is accompanied by the release
of moisture and a part of volatiles, which results in a
loss of mass of the particle being treated. This loss of
mass can be estimated from the change of pressure dif-
ference in the f luidized bed of biomass particles being
subjected to torrefaction. The process is completed
with a constant pressure difference.

It can be supposed proceeding from this reasoning
that torrefaction is completed when the pressure dif-
ference across the bed does not change any longer. For
wood sawdust this process completes in approximately
1.5–2 min (see Fig. 4a); it mainly completes in 7 min
for husk particles (see Fig. 4b), and it completes in
9 min for chicken litter (see Fig. 4c) after the start of
the experiment.

How complete the biomass torrefaction process is
can be estimated from the change of pressure difference
across the fluidized bed. This is confirmed by an analy-
sis of the data given in Table 5, which reflects the results
THERMAL ENGINEERING  Vol. 69  No. 2  2022
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Table 5. Results from analyzing the moisture content, ash content, and heating value of initial biomass samples (of sun-
flower husk, chicken litter, and wood sawdust) and their torrefaction products

Indicator
Biomass

initial torrefied

Time passed from the process start, min – 3 5 10
Moisture content, % 10.6/12.0/8.0 9.3/11.3/7.4 3.2/11.1/7.0 3.0/7.2/6.8
Ash content (at 550°С), % 3.7/16.6/0.5 4.9/17.8/0.54 6.1/18.1/0.6 6.6/28.9/0.6
Lower heating value, MJ/kg 16.0/16.7/22.3 18.4/17.7/24.1 20.7/18.2/24.7 20.9/18.7/24.9

Table 6. Biomass (wood sawdust) higher heating value,
MJ/kg, at different times of holding in the f luidized bed
reactor and at different process temperatures

Process temperature, °C
Holding time

30 min 60 min

200 17.66 21.30
300 18.39 24.07
from measurements of moisture content, ash content,
and heating value of the initial samples of the three bio-
mass kinds and biocarbon extracted from them.

The characteristics of the studied samples of solid
biomass products are close to the characteristics of
similar samples obtained in a dense bed, moving dense
bed, and agitated dense bed. Thus, the authors of [28]
describe a solid product obtained from torrefaction of
granulated sunflower husk that had the following
characteristics:

This product was obtained in a dense bed of gran-
ules moving from the top down in the course of torre-
faction for 45 min, but its characteristics are close to
those of the solid torrefaction product we obtained
from sunflower husk.

In [29], in which torrefaction of wood sawdust in
nitrogen medium was studied (the initial product had
ash and moisture contents equal to 1.3 and 7.72%,
respectively), the higher heating values were deter-
mined for different periods of time of holding in a f lu-
idized bed reactor and at different process tempera-
tures (Table 6).

In torrefying chicken litter in oxygen-free
medium, the higher heating value increases from
17.03 to 19.07 MJ/kg (with the process going for 60 min
at 220°С [30]).

CONCLUSIONS
(1) Oxidative torrefaction of various biomass kinds

in a f luidized bed composed of particles of ground bio-
mass itself and blown with f lue gases with a low oxygen
content appears to be possible. However, in view of the

Moisture content, % 6.7
Ash content, % 6.1
Lower heating value, MJ/kg 20.7
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complex shape and low bulk density of biomass parti-
cles, they can be f luidized in a stable manner within a
rather narrow range of gas velocities.

(2) During oxidative torrefaction of sunflower
husk, an exothermal effect is observed, which is con-
nected with the release of ether oils and their incom-
plete combustion. During the torrefaction of wood
sawdust and chicken litter, such an effect either does
not exist or manifests itself very weakly.

(3) Oxidative torrefaction in a f luidized bed in f lue
gas medium allows the process to be completed within
2–10 min and obtain a solid product whose character-
istics are commensurable with those of the torrefac-
tion product obtained in a moving dense bed.

(4) The time of oxidative torrefaction in a f luidized
bed can be monitored from the change of pressure dif-
ference across the bed: if it stops decreasing, this
means that the process is complete. This statement is
valid, however, for periodically operating reactors.
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