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Abstract—Results from the comparative analysis of the energy and economic efficiencies of the torrefaction
reactors (or low-temperature pyrolysis reactors) with the heat of the heating gas supplied directly to the pro-
cessed biomass are presented. Upright reactors of two types are considered, viz., reactors with a bed of dense bio-
mass moving by gravity towards the heating gas flow and fluidized-bed reactors. Advantages and drawbacks of
the different types of torrefaction reactors are discussed. Criteria for the evaluation of the torrefaction reactors'
energy efficiency have been defined based on the data of experimental research conducted on a pilot power-
engineering plant at the Joint Institute for High Temperatures, Russian Academy of Sciences, equipped with a
moving-bed reactor and the results of numerical modeling of a fluidized-bed reactor. The conditions for creat-
ing the thermal effect of the hemicellulose decomposition reaction and the mechanism that restricts the increase
in the biomass temperature during the self-heating by the exothermic reaction heat are considered. The analysis
performed has shown that a moving-bed reactor with a controlled exothermic biomass destruction reaction has
the highest energy efficiency and the best criteria for estimating the financial and commercial efficiency of the
investments. Conclusions have been made that moving-bed reactors are preferable for small-scale production
for which granulated biomass (biomass pellets) is the optimal feedstock, while fluidized-bed reactors and fine-
dispersed feedstock materials are more suitable for large-scale production.
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Low-temperature pyrolysis or torrefaction is the
thermal treatment of biomass at temperatures of 250–
300°C in an oxygen-free environment [1–3]. As a
result of this treatment, wood processing and agricul-
tural waste and other plant residues acquire properties
of a conditioned biofuel. Its heating and energy values
increase and the hydrophobicity and grindability are
considerably enhanced.

According to heat supply techniques, torrefaction
reactors can be divided into indirect heating reactors
(heating through the wall) and direct heating reactors
in which the biomass is heated by a gaseous heat-
transfer medium. According to the first heat-supply
method, the gaseous pyrolysis products are not diluted
by the buffer gas, which, on the one hand, makes their
further utilization easier but, on the other hand, makes
it difficult to ensure a uniform temperature profile
over the cross section of the reactor. Compared with

the reactors based on the first heat supply technique,
direct-heating reactors have a higher heat transfer
coefficient, a uniform cross-sectional temperature
field, considerably smaller dimensions, and, accord-
ingly, involve lower capital costs.

Among direct-heating reactors, reactors of two
types can be distinguished, viz., moving-bed and f lu-
idized-bed reactors. In the reactors of the first type,
biomass particles move by gravity towards the ascend-
ing f low of the hot heat-transfer medium [4]. The
drawbacks of such reactors are high hydraulic resis-
tance and nonuniform heating of the biomass in large-
volume reactors, which prevents the development of
high-performance reactors. However, moving-bed
reactors have the simplest and most robust designs;
20% of torrefaction plants in Europe are equipped
with reactors of this type [5–7].
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In the reactors of the second type, the biomass par-
ticles are in suspension under the action of the f luidiz-
ing gas (neutral gas, combustion products, and super-
heated steam) [8–10]. The heat-exchange process is
significantly intensified in this case and uniform heat-
ing of the biomass in the workspace of the reactor is
ensured [11].

The drawbacks of the f luidized-bed technology are
determined by the following factors:

(1) Biomass with particles of the same small size
(1 mm at most) has to be used as feedstock.

(2) The creation of a high-speed gas f low requires
extra energy inputs and additional equipment.

(3) Under the action of the gas f low, active
mechanical interaction of the biomass particles with
each other and with the reactor walls occurs, which
leads to the grinding of the particles, intensive dust
formation, and wear of the walls.

During the torrefaction of wood biomass at a tem-
perature above 250°C, an exothermic effect is
observed caused by thermal decomposition of hemi-
cellulose [12, 13]. Its energy value for wood feedstock
is within the 500–1000 kJ/kg range [14]. In some
works, e.g., [15], it is shown that the exothermic effect
manifests itself owing to the secondary reactions of the
volatiles formed at the first stage of the thermal hemi-
cellulose destruction reaction. Under certain condi-
tions, the heat released resulting from the exothermic
effect may lead to spontaneous heating and ignition of
the biomass inside the reactor.

In the experiments with the f luidized bed at a pro-
cess temperature of 300°C and over, a self-heating
effect was not observed [8, 9]. This is probably
accounted for by high values of the f luidizing gas
velocity and the heat transfer coefficient.

To prevent the self-heating of the biomass in the
moving-bed reactors and to control the temperature,
the velocity of the heating gas should be considerably
increased, which, in essence, switches the reactor over
to the f luidization mode.

In the torrefaction plant constructed at the Joint
Institute for High Temperatures, Russian Academy of
Sciences (below referred to as JIHT RAS), the biomass
is periodically discharged from the developed exother-
mic reaction zone into the cooling section. Such tech-
nology allows effective utilization of the heat of the exo-
thermic reactions to increase the energy efficiency of
the torrefaction process. This technology, however,
requires a complicated automatic control system.

Despite the obvious advantages of torrefied biofuel,
the technologies for its manufacture have not found
many industrial applications due to high capital out-
lays required and their relatively low energy efficiency.
The energy efficiency of the torrefaction technology is
determined by both the efficiency of the torrefaction
reactor itself and the efficiency of the entire plant
comprised of a torrefaction reactor, a source of a high-
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temperature heat-transfer medium (heating gas), heat
exchangers, a drying chamber, a torrefaction volatile
utilizer, and other equipment.

In [16], an innovative cogeneration system com-
prised of a torrefaction plant and a hot-water boiler is
proposed that allows utilizing the heat of the steam–
gas mixture of the torrefaction products preventing
emissions of hazardous substances into the environ-
ment. Further, the optimal ratio between the perfor-
mance of the torrefaction plant and the capacity of
the heating boiler house is established. It is shown in
[17–19] that the recycling of the hot off-gases allows
for not only the increase in the energy efficiency of the
torrefaction process but also a considerable increase in
the concentration of combustible gases in the steam–
gas mixture at the reactor outlet. This, in turn, reduces
the consumption of auxiliary fuel for utilizing hazard-
ous components of pyrolysis gases.

In this work, results from comparative analysis of
the efficiency of the torrefaction reactors with the heat
of the heating gas supplied directly to the processed
biomass are presented.

FORMULATION OF THE PROBLEM
The energy inputs into biomass torrefaction are

made up of the biomass drying cost and the cost of
heating it to the temperature for the onset of the ther-
mal destruction and the thermochemical conversion
of biomass. At an equal starting moisture content, the
energy inputs per unit into the drying and preheating
of the biomass are approximately equal for the reactors
of all types under consideration.

The energy efficiency of the torrefaction process
can be characterized by the following criteria:

(1) the ratio of the lower heat value of torrefied
biomass  to the lower heat value of untorrefied dry
biomass  considering the relative mass loss of the
solid fraction during torrefaction  where m
and m0 are the current and starting masses of the solid
fraction as

(1)

and
(2) the specific energy input into production of 1 kg

of torrefied biomass as

(2)

where Gg is the mass f low rate of the heating gas, Δhg is
the work of the gaseous heat carrier’s enthalpy in the
reactor, and  is the performance of the reactor.

To calculate the above criteria, data of experimen-
tal studies conducted on the torrefaction plant at the
JIHT RAS equipped with a moving-bed reactor [20]
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Fig. 1. Schematic diagrams of the (a) moving-bed and (b) f luidized-bed torrefaction reactors at the JIHT RAS: (1) cooling sec-
tion, (2) torrefaction section, (3) feed hopper, (4) f luidized bed, and (5) exhaust system. 

1

2

3

4

5

Fluidizing 
gas

To the 
afterburner

Hot flue gases

Cold flue gases

(а) (b)

Feedstock
and results of numerical calculation of the f luidized-
bed reactor were used.

INPUT DATA FOR COMPARATIVE ANALYSIS
Schematic diagrams of the reactors under consid-

eration are shown in Fig. 1.
In the pilot power-engineering plant at the JIHT

RAS, trigeneration technology has been implemented
in which, alongside the generation of electric and heat
power, torrefaction of granulated biomass is per-
formed [16]. The plant is comprised of a hot-gas recip-
rocating power unit, part of the off-gas of which, upon
cooling in a gas–water recuperative heat exchanger, is
fed into the cooling section. The rest of the hot off-
gases are supplied into the mixing area where the pre-
scribed temperature of the heat-transfer medium
required at the torrefaction section inlet is achieved by
redistributing the f lows. The excess pressure of the
gases at the reactor inlet does not exceed 15 kPa.

The moving-bed torrefaction reactor (see Fig. 1a)
is an upright, 1-m high cylinder with an inner diameter
of 325 mm. At the top of the reactor, a feeding device
is installed from which wood pellets heated to 100°C
are supplied as the portion of the freshly torrefied
product is discharged. At the bottom of the reactor, a
discharging device is mounted with a controlled gate
to discharge the torrefied biomass; the gate is periodi-
cally opened to discharge the portion of the finished
product into the cooling section.

The f luidized-bed reactor (see Fig. 1b) is a similar
cylinder into the bottom section of which the f luidiz-
ing gaseous heat carrier is fed through an air-distribu-
tion plate. The f luidizing gas creates a f luidized bed
into which the feedstock is directly fed. The torrefied
biomass that has a lower density is extracted at the top
of the f luidized bed. The off-gases arrive at the cyclone
separator and the exhaust system.

RESULTS OF INVESTIGATING 
THE ENERGY EFFICIENCY

In Table 1, results of testing the f luidized-bed reac-
tor at the JIHT RAS are presented at two temperature
THERMAL ENGINEERING  Vol. 67  No. 5  2020
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Table 1. Experimental results obtained in the moving-bed reactor
Parameter Mode I Mode II

Temperature, °C:
of the gas at the reactor inlet 260 280
in the torrefaction zone 260 300

Exposure time at the torrefaction temperature
(approximately 1/3 of the reactor volume), s

1500 215

Mass f low rate of the heating gas, kg/s 0.050 0.044
Cyclic recurrence of discharging, s 300 90
Volume of discharged pellet portion, dm3 5 7
Mass loss, % 15 15
Lower heating value, MJ/kg 20.56 21.03
Output capacity, kg/h 30 100
values of the heating gas at the reactor inlet, viz., the
temperature of the lower bound of the noticeable
effect of the exothermic thermal hemicellulose decom-
position reaction (260°C) (mode I) and the tempera-
ture at which the exothermic effect is significant
(280°C) (mode II) [13]. In mode I, the temperature in
the lower beds of the biomass exceeded the tempera-
ture of the heating gas by 5–10°C, i.e., a weak exother-
mic thermal effect was observed. However, this heat is
insufficient to heat up and activate the exothermic
reaction in the upper biomass beds. In mode II, the
avalanche-like increase in the temperature as a result
of exothermic thermal effects was controlled by a spe-
cially selected technique for discharging the torrefied
pellets and charging the feedstock. In the experiments,
dry pellets of coniferous woods were used with an
equivalent diameter of 4 mm—the diameter of a sphere
of the equivalent volume—preheated to a temperature
of 100°C; the pellets with a density of 1000 kg/m3 had
a lower heating value of 18.5 MJ/kg. The bulk density
of the dry pellets was 600 kg/m3 and that of the torre-
fied pallets was 475 kg/m3.

The mass f low rate of the f luidizing gaseous heat
carrier was calculated by the relation

(3)

where  is the density of the gas phase, D is the reac-
tor diameter,  is the porosity, and U is the velocity of
the gas.

The f low rate of the heat carrier Gg at the prescribed
reactor performance Gs was determined from the
energy balance as

(4)

where  is the heat capacity of the biomass, ΔT is the
difference between the torrefaction temperature and
the temperature of the feedstock charged, and  is the
heat absorbed (released) in the endo- and exothermic
reactions.
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Upon substituting Eq. (4) into Eq. (2), we obtain

(5)
It follows from the formula that the consumption of

energy per unit in the torrefaction process depends
predominantly on the thermophysical properties of
the biomass under treatment.

The coefficient of the heat transfer from the gas to
the solid particles in a homogeneous f luidized bed is
calculated by the following relation [21]

(6)
where Re and Nu are the Reynolds and Nusselt num-
bers determined by the equivalent size of a solid parti-
cle de and the thermophysical properties of the gas and
Pr is the Prandtl number.

In a f luidized bed, the dependence of the heat
transfer coefficient on the velocity of the f luidizing gas
flow has its maximum [22]. The optimal Reynolds
number (the optimal velocity) at which this maximum
is reached was determined by the formula of [23] as

(7)

where Ar is the Archimedes number calculated by the
relation

(8)

where ν is the kinematic viscosity coefficient of the
heat-transfer medium,  is the density of the solid
phase, and g is the acceleration of gravity.

The relative mass loss during torrefaction was deter-
mined from the kinetic Arrhenius equation [19] as

(9)

where   is the mass of the
residual coal, τ is the time, E is the activation energy,

 is the preexponential factor, and R = 8.31 J/(mol K)
is the universal gas constant.
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Fig. 2. Change in the biomass temperature during the
cyclic charging–discharging operation in the course of
torrefaction in a f luidized-bed reactor. Part of the reactor:
(1) lower bed, (2) intermediate section, and (3) upper bed. 
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Fig. 3. Change in the temperatures of the (1) biomass and
(2) heating gas over the height of the f luidized-bed reactor
5 s after the beginning of the 30-second feedstock charging–
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The fluidized-bed reactor with a capacity of 100 kg/h of
torrefied product was calculated for the conditions sim-
ilar to those of the moving-bed reactor of the JIHT RAS
using the PYRBM software [24] as follows:

Temperature of the f luidizing gas
(combustion products) at the inlet, °C

262

Torrefaction operating temperature, °C 250
Relative mass loss, % 15
Kinetic parameters:

, s–1 7.68 × 107

E, kJ/mol 124.86 [18]
0k
To calculate the characteristics of the f luidized
bed, the equivalent size of the particle was taken as
considerably smaller than that in the experiment with
the moving bed (de = 1.0 mm). Softwood sawdust was
used as biomass.

Under the prescribed conditions, the minimum
fluidization rate was 0.73 m/s. The f low rate of the
heat-transfer medium that ensured a reactor output
capacity of 100 kg/h was 0.192 kg/s, which corre-
sponded to a velocity of the f luidizing gas of 4.8 m/s.
In Fig. 2, curves of the change in the temperature of
the processed biomass are shown as a function of the
time under cyclic charging of a “cold” feedstock into
the lower beds of the reactor and discharging of the
torrefied product from the upper beds upon achieving
the quasi-steady operating conditions. It can be seen
from the figure that considerable temperature f luctua-
tions are observed in the lower beds of the reactor in
the vicinity of the air-distribution plate where fresh
portions of the feedstock at a temperature of 100°C are
cyclically loaded every 30 s.

Figure 3 shows the calculated temperature profiles
of the heating gas and the biomass through the height
of the f luidized-bed reactor 5 s after the beginning of
the 30-s charging–discharging cycle. At the beginning
of the cycle, “cold” biomass is fed into the lower beds
of the reactor. The warmed biomass beds are pushed
upwards, which results in a drastic reduction in the
heating-gas temperature in the lower beds of the reac-
tor. Then the temperature profile is straightened
during 5 s. The heightwise change in the gas tempera-
ture does not exceed 13°C and that in the temperature
of the solid fraction does not exceed 5°C. The calcu-
lated temperature profile is in agreement with experi-
mental findings of investigations conducted in a f luid-
ized bed [25]. A uniform temperature field is estab-
lished over the entire reactor space and practically the
entire temperature potential of the heat-transfer
medium is utilized in a narrow bed in the vicinity of
the air-distribution plate. The waste heat-transfer gas
at the reactor outlet has a high thermal potential, the
energy of which can be utilized according to certain
circuitry solutions, e.g., by recycling or heating the
feedstock.

The specific thermal energy of the off-gases ηo.g
can be presented in the form

(10)

where ho.g and  are the enthalpies of the off-gases at
the reactor outlet and at the ambient temperature.

The results of comparison of the moving-bed reac-
tors with the suppressed exothermic reaction (variant I),
the moving-bed reactors with the controlled exothermic
reaction (variant II), and the fluidized-bed reactors
(variant III) are presented in Table 2.
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Table 2. Results of comparison of the torrefaction reactors’ energy efficiency
Parameter Variant I Variant II Variant III

Temperature of the heating gas at the reactor inlet, °C 260 280 262
Flow rate of the heating gas, kg/s 0.050 0.044 0.192
Reactor capacity, kg/h 30 100 100
Lower heat value of (MJ/kg):

dry untorrefied pellets 18.5
torrefied pellets 20.56 21.03 21.03

Mass loss, % 15
Energy conversion efficiency, 0.94 0.96 0.96
Specific energy consumption, , MJ/kg 1.04 0.33 0.44
Specific thermal energy of the off-gases ηo.g, MJ/kg 0.63 0.17 1.78
Overall specific energy consumption for torrefaction of 1 kg 
of product η2 + ηo.g, MJ/kg

1.67 0.40 2.22

Energy input Ce reduced to unified capacity
Gs = 100 kg/h:
Ce = 100(η2 + ηo.g), MJ/h

167 40 222

1η
2η
To create a f luidized bed, a f low rate of the f luidiz-
ing heat-transfer medium higher than that in the mov-
ing-bed reactors is required. The intensive agitation of
the fluidized bed results in an insignificant effect of the
enthalpy of the heating gas, as a result of which the value
of the energy consumption per unit  for variant III
only slightly exceeds the value of  for variant II at a
higher f low rate of the heat-transfer medium.

However, given the yet not utilized heat of the off-
gases, the total heat consumption for torrefaction for
mode II (the moving-bed reactor with the controlled
exothermic reaction) proves to be four times lower
than that for variant I (the moving-bed reactor without
the exothermic reaction) and almost six times lower
compared with variant III (the f luidized-bed reactor).

COMPARISON OF THE FINANCIAL 
AND COMMERCIAL EFFICIENCIES 

OF THE REACTORS
The gross costs (operating costs) of biomass torre-

faction in terms of rubles per year can be presented in
the general form as

(11)
where

(12)
is the sum of the annual expenditures on the energy
supply for the torrefaction process, Ce is the specific
energy input (MJ/h) reduced to the unified perfor-
mance of the three torrefaction plant variants under
consideration (100 kg/h),  is the time of use of the
plants (h/yr),  is the thermal energy cost per unit
(ruble/MJ), M is the annual expenditures on feed-
stock and consumables, such as water, compressed air,
and process gases (ruble/yr), A is the sum of the
annual depreciation costs (ruble/yr), L is the annual

2η
2η
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labor costs of the operating maintenance personnel
considering the personal income tax and overhead
costs (ruble/yr), N is the annual expenditures on
scheduled maintenance operations, such as current
repair and overhaul, preventive inspection, examina-
tion, etc., (ruble/yr), and F is the annual expenditures
on routine maintenance of capital assets, such as lights,
heating systems, hot-water supply systems, sewerage
systems, ventilation, conditioning, maintenance of the
equipment, buildings and structures, spare parts, lubri-
cants and cleaning materials, etc. (ruble/yr).

For rough estimations, the ratio between the
expenditures on the energy supply and the rest of the
expenditures can be calculated with the permissible
error in the following way:

(13)

Then, according to Eqs. (11) and (12), the gross
costs of the product can be presented in the form

(14)

The gross costs of torrefaction of biomass pellets
can be easily calculated by Eq. (14) for the three torre-
faction technologies under consideration at the
reduced performance Gs = 100 kg/h. If the average
costs of the thermal energy used in the processes is

= 0.36 ruble/MJ (approximately 1500 ruble/GCal),
the hours of the plant’s use are  = 7000 h/yr, and the
values of Ce for each of the variants are taken from
Table 2, we obtain

for variant I, S1 = (2…3) × 0.36 × 7000 × 167 × 10–3 =
842000–1263000 rubles per year;

for variant II, S2 = (2…3) × 0.36 × 7000 × 40 × 10–3 =
202000–302000 rubles per year;

for variant III, S3 = (2…3) × 0.36 × 7000 × 222 ×
10–3 = 1120000–1678000 rubles per year.
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Table 3. Calculated basic criteria of the efficiency for the torrefaction variants in question

Item Parameter Calculation formula Variant I Variant II Variant III

1 Output capacity of the reactor per hour, kg/h – 100
2 Use hours, h/yr – 7000
3 Annual output capacity of the plant, t/yr (it. 1 × it. 2)/1000 700
4 Purchase price of torrefied products, thousand ruble/t – 3.0
5 Annual sales of products, thousand ruble/yr it. 3 × it. 4 2100
6 Costs of gross finished product volume, thousand 

ruble/yr
S1, S2, S3 1263 302 1678

7 Gross gains, thousand ruble /yr it. 5 – it. 6 837 1798 422
8 Projected capital investments, thousand ruble – 5000
9 Fixed assets value, thousand ruble it. 8 – 20% (VAT) 4000

10 Property tax, thousand ruble 2.2% × it. 9 88
11 Taxable profit, thousand ruble/yr it. 7 – it. 10 749 1710 334
12 Profits tax, thousand ruble/yr 20% × it. 11 150 342 67
13 Net gains, thousand ruble/yr it. 11 – it. 12 599 1368 267
14 Estimated life of assets, yrs – 20
15 Net gains over the operating cycle, thousand ruble it. 13 × it. 14 11980 27360 5346
16 Profitability index (it. 9 + it. 15)/it. 9 4.00 7.84 2.34
17 Average depreciation charge rate, % 100%/it. 14 5.0
18 Depreciation charges, thousand ruble/yr it. 9 × it. 17 200
19 Payback period, yrs it. 9/(it. 13 + it. 18) 5.0 2.6 8.57
20 Return on investment, % 100%/it. 19 20.0 38.5 11.67
21 Specific torrefaction costs, thousand ruble/t it. 6/it. 3 1.80 0.43 2.5
It follows from the calculated results that, under
approximately equal conditions of the economic envi-
ronment—sets of input economic parameters adopted
for the calculations—and the equal performance of the
process plants, the technology with the moving biomass
in the reactor using the energy of the controlled exo-
thermic reaction ensures the lowest torrefaction costs.

To calculate the other economic criteria, the value
of the average specific torrefaction costs was taken as
equal to 3000 rubles per ton and the average value of
the required capital investment in the construction of
a plant with an output capacity of 100 kg/h will be
5000000 rubles [26, 27]. For the calculations, the
highest found torrefaction cost values were adopted
(the worst case was considered). The calculated results
are provided in Table 3.

As can be seen from Table 3, variant II, in which
the heat of the exothermic biomass destruction reac-
tions is utilized, is the most attractive option. It is
characterized by the following highest parameters:

(1) net annual gains and the maximum net aggre-
gate income;

(2) a capital investment recoupment term almost
two times shorter than that for variant I and three
times shorter than that for variant III;
(3) a return on investment considerably higher than
those for variants I and III; and

(4) low specific torrefaction costs.

The torrefaction modes under consideration can be
improved by utilizing the waste heat of the off-gases.
Then, the f luidized-bed technology, which has rather
many advantages when applied to large-scale plants,
can become more competitive compared with the rest
of the variants.

CONCLUSIONS

(1) The analysis performed has shown that the low-
temperature moving-bed pyrolysis reactor with addi-
tional heat supply from the controlled exothermic
reaction has the highest energy efficiency and, accord-
ingly, the best values of all criteria of the financial and
commercial efficiency of the investments. It should be
noted, however, that, due to bad scalability of the
reactors of this type, the enhancement of the perfor-
mance requires increasing their number. Further-
more, torrefaction of fine-dispersed biomass requires
extra inputs to overcome high hydraulic resistance of
the reactor. The optimal feedstock for the reactors of
this type is pellets.
THERMAL ENGINEERING  Vol. 67  No. 5  2020



COMPARISON OF THE EFFICIENCY OF THE REACTORS 303
(2) On the contrary, for the f luidized-bed technol-
ogy fine- and monodispersed feedstock is required.
Moreover, owing to a high energy potential of the
gases at the reactor outlet, the f luidized-bed torrefac-
tion technology may be competitive for large-scale
plants under the optimal arrangement of the entire
plant layout, including the arrangement of the circu-
lating f luidized bed, the heat generation, and the dry-
ing of biomass.
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