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Abstract: Major efforts are currently being made in the research community to address the challenges
of greenhouse gas emissions from fossil fuel combustion by using lignocellulosic biomass, agricultural
waste, and forest residues as cleaner energy sources. However, its poor qualities, such as low energy
density, high moisture content, irregular shape and size, and heterogeneity, make it impossible to
utilize in its natural state. Torrefaction, a simple heat treatment method, is used frequently with
natural bioresources to improve their thermal characteristics so that they may be used as energy
sources in domestic power plants. The quality of the resulting torrefied solids (biochar) is determined
by the heat condition settings in the absence of oxygen, and it may be enhanced by carefully selecting
and altering the processing parameters. The comprehensive overview presented here should serve
as a useful toolkit for farmers, combined heat and power plants, pulp and paper installations, and
other industrial plants that use biomass as a substrate for biofuel production. This research focuses
on torrefaction product properties, reaction mechanisms, a variety of technologies, and torrefaction
reactors. It is impossible to determine which torrefaction technology is superior as each reactor
has unique properties. However, some suggestions and recommendations regarding the use of
torrefaction reactors are given.

Keywords: torrefaction; pyrolysis; biochar

1. Types of Thermochemical Processes, Pyrolysis-Torrefaction
1.1. General Knowledge and History of Thermochemical Processes

This work aims to solve problems related to the use of specific types of biomass waste
as a biofuel or valuable biochar processed through torrefaction or pyrolysis. Farmers
occupy an important position in the food industry. After the harvest period, most farm
stubble goes up in flames which leads to air pollution; 92 million tons of agricultural waste
is burned each year in India alone. Burning biomass in the open accounts for around 18%
of CO2 emissions worldwide [1]. To solve this problem and create a new revenue source
for farmers, the authors propose a new technology that will be examined in this work. The
aim is to describe possible kinds of torrefaction and pyrolysis reactors where farmers might
sell their waste to industrial customers instead of burning it. It may even be possible for
them to build semi-pilot installations depending on the waste type. The authors believe it
will be possible to create a circular process between biofuel producers and farmers which
would be attractive for both sides. Thermochemical conversion processes for biomass differ
according to reaction temperature and oxygen present. With the exception of combustion,
the processes allow for valuable products such as biochar, bio-oil, and syngas. Gasification
products mainly comprise syngas and less bio-oil [1]. One of the most well-established and
commonly utilized thermochemical methods is combustion. Direct biomass combustion
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and boiler combustion are two common methods found in the industry. In general, the
combustion efficiency of a stove ranges from 10% to 25%. However, boiler combustion
has a significantly greater thermal efficiency of 70% to 80%, making it more appropriate
for large-scale heat and power generation applications. In terms of combustion modes,
biomass-fueled boilers are classified as traditional stoker-fired boilers and fluidized-bed
boilers [2]. Gasification is a thermochemical degradation process that produces syngas (also
known as producer gas, product gas, synthetic gas, or synthesis gas) through interactions
between the fuel and the gasification agent. The syngas consists mainly of CO, H2, N2, CO2,
and minor hydrocarbons (CH4, C2H4, C2H6, etc.). H2S, NH3, and tars may also be present
in trace concentrations [3–5]. Gasification is one of the preferred methods in producing
hydrogen as an energy carrier [6]. Liquefaction is when a granular material transitions from
a solid to a liquefied state due to increasing pore-water pressure. Liquefaction can occur in
sediments because more dense material is deposited on top of less dense sediment through
a density inversion [7]. Pyrolysis is the process of biomass decomposing under anaerobic
circumstances at temperatures ranging from 400 ◦C to 900 ◦C. This thermal decomposition
leads to compounds of simpler structure (with lower molecular weight) or to elements. The
resulting pyrolytic products are a gaseous substance (syngas), a liquid (tar), and char, with
ash as an unwanted residue [8].

• Gaseous fraction: non-condensing gases (NCG) that primarily comprise hydrogen,
methane, carbon monoxide, carbon dioxide, and other gases in lower quantities.

• Liquid fraction: tars and/or oil and substances such as acetic acid, acetone, and methanol.
• Solid fraction: mainly pure carbon with some inert substances.

It should be noted that the proportion of these individual fractions depends on the
temperature, residence time in the reactor, pressure, and turbulence, as well as the proper-
ties of sewage sludge (pH, organic matter content, and dry matter content). Decomposition
products include pyrolysis gas which can be used as a type of fuel, and coke or oil which
can also be used as raw materials in the chemical industry. The pyrolysis process can be
tested by thermogravimetry (TG), differential scanning calorimetry (DSC), and additionally,
by mass spectrometry (MS) and chromatographic techniques [9]. The mechanism of the
process can be identified with the help of these methods. Pyrolysis can be carried out
by various methods and under different process conditions. Pyrolysis is considered an
endothermic process from the thermal effect point of view. The heat may be supplied in a
diaphragm fashion, where the reactor is heated with flue gas, or by a heat carrier such as a
heated catalyst, an inert carrier (hot sand), resistance heated reactor elements, or by friction
heating of the material. The process parameters (residence time, heating rate, process
temperature, and input material) determine the composition and quantity of individual
fractions of the products obtained.

Types of pyrolysis are mainly characterized as slow, fast, flash, and microwave pyroly-
sis depending on heating rate, residence time, and pyrolysis temperature. Pyrolysis results
and conditions are shown in Table 1. In the case of fast and flash pyrolysis, a different
structure of the reactors is required due to the specific features of the process that are aimed
mainly at the production of bio-oil, or a greater share of energy gaseous products than in
the case of slow pyrolysis (carbonization/torrefaction).

The fundamental characteristics of the fast/flash pyrolysis process are the following.

• Very high heating rates (~1000 ◦C/min) and heat exchange, which require a supply of
raw material with a high degree of fragmentation (less than a few mm);

• Carefully controlled temperature in the gas phase reactor (approx. 500–650 ◦C);
• Short residence times, usually less than 2 s;
• Rapid cooling of gaseous pyrolysis products, leading to bio-oil as a key ingredient.

The particle size greatly influences the heating rate of the solid, and thus the residence
time in the reactor and the proportion and composition of individual product fractions. The
research showed that in the case of larger particles, lower yields of liquid products were
observed, which may be the result of the effect of grain size on the course of secondary
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reactions of gaseous products within the solid phase. In the experiments carried out in
the fluidized bed, it was found that the increase in the particle size from 53–63 µm to
270–500 µm led to a decrease in the emission of tars from 53% to 38% in the proportion
of fuels obtained from biomass. It was shown that the maximum release of bio-oil (58%
of biomass input mass) was obtained at a temperature of 500 ◦C with a particle size of
212–425 µm. The implementation of the technological conditions of flash pyrolysis, aimed
at producing bio-oil, therefore requires a high degree of comminution of the raw material
compared to other pyrolysis methods. However, the smaller particle size of the biomass
required increases the cost of raw material preparation. By reducing the particle size from
2.5 mm to 250 µm, the raw material preparation costs increase from USD 1.80/ton to
USD 5.60/ton, respectively. The heat required to raise the biomass temperature to the
temperature required for the fast pyrolysis reaction and its initiation is in the order of
1–2 MJ/kg of biomass containing 10% moisture [10,11].

As shown in Figure 1, torrefaction is a thermal treatment process derived from slow
pyrolysis at low temperatures of 200–300 ◦C in the absence of oxygen conditions. During
the torrefaction process, the structure of the biomass changes in such a way that the material
becomes hydrophobic and more brittle. Even though weight loss is 30%, the energy loss is
only 10%. Storage of such material is easier compared to fresh biomass since biodegradation
and water uptake are minimized due to the hydrophobic properties of the material after
torrefaction. Torrefaction is also used to improve the properties of wood intended for
construction purposes. During the process, flammable gas is released, which is used to
balance the heat balance of the process. The biocarbon obtained as a result of torrefaction
can be used for energy purposes, but also in agriculture, as it is a valuable material that
enhances the value of the soil.
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Table 1. Pyrolysis types depending on operation conditions and products [3,13].

Pyrolysis Operating Conditions Results

Slow pyrolysis

Temperature: 300–700 ◦C
Vapor residence time: 10–100 min
Heating rate: 0.1–1 ◦C/s
Feedstock size: 5–50 mm

Bio-oil: ∼30 wt%
Biochar: ∼35 wt%
Gases: ∼35 wt%

Fast pyrolysis

Temperature: 400–800 ◦C
Vapor residence time: 0.5–5 s
Heating rate: 10–200 ◦C/s
Feedstock size: <3 mm

Bio-oil: ∼50 wt%
Biochar: ∼20 wt%
Gases: ∼30 wt%

Flash pyrolysis

Temperature: 800–1000 ◦C
Vapor residence time: <0.5 s
Heating rate: >1000 ◦C/s
Feedstock size: <0.2 mm

Bio-oil: ∼75 wt%
Biochar: ∼12 wt%
Gases: ∼13 wt%

1.2. Torrefaction Background

Torrefaction started to be used at the beginning of the industrial revolution, although
it did not receive very much attention. The first torrefaction process patents were filed by
Thiel (1897) and Offrion (1900) in the late 19th century and ended with the development
of the coffee industry and its roasting process [14]. The first published work on drying
and torrefaction theory belongs to Hohn of Germany in 1919 [15]. In the 1930s, there were
still insufficient resources dedicated to producing gaseous fuels, although some research
on torrefaction was carried out. In the first half of the 20th century, work devoted to
the torrefaction of biomass for energy appears only occasionally [16]. Rather, this period
is recognized for increased knowledge and fundamental data on thermal lignocellulosic
materials treatments, exceptionally high-temperature drying, dry distillation, thermal
degradation, pyrolysis, thermal stabilization, and wood preservation. Early pioneering
research was undertaken by Arjona et al. and Bourgois et al. between 1979 and 1989 [17,18],
and large-scale work continues to be performed by many scientists and engineers from
the Eindhoven University of Technology and the Dutch Center for Energy (ECN) [19].
Arjona et al. published the first academic publication on the torrefaction of coffee in 1979,
which presented the first practical implementation of the process [18]. Early work in France
resulted in a demonstration unit in the late 1980s when the torrefaction process was used
to manufacture a reducing agent for the metal sector. The company Pechiney developed a
torrefaction unit, which ran for a few years until it was shut down for economic reasons.
It should be noted and acknowledged that additional scientific activity was carried out
throughout this period in addition to the French and Dutch studies. By the early 21st
century, eight publications in total had been published in France, Germany, Brazil, the USA,
and Thailand [15,18,20–25]. At the time of writing, a search for the word ‘torrefaction’ in the
Web of Science (WOS) data collection yielded 2817 results. This indicates that torrefaction
research substantially started after the 2000s, except for the previous eight works mentioned.
However, when compared to research on biomass pyrolysis, papers on torrefaction account
for just 2% of the total number of studies published.

1.3. Various Types of Torrefaction

According to types of utilization, the definition of torrefaction is commonly associated
with roasting, mild pyrolysis, slow pyrolysis, and thermal pretreatment [26–28]. Low
calorific value, bulky structure, difficulties in transportation, low energy density, and
non-homogeneous structure of raw materials such as agri-biomass present some issues
for biomass in terms of fuel usage [29]. Torrefaction of biomass addresses this handicap
and allows homogeneous carbonized high energy density biomass to be obtained. In
Table 2, raw biomass properties that may be problematic in use as a direct source of energy
production are identified [30]. Torrefaction changes the physical and chemical properties of
biomass. It decreases undesirable features such as volatile matter, moisture content, H/C
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and O/C ratio, hygroscopicity, and the biological degradation of biomass while increasing
mass density, calorific value, and grindability.

Table 2. Raw and torrefied biomass profile.

Raw Biomass
Property Advantages of Torrefaction for Biomass Refs.

High moisture
content

Decreases the moisture. The hydrogen released increases H2
into syngas at gasification. [31]

High H/C and
O/C ratio

Leads to higher energy density at biomass (van Krevelen
diagram). Deoxygenation and dehydrogenation occur
relatively higher than decarbonization, leading to higher
carbon density.

[32]

High biological
degradation

Following torrefaction, significant breakdown of
hemicelluloses, widely regarded as a critical nutrient for the
development of wood-rotting fungi, leads to an increase in
biomass durability.

[33]

High hygroscopicity
Increases hydrophobicity. Torrefied biomass has 35% less
equilibrium moisture content (EMC), leading to long
storage, less moisture, and decomposition risk.

[34]

Low calorific value
Low mass density

Torrefaction is, therefore, used to remove unwanted
components (H and O) from biomass, yielding calorific
values similar to coal (25–35 MJ·kg−1).

[35]

Poor grindability

Cell walls get destroyed, and pores become the complete
result of volatile matter reduction. Torrefaction increases
biomass grindability, which is essential for
further applications.

[36]

The weight loss of biomass during torrefaction is caused mainly by the degradation
of its hemicellulose elements. The hemicellulose component degrades most within the
200 to 300 ◦C temperature range, as seen in Figure 2. The wall component of biomass,
lignin, begins softening beyond glass-softening temperature (around 130 ◦C), which aids
the pelletization of torrefied biomass. Unlike hemicellulose, cellulose undergoes only little
devolatilization and carbonization, which does not begin below 250 ◦C.
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In Figure 3, the van Krevelen diagram shows biomass in the upper-right corner of
the figure, but torrefaction shifts it closer to the medium range through to coal. It occurs
because of a decrease in the O/C and H/C ratios. The H/C and O/C ratios (atomic ratios)
serve as indicators for the degree of carbonization of biomass [38]. Grycova et al. (2020) and
Granados et al. (2016) clearly found in their work that increasing the temperature enhances
the quality of the material. When the temperature reaches 300 ◦C, the result seems closer to
lignite. This is because cellulose and hemicellulose degrade extensively during torrefaction,
resulting in a higher energy density substance [39,40].
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Torrefaction is classified in three ways, dry, wet, and steam torrefaction, and the latter
is further classified according to oxidative, non-oxidative, with water or dilute acid [42].
Figure 4 shows the classification of torrefaction.
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Dry torrefaction: This is sometimes referred to as a mild pyrolysis (200–300 ◦C)
process, implying that the thermal degradation occurs at a low temperature and under inert
circumstances. It can be under oxidative or non-oxidative conditions, with oxygen or air as
carrier gas. Oxidative torrefaction has a faster response rate than non-oxidative torrefaction
due to the presence of oxygen and the exothermic reactions that occur during thermal
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degradation [43]. As nitrogen removal from the air is unnecessary when utilizing air or
flue gas in biomass torrefaction, this may minimize operational expenses [44]. The fuel
qualities of biomass torrefied by a sweep gas with low oxygen concentrations (<6 vol %)
are similar to those of nitrogen torrefied biomass. Nevertheless, oxidative torrefaction has
a lower efficiency than non-oxidative torrefaction. Acharya et al. demonstrated that when
torrefied at 300 ◦C, torrefied biomass’s higher heating value (HHV) reduces with rising
oxygen content [42].

Wet torrefaction: This is another torrefaction option where the biomass is torrefied
under pressured water. Compared to dry torrefaction, the pressure is strong enough to
retain the water in liquid form, and lower temperatures are required. Wet torrefaction is
a process that can be carried out in subcritical water at temperatures ranging from 180 to
260 ◦C and pressures of up to 5 MPa, yielding three products: gas, aqueous chemicals,
and solid fuel. The biomass species, treatment temperature, and duration significantly
impact product distribution [45]. During wet torrefaction, the hemicellulose in biomass is
hydrolyzed and depolymerized, yielding monomers and oligomers with minimal influence
on lignin, which results in less moisture content biochar than in the input biomass [46–48].
The liquid effluent of the wet torrefaction process is water containing alkali chemicals,
which provides an environmental challenge in discharging the processing water that has not
been addressed in wet torrefaction research investigations to date [49]. Table 3 highlights
and tabulates the relation between dry and wet torrefaction.

Table 3. Dry and wet torrefaction properties.

Properties of Torrefied
Biomass

Dry
Torrefaction

Wet Torrefaction Refs.

Vapor Water Liquid Water

Hydrophobic Yes Yes Yes [42,50]

Content of moisture Lower Higher Higher [51,52]

Heating value Lower Higher Higher [42,50]

Bulk density Low Low Low [53,54]

Storage at open
atmosphere Possible Possible Possible [42,50]

Purity of the product Medium High High [42,50]

Grindability High High High [53,54]

Product type Gas, tar, solid Solid, gas, liquid Solid, gas, liquid [42,50]

Applications Fuel and char Fuel and char Fuel and char [51,55,56]

Carbon contents Low Medium-high High [42,50,51]

Super-heated steam torrefaction: This is the latest invention concerning the torrefac-
tion process. As a pretreatment, using super-heated steam opens the fibers and makes
the biomass polymer more accessible for subsequent operations such as fermentation,
hydrolysis, or densification. As a result, super-heated steam is a beneficial and necessary
technique for improving the recovery of sugars and other essential biomass components.
Resulting materials have advantages such as high heating value (HHV), minimal moisture
absorption, and superior pelletizing qualities [57]. Another advantage of the process is that
there is no need for nitrogen or flue gas expenses as in a carrier such as dry torrefaction.
Super-heated steam torrefaction is a process on which only a few studies have been carried
out so far [58,59].

2. Review of Different Torrefaction Technologies
2.1. Initial List of Available Technologies on The Market

Torrefaction is typically performed at temperatures ranging from 200 to 300 ◦C, with
the temperature remaining constant for 15–60 min. It is critical for cost-effective biomass
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treatment in the selection of precise values for these two main parameters for different
types of biomass [60]. Due to the substrate’s heating, the reactors can be divided into two
main groups, those with indirect and direct heating methods. Indirectly heated reactors
can be divided into rotary and screw (auger) reactors. On the other hand, direct heating
reactors can be further divided into these three subgroups due to the oxygen content in the
heating medium.

• Reactors in which the heating medium does not contain oxygen,
• Reactors in which the heating medium contains a small amount of oxygen,
• Other.

The first machines include a screw conveyor, rotary, microwave, vibrating, stepped,
belt conveyor, and moving bed reactors (Table 4). This group of reactors is used most often.

Table 4. Torrefaction reactor types [60].

Torrefaction Reactors

Direct Heating Indirect Heating

Oxygen Free Heating Low Oxygen Heating Other
Moving Bed Augur Fluidized Bed Augur

Multiple Zones Moving Bed Microwave Rotary Drum
Drum Entrained, Spiral Hydrothermal

The torrefaction reactors differ mainly in solution types related to the following.

• Material flow;
• Heating mechanism of the substrate;
• Heat source;
• Torgas treatment [61].

Each type of reactor has its pros and cons. Some of the solutions are not expensive and
are easy to build and operate. Some exhibit difficulties related to material flow and heat
transport, which contribute to the uniform heating of the substrate. Some proposed devices
work well on a laboratory scale, while others on an industrial scale. However, at this stage
of waste torrefaction technology development, it is difficult to recommend a suitable reactor
type unequivocally [62]. As the torrefaction process is carried out through many different
methods and using various solutions of heat transfer and biomass conversion technology,
an in-depth analysis of the available solutions on the market was carried out, along with
their advantages and disadvantages.

(1) Rotary drum reactor

This uses a drum to torrefy the biomass under an inert gas atmosphere. The technology
is widely used in a variety of biochar pilot plant configurations. Heat can be applied directly
or indirectly in the rotary drum. The hot gases are passed through the reactor drum using
the direct heating method. Heat is provided to the reactor and biomass indirectly by passing
gases through the reactor shells [63]. The disadvantage of the rotating reactor drum is that
it is difficult to scale (when the size of the reactor becomes too large, scaling is complex
because the area of heat transfer to biomass during carbonization is limited) [63,64]. Other
disadvantages of this type of reactor are the relatively high cost and the process temperature
that is difficult to control [65]. However, companies that develop this technology say there
is a solution. To better understand how the rotary drum reactor works, it is worth looking
at the photo in Figure 5.
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(2) Moving bed reactor

Heat can be applied directly or indirectly to woody biomasses [68]. The moving bed
is small and basic in structure, with a high heat transfer rate, precise temperature control,
good product quality, flexibility when fueling with a specific fuel, and low investment
costs [55]. The disadvantage of moving a bed reactor is that when the scale is reached in
the reactor, the situation can become dangerous due to the pressure and the possibility of
damaging the main body of the reactor. The pressure drop also affects the particle size of
the biomass that is to be used in the moving bed. Another issue in the indirect heating
version concerns non-uniform heat distribution [65].

Andritz and ECN have a pressurized torrefaction reactor design with a 700,000 ton/year
capacity. As seen in Figures 6 and 7, the reactor includes both a multiple heart furnace
and moving bed with a two-stage cross-flow-current, followed by counter-current heating
from the bottom. A demo plant in Stenderup, Denmark, has been set up with 1 ton/h [69].
This example of a continuous reactor consists of a closed reactor in which the feed inlet at
the top progressively goes lower as the process continues. There is a possibility that the
carrier will accumulate in the channels, the heat transfer medium through the bed, leading
to an uneven distribution of the product at the bottom of the reactor, caused by a lack of
sufficient mixing of the biomass. However, this risk has not yet been observed in plants
with a capacity of 100 kg/h: the risk increases in reactors with higher capacities. The filling
degree of the moving bed is relatively higher compared to the design of the Torbed type
reactors, for example, since the entire volume of the reactor is used for the carbonization
process. The pressure drop in the moving bed is relatively high, especially when treating
is of small size (<5 mm). This can be partially avoided by screening the input material.
However, the formation of smaller particles inside the reactor cannot be avoided, especially
in the lower part where the pressure is highest.
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The technical limitations so far enable the formation of vertical “tunnels”, increasing
the efficiency of heat treatment along the diameter of the reactor due to a change in the size
of the raw material particles. Figures 7 and 8 show the moving bed reactor, and operational
and process overview schematic visuals.
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(3) Screw (Auger) reactor

In a screw reactor (shown in Figures 9 and 10), the screw pushes the biomass forward
through the twisted screw of the reactor. A reactor used in the Pechiney process uses
a screw reactor, one of the first facilities to be designed for the torrefaction process. An
indirectly heated reactor is heated by a separate boiler with oil [73]. These types of reactors
ensure process continuity and are compact in design. A screw reactor’s limitations include
difficulties in scaling up and low energy efficiency (60–80%). The reactor also requires
biomass with low moisture content since the size of the reactor determines the heat load
needed, and for design reasons, they have limited heat transfer. In the case of high
temperature, a low moisture content (about 5–7% w/w) is mandatory as the reactor would
not be able to reach the required process temperature otherwise [73].
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A screw reactor uses one or more screws to transfer biomass through the reactor
and a continuous reactor. A screw reactor can be placed both vertically and horizontally
and is often indirectly heated inside a hollow wall or a hollow screw. There are certain
differences in the screw reactor design when the heat is supplied directly by the double
screw mechanism. The development of carbon decolorizing in the hot zones is a drawback
of indirectly heated reactors.

Furthermore, due to the restricted mixing of the biomass, the heat transfer rate in
these reactors is limited. The retention time in the reactor depends on the length and
rotational speed of the reactor. However, the buildup is not expensive and the scalability is
restricted as size increases [74]. However, the highly efficient mixing of biomass with the
hot medium is characterized by intense heat transfer, making large screw reactors highly
efficient. The continuously rotating reactor drum can be considered a technology that
has been proved in various applications. Torrefaction can be sped up or slowed down by
adjusting the torrefying temperature, rotating speed, length of drum, and angle of drum.
The rotation of the drum ensures homogenous biomass mixing, and the heat transfer is
intense. However, the wall friction on the inside of the drum also increases the fine fractions.
Drum rotation control affects limited scalability, and, therefore, it requires more modular
power and configuration.
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(4) Multiple hearth furnace with vertical baffles

This is a cylindrical, refractory-lined furnace with a steel shell. It includes 6 to 12 hori-
zontal fireplaces and a centrally rotating shaft with agitator arms [76]. Cooling air is sent
into the shaft. The gas enters the first firebox and flows downwards, while the air is needed
for combustion from the bottom to the top. The operational principle of this type of reactor
is presented in Figure 11. An example of a shelf oven is the Wyssmont dryer, which was
initially developed as a roasting device. The Wyssmont dryer is also often referred to as
a turbo dryer. During torrefaction in the reactor chamber, the air is trapped in the outer
shell, and steam super-heated with nitrogen is used in the recirculation of the atmosphere.
Multi-module furnaces and stacks are easy to scale up, and reactors are produced from
4 to 35 feet in diameter [72]. The heat transfer surface of the tray furnace is efficient, but
it is not easy to control the reactor temperature. One of the major drawbacks is that the
reactor is large in size [65]. It is a continuous reactor consisting of several layers. It has
been proven that this type of reactor is suitable for various applications. One phase of the
torrefaction process takes place in each layer. The temperature gradually increases in each
layer from 220 ◦C to 300 ◦C. The biomass comes out of the top of the reactor horizontally
and is mechanically pushed inwards. It then falls through an opening in the plate on
the second plate, where it is mechanically pushed outwards, then falls through another
entrance, and so on. The process is repeated in multiple layers, resulting in even mixing
and gradual heating. The heat is supplied to the individual inner layers of the reactor
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directly by gas burners and steam injection. In the upper layers of the reactors, the biomass
is first dried, and torrefaction occurs in the lower layers.
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This reactor can be scaled to a diameter of 7 to 8 m, resulting in a relatively low invest-
ment (expressed in EUR per ton/h of product) for large-scale installations (Figures 12 and 13).
It uses burners in a natural gas system or special suspension burners for wood dust from
the raw material produced. However, the use of natural gas to make the gas flow through
the reactor contributes to an increase in moisture content overall, which causes a rise in the
moisture content of the torrefied material. This may have an adverse effect on the increased
moisture content and increase the post-extrusion stability of the granules. This technology
can be used to process a more comprehensive range of particle sizes from sawdust to larger
wood chips and even large-sized branches. The technology is also suitable for research
into the individual steps in each sequence, as each step in the torrefaction process can
be readily accessed for material and gas sample testing, fine adaptive control, and even
additive injection temperature. The typical time for converting biomass to biochar is 30 min
for top-down carbonization.
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(5) Fluidized bed reactor

In a fluidized bed, the biomass in the bed is indirectly heated with hot steam. A great
lifting force is needed to keep the biomass fluidized, and this method may not be possible
with large particle sizes. Hence, the fluidized bed reactor is very sensitive to particle size:
the size of the particles in the fluidized bed should not be too small because this leads
to coagulation problems, and the ability to fluidize is limited by water. According to the
manufacturers of fluidized bed reactors for the torrefaction process, typical particle size
does not impede use in these reactors. The size of the biomass varies during torrefaction,
making it difficult to control the fluidization behavior inside the reactor. Another major
disadvantage of a fluidized bed reactor is the slow temperature response. Fluidized bed
reactors have the advantages of good heat conducting properties, and they are good for
scaling up to larger sizes [65]. In this torrefaction reactor, an inert gas is blown to the
bed into the granular solid particles of the heat carrier in such a way that the solids
behave like a liquid [78]. These hot particles are vigorously and successively agitated in a
turbulent state: it is easy to heat all raw biomass particles so that they fall to the bottom
of the reactor. Biomass particles subjected to the torrefaction process are in a well-mixed
state, and the temperature distributions are uniform. Thus, this system provides a quasi-
homogeneous product quality which is generally difficult to achieve in other reactors.
The separation of bed material from the torrefied biomass is another limitation of this
technology. Dhungana et al. were able to produce the proper slurry (without clogging the
channels), at a biomass size range of 0–714 µm (with no other materials in the bed) [65].
The upside is that the system takes advantage of no permanent heat source needed: size
limitation and entrainment of particles can then become an important issue. The dominant
heat exchange method is that of particle-to-particle in a fluidized bed. Rapid heating to
torrefying temperature can potentially increase reactor efficiency, but the effect of rapid
heating of biomass on product quality has not yet been thoroughly studied. Figure 14
indicates the commercial version of the fluidized bed reactor by AIREX energy.



Energies 2022, 15, 2227 15 of 34Energies 2022, 15, x FOR PEER REVIEW 15 of 35 
 

 

 
Figure 14. Fluidized bed reactor for the biomass torrefaction process by AIREX Energy. Reprinted 
with permission from ref. [79]. Copyright 2012 AIREX ENERGY. 

(6) Torbed reactor 
The Torbed® reactor was developed by Torftech Ltd. (Newbury, UK) in 1998 (Figures 

15–17). In the Torbed reactor, the moving particle bed is dispersed, while the cyclone ac-
celerates the biomass particles to a high velocity, and a gas stream with heat is delivered 
in a toroidal system. The Torbed reactor can only handle fine wood particles, resulting in 
fuel flexibility. The toroidal flow is created by injecting nitrogen with an average fluidiza-
tion velocity of 50 to 80 m/s via the stationary angled blades. The required mixing and 
roasting times are from 90 s to 5 min at a temperature of 280 °C, which makes the yield of 
biochar product very high. However, carbonization becomes a risk due to high tempera-
tures [80,81]. There are high turbulences and intense contact between the material and the 
process gas inside the reactor. This can be done by influencing the kinetics of the reaction, 
which increases the efficiency of the process, which in turn is why the duration of this 
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(6) Torbed reactor

The Torbed® reactor was developed by Torftech Ltd. (Newbury, UK) in 1998
(Figures 15–17). In the Torbed reactor, the moving particle bed is dispersed, while the
cyclone accelerates the biomass particles to a high velocity, and a gas stream with heat is
delivered in a toroidal system. The Torbed reactor can only handle fine wood particles,
resulting in fuel flexibility. The toroidal flow is created by injecting nitrogen with an average
fluidization velocity of 50 to 80 m/s via the stationary angled blades. The required mixing
and roasting times are from 90 s to 5 min at a temperature of 280 ◦C, which makes the
yield of biochar product very high. However, carbonization becomes a risk due to high
temperatures [80,81]. There are high turbulences and intense contact between the material
and the process gas inside the reactor. This can be done by influencing the kinetics of the
reaction, which increases the efficiency of the process, which in turn is why the duration of
this process is so short. Moreover, Torbed reactors have a low-pressure drop, leading to
high energy efficiency [82]. Torbed technology is widely used in a variety of applications,
including combustion.

Installations with Torbed reactors have been built for continuous and discontinuous
operation with diameters of 5 to 7 m (Figure 16). However, roasting using a Torbed has
only been demonstrated discontinuously as a micro-scale installation (2 kg/h). In 2014,
Torftech Limited put a full-scale energy plant-powered demonstration plant into operation.
This technology offers flexibility in product preparation for different end-use markets. This
process is sensitive to changes in the size of the raw material particles [84].
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(7) Belt reactor with pre-drying

In this case, the biomass is transported by belt in the heated reactor. A belt reactor
can be configured in terms of a vibrating belt, horizontal moving bed, and oscillating
belt. Biomass particles transport and heat directly through moving belts, porous belts, or
vibrating belts. Multiple belts are often stacked on top of one another in a belt dryer type
reactor. As biomass particles fall from one belt to the next, mixing is allowed, resulting in a
more homogenous output. Vibrating belt reactors are all built in a similar manner [86]. The
residence time for all particles inside the reactor can be well controlled by regulating the
belt speed or the belt vibration frequency, especially in belt reactors. This method ensures
that all biomass particles have the same residence time in the reactor (Figures 18 and 19).
The ability to scale this reactor is limited due to strip size limitations. The maximum size
of this type of reactor is 5 t/h [72]. The advantages of belt technology are the possibility
of reasonable temperature control and the use of different sizes of biomass in the reactor.
However, the shape of the biomass cannot be heterogeneous [65]. While a moving, porous
belt transports the biomass particles, they are directly heated by a hot gaseous medium. In
general, multiple strips are placed one above the other in a belt reactor. While the biomass
particles fall from one belt to the other, mixing of the particles takes place, and as a result of
this type of solution, a more homogeneous product is obtained. The residence time for the
biomass particles in the reactor can be accurately controlled by controlling the belt speed.

Belt reactors can be considered ideal plug flow reactors, unlike certain other reactors
where there is a large residence span of the biomass particles leading to either carbonized
or incompletely torrefied particles that have not fully carbonized. The disadvantage of the
belt reactor is the potential clogging of the open structure of the tar strip or small particles.
Moreover, the capacity limits the output, making this type of reactor less appropriate for low
volume density raw material. Furthermore, the possibility of regulating the temperature
in the reactor is restricted because the process can only be regulated by changing the
temperature of the feeding gas and the belt speed. The investment costs are cheap, but
the large space requirements may limit the scalability of this type of reactor. A sketch and
industrial version of the dryer are shown in Figure 20.
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(8) Microwave reactor

The biomass is heated by microwaves in the microwave reactor (Figure 21). Mi-
crowaves have electromagnetic radiation that leads polar particles to rotate at the same
frequency as microwaves, which causes friction and heating of the biomass. Generating
microwaves requires a lot of electricity [90]. The reactor can process biomass with large
particle sizes. In a microwave reactor, the torrefaction is usually relatively fast, and the
temperature in the reactor is easy to control. However, the microwave reactor must be
integrated with a traditional heater if we want to obtain homogeneously heated particles
(and so a homogeneous product) [65]. The main disadvantage is that an integrated conven-
tional heater is required, which is difficult to generate from acceptable torgas yields during
the torrefaction process. This has a negative impact on energy efficiency and increases
operating costs. Microwave radiation causes an electromagnetic wave from 300 MHz to
300 GHz. Microwave ovens or microwave reactors typically operate at a frequency of
2.45 GHz. Microwave irradiation causes efficient internal heating from the direct coupling
of microwave energy to biomass particles. The electrical component of electromagnetic mi-
crowave radiation causes heating by two main mechanisms: dipolar polarization and ionic
conductivity. Heating depends on the material’s ability to heat by absorbing microwaves
and converting them into heat. Previously, a facility was planned to use Scotland-based
Rotawave’s microwave torrefaction technology, but after the business failed, Zilkha Biomass
Energy’s steam-exploded Zilkha Black Pellet process will be deployed. There is not any
industry-scale microwave torrefaction facility at the time.
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(9) Vibrating fluid bed reactor

In a vibrating fluid bed reactor, the bed of solids vibrates to fluidize the bed and air,
or another gaseous stream is injected into the bed. A rotating vibration bowl or a linear
vibration bowl is used in the reactor. The vibrating motion keeps the particles even and
prevents blistering, which leads to better process efficiency. The vibrating motion also
drives the particles up a helical groove in the circumferential wall of the bowl for several
reasons: to facilitate removal of ash from the fuel bed, to recycle reagents or catalysts, to
sequence the reactants for subsequent steps, and vibrational motion guides the particles up
the sloped plate.

Vibrating fluid bed reactors use a large spring-mounted bed drive mechanism, such
as a vibrating conveyor, to move the product through the reactor, as is shown in the CAD
model of a vibrating bed reactor in Figure 22. The main disadvantage is that the reactor
and the product are subjected to considerable overload forces. These high forces typically
disintegrate the brittle product, creating unnecessary and often unwanted fine particles
and waste. In addition, high overload forces will be transferred to the surrounding of the
reactor, causing additional installation requirements, premature wear of the equipment,
and increased noise levels [92]. Shaking fluid bed reactors solve the problem of high
overload by eliminating the need for vibration and incorporating more advanced control
systems that in turn eliminate the need for continuous operator involvement. The product
is pushed through the reactor with a gentle, low frequency/high amplitude shaking motion
that moves it forward step by step in a consistent manner called plug flow. The gravity
problem is thus eliminated, allowing the least possible product deterioration, reduced
foundation requirements, and minimal noise levels. A shaking fluidized bed reactor system
typically has the lowest life cycle cost due to significant savings in fuel consumption and
maintenance costs. The vibration level depends on the behavior and nature of the material
to be dried, and the amplitude can be adjusted by altering the unbalanced weight of the
vibrating devices [93].
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(10) Thermosiphon-fixed bed reactor

Thermosiphons with a fixed bed reactor were introduced to improve uniform tem-
perature distribution. Soponpongpipat et al. discovered that the average heating speed of
biomass cassava rhizome was 1.40 C/min, which was 2.59 times greater than in a fixed bed
reactor without thermosyphons. Compared to the other designs, this reactor produced the
greatest heating value (HHV) and the lowest mass yield of 23.97 MJ/kg and 47.84%, re-
spectively [94]. The steam generated acts as an auto catalyst in the decomposition reaction.

Figure 23 shows a thermosiphon torrefaction reactor (TSFR). It is a structural steel
reactor 0.37 m wide, 0.37 m long, and 1.49 m high. It is divided into a torrefaction chamber
and a heating chamber. A steel plate completely separates these two parts in the lower part
of the torrefaction chamber. The torrefaction and heating chamber lengths are 0.65 m and
0.84 m, respectively. The heating chamber is divided into two zones: the thermosiphon
evaporator zone (0.54 m) and the combustion zone (0.30 m), where the LPG burner is used
as a heat source placed in the heating chamber. The heat is transferred from the heating
chamber to the torrefying chamber through five two-phase closed thermosiphons installed
inside the reactor (one in the center and four in each corner of the chamber). Each two-phase
closed thermosiphon is made of a steel tube with an outer diameter of 0.06 m, a thickness
of 2.5 mm, and a length of 1.10 m. The evaporator and condenser section lengths are 0.50 m
and 0.60 m, respectively. The filling factor is 50% of the total evaporator volume. Volatile
substances resulting from biomass torrefaction leave the reactor through two deaeration
pipes installed on its side surface. Two ball valves are installed at the end of each venting
tube to control the venting. These valves are closed until the biomass temperature inside
the reactor reaches the boiling point of water. They are then opened to release water vapor
and volatiles. After completing the torrefaction process, both ball valves are closed, and
the reactor is allowed to cool to room temperature. To observe the biomass temperature
distribution inside the torrefaction chamber, 10 pieces of K-type thermocouples are installed
at heights of 0.94 m, 1.04 m, 1.14 m, 1.24 m, and 1.34 m [94].



Energies 2022, 15, 2227 22 of 34Energies 2022, 15, x FOR PEER REVIEW 22 of 35 
 

 

 
Figure 23. Thermosiphon torrefaction reactor (TSFR) [94]. 

(11) Counter-Flow Torrefaction Reactor 
Figure 24 provides a description of an installation for the biomass torrefaction pro-

cess using super-heated steam: The unit for the SHS biomass torrefaction process contain-
ing a counter-flow torrefaction reactor (Figures 24 and 25) was built at Lodz University of 
Technology (Faculty of Process and Environmental Engineering, Department of Safety 
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air directed by a fan to a rolling-bed dryer for drying biomass, which directly improves 
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control system. The measuring system consists mainly of a Blizzard controller installed in 
the steam boiler control system (controlled by the excess air factor), three thermocouples 
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(11) Counter-Flow Torrefaction Reactor

Figure 24 provides a description of an installation for the biomass torrefaction process
using super-heated steam: The unit for the SHS biomass torrefaction process containing
a counter-flow torrefaction reactor (Figures 24 and 25) was built at Lodz University of
Technology (Faculty of Process and Environmental Engineering, Department of Safety
Engineering). It includes a rolling-bed-type biomass dryer run on hot air (50 kg/h wet
biomass input), a biomass dosing system for a counter-current SHS torrefaction reactor,
a 200 kWth steam boiler with an economizer producing 20–180 kg/h steam capacity at
160 ◦C with a pressure of 2–8 bar, an electrical pre-heater 15 kW for pre-heating steam from
160–400 ◦C, and a condenser integrated with a scrubber. The installation includes the main
heat source, which is a biomass-fired steam boiler fed with woody pellets or wood chips,
integrated with an economizer used to heat up flue gas from the combustion process of air
directed by a fan to a rolling-bed dryer for drying biomass, which directly improves the
energy efficiency of the entire system. The material is initially shredded and goes to a dryer
where it is dried from a moisture content of 40% to a moisture content of 5% (Figure 3)
and goes to a counter-flow reactor where super-heated steam, subjected to a steam boiler
by an electric pre-heater, torrefies the biomass in the parameters set in the central control
system. The measuring system consists mainly of a Blizzard controller installed in the
steam boiler control system (controlled by the excess air factor), three thermocouples on an
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electric steam heater and a mass flow meter, 4 thermocouples in a dryer, 6 thermocouples
in a counter-current reactor, and 3 thermocouples on an electric steam heater.
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Figure 25. A 3D model made in Inventor of a counter-current reactor for biomass torrefaction with
superheated steam: (3) insulation; (5) steam extraction; (6) biomass inlet; (7) torgas outlet; (9) snail;
(10) sealing; (11) gear motor; (13) flange.
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2.2. Level of Innovation of Individual Technologies and Industrial Perspective

Torrefaction reactors are classified into two types based on heat transmission tech-
niques: direct and indirect heating. Heat is transmitted to the biomass in direct heating
reactors by direct contact with a heated media [95]. The hot media is regulated to maintain
an oxygen-free or oxygen-limited environment during torrefaction to avoid combustion.
Examples of heating media are super-heated steam, exhaust gases, hot solids, and electro-
magnetic waves. Direct heating can be used in fixed bed, fluidized bed, rotating drum,
microwave, and moving bed reactors [60,63]. In indirect heating, heat is delivered via the
reactor wall to the biomass. Indirect heating makes it possible to adjust the oxygen amount
easily in the reactor. Indirect heating can be applied to fixed bed, screw, and rotating drum
reactors [60,63]. The reactor comparison shows that direct heating units have a higher
construction cost than indirectly heated units due to the cost of the inert gas heat exchanger,
microwave generator, inert gas compressor, super-heated steam generator, and particle
separator (Table 5). The construction of a fluidized bed reactor is complicated, and it is
extremely difficult to run. However, indirect heating reactors are easier to operate and have
simpler designs. The main disadvantage of the reactor is that with a considerable thickness
of the biomass bed, the heat distribution becomes unequal, and they require a large heat
exchange surface to make it uniform. This results in a large space requirement and high
construction costs [65,78]. As there are no moving parts or unique components in a fixed
bed indirect heating reactor, it has lower construction costs.

Table 5. Comparison of biomass torrefaction reactors (own study).

Reactor Type Medium/Heat
Source

Size of Heat Transfer
Surface/Reactor

Surface

Difficulties in
Handling the

Process

Movable or Special
Elements Limitation of Scale Up

Direct Heating Reactor

With fixed bed

Flue gas, inert
gas, or

super-heated
steam

Not applicable Hard

Inert gas heat
exchanger or

super-heated steam
generator; inert gas

compressor

− Non-uniform heat
distribution when the
thickness of the biomass
bed is large

− Price of inert gas
− High cost of building a

super-heated steam
generator

With rotating
drum

Exhaust or
super-heated

steam
Notapplicable Hard

Drum and drive unit,
super-heated steam

generator

− High construction costs
− Super-heated steam

generator in reactor

With fluidized
bed

Solid medium
and/or inert gas Not applicable Very hard

Gas/air compressor,
biomass/carrier solid

separator

− Separation of biomass from
solid medium

− High construction costs for
peripheral devices such as
air/gas compressor and
solids separator

− Price of inert gas

With moving
bed

Flue gas or
Super-heated

steam
Not applicable Hard Conveyor belt

− High construction costs of
super-heated steam
generator and reactor

− No possibility to control the
amount of oxygen in the
exhaust gas

Microwave Microwave Not applicable Hard Microwave generator
− High construction costs of

the reactor
− High energy consumption
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Table 5. Cont.

Reactor Type Medium/Heat
Source

Size of Heat Transfer
Surface/Reactor

Surface

Difficulties in
Handling the

Process

Movable or Special
Elements Limitation of Scale Up

Indirect Heating Reactor

Fixed bed Burning or
electrical heater High Easy No moving part

− Limited heat distribution
when the thickness of the
biomass in bed is large

Screw Burning or
electrical heater High Moderate Screw and its drive

set

− Limited heat distribution
when the thickness of the
biomass in bed is large

With rotating
drum

Burning or
electrical heater High Moderate Drum and its drive

set

− Limited heat distribution
when the thickness of the
biomass in bed is large

New reactor
design (SHS) Combustion Small Easy No moving part − Uniform heat distribution

− High construction costs

Non-uniform heat distribution proves to be a limitation in scaling fixed bed reactors.
This creates a low-temperature zone inside the reactor and torrefaction cannot take place.
A thermosiphon (a gravity-assisted heat pipe) is chosen as the heat transfer device to solve
this problem. By introducing one end of the thermosiphon into a compact mass of biomass
and the other end to the heat source, heat will be transferred evenly from the hot media
to the biomass without direct contact. Since the thermosiphon has very high conductivity
with no moving parts, the fixed bed reactor can be easily scaled with that help. Thanks to
this concept, it is possible to develop a new reactor design, which is simple in structure,
needs little space, has no moving parts, is cheap, and is easy to operate.

(1) Rotary drum reactor

This is characterized by a low level of innovation compared to other reactors. Techno-
logical solutions used in the rotary drum reactor have been widely used in other devices
in waste and conventional fuel utilization and incineration for many years (drum dryers
and furnaces have been used since the 1950s). The low level of innovation is related to the
relatively uncomplicated heat transfer technology in the rotary drum of torrefied biomass.
In comparison with other processes, the method and degree of mixing the biomass with
the medium that provides heat to the process are quite basic [63,65].

(2) Moving bed reactor

This reactor is characterized by an average level of innovation, as this type of moving
bed is already used in many other industries including food, process engineering, phar-
maceuticals, and chemical engineering, and is a fully-commercialized technology. The
moving bed is not such highly advanced technology as that of fluidized bed reactors (whose
operating principle is similar), and the production of this type of reactors would not be as
complicated as that of Torbed reactors or fluidized bed reactors [55,65,68,96].

(3) Screw reactor

This is another reactor characterized by a low level of innovation, similar to that of
the rotary drum reactor. The screw reactor deploys a similar solution to the biomass-fired
boilers generally available on the market (domestic, European, and worldwide), known as
screw feeders. Screw reactors use the commonly known technology of screw transferring
and simultaneously mixing fuel with a medium that transfers heat to the torrefaction
process [72,73].

(4) Multiple hearth furnace

The multiple hearth furnace is one of the reactors with the lowest level of innovation
of any available torrefaction reactor. This type of reactor uses exactly the same solutions as
charcoal furnaces and low-medium power solid fuel combustion furnaces (electric-based
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furnaces). Multiple hearth furnaces use solutions generally known in many other systems
related to the energy industry [72,76].

(5) Fluidized bed reactor (FBR)

FBRs are one of the two reactor types, along with Torbed reactors, with the highest level
of innovation among the reactors presented. This reactor uses the fluidization technique,
well known for 40 years. Nevertheless, in the case of torrefaction, this technology has had
to be adapted in a particular way, and it is the techniques and methods that constitute the
high level of innovation [65]. Fluidized bed reactors are complicated to copy and design
due to the very strictly defined parameters of the fluidization process (size and mass of
the torrefied particles, speed of the fluidization process during the carbonization process,
the amount of heat flux transferred to the torrefied biomass, and the geometry and shape
of the reactor and chamber, in which the torrefaction process takes place. Fluidized bed
reactors are based on fluidization technology used in high-power fluidized bed boilers
powered by biomass, fluidized bed dryers, and many other industrial applications (such as
in refrigeration, fluidized fruit freezing systems, and others) [78].

(6) Belt reactor with pre-drying

This type of reactor is a medium innovation reactor that uses a well-recognized
technique. Pre-drying belt reactors are copies of the systems for drying biomass, fruit,
vegetables, and biological waste. This technology has been known for about 50 years and
is widely used in many industries [72,86].

(7) Torbed reactor

This type of reactor, like fluidized bed reactors, is with the highest level of innova-
tion among all known reactors used to produce char. Torbed technology is a technique
somewhat like the fluidization technology that uses cyclones at the same time. Reactors
of this type have been used for over a dozen years on a pilot, demonstration, and semi-
technical scale and still represent a technology under development with great potential.
This technology has well-prepared intellectual property protection, which belongs to two
companies, the British company Torftech Limited and the Dutch company Topell Energy
(now Blackwood Technology) [80]. For several years, both companies have deployed this
modern and most efficient technology for biomass carbonization. The level of innovation
of Torbed technology is related to the construction of a specially designed system for heat
transfer in a cyclone with a very short residence time of biomass particles and a high degree
of mixing of particles and heat transfer gas [81,82]. Torbed reactors are difficult to copy and
duplicate, as are fluidized bed reactors.

(8) Vibrating bed reactor

The vibrating bed reactor is characterized by a reasonably high level of innovation.
It is already a well-known solution used in the energy industry, such as in boilers with
vibrating grates for burning straw used by Danish companies (one example is a straw-fired
boiler with a multi-stage vibrating grate by CleanTech). The vibrating bed reactor is a piece
of highly advanced technology since it solves the problem of carbonization of biomass of
various origins (such as forest origin biomass and that from particular purpose crops) [92].

(9) Microwave reactor

This type of reactor has an average level of innovation. Although these reactors
use highly advanced microwave technology, it is a technology that has been known for
many years. The innovation is that the length of electromagnetic waves is appropriately
selected for the polymer structures of the biomass, which must undergo a specific level
of carbonization [90,97]. These reactors have a very complex technology that is difficult
to copy.

Tables 6–8 show a Strengths, Weaknesses, Opportunities, and Threats (SWOT) analysis
for the most common reactors in the areas of both industry and research. As can be seen, the
decision as to which torrefaction reactor mostly depends on is biomass structure, moisture,



Energies 2022, 15, 2227 27 of 34

size, and amount. Additionally, the residence time, reactor volume, mixing, and energy
consumption are important for choosing a torrefaction reactor. Since all these factors need
to be considered, there is no simple conclusion as to one proper reactor type.

Table 6. Moving bed reactor SWOT analysis.

Reactor Type Strength Weakness

Moving-Bed Reactor

Herbaceous and woody biomass residues (rubberwood,
agriculture, orchards, and horticulture) [88,89]

The temperature distribution is not
uniform, especially for indirect heating

Can be employed with both direct and indirect heating Lack of proper mixing

The reactor is small and relatively basic in structure Relatively high-pressure drop with small
(<5 mm) particles

Accurate temperature control, high heat transfer rate,
uniform [90,92] product quality Longer residence time 30–40 min

No moving parts inside the reactor Limited biomass size and type acceptable

The capability of processing low-density biomass is high

Opportunities Threatens

Flexible when it comes to fueling with a specific fuel and
low investment costs

When the reactor reaches scale, it can be
dangerous due to the pressure and the
possibility of damaging the main body of
the reactor

Possible to combine drying and torrefaction [91]
Due to the lack of proper mixing of the
biomass, a risk ensues that the carrier will
accumulate in the channels

Possible to fill the reactor volume with biomass which
leads to a smaller reactor and low cost Increased risks with larger capacities

Unproven scale-up potential
non-uniform products

Table 7. Rotary drum reactor SWOT analysis.

Reactor Type Strength Weakness

Rotary drum Reactor

Can operate with higher biomass moisture compared to
others (sawdust, stalks, switchgrass, wheat straw, and
poplar) [98]

The capability of processing low-density biomass is low

Proven technology for biomass drying, from 60% to 10% The mixing of biomass is limited

Uniform heat transfer due to good mixing of sliding bed Poor control of temperature

Can work in terms of both indirect and direct heating [63] Lower heat transfer rates (despite good uniformity)

Ability to use a wide range of biomass particle sizes
and types High cost and large space footprint

Due to the friction between drum wall and biomass, the
output dust increases

Limited upscaling ability because the area of heat
transfer to biomass during carbonization is limited

Maximum capacity is reached at 10–12 t/h input or t/h
torrefied product [93]

Opportunities Threatens

Less gas emission, cleaner environment Risk of use

Relatively proven technology with other applications
such as biomass drying and pyrolysis

To support the solid tumbling motion, the maximum fill
volume of the reactor is limited to about 30%.
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Table 8. Torbed reactor SWOT analysis.

Reactor Type Strength Weakness

Torbed Reactor

Good torrefaction results on woody biomass; forestry residue, rice
husks, straw

Only fine wood particles, sensitive to changes in
the size

Horizontal motion on the bed causes high impact gas velocities and
thus higher heat and mass transfer rates, and provides higher
efficiency and lower reaction time [82]

Less control of residence time for each
particle [99]

Accepts high water content biomass feeds Flue gas dilution by the fluidization process

Very rapid start-up, simple to operate and automate, 90 s–5 min
residence time

No sand bed

Low-pressure drop compared to the others

Opportunities Threatens

Consistent product, low carbon ashes (at combustion) Risk of carbonization due to high temperatures

Torbed reactor technology is considered a proven technology for
various applications, including combustion

High heat transfer and high temperature make
the process sensitive to variation in particle size
(smaller particles could potentially lose much
more volatiles compared to bigger ones)

The installations have the lowest footprint of any similar
technology. This leads to comparatively inexpensive capital
investment for a given output capacity [85]

Formation of fine particles due to internal
abrasion in the bed (risk of explosion in
later stages)

Available for process gas circulation, which leads to less
energy consumption

Scalable technology (up to 25 t/h)

The reactor techniques mentioned above have been used on a large scale. More than
50 businesses are active in the use of torrefaction technology. The properties of some of these
technologies are shown in Table 9. In torrefaction technology, the USA and Netherlands
emerge as leading countries. Moving bed and rotary drum reactors are the most preferable
torrefaction reactors in the industry.

Table 9. Overview of some torrefaction technologies regarding facility scale and process [48,52,70,83,86,87].

Developer Technology Capacity (ton/y) Country Scale and Status

Agri-Tech Producers LLC Belt Reactor 13,000 Columbia, South
Carolina Pilot stage, operational

APS Ekoinnowacje Counter-flow reactor 360 Lodz, Poland Semi-Pilot, operational

Airex Cyclonic Bed 3000 Canada

Planning
10,000–30,000 ton/y with

SUEZ partnership,
available

Bio Energy Development
North AB

Dedicated screw
reactor 16,000 Sweden Demonstration scale,

available

New Earth Renewable
Energy Fuels, Inc. Fixed Bed Unknown Unknown Out of business

Bioenergy Development &
Production Fluidized Bed Unknown Nova Scotia, (CAN) Pilot, unknown

Rotawave, Ltd. Microwave 120,000 Chester (UK)
Stopped in BC,

Partnership with Maine,
unknown

ECN–Andritz Moving Bed 10,000 Stenderup (DK) Combine technology
with Andritz
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Table 9. Cont.

Developer Technology Capacity (ton/y) Country Scale and Status

Thermya/Grupo Lantec Moving Bed 20,000 Urnieta (SP) Early-stage
commissioning

Thermya/LMK Energy Moving Bed 20,000 Mazingarbe (Fr) Early-stage
commissioning

Torrec Moving Bed 10,000 Mikkeli (FI) Demonstration scale,
available

Grupo Lantec Moving Bed 20,000 Urnieta (SP) Demonstration scale,
unknown

Integro Earth Fuels, LLC Multiple Hearth 11,000 Greenville (USA) Demonstration scale,
unknown

Wyssmont Multiple Hearth Unknown USA Unknown

CMI NESA Multiple Hearth Unknown Seraing (BE) Unknown

Clean electricity generation Oscillating bed 30,000 UK Commercial scale,
available

Horizon Bioenergy Oscillating belt
convenyor 45,000 Steenwijk (NL) Dismantled after plant

fire at 2012

Atmosclear SA Rotary Drum 50,000 Latvia, New Zealand,
USA Out of business

Earth Care Products Rotary Drum 20,000 Kansas (USA) Demonstration scale,
available

EBES AG Rotary Drum 10,000 Frohnleiten (AU) 1 mt/h pilot plan in
commissioning

Renergy/4Energy Invest Rotary Drum 38,000 Amel (BE), Ham (Be) Project terminated

Renergy/4Energy Invest Rotary Drum 38,000 Ham (Be) Project terminated

Torr-Coal B.V. Rotary Drum 35,000 Dilsen-Stokkem (BE) Commercial scale,
available

Andritz Rotary Drum 10,000 Frohnleiten (AT) Demonstration scale, out
of business

BioLake B.V. Screw Convenyor 5000–1000 Eastern Europe Pilot stage

FoxCoal B.V. Screw Convenyor Unknown Winschotel (NL) Pilot, now bankrupt

Solvay / New Biomass
Energy Screw Reactor 80,000 (FR), Missisippi (USA) Commercial scale,

available

Arigma Fuels Screw Reactor 20,000 Ireland Commercial scale,
available

Topell Energy Torbed, Fluidized bed 60,000 Duiven (NL) Commercial scale,
available

Airless Systems Unknown 40,000 Latvia Out of business

HM3 Energy Unknown Unknown Oregan, US Pilot Demo plant

River Basin energy Unknown Unknown Laramie, Wyoming
(USA) Pilot stage

Torrefaction Systems Inc. Unknown Unknown Unknown Pilot

WPAC Unknown 35,000 Unknown Unknown

3. Conclusions and Recommendations

The current work is presented in two stages, providing a comprehensive picture of the
thermochemical decomposition technologies of biomass. Here in Part 1 of the research, the
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purpose, scope, and conditions of the technologies are discussed. In addition, the methods,
techniques, and research tools, including initial preparation methods of biomass for the
torrefaction process, are presented. An overview of reactors for torrefaction processes
and technologies for the production of super-heated steam for technological purposes of
torrefaction as well as the optimal use of heat in the torrefaction process are also presented.

The majority of the changes identified are linked to material flow through the reactor,
material heating method, process heat source, and torgas treatment. The reactor choice
is highly reliant on the feedstock, the use of the products, and the cost considerations.
Although there is no obvious choice of torrefaction reactor, rotary drum and moving bed
technologies may suggest themselves with their better temperature control and common
usage as torrefaction reactors. The study also presents the process assumptions for the
steam generator, biomass dryer, and the thermochemical biomass conversion reactor for
the optimization of the residence time of the raw material, as well as the process assump-
tions allowing determination of the physicochemical properties and their assessment for
biomass from various raw materials. According to the authors, the optimal solution would
include using an electric steam generator and overheating in a gas steam superheater in the
torrefaction process.

The latest biomass dryer and biomass torrefaction reactor technical solutions exhibit
similar functionalities in terms of both dryer and reactor. During consultations with the
industry and research institutes, a consensus was found that the most optimal solution in
terms of technology, continuity of operation, and economic terms for the future manufacture
of biomass torrefaction installations would include a combination of the dryer and the
reactor into one device, hereinafter referred to as the Dryer-Reactor. This technology will
reduce production costs and improve the efficiency of the entire process while enabling
continuous operation. This type of device will be tested in the following stages of our work.

Future work: In Part 2, biomass pyrolizer technologies will be examined on a com-
mercial and pilot scale and compared with torrefaction technologies with economical and
environmentally friendly characteristics.
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