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Executive Summary

This report provides an update of the Status overview of torrefaction

technologies , which was produced by IEA Bioenergy Task 32 in 2012. The
reason for this action was the observation that commercialisation of

torrefaction technologies has been more difficult than earlier anticipated.

The maturation and market introduction of torrefaction technologies has gone
slower than a nticipated 5 years ago, when it was expected that a significant
fraction of the biomass pellets supplied today could have been replaced by
torrefied pellets. It has been hard to fully prove the claims made earlier on
product characteristics, and several co mpanies have gone bankrupt due to
inability to produce good quality product or due to a lack of buyers.

Nevertheless, it is clear that the companies involved have significantly
improved their ability to produce high quality products, with pellets of
compa rable durability to conventional wood pellets. The torrefied pellets

exhibit comparable supply costs, however end user s should be convinced that
the claimed superior handling and combustion characteristics do tran slate into
an economic advantage  that can counterbalance the perceived risk .

As for conventional wood pellets, price parity with coal is essential to enable
commercial market introduction of torrefied biomass for co -firing. In the
absence of a substantial price penalty for CO » emissions and with the low price
level of coal, this implies that typically additional subsidy schemes should be in

place.
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1 Introduction

In 2012, IEA Bioenergy Task 32 published the report "Status overview of
torrefaction technologies". The report describes the process of torrefaction, an
overview of tor refaction technologies, applications of torrefied biomass and the
economic value of torrefied pellets. This report has been received in the public
domain as a valuable report.

After a rapid initiation of the torrefaction technology up to 2012 the general
public opinion currently is that torrefaction suffers from a stand -still. However,
the torrefaction technology is in the development stage, and it is considered

important to report on development steps that have been taken recently.

Therefore, Task 32 decid ed to update the 2012 torrefaction report. The current
report includes an update of torrefaction developers, as well as their status

and views on the torrefaction technology, its product and any opportunities

and obstacles that  favour or hamper further introduction of the technology and
its product. This is mainly done by means of questionnaires and performing
interviews with the developers.

Itincludes also some key results of the SECTOR project. SECTOR (Production

of Solid Sustainabl e Energy Carriers from Biomass by Means of TORrefaction)
was a large -scale European FP7 research project that focused on the further
development of torrefaction -based technologies for the production of solid
bioenergy carriers up to pilot -plant scale and b eyond, and on supporting the
market introduction of torrefaction -based bioenergy carriers as a commodity
renewable solid fuel *.

* https://sector - project.eu/project  -brief.10.0.html



2 Fundamentals and key issues

This chapter explains the fundamental aspects on torrefaction, and the

mechanisms that influence the guality of the fuel produced. In several cases
reference is made to some of the key findings of the SECTOR project. This was

a major EU FP7 funded research project of 21 partners from 9 European

countries, aimed at addressing the key technical and non -tec hnical issues that
hamper commercialization of torrefaction technologies.

2.1 TORREFACTION PROCESS

Lignocellulosic biomass typically contains approx. 80 % volatile matte rand
20 % fixed carbon on dry mass basis. During the torrefaction process, solid

biomass is heated in the absence of or drastically reduced oxygen to a

temperature of approx. 250 -320°C, leading to a loss of moisture and partial

loss of the volatile matter in the b iomass. With the partial removal of the
volatile matter (about 20%), the characteristics of the original biomass are

drastically changed. The tenacious fibre structure of the original biomass
material is largely destroyed through the breakdown of hemicellu lose and to a
lesser degree of cellulose molecules, so that the material becomes brittle and

easy to grind. The material then changes from being hydrophilic to becoming
hydrophobic. With the removal of the light volatile fraction that contains most

of the oxygen in the biomass, the heating value of the remaining material

gradually increases from 19 MJ/kg to 21 or 23 MJ/kg for torrefied wood and
eventually 30 MJ/kg in the case of complete devolatization resulting in

charcoal.

The torrefaction degree depends typically on the time that a (dry) biomass
particle resides in the torrefaction reactor and on the temperature inside the

reactor. The higher the temperature or the longer the residence time the

higher the torrefaction degree. Torrefaction temperature and residence time
however are not to be totally interchangeable [Strandberg et al., 2015]

Although there are some variations in the range of process conditions applied
for the various reactor concepts, the basic concept for torrefaction and
densification pro cesses is the same and commonly incorporates heat
integration, see  Figure 2-1.
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Figure 2-1 Overview of heat integration options.

The thermal energy required for the drying and torrefaction process is

delivered by combustion of torrefaction gas, eventually assisted by an auxiliary
fuel. In a properly designed and operated torrefaction system, th e energy
contained in the torrefaction gases may be sufficient to sustain both the drying
process and the torrefaction process. However, this strongly depends on the
moisture content of the incoming biomass (latent heat requirement) and the
required degree  of torrefaction (the degree of mass loss and the availability of
combustible volatiles). It is therefore important to dry the biomass before it

enters the torrefaction reactor, since moisture entering the torrefaction reactor
results in more humid torrefa ction gas which lowers the adiabatic flame
temperature. For very wet torrefaction gas, there might not even be sufficient
energy contained in the gas to reach a temperature for complete combustion

(at least 900 °C required). For this reason, moisture conte nt of incoming
biomass to the torrefaction reactor should normally not exceed approx. 15%.
However, depending on the torrefaction concept and the economics of the
feedstock considerably higher moisture content may turn out to be beneficial.

The net efficie ncy of an integrated torrefaction process is approx. 70 - 98%,
depending on the reactor technology, concept for heat integration and the

biomass type.

2.2 MASS AND ENERGY BALA  NCES

For typical process conditions and characteristics of raw biomass used and
torre faction degree, the energy contained in the volatiles released during the
torrefaction process (torgas) is of the same order of magnitude as the heat
required to drive off moisture contained in the feedstock.

Figure 4.2 illustrates the Energy Yield, defin ed as the lower heating value of
the torrefied product divided by the total LHV of the input biomass against the
moisture content of input biomass. It is assumed here that the volatile gases
released during torrefaction are combusted to dry the input bioma ss and
supplemented with combustion of additional biomass fuel. The thermal process
efficiency depends on the removal of volatiles and the moisture content of the
input biomass used.
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Figure 2-2 Theoretical Energy Yield of an integrated torrefaction process,
assuming clean wood (0.5% ash content) as raw material and heat
requirement of the drier of 2.9 MJ per kg of water evaporated (75%

efficiency).

Figure 2-2 shows that for typical torrefaction conditions where about 20% of

the dry mass is removed in the form of wvolatile ga
the thermal energy efficiency of a torrefaction process with proper hea t
integration shows very high conversion efficiencies exceeding 90%, since the
energy contained in the removed volatile fraction can be used to drive off the
moisture in the dryer. The process efficiency drops with higher devolatization

rates (more than ab  out 20 -30%) and lower moisture content biomass,

because the energy contained in the released volatiles is more than what is

required for removing moisture in the biomass dryer. The process efficiency is

also less than optimal for wet biomass fuels (e.g. gr een wood, fresh grasses,
etc.) due to the inefficiency of the dryer.

For the demonstration facilities involved in SECTOR, energy balances were
produced. The results are given in Table 2-1. These are in the same range as
Figure 2-2.



Table 2-1

Main results and parameters from M&E balances

of different

technologies of pilot test plant in SECTOR project for pine
torrefaction [Gil et al, 2014]

Partner

CENER

Umu

ECN

Torrefaction technology

Heat transfer type
Mass yield

Energy yield

Net thermal efficiency

Thermal energy
Consumption

Indirectly in - and
externally heated
rotating shaft

Indirect heating
79% db

90,5% db

92,1 %

0,46 kWh/kg

Rotating drum

Indirect heating

75,7% db

87,9% db

83,6 %

0,30 kWh/kg

Directly heated

moving bed

Direct heating

81,3% db

87,6% db

92,4 %

0,34 kWh/kg

2.3 PELLETI SATION

By pelletizing torrefied biomass, a number of advantages can be achieved in

transport, handling and storage in comparison to torrefied biomass chips as

the intermediate product. While the volumetric energy density (in GJ per m D)
of torrefied biomass chips is more or less equal to that of the original material

(wood chips), the compression step increases this by a factor of 4

-8 leading to

significant cost savings in shipping and storage, shipping meaning

an vessel. The pelletized product can be
pneumatically transported to intermediate storages or the coal pulverisers or
hammer mills and is less sensitive to degradation and moisture uptake when
compared to wood chips or pulverized fuels.

transportation with truck, train or oce

Torrefied biomass

is more difficult to press into firm pellets than raw biomass.

The energy consumption of the pelletisation process itself is higher per ton of

torrefied biomass if compared to e.g. wood pellets (about 80
50 -60 kWh/ton for wood pellets) [St

-210 kWh/ton vs.

elte et al, 2012]. This depends on biomass

type, moisture content and particle size, type of mill and pellet die chosen, and

dimensions of the press channel. Preparing a strong pellet therefore requires
optimization of the process conditions during torrefa
pelletisation. Earlier a number of companies involved in torrefaction used
glycerine , paraffin, molasses, lignin, bio plastics or
condensable fraction of torrefaction gas. Adding the proper amount of water to

binders such as

the torrefied

ction as well as

biomass and increasing the pelletizing die temperature lowers the

compression energy and friction and results in stronger pellets ) [Stelte et al,

2012].




24 HYGROSCOPIC NATURE

The drying and subsequent torrefaction processes removes all water from the

original biomass. In addition, during the torrefaction process OH
-polar groups, which results in a great loss of

substituted by unsaturated non

-groups are

water adsorbing capacity. The hydrophobicity of torrefied material makes the

fuel less sensitive for

degradation (rotting), self

-heating and moisture uptake.
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Figure 2-3 Hygroscopicity of 6 mm pellets made from torrefied wood at

temperatures from 240

-340°C. The control is regular white pellets,

Tests were d one at 30°C and 90% relative humidity (RH).

UBC/CHBE, Feb. 2011.

Figure 2-3 illustrates the hygroscopic characteristics of one type of torrefied

pellets (without binde
at a certain ambient temperature.

r or additive) as a function of time and relative humidity

ISO Technical Committee 238 is developing testing standards for
determination of hygroscopicity (sorption of relative humidity in air),

absorbance of water and fre
focus of determining the weather

ezing characteristics. The hydrophobicity is not the
-resistance of torrefied pellets but rather the

effect on durability caused by hygroscopic sorption, water absorbance and

destruction of the mechanical integrity of the pe

llets.




SECTOR experiments revealed that after long term exposure to humid air

(90% rel. humidity), an increase in moisture content was observed from about
2.5 -3 wt.% immediately after production up to 10 -11.5 wt.% [Nanou et al,
2014a]. This increase in moi sture content does not significantly affect the
mechanical durability of properly pressed pellets, but pellets that already have

a relatively low mechanical durability before exposure are further weakened.

2.5 SELF-HEATING

Similar to pellets produced from fre sh biomass, one should take precautions to
avoid excessive self -heating in a pile of pellets from torrefied fresh biomass.
Research in SECTOR on self -heating showed that the temperature of freshly
torrefied material first increases, mostly in the middle of a pile (e.g. 45 -70°C
was observed for beech wood, depending on biomass type) [Nanou et.al.,

2014b]. Ignition temperatures of torrefied biomass species (forest residues,

spruce, pine and poplar) appear to be within the same temperature range

between 210 -230 °C.

Cruz Ceballos etal. [Cruz Ceballos , 2015] showed that bio -char had a higher
susceptibility for self  -heating when compared to the original feedstock, as
torrefaction increases carbon content and depletes volatile compounds

resulting in an increase in available oxidation sites.

2.6 IGNITION OF DUST

One of the key concerns for large power plants is the risk of dust generation

during storage and handling since there are concerns that the dust could be

highly explosive as is the case for dust created during the handling of normal
wood pellets.

In SECTO R, research was performed to address the risk of explosion from dust
originating from torrefied biomass. The minimum ignition energy (MIE) of
sample powders was determined using a modified Hartmann tube as the

explosion vessel, following the European Stand ard EN 13821:2002. The results
showed that particularly dust from torrefied spruce, raw spruce and dust
produced by a cutter mill has relatively low minimum ignition energy of 3 -10

mJ, while dust from torrefied biomass produced from other biomass types or
produced in other ways usually exhibit a somewhat higher MIE [Albelha 2014].

Medina et al. [Medina, 2015] presents explosion characteristics of two torrefied
wood types. The torrefied wood samples showed overpressures of around 9

bar for all biomass sampl  es irrespective of size or sample composition. Derived
laminar burning velocities ranged between 0.1 -0.12 m/s, and were much
higher than for coal (0.04 m/s). [Medina, 2015] concludes that a few typical
torrefied biomass samples examined can be classified a s St-1 dusts
(moderately explosible) according to their Kst value. One therefore has to take
adequate precautions. In order to avoid dust clouds, mist spraying may be

needed in some cases.

10



2.7 GRINDABIITY

During torrefaction, the hemi -cellulose fraction which is responsible for the
fibrous nature of biomass degrades, which improves its grindability and

changes the particle shape after milling from needles to spheres. According to
[Strandberg et al, 2015], typical reductions of 95% in milling energy

requirements can be achieved. The particle shape is closer to coal particles

and favors conveyance in conventional coal pneumatic feeding systems.

Hardgrove Grindability Indices of torrefied fuels vary between about 23 and

53. This can be compared to bituminous coals which are mostly around 40 for
difficult to mill coals to values in excess of 70 for softer, more friable coals.

[Ndibe at al, 2014]

2.8 COMBUSTION BEHAVIOUR

Combustion of torrefied material in a coal fired power plant will reduce the

amount of inorganics int ~ he overall fly -ash, simply because the torrefied fuel
(just as the original raw biomass) contains significantly less amount of ash

than coal (0.4% - 5% on a dry mass basis, compared to 5% - 20% for coals).

As for cofiring raw biomass, the higher volatilit y implies that if the same
particle size distribution is used for cofiring torrefied biomass as for coal, a
reduced mass of unburned carbon ends up in the fly ash. However this does
not necessary imply that the Loss on Ignition (LOI) in the fly ash also
decreases, since (torrefied) biomass also contains significantly less ash than
coal. In case coarser particles of torrefied biomass lead are used as a fuel, as
is typically done when cofiring biomass with coal, the amount of unburned
carbon in the fly ash in  creases.

CFD calculations were performed in SECTOR to examine the combustion

behaviour of torrefied biomass in two typical pulverised coal fired boilers [Gulik

et al, 2014]. These calculations showed that as a result of the higher amount

of volatiles int  he fuel, more fuel gas is produced when burning torrefied

material causing the combustion reaction to extend higher up in the

combustion chamber. When coal is completely replaced by torrefied biomass,

the flame size can increase up to about 25%. The torref ied biomass flame will
also start more quickly and may grow backwards towards the burner. These

issues are all manageable in practice.

11
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Figure 2-4 Simulated fuel gas mass fraction during combustion in a typical PC
boiler: left: 100% hard coal, middle: 50% hard coal/50% torrefied

biomass, right: 100% torrefied biomass.

Regarding emissions, it can be observed that (torrefied) -woody biomass with
coal lowers SOX emissions, mainly as a result of dilution. NOX emissions have
a more complex dependency on the nitrogen content, with additional influence

from furnace and burner configurations. Due to the lower nitrogen contents in

torrefied biomass, it is typically possible to reach lower NOX emissions.

There may b e other impacts on power plant integrity such as superheater
corrosion, ash deposition, ESP or SCR performance, etc. It is anticipated that
these effects are similar or even better for torrefied biomass and raw biomass,
as the inorganic composition of the fuel is not adversely affected during
torrefaction[Gulik et al, 2014]. Some recent research has even shown that the
torrefaction process may even result in a reduction of chlorine content up to
90% [Keipi et al, 2014]. This reduces the corrosion risk drast ically.

29 LOGISTICS

Currently, torrefied material does not have a safety classification under

International Maritime Organization (IMO) and cannot be transported by ocean
vessels without special permission since the product has similarities with

charcoal, wh ich is prohibited to be transported in bulk. Based on extensive

safety tests carried out, the US Department of Homeland Security has earlier

issued a 3 -years permit to allow for shipment of torrefied biomass. It is

however needed that torrefied biomass can be shipped under clear regulations.
Adequate product standards are currently developed in ISO that should

provide confidence to end users that the torrefied products offered meet the
customer requirements [Alakangas, 2014].

Within SECTOR, a Material Safe ty Data Sheet was developed to facilitate trade
between business partners [Hoeft 2013].

12



Whether registration under REACH (EC No. 1907/2006) for torrefied material
is required, cannot be unequivocally determined at present. On one hand the
feedstock, solid  biomass either from lignocellulose plants, or from agriculture
residues, requires it. But by going through a heat treatment in an oxygen
deficient environment, the resulting product is comparable to coal, which is

also not under the obligation to register and covered by the regulation in
Annex V/7.

13



3 Torrefaction Technologies

Different reactor technologies which were originally developed for other

applications have been modified to perform torrefaction. Some torrefaction
technologies are capable of processi ng feedstock with only small particles such
as sawdust whereas others are capable of processing large particles. Only a

few reactor types can handle a wider range of particle sizes. This means that
selection of technology needs to be done based on the char acteristics of the
feedstock, or alternatively, the feedstock needs to be pre -processed before
entering the torrefaction reactor. The need for size reduction equipment, such

as scalpers for handling over  -sized material or sieves for extraction of small

par ticles will increase capital as well as operating cost of a torrefaction facility.

This must be offset against the lower costs of feedstock that requires such pre
processing.

Table 3-1 provides an overview of the most important reactor technologies and
the companies involved.

Table 3-1 Overview of reactor technologies and some of the associated
companies

Reactor technologies Companies involved

Rotating drum reactor Andritz (AT), CENER (SP), EarthCare Products

(USA), Teal Sales Inc (USA), Torr -Coal (NL)

Screw reactor Agri -tech Producers (USA), Arigna Fuels (IR),
BioEndev (SWE), Solvay Biomass Energy (USA)

Herreshoff oven / multiple CEA/CMI-NESA ( FR/BE), Integro Earth Fuels

hearth/tray reactor (USA), Terra Green Energy (USA), Wyssmont
(USA)

Fluidized bed reactor Airex (CAN), Bioenergy Development &

Production (CAN), Topell (NL)

Microwave reactor Rotawave (UK)

Moving/fixed bed Andritz/ECN (DK/NL), AREVA (FR), Grupo Lantec
(SP), LMK Energy (FR), New Earth Renewable
Energy Fuels (USA), Torrec (FI)

The most important reactor technologies are described below.

3.1 ROTATING DRUM REACTO R

The rotating drum is a continuous reactor and it can be regarded as proven

14




technology for various applications. For torrefaction applications, the biomass
in the reactor can be either directly or indirectly heated using superheated
steam or flue gas result  ing from the combustion of volatiles. The torrefaction
process can be controlled by varying the torrefaction temperature, rotation
speed and length and slope angle of the drum.

The drum rotation causes patrticles in the bed to mix properly and exchange
heat, but it also initiates attrition which results in additional fines. Rotating

drums have been thought to have a limited scalability and therefore higher
capacities have thought to be achieved by modular setup. At the same time for
rotary drum drying of wo od chips, scaling has been proven, with scaling up to
600 ktons/year in one drum. This might also be a way to go for torrefaction,

but needs to be proven in the field.

=EET N

g o e
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FEE e ———— e L ——

ARy,

Figure 3-1 Rotating drum reactor

3.2 SCREW TYPE REACTORS

A screw type reactor is a continuous reactor, consisting of one or multiple

auger screws that transport the biomass through the reactor. The reactor
technology can be considered as proven technology and it can be placed both
vertically as  well as horizontally. A screw reactor is generally heated indirectly
using a medium inside the hollow wall or hollow screw. There are, however,
variations of the reactor design where heat is applied directly when using a

twin screw system. A disadvantage of indirectly heated screw reactors is the
potential formation of char on the hot zones. Further, the addition of heat in a
screw reactor is rate  -limited because of the limited mixing of the biomass. The
residence time inside the reactor is determined by t he length and rotation
speed of the screw. A screw reactor is relatively inexpensive, but the

scalability is limited as the ratio of screw surface area to reactor volume
decreases for larger reactors. However, some reactor designs include highly
efficient agitation gear for improved heat transfer, which enables larger reactor
volumes.

15
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3.3 MULTIPLE HEARTH FURN ACE (MHF) OR
HERRESHOFF OVEN
This is a continuous reactor, consistin g of multiple layers. It has been proven

for various other industrial applications. On every individual layer, a single

phase in the torrefaction process takes place. On the subsequent layers, the
temperature gradually increases from e.g. 220 °C to 300 °C. Biomass enters
from the top side of the reactor on a horizontal plate and it is pushed

mechanically to the inside. It then falls down through a hole in the plate on a
second plate, where biomass is pushed mechanically to the outside, where it

falls throug h another hole, etc. The process is repeated over multiple layers,
causing uniform mixing and gradual heating. Heat is applied per individual

reactor layer directly using internal gas burners or on steam injection. In the

upper reactor layers biomass is dr ied, whereas in the lower layers torrefaction
takes place. The MHF reactor can be scaled up to a diameter of 7 to 8 meter,
which results in relatively low specific investments (expressed in Euro per

ton/h of product) for large scales. The burners may use n atural gas or
suspension burners for wood dust originating from the feedstock. The use of
natural gas (being a fossil fuel) will have impact on the GHG balance for the
torrefied product.

The MHF technology can process a wider variety of feedstock particle sizes,
ranging from saw dust to larger chips and even scraps. The technology is well
suitable for research purposes, since each step of the torrefaction sequence

can be conveniently accessed for material and gas sampling. In addition,

accurate adaptive te  mperature control and injection of additives is feasible.
Typical processing time is 30 minutes from top to bottom, requiring high

specific reactor volumes.
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Figure 3-3 Multiple Hearth Furnace (MHF)

3.4 FLUI DIZED BED REACTOR

The fluidized bed reactor technology can be considered as proven technology
for various industrial applications, including combustion. Different types of
fluidized beds are currently applied for torrefaction, including bubbling fluidized
beds and toroid fluidized beds. An important characteristic of fluidized beds in
general is the intense contact between the solid and the gas phase, providing
a high heat transfer rate between the two phases. This is an important reason
why a number of tor  refaction developers have adopted the fluidized bed
technology.

3.4.1 Bubbling bed reactors

In bubbling bed reactors the solid phase is gently fluidized by the gases

entering or and/or formed in the lower part of the bed, creating a relatively

dense fluid of the  solids, resulting in a rather compact reactor design. Bubbling
fluid beds have good heat transfer characteristics, though the absolute levels

are lower when compared to circulating or toroid fluidized beds. As a result,

solids in a bubbling bed reactor ca n be heated in a gentle and controlled way.
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A less favorable characteristic of the technology is the wide spread in
residence time for the particles. As a result, bed temperature is a key
parameter for producing an evenly torrefied product.

3.4.2 Toroid or torbe d reactor
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Figure 3-4 Torbed reactor

In a toroid or torbed reactor, a heat carrying medium is blown from the

bottom of the bed with high velocity (50 - 80 m/s) past stationary, angled
blades. This gives the biomass particles inside the reactor both a vertical and a
horizontal movement, result ing in toroid swirls which very rapidly heat the
biomass particles on the outer walls of the reactor. This relatively intense heat
transfer enables torrefaction with short residence times (around 80 sec), which
results in relatively small reactor sizes. Th e intense heat transfer could also be
used to operate the reactor in a controlled way at elevated temperatures (up

to 380 °C), resulting in higher loss of volatiles. This gives the technology a
particular flexibility in preparing product for different end use markets.
However, the process is sensitive to variation in particle size of the feedstock.
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3.5 MOVING BED REACTOR

This continuous reactor consists of an enclosed reactor vessel, where biomass
enters from the top and moves down gradually while the torrefaction process
takes place as a result of a heat carrying gaseous medium, which enters at the
bottom and moves to the top of the reactor. The reactor does not entail any

moving parts. At the reactor bottom, the torrefied product leaves the reactor

and is cooled down. At the top of the reactor, gaseous reaction products

(volatiles) are collected. The torrefaction process conditions are similar to

many other technologies (residence time 30 - 40 minutes; process
temperature approximately 300 °C).

Lo tf.v
“eFm !

Figure 3-5 Moving compact bed

Due to the absence of proper mixing of biomass particles, there is a risk of
channelling of the heat carrying medium through the bed, which may lead to a
non -uniform product at the r eactor bottom. Although this effect has not yet
been observed at a 100 kg/h demonstration scale, it may be a significant risk

for larger facilities: vertical gwes fl ow

temperature distribution across the diameter of the reacto r. This may be
further enhanced by variations in the particle size of the feedstock.

The degree of filling of this reactor is relatively high if compared to many other

designs, since the full reactor volume is used for holding the biomass. As a
result, the reactor volume is relatively low but the pressure drop over the bed
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is relatively high, particularly when processing smaller (<5 mm) biomass
particles. This can be partly avoided by sieving the biomass input material,
however, the formation of smaller par ticles inside the reactor due to attrition
cannot be avoided, particularly in the bottom of the reactor where the

pressure is highest.

3.6 BELT AND VIBRATING G RATE REACTOR

Belt and vibrating grate dryers can be considered as proven technology for
biomass dryi ng applications. While biomass particles are transported using a
moving, porous belt or a vibrating grate, they are directly heated using a hot
gaseous medium. In a belt dryer reactor, usually multiple belts are placed on

top of one another. While biomass particles fall from one belt on the other,
mixing of the particles takes place, resulting in a more homogeneous product.
Vibrating grate reactors are designed in a similar way.

Figure 3-6 Belt dryer

By co ntrolling the belt speed or the grate vibration frequency, the residence
time for all particles inside the reactor can be well controlled, particularly for
belt reactors. These can be considered a perfect plug flow reactor, in contrast
to several other rea  ctor concepts where there might be substantial spread in
residence time, leading to either charred particles or not yet properly torrefied
particles from the same reactor.

A potential disadvantage of the technology is clogging of the open structure of
the belt or grate by tars or small particles. Further, the volume limited
throughput makes the reactor less suitable for biomass materials with low bulk
densities. Also, the options for temperature control inside the reactor are
limited since the process can only be controlled with the temperature of the
gas entering the reactor and the velocity of the belt or the vibration frequency
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of the grate. Specific investment costs for this reactor technology are relatively
low.

3.7 MICROWAVE REACTOR

An alternative technol  ogy for producing torrefied biomass is based on the use

of microwave energy for heating of the biomass. Major advantage would be

the homogenous heating (from the inside) of the material, which enable it to

use a wider range feedstock particle sizes. A key disadvantage, however, is
that electricity is required for the microwave technology, which is difficult to

generate at acceptable efficiencies from the torrefaction gas. This negatively
influences the energy efficiency of the process. Alternatively, green electricity
could be applied, but this will come at substantial costs.
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4 Torrefactiont echnology developers

This section provides an international overview of major project initiatives in
Europe and North America. Table 4-1 shows an overview of about half of the
torrefaction initiatives in Europe and North America. It is estimated that there

are over 50 companies involved in developing torrefaction technologies, with

vari ous efforts and at a wide range of involvement and development levels.

Compared to 2012, a number of new entrants have appeared, whereas a
number of developers that were mentioned in the 2012 report have
disappeared or the status is unknown (sleeping).

Some developers are backed by major companies and they are developing
torrefaction in cooperation within these companies. These are mostly original
equipment manufacturers of biomass and or thermal treatment/conversion
equipment. Other developers are relativ ely small (< 10 employees) and have a
limited financial basis, resulting in the need to attract external investors. These
investors are typically venture funds, governmental bodies, end -users and
banks (lenders).

Finally, an increasing number of research i nstitutions have their own
torrefaction pilot facilities at various scales They have a number of employees
performing research work and in some cases they are offering test services to
external parties. A large number of scientific documents has been publi shed
over the last 10 years and this number has increased rapidly since around

2010.

150

100

Decuments

2002 2009 2014

Figure 4-1 Number of documents published that include t h
in the title, abstract or keywords, per year 2002 until and with
2014. Derived from Scopus.
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The total number of documents reached 490, spread over around 160 research
institutes, universities and companies. Of these 490 documents, over 90% are
articles (published or in press) or conference proce edings (published or in
press). The rest are in articles and proceedings in review, book chapters,

notes, editorials and short surveys. Most articles originate from the United
States.

united staves |
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Taman |
France |
Netherlands
Malaysia _
Finland
South Korea
I

United Kingdom

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140
Documents
Figure 4-2 Documents counts by country for scientific articles that include the
word fitorrefactiond in the title, abstract or

until and with 2014. Derived from Scopus.

Data search from LexisNexis data (patent result) p
patent results, with the majority (89 out of 130) post -2010, of which 33 in
2012 and 27 in 2013.

Table 4-1 presents the status of a number of major developers that have
const ructed a pilot, demonstration or commercial facility. The table is based on
the authors experience and knowledge in the torrefaction market. The table is
produced such to achieve the highest degree of accuracy and it is based on
actual site visits, persona | communication with key persons and
questionnaires.
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Table 4-1

Overview of some torrefaction initiatives

as of 2015 , based on technology and

facility scales

Developer Technology Location(s) Production Scale and status Full integration Status
capacity (ton/a) Pilot scale: 50 kg/h - 500 (pre -treatment,

kg/h torrefaction,

Demo scale: > 500 kg/h -2 combustion, heat

ton/h cycle, densification)

Commercial scale: > 2ton/h)
Clean Electricity Generation (UK) Oscillating bed Derby (UK) 30,000 Commercial scale Yes Available/operational
Horizon Bioenergy  (NL) Oscillating belt conveyor Steenwijk (NL) 45,000 Commercial scale Yes Dismantled
Solvay (FR) / New Biomass Energy (USA) Screw reactor Quitman (USA/MS) 80,000 Commercial scale Yes Available/operational
Topell Energy (NL) Fluidised bed Duiven (NL) 60,000 Commercial scale Yes Mothballed
Torr -Coal B.V. (NL) Rotary drum Dilsen - Stokkem (BE) 30,000 Commercial scale Yes Available/operational
Airex (CAN/QC) Cyclonic bed Bécancour (CAN/QC) 16,000 Demonstration scale Available/operational
Agri -Tech Producers LLC (USA/SC) Screw reactor Allendale (USA/SC) 13,000 Demonstration scale Yes Scheduled to be built
Andritz (AT) Rotary drum Frohnleiten (AT) 10,000 Demonstration scale Yes Out - of - service
Andritz (DK) / ECN (NL) Moving bed Stenderup (DK) 10,000 Demonstration scale Unknown
BioEndev (SWE) Dedicated screw reactor Holmsund, Umea (SWE) 16,000 Demonstration scale Yes Available (2015)
CMI NESA (BE) Multiple hearth Seraing (BE) Undefined Demonstration scale Unknown
Earth Care Products (USA) Rotary drum Independence (USA/KS) 20,000 Demonstration scale Available/operational
Grupo Lantec (SP) Moving bed Urnieta (SP) 20,000 Demonstration scale Unknown
Integro Earth Fuels, LLC (USA) Multiple hearth Greenville (USA/SC) 11,000 Demonstration scale Unknown
LMK Energy (FR) Moving bed Mazingarbe (FR) 20,000 Demonstration scale Unknown
River Basin Energy (USA) Undefined Laramie (USA/WY) Undefined Demonstration scale Available/operational
Teal Sales Inc (USA) Rotary drum White Castle (USA/LA) 15,000 Demonstration scale Available/operational
Torrec (FI) Moving bed Mikkeli (FI) 10,000 Demonstration scale Available/operational
Agri - Tech Producers LLC (US/SC) Screw reactor Raleigh (USA/NC) Undefined Pilot stage Available/operational
Airex (CAN/QC) Cyclonic bed Rouyn -Noranda (CAN/QC) Undefined Pilot stage Available/operational
Airex (CAN/QC) Cyclonic bed Trois - Rivieres (CAN/QC) Undefined Pilot stage Available/operational
Arigna Fuels (IR) Screw reactor County Roscommon (IR) Undefined Pilot stage Available/operational
CENER (SP) Rotary drum Aoiz (SP) Undefined Pilot scale Available/operational
Terra Green Energy (USA) Multiple hearth McKean County (USA/PA) Undefined Pilot scale Available/operational
Wyssmont (USA) Multiple hearth Fort Lee (USA/NJ) Undefined Pilot scale Unknown
CEA (FR) Multiple hearth Paris (FR) Undefined Laboratory scale Available/operational
Rotawave, Ltd. (UK) Microwave Chester (UK) Undefined Laboratory scale Unknown
Bio Energy Development & Production (CAN) Fluidised bed Nova Scotia (CAN/NS) Undefined Unknown Unknown

In the sections below, more detailed information

densifying).
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4.1 TORR -COAL GROUP

Torr - Coal was established in 2005 to start the research and development activities for her

torrefaction technology. In 2009 the company has built her first torrefaction plant on an industrial
scale in Dilsen -Stokkem (B) which started production in the last quarter of 2010. Recently the
Group started with her new shareholder the roll -out of her technology. The company is

headquartered in Si  ttard, the Netherlands.

Torr - Coal has developed their own torrefaction process which is based on a rotating drum reactor.

Torr - Coal has built a torrefaction installation in Dilsen - Stokkem (Belgium) with a production
capacity of 30 kton/a (4 ton/h), with wo od as feedstock. The torrefaction installation applies a
rotating drum. In 2011, 2012 and 2013, the plant produced torrefied biomass (powder). The

(powder) product has been applied as co -firing fuel in a powder coal fired CHP plant and entrained
flow gasif ication installation on a continuous basis. As feedstock, a mixture of deciduous and
coniferous woodchips (according 1ISO 17225 -1: 1.1.1.5 blends and mixtures of whole trees without
roots) was applied.

In the meanwhile, Torr  -Coal has also installed a pelle  t mill (1 ton/h) and produces 6 mm pellets

with that pellet mill. The reason for choosing a 6 mm pellet mill was its availability. In 2015 Torr -
Coal Group will start the production of bio -coal based on SRF as feedstock. The Torr -Coal Group
has developed a special technology for this purpose and patented this technology worldwide.

In March 2015 A. Hak Renewable Energy became a major shareholder of the Torr -Coal Group. This
step entirely fits into A. Hak Renewabl e Ebasedgy6s

objective

economyd. She will take on the role of being an EPC partner

on locations with an abundance of biomass.

Figure 4-3 The torrefaction demonstration plant of Tor r-Coal in Dilsen -Stokkem
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4.2 TOPELL ENERGY BV

Topell Energy is a privately funded Dutch clean technology company that has developed a patent -
protected process for the torrefaction of biomass. The company was established in 2008, with its

headquarters in  Hoofd dorp , the Netherlands. Topell Energy has less than 10 employees, all of

them dedicated to torrefaction.

Topell Energy applies a fluidized bed technology. The technology is proven at a commercial scale
demonstration plant in Duiven, The Netherlands. This p lant was built in 2010 and commissioned in
2011. In 2012 the first product was produced and tested in several power plants. However, the

plant was not operating at its design capacity. In the first half of 2013 Topell Energy implemented
aredesign and int he second half of 2013 the plant was re -commissioned and ramped  -up to its
designed production capacity.

In a consortium together with utilities RWE, Vattenfall and GDF SUEZ, Topell Energy also

completed a large scale co  -firing test in the Amer 9 power plan t of RWE Essent in the Netherlands.

According to Topell, this test proved that Topell s pellets
plants, without the need for infrastructural changes at the power plant.

Topell Energy has postponed the production at its demo plant in September 2014, due to the

absence of a new co -firing support system for biomass in the Netherlands. The p lant is currently

mothballed.

Topell 6s technology has been recognized as a breakthrough te

depl oyment of a biobased economy. The company has received awards from the Cleantech Group,
the World Economic Forum, Bloomberg New Energy Finance, the World Wildlife Fund and others.

#

I

"

Figure 4-4 The torrefact ion demonstration plant of Topell Energy in Duiven, the Netherlands (photo

LT

courtesy of Topell Energy)
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4.3 SOLVAY BIOMASS ENERG Y

Solvay Biomass Energy is a renewable energy company that specializes in developing and
operating torrefied wood pellet facilities. It has been established in 2014 and is located in
Houston, Texas, USA.

Solvay Biomass Energy is a joint venture between Solvay Energy Services and New Biomass
Holding. New Biomass Holding a green energy developer that developed and operates the wood
torr efaction facility in Quitman, Mississippi.

Solvay Biomass Energy (SBE) has approximately 45 employees, including the ones at the BTH
Quitman Hickory plant, with all of them dedicated to torrefaction.

SBE has been created with the aim of developing torrefie d products and develop, invest and
operate new torrefaction production facilities. Solvay brings the industrial expertise of a
multinational chemical company.

The Quitman plant has been expanded to increase the torrefaction and white pellet capacity in
ord er to produce high energy pellets. From 2012 publication, two 2 nd generation torrefaction
reactors have been implemented and put into operation at Quitman plant.

Figure 4-5 The torrefaction reactor of Solvay Biomass Energy
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Figure 4-6 One of the hot oil systems at the Solvay Biomass Energy  plant
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4.4 TEAL SALES INC.

TSI I ncorporated was established in 1992 and hdhe
company has around 100 employees, but none of them is 100% dedicated to torrefaction. TSl is

already very active in the biomass to energy industry as a supplier of rotary drum dryers, furnaces

and pollution control equipment to industrial wood pellet and bioenergy plants and has supplied
major equipment to large biomass processing plants.

TSI started a torrefaction development program based on its dryer technology in 2010. Essentially

the approach was to build a dryer that would exclude oxygen. TSI sta rted with a pilot unit close to
the office in Lynnwood and used this for about three years to develop and optimize the

technology. The resulting technology has received full patent protection in the US and patents

have been applied for in other major marke ts around the World.

The process comprises a rotary drum with drop box, cyclones and a gas duct system and fan,

much like a conventional dryer. The gas stream however is in a closed -loop and it is heated via a
heat exchanger. Excess torrefaction gas is ble d off and used as fuel in the heat energy system.

The design is intended to be coupled with a dryer, therefore the feedstock is pre -dried before
being torrefied.

Currently TSI has one operating system with about 2 ton/h capacity at a sugar mill in White
Castle, Louisiana. TSI has delivered the dryer, torrefier and cooler. TSl is in the process of

building a 250,000 ton/a plant for the same client, at the same location. Multiple other projects
are under active discussion.

Figure 4-7 Rotary drum torrefaction island delivered by TSI.
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