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Abstract

The aim of this paper is to test the applicability of upgraded agricultural biomass feedstock such as torrefied sunflower husks
during combustion in small and medium heating applications. Sunflower husk is formed in large quantities at enterprises
producing sunflower oil and can be used as biofuel. However, big problems arise due to the low bulk density of husks and the
rapid growth of ash deposits on the heating surfaces of boilers. In order to solve these problems, it was proposed to produce
pellets from husks, and to subject these pellets to torrefaction. After torrefaction, net calorific value was increased by 29%
while the risk of high temperature corrosion of boilers was reduced. Signs of ash softening neither occurred in combustion
of raw nor in combustion of torrefied sunflower husk pellets. High aerosol emissions, already present in raw sunflower husk
pellets, could not be mitigated by torrefaction. First combustion results at medium scale furnaces indicated that sunflower
husk pellets (both raw and torrefied) in a commercial boiler <400 kW, operated in a mode with low primary zone tempera-
tures (<850 °C), meet current emission limits. Regarding the future upcoming emission limits according to the European

Medium Combustion Plant Directive, additional measures are required in order to comply with the dust limits.
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Torrefaction

Statement of Novelty

Initial results from lab scale and commercial scale combustion
tests are presented regarding the use of torrefied sunflower
husk pellets, an agricultural fuel that even though is available
in large quantities in Russia, is not exploited appropriately.
Although several available studies describe the impact of
torrefaction on fuel properties, there is absence of adequate
literature that directly compares the combustion behaviour of
raw (thermally untreated) and torrefied sunflower husk pel-
lets. Therefore, this study aims to determine the applicability
of sunflower husk pellets as fuel in small and medium scale
furnaces after having being upgraded through pelletisation
and torrefaction. The suggested process is expected to affect
the costs related to storage and transportation of this biofuel
especially when referring to long distances.

Introduction

Agricultural solid residual biomass is available in vast
amounts for sustainable energy generation. For instance,
in Russia, an abundant supply of biomass in the form
of wood, crop residues and agricultural animal waste is
available. However, the actual biofuel share in the overall
energy production matrix, is with an estimate of only 1.2%
insignificant, and biomass accounts for only 0.5% (USDA
2016) [1]. In Russia, the production of vegetable oil from
oil seeds is one of the main branches of agro-industrial
production. The annually raising production is accompa-
nied by a simultaneous increase of production wastes in
the form of sunflower husk. Its amount exceeds 3.5 mil-
lion tons per year [2].With heating values between 13 and
17.5 MJ/kg, moisture content between 9.1 and 11.6%, ash
content between 1.7 and 3.8% and volatiles between 70.4
and 77.1% [3] sunflower husk has promising properties
for an extended utilization as fuel for renewable energy
production.

Currently, low-temperature vortex technology is applied
for the husk combustion in Russia as the least expensive
one by rule [4-6]. However, the physicochemical charac-
teristics of the husk do not allow the combustion process
in the boiler furnace to be accomplished. More specifi-
cally, the combustion process frequently leads to rapid
growth of ash deposits in the convective zone of the boiler,
with related decreases in boiler productivity by 40-50%
and rapid damage of the boiler due to corrosion of its con-
vective heating surfaces.

@ Springer

The compression of husk into pellets has been sug-
gested as one promising option for improved thermal
utilisation. This reduces significantly the entrainment of
coarse fly ash during combustion of sunflower husks and
ensures a prolonged stable operation of the boiler [7].
However, biomass pellets are hydrophilic and thus losing
their mechanical durability at the slightest contact with
moisture. As a result pelletisation alone increases the over-
all costs of storage and transportation [8].

Thermal pretreatment of biomass has been suggested as
another way to improve the properties of residual biomass in
order to provide more appropriate fuel qualities for combustion
and gasification applications. Torrefaction of biomass is a mild
form of pyrolysis at temperatures typically between 200 and
320 °C [9]. The solid’s yield of torrefaction varies between 60
and 90% on a weight basis and the energy yield is typically
high, sometimes exceeding 90% [10]. According to Bergmann
et al. [11], torrefaction leads to a dry product with no biologi-
cal activity such as rotting. The authors came to the conclu-
sion that torrefaction combined with densification provides
an attractive fuel with high energy density. Apart from the
increase in energy content and heating value of the biomass,
the main advantages of torrefaction include the lower biodeg-
radability, improved transportability, improved grindability
resulting in reduced energy consumption for comminution and
also the improved mechanical durability for torrefied pellets
[12, 13]. Ibrahim et al. [14] indicated that through torrefaction
the increased degree of hydrophobicity and grindability can be
traced to changes in chemical structure of the fuel.

Singh et al. [15] reported for torrefied eucalyptus bio-
mass better fuel properties as compared to raw biomass
and improved properties for co-combustion with coal. The
value of Fuel Ratio increased and Combustibility index
decreased significantly with severity of torrefaction. The
thermal stability of lignin decreased significantly for mod-
erate and severe torrefaction. Torrefied eucalyptus can be
used to generate energy through various thermochemical
processes such as pyrolysis, gasification, and combustion
due to improved physicochemical properties. Similar results
were reported also for torrefaction of Acacia nilotica [16],
for which the optimum value of temperature, residence time
and heating rate to obtain maximum value of HHV (higher
heating value) and energy yield combined, were 252 °C,
60 min, and 5 °C/min, respectively. It was noted that the
effect of temperature on torrefaction was significant, while
the effect of residence time and heating rate were minimal.
Based on the results of Singh et al. [17], there is a clear
indication that temperature is a significant operating param-
eter in torrefaction as compared to residence time in terms
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of yield and improving the physicochemical properties for
pigeon pea stalk. Results indicated that mild torrefaction is
more suitable for pigeon pea stalk as compared to severe
torrefaction. In another study [18], the results obtained for
torrefied agricultural waste (sugarcane bagasse) indicated a
net reduction in the hydrogen and oxygen contents to 3.4%
and 45.8%, respectively, and an increase in the total carbon
content, HHV and true density to 50.3%, 24.0 Ml/kg and
1.12 g/cc, respectively, under optimized torrefaction condi-
tions (temperature of 300 °C and residence time of 60 min).

According to Moreno et al. [19], the HHV (17.84 MJ/kg)
of sunflower husk is similar to that of other commercially
available solid biofuels, which demonstrates its potential
for thermal energy generation. However, due to its low vol-
ume/energy ratio, it is necessary to densify this biofuel to
reduce transport costs. In addition, replacing a 430 kW fuel
oil boiler with a biomass boiler of the same capacity fed by
this biofuel can avoid the emission of 254.09 tons of CO,
per year, as well as obtain an annual energy saving of 75%.

In Russia several sunflower oil production plants are
already accompanied by plants that valorize their production
waste of sunflower husk for the production of pelletised bio-
mass energy carrier, which are overwhelmingly exported so
far. The potential of sunflower husk can be further exploited
by thermal treatment. There, torrefaction technology has
already been studied and established in form of demonstra-
tion plants in the region e.g. in previous projects dealing with
co-torrefaction of biomass an coal sludge [20]. Two process-
ing schemes are possible in principle. The first one is thermal
treatment of raw biomass followed by pelletisation, the second
option is to pelletise the raw biomass followed by torrefac-
tion. Taking into account the advantages of existing regional
infrastructure and know-how as well as the specific needs of
existing technologies for densification and thermal treatment
of biomass, option two has been chosen. Installed equipment
for processing of straw and husks has been used without the
necessity of extensive modifications in pelletisation equip-
ment for thermally untreated material. An existing torrefac-
tion reactor operating effectively with free-flowing biomass
(which is not the case for raw sunflower husk) and biomass
layers with sufficiently large porosity (0.5-0.6) was available.

Despite the above advantages, which can be obtained by
torrefaction pretreatment of biomass, maturation and market
introduction of torrefaction technologies have gone slower
than anticipated [21]. One of the reasons may be the energy
consumption of the torrefaction process, which is about 3 to
4 MJ/kg of the initial biomass. The energy consumption of
the torrefaction process can be reduced by using secondary
energy resources for this process, for example, the exhaust
gases of a gas piston power generating unit, as described by
Zaichenko et al. [22]. Furthermore, it is possible to use the
heat of exothermic reactions that occur when the biomass is
heated [23, 24]. The torrefaction process of sunflower husk

pellets specifically can be seen as co-pyrolyzing husk bio-
mass and a certain amount of sunflower oil still contained
in the husk. The presence of oil speeds up the pyrolysis pro-
cess [25]. Since the oil content in husk depends on the type
of sunflower seed, the torrefaction process of husk pellets
requires stricter control of reactors temperature and resi-
dence time than for other biomass fuels.

Another reason for slow market introduction—besides
unfavorable comparative price trends for fossil fuels and CO,
certificates—is generally a lack of investigations into the uti-
lization of torrefied biomass fuels in small and medium scale
applications. Specifically, we perceive only scarce literature
[26, 27] that directly compares the combustion behaviour of
raw and thermally treated sunflower husk pellets.

We present here a structured approach to investigate the
applicability of sunflower husk pellets as fuel in small and
medium scale furnaces after upgrading through torrefaction.
Chemical fuel analysis and lab-scale combustion tests are
applied to pre-evaluate the effect of torrefaction on relevant
combustion properties of sunflower husk pellets, which are
discussed with the help of fuel indices. Commercial scale
combustion tests with raw and torrefied sunflower husk pel-
lets with a 180 kW, state-of-the-art grate furnace technol-
ogy with adaptable process parameters are conducted. The
applicability of a state-of-the-art grate furnace technology
under modern process conditions like flue gas recirculation
are demonstrated by meeting emission limits without the
necessity of costly secondary measures for gas cleaning.

Experimental Section
Experimental Unit for Pelletisation

In the experiments conducted, raw and torrefied sunflower
husk pellets were utilized. Sunflower husk pellets were pro-
duced by “Clean Energy” LLC (Russia) in an experimental
unit (capacity of 3 tn/h) that was an outcome of the project
“TORRECOMB_ID#213_ERA.NET RUS Plus—’A novel
approach for the implementation of TORvrefaction in Resi-
dential and COMmunal heating Boilers”. Heat treatment of
the pellets was carried out in a moving bed reactor described
in the next section, using the heat produced from exothermic
reactions of biomass.

Pilot Unit for Biomass Torrefaction

The torrefaction unit consists of the gas-piston power plant,
the gas—water heat exchanger, the vertical torrefaction col-
umn, the afterburner and the forced air heater [28]. The com-
bustion products (CP) of the gas piston engine in this com-
plex, play the part of the heat carrier. The fuel for the gas
engine is natural gas from the network. The temperature of
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the CP at the engine outlet is 600—700 °C. Immediately after
the engine, the CP are separated into two streams: the first
is directly fed to the mixing zone (lower part of torrefaction
column), and the second enters the heat exchanger, where it
is cooled to a given temperature. Furthermore, the mixing of
cooled and initial CP in a certain proportion takes place (pro-
vided by a programmable valve), which allows to achieve the
desired torrefaction temperature mode (250-300 °C). In the
central part of the vertical torrefaction column, the process
of torrefaction occurs with the periodic movement of pellets
through the processing zone. The afterburner serves for the
disposal of volatile products released during the heat pro-
cessing of the initial pellets, preventing from air pollution
with volatile pyrolysis products. To eliminate the possibility
for pyrolysis products to be released into the environment
through the top loading device, an air shutter is provided.

Lab-Scale Combustion

The combustion behaviour of raw (SFH) and torrefied sun-
flower husk pellets (TSFH) was investigated through the
application of a multi-step laboratory approach (chemical
analyses, fuel indices and fixed-bed lab-scale reactor com-
bustion tests).

The chemical composition and relevant properties of the
fuel have been determined by application of the following
methods. The moisture content was determined according
to ISO 18134-2. The fuel sampling and ash processing for
the following analyses were carried out according to ISO
14780. The ash content was determined by ashing the fuel
at 550 °C (ISO 18122). Calcium-rich fuels tend to form con-
siderable amounts of carbonates at 550 °C. During combus-
tion, however, practically no formation of carbonates occurs;
oxides are formed exclusively instead, due to the prevailing
high combustion temperatures. As a result, the ash content
determined by the standard is overestimated in comparison
to the amount of ash produced in the conventional systems.
Due to this fact, the total inorganic carbon (TIC) value was
used to calculate the so-called “corrected ash content” based
on EN 13137. The C, H and N concentrations of fuel are
determined according to ISO 16948 by means of combus-
tion and subsequent gas chromatographic separation with
an elementary analyser. Chlorine content of fuel is deter-
mined according to ISO 16994 and concentrations of main
and secondary elements in fuel and ash according to ISO
16967 and ISO 16968.

The chemical analysis results, form the basis for fuel
indices calculation that may be applied for a pre-evalua-
tion of the combustion behaviour. In the present study, the
sum of K, Na, Zn and Pb (evaluation of the aerosol emis-
sions expected), the molar Si/K ratio (indicator regard-
ing the K release), the molar 2S/Cl ratio (indicator for
high temperature corrosion), the molar Si/(Ca+Mg) and
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(Si+P+K)/(Ca+ Mg+ Al) ratio (as indicators concern-
ing ash melting behavior) have been used. In a former
study of Sommersacher et al. [29], the above mentioned
fuel indices and respective background information for the
derivation as well as boundary conditions of application
of these indices were presented.

During the following step, raw (SFH) and torrefied sun-
flower husk pellets (TSFH) were combusted in a fixed-
bed lab-scale reactor. The fixed-bed lab-scale reactor is a
discontinuously operated cylindrical pot furnace in which
conditions well comparable to grate-fired plants (> 50 kW
thermal output) prevail. Biomass is introduced into a
cylindrical holder (100 mm height and 95 mm inner diam-
eter) placed inside an electrically heated cylindrical retort.
The initial sample mass is, depending on the fuel density,
commonly between 100 and 400 g. Dry air is imported in
a porous plate at the bottom of the fuel bed. Five thermo-
couples measure the bed temperature at different positions
and a balance continuously records the mass loss during
the experiments. Flue gas composition is measured above
the fuel bed by means of the following methods:

(I) Fourier transform infrared spectroscopy (FTIR)
(Ansyco Series DX 4000) for CO,, CO, H,0, NO, NH;,
HCN, NO,, N,0, CH,, light hydrocarbons and low con-
densable matters. (II) Flue gas analysis (Emerson NGA
2000), which employs paramagnetism for O,, nondis-
persive infrared analysis (NDIR) for CO, and CO and
heat conductivity for H,. (III) Flame ionization detector
(FID) (Messer Griesheim Austria Model VE7) for car-
bon amount in organic gaseous hydrocarbons (OGC). (VI)
Chemiluminescence detector (CLD) (ECO Physics CLD
700 EL ht) for NO and NO,. (IV) Wide band A sensor for
the estimation of O,-concentration.

The reactor setup has been previously described in
detail by Sommersacher et al. [29] and Brunner et al. [30].
The accuracy of FTIR measurements for NH;, HCN, HCI
and SO, has been checked by parallel sampling of flue gas
with the impinger method and quantitation by photometry
(NH;, HCN) and ion chromatography (HCI, SO,). NDIR,
FID and CLD instruments have been calibrated on a daily
basis before test runs by zero-point adjustment with N, and
test gas mixtures in N, (300 ppm CO, 10.0 vol% CO, and
0O,; 900 ppm propane; 340 ppm NO).

Experiments with the fixed-bed lab-scale reactor pro-
vide information concerning the combustion behavior,
duration of drying, release of volatiles and char burnout.
The release behavior of volatile and semi-volatile ash
forming elements during the combustion process can be
determined by mass calculation and element balances for
the ash forming elements. On the basis of this evaluation,
the emissions of aerosols, SO, and HCI can also be esti-
mated. Optical evaluation of ash residues allows prelimi-
nary assessment of slagging tendencies.
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Calculation of Release Rates of Aerosol Forming Elements

On the basis of elementary balances based on weight meas-
urements, chemical analyses of fuel and ash, the release rates
for S, Cl, K, Na, Zn and Pb can be calculated according to
Eq. 1.

Cx,(mtput(d.b) X momput(d.b)

Release, o, = (1 - > x 100 (1)

cx,input(d.b) X minpm(d.b)

where: my,,, =the mass of fuel in g in the reactor,
¢ mput = the concentration of the respective element in the
fuel in mg/kg, mg,,, = the mass of ash in g db, after the
experiment and ¢, ¢, = the concentration of the respective
element in the ash in mg/kg.

Combustion in a Commercial Fixed-Bed Grate
Furnace

Combustion tests with raw (SFH) and torrefied sunflower
husk pellets (TSFH) were performed in a 180 kWth pilot-scale
biomass combustion plant. The pilot-scale grate furnace con-
sists of a fuel feeding system, including a sliding bar conveyor,
a screw conveyor and a stoker screw. The horizontally moving
grate furnace with a primary and secondary combustion zone
has a separately adjustable combustion air supply. The com-
bustion zone walls are covered with refractory material and
are thus not cooled. The combustion zone temperature can be
controlled through flue gas recirculation below the grate and
into the primary combustion zone. The air cooled horizontally
moving grate has an area of approximately 0.43 m? (typical
specific grate area load of approximately 500 kWHu/m? for
wood chips with a moisture content of 35 wt%, w.b.), whereas
the two-pass hot water fire tube boiler with upstream flame
tube has a nominal capacity of 180 kWth.

Prior to test runs, the combustion zone and boiler of
the pilot-scale biomass combustion plant were cleaned to
remove ash deposits. During test runs, representative fuel
samples were received by taking 0.5 L subsamples every
half hour directly from the continuous fuel feeder. Bottom
ash was collected in ash bins in total and was given time to
cool down over night. Sample volumes of fuel and bottom
ash were reduced representatively via a sample splitter to
volumes of 2 L. Furnace and boiler ash was removed and
sampled after each test run.

Flue gas was sampled in the flue gas duct after the boiler
outlet for analysis of O,, CO, NO,, SO,, HCI, total fly ash
emissions and aerosols. Total fly ashes were determined
applying the gravimetric method according to VDI 2066.
Flue gas was sucked through a silica wool package plugged
into a filter jacket located in the flue gas duct and an addi-
tional plane filter. Fly ash concentration in the flue gas was

calculated by dividing the mass of the retained fly ash (mg)
by the flue gas flow through the filter (m?). Aerosols with
particle sizes < 1 um (PM1) were determined by a Dekati
gravimetric cascade impactor after separating coarse dust
particles by a cyclone.

Plant performance data as furnace temperatures and pres-
sure, flue gas temperatures, energy output, feed and return
temperatures, oxygen content in the flue gas as well as mass
flows of primary and secondary combustion air (hot wire
anemometer), flue gas and recirculated flue gas (velocity
measurement with Prandtl pipe and differential pressure sen-
sor in the respective flue gas duct) were recorded by a pro-
cess control system, subsequently processed and evaluated.

Operating Conditions

The release of inorganic species from the fuel during com-
bustion as well as possible ash related problems on the grate
(e.g. slagging) are influenced by the temperature in the fuel
bed. The temperature in the primary combustion zone directly
above the fuel bed, was used as indicator for the fuel bed
temperature. In Table 1, the applied Flue Gas Recirculation
(FGR) mode as well as the average temperature in the primary
combustion zone during the evaluation period are given.

The temperature in the primary combustion zone is
mainly affected by the FGR rate below the grate. For sun-
flower husk pellets, the temperature was reduced from 1021
to 776 °C by applying FGR above and below the grate. Tor-
refied sunflower husk pellets have been treated with three
different ratios of FGR (below and above grate) resulting to
primary combustion zone temperatures ranging from 942
to 788 °C.

Boiler Efficiency

The boiler efficiency has been determined during all com-
bustion tests for specific evaluation periods lasting about
three hours. The boiler efficiency is defined as the ratio
between the boiler’s thermal output Qg and the maximum
enthalpy flow that could be provided by the mass flow of fuel
fed to the system Hy, ;-

Table 1 Evaluation test runs (SFH sunflower husk pellets, 7SFH tor-
refied sunflower husk pellets)

No. Date Fuel Flue gas recirculation Temperature primary

combustion zone (°C)

27.09 SFH  Above grate 1021
03.10 SFH Below and above grate 776
05.10 TSFH Below and above grate 942
12.10 TSFH Below and above grate 816
12.10 TSFH Below and above grate 788

v AW N =
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Both variables are calculated as follows [31]:
Outpl’lt : Qdot =6 X Mo X (Tfeed - Tret) (2)

where: Qg = thermal output of the boiler in W, ¢,=4196.3 J/
kg K is the specific heat capacity of water at 353.15 K
(typical mean value of the feed and return temperature),
T..q=feed temperature in K, T,.,=return temperature in K

Inpl’lt : Hdot?in = mdotjuel X Hu (3)

where: my, ¢,y =mass flow of wet fuel fed to the boiler in
kg/s, H,=lower heating value of the fuel in J/Kg.

Since a continuous measurement of the fuel mass flow is
not installed, it has been calculated from the measured flue
gas volume flow (in Nm?/h) and the specific flue gas volume
V¢ (in Nm3/kg biomass) [32] where

Ve =187Tc+1.6n+11.2h + 1.24w + (1 - 0.21)
X (1.87¢ + 5.6h,0.8n — 0.70)/0.21 )

Fuel Indices

Based on the elemental compositions of biomass fuels, ele-
mental ratios (“fuel indices”) can be calculated in order to pre-
evaluate the combustion behavior. The following indices were
especially developed and evaluated for new biomass fuels like
wheat straw, olive kernels, maize spindle or grass pellets [29].

The nitrogen concentration in fuels is an indicator for
NO, emissions. The sum of K, Na, Zn and Pb is an indi-
cator for the estimation of aerosol emissions. A portion of
the partially volatile elements S, Cl, K, Na, Zn and Pb is
released from the fuel into the gas phase during combustion.
In the gas phase, these elements are exposed to homogene-
ous gas phase reactions. Due to oversaturation in the gas
phase, vapors begin to nucleate or condense on the surfaces
of existing particles or heat exchanger tubes. In general, aer-
osol emissions increase with higher values of the index [29].

On the basis of the molar 2S/Cl ratio in the fuel, the risk of
high temperature corrosion can be assessed [29]. It was indicated
that there is a correlation between the molar 2S/Cl ratio in the fuel

and the molar 2S/Cl ratio in the aerosols. It may be assumed that
elemental compositions of aerosols resemble elemental patterns
in deposits on heat exchanger tubes. High temperature corrosion
risk increases with increasing CI content in the deposits. Low
corrosion risk is expected with a 2S/Cl ratio >4 while the risk
of high temperature corrosion can be neglected for values above
8. The molar Si/K ratio provides a first proxy for the release ten-
dency of potassium from the fuel into the gas phase. Higher index
values are linked with increased incorporation of K into silicate
phases and corresponding lower K release.

The indices (Si)/(Ca+ Mg) and (Si+ P+K)/
(Ca+Mg+ Al) were used to evaluate ash melting behavior.
Silicon forms low-melting eutectic phases with potassium
and phosphorus has the ability to form melting phases at
rather low temperatures [33]. On the contrary, Ca, Mg and
Al tend to raise the melting point. Therefore, indices with
smaller values are related with high ash melting tempera-
tures [29]. The indices are summarized in Table 2.

Combustion Indices

Changes in combustion indices such as fuel ratio (FR), com-
bustibility index (CI), and volatile ignitability (VI) were deter-
mined to assess the torrefaction performance and fuel quality.
These indices were calculated using the following equations:

Fuel ratio, FR = )
VM,
Combustibility Index, ¢7( 24} = MVar (115 = Ashg,) X ——
ymeeRt i\ ) T TFR @) % 105
(6)
Mj HHV,, — 0.338FC,
Volatile Ignitability, VI =2 ) = b @ | % 100
kg VM., + M,
@)

According to Makino and Tanno et al. [34] and Ohm et al.
[35], FR ranging from 0.5 to 2.0 are commonly used in coal
fired power plants, while CI ranging from 14 to 23 MJ/kg
is recommended. Meanwhile, it was recommended that the
volatile ignitability should have a specific calorific value of
at least 14 MJ/kg [36].

Table 2 Selected fuel indices

for new biomass fuels (based on No. Formula Unit Indicator for Directionhof.
index optimiza-

Sommersacher et al. [29]) tion

1 N wt % dry basis  NO, emissions l

2 K+Na+Zn+Pb mg/kg d.b. Aerosol emissions l

3 2S/Cl1 mol/mol High temperature corrosion risk 1

4 Si/K mol/mol K release to gas phase i

5 (Si)/(Ca+Mg) mol/mol Ash melting behavior l

6 (Si+P+K)/(Ca+Mg+Al)  mol/mol Ash melting behavior l

@ Springer
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Results and Discussion
Fuel Characterization
Chemical Properties

The chemical composition of the investigated fuels (“sun-
flower husk pellets” and “torrefied sunflower husk pellets)
and reference fuel values for sunflower husk pellets extracted
from relevant literature, are given in Table 3.

According to Table 3 the values of the sunflower husk
pellets are well fitted with literature values. It can also be

observed that sunflower husk net calorific value (NCV) is
increased by 29% by torrefaction process. This increase can
induce specific cost reduction for transport and storage. The
combustion heat of the pellets after torrefaction increases
due to a decrease in the moisture content of the pellets and
an increase in the carbon content of pellets after heat treat-
ment. The reduction of more than 20% of the volatiles con-
tent in pellets after heat treatment is also notable. This, obvi-
ously, is due to the synergistic effect that is observed with
the combined pyrolysis of biomass and oil, contained in the
husk [25]. Bulk density of raw sunflower husk pellets was
610 kg/m® and was reduced to 550 kg/m? after torrefaction.

Table 3 Chemical composition

T Indicator Units Sunflower husk “Raw” Sunflower  Torrefied sunflower
and fuel 1ndlc§s of sunflower pellets (range) [19, husk pellets (SFH) husk pellets (TSFH)
husk pellets (literature values, 47-54]
raw and torrefied)

Moisture wt% w.b.  4.4-12.2 11.4 6.7
Ash [550 °C] wt% d.b. 1.6-5.3 3.7 6.1
NCV Ml/kg w.b. 16.0-19.0 16.0 20.7
Volatiles wt% d.b. 70-78.4 75.6 54.8
C wt% d.b. 42.1-69.8 49.6 59.9
H wt% d.b 5.17-8.8 5.9 5.0
N wt% d.b. 0.33-9.1 0.80 1.09
S mg/kg d.b.  1500-1538 1550 1970
Cl mg/kg d.b. 408-792 684 634
Si mg/kg d.b. 108-1250 661 1480
Ca mg/kg d.b. 2644-3960 3420 5670
Mg mg/kg d.b. 1742-2250 1940 3440
Al mg/kg d.b. 30.7-575 114 190
Fe mg/kg d.b. 136-1100 242 340
Mn mg/kg d.b. 12.0-28.0 8.2 13.6
P mg/kg d.b. 995-1410 840 1340
K mg/kg d.b. 4600-8070 11,300 19,700
Na mg/kg d.b. 7.4-653 39.0 64.4
Zn mg/kg d.b. 18.0-27.0 10.8 39.9
Pb mg/kg d.b. 3.4-7.0 6.1 10.0
Start shrinking °C <1077 650 650
Deformation °C 940-1290 1050 1050
Hemisphere °C 980-1387 n.d. n.d.
Flow °C 1020-1422 1490 >1500
Bulk density Kg/m? 550-650 610 550
Fuel indices

K+Na+Zn+Pb mg/kg d.b. 4629-8757 11,400 19,800
2S/Cl1 mol/mol 3.9-74 5 6.9
Si/K mol/mol 0.02-0.2 0.1 0.1
(Si)/(Ca+Mg) mol/mol 0.02-0.2 0.14 0.19
(Si+P+K)/(Ca+Mg+Al) mol/mol 1.29-1.58 2.0 2.1
Combustion indices

Fuel ratio 0.05-0.34 0.12 0.59
Combustibility Ml/kg 56.27-470.69 166.7 40.8
Volatile ignitability Ml/kg 13.11-24.48 18.6 20.0

n.d. not defined
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In addition, torrefied fuels behave hydrophobically and
thus do absorb less water [37-39], which is another great
characteristic of torrefied fuels. More specifically, it was
found that the hygroscopicity of the initial pellets from sun-
flower husk was 22% whereas the hygroscopicity of pellets
from sunflower husk after torrefaction at temperatures of
230 °C, 250 °C and 275 °C was reduced to 13%, 12.2% and
11% respectively. Specific energy needs for milling is also
reduced for torrefied fuels while co-combustion with coal is
facilitated (Tumuluru et al. [40]).

Fuel and Combustion Indices Results

The calculated values for the investigated fuels are sum-
marized in Table 3. In general, a slight increase in fuel N
content is found after torrefaction compared to the raw fuel.
A lower conversion rate of fuel N to N in NO, emissions is
expected for the torrefied fuels compared to raw fuel, since
such a trend is also reported by Sommersacher et al. [29].
According to correlations published in this work, the poten-
tial of NO, emissions can be estimated to be in the range of
200 mg/Nm? (dry flue gas at 13 vol% O,).

Due to the value of K+ Na+Zn+ Pb fuel index, high
aerosol emissions are expected for the raw fuel. An even
further increase in aerosol emissions is very likely for the
torrefied fuel. Due to the molar 2S/CI ratio in the fuel, the
risk of high temperature corrosion is relatively low for the
sunflower husk. It is even further reduced by the torrefaction
process as a portion of Cl is transferred to the torrefaction
gas and removed from the fuel.

Due to low Si/K sunflower husks ratio, a significant K
release is expected, which results in high aerosol emissions.

The indices (Si)/(Ca+ Mg) and (Si+ P+K)/
(Ca+Mg+ Al) used to evaluate ash melting behavior show
similar values for raw and torrefied fuel. Here, only a slight
increase of the index is found regarding the torrefied fuel,
indicating slightly lower characteristic temperatures of ash
melting behavior. The relatively low values for sunflower
husk pellets indicate a high ash melting point thus no prob-
lems with ash melting are expected.

Regarding combustibility indices, it has been observed
that biomass subjected to torrefaction at 250-300 °C resulted
in increase in fuel ratio (0.59 from 0.12) and volatile ignit-
ability (20.04 from 18.62 MJ/kg) and a decrease in com-
bustibility index (40.83 from 166.70 MJ/kg). This strongly
implies that torrefaction temperature and time strongly affect
the combustion indices FR, VI and CI. This is because these
indices are dependent on volatile matter and its conversion
to fixed carbon. In general, combustion indices can be used
to assess the torrefaction performance and quality of torre-
fied biomass.
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Lab-Scale Combustion Results

The lab procedure for the combustion of biomass with the
laboratory scale combustion reactor is exemplified in more
detail with the following representative test run. In this test,
raw (untreated) sunflower husk pellets are burnt. In gen-
eral, the test runs are carried out in triplicate in order to
guarantee representative results. For the evaluation test data
and chemical analyses, three repetitions were used. Similar
results were obtained for the repetitions, which is why only
one test run is described in detail. For this test run, the fuel
mass was 380 g.

Figure 1 depicts the fuel mass loss, the temperatures in
the fuel bed, the average flue gas temperature, the concentra-
tions of the most important components and the NO, precur-
sors in the flue gas as a function of the test duration.

The total test time was 3500 s. Drying of the fuel can
be identified in the beginning with the low mass loss, low
fuel bed temperatures and water release. Thermal conversion
starts after 500 s which can be recognized by the decrease of
O, and increase of the CO, concentration in the flue gas. The
main decomposition phase starts with a significant decrease
in O, to zero after 750 s. The release of volatile components
and the parallel gasification of the charcoal are carried out
up to a time of 1600 s. High mass losses, an increase in
the fuel bed temperatures and a combustion air ratio of less
than one are typical for this phase. Mainly CO,, CO, H,O
and CH, but also small amounts of other hydrocarbons are
released into the gas phase. After 1500 s, CH, disappears,
which can be used as an indication of the end of volatile
constituent’s release and the start of charcoal combustion.
The above mentioned phase is characterized by a lower pro-
portion of CO and an increase in the CO, concentration in
the flue gas, as well as an increase in oxygen concentration.
At the beginning of this phase, typically the maximum fuel
bed temperatures (1092 °C, in this experiment) are observed.
At the end of the experiment, the mass of remaining ash is
determined and an ash sample is transferred to the lab for
further analysis.

Durations of total reaction, the start of the release of
volatile constituents and charcoal gasification, the start of
charcoal combustion, the duration of each phase and the
maximum bed temperature for the fuel (sunflower husk pel-
lets and torrefied sunflower husk pellets) tested are sum-
marized in Table 4.

Durations of total reaction were 2311 s and 2218 s for
sunflower husks and torrefied sunflower husks respectively;
the duration of the volatilization and charcoal gasification
was 1254 s for “SFH” and 837 s for “TSFH”; the duration
of charcoal combustion was 1057 s and 1381 s for “SFH”
and “TSFH” respectively; the maximum bed temperature
for the sunflower husk pellets was 1151 °C and 1213 °C for
torrefied sunflower husk pellets.
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Fig. 1 Mass loss (upper left), temperatures (upper right), flue gas composition (bottom left) and concentrations of NO, precursors (bottom right)

Table 4 Duration of combustion test runs for SFH (mean values of 3
test runs)

Total reaction phase Unit SFH pellets TSFH pellets
START s 358 98

END s 2669 2316
DURATION s 2311 2218
Volatilisation and char coal gasification

End s 1612 935
Duration S 1254 837

Char coal burnout

Duration s 1057 1381

Max. bed temperature °C 1151 1213

These results apparently show that the phase of volatiles
release and charcoal gasification is shortened for the torre-
fied fuel. This is obvious, since some of the volatile con-
stituents have already been transferred from the fuel into the
torrefaction gas during the torrefaction process. In return,
charcoal burnout of torrefied fuel takes longer. This can be
explained by the higher (fixed) carbon content of the torre-
fied fuel. The increased carbon content also causes higher
maximum fuel bed temperatures for the torrefied fuel, which
are generally reached at the beginning of char burnout.

Optical Evaluation of Ashes

According to the experimental results, no slag formation was
found for the sunflower husk pellets (raw and torrefied). The
structure of the individual pellets was still preserved after
the test run, (but could be destroyed by the application of a
low force) and a loose ash was obtained.

Release of NO, Precursors

Figure 2a depicts the release of the NO, precursors. It
can be observed that the majority of the NO, precursors
is formed as NH;. A considerable part is released as NO
from the fuel into the gas phase. Brunner et al. (2013) [30]
reported that NO, precursors are dominated by NH; for
agricultural fuels, whereas HCN is the predominant NO,
precursor species for wood. This has been confirmed for
the agricultural residues (sunflower husk pellets) tested
in the experiments. Figure 2a depicts a large proportion
of the NO, precursors occurring during the release of
volatile constituents and charcoal gasification. It is also
observed that, in total, fewer NO, precursors are released
for the torrefied fuel compared to the raw fuel. A higher
N content was determined for the torrefied fuel compared
to the raw fuel (Table 3). These data serve as valuable
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Fig.2 a Conversion of fuel N to N in NO, precursors for sunflower
husk pellets (raw and torrefied)—(upper left). b Release rates of
aerosol forming elements for raw (SFH) and torrefied sunflower husk

input parameters for CFD simulations on NO, formation
in biomass combustion.

Release Rates of Aerosol Forming Elements

Three test runs were evaluated for sunflower husk pellets (SFH
and TSFH). The release rates from the test runs are shown in
Fig. 2b. For K, Zn and Pb, similar release rates are determined
for the torrefied and the untreated, raw fuel. S and Cl have
higher release rates for the raw fuel than for the torrefied. The
above mentioned behavior can be explained by a relatively
high S and Cl release during torrefaction, which reduces the
concentration of these elements in the fuel. In the case of Na,
very low concentrations are present for sunflower husk pellets
(Table 3). Possible inhomogenity in the fuel as well as inac-
curacies in analysis can be responsible for the fact that no Na
release has been determined in torrefied sunflower husk.
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TSFH

pellets (TSFH)—(upper right). ¢ Estimated aerosol emissions for sun-
flower husk pellets (raw and torrefied)—(bottom)

Aerosol Emissions

Based on the release rates of the main aerosol forming ele-
ments K, Na, Zn and Cl, the potential for aerosol formation
can be estimated. These elements are assumed to be solid
K,SO,, KCl, Na,SO,, NaCl and ZnO. In addition, the forma-
tion of carbonates (K,CO; and Na,CO5) is possible if there
is not enough S and CI to completely bind the K and Na as
chlorides and sulfates (Sommersacher [41]). Normally an
excess of S and Cl to K and Na is present, resulting in gase-
ous chlorine and sulfur emissions. Assuming that the total
sulfur reacts with the K and Na present, the potential of max-
imum aerosol emissions can be calculated. Assuming that
all Cl is bound to Na and K, the potential of minimal aerosol
emissions can be calculated. This estimation of the aerosol
emissions does not take into account the losses caused by
the condensation of ash-forming vapors on the walls and the
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formation of deposits in boilers of large plants. In addition,
particle losses by the reaction of ash-forming vapors with
coarse fly ash particles and the gaseous emissions of S (e.g.
SO,) and Cl (e.g. HCI) are not taken into account.

The outcome of this estimation is shown in Fig. 2c¢. It is
apparent that aerosol emissions for sunflower husk pellets
are clearly dominated by K—other elements have a neg-
ligible influence. For sunflower husk pellets, the released
amounts of K are sufficient to bind the total available S and
Cl in the form of particulate emissions. In addition, forma-
tion of particulate K,COj; is expected.

For sunflower husk pellets, gaseous SO, and HCI emis-
sions are theoretically negligible, since large amounts of K
are released by this fuel and the entire S and CI can be bound
in the form of particulate emissions.

Combustion Results in a Commercial Fixed-Bed
Grate Furnace

Test Run Evaluation

After introduction of sunflower husk pellets/torrefied sun-
flower husk pellets and adjustment of operating conditions, a
period of about 2.5 h was required to reach stable operation.
Then, the evaluation period along with the discontinuous

particulate matter emission measurements started. Mean
values of relevant data of all evaluation test runs obtained
during the evaluation periods are shown in the graphs of
Fig. 3. Figure 3a depicts the most relevant data from the
combustion plant during an evaluation test run lasting from
8:00 until 17:30. The data shown represent the evaluation
test runs No 4 (Evaluation period 1) and No 5 (Evaluation
period 2). The data shown include the thermal power and
the temperatures in the primary and secondary combustion
zone. Figure 3b illustrates relevant data from the emission
measurements. Data include concentrations of O,, CO, NO,
as well as total suspended particulate matter (TSP) and PM1.

Mean values of relevant data of all evaluation test runs
obtained during the evaluation periods are summarized in
Table 5.

For the combustion of sunflower husk pellets a plant
efficiency of 83% was calculated whereas for the torrefied
sunflower husk pellets the plant efficiency was increased to
85%. The increase in plant efficiency was mainly due to the
reduction of the fuel moisture content during torrefaction
from 11.4 wt% (wet basis) in husks to 6.0 wt% in the torre-
fied product.
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Emissions

All emissions presented were evaluated regarding the cur-
rent emission limits in Austria. These limits are regulated
within the “Feuerungsanlagenverordnung” (FAV) from 2011
[42]. The limits given in Appendix are valid for combustion
plants for the incineration of straw or similar agricultural
substances (e.g. cereal plants, cereal grains, grasses, mis-
canthus) depending on the fuel heat capacity. The testing
plant used for the evaluation test runs had a fuel heat capac-
ity of 180 kW. For real-scale applications also, higher fuel
heat capacities up to 10 MW are of relevance. Therefore,
emission limits for fuel heat capacities from < 0.4 MW up to
10 MW were considered within the evaluation of the results.

Carbon Monoxide

CO emissions for the evaluation test runs No 1, No 2, No 4
and No 5 were below the detection limit of the measurement
system used. Therefore, a complete burnout of the gas phase
was present. Only for evaluation test run No 3, measure-
able CO concentrations with a mean value of 111.6 mg/Nm®
(11% O,) were determined. However, the CO concentration
was still well below the emissions limits according to FAV
(Table 5).

Nitric Oxides

NO, emissions determined during the evaluation period
as well as the FAV limits are presented in Fig. 4a. The
NO, emissions were ranging from 216 mg/Nm? (11% O,)
to 372 mg/Nm3 (11% O,). These values are below the

Table 5 Summary of test run furnace temperatures, flue gas compositions and particulate matter emissions

No. 1 No. 2

No. 3 No. 4 No. 5

Fuel
Flue gas recirculation

Unit SFH
above grate

SFH

below + above grate

TSFH
below + above grate

TSFH
below + above grate

TSFH
below + above grate

From 27/09 11:00:00 03/10 12:00:00 05/10 12:30:00 12/10 10:30:00 12/10 15:10:00
To 27/09 15:15:00 03/10 15:30:00 05/10 15:00:00 12/10 14:30:00 12/10 17:00:00
Duration h 4.2 3.5 2.5 4.0 1.8
Output/temperatures
Boiler output kW 138 165 128 136 135
Temperature flue gas after boiler ~ °C 292 254 298 217 226
Temperature recirculated flue gas  °C 117 144 138 114 125
Temperature air °C 24 27 26 23 27
Temperature primary combustion °C 1069 732 925 824 784

zone 1
Temperature primary combustion °C 1098 821 960 808 793

zone 2
Temperature secondary combus-  °C 1100 1052 937 1010 1025

tion zone 1
Temperature secondary combus-  °C 1006 960 980 914 936

tion zone 2
Flue gas analyses Emission

limits
(FAV)

0, Vol% 6.9 6.1 7.6 7.1 55
Cco, Vol% 134 13.5 13.1 13.3 14.8
CO (dry FG, 11% O,) mg/Nm? 0.0 0.1 111.6 0.0 0.0 800
NO, (dry FG, 11% O,) mg/Nm? 216.2 309.6 256.3 372 292.9 500
HCI (dry FG, 11% O,) mg/Nm? 0.1 9.4 0.3 4.0 9.6 30
SO, (dry FG, 11% O,) mg/Nm? 04 53.5 1.8 55.2 66.7 350
Particulate emissions
TSP (dry FG, 11% O,) mg/Nm® 634.1 106.2 411.9 96.4 73.9 150
PM1 (dry FG, 11% O,) mg/Nm® 625.7 57.3 284.1 51.7 30.4
PM1/TSP % 98.7 54.0 69.0 53.6 41.1
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emission limits according to FAV for all heat capacity ranges
considered.

Regarding the SFH pellets combustion, the application
of FGR below the grate increased the NO, emissions from
216 to 310 mg/Nm3 (11% O,). For the combustion of TSFH
pellets, NO, emissions were ranging from 256 to 372 mg/
Nm? (11% O,). Nevertheless, all NO, emissions were below
the FAV limits. By performing dedicated test runs using air
staging strategies, a further reduction of NO, emissions is
considered to be possible. Therefore, secondary measures
for NO, reduction should not be necessary if air staging is
applied and optimized.

HCl and SO,

HCl and SO, emissions were determined during the evalua-
tion period whereas the FAV limits are presented in Fig. 4b.
The emissions limit for SO, is 350 mg/Nm?® (11% O,) and
the limit for HCI is 30 mg/Nm? (11% O,).

Between SFH and TSFH pellets no significant difference
in the emission values of HCI and SO, was observed. For
both fuels, HCI and SO, emissions were clearly below FAV
limits and were therefore not considered questionable.

The application of FGR below grate increased HCI and
SO, emissions. The main reason for this trend is given by the
decreased release of alkali species (mainly K and Na) with
decreasing temperatures in the primary combustion zone.
Therefore, less reaction partners for Cl and S are available
to bind this species which results in increased HCI and SO,
emissions. This trend is exemplarily shown in Fig. 4(c),
where SO, emissions in dependence of PM1 emissions are
presented. For high PM1 emissions almost no SO, emissions
were present.

Particulate Emissions

Particulate emissions originating from grate furnaces are
typically comprised of aerosols (particulate matter < 1 pm)
or PM1 emissions and coarse fly ashes. With the measure-
ment equipment applied, particulate emissions were deter-
mined as PM1 and TSP (total suspendered particulate mat-
ter). TSP emissions comprise of PM1 and coarse fly ashes.

TSP and PM1 emissions were determined during the
evaluation period and compared with emission limits in FAV
in Fig. 4d. Emission limits are only available for TSP with
values ranging from 150 (<0.4 MW) to 20 mg/Nm?® (2-10
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MW) for 11%0,. The emissions are presented in dependence
of the temperature in the primary combustion zone.

The data presented in Fig. 4d indicate that the tempera-
ture in primary combustion zone (PCZ) is the main influenc-
ing factor on the release of ash forming species. No signifi-
cant differences between combustion of raw and torrefied
sunflower husk pellets were observed.

The TSP emission limit in Austria for furnaces with fuel
heat capacity ranging from 2 to 10 MW is 20 mg/Nm?. This
limit was not met in any of the evaluation test runs. For
smaller furnaces with fuel heat capacities below 0.4 MW,
evaluation test runs No 2, No 4 and No 5 showed dust emis-
sions below the limit of 150 mg/Nm?. These evaluation tests
run with a primary combustion zone temperature below
850 °C.

The results indicated that in order to minimize dust emis-
sions, flue gas recirculation below the grate is necessary. To
meet FAV limits of larger furnaces above 2 MW, secondary
measures for the reduction of dust emissions are most likely
necessary.

Guideline values for dust separation measures and achiev-
able dust concentration after the separation are as following:

Multicyclone: ~ 150 mg/Nm?

Flue gas condensation: ~ 50 mg/Nm?
ESP: ~20 mg/Nm?

Baghouse filter: ~ 10 mg/Nm?

e

Composition of Ash Fractions

Grate ash, TSP and PM1 fractions sampled during the evalu-
ation test runs were analyzed for their chemical composition
subsequently to the test runs. The results of the chemical
analyses are presented in Fig. 5a (TSP), b (PM1) and c (grate
ash).

Si, Ca, Mg, P and K are prevailing in grate ash samples.
An enrichment of Si, Ca and Mg is typical for grate ashes
since these elements are not released into the gas phase dur-
ing combustion, remain in the ash and form coarse ash par-
ticles mainly found in the grate ash. Also, P is typically not
released into the gas phase during combustion and hence
mainly found in the grate ash.

The literature commonly agrees that the release of potas-
sium generally increases with temperature [43-45]. As
shown above in Table 5 the variation of the flue gas recir-
culation ratios has a direct influence on the temperature in
the primary combustion zone and thereby on the amount of
released particulate matter (Fig. 4d). The elemental com-
position of TSP and PM1 samples was almost identical and
dominated by K, S, and Cl.

@ Springer

Conclusions

Chemical analyses of raw and torrefied sunflower husk pel-
lets, allowed a pre-evaluation of combustion related prob-
lems, followed by calculating fuel specific indices concern-
ing corrosion risk, aerosol formation and slagging tendency.
Combustion experiments were conducted on a fixed-bed
laboratory reactor where the conditions of a grate furnace
are simulated. Experiments confirmed a lower N conversion
to NO, for TSFH pellets than that for raw SFH pellets as pre-
dicted by the NO, emission index. High aerosol emissions
(according to the index K+ Na+Zn+ Pb) are expected for
raw fuels. Aerosol emissions for the torrefied fuel appeared
to be even higher. From the molar 2S/Cl ratio, a low high
temperature corrosion risk for SFH pellets is predicted. For
SFH pellets, it is likely according to the ash melting indices
that no obstacles regarding ash melting will be observed.

Lab-scale combustion tests also reveal shorter periods
of volatile release for the torrefied fuels compared with raw
fuels. This is coherent since a part of the volatile constituents
is already released during torrefaction process. Char burnout
of torrefied fuels has longer lasting due to their increased
quantity of fixed carbon. Aerosol emissions are clearly domi-
nated by potassium. The released amount of K is sufficient
enough to bind the total available S and CI in the form of
particulate emissions resulting in negligible gaseous SO,
and HCl emissions.

The net calorific value (NCV) was increased by 29% for
SFH pellets by torrefaction which can lead to specific cost
reductions during transport and storage. In addition, TSFH
pellets behave hydrophobically and thus do absorb less
water, which is especially a storage issue. In the case of SFH
pellets, a low risk of high temperature corrosion is expected
for raw fuel which is further minimized by torrefaction. The
extremely high aerosol emissions that are already present for
raw SFH pellets are spread even further by torrefaction. The
emission limits have to be taken into account especially in
the case of fine particulate matter (PM) emissions. Signs of
ash softening occurred neither in combustion of raw nor in
combustion of TSFH pellets.

Commercial scale fixed-bed grate furnace tests showed
that SFH pellets and TSFH pellets even more, combust
in high temperatures due to low moisture contents. Emis-
sion from TSFH pellets combustion of CO, NO,, HCI, SO,
comply with related limit values whereas high dust emis-
sions occurred which can be controlled by flue gas recir-
culation below the grate. An automatic cleaning system
of the boiler and flue gas recirculation is recommended
whereas flue gas recirculation below and above the grate
is necessary in order to control the temperature and avoid
furnace damage. Of course, in order to meet future upcom-
ing emission limits according to the European Medium
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Fig.5 a Elemental composition of total suspended particulate matter (TSP)—(up). b Elemental composition of aerosols (PM1)—(middle).

¢ Elemental composition of grate ash (bottom)

Combustion Plant Directive [46] secondary measures are
most likely necessary.

In general, the technical potential and viability of TSFH
pellets application in small and medium scale furnaces
was examined with promising results. For sure, more
research and development investigations are required in
order to increase the net calorific value, durability and

hydrophobicity of torrefied biomass as well as the profitabil-
ity of the combustion plants in operation. The torrefaction
process seems to be a preferable option for long distances,
because of the environmental benefits earned from the
transportation process as the energy density of the torrefied
biofuel is higher. However, the above issue may be further
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studied in the future, in terms of total costs and life cycle
analysis.
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Appendix: Emission Limits
in Austria According
to the “Feuerungsanlagenverordnung” (FAV)

Parameter Fuel heat capacity (MW)
<04 04to <l 1to2 >2t0l0 >10

Dust (mg/m?) 150 50%* 50 20 20
CO (mg/m®) 800** 250 250 250 100
HC (mg/m?) 50 20 20 20 20
NO, (mg/m?) 500 500 400 400 200
SO,*#* (mg/m?) 350 350 350 350 350
HCI*** (mg/m?) 30 30 30 30 30

*For the combustion of Miscanthus and other standardized biogenic
fuels 150 mg/m?

**For combustion plants up to 100 kW, the limit value may be
exceeded by up to 50% with part load operation at 30% of the rated
heat output

***Does not apply to the combustion of Miscanthus and other stand-
ardized biogenic fuels
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