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a b s t r a c t

Torrefaction is a promising biomass upgrading method, offering advantages in logistics and handling.
Gasification is an attractive thermochemical conversion technology due to its flexibility in the product
gas end-use. The aim of this paper is to investigate the impact of torrefaction on the gasification per-
formance of a softwood (spruce) and a hardwood (ash). Spruce and ash were torrefied at 260 and 280 �C,
and at 250 and 265 �C, respectively, and pelletized. All feedstocks were gasified at 850 �C and atmo-
spheric pressure under oxygen-steam circulating fluidized bed gasification conditions, with magnesite as
bed material and with an equivalence ratio (ER) of 0.3 and a steam-to-biomass mass ratio (SBR) of 1.0.
Only the torrefied feedstocks were gasified varying ER and SBR values. The results show that torrefaction
affected the gasification performance of both feedstocks leading to decreasing the cold gas and carbon
conversion efficiencies. For spruce, torrefaction did not affect the permanent gas composition but led to a
decrease of the total tar content for both spruce 260 and spruce 280. For ash, torrefaction resulted in
decreasing the CH4 volume fraction, and increasing the H2 volume fraction and the total tar content for
both torrefaction temperatures. Varying the ER and SBR affected only the Class 3 tars of ash 250.
Conclusively, torrefaction of spruce and ash did not offer substantial benefits on the gasification per-
formance under the investigated conditions. It is suggested that research of torrefied wood gasification
includes feedstock's chemical analysis and characterization of products obtained under fast devolatili-
zation conditions.
© 2017 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Biomass is envisaged to make a major contribution to the future
energy supply. However, untreated biomass is not ideally suited for
energy conversion applications. This is due to its generally high
moisturemass fraction, which corresponds to a low energy content.
Moreover, its main biochemical and mineral compositions vary
based on the type of biomass, time and location of cultivation. This
makes the conversion of biomass complicated and logistics more
expensive. Therefore, efforts are being made to develop upgrading
s).

r Ltd. This is an open access article
processes which convert biomass into a fuel with superior prop-
erties in terms of logistics and end-use. Among biomass kinds,
wood is considered an attractive option due to the composition of
the contained ash and the fact that it can be the raw material for
second generation biofuel production. Wood may be classified in
two types, softwood and hardwood; hardwood contains more
hemicellulose (the xylan group) and less lignin and cellulose [1],
and the hardwood's lignin is considered more unstable to thermal
treatment due to the higher mass fraction of syringylpropane units
[1,2].

Torrefaction is a thermochemical process, carried out at a rela-
tively low temperature, typically in the range of 230e300 �C, in an
oxygen-deficient atmosphere. At this temperature range hemicel-
lulose is expected to be the most converted polymer, followed by
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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cellulose and lignin. Hemicellulose starts degrading between 200
and 380 C, with xylan being the most thermally unstable contain-
ing monomer at the low temperature side, followed by gluco-
mannan [3]. Thermal degradation of lignin starts approximately at
200 �C but occurs generally at higher temperatures, between 400
and 750 �C [4], and thermal devolatilization of cellulose starts
approximately at 230 and finishes at 400 �C [5]. As a result, the
extent of the effect of torrefaction on the chemical composition
depends on the temperature, the residence time at this tempera-
ture and the type of wood. In addition, torrefaction in combination
with a densification step is a promising technology for upgrading
the biomass into a high quality solid energy carrier. During this
process, biomass becomes more coal alike; it has a higher energy
density, lower O/C and H/C molar ratios, and it becomes more hy-
drophobic, more resistant against biological degradation and more
brittle. Therefore, torrefaction pretreatment leads to benefits in
transportation, handling and storage. Studies have shown that
torrefied biomass is a promising feedstock for (entrained flow)
gasification and co-firing in coal-fired power plants from an effi-
ciency and environmental point of view, e.g. no additional equip-
ment is needed for grinding and torrefaction offers environmental
benefits in terms of climate change impact from a life cycle
perspective [6e9].

Different types of gasification reactors exist, such as fixed bed,
entrained flow, plasma and fluidized bed. Circulating fluidized bed
(CFB) gasification is attractive because the feedstock size is not as
critical, as in fixed bed and entrained flow gasification, and scaling
up is relatively straightforward [10]. Roracher et al. [11] described
that large scale coal and biomass CFB gasification plants exist with
capacities up to 100 MWth output, where the product gas is fired in
lime kilns, dedicated boilers for power generation or combined
heat and power generation. In terms of operational parameters,
experimental studies on CFB gasification of wood [12e15] have
shown that an increase in the bed temperature leads to an increase
in the H2 volume fraction and H2/CO ratio, and a decrease in the tar
content of the product gas. In addition, the introduction of oxygen
and steam [14,15] appears to improve product gas quality with
respect to increasing the H2 volume fraction and decreasing the tar
content. Oxygen offers the heat for endothermic processes due to
oxidation reactions and steam influences the product gas quality
through chemical reactions, such as the water gas shift (WGS), char
gasification and steam reforming. The typical range of the equiva-
lence ratio (ER) in gasification is between 0.2 and 0.4; lower values
result in low carbon conversion efficiency (CCE), whereas, higher
values result in combusting the product gas, thus decreasing its
calorific value due to the combustion of H2, CH4 and CO species.
Generally, a higher ER results in lowering the total tar content of the
Table 1
Overview of bubbling fluidized bed gasification studies with torrefied wood.

Reference Power level
(W)

Gasification agent Temperature
(oC)

Biomass

[18] 20,000 Air 790, 935, 1000 Untreated
Torrefied p

[15] 2,000a Oxygen, steam 900 Untreated
Torrefied s
Untreated
Torrefied w

[20] 200,000 Steam 780 Untreated
Torrefied p
Untreated

[19] 30,000a Air, steam 900 Untreated
Torrefied w

a Capacity was not mentioned, therefore it is calculated based on used feeding rate.
b The particle size concerns the biomass.
product gas and cold gas efficiency (CGE), and increasing the CCE
[16]. In addition, typical steam to biomass mass ratios (SBR) range
between 0.5 and 1.5 and increasing the SBR value results in higher
H2 and CO2 volume fractions and in lower total tar content in the
product gas [10]. Finally, various bed materials can be applied and
magnesite has shown benefits, compared to quartz sand, in terms
of reducing the tar content [17].

So far, only a limited number of studies [15,18e20] have focused
on the effect of torrefaction on the permanent gas composition and
tar content in the product gas during wood gasification; an over-
view is presented in Table 1. In addition, all these studies were
restricted to bubbling fluidized bed gasification and the feedstocks
usedwere torrefied on small scale by the researchers, except for the
study by Kulkarni et al. [18]. These researchers acquired their
feedstock from an American company, i.e. New Biomass Energy,
LLC. In general, these authors concluded that torrefaction did not
result in improving the gasification performance. Even though, the
permanent gas composition remained unaffected and the total tar
content decreased, the carbon CCE and CGE decreased as well.
Berrueco et al. [15] performed lab-scale O2-steam gasification of
Norwegian spruce and forest residues at 850 �C. They presented
that increasing the torrefaction temperature from 225 to 275 �C led
to an increase in the H2 volume fraction by approximately 1.5 wt%,
and a decrease in the total tar content (up to 66 and 85 wt% for
spruce and forest residues, respectively). Moreover, these authors
presented that an increasing torrefaction temperature led to an
increase in char and gas yields, a reduction in the CCE and the CGE
did not show a clear trend. Sweeney [20] performed steam gasifi-
cation at 788 �C, and, although the torrefaction conditions were not
mentioned, he reported the same effects of increasing torrefaction
degree as Berrueco et al. [15] concerning the product gas constit-
uents' composition and CCE. On the other hand, he reported a
decrease in CGE upon torrefaction. Kulkarni et al. [18] performed
air-blown gasification of pinewood at 935 �C. These authors also do
not mention the torrefaction conditions. They reported that torre-
faction led to a decrease in the CGE and no significant changes in
product gas constituents' compositions. Woytiuk et al. [19] per-
formed steam-air gasification at 900 �C of willow and torrefied
willow at four different torrefaction temperatures. These authors
limited their permanent gas results to H2 and CO volume fractions
only and concluded that increasing the torrefaction temperature
increased the H2 volume fraction and decreased the total tar con-
tent up to 47% but only when the torrefaction temperature reached
and exceeded 260 �C. Woytiuk et al. did not explain the reasons for
this behavior but willow is a hardwood, which as mentioned con-
tains more hemicellulose and more reactive lignin at low temper-
ature. So this result can be attributed to the cellulose not reacting at
Particle sizeb

(mm)
Torrefaction temperature
(oC)

Bed material

pine 850 e Sand
ine 850 n.d.
spruce 6000 e Silica sand
pruce 6000 225, 275
wood residues 6000 e

ood residues 6000 225, 275
pine 950 e Sand
ine (brown) 950 n.d.
pine (dark) 950 n.d.
willow n.d. Silica sand
illow n.d. 240, 260, 270, 280



Fig. 1. TU Delft CFB gasifier experimental test rig.
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low torrefaction temperature, thus increasing its content in the
torrefied willow while maintain unstable sugar groups.

As pointed out above, there has been only limited, and in several
Fig. 2. CFB gasifier with the eight thermocouples (T1-T8) and eight differential pressure
meters (symbols 1e10, excluding symbol 7). PR corresponds to a single absolute
manometer and Tin to a thermocouple to measure the inlet temperature of the fluid-
ization medium [14].
aspects contradictory, research on fluidized bed gasification of
torrefied biomass. Furthermore, so far no research has been carried
out regarding the impact of torrefaction on oxygen-steam blown
CFB gasification, presenting in detail the permanent gas composi-
tion of torrefied hardwood gasification or reporting a wide range of
tar species formed. Therefore, the aim of this study is to investigate
the impact of torrefaction on the permanent gas composition, tar
composition, CCE and CGE during atmospheric oxygen-steam CFB
gasification of hardwood and softwood. Since torrefaction shows
advantages in logistics, can its combination with gasification per-
formed under typical operating conditions in industrial relevant
application applications lead to even larger benefits?

2. Materials and methods

2.1. Experimental test rig geometry and functionality

The experimental test rig at TU Delft consisted of a 100 kWth CFB
gasifier followed by a candle filter unit, and equipped with a gas
supply system, a solids supply system and analytical equipment. A
schematic of the experimental rig is presented in Fig. 1.

The riser had a length of approximately 5.5 m and an inner
diameter of 83 mm. The downcomer had an inner diameter of
54 mm. The cyclone had an inner diameter of 102 mm and a total
height (excluding the flanges) of 630 mm. The reactor was made of
stainless-steel AISI310, DIN 1.4845 for the parts exposed to high
temperature and in contact with the reactants and the products.
The other parts were made of stainless-steel AISI316, DIN 1.4404
[17]. The reactor temperature was controlled via monitoring eight
K-type thermocouples. Seven of them were located in the riser,
whereas one was located in the downcomer. Eight differential
pressure meters were installed to measure the pressure drop along
the installation and to check the circulation of the solids. A sche-
matic of the reactor is presented in Fig. 2.

The gas cleaning unit consisted of a high-temperature filter unit
containing four woven ceramic candles (BWF, Germany) operating



Table 2
Torrefaction parameter specifications.

Biomass code Temperature
(oC)

Residence time
(min)

Torrefaction degree
(d.b. wt%)

Ash 250 250 30 8.6
Ash 265 265 30 13.4
Spruce 260 260 30 9.3
Spruce 280 280 30 10.5
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at 450 �C. The product gas was finally flared downstream this unit.
The capacity of the solids feeding system was approximately

100 kW fuel thermal input. This corresponded to approximately
20 kg.h�1 of biomass. Furthermore, two other kinds of solids could
be fed simultaneously, e.g. bed material. Details about the supply
systems of solids and gases can be found elsewhere [14,17].

For the data acquisition, an in-house implemented Supervision,
Control, And Data Acquisition (SCADA) packagewas combined with
a Programmable Logic Controller (PLC, make ABB, type SattCon200)
for test rig control. The test rig was operated with three PCs in the
control room. The process data were logged with a frequency of
0.1 Hz [14,17].

2.2. Analytical techniques

In the current experiments, sampling of the gas, tar and solids
was carried out downstream the gasifier. Solid residue samples
were retrieved from the downcomer after each successful experi-
ment, when the gasifier was cooled down and inertized. The
product gas was sampled in the Gas Analysis position, just down-
stream the riser. The sampled product gas passed through a heated
(at 300 �C) particle filter (glass wool) and via two water- and ice-
cooled condensers to achieve moisture removal. The final traces
of moisture were removed using calcium oxide in the tests 2 and 3,
and sicapent was used in the others. The product gas was analyzed
on-line using a Varian m-GC CP-4900 equipped with two column
modules, that measured continuously the volumetric concentra-
tion of the CO, H2, CH4, CO2 and N2 (1 m COX column) and that of
benzene, toluene and xylenes (BTX) (4 m CP-Sil5 CB column). The
gas composition data from the m-GCwere obtainedwith intervals of
3 min. In addition, an NDIR analyzer (Hartmann & Braun Uras 10P)
monitored the CO2 and the CO and a paramagnetic analyzer
measured the oxygen concentration (Hartmann & Braun Magnos
6G) with a time interval of 2 s. The water volume fraction of the
product gas was determined gravimetrically via sampling a
measured flowrate of the product gas for a determined timeframe.
The sampled gas was cooled down in a condenser immersed in a
mixture of salt, ice and water. The weight of the condenser was
determined before and after this sampling. Tar was sampled in the
Tar Protocol position downstream the BWF filter (Fig. 1). The tar
samples were collected according to the tar standard method [21]
and were analyzed using an HPLC equipped with a UV and fluo-
rescence analyzer (Knauer), and a reverse phase column (Kromasil
Eternity C18 5 mm 150 � 4.6 mm). 20 mL of filtered sample was
injected in the column and a gradient elution with methanol e
water was performed for 50 min. The UV detector was set at
254 nm. The quantification was performed by external calibration
using triplicate data point and standard tar compounds in appro-
priate concentration range. All coefficients of determination (R2)
exceeded 0.990. Only in one test (#8), solid phase adsorption (SPA)
samples were analyzed (in the same HPLC) and used, even though
the trapping efficiency of the SPA method for BTX species is
considered lower than the tar standard [22]. This was decided due
to the fact that the tar standard resulted in unrealistically low tar
values for that test; the tar standard results of the test 8 can be
found in the supplementary information. It must be noted that the
SPA sample was acquired just downstream the riser, as in the Gas
Analysis position. For that test, only the phenol value from the tar
standard measurement was used, while the data for the rest of the
tar species were obtained by SPA sampling.

2.3. Biomass feedstock, bed material and gasification char

2.3.1. Biomass feedstock characterization
Six samples of biomass feedstock were tested; two of them
consisted of untreated pure wood and the rest were their torrefied
products. Softwood (spruce, of the species Picea abies) and hard-
wood (ash, of the species Salix viminalis) were tested. Debarked and
chipped ash and spruce wood were obtained from Van den Broek
B.V. (The Netherlands) and short rotation coppice willow of the
Salix family obtained from SGB (UK). Torrefaction and subsequent
pelleting were conducted by the Energy research Centre of the
Netherlands (ECN) [23]. ECN torrefied the untreated wood feed-
stocks at its pilot plant, in a directly heated moving bed, with a
50 kg.h�1 capacity. The final torrefaction temperature and the
residence time at the torrefaction temperature, along with the
calculated torrefaction degree are presented in Table 2. The un-
treated wood samples were pelletized at a Dutch company, Com-
goed Biomassa. All the feedstocks had an outer diameter of 6 mm
and length of approximately 2 cm, to facilitate feeding in the
gasifier. The elemental composition of the feedstocks was analyzed
at the University of L'Aquila, Italy, with a PerkinElmer Series 2
CHNS/O 2400 analyzer. The proximate analysis was performed via
thermogravimetric analysis at Technical University of Delft. For this
purpose a Thermal Advantage SDT Q600 thermogravimetric
analyzer (TGA), was used; details regarding the TGA instrument
and the procedure have been described elsewhere [24], and the
feedstocks were ground and sieved manually �75 mm particle size
to ensure homogeneity. The feedstocks elemental analysis average
results, proximate analysis average results, with standard deviation
in parenthesis, and lower heating values (LHV) are presented in
Table 3. In addition, the torrefaction degree was calculated, i.e. the
anhydrous weight loss or the reduction of the volatile mass fraction
upon torrefaction divided by the initial volatile mass fraction on an
a dry basis (see Table 2). Based on the elemental analysis data of the
feedstock samples and data for various fuels obtained from the
Phyllis2 online database [25], a Van Krevelen diagram (Fig. 3) has
been drawn to show the changes in the feedstock due to torre-
faction. It is confirmed that torrefaction decreased the O/C and H/C
ratios for both wood types.

2.3.2. Bed material
Calcined magnesite was used as the bed material. It is a mineral

consisting mainly of MgO and smaller fractions of CaO, Fe2O3 and
silica. Magnesite was considered a favorable bed material due to its
low silica mass fraction, acceptable price (same order of magnitude
as sand), and previous experimental results. The use of magnesite
showed a remarkable increase in the H2 volume fraction, a doubled
H2:CO ratio and a decrease in the total tar content, with respect to
the use of silica sand [17]. More information regarding the
magnesite can be found in a previous research paper from our
group [14,17].

2.4. Gasification conditions

The gasification experiments were performed, at approximately
850 �C and atmospheric pressure. The experiments were carried
out varying ER and the SBR as presented in Table 4. It must be noted
that the results of two additional tests are presented in the
supplementary material to explain the reasons for using the SPA



Table 3
Wood and torrefied wood proximate and ultimate analyses with standard deviation values.

Biomass Ultimate analysis, wt% Proximate analysis, wt% LHVc,d

(MJ.kg�1)
Ca Ha Na Sa Oa,b Moisturea Volatile matterd Fixed carbond Ashd

Untreated ash 46.6 ± 3.43 5.9 ± 0.32 0.1 ± 0.06 0.8 ± 0.18 41.5 ± 3.86 4.6 ± 0.02 79.2 ± 0.31 20.2 ± 0.30 0.5 ± 0.19 16.4
Ash 250 50.6 ± 0.28 5.5 ± 0.02 0.1 ± 0.10 0.8 ± 0.05 36.8 ± 0.41 5.7 ± 0.08 72.4 ± 0.68 27.0 ± 0.30 0.5 ± 0.04 16.7
Ash 265 51.8 ± 0.74 5.3 ± 0.13 0.1 ± 0.06 0.7 ± 0.05 35.3 ± 0.62 5.8 ± 0.02 68.6 ± 0.57 30.5 ± 0.47 1.0 ± 0.00 17.2
Untreated spruce 47.1 ± 0.42 5.7 ± 0.16 0.1 ± 0.01 0.8 ± 0.02 40.3 ± 0.25 5.9 ± 0.06 82.1 ± 0.01 17.5 ± 0.01 0.3 ± 0.03 16.2
Spruce 260 51.4 ± 1.48 5.6 ± 0.16 0.1 ± 0.01 0.8 ± 0.01 37.0 ± 1.49 5.4 ± 0.16 74.5 ± 1.76 25.2 ± 1.34 0.3 ± 0.01 17.5
Spruce 280 52.0 ± 1.00 5.5 ± 0.06 0.1 ± 0.07 0.7 ± 0.06 36.0 ± 1.07 4.8 ± 0.11 73.5 ± 0.02 26.1 ± 0.02 0.4 ± 0.04 17.6

a On an a.r. basis.
b O mass fraction is calculated by difference.
c Calculated based on [26].
d On a dry basis.

Fig. 3. Van Krevelen diagram; tested biomass feedstocks compared with lignite and
bio-polymers (source for untested samples is Phyllis2 database [25]).

Table 4
Experimental matrix.

Test Biomass Fuel flow rate
(kg.h�1)

ER
(-)

SBR
(-)

Temperature
(oC)

Pressure
(kPa)

Steady state
(min)

1 Untreated ash 12.0 0.31 1.00 841 108 133
2 Ash 250 12.0 0.30 1.00 849 125 202
3 Ash 250 12.0 0.36 0.85 849 136 116
4 Ash 265 12.0 0.36 0.88 854 131 61
5 Ash 265 13.0 0.31 1.00 848 109 187
6 Ash 265 13.0 0.35 0.85 846 110 190
7 Untreated spruce 12.0 0.30 1.00 839 109 140
8 Spruce 260 12.4 0.31 1.00 848 110 183
9 Spruce 260 12.9 0.36 0.85 842 108 180
10 Spruce 280 12.6 0.36 0.85 845 108 180
11 Spruce 280 12.6 0.31 1.00 843 1.08 181

G.A. Tsalidis et al. / Biomass and Bioenergy 106 (2017) 155e165 159
results instead of tar standard results for one gasification experi-
ment (test 8). The selection of conditions was based on typical
operating conditions in relevant industrial applications. Torrefied
material needed higher ER that untreated biomass due to its lower
O2 and higher fixed carbon mass fractions. In Table 4, the temper-
ature concerned the average temperature in the reactor measured
from the eight thermocouples (see Fig. 2). Similarly, the pressure
was monitored by an absolute pressure sensor installed in the
bottom part of the riser. Lastly, the two dimensionless ratios have
been determined, the ER was determined based on equation (1), ER
was controlled via gas mass-flow control and maintain a constant
feedstock flow rate. The SBRwas determined based on equation (2).

ER ¼ external O2 fed=fuel fed ðdaf Þ
stoichiometric O2 requirement=unit of fuel input ðdaf Þ

(1)

SBR ¼ steam mass flow=fuel feed flow (2)
All gas volumes concentrations and tar species content reported
in this work concern the steady state operation and are on a dry,
nitrogen-free (dnf) basis. The CO2, H2, CO, CH4, and BTX volume
fractions presented are the average values during the steady state
operation. Moreover, the standard deviations of these gas species
are presented. For water, no standard deviation value is presented
due to the nature of the measurement method used. As described
above, during the steady state only one measurement for the water
quantification was performed. The tar yield (wt%) concerns the
steady state operation as well and it is presented on a dry ash-free
(daf) basis of supplied feedstock. Finally, process key parameters,
such as CCE, CGE, etc. and mass balance calculations are presented
in Table 5. The latter was based on the inflow measurements (O2,
steam and feedstock) and streams (permanent gases, tars and solid
residue) that exit the reactor, thus, a mass balance error is calcu-
lated and presented in Table 5. The equations for determination of
the CGE and CCE can be found in the supplementary material.
3. Results and discussion

3.1. Feedstock characterization

The feedstocks were characterized for their slow devolatiliza-
tion behavior in a N2-atmosphere. The changes in themass loss rate
versus temperature curves, as presented in Figs. 4 and 5, are
generally a result of the changes in the chemical composition upon
torrefaction. Torrefaction resulted in converting part of the hemi-
cellulose for both untreated woods, as the “shoulder” part of the
mass loss rate peak graph disappeared. It has been reported before
that the mass loss of hemicellulose up to 250 �C and 275 �C is
attributed to the cleavage of glycosidic bonds and the decomposi-
tion of side chains, and the fragmentation of monosaccharide units,
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respectively [27]. As a consequence, both feedstocks are expected
to contain higher lignin and cellulose mass fractions than their
parent materials. The 20 and 15 �C increase in torrefaction tem-
perature resulted in minimal changes in the mass loss rate peak of
spruce and ash.

3.2. Permanent gas species and BTX composition

The internal reactor pressure and the differential pressures for
the tests 2e4 resulted in sub-optimal char circulation conditions
due to the excessive presence of carbonaceous solids in the entire
downcomer which prevented proper circulation. Therefore, it is
expected that less char was recirculating in the gasifier, which
resulted in affecting the gas-solid reactions. The permanent gas, the
total tar yield and process key parameters are, therefore, expected
to be affected. The data of internal reactor pressure and differential
pressure can be found in the supplementary material.

Torrefaction has a small impact on the permanent gas compo-
sition during gasification as presented in Figs. 6 and 7. It resulted in
only a marginal increase of the CO2 volume fraction of spruce 280,
decreasing the CH4 volume fraction of ash 265 and increasing the
H2 volume fraction of ash 250 and 265. The other gases remained
unaffected. The H2/CO ratio varied between 2.0 and 2.8, but in most
experiments is approximately 2.4. This increase in the H2 volume
fraction, the decrease in CH4 volume fraction and the slight increase
in the CO2 volume fraction has been reported before [15,18,19].
These changes are attributed to the changes in the chemical
composition upon torrefaction in combination with chemical re-
actions taking place in the gasifier simultaneously. As torrefaction
results in decreasing the contribution of devolatilization on the
formation of the product gas, gasification reactions become more
relevant, especially char gasification reactions as the fixed carbon
mass fraction increases upon torrefaction [28] and steam is
employed in our rig. For torrefied spruce feedstocks, the effect of
torrefaction on the permanent gases is in agreement with previous
gasification studies with softwood [15,18]. As hemicellulose
(mainly) and to a certain extent cellulose are expected to decrease
due to the torrefaction conditions [3,5], a larger volume fraction of
CO is expected as it is a common main product of lignin and cel-
lulose devolatilization. In addition, more CO is expected to be
produced as a product of to the tar reduction reactions (see Fig. 12).
However, due to the fed O2, CO is converted to CO2. In addition, our
hardwood results are in agreement with [19], H2 is the only affected
gas species and increases upon torrefaction. The reason why tor-
refaction affected only the H2 is not clear. However, it must be noted
that as ash wood contains mainly xylan which is significantly un-
stable at low temperature [3] and lignin that is more reactive at low
temperature [23], thus this volatile part of ashwoodwas converted,
resulting in unaffected cellulose due to the torrefaction tempera-
ture [15,18]. In fact the cellulose mass fraction either remained the
same or increased slightly. Based on this hypothesis, the tar content
is expected to increase and, as the remaining lignin is reactive at
higher temperature, the H2 volume fraction is expected to increase
as well [29].

Given the small changes in the permanent gas composition
between test 4 and 6, both with ash 265, one can conclude from
Fig. 8 that the impact of the poor circulation on the permanent gas
composition was small. In addition, torrefaction influenced the
water volume fraction of the product gas (see Table 5). Experiments
with spruce 280 and ash 265 resulted in a higher water volume
fraction than spruce 260 and ash 250, respectively, showing that
the product gas contained water that was either formed during the
H2 oxidation or steam that did not react with other species.

Increasing the ER and decreasing the SBR results in decreasing
the H2 volume fraction and increasing the CO2 volume fraction (see
Fig. 6). This effect, of increasing ER, is known and has been
confirmed before in different gasifiers. However, CO and CH4 do not
show this trend. The unchanged CO volume fraction is possibly due
to the contribution of the Boudouard reaction due to the increased
fixed carbon content of the torrefied woods. Whereas, regarding
the CH4, Petersen andWerther [30] have reported that the O2 reacts
faster with other species, such as H2, CO and char rather than
oxidizing the CH4. The same effect is also observed with steam,
which reforms other hydrocarbons, rather than CH4.

Based on the m-GC analysis of the product gas, torrefaction
resulted in reducing the benzene and toluene volume fractions of
ash 265, spruce 260 and 280, in linewith what has been reported in
literature [18], but torrefaction did not affect the BTX volume
fractions of ash 250 (Figs. 8 and 9). Due to the reduction of the
volatile content in the torrefied woods, a decrease in BTX was ex-
pected as it was presented in our other study with commercial
torrefied wood as feedstock [31]. Only the gasification of ash 250
did not result in a lower BTX volume fraction. This is attributed to
(already mentioned) effect of torrefaction on the chemical
composition of ash woods. Given the small changes in the perma-
nent BTX composition between tests 4 and 6, with ash 265, one can
conclude from Fig. 10 that the impact of the poor circulation on the
BTX composition was small. Simultaneously increasing the ER and
decreasing the SBR did not affect the BTX volume fraction signifi-
cantly for both feedstocks.

3.3. Tar species content, yield and classes

Torrefaction resulted in decreasing the total tar content of both
torrefied spruce woods, and marginally increasing the total tar
content of both torrefied ash woods, as shown in Figs. 11 and 12.
Untreated and torrefied ash resulted in lower total tar contents
than untreated and torrefied spruce. This is attributed to the higher
cellulose and lignin mass fraction that softwoods contain [1,32]. In
addition, for each tar compound, gasification of untreated ash re-
sults in lower contents than untreated spruce (Fig. 11). For phenol,
this was expected due to the typically higher lignin mass fraction of
softwoods with respect to hardwoods [1] and due to the fact that
phenol is considered to be formed mainly from lignin [32,33].

Upon torrefaction of the spruce, the total tar content reduction
was 30% and 13% for spruce 260 and spruce 280, respectively (see
Fig. 10). Such a reduction upon torrefaction has also been observed
for softwood in other gasification studies [15,18] and for hardwood,
when torrefied at 260 �C or higher temperatures [19]. Based on the
gasification studies that have reported the chemical composition, it
can be said that in both studies [18,19] the tar content decreases
due to the significant decrease of the holocellulose content, so our
result is attributed to that effect of torrefaction. Increasing the
torrefaction temperature, from 260 to 280 �C, resulted in a further
decrease for almost all tars species, but phenols and toluene. This is
explained by the fact that the SPA sampling was performed for the
spruce 260 experiment and it is reported that the SPA sampling
shows a lower trapping efficiency for the BTX species [22]. There-
fore, increasing the torrefaction temperature is expected to
decrease all tar species.

Upon torrefaction of the ash wood, the total tar content
increased for ash 250 and ash 265 by 34% and 18%, respectively (see
Fig. 10). This increase in tar formation and it is partly attributed to
less gas-solid reactions, due to the reactor pressure and the sub-
optimal recirculation conditions of test 2, and partly to the effect
of torrefaction on the chemical composition, since there were no
recirculation issues in test 5. The former can be checked with the
effect of the circulation conditions on tar classes for tests 4 and 6
(see Fig. 12). Thus, gasification of ash 250 would still result in
increased tar content. Whereas, the chemical composition concerns
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the formation of primary tars. Sincemost of the tars derive from the
holocellulose mass fraction and the hemicellulose mass fraction
does decrease in our torrefaction conditions [3], the volatile con-
tent might not have decreased in the torrefied ash feedstocks to an
extent that the formation of tar species, which polymerize and
convert to heavier species than phenol, is reduced. The same reason
can be the source of the deviating result of Woytiuk et al. [19] for
their lowest torrefaction temperature as in these researchers'
feedstock and our feedstock the cellulose part is not expected to be
affected with torrefaction. Regarding the tar compounds for the
torrefied ash woods, increasing the torrefaction temperature did
not affect any tar compound significantly, but phenol and naph-
thalene. This change in the phenol content can be explained by the
higher H2 volume fraction of the ash 250 product gas which results
in enhancing the hydrodeoxygenation of oxygenated tar com-
pounds, i.e. phenol compounds [34]. The latter is among the rea-
sons why the ash 265 resulted in a lower naphthalene content than
the ash 250.

The results of classified tar species are presented in Figs. 11 and
12; this classification system is based on the solubility, chemical
composition and condensation behavior of various tar compounds
[35]. For both wood types, the majority of tars formed during
gasification belong in Classes 3 and 4. Tars of these two classes are
formed from primary tars due to decomposition of holocellulose
and lignin. Increasing the torrefaction temperature resulted in a
higher phenol content (Class 2 tars) for both woods, indicating that
the lignin mass fraction increased [32]. Regarding spruce, our re-
sults show that the torrefaction resulted in lower tar yields than
untreated spruce. Class 2 and Class 3 tars strongly decreased for
spruce 260, while increasing the torrefaction temperature from 260
to 280 �C led to an increase in tar yield again. However, in the
spruce 260 experiment, the SPA sampling was used; therefore if the
Class 2 tars and the toluene are not considered, increasing the
torrefaction temperature did not really affect all the tar classes, but
Class 4 which increased marginally. On the contrary, torrefaction of
ash resulted in increasing the tar yield and the Classes 3e5, even if
taking into account the sub-optimal recirculation. The effect of sub-
optimal recirculation conditions is more relevant for tars than
permanent gases and BTX. A comparison between tests 4 and 6
shows that there is a slight increase for Class 2 (phenol) tars and a
larger increase for Class 3 tars in the test 5 with the sub-optimal
solids circulation. This shows that tars that exists in these two
classes did not convert, due to the reduced gas-solid reactions. In
addition, an unchanged cellulose mass fraction upon torrefaction
may also contribute to that observation.
Table 5
Process key parameters.

Untreated ash Ash 250 Ash 250 Ash 265 Ash 265 Ash

Test 1 2 3 4 5 6
ER 0.31 0.30 0.36 0.36 0.31 0.3
SBR 0.10 1.00 0.85 0.88 1.00 0.8

CCE 102.1 78.0 72.3 75.4 90.6 93.
CGE 62.0 52.1 46.0 44.9 58.3 54.
H2/CO 2.4 2.8 2.2 2.2 2.5 2.1
CO/CO2 0.32 0.30 0.34 0.32 0.33 0.3
Watera 42.8 51.9 40.2 49.0 53.0 44.
Gas yieldb 1.7 1.4 1.3 1.3 1.7 1.7
LHVc 7.0 6.8 7.2 6.5 6.6 6.2
LHVd 11.7 9.8 9.2 8.7 11.3 10.
Mass balance errore �2.8 �6.1 �22.6 �14.7 8.7 1.7

a Vol% on as received basis.
b In m3.kgdaf�1.
c In MJ.m�3 (STP).
d In MJ.kgdaf�1.
e In %.
The simultaneous increase in the ER and decrease in the SBR
resulted in no significant impact on the tar compounds for spruce
260 and spruce 280, and in slight impact for ash 250 and ash 265
(see Figs. 13 and 14). This effect was also observed in our previous
study with commercial torrefied wood feedstock [31]. The com-
bined increase in the ER and decrease in the SBR resulted in a
decrease of the Class 3 tars (due to toluene) and naphthalene for
ash 250 and a decrease in the naphthalene for the ash 265. In
general, increasing the ER and decreasing the SBR at 850 �C resulted
in decreasing Class 2 tars (phenol) and the lighter PAH for ash 265
and ash 250, respectively. In both cases, converted products of such
tar compounds formed heavier PAHs, and CO, CO2 (see Fig. 7), and
H2 are released.

3.4. Process key parameters

Based on mass balance calculations, various process key pa-
rameters have been calculated, such as the CCE, CGE and others
(Table 5). As expected due to the higher volatile mass fraction, the
CCE and CGE values are the highest in the experiments with un-
treated woods. Furthermore, an increase in the ER showed a
increasing effect on the CCE and a decreasing effect on the CGE.
Only for ash 250 and spruce 260, increasing the ER did not result
in increasing the CCE and decreasing the CGE, respectively. While
the former is attributed to the sub-optimal recirculation condi-
tions, the latter is explained with the increase in the gas yield.
Lastly, for both feedstocks, torrefaction resulted in a reduction of
the gas heating value per biomass input. This reduction is more
pronounced for torrefied ash due to the higher fixed carbon mass
fraction.

Torrefaction decreased the CCE, CGE for both torrefied spruce
woods and decreased the gas yield of spruce 280. Our spruce re-
sults regarding the effect of torrefaction on CCE and CGE are
in agreement with Sweneey [20]. This researcher reported a
decrease in both process parameters when torrefied samples were
gasified. On the other hand, Berrueco et al. [15] reported that
torrefaction resulted in decreasing the CCE but not a clear trend
regarding the CGE was observed with their feedstocks. They re-
ported that regarding torrefied forestry residues increasing the
torrefaction temperature resulted in increasing the CGE. However,
the volatile matter of their feedstock is not much decreased at
225 �C, rather than at 275 �C. Their increase in the CGE is
explained with an increase of the total gas yield (with the most
severely torrefied fuel), rather than with the quality of the
combustible gas volume fraction.
265 Untreated spruce Spruce 260 Spruce 260 Spruce 280 Spruce 280

7 8 9 10 11
5 0.30 0.31 0.36 0.36 0.31
5 0.10 1.00 0.85 0.85 1.00

7 95.6 89.1 99.3 87.1 81.6
3 60.0 53.4 56.2 46.7 48.2

2.4 2.3 2.0 2.2 2.4
2 0.31 0.30 0.31 0.27 0.28
1 44.4 39.7 38.2 44.0 45.6

1.6 1.6 1.7 1.5 1.5
6.8 6.5 6.5 6.2 6.5

5 11.0 10.4 11.2 9.2 9.5
�1.9 �10.9 �3.5 �2.1 �5.6



Fig. 4. Rate of mass loss vs temperature (dTG) curves for slow devolatilization of
untreated and torrefied spruce feedstocks (heating rate ¼ 20 �C.min�1,
N2 ¼ 100 mL.min�1).

Fig. 5. Rate of mass loss vs temperature (dTG) curves for slow devolatilization of
untreated and torrefied ash feedstocks (heating rate ¼ 20 �C.min�1,
N2 ¼ 100 mL.min�1).

Fig. 6. Gas composition measured during spruce feedstocks experiments (at 850 �C).

Fig. 7. Gas composition measured during ash feedstocks experiments (at 850 �C).

Fig. 8. BTX composition measured by mGC during spruce feedstocks experiments (at
850 �C).

Fig. 9. BTX composition measured by mGC during ash feedstocks experiments (at
850 �C).
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Torrefaction of ash did not show benefits in increasing the CCE,
CGE, gas yield and LHV (MJ.kgdaf�1) of the product gas. However,
when comparing ash 250 and ash 265, these process parameters
appear to improve with increasing torrefaction temperature. This
was unexpected and not reported before in literature. However, it
can be explained if one compares tests 4 and 6, which under the
same gasification conditions resulting in large difference in the CCE
and CGE. Therefore, both CCE and CGE would be expected to
decrease upon torrefaction of ash but not to the extent that we
observed. Lastly, the gas yield was mainly also affected due to the
elevated pressure and resulted in the significant difference of the
CGE between the ash 265 and ash 250.
4. Conclusions

Subjecting woody biomass to a combination of torrefaction and
subsequent densification offers clear benefits in logistics and
handling operations. Therefore, in this study, for the first time
oxygen-steam blown circulating fluidized bed gasification experi-
ments have been performed with untreated and torrefied softwood
and hardwood to determine additional benefits in this end-use
option. The examined operational conditions were relevant to



Fig. 10. Tar content in the product gas for spruce and ash feedstocks (at 850 �C, ER ¼ 0.30 and SBR ¼ 1) measured with tar standard method.

Fig. 11. Content and yield of total tar and tar classes measured during spruce feed-
stocks experiments (at 850 �C and 1 bar).
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typical operating conditions in industrial relevant applications.
It is concluded that torrefaction affected the product gas

composition for both types of wood only to a small extent. For the
torrefied spruce woods, torrefaction did not affect the permanent
gases and resulted in decreasing the BTX volume fraction and total
Fig. 12. Content and yield of total tar and tar classes measured
tar content for both spruce 260 and 280. A simultaneous increase of
the ER and decrease of the SBR did not affect the tar classes. For the
torrefied ash woods, torrefaction resulted in increasing only the H2
volume fraction for both ash 250 and 265, and decreasing the CH4
volume fraction for ash 265, affecting the BTX volume fraction for
ash 265 and, surprisingly, torrefaction resulted in increasing the
total tar content for both ash 250 and 265. The simultaneous in-
crease of the ER and decrease of the SBR resulted in decreasing the
Class 3 tars for ash 250 and slightly decreasing the Class 2 tars for
ash 265. Lastly, for both wood species the majority of the tars
belonged in Classes 3 and 4.

Torrefaction of spruce and ashwoods resulted in a limited impact
on product gas constituents' composition, but the CCE and the CGE
decreased significantly. Therefore, purely from an end-use perspec-
tive it is not recommended to replace these untreated spruce and
untreated ash woods with these torrefied versions during oxygen-
steam blown CFB gasification at 850 �C. Future research of gasifica-
tion of torrefied wood species should include feedstock chemical
analysis and characterization of products obtained under devolati-
lization conditions. The formerwill quantify the effect of torrefaction
conditions on the hemicellulose, cellulose and lignin, whereas the
latter, investigates the formation of primary tars.
during ash feedstocks experiments (at 850 �C and 1 bar).



Fig. 14. Tar content in the product gas measured during the torrefied ash experiments (at 850 �C).

Fig. 13. Tar content in the product gas measured during the torrefied spruce experiments (at 850 �C).

G.A. Tsalidis et al. / Biomass and Bioenergy 106 (2017) 155e165164
Acknowledgments

This work is part of the activities carried out in the framework of
the FP7 (Infrastructures) European project “Biofuels Research
Infrastructure for Sharing Knowledge (BRISK)” e project no.
284498, and of the Dutch National TKI project “INVENT Pretreat-
ment”, project no. TKIBE01011, for investigation and improvement
of torrefaction technologies. Finally, the authors thank Mara Del
Grosso, Elisa Savuto and Andrea De Profetis for their help during
the gasification experiments, and Daniel van Baarle and Martijn
Karsten for their technical assistance.

Appendix A. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.biombioe.2017.09.001.

References

[1] M. Asmadi, H. Kawamoto, S. Saka, Characteristics of softwood and hardwood
pyrolysis in an ampoule reactor, J. Anal. Appl. Pyrolysis 124 (2017) 523e535,
http://dx.doi.org/10.1016/j.jaap.2017.01.029.

[2] M. Poletto, Assessment of the thermal behavior of lignins from softwood and
hardwood species, Maderas Cienc. Y Tecnol. 19 (2017) 63e74, http://
dx.doi.org/10.4067/S0718-221X2017005000006.

[3] K. Werner, L. Pommer, M. Brostr€om, Thermal decomposition of hemi-
celluloses, J. Anal. Appl. Pyrolysis 110 (2014) 130e137, http://dx.doi.org/
10.1016/j.jaap.2014.08.013.
[4] B. Joffres, D. Laurenti, N. Charon, A. Daudin, A. Quignard, C. Geantet, Ther-

mochemical conversion of lignin for fuels and chemicals: a review, Oil Gas Sci.
Technol. e Revue d’IFP Energies Nouvelles 68 (2013) 753e763, http://
dx.doi.org/10.2516/ogst/2013132.

[5] V. Pasangulapati, Devolatilization Characteristics of Cellulose, Hemicellulose,
Lignin and the Selected Biomass during Thermochemical Gasification:
Experiment and Modeling Studies, Oklahoma State University, 2012. http://
gradworks.umi.com/15/13/1513363.html. (Accessed 29 September 2015).

[6] G. Xue, M. Kwapinska, W. Kwapinski, K.M. Czajka, J. Kennedy, J.J. Leahy,
Impact of torrefaction on properties of Miscanthus�giganteus relevant to
gasification, Fuel 121 (2014) 189e197, http://dx.doi.org/10.1016/
j.fuel.2013.12.022.

[7] C. Couhert, S. Salvador, J.-M. Commandr�e, Impact of torrefaction on syngas
production from wood, Fuel 88 (2009) 2286e2290, http://dx.doi.org/10.1016/
j.fuel.2009.05.003.

[8] E.M. Fisher, C. Dupont, L.I. Darvell, J.-M. Commandr�e, A. Saddawi, J.M. Jones,
M. Grateau, T. Nocquet, S. Salvador, Combustion and gasification character-
istics of chars from raw and torrefied biomass, Bioresour. Technol. 119 (2012)
157e165, http://dx.doi.org/10.1016/j.biortech.2012.05.109.

[9] G.-A. Tsalidis, Y. Joshi, G. Korevaar, W. de Jong, Life cycle assessment of direct
co-firing of torrefied and/or pelletised woody biomass with coal in The
Netherlands, J. Clean. Prod. 81 (2014) 168e177, http://dx.doi.org/10.1016/
j.jclepro.2014.06.049.

[10] M. Siedlecki, W. De Jong, A.H.M. Verkooijen, Fluidized bed gasification as a
mature and reliable technology for the production of bio-syngas and applied
in the production of liquid transportation fuelsda review, Energies 4 (2011)
389e434, http://dx.doi.org/10.3390/en4030389.

[11] H. Roracher, A. Gredinger, L.S. Angrill, U. Seifert, Y. Neubauer, S. Dasappa,
V. Bush, W. Prins, T.R. Miles, U. Henriksen, D. Br€akow, F. Dalimier, J. van
Bennekom, M. Hauth, M.C.D. Blasi, M.L. He, R.C. Brown, M.A. Kruse, R. Buehler,
D.D. Schmidt, Handbook Biomass Gasification, second ed., BTG Biomass
Technology Group BV, 2012.

https://doi.org/10.1016/j.biombioe.2017.09.001
http://dx.doi.org/10.1016/j.jaap.2017.01.029
http://dx.doi.org/10.4067/S0718-221X2017005000006
http://dx.doi.org/10.4067/S0718-221X2017005000006
http://dx.doi.org/10.1016/j.jaap.2014.08.013
http://dx.doi.org/10.1016/j.jaap.2014.08.013
http://dx.doi.org/10.2516/ogst/2013132
http://dx.doi.org/10.2516/ogst/2013132
http://gradworks.umi.com/15/13/1513363.html
http://gradworks.umi.com/15/13/1513363.html
http://dx.doi.org/10.1016/j.fuel.2013.12.022
http://dx.doi.org/10.1016/j.fuel.2013.12.022
http://dx.doi.org/10.1016/j.fuel.2009.05.003
http://dx.doi.org/10.1016/j.fuel.2009.05.003
http://dx.doi.org/10.1016/j.biortech.2012.05.109
http://dx.doi.org/10.1016/j.jclepro.2014.06.049
http://dx.doi.org/10.1016/j.jclepro.2014.06.049
http://dx.doi.org/10.3390/en4030389
http://refhub.elsevier.com/S0961-9534(17)30285-4/sref11
http://refhub.elsevier.com/S0961-9534(17)30285-4/sref11
http://refhub.elsevier.com/S0961-9534(17)30285-4/sref11
http://refhub.elsevier.com/S0961-9534(17)30285-4/sref11
http://refhub.elsevier.com/S0961-9534(17)30285-4/sref11
http://refhub.elsevier.com/S0961-9534(17)30285-4/sref11


G.A. Tsalidis et al. / Biomass and Bioenergy 106 (2017) 155e165 165
[12] E. Kurkela, M. Kurkela, I. Hiltunen, Steameoxygen gasification of forest resi-
dues and bark followed by hot gas filtration and catalytic reforming of tars:
results of an extended time test, Fuel Process. Technol. 141 (2016) 148e158,
http://dx.doi.org/10.1016/j.fuproc.2015.06.005.

[13] X.T. Li, J.R. Grace, C.J. Lim, A.P. Watkinson, H.P. Chen, J.R. Kim, Biomass Gasif. a
circulating Fluid. bed 26 (2004) 171e193, http://dx.doi.org/10.1016/S0961-
9534(03)00084-9.

[14] M. Siedlecki, W. de Jong, Biomass gasification as the first hot step in clean
syngas production process e gas quality optimization and primary tar
reduction measures in a 100 kW thermal input steameoxygen blown CFB
gasifier, Biomass Bioenergy 35 (2011) S40eS62, http://dx.doi.org/10.1016/
j.biombioe.2011.05.033.

[15] C. Berrueco, J. Recari, B.M. Güell, G. del Alamo, Pressurized gasification of
torrefied woody biomass in a lab scale fluidized bed, Energy 70 (2014) 68e78,
http://dx.doi.org/10.1016/j.energy.2014.03.087.

[16] V.S. Sikarwar, M. Zhao, P. Clough, J. Yao, X. Zhong, M.Z. Memon, N. Shah,
E.J. Anthony, P.S. Fennell, An overview of advances in biomass gasification,
Energy Environ. Sci. 9 (2016) 2939e2977, http://dx.doi.org/10.1039/
c6ee00935b.

[17] M. Siedlecki, R. Nieuwstraten, E. Simeone, W. de Jong, A.H.M. Verkooijen,
Effect of magnesite as bed material in a 100 kWth Steam�Oxygen blown
circulating fluidized-bed biomass gasifier on gas composition and tar forma-
tion, Energy fuels. 23 (2009) 5643e5654, http://dx.doi.org/10.1021/
ef900420c.

[18] A. Kulkarni, R. Baker, N. Abdoulmomine, S. Adhikari, S. Bhavnani, Experi-
mental study of torrefied pine as a gasification fuel using a bubbling fluidized
bed gasifier, Renew. Energy 93 (2016) 460e468, http://dx.doi.org/10.1016/
j.renene.2016.03.006.

[19] K. Woytiuk, W. Campbell, R. Gerspacher, R.W. Evitts, A. Phoenix, The effect of
torrefaction on syngas quality metrics from fluidized bed gasification of SRC
willow, Renew. Energy 101 (2017) 409e416, http://dx.doi.org/10.1016/
j.renene.2016.08.071.

[20] D.J. Sweeney, Performance of a Pilot-scale, Steam-blown, Pressurized Fluid-
ized Bed Biomass Gasifier, University of Utah, 2012. http://content.lib.utah.
edu/cdm/ref/collection/etd3/id/2060. (Accessed 22 October 2013).

[21] CEN/TS 15439, Biomass Gasification e Tar and Particles in Product Gases e
Sampling and Analysis. European Committee for Standardization, Brussels,
2006. ECN-Ce;06e046.

[22] S. Osipovs, Use of two different adsorbents for sampling tar in gas obtained
from peat gasification, Int. J. Environ. Anal. Chem. 89 (2009) 871e880, http://
dx.doi.org/10.1080/03067310802592755.

[23] P. Nanou, M.C. Carbo, J.H.A. Kiel, Detailed mapping of the mass and energy
balance of a continuous biomass torrefaction plant, Biomass Bioenergy 89
(2016) 67e77, http://dx.doi.org/10.1016/j.biombioe.2016.02.012.
[24] G.-A. Tsalidis, K. Voulgaris, K. Anastasakis, W. De Jong, J.H.A. Kiel, Influence of

torrefaction pretreatment on reactivity and permanent gas formation during
devolatilization of spruce, Energy fuels. 29 (2015) 5825e5834, http://
dx.doi.org/10.1021/acs.energyfuels.5b01101.

[25] Energy research Centre of the Netherlands (ECN), Phyllis2, Database for
Biomass and Waste, 2015. http://www.ecn.nl/phyllis2. (Accessed 23
September 2013).

[26] C. Sheng, J.L.T. Azevedo, Estimating the higher heating value of biomass fuels
from basic analysis data, Biomass Bioenergy 28 (2005) 499e507, http://
dx.doi.org/10.1016/j.biombioe.2004.11.008.

[27] S. Wang, G. Dai, B. Ru, Y. Zhao, X. Wang, J. Zhou, Z. Luo, K. Cen, Effects of
torrefaction on hemicellulose structural characteristics and pyrolysis behav-
iors, Bioresour. Technol. 218 (2016) 1106e1114, http://dx.doi.org/10.1016/
j.biortech.2016.07.075.

[28] S. Kern, C. Pfeifer, H. Hofbauer, Co-gasification of wood and lignite in a dual
fluidized bed gasifier, Energy fuels. 27 (2013) 919e931, http://dx.doi.org/
10.1021/ef301761m.

[29] D. Ferdous, A.K. Dalai, S.K. Bej, R.W. Thring, Pyrolysis of Lignins: experimental
and kinetics studies, Energy fuels. 16 (2002) 1405e1412, http://dx.doi.org/
10.1021/ef0200323.

[30] I. Petersen, J. Werther, Experimental investigation and modeling of gasifica-
tion of sewage sludge in the circulating fluidized bed, Chem. Eng. Process.
Process Intensif. 44 (2005) 717e736, http://dx.doi.org/10.1016/
j.cep.2004.09.001.

[31] M.C. Carbo, M. Bouwmeester, INVENT/pre-treatment Openbaar Eindrapport,
Netherlands, 2016. ECN-Ed16e038, https://www.ecn.nl/publications//
PdfFetch.aspx?nr¼ECN-Ee16-038. (Accessed 20 April 2017).

[32] H. Yu, Z. Zhang, Z. Li, D. Chen, Characteristics of tar formation during cellulose,
hemicellulose and lignin gasification, Fuel 118 (2014) 250e256, http://
dx.doi.org/10.1016/j.fuel.2013.10.080.

[33] Y. Qin, A. Campen, T. Wiltowski, J. Feng, W. Li, The influence of different
chemical compositions in biomass on gasification tar formation, Biomass
Bioenergy 83 (2015) 77e84, http://dx.doi.org/10.1016/
j.biombioe.2015.09.001.

[34] S. Thangalazhy-Gopakumar, S. Adhikari, R.B. Gupta, S.D. Fernando, Influence
of pyrolysis operating conditions on bio-Oil components: a microscale study
in a pyroprobe, Energy Fuels 25 (2011) 1191e1199, http://dx.doi.org/10.1021/
ef101032s.

[35] S.V.B. van Paasen, J.H.A. Kiel, Tar Formation in a Fluidised-bed Gasifier. Impact
of Fuel Properties and Operating Conditions, ECN, Petten, the Netherlands,
2004. ECN-Ce04e01, http://www.ecn.nl/publications/ECN-Ce04-013.
(Accessed 7 August 2015).

http://dx.doi.org/10.1016/j.fuproc.2015.06.005
http://dx.doi.org/10.1016/S0961-9534(03)00084-9
http://dx.doi.org/10.1016/S0961-9534(03)00084-9
http://dx.doi.org/10.1016/j.biombioe.2011.05.033
http://dx.doi.org/10.1016/j.biombioe.2011.05.033
http://dx.doi.org/10.1016/j.energy.2014.03.087
http://dx.doi.org/10.1039/c6ee00935b
http://dx.doi.org/10.1039/c6ee00935b
http://dx.doi.org/10.1021/ef900420c
http://dx.doi.org/10.1021/ef900420c
http://dx.doi.org/10.1016/j.renene.2016.03.006
http://dx.doi.org/10.1016/j.renene.2016.03.006
http://dx.doi.org/10.1016/j.renene.2016.08.071
http://dx.doi.org/10.1016/j.renene.2016.08.071
http://content.lib.utah.edu/cdm/ref/collection/etd3/id/2060
http://content.lib.utah.edu/cdm/ref/collection/etd3/id/2060
http://refhub.elsevier.com/S0961-9534(17)30285-4/sref21
http://refhub.elsevier.com/S0961-9534(17)30285-4/sref21
http://refhub.elsevier.com/S0961-9534(17)30285-4/sref21
http://refhub.elsevier.com/S0961-9534(17)30285-4/sref21
http://refhub.elsevier.com/S0961-9534(17)30285-4/sref21
http://refhub.elsevier.com/S0961-9534(17)30285-4/sref21
http://dx.doi.org/10.1080/03067310802592755
http://dx.doi.org/10.1080/03067310802592755
http://dx.doi.org/10.1016/j.biombioe.2016.02.012
http://dx.doi.org/10.1021/acs.energyfuels.5b01101
http://dx.doi.org/10.1021/acs.energyfuels.5b01101
http://www.ecn.nl/phyllis2
http://dx.doi.org/10.1016/j.biombioe.2004.11.008
http://dx.doi.org/10.1016/j.biombioe.2004.11.008
http://dx.doi.org/10.1016/j.biortech.2016.07.075
http://dx.doi.org/10.1016/j.biortech.2016.07.075
http://dx.doi.org/10.1021/ef301761m
http://dx.doi.org/10.1021/ef301761m
http://dx.doi.org/10.1021/ef0200323
http://dx.doi.org/10.1021/ef0200323
http://dx.doi.org/10.1016/j.cep.2004.09.001
http://dx.doi.org/10.1016/j.cep.2004.09.001
https://www.ecn.nl/publications//PdfFetch.aspx?nr=ECN-E%1316-038
https://www.ecn.nl/publications//PdfFetch.aspx?nr=ECN-E%1316-038
https://www.ecn.nl/publications//PdfFetch.aspx?nr=ECN-E%1316-038
https://www.ecn.nl/publications//PdfFetch.aspx?nr=ECN-E%1316-038
http://dx.doi.org/10.1016/j.fuel.2013.10.080
http://dx.doi.org/10.1016/j.fuel.2013.10.080
http://dx.doi.org/10.1016/j.biombioe.2015.09.001
http://dx.doi.org/10.1016/j.biombioe.2015.09.001
http://dx.doi.org/10.1021/ef101032s
http://dx.doi.org/10.1021/ef101032s
http://www.ecn.nl/publications/ECN-C%1304-013
http://www.ecn.nl/publications/ECN-C%1304-013

	The effect of torrefaction on the process performance of oxygen-steam blown CFB gasification of hardwood and softwood
	1. Introduction
	2. Materials and methods
	2.1. Experimental test rig geometry and functionality
	2.2. Analytical techniques
	2.3. Biomass feedstock, bed material and gasification char
	2.3.1. Biomass feedstock characterization
	2.3.2. Bed material

	2.4. Gasification conditions

	3. Results and discussion
	3.1. Feedstock characterization
	3.2. Permanent gas species and BTX composition
	3.3. Tar species content, yield and classes
	3.4. Process key parameters

	4. Conclusions
	Acknowledgments
	Appendix A. Supplementary data
	References


