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ARTICLE INFO ABSTRACT

Keywords: Pretreating raw biomass via torrefaction changes fuel specific properties like grindability, volatile content, en-
Torrefaction ergy density and biochemical stability and thus enables an enhanced fuel replacement for pulverized fossil fuel
Fast pyrolysis fired furnaces.

B?eCh wood In this study, the influence of torrefaction temperature on devolatilization behavior is investigated in a small-
xtlsifi?zl;gused scale fluidized bed reactor approximating flame-equivalent conditions. Therefore the pyrolysis products of two
FTIR different biofuels with varying degree of torrefaction are determined via ex-situ FTIR gas analysis in an N,

atmosphere in the temperature range from 873 to 1473 K. Furthermore, the mass fraction of residual char
particles is determined by adding O, to the fluidizing gas and analyzing the burnout products. Char fraction and
volatile composition are used to estimate the energy release distribution between homogeneous volatile com-
bustion and heterogeneous char burnout.

The experiments revealed enlarging char yields at the expense of volatile yields with increasing degree of
torrfaction at all investigated pyrolysis temperatures. Furthermore, torrefaction favors higher fractions of CO,
and lower fractions of CO and C,Hy in the light gas. Further on, no significant impact of torrefaction conditions
on the tar composition could be identified. The calculation of higher heating value (HHV) based on char yield
and gas composition reveals an overall increase of HHV, while the relative contribution from the volatile fraction
decreases with increasing degree of torrefaction. Following this, an increase of torrefaction degree will shift
combustion from a high intense volatile combustion in the near burner region towards a less intense but pro-
longed char conversion in the far burner region.

1. Introduction

The usage of solid biogenic fuels as alternative fuels in coal-fired
pulverized fuel boilers can reduce net carbon emissions of power plants
[1] and allows for a negative carbon balance when carbon capture and
storage (CCS) technologies are applied. The main technical drawbacks
in replacing conventional fossil fuels with biomass are the divergent
fuel properties of biomass, especially higher volatile content, lower
energy density, fibrous structure, lower biostability, and in-
homogeneity. A thermal pretreatment via torrefaction helps to improve
those properties to generate a more coal-like biogenic fuel [2].

For design and optimization of torrefied biomass-fired furnaces (e.g.
Li et al. [3]), detailed knowledge of the pyrolysis/devolatilization
product distribution is required to predict ignition behavior, pollutant
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formation and energy release from volatile combustion in the near-
burner region. The pyrolysis product distribution depends on pre-
treatment parameters (torrefaction temperature, residence time) and on
pyrolysis conditions such as temperature, heating rate and residence
time.

Table 1 lists experimental studies investigating the influence of
different torrefaction conditions on the product distribution during
pyrolysis. There is a general consensus in these studies that an increased
degree of torrefaction favors the formation of solid char and reduces the
amount of released liquid products, either called tar or bio-oil. Re-
garding the amount of released non-condensable gases, different de-
pendencies on the degree of torrefaction are evident. An overall slight
tendency can be identified that lower pyrolysis temperatures favor an
increased gas yield with increasing degree of torrefaction, while higher
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Table 1
Literature overview of experimental studies investigating pyrolysis products of biomass samples with varying degree of torrefaction in comparison to the raw
material.
Reference Fuel Torrefaction Pyrolysis conditions Behavior of pyrolysis products with increasing degree of torrefaction®
conditions
Temp. [K] Time Temp. [K] Heating rate Gas Tar Char H,0 CcO CO, CHy H; Cy+ Hy
[min]
Barontini et al.  Palm kernel shell 473-573 30 up to 900 20 K min™ v\ v\ v\
[4,5] 1173 high c\\ Ny o\ Ny c\
Boateng et al. Hardwood, undefined unknown  high y/ v\ YN\
[6] switchgrass
Cen et al. [7] Corn stalk 523 30 773 high N\ v\ v\ o\ o\ c—> o\ >
Chen et al. Rice husk, cotton 473-563 30 773 high y v\ v\
[8-10] stalk, pine 773 high vy v\ v\ o\ o\ o\ o\ [<a"
823 high ¥\ N\ N o\ o\ Ny e\ c
Lietal [11] Palm kernel shell 473-573 30 1173 104 —10°Ks™t ¥\ N\ Ny (g% oy Vg% o\
Louwes et al. ash wood, spruce  523-553 45 773 high o\ [QM o\
[12]
Raut et al. [13] Poplar 523-573 60 1073 high N v\ YN\
Ren et al. [14] Douglas fir 513-583 8-22 753 unknown N\ v\ v\ o\ [aM o\ N
sawdust
Ru et al. [15] Poplar 473-573 30 up to 1173 10 K min! v\
Tsalidis et al. Spruce, ash wood 563-573 20-30 773-1273 600 K s~} y(T) y(T) v\ y(T) y(T) y(T)
[16,17]
873-1273 600 K s~! N N N y(T) y(T) y(T) y(T)
Wafiq et al. [18] Miscanthus 523 30 1073 800 K s~! v\ y— v\ v\ ¥\ v\ y— y—
Wannapeera Leucaena 473-593 0-1140 wup to 1073 10 K min—! N\ N\ v\ N\ y= N y—=
et al. [19] Leucocephala
Xin et al. [20] Licorice residue 483-553 60 723-1073 2 x 104K s™! o\
Zhang et al. Rice husk 483-583 30-60 823 high v\ v\ v\ o\ o\ o\ c\ (G
[21-23]
Zheng et al. Pine, corncobs, 483-593 10-60 793 high vy v\ v\
[24-27] hemicellulose, 743 high y— v\ v\
cellulose, lignin 873 2% 104K s™! N\ N\ v\

? y: mass yield c: gas concentration \: strong increase \: slight increase —: constant \: slight decrease \:strong decrease ~: maximum ~:minimum

(T): function of pyrolysis temperature.

pyrolysis temperatures favor a decreasing gas yield. Regarding the re-
lease behavior of individual gas species, the discrepancies between the
different studies are much more pronounced.

To characterize both — the impact of torrefaction and pyrolysis
conditions — temperature dependent studies are required, which only
have been undertaken by Tsalidis et al. [16,17] and Xin et al. [20]. The
lack of experimental data for biomass with a varying degree of torre-
faction undergoing pyrolysis processes at high temperatures and high
particle heating rates was already identified by Barontini et al. [5] but
has not been remedied yet.

The objective of this study is to close the identified gap in the
currently available experimental data. To achieve this, the impact of
torrefaction temperature on fast pyrolysis yields and gas composition
under conditions similar to those in the ignition zone of pulverized fuel
boilers is investigated. The yields of 22 single gas species are calculated
from an FTIR gas analysis in the exhaust gas stream of a batchwise
operating small-scale fluidized bed reactor, which has already been
used for several pyrolysis studies [28-30]. Experiments have been un-
dertaken in the temperature range from 873 to 1473 K at high particle
heating rates of approximately 5 x 10* K s~! for two different fuels and
two different degrees of torrefaction per fuel, to quantify both: the in-
fluence of torrefaction and pyrolysis conditions on the gas yields.

The data presented in this study has two main usage scenarios: It
can be used to improve the prediction of the higher heating value of
pyrolysis products released from torrefied biomass depending on the
torrefaction- and pyrolysis conditions. And the data can also serve as a
basis for adapting available network pyrolysis models for coal to the
pyrolysis process of torrefied biomass.
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2. Material and methods

The experimental investigation performed in this study can be di-
vided into three main steps: fuel pretreatment, fuel analysis, and de-
termination of fast pyrolysis products. In the first step, raw biomass is
transformed into torrefied biomass under different conditions by using
a small-scale continuously working screw reactor. In the second step,
the torrefied product is analyzed, ground and sieved into different
particle size fractions. And in the third step, one of these fractions is fed
batchwise into a small-scale fluidized bed reactor to investigate fast
pyrolysis yields under flame-equivalent conditions.

2.1. Raw fuel characterization

In the present study, two different biogenic fuels are investigated.
Beech wood (Fagus sylvatica) is chosen as a representative for woody
biomass and miscanthus (Miscanthus X giganteus) as a representative for
stalk biomass, respectively. Both biomasses have been cultivated in
northern Germany and have been acquired from industrial manu-
facturers (Beech wood: Goldspan GmbH & Co. KG, Miscanthus:
Miscanthus OppStock GbR). Both materials constitute a mix of plants
harvested at different plant ages. Mechanical pretreatment undertaken
by the manufacturer resulted in beech wood chips with typical di-
mensions of 10 X 10 X 2 mm and shredded miscanthus with strongly
elongated particles up to 5 cm in length. The material has been stored in
sealed plastic bags until use in the laboratory.
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Fig. 1. Scheme of the continuously working screw reactor for torrefaction.

2.2. Fuel pretreatment by torrefaction

Before the raw materials are torrefied, they are dried in a conven-
tional dryer at 379 K (Heraeus UT 5042) for 2h to ensure comparable
moisture contents of the used samples.

Torrefaction is performed in a continuously working screw reactor
shown in Fig. 1 and described in detail by Ohliger et al. [31]. The re-
actor consists of two co-axial stainless steel pipes and a screw conveyor
with a length of 1000 mm and a diameter of 160 mm. Heating is rea-
lized indirectly by hot air flowing through the annular gap between the
two pipes in co-current flow with the biomass. Temperature is con-
trolled via the thermocouples 2-5, which are mounted to the wall of the
inner pipe. An exemplary temperature profile is given in Ohliger et al.
[31]. Biomass is delivered to the screw conveyor through a rotary
feeder. The screw conveyor allows precise control of the biomass re-
sidence time in the reactor. Both, the rotary feeder and the screw
conveyor are driven by individual electrical motors, which allows
controlling mass flow and residence time individually. Nitrogen (purity
99.998 vol.-%) is applied to the storages (not shown) for both, raw and
torrefied biomass as well as to the reactor itself, ensuring an inert at-
mosphere to avoid combustion. Additionally, this setting forces the
volatiles to escape through the intended outlet. In the present study, the
torrefied material is produced under two different operating conditions.
In the first run the torrefaction set temperature is 553K and in the
second run, it is 573 K. The two temperatures have been chosen as in
this temperature range a strong decomposition of hemicellulose is ex-
pected. All other parameters are kept constant for both runs. Residence
time is set to 30 min via controlling the rotation speed of the screw
conveyor and fuel feed rate is set to 2 kg h™! via controlling the rotation
speed of the rotary feeder.

2.3. Fuel characterization methods

Following the torrefaction process, samples are ground with a Retsch
SM 100 cutting mill and sieved afterward with a Retsch AS 200 sieving
machine. For further analyzes and investigations of fast pyrolysis yields
the mesh size fraction 90-125 pm is used. Milled and sieved samples of
raw and torrefied biomass are analyzed with standardized testing pro-
cedures. Proximate analysis was undertaken with muffle furnace
Nabertherm L5/13/B410 and drying cabinet Heraeus 5000 Series to ob-
tain moisture (DIN 51718 [32]), volatile (DIN 51720 [33]) and ash
(DIN 51719 [34]) content. Analogously a Leco TruSpec Micro CHNS is
used for determination of C, H, N and S content (DIN 51732 [35], DIN
51724 [36]). Particle size analysis is undertaken with an Olympus SZ-40
zoom stereo microscope combined with a Nikon D5100 digital camera
and a self-developed MATLAB-based image analysis software. Due to
the elongated shape of the particles, a cylindrical particle model is used
to determine equivalent particle diameter and length. Further details
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Fig. 2. Scheme of the fluidized bed reactor for pyrolysis experiments (dimen-
sions in mm).

are presented in Appendix A.

2.4. Fluidized bed reactor for fast pyrolysis

Pyrolysis experiments are conducted batchwise in a fluidized bed
reactor (FBR), which is described in detail by Haustein et al. [37] and
Pielsticker et al. [29]. The reactor is located in an electrically controlled
furnace to set the surrounding temperature individually. As shown in
Fig. 2, the reactor consists of two coaxial ceramic pipes, which are
mounted to the stainless steel reactor head. The feed gas enters the
reactor through the reactor head and is guided downwards through the
annular gap between the pipes before it flows through a distributor to
fluidize the bed in the inner pipe. For all experiments, the flow rate is
set to 100Lgrph™! (standard conditions) nitrogen 4.8 (purity
99.998 vol.-% N,). The porous distributor is made from sintered silica
glass with a pore size range of 40-100 pm providing a homogeneous
inflow. The bed consists of Al,O; particles with a diameter dsy = 141 pm
(mesh size 112-180 pm).

For each run a fuel sample (mg, = 15 mg) is injected batchwise into
the reactor through fuel lock and fuel feed pipe. Driven by gravity and
an additional nitrogen flush of 10 mL the fuel is transported to the
fluidized bed. The fuel particles heat up with an initial (peak) heating
rate of approximately 5 x 10*Ks™! and release devolatilization pro-
ducts. Depending on particle size and fluidized bed temperature, the
actual range of calculated initial heating rates varies from 0.95 x 10* to
14 x 10* Ks7!. The heating rate has been analytically approximated
using an energy balance for a single particle inside the fluidized bed,
accounting for radiative and convective heat transfer. The basic model
is presented in Govert et al. [38]. For the current calculation, it is
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further assumed that the particles enter the fluidized bed already pre-
heated to 573 K and that any cooling effect due to the pyrolysis reaction
is negligible for the initial heating rate. The gaseous products are cap-
tured above the bed and transported to a Fourier-transform infrared
spectrometer (FTIR) via a heated (453 K) sampling line to avoid con-
densation of tars and water vapor. The tip of the sampling line inside
the reactor is equipped with a sintered quartz glass cap to reduce en-
trainment of particles. It consists of the same material as the distributor
plate and causes — along with the FTIR, the gas cell and a further par-
ticle filter — a pressure drop. Hence, the reactor is run at a slight
overpressure of 10-50 mbar. The upper part of the inner pipe above the
fluidized bed is blocked by a ceramic packing. This prevents mixing of
pyrolysis products and base gases within the dead volume above the
bed and leads to shorter residence times of the gases in the reaction
zone and reduces secondary reactions. As the blocking was installed
after the beech wood experiments, only miscanthus experiments were
conducted with shorter gas residence times. A method for estimating
the different gas residence time distributions of both setups is presented
in section 2.6.

The FTIR spectrometer in use is a Ansyco Gasmet DX-2000, which is
measuring in the wave number range of 600-4200 cm~!. Spectra are
recorded with a sampling rate of 0.5Hz. The accuracy given by the
manufacturer is 2% of the measurement value. The system is used for
analyzing pyrolysis products and the chemical composition of the re-
maining char particles. The latter is measured by adding O, to the
fluidizing gas, burning the particles and measuring the burnout pro-
ducts.

Pyrolysis experiments were undertaken for each fuel in the tem-
perature range of 873-1473 K with a step size of 100 K. For each op-
eration point, the single experiment is repeated ten times and a mean
value is calculated. The resulting standard deviation of the repetitions is
marked as error bars in the figures presented later on.

2.5. Evaluation procedure

The evaluation procedure is separated into three steps: multivariate
regression, noise filtering and mass-specific yield calculation.

Time-dependent concentration profiles for each species are ex-
tracted from the measured raw spectra via multivariate regression using
proprietary software Calcmet™ (version 11.118). The selection of po-
tential relevant gas species was done according to the procedure de-
veloped in Pielsticker et al. [29], capturing peak concentration of the
pyrolysis process in an enclosed gas cell and analyzing gas concentra-
tions over several minutes to reduce the influence of noise. This opti-
mization procedure of selected gases was once performed including
spectra from pyrolysis experiments of raw beech wood at 873K and
1373 K. The chosen selection of 22 potential pyrolysis gases was then
kept constant for all other experiments. Corresponding wave number
regions for the evaluation are given in Pielsticker et al. [29].

The predefinition of selected gas species in the beginning is required
to limit the evaluation effort although it might not be the optimum gas
selection for each experiment. In consequence, the signal of a gas can be
reliable in one experiment but may just be noise in another. To prevent
the misinterpretation of noise as species yield, a filter is applied to the
concentration profiles in the second step of the evaluation procedure.

The most common criterion to distinguish between a signal origi-
nating either from noise or IR gas absorption is the signal-to-noise ratio
(SNR). In the current use case, SNR is defined as the maximum con-
centration divided by the standard deviation of the concentration signal
in a time span, where no absorption signal is expected (e.g. before a fuel
sample is injected). Due to the fact that regression analysis with
Calcmet™ restricts negative concentration values (except for H,O and
CO,), this method turned out to be quite unstable. Therefore an opti-
mized method for the distinction between noise and IR absorption was
implemented. The necessary assumption for this is that all pyrolysis
reactions take place much faster than the gas exchange rate. Following
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Fig. 3. Normalized concentrations of CH, and C,Hs of raw beech wood with
intersection area as a criteria to differentiate between IR absorption and noise,
left: C,H¢ absorption at 873K (intersection area 85%), right: noise at 1273 K
(intersection area 22%).

this, all species will qualitatively show a similar concentration profile. A
normalization to the peak value should result in almost identical pro-
files if SNR is sufficient. Fig. 3 shows exemplary normalized con-
centration profiles for methane (CH,4) and ethane (C,Hs) for pyrolysis
experiments of raw beech wood at 873 K (left) and 1273 K (right). Due
to high SNR in all experiments, CH, was chosen as reference species.
The dark gray area shows intersection between normalized CH, and
C,Hg signals. At 873K, the intersection area is 85% of the light gray
marked area under the CH, peak. In contrast, this reduces to 22% at
1273 K. Based on visual inspection of a large number of signals, species
with an intersection area of less than 30% can reliably be identified as
pure noise and were hence ignored for further analysis.

In the final evaluation step, mass-specific yields of gaseous pyrolysis
products and solid char residue are calculated. Fig. 4 shows a typical
CO, concentration curve for one single pyrolysis experiment and the
subsequent char burning process.

The yield y; of any species i in kg;kg;., can be calculated from the

g X100 : . :
— —a— Pyrolysis
;C>> —o— Char burnout
g 15¢ |
o
g= 100 % N, 80 % N, /20 % O,
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® 1t |
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Fig. 4. Concentration profile of CO, in pyrolysis and char burnout step for
torrefied beech wood (573 K) at 1473 K.
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dedicated volumetric concentration c;(t), the feed gas volume flow Vg,
and density ox, for standard conditions (T = 273 K, p = 101.325 kPa),
the molar mass of nitrogen My, and species M; and the delivered fuel
mass My, according to equation (1):

tend

PN, M VNz(t)

—_.ci(t)dt
Mt My, 01— E?:l ¢j(t)

(€8]

This equation is based on the assumption that the fluidizing gas
consists of pure nitrogen, all produced gas is passing the FTIR and all
gases can be treated according to the ideal gas law. Furthermore, the
effect of an enlarged volume flow due to the evolved pyrolysis gases is
considered by the factor (1 — Z;.lzl ¢)~!. To estimate the tar yield, gas
yields of species with a condensation temperature over 293 K, except
water vapor, are summed up.

The yield of remaining char is determined by adding oxygen to the
fluidizing gas, burning off the char particles, measuring the con-
centration profiles of the reaction products (CO,, CO, H,0O, SO, and
NO,) like it can be seen for CO, in Fig. 4 and calculating specific pro-
duct gas yields in analogy to equation (1). Under the assumption that
the oxygen content in the char can be neglected, the mass fraction of
the solid residue can be estimated via an elemental mass balance for
carbon, hydrogen, sulfur and nitrogen.

Due to some particle entrainment, particles sticking in the feed pipe,
condensation of heavy tars and a lack of H, detection, the mass balance
cannot be closed completely. For a better comparison, each yield is
normalized to the total mass recovery of the respective single experi-
ment.

2.6. Estimation of gas residence time distribution

To visualize the impact of the installed ceramic packing, a gas re-
sidence time distribution analysis is undertaken. Equation (2) gives the
relative mass yield as a function of yield y(¢) at time ¢t divided by the
final yield y, under the simplifications that fluidizing volume flow is
constant over time and concentration of pyrolysis gas is small compared
to the concentration of N, base flow.

t
y(©  Zis M Sy 6 OU

~ =
Yoo Ty Me S a(®dt )

Fig. 5 gives the relative mass fraction passing the FTIR gas cell
between time ¢j_; and . A non-uniform time division is chosen to sum
mass fractions of at least 2.5%. Exemplarily the results from experi-
ments of raw fuels at a reactor temperature of 1173 K are shown, but no
big influence of reactor temperature on residence time distribution can
be obtained at other temperatures. A much bigger difference can be
observed between the distribution from the setup without ceramic
packing used for beech wood experiments and those with ceramic
packing used for miscanthus experiments. The improved setup with
packing increases the relative mass fraction with residence times
shorter than 10 s and reduces mass fractions with residence times above
20 s significantly. The overall shorter residence time in the improved
setup with packing reduces secondary reactions, ending in higher tar
and lower gas yields compared to the setup without ceramic packing. A
more detailed discussion of this phenomenon can be found in section
3.3.

3. Results
To evaluate the potential of torrefied biomass instead of raw bio-
mass as a fuel in pulverized fuel boilers, the impact of torrefaction on

the following properties is analyzed:

® Basic fuel properties (sec. 3.1) like elemental composition and
particle size distribution e.g. for prediction of grindability.
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Fig. 5. Gas residence time distribution calculated based on relative mass yield
for setup without ceramic packing (beech wood) and setup with ceramic
packing (miscanthus) at 1173 K.

® Residual char yield (sec. 3.2) and volatile yield (sec. 3.3) to de-
termine the individual influence of the heterogeneous and homo-
geneous combustion processes.

e Volatile composition divided into tar (sec. 3.4) and gas (sec. 3.5)
fraction to identify possible precursors of pollutant emissions and
better understand underlying chemical processes (cf. sec. 3.6)

e Heating value (sec. 3.7) of char and volatile gases to quantify the
ratio of heat release during volatile combustion and char burnout.

An analysis of the listed properties is possible thanks to the detailed
data on 22 species gathered from FTIR analysis. The temperature de-
pendent yields of 20 gas species’ are also presented in full detail in the
section Appendix B. The individual pyrolysis gas yields are intended as
a helpful reference for the further development of network pyrolysis
models for biogenic fuels.

3.1. Basic fuel properties

Table 2 summarizes results from proximate, ultimate and micro-
scopic particle size analysis. Raw and torrefied material with torrefac-
tion temperatures of 553 K and 573 K for beech wood and miscanthus
combined result in a total of six investigated fuels.

The progress of decomposition is defined by the torrefaction degree
¢\m> Which is given by

_ Am

fam =

3

where Am is the mass loss during the torrefaction process and m, the
initial injected sample mass, both in dry ash free base [31]. For both
biomass types, the degree of torrefaction increases with torrefaction
temperature. Furthermore, other effects concerning elemental compo-
sition or grindability can be linked to the degree of torrefaction. Tor-
refaction also leads to an increase in the carbon content and a decrease

! The yields of SO, and methanol are excluded from the plots. Only small
traces of SO, and methanol have been detected below 1173K and at 873K
respectively.
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Table 2

Biomass and Bioenergy 119 (2018) 392410

Physical and chemical properties of raw and torrefied (T, = 553 K and T,y = 573 K) beech wood and miscanthus according to ultimate, proximate and microscopic

particle size analysis for mesh size fraction 90-125 pum.

Unit Basis Beech wood Miscanthus
Raw' Torr = 553 K Torr = 573K Raw' Torr = 553 K Torr = 573K
Degree of torrefaction ¢, ,* [%] daf? 0.00 31.19 47.49 0.00 26.65 46.87
C [%] daf 48.86 56.50 62.28 49.30 59.16 66,72
H [%] daf 5.64 5.13 4.81 5.66 5.44 5.10
N [%] daf 0.23 0.32 0.35 0.38 0.46 0.53
S [%] daf 0.02 0.00 0.01 0.00 0.04 0.06
o° [%] daf 45.25 38.05 32.55 44.66 34.90 27.59
Ash [%] dry 0.36 0.66 0.96 1.30 2.06 2.71
Water [%] ar® 7.28 2.00 1.64 7.30 3.94 3.78
Volatiles [%] daf 85.34 71.25 58.58 83.36 67.84 54.44
Fixed carbon” [%] daf 14.66 28.75 41.42 16.64 32.16 45.56
dio [um] 76.2 86.1 83.5 60.0 73.0 63.8
dsp [um] 103.8 105.3 105.2 90.7 90.0 84.6
dgg [um] 150.9 137.6 133.3 118.8 117.0 106.1
Mean sphericity ¥© [-1 0.52 0.63 0.63 0.45 0.60 0.62

a

b

See equation (3).

From difference.

See equation (4).

d Reference state: dry, ash-free.
¢ Reference state: as received.
f Before drying.

c

of volatiles combined with a decrease of oxygen and hydrogen. This is
caused by decomposition of the three major components — hemi-
cellulose, cellulose and lignin [27].

The changes in carbon, hydrogen, and oxygen fractions are shown
in a Van Krevelen diagram, plotting atomic ratios of H/C over O/C [39],
depicted in Fig. 6.

The diagram reveals a decrease of O/C and H/C ratios for torrefied
biomass compared to raw biomass, which is mainly driven by the re-
duction of hydroxyl (—OH) groups [40]. A higher torrefaction tem-
perature reinforces the effect, which was also reported by Gucho et al.
[41], Park et al. [42], Phanphanich and Mani [40] and Xue et al. [43].
For high torrefaction temperatures, the residual material comes close to
the elemental composition of coal, especially lignite [42,44-47]. As
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Fig. 6. Van Krevelen diagram of investigated fuels and reference fossil fuels.

remarked by Gucho et al. [41], the torrefied biomass shows differences
in mass loss and energy density to lignite, although the chemical
composition is quite similar. Additionally, differences in the composi-
tion of released fast pyrolysis products from torrefied biomass and
lignite have been observed. A detailed investigation of fast pyrolysis
products from torrefied biomass compared to those from a Rhenish
lignite and a Colombian bituminous coal has been undertaken with the
same reactor concept [28]. These two fossil fuels are additionally de-
picted for reference in the Van Krevelen diagram in Fig. 6.

Regarding particle size and shape, the torrefaction process generally
leads to a shift from longer, cylindrical particles to smaller more
spherical particles. This effect can be seen in the logarithmic particle
size density distribution given in Fig. 7 for beech wood. As a cylindrical
particle model is used, distributions can be calculated for the particle
diameter and the particle length. The diameter distribution is almost
identical for raw and pretreated fuel resulting from the same used mesh
size in the sieving procedure. In contrast, the length distribution shifts
from longer particles to shorter ones with increasing degree of torre-
faction. Similar trends can also be observed for miscanthus in Fig. A.15
in the appendix.

A better indication for particle shape change is given by the mean
particle sphericity ¥ proposed by Phanphanich and Mani [40].

/“4-Ap
N =

Y= )

4

¥ represents the diameter ratio of a spherical particle with equivalent
projection area A, and a spherical particle with equivalent cir-
cumference C,. The torrefaction process leads to an increase of
sphericities from ¥= 0.52 to ¥= 0.63 for beech wood and from ¥= 0.45
to W= 0.62 for miscanthus (see Table 2). The trends observed are
comparable to the results obtained by Phanphanich and Mani [40],
where the sphericity increased from W= 0.48 to ¥= 0.62 for pine chips.
A reason for this is the improved grindability of torrefied fuels, mainly
due to a breakdown of fibrous compounds as stated by several authors
[13,31,40,48].
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Fig. 7. Logarithmic particle size density distribution g; for raw and torrefied
beech wood after grinding and sieving (mesh size fraction 90-125 um).

3.2. Residual char yield

After looking at the changes in basic fuel properties, all following
sections deal with the results of the pyrolysis experiments undertaken in
the fluidized bed reactor. Fig. 8 shows the yield of solid char residue
calculated from the burnout phase (see Fig. 4) as a function of FBR
temperature. The grayscale values of the markers indicate the degree of
torrefaction as defined in equation (3). Results from this experimental
study are marked with larger circles, while selected literature studies
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Fig. 8. Dependency of char yield from pyrolysis temperature and degree of
torrefaction for selected literature data ([7,8,10,11,13-18,23]) from Table 1
and own experimental investigations.
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from Table 1 are depicted as smaller squares. Both, literature data and
experimental results reveal the same trends concerning the influence of
torrefaction and pyrolysis temperature.

3.2.1. Influence of the degree of torrefaction

At all pyrolysis temperatures, the char yield increases with in-
creasing degree of torrefaction (lighter colored markers). To explain
this, the impact of torrefaction on the lignocellulosic components as
well as their contribution to the char yield have to be considered. As
shown by Ru et al. [15] and Zheng et al. [24], torrefaction leads to an
increase of the lignin fraction, a strong decrease of the hemicellulose
and a slight decrease of the cellulose fraction in the fuel. Zheng et al.
[27] investigated, how the three components contribute to the pyrolysis
yields. As lignin is the major contributor in the pyrolysis char yield, this
yield increases accordingly with the degree of torrefaction
[7,14,22,25]. Furthermore, increased char yields can also be attributed
to cross-linking reactions between polymers of cellulose during torre-
faction resulting in a more stable carbon matrix [19,21,24,25].

3.2.2. Influence of pyrolysis temperature

The variation of pyrolysis temperature reveals a decreasing char
yield with increasing temperature. Overall, a stronger dependency can
be observed for temperatures below 1173 K. For higher temperatures,
char yields stay almost constant for raw biomass and decrease only
slightly for the torrefied samples. A possible reason for this might be the
decomposition temperature range of lignin. As stated by Chen et al.
[101, lignin decomposition is present up to 1173 K, which will result in
constant char yields at higher temperatures. This finding is supported
by the elemental balance during char combustion, where small amounts
of hydrogen are found up to 1173 K, but only carbon is detected above
this temperature.

A similar behavior was obtained by Tsalidis et al. [16] who reported
that raw biomass reaches a stagnation of the char yield — described as
the end of devolatilization in their study — at lower temperatures than
the pretreated fuel. The authors explained this behavior with different
reactivities of the components at different temperatures. The same
temperature behavior and almost identical char yields have also been
obtained in studies, where only raw beech wood is investigated
[49-51].

3.3. Volatile yield

Released volatiles form the counterpart to the residual char yield:
Due to the normalization, the sum of char and volatile yields is one for
all experiments. The volatiles are further categorized into light gases
and tar. Light gas is the sum of all detected gas species with an eva-
poration temperature above 293 K at atmospheric pressure, plus water
vapor. The latter represents an exception as the evaporation tempera-
ture of water is 373 K but it is often treated as a light gas species in the
literature. The remaining detected gas species are summed up as tar.
The exact assignment of each single gas species to the previously de-
scribed categories can be seen in Table 3.

Fig. 9 shows the dependency of gas and tar yields from the pyrolysis
temperature for raw and torrefied beech wood and miscanthus. In
contrast to the char yield, only literature data of the raw fuel is plotted
to compare the temperature trends and effects of gas residence time.

Table 3
Overview of gas species summed up in the cumulative gas and tar yields.

Category Included species
Gas CO, CO,, NO,, SO,, CHy4, C,Hg, C,Hy, C,H,, C3Hg, C3Hg, CH,0, H,O
Tar CH40, C2H40, C2H40,, C;HgO, C3HeO, C3H40, CeHg, C7Hs, CsHs,

CioHs
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Fig. 9. Volatile pyrolysis products divided into the light gas and tar fraction,
obtained from raw and torrefied (at 553 and 573 K) beech wood and mis-
canthus samples pyrolyzed in the temperature range of 873-1473 K.

3.3.1. Influence of gas residence time

Before analyzing the effects of torrefaction in more detail, the im-
pact of gas residence time on gas/tar distribution is highlighted. A
comparison of the yields from raw biomass with available literature
data reveals partially large deviations. E.g. at 1073 K a gas yield of
0.88 kg, kg, for raw biomass was obtained in this study, while lit-
erature values range from 0.86 kg, kgg}el reported by Chen et al. [49]
down to 0.29 kg, kg;l, obtained in the study of Zeng et al. [51].
Corresponding tar yields for both studies are 0.1 kg, kgL, [49] and
0.63 kgr,, kggel (out of range in Fig. 9) [51].

The main factor influencing the light gas to tar ratio is the residence
time of volatile components under hot conditions. A large residence
time forces secondary pyrolysis reactions including decomposition of
tars towards lighter gas species. Lower gas yields from Zeng et al. [51]
might be explained by the immediate cooldown of the gaseous products
in the used solar furnace and the consequently shorter gas residence
time at high temperature compared to those in the drop tube reactors
used by Chen et al. [49] and Septien et al. [50]. A review of the re-
sidence time distribution (see Fig. 5) shows that realized gas residence
times for the FBR setup are significantly larger than those in the DTR
and the solar reactor. Thus the effect of secondary pyrolysis reactions is
more pronounced in the FBR.

A comparison of the results for beech wood, which were obtained
without the ceramic blocking in the reactor, and those for miscanthus,
where the blocking was in place, reveals larger tar yields and lower gas
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yields for the experiments undertaken with the shorter gas residence
time (— miscanthus, cf. Figs. 5 and 9). Most likely the ceramic blocking
reduces the occurrence of secondary pyrolysis reactions in the FBR.
Furthermore, the different methods used for determining the tar yield
have to be considered: While the yield is obtained via condensation and
weight measurement in the mentioned literature sources, this study
relies solely on gas analysis with an FTIR spectrometer. The method
used in this study has the restriction that complex aromatic compounds
with more than two carbon rings are not analyzed, resulting in a de-
viation of the measured yields.

Both influence factors on the tar yield — residence time and non-
detection in the gas analysis — have to be considered when utilizing this
data set for the development of pyrolysis models, as suggested in the
introduction. However, using the residence time distribution shown in
Fig. 5 can potentially be used to calculate the influence of secondary
pyrolysis reactions on the effectively measured gas composition.

3.3.2. Influence of the degree of torrefaction

The influence of torrefaction on the biomass gas and tar yield is the
same for all pyrolysis temperatures: Both yields decrease with in-
creasing degree of torrefaction. For tar, this trend is verified by almost
all literature studies (see. Table 1), while for gas, this trend is not ob-
served by all investigators [10,13,17-19,26]. All these studies have
pyrolysis temperatures of more than 873 K in common. In contrast, all
remaining studies from Table 1 are undertaken at lower pyrolysis
temperatures and report a constant or increasing gas yield with in-
creasing degree of torrefaction. A direct confirmation of this behavior is
not possible with the present data as the minimum investigated tem-
perature is 873 K.

The temperature dependent gas release behavior might be explained
with overlapping decomposition processes of lignin and cellulose. As
stated by Chen et al. [10], lignin pyrolysis takes place in the tempera-
ture range from 433 to 1173 K, while cellulose pyrolysis is happening in
the temperature range from 588 to 673 K. In contrast, hemicellulose is
already fully decomposed at temperatures around 588K [10]. This
would also explain why trends of tar yield are not that temperature
dependent as the tar formation mainly depends on hemicellulose de-
composition. This comparably low-temperature decomposition process
during pyrolysis is also the main reason for the drastic decrease of the
tar yield with increasing degree of torrefaction [27].

3.4. Tar composition

Apart from the absolute tar yield, the relative tar composition is of
great interest especially for estimating its effect on pollutant formation
and the volatile heating value. The latter will be discussed in section
3.7. Fig. 10 depicts the mass fractions of condensable products (except
H,0) grouped by functional groups in the molecule. The first 3 bars
represent results from miscanthus at 873K followed by results from
beech wood experiments for different pyrolysis temperatures. The data
is sorted by pyrolysis temperature (see top abscissa). For each tem-
perature, data for the raw fuel (“raw”) as well as for the pretreated fuels
(numbers correspond to torrefaction temperature in K) are grouped. As
only results with a constant torrefaction hold time are used at each
pyrolysis temperature, an increase in the torrefaction temperature
(bottom abscissa) corresponds to an increase in the degree of torre-
faction.

First of all, no relevant effect of torrefaction on tar composition can
be identified, neither in the beech wood experiments nor in those with
miscanthus. This observation is quite uncommon as several authors
have reported an impact of torrefaction on the composition of con-
densable species — either called tar or (bio)oil in those publications.
Typically, the decomposition of hemicellulose during torrefaction
lowers the fraction of acids [7,9,10,25], while the increased lignin
fraction after torrefaction causes a elevated release of aromatic com-
pounds during pyrolysis [7,9,10,14,25].
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Fig. 10. Tar composition for raw and differently torrefied (label numbers in-
dicate torrefaction temperature in K) biomass samples at different pyrolysis
temperatures.

Differences between literature results and the FBR experiments may
occur due to the different analysis methods: While most studies use a
combination of gas chromatography and mass spectrometry (GC-MS) in
which liquid oil components are analyzed after condensation
[7,9,10,14,25], this study analyses the tar components in the gas phase
using an FTIR without previous condensation. Thus potential reactions
between different tar components are evolving differently. Further-
more, the FTIR gas analysis is limited to a lower number of species
compared to a GC-MS setup to guarantee a stable evaluation procedure.

In contrast to the inconclusive correlation with the degree of tor-
refaction, tar composition strongly depends on pyrolysis temperature
and gas residence time in the hot zone of the reactor. For temperatures
below 1073 K, the composition is dominated by oxygen-containing
functional group molecules (aldehydes, ketones, alcohols, acids) mainly
originating from hemicellulose and cellulose decomposition [52]. With
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increasing temperature, the fraction of aromatic compounds increases
strongly, which can be attributed to the decomposition of lignin mo-
lecules up to 1173 K. The change in residence time — represented by
miscanthus (shorter residence time) and beech wood (longer residence
time) — seems to affect mostly the alcohols which will decompose into
H, and the more stable aldehydes.

Furthermore, tar components allow conclusions on potential par-
ticle emissions from combustion processes. Typically, polycyclic aro-
matic hydrocarbons (PAHs) serve as precursors for soot formation. As
shown in Fig. B.19, the absolute amount of naphthalene (the only PAH
component in this study) is significantly lower for the torrefied samples
compared to the raw biomass. Impact of torrefaction on gaseous pol-
lutant emissions such as SO, or NOy is hard to evaluate as fractions of
fuel S and N are quite in low in the investigated biomass (cf. Table 2)
and thus concentration peaks cannot be differentiated from noise.

The clear temperature trend shows that the gas analysis itself is
capable of delivering reliable results for tar composition with the
known restriction that certain longer-chained hydrocarbons are cur-
rently not being analyzed. This supports the finding that no correlation
between the degree of torrefaction and tar composition is observable in
the results of this study.

3.5. Gas composition

Following the discussion of the overall gas yields in section 3.3, the
composition of the released gases is of interest, too. Similar to the tar
composition, the composition of light gases is equally important to
determine the overall volatile heating value discussed in section 3.7.
The light gas composition is also the most important measurement for
the development of pyrolysis models, which is one of the possible ap-
plications for the data presented in this study.

For the following discussion of the influence of pyrolysis tempera-
ture and the degree of torrefaction on light gas composition, those
yields combined with results from other authors have been aggregated
into an easy to grasp diagram shown in Fig. 11. The labeling structure
of the abscissa is identical to that used in Fig. 10 (pyrolysis temperature
at the top, torrefaction temperature at the bottom).

3.5.1. Influence of the degree of torrefaction

Looking at the trends for different gas species in Fig. 11, the CO,
fraction is increasing with the degree of torrefaction, whereas the CO
fraction shows a corresponding decrease. Both trends are more pro-
nounced at temperatures below 1173 K and are also supported by re-
sults from Chen et al. [10] and Barontini et al. [5]. The pyrolysis results
of Cen et al. [7] at 773 K show an opposing trend, but there are only two
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Fig. 11. Dry gas composition for raw and torrefied beech wood samples at different pyrolysis temperatures compared to literature data.
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data points available from this source. Results indicate that the increase
in the CO, fraction is most significant when the torrefaction temperature
is increased from 553 to 573 K, which happens to be close to the pyr-
olysis temperature range of cellulose (588-673K, cf. section 3.3). A
connection of the increased CO, release to this process is likely.

Based on current results, the CH, fraction in the dry gas is not
clearly linked to the degree of torrefaction. At certain pyrolysis tem-
peratures, a weak dependency is visible in the data, but deviations are
within the measurement precision. The same is true for H,, where Cen
et al. [7] and Chen et al. [10] report a slight increase of hydrogen re-
lease with the degree of torrefaction, whereas the results of Barontini
et al. [5] are inconclusive. In this study, hydrogen is not measured di-
rectly. Hence, the hydrogen yield and mass fraction can only be esti-
mated via the difference between the fuels' elemental hydrogen content
(from ultimate analysis) and the hydrogen mass in all detected gas
species. These estimates (not shown in Fig. 11) indicate a slightly in-
creasing trend of the hydrogen fraction with the degree of torrefaction.
However, the hydrogen-by-difference estimates possess a high degree of
uncertainty.

For the last light gas species listed in Fig. 11, the sum of short-
chained hydrocarbon species C,Hy, a slight decrease of the gas fraction
with the degree of torrefaction is found in this study. This result is
further supported by most of the listed data points from the literature
[5,11] (see Table 1).

3.5.2. Influence of the pyrolysis temperature

The influence of pyrolysis temperature on individual light gas
fractions overall is more pronounced than the influence of the degree of
torrefaction. For all experiments in this work, as well as all sources
listed in Fig. 11 ([5,7,10]), the temperature trends are clear: The CO,
and CH, fractions decrease with increasing pyrolysis temperature,
while the CO fraction increases markedly. The hydrocarbon (C,Hy)
mass fraction of the light gas is also decreasing. Based on data from the
literature and the hydrogen-by-difference estimates in this work, the H,
fraction of the dry gas monotonically increases with the pyrolysis
temperature. For the experiments in this work, the trend of an in-
creasing hydrogen mass fraction is more pronounced above 1073 K than
below this temperature.

3.6. Chemical equilibrium analysis of gas phase components

In the previous sections the impact of torrefaction and pyrolysis
temperature on gas and tar composition is discussed. This section pre-
sents two different approaches to correlate the measured yield behavior
of single gas species with molecule specific properties.

The temperature-dependent yield curves of most hydrocarbon gas
species (see Figs. B.17-B.19) show a qualitatively similar behavior: A
parabolic trend with a maximum located at a certain temperature Tpeax
and an amplitude scaling with the degree of torrefaction. Ty, seems to
be independent of the fuel, as raw miscanthus and beech wood as well
as the torrefied samples and also fossil fuels (see Pielsticker et al. [28])
all show the same parabolic relationship between yield and tempera-
ture. This indicates that the yield maxima are not primarily controlled
by the kinetics of the decomposition reactions but might instead be
dominated by the thermodynamic equilibria of secondary gas phase
reactions.

To investigate whether the gas composition detected in the FTIR is
dominated by primary pyrolysis or by secondary gas phase reactions,
two alternative approaches are used: A chemical equilibrium analysis
for a sub-set of gas phase components is undertaken to estimate Tpeak. As
an alternative to the equilibrium method, the bond dissociation energy
of the weakest bond in each species is calculated and compared with the
species' Tpeqr from the experimental data.

As a detailed study taking all possible gas phase reactions into ac-
count would go beyond the scope of this work, a selection of the C,H
species ethane, ethylene, acetylene is used for a proof of concept. To
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quantify on which side of the reaction the equilibrium is established,
the Gibbs free reaction energy AGi, is used.

AGieac = Z AGprod - Z AGeq 5)

If the Gibbs free reaction energy equals zero, educts and products
are in equilibrium, whereas a positive Gibbs free reaction energy re-
presents a shift in favor of the educts and vice versa. The Gibbs free
reaction energies for each reaction AG; are calculated at temperature T
via the simplified equation (6), where enthalpy AH; and entropy AS; at
standard conditions are taken from literature [53] and are assumed to
be temperature independent.

AG; = AH; — T-AS; (6)

The equilibrium of a reaction is not only influenced by the Gibbs
free reaction energy, but also by the individual concentrations c; of all
species involved in the reaction. This phenomenon can be described
with the equilibrium constant K defined by equation (7).

) _ Hprod ciVi
@

ed ciyi

In here, R is the universal gas constant and v; is the stoichiometric
coefficient of species i. The chemical equilibrium itself has not been
computed, because the a-priori concentrations of the educts in the gas
phase are unknown.

Instead, calculated Gibbs free reaction energies of the three poten-
tial reactions (Equations (8)—(10)) are compared to the measured yields
in Fig. 12. To avoid cluttering the plot with too many results, only
normalized yields (max. yield per species = 1) for raw miscanthus are
shown.

_AGreac
RT

K= exp(

C,Hy = C,Hy + H, (8)
C,Hg = C,H, + 2H, 9
CHy = CH, + Hy (10)

For ethane, the maximum yield is detected at 973 K or lower where
the Gibbs free energies of all reactions are positive. With rising
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Fig. 12. Normalized yields of C,Hy species of raw miscanthus (gray curves, left

axis) in correlation with Gibbs free energy of potentially involved reactions
(black curves, right axis).
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temperature, the Gibbs energies reduce and the reaction equilibria shift
towards the products. The yield maxima of ethylene and acetylene are
detected at 1073 K and 1173-1273 K respectively. The Gibbs free en-
ergy for the reaction ethane-ethylene (Eq. (8)) equals zero at 1136 K,
that of the reaction ethane-acetylene (Eq. (9)) switches sign at 1339 K.
The equilibrium for the reaction ethylene-acetylene (Eq. (10)) is at
1558 K. In consequence, the latter reaction does not strongly influence
the gas composition in the investigated temperature range.

Based on the laws of chemistry, yield maxima of reaction products
are expected at temperatures with negative Gibbs energies. For the
species C,H4 and C,H,, this is nearly the case: A slight shift of their peak
towards lower temperatures is observed in Fig. 12. The impact of dif-
ferent gas concentrations seen in Equation (7) is ignored when only
using the Gibbs free reaction energies as a basis for comparison. As
products of the three investigated reaction paths (Equations (8)-(10))
are already present in the gas phase from primary pyrolysis, the equi-
librium of the reaction is different from that in an ideal case where only
the educts are present before the secondary pyrolysis begins. This may
partly explain the observed shift of the yield maxima compared to the
zero-points of the Gibbs free reaction energies. Furthermore, the in-
vestigated set of only three reactions ignores interactions with other
gases like carbon monoxide, carbon dioxide or methane. Therefore, it
cannot explain the reduction of the acetylene yield past 1273 K. Under
these conditions, acetylene can either react with carbon dioxide to
carbon monoxide and hydrogen or be consumed by a variety of reac-
tions that eventually lead to the formation of soot and hydrogen [54].
In the presented fluidized bed experimental setup, soot cannot be de-
tected individually and will appear to be part of the char. The amount
of soot formed during pyrolysis is therefore unknown and cannot be
used to investigate these reaction pathways.

As an alternative route to explain the observed peak temperature
T,eax for each species, an approach considering the energy in the
weakest bond is undertaken. Table 4 shows the dissociation energies
Dy 9sx Of the weakest bonds and the corresponding peak temperature
Theak- As it can be seen, the temperature of the maximum yield for these
compounds increases with dissociation energy. The bond dissociation
energies should be correlated with the activation barriers for the initial
decomposition steps, which e.g. for naphthalene are followed by the
formation of a variety of cracking compounds and soot [55].

Overall, the results show that gas species distribution is most likely
correlated to thermodynamic gas phase equilibrium reactions and
molecular stability criteria. Fuel composition seems to have less impact

Table 4
Bond dissociation energies of weakest R—H bond in hydrocarbon molecules in
comparison with yield peak temperature measured in fluidized bed reactor.

Species Ref. Do, 208 [kJ mol™!] Tpeak [K]
Formaldehyde [56] 369.0 <873
Propene [57] 369.0 + 3.0 <973
Acetaldehyde [57] 374.0 + 1.3 <873
Toluene [58] 3757 £ 2.5 <873
Ethane® [56] 376.7 + 0.2 <973
Ethanol [59] 389.1 + 4.2 <873
Acetic acid [57] 398.7 + 12.1 <873
Methane [57] 4393 + 0.4 1173
Styrene” 440.4 973-1173
Ethylene [56] 462.5 + 0.3 1073
Naphthalene [60] 468.2 + 5.9 1173
Benzene [61] 4722 + 2.2 1173
Acetylene [56] 557.7 + 0.1 1173-1273

# C-C bond is identified as weakest bond.

> The bond dissociation energy of the weakest bond of styrene has been
calculated using CCSD(T)-F12/cc-pVTZ//B3LYP-D3/def2-TZVP using zero
point energy corrections and rotational, vibrational, and translational con-
tributions to the enthalpy at 298.15 K under rigid rotor and harmonic oscillator
approximation using TURBOMOLE Quantum Chemistry package.
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on relative gas species distribution but scales the yield with the amount
of released volatiles.

3.7. Heating value

Based on the yields for char (section 3.2) and volatiles (section 3.3)
as well as their composition (section 3.4 and 3.5), the higher heating
value (HHV) of the volatile gases and the char is computed according to
equation (11). This indirect method of estimating the HHV is a novelty
in biomass research and only possible thanks to the detailed gas ana-
lysis presented in section 2.5. Common methods for heating value es-
timation in biomass research rely either on empirical formulae using
ultimate and/or proximate analysis data [62,63] or on direct mea-
surement [7,9]. The presented HHV estimates in this study are useful
for a multitude of applications — most notably for improving CFD si-
mulations of biomass flames and boilers.

n
HHV = Z Yiy HHVit, + Ypyro i HHVE + Yenari HHV

i=1

an

In here, HHV is the higher heating value, i is an analyzed gas species
and n is the total number of species. Yy, Ypro and Yy, are the specific
hydrogen, pyrolysis and char combustion gas yields per kg;.. The
hydrogen yield yy, is approximated by difference based on the fuel
analysis (cf. Table 2) and the total hydrogen mass detected in all pyr-
olysis gases and the char.

Calculated higher heating values at a pyrolysis temperature of 873 K
for all fuels are presented in Fig. 13 (bars “Char”, “Vol.” and “H,”). A
temperature of 873K has been chosen, because the formation of hy-
drogen gas at this temperature is still limited, which results in a more
reliable estimate of the HHV. Although the amount of undetected tar,
consisting mostly of long-chained hydrocarbon species, is higher at
873K than for higher temperatures, the total undetected mass is con-
sidered minor overall. The monotonical decrease of HHV values above
1073 K (not shown) confirm this presumption as with increasing tem-
perature tar yield decreases and yield of molecular hydrogen increases.

I Cha | |H, I Lit. |

30 T T T T T T

| Vol. |

ocl]

Higher heating value [MJ kg

g o o 3 o [xpl

Py 0 D~ < 0 D~

s o) Yo i 0 0
Beech wood Miscanthus

Fig. 13. Higher heating value (HHV) of hydrogen, other volatiles and char
formed during pyrolysis of raw and torrefied beech wood and miscanthus at
873 K. The ’Lit.” bar represents HHV estimations from literature sources, based
on torrefaction degree for beech wood [31] and elemental composition for
miscanthus [64].
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Hence, the gas-analysis-based HHV estimate is most reliable at low to
medium temperatures (873-1073 K).

Fig. 13 also contains an HHV estimate based on literature correla-
tions (bar “Lit.”). For beech wood, a correlation based on experimental
data from Ohliger et al. [31] is used, which predicts the HHV of this fuel
depending on the degree of torrefaction. For miscanthus, a generalized
HHV prediction for biomass by Channiwala and Parikh [64] based on
the fuels' ultimate analysis is employed. In contrast to that from Oh-
liger, the Channiwala correlation has not been developed for torrefied
fuels, but should nonetheless give a reasonable estimate of the HHV.

Overall, calculated higher heating values fall into the range of
16.3-26.4 MJ kgg}el, which is in the same range as what other authors
have found for similar raw and torrefied biofuels [7,9,14,31] (devia-
tions are between 0 and 4 MJ kgg}el). Compared to the correlations of
Ohliger et al. [31] and Channiwala and Parikh [64] (dark gray bar
“Lit.” in Fig. 13), the HHV estimate of this work is lower for most fuels
except beech wood torrefied at 553K and miscanthus torrefied at
573 K. The mean deviation for all six fuels is 6.1%, the maximum de-
viation amounts to 15.3%. Without the estimated hydrogen contribu-
tion, all calculated heating values would be lower than those predicted
by literature correlations and the mean and maximum deviations would
increase. Hence, the approach of calculating hydrogen by difference to
the fuel analysis certainly improves the heating value prediction.

Comparing the HHV values in Fig. 13 it is evident that the total HHV
(volatiles + char) increases with the torrefaction temperature and
thereby with the degree of torrefaction. This effect has been widely
reported in literature [7,9,14,31].

Fig. 13 also shows that the share of char in the total heating value of
the fuel increases with the degree of torrefaction. The same effect has
been reported by Ren et al. [14] for raw and torrefied Douglas fir. The
effect is mainly caused by the loss of volatile matter during torrefaction.

As mentioned in section 3.2, torrefaction is thought to decompose a
large fraction of the hemicellulose in the fuel, while cellulose only
decomposes slightly and most of the lignin is preserved [15,24]. Based on
a least squares fit to data from Demirbas [62], who investigated the
heating values of fourteen different raw biofuels, the higher heating va-
lues of hemicellulose, cellulose and lignin are 15.8 MJ kg™!, 17.2 MJ kg~!
and 25.7 MJ kg~ respectively.” This supports the hypothesis that mostly
lignin is preserved after torrefaction of the fuel as the HHV estimates in
Fig. 13 increase towards the value for lignin with increasing degree of
torrefaction.

The specific heating value of the volatiles given in MIkg_ = (not
MJ kg;! ) has also been calculated. This specific HHV varies between
13.3 MJ kg7 and 16.7 MJ kg_},  for all volatiles including hydrogen.

volat volat

That of the residual char calculates to 33.2-37.1 MJ kgc‘]iar. The char is
mostly composed of carbon (HHV 32.9 MI kg:") and up to 18% of ash,
assuming that all fuel ash is concentrated in the char. The char hy-
drogen content (HHV 141.9 MJ kg;é) is always below 11% and quickly
approaches zero for pyrolysis temperatures above 1273 K.

As supported by Ref. [9], the specific higher heating value of the
volatiles released during pyrolysis monotonically increases with the
degree of torrefaction, while there is no such trend for the pyrolyzed
char — values scatter around 35 MJ kgc’hla . with no apparent trend. Both
results are relevant for torrefied biomass flames and boilers because the
specific heating values of char and volatiles influence the local energy
release from the fuel during combustion. An increased degree of tor-
refaction shifts the energy release from the homogeneous volatile
combustion towards the heterogeneous char burnout reaction. This
effect will have a significant impact on the affected timescales as oxi-
dation of volatiles occurs with higher reaction rates than the char
conversion.

-1

2 All HHV values dry, ash free. Data taken from Demirbag [62].
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4. Conclusions

In the present study, the impact of torrefaction conditions and pyr-
olysis temperature on fast pyrolysis products of biomass under flame-
equivalent conditions is investigated. Raw beech wood and miscanthus
were torrefied in a continuously working screw reactor at 553 and 573 K
with a residence time of 30 min. A small-scale fluidized bed reactor
working in the temperature range from 873 to 1473 K combined with an
ex-situ FTIR gas analysis was used to determine mass specific pyrolysis
yields of 22 gas species, which can be divided into light gas and tar
components. After pyrolysis had ended, the residual char was burned and
the product gas was analyzed as well. The detailed pyrolysis results are
used for a deeper understanding of the present gas phase reactions.
Furthermore, pyrolysis species yields in combination with char species
yields are used to estimate the volatile and the char higher heating values.

First of all, most of the obtained results support known trends from
the literature concerning the impact of degree of torrefaction. Based on
the presented data set, observations for single pyrolysis temperatures
commonly found in literature are extended to the entire investigated
temperature range. The main trends are that an increasing degree of
torrefaction leads to.

e increasing char yields,

o decreasing volatile yields for both, tar and gas fraction,

e increasing CO, and H, fractions at the expense of decreasing CO and
C,H, fractions in the pyrolysis gas mixture,

o increasing total higher heating value.

All these trends are traced back to the decomposition of hemi-
cellulose during torrefaction, resulting in a lignin and cellulose en-
riched fuel compared to the raw biomass.

The detailed gas analysis applied in this study extends the results
concerning the impact of torrefaction to non-reported phenomena. It is
found, that an increasing degree of torrefaction.

e has no significant impact on the tar composition,

e causes decreased yields of polycyclic aromatic hydrocarbons (PAHs)
which are known soot precursors,

e causes changes in the higher heating values of volatiles and char,
which shift the energy release from homogeneous to heterogeneous
combustion.

Further on, the temperature dependent distribution of single hy-
drocarbon gas species results most likely from thermodynamic equili-
brium reactions, while absolute yield scales with the degree of torre-
faction.

The extensive, temperature dependent data set of 22 single pyrolysis
gas species presented constitutes a novelty in torrefied biomass research
and can be used for further development of complex pyrolysis network
models as well as CFD simulations of entire boiler systems.
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Appendix A. Microscopic particle size analysis

Particle size and shape distribution are analyzed based on images taken with a Nikon D5100 digital camera and an Olympus SZ-40 zoom stereo
microscope. The microscope is equipped with a 100AL 2x conversion lens and operated in a back-light mode, resulting in shadow images of the
particles as seen in Fig. A.14.

Recorded images have resolution of 4928 px X 3264 px. The combined setup is calibrated with an etched micro meter grid, giving a resolution of
1.02um px ! at the 2x zoom level. At this magnification, the analyzed section on the sample holder measures 5.0 mm x 3.3 mm. To obtain a
reliable particle characterization, only particles of at least 5 um diameter are considered, which corresponds to a mean diameter of 5 px in the image.
To obtain statistically reliable data sets, at least 1000 particles of each sample are analyzed.

For the analysis, a small sample is uniformly spread on a Petri dish which serves as a sample holder. Images are taken randomly from different
regions, avoiding image overlap and regions with strong particle agglomeration. Evaluation of the resulting images is handled in MATLAB. Images
are converted into grayscale, the contrast is maximized and the image is then binarized based on a pre-set threshold. Potentially contacting particles
are split using a method presented by Ref. [65]. After splitting, the MATLAB function regionprops () is used to identify particle properties (area,
pixel list and others) in the binary image. From this information, the particle outline and other parameters are derived. Fig. A.14 shows a section of
an exemplary, contrast-corrected grayscale image together with the identified particle outlines.

-
’ ‘\‘
v\ /

!

500 um

Fig. A.14. Section of shadow image and identified particle outlines (red) from the analysis of torrefied miscanthus particles (573 K, 30 min).
For the elongated biomass particles encountered in this work, the equivalent diameter is calculated using equation (A.1), postulating a cylindrical
particle shape. It is further assumed that the cylinders are longer than wide and are lying flat in the image plane.
A
dp = | Lmax
\“ Lmin (A.l)
In this equation, A, is the recognized area of the particle and Ly, and L, are the lengths of the major axis and minor axis of an ellipsoid with
same normalized central second moments as the particle (parameters MajorAxisLength and MinorAxisLength from regionprops ()). The hy-
pothetical length L, of the cylindrical particles is calculated accordingly as

T d, (A.2)

For generating the particle size distribution and calculating the distribution characteristics (dyo, dso, doo, mode and others), individual particle
volumes are calculated using d, and L,. Particles are then sorted by diameter to create a logarithmic histogram with 50 bins. Fig. A.15 shows the
resulting logarithmic particle size density distribution q; for raw and torrefied miscanthus samples after grinding and sieving.
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Fig. A.15. Logarithmic particle size density distribution q; for raw and torrefied miscanthus after grinding and sieving (mesh size fraction 90-125 um).
Appendix B. Single gas yields

The following graphs show the obtained species yields for both fuels with all different torrefaction degrees in dependency of pyrolysis tem-
perature. The species have been grouped according to their molecular structure. The categories can be seen in Table B.5.

Table B.5
Overview of grouped categories for single gas species yields.

Category Species included

Inorganic compounds H,0, CO,, CO, NO,

Light hydrocarbons CH,4, C,H,, C,Hy, C,H,, C3Hg, C3Hg
Functional group com. CH,0, C,H,40, C,H,40,, C,H¢O, C3H¢O, C3H4,0
Aromatic structures CgHs, C;Hg, CgHg, CioHs
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Fig. B.16. Pyrolysis yields of inorganic compounds from raw and torrefied (at 553 and 573 K) beech wood respectively miscanthus samples in the temperature range

from 873 to 1473 K [Literature data: 50,51, 66].
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Fig. B.17. Pyrolysis yields of short-chained hydrocarbons from raw and torrefied (at 553 and 573 K) beech wood respectively miscanthus samples in the temperature

range from 873 to 1473 K Literature data: [50,516667].
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Fig. B.18. Pyrolysis yields of aldehydes, alcohols, acids and ketones from raw and torrefied (at 553 and 573 K) beech wood respectively miscanthus samples in the

temperature range from 873 to 1473 K.
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Fig. B.19. Pyrolysis yields of aromatic compounds from raw and torrefied (at 553 and 573 K) beech wood respectively miscanthus samples in the temperature range
from 873 to 1473 K Literature data: [50,66, 67].
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