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Oxygen carriers (OCs) and wheat straw pellets (raw or pretreated by combinations of torrefaction,
CaCOs-addition, water-washing) were experimentally investigated for Chemical Looping Gasification
(CLG) in the Horizon2020 project CLARA (Chemical Looping gAsification foR sustAinable production of
biofuels, grant agreement n.817841). Laboratory-scale experiments included: (i) pellet devolatilizations
(700 °C-900 °C) in bubbling fluidized beds made of OCs or sand; (ii) study of pressure fluctuations within
OC fluidized beds (700-1000 °C) containing 10 vol% of ashes from investigated pellets, to assess OC/ash

Key Words.: interactions and fluidization quality. Those two campaigns - performed at relevant process conditions for
Torrefaction . . . . R
Washing CLG - allowed straightforwardly screening and selecting the most eligible biomasses and OCs for future

CLG demonstrations in fluidized beds at higher scales. Gas yield, H,/CO molar ratio, and carbon
conversion increased as the devolatilization temperature increased from 700 °C to 900°C. Untreated
and pretreated wheat straw pellets showed different pyrolytic behaviors. Analyses of pressure
fluctuations and characterizations of spent beds (scanning electron microscopy, particle size distribution)
suggested that biomass pretreatments limit agglomeration phenomena, depending on OCs nature
(e.g., mechanical strength, composition). Ilmenite was the most mechanically and chemically stable
OC. Among investigated materials, pretreated wheat straw pellets and ilmenite emerged as the most
promising for future CLG demonstrations.
© 2023 The Society of Powder Technology Japan. Published by Elsevier B.V. and The Society of Powder
Technology Japan. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
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1. Introduction

Negative Emissions Technologies (NET) include those technolo-
gies or actions that allow for decreasing the concentration of
greenhouse gases in the atmosphere [1,2]. NET have attracted
increasing interest; in the 2018 special report from United Nations
Intergovernmental Panel on Climate Change (IPCC) on global
warming containment at + 1.5 °C, the outlined scenarios rely on
the net removal of CO, from the atmosphere [3].

BioEnergy with Carbon Capture and Storage (BECCS) - i.e., the
use of biomass for energy purposes coupled with Carbon Capture
and Storage (CCS) - emerged as a candidate NET [2,4]. Biomass is
a potentially carbon-neutral fuel, since the CO, produced by its
combustion has previously been removed from the atmosphere
by photosynthesis [5]; therefore, the combination of biomass con-
version with CCS might result in a NET [6].
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Chemical looping technologies fed with biomasses are promis-
ing BECCS applications, since it is estimated that they involve the
lowest energy and cost penalties associated with CO, capture [7-
9]. The use of so-called Oxygen Carriers (OCs) is the technological
breakthrough of chemical looping, enabling the process intensifica-
tion of related thermochemical conversions: OCs are solid materi-
als typically containing metal oxides with redox properties, that
act as intermediaries in chemical reactions between fuels and oxi-
dants, by releasing or acquiring lattice oxygen (redox behavior)
[10,11].

Dual interconnected fluidized bed reactors that host a granular
OC as the internally circulated solid [12-18] have been proposed in
many chemical looping applications, even up to the MWy, scale: (i)
in one vessel (fuel reactor), the biomass is converted while the flu-
idized OC releases its lattice oxygen; (ii) in the other vessel (air
reactor), the reduced OC is re-oxidized by air-combustion; (iii)
the reduced OC is returned into the fuel reactor, also transferring
part of the heat of combustion as sensible heat. Further details
can be found in the literature about dual interconnected fluidized
beds applied to gasification [19] or chemical looping [20,21].
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Chemical Looping Gasification (CLG) brings together the advan-
tages of CCS pre-combustion [22] and oxy-fuel-combustion [23,24]
technologies, allowing the production of undiluted syngas (mainly
H,/CO mixture) without the use of expensive air separation units
[8,25,26]. That undiluted syngas can be converted into liquid fuels
by catalytic conversions [27,28], leading to biofuel synthesis in the
case of CLG based on biomasses [27,29].

The origin of fed biomass is not of secondary importance in the
overall impact of the process, as it is related to forest reduction,
degradation of productive lands, intensification of energy-crops
production, and competition with food chains [30]. Residual bio-
masses (also known as biogenic residues) can work as renewable
feedstocks to produce sustainable, valuable chemicals and
second-generation biofuels (not competing with food chains)
[31,32]. Wheat straw is attractive among lignocellulosic biogenic
residues thanks to its extensive availability [33]. Unfortunately,
wheat straw brings in potential issues related to fluidization qual-
ity, because of sintering and ash agglomeration or melting [34-36],
due to the high content of low-melting mineral matter [37-39],
such as alkali and alkali earths [6,35,40-42]. In order to improve
biomass properties (e.g., energy density, the content of polluting
elements) and avoid process issues (e.g., downstream contamina-
tions, ash/OCs agglomeration), biomass pretreatments were pro-
posed in the literature, such as torrefaction [41,43-48], washing
with water [41,43,44,49-51] and addition of minerals [36,52]. It
is worth noting that pretreatments can also affect the performance
of biomasses in thermochemical conversions [6,41,43,44].

The ongoing Horizon 2020 European research project CLARA
(Chemical Looping gAsification foR sustAinable production of bio-
fuels, grant agreement n. 817841 [53]) was born in this framework,
and data presented in this work belong to the related research.
Since November 2018, CLARA has investigated the use of wheat
straw pellets (pretreated by torrefaction, water-washing, mineral
addition) as solid fuels for CLG in fluidized beds made of natural
or waste-derived OCs; in terms of novelty, CLARA is the only Euro-
pean project dealing with CLG [54] and it has the final aim of per-
forming the first demonstration of a full biomass-to-fuel-chain
based on the CLG of wheat straw by a dual interconnected fluidized
bed reactor at 1 MWy, scale, followed by a Fischer-Tropsch step
[53]. This is an ambitious goal, considering that CLG has never been
performed beyond the laboratory scales up to 25 kWy, [55,56], to
the best of the authors’ knowledge of literature. A crucial step
before the final demonstration is the preliminary choice of the
most eligible fuels and OCs for CLG. To fill this gap, this work
applies manageable methodologies at a laboratory-scale on novel
pretreated wheat straw biomasses and OCs of interest in terms
of sustainability, as they are natural mineral ores or waste-
derived materials. Generally, the choice of feedstock and materials
to be tested at demonstrative scales needs a previous understand-
ing of their behaviors under industrially relevant conditions, to
avoid unsuccessful demonstrations, as well as loss of money and
trust in the developed technology.

Experiments and results discussed in this manuscript cover this
need, having the scope of understanding the behaviors of pellets
derived from wheat straw and natural or waste-derived OCs, at
process conditions relevant to CLG in a fluidized bed. Seven kinds
of wheat straw pellets (raw; pretreated by torrefaction and CaCO;
addition; pretreated by torrefaction, CaCO5 addition, and water-
washing) and three OCs (natural mineral ores or waste-derived
materials) were considered. The CaCOs-added wheat straw pellets
were never investigated by this research group. The assessments of
their pyrolytic and fluid-dynamic behaviors were performed by
two dedicated laboratory-scale experimental campaigns at rele-
vant conditions for CLG: (i) devolatilization tests of pellets dropped
in OCs fluidized beds; (ii) pressure fluctuation tests in fluidized
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beds composed of ash from biomass pellets and one OC, to assess
fluidization quality.

As a step of gasification [57], devolatilization contributes to
determine the quantity and quality of developed syngas [58]. At
the usual high temperatures of gasification, and CLG as well, the
vapors and tars produced in the primary devolatilization step are
converted by secondary reactions into additional gaseous and solid
products [58,59]. When fed to a gasifying fluidized bed, the parti-
cles of a solid fuel experience fast chemical and morphological
changes due to [58,60,61]: (i) the abrupt heating from the feeding
temperature to the bed one; (ii) the simultaneous occurrence of
drying, devolatilization, and secondary reactions; (iii) the complex
fluid-dynamic interactions involving fluidizing/gasification agents
(e.g., steam, air), reaction products, bed particles, fuel particles,
and solid residuals. As a consequence of those peculiar conditions,
technical choices and predictions about the thermochemical con-
version of biomasses within industrial fluidized beds should follow
experiments in the same kind of reactors; extrapolations from
results obtained by different reactor configurations (e.g., laboratory
thermogravimetric analyses, packed beds) could turn out to be
unfit for this purpose [58,62-64]. In light of those observations,
this work presents experiments of devolatilizations in fluidized
beds with pellets drop, that enabled the quantification of pyrolytic
behavior of novel wheat straw pellets interacting with OCs.

Concerning fluid-dynamic behavior, the intrinsically heteroge-
neous state of bubbling fluidized beds and their instantaneous
pressure fluctuations are strongly related [34], so the analyses of
pressure signals (e.g., time series analyses, frequency-domain
analyses, chaotic invariants and dynamic moments) emerged in
the literature as diagnostic tools to assess the fluidization quality
in cold-models [65-69], bench-scale [70,71], and pilot-scale reac-
tors [40]; those analyses were also evaluated for scalability to
industrial reactors [35,72,73]. This research group’s experience
focuses on studying dominant frequencies in the Power Spectral
Density Function (PSDF) and standard deviations of pressure fluc-
tuation signals [65,66,74]. This work applies the study of pressure
fluctuation signals to laboratory-scale fluidized beds made of OCs
and ashes from wheat straw pellets, operated at relevant temper-
atures for CLG. The aim is to monitor the stability of the bubbling
fluidization quality of OCs in the presence of potential causes of
defluidization (e.g., agglomeration-triggering elements from bio-
mass ashes or cohesive behaviors of particles).

In the following, this work quantifies pyrolytic behaviors and
evaluates fluid-dynamic aspects of novel lignocellulosic biomasses
interacting with potentially sustainable OCs, at conditions relevant
for CLG, in order to evaluate the effectiveness of the investigated
biomass pretreatments, and choose the most promising materials
to demonstrate in the next future the CLG of pretreated wheat
straw at the MWy, scale for the first time, in the framework of
the project CLARA.

2. Materials and methods
2.1. Biomasses

The two experimental campaigns investigated seven formula-
tions of biomass pellets: raw wheat straw pellets; wheat straw pel-
lets torrefied at three temperatures, with added CaCOs; wheat
straw pellets torrefied and at three temperatures and washed
(water-leaching), with added CaCOs. CaCO5 additive was provided
by Forschungszentrum Jiilich GmbH (Germany) to CENER (Centro
Nacional de Energias Renovables, Spain), that in turn produced
the pretreated pellets (both partners of the CLARA project). CaCO3
corresponded to 2 wt% of the pretreated biomass [75], whereas fur-
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ther details about torrefaction and water-washing can be found
elsewhere [6].

Table 1 shows the names and associated pretreatments of the
seven biomasses studied in this work. These biomasses were char-
acterized by proximate and ultimate analyses, which allowed
determining the moisture and ash contents, and their elemental
composition, all used in calculations described in Section 2.3; some
of these measurements are available in [75-77].

2.2. Oxygen carriers (OCs)

Three OCs were investigated: (i) ilmenite (ILM), a natural iron
and titanium mineral [6,41,78,79]; (ii) calcined “Sibelco” (SIB), a
natural iron and manganese ore [6,41]; (iii) Linz-Donawitz slag
(LD), mainly containing iron, manganese, and calcium
[6,13,41,80,81]. The chemical composition of those OCs was
reported elsewhere [6,75]. As previously determined by this
research group, all the OC samples used in this work belong to
the generalized Geldart B group [34] at all tested conditions, i.e.,
their minimum fluidization velocity coincides with their minimum
bubbling velocity [6,34]. The minimum fluidization velocities (Umy)
of OCs at all conditions tested in this work can be found elsewhere
[6].

2.3. Devolatilization tests

Devolatilization tests were carried out in a quartz fluidized bed
reactor (Fig. 1(a)), at three temperatures representative of gasifica-
tion (700 °C, 800 °C, 900 °C) with N, as the fluidizing gas, at 1.5
times the minimum fluidization velocity (ums) of the tested bed
material, to ensure similar fluid-dynamic conditions for all
devolatilizations. The devolatilized syngas was cooled, dried, and
analyzed to determine the volumetric concentration of H,, CO,
CO,, CHy, and hydrocarbons (expressed as equivalent CsHg, C3Hsg,
eq) (Fig. 1(a)). Pellets of all biomasses in Table 1 were devolatilized
in bubbling fluidized beds made of one of the three OCs (see Sec-
tion 2.2) or inert sand. The sand samples belong to the generalized
Geldart B group [61]. The uyyvalues for ILM, SIB, LD, and sand were
reported elsewhere [61].

Each pellet was devolatilized individually, and the following
was fed into the reactor only when the devolatilization of the pre-
vious ended; so, the process was carried out in an unsteady-state
condition.

According to mass conservation principles, assuming the N,
flow as the internal standard and thanks to measurements of
volumetric concentrations, instantaneous outlet molar flow rates
of syngas components as functions of time (t) were determined
(Fiour With i = Hy, CO, CO,, CHs, C3Hgeq). Then, integral-average

Table 1
Biomasses investigated with the specification of the related pretreatments.

Name of Biomass features

Biomass

WSP Wheat Straw Pellet (raw)

WSP-T1add Wheat Straw Pellet-Torrefied at T1 = 250 °C, with 2 wt%
CaCOs5

WSP-T2add Wheat Straw Pellet-Torrefied at T2 = 260 °C, with 2 wt%
CaCOs

WSP-T3add Wheat Straw Pellet-Torrefied at T3 = 270 °C, with 2 wt%
CaCOs

WSP-T1Wadd Wheat Straw Pellet-Torrefied at T1 and Washed, with 2 wt
% CaCOs

WSP-T2Wadd Wheat Straw Pellet-Torrefied at T2 and Washed, with 2 wt
% CaCOs3

WSP-T3Wadd Wheat Straw Pellet-Torrefied at T3 and Washed, with 2 wt
% CaCOs
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parameters were calculated from experimental measurements:
(i) gas yield n* (Equation 1); (ii) H»/CO molar ratio .*" (Equation
2); (iii) carbon conversion y& (Equation 3); molar fractions on
dry, N,-free basis Y{", with i = Hy, CO, CO,, CHy4, C3Hg eq (Equation 4).

o Z,‘ fFi,out dt

nﬂl)
mp

withi= H,, CO, COz, CH, and C3H3'eq
(Equation 1).

207 — fFHz-,OUf dt
fFCO,out dt

(Equation 2).
Cw 12 (g mol’l) -5l - [ Fjour dt]

Xc = . -
) _ %moisturegr _ Y%ashgp \ %Caf
my, - (1 T00-) (1 100 100

-100

Wlth] = CO, COz, CH4and CgHg,eq
(Equation 3).
fFi‘uut dt

Y = 25100
! Zj J Fj.out dt

Wlth] = Hz, CO, COz, CH, and C3H8_eq

(Equation 4).

Those parameters allowed assessing and uniformly comparing
the devolatilization performances of pellets under different condi-
tions. Three replications were performed for each set of “biomass/
bed material/devolatilization temperature” in a complete and bal-
anced experimental plan.

Other details about the experimental apparatus, procedures,
and data calculations are described elsewhere [43].

2.4. Pressure fluctuation tests and characterizations after-tests

A fluidized suspension can be assumed to be in a quasi-
stationary state, having physical properties with mean values that
are time-independent over a finite period (ergodic signal) [82], so
pressure fluctuation signals of finite duration can be studied [6].

The signals of dynamic pressure fluctuations were acquired in
beds made of one OC (90 ml bulk volume) coupled with 10 vol%
of ash (10 ml bulk volume) from one biomass (Table 1) at temper-
atures of interest for CLG, including OC regeneration (700 °C,
750 °C, 800 °C, 850 °C, 900 °C, 950 °C, 1000 °C), using N, as the flu-
idizing agent at superficial velocity (u) equaling 2 and 3 times the
Uy of the selected OC. For each set of “u/bed temperature/OC/bio-
mass ash” two replications of the signal acquisition were
performed.

Those mixings are named “OC/ash(biomass)”. E.g., LM/ash(WSP-
T1Wadd) is the mixing of 90 ml of ILM with 10 vol% of ashes from
WSP-T1Wadd (Table 1).

Bed inventories were fluidized in a heated quartz cylindrical
vertical reactor, with a pressure probe submerged in the fluidized
bed (Fig. 1b). The probe was connected to a piezoelectric pressure
transducer, which transmitted its signal to an integrated charge-
amplifier/digital-converter KISTLER 5165A (Fig. 1b). Digitalized
pressure fluctuation signals were studied by a purposely developed
MATLAB® script, that corrected the drift of signals, then deter-
mined the standard deviation of corrected pressure fluctuation sig-
nals (o 4p) and their Power Spectral Density Functions (PSFD).

Each acquisition lasted for 163.84 s with a sampling frequency
of 100 Hz. Those settings resulted from precautions needed to
ensure the reliability of signals and their applicability to calculate
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Fig. 1. Schematic view of the laboratory-scale experimental rigs: for pyrolysis tests (adapted from [61]) (a); for pressure fluctuation tests (reproduced from [6]).

PSDF: (i) the sampling frequency was chosen to fulfill the require-
ments of the Nyquist theorem; (ii) in order to be statistically signif-
icant, pressure fluctuation signals must count at least 10,000
points [83]; (iii) the number of points must be a power of 2 in order
to apply the fast Fourier transform needed to calculate the PSDF
(2'* = 16,384 is the lowest power of 2 higher than 10,000). The
beds underwent fluidization with ash at each temperature for
durations between 30 and 60 min, to ensure a complete exposure
to relevant process conditions.

The joint evaluation of ¢ 4p and locally dominant frequencies in
the PSDFs indicated whether bubbling fluidization - the only one
possible for Geldart B systems at u close to ups[34] - occurred dur-
ing the tests. The amplitude of pressure fluctuations, quantified by
o 4p, mainly depends on the bed oscillations in turn induced by the
erupting bubbles [84]; the locally dominant frequency in the PSDF
(order of 10° Hz for bubbling beds) is related to the number of
erupting bubbles [85,86]. Therefore, the decrease of both locally

dominant frequencies of the PSDF (associated with the number
of bubbles) and o 4p of their parent signals of pressure fluctuation
(related to the dimension of bubbles) can evidence the disappear-
ance of bubbles [6].

In addition to the study of pressure fluctuation signals, selected
bed samples were characterized before and after the tests of pres-
sure fluctuation acquisitions, to assess possible variations of parti-
cle properties at the process conditions relevant to the CLG.
Characterization methods included: Scanning Electron Microscopy
(SEM) coupled with Energy Dispersive X-ray Spectrometry (EDS)
for elemental analysis by a properly equipped GeminiSEM 500
microscope; measurement of Particle Size Distributions (PSDs)
and average particle diameters (dp) by laser diffraction Malvern
Mastersizer 2000 analyzer.

Other details about experimental procedures, mathematical
elaboration of signals, and related theoretical references are
described elsewhere [6].
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3. Results and discussion
3.1. Devolatilization tests

Data that quantifies the isolated step of devolatilization, at
usual gasification temperatures and relevant reaction configura-
tion (i.e., bubbling bed) is valuable for those researchers interested
in biomass CLG or just gasification (thanks to experiments with the
sand bed) from both experimental and modeling points of view.

Tables in Appendix A show arithmetic means of %", 2%, and &
and related standard deviations out of the three replications per
each set of conditions “biomass/bed material/devolatilization tem-
perature” exerted in the devolatilization experimental campaign (a
total of 252 devolatilizations). The same values were discussed in
this Section and graphically summarized in Fig. 2, Fig. 3, and
Fig. 4. Fig. 2 gives an overall view of trends concerning arithmetic
means of 7%, 2%, and y¢. Fig. 3 reports the means and standard
deviations of n®, 1%, x&. Fig. 4 does the same for Y{". As to WSP,
results were taken from [61].

When observing Fig. 2, Fig. 3, and Fig. 4, it should be taken into
account that the inlet devolatilization gas was anoxic and dry (N, is
the only fed gas), so the primary sources of oxygen were the bed
material, when OCs were used, and biomass itself.

For all bed materials and biomasses, the temperature change
from 700 °C to 900 °C made 7%, 2%, and y¢ increase (Fig. 2 and
Fig. 3). This trend agrees with a typical gasification process [87]
and other experiments dealing with the devolatilization/gasifica-
tion of biomass [46,88,89]. The trend of % agreed with the behav-
ior of Y§5 and Y& (Fig. 4): Y§, substantially grew as the
devolatilization temperature was increased (ranging within 10-
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23 mol% dry, dilution-free at 700 °C vs. 33-45 mol% dry,
dilution-free at 900 °C, see Appendix A); Y& was more weakly
influenced (ranging within 29-40 mol% dry, dilution-free at
700 °C vs. 35-41 mol% dry, dilution-free at 900 °C, see Appendix
A). It is worth observing that the substantial increase of Yfj> always
occurred at the expense of the abundance of CO,, CHy, and other
hydrocarbons as the temperature was increased (Fig. 4), suggesting
the enhancement of endothermic reforming reactions, thermody-
namically favored by higher temperatures.

Regarding the effects of pretreatments, the values of y& for
WSP were generally higher than those of all pretreated biomasses
(Fig. 2 and Fig. 3). This could be sensibly ascribed to torrefaction,
which is a pretreatment of all studied biomass samples except
WSP (Table 1): torrefaction causes the preliminary separation of
light volatile matter and leaves in the solid biomass the most recal-
citrant carbon towards thermal conversions [46], i.e., it makes shift
the properties of biomass towards those of coal [90]. The water-
washing did not induce systematic variations of y& as substantial
as those that emerged in the comparison between WSP and pre-
treated biomasses (see Fig. 2 and Fig. 3, e.g., at 900 °C with SIB,
WSP had y& = 82.2 %, WSP-T3add had y& = 53.9 % WSP-
T3Wadd had y& = 49.7%). Concerning A** (Fig. 2 and Fig. 3), the
pretreated biomasses developed higher values in comparison to
WSP in the vast majority of cases (68 out of 72, see Appendix A);
noteworthy, Y#> of WSP was always the lowest for a given “bed
material/temperature” couple (Fig. 4, also see Appendix A). This
matches well with results from Chen et al. [91], who experimen-
tally found that carbonaceous gases (CO, and CO) are more easily
released than H; during the preliminary torrefaction pretreatment.
Other substantial differences due to pretreatments of wheat straw
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Fig. 3. Experimental results of devolatilization tests (N as fluidizing agent at 1.5 times the minimum fluidization velocity) as functions of devolatilization temperature, kind
of biomass, kind of bed material: integral-average gas yield n?¥ (Equation 1) from tests with sand (a) with legend, ILM (d), SIB (g), LD (j); integral-average H,/CO molar ratio
2% (Equation 2) from tests with sand (b) with legend, ILM (e), SIB (h), LD (k); integral-average carbon conversion &’ (Equation 3) from tests with sand (c) with legend, ILM (f),
SIB (i), LD (1). Bars height equals arithmetic means out of three experimental replications and error bars the related standard deviations. WSP data . adapted from [61]

were not inferable, net of associated standard deviations (see by torrefaction and water-washing, without the CaCO; addition
Appendix A). by 2 wt% [41,43,44,61]: one can infer that the addition of 2 wt%

Observations and results similar to those discussed so far were CaCOs3 does not substantially affect the pyrolytic behavior of wheat
obtained from devolatilizations of wheat straw pellets pretreated straw pellets, as done - for instance - by torrefaction.
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Fig. 4. Experimental integral-average compositions of syngas from devolatilization tests (N, as fluidizing agent at 1.5 times the minimum fluidization velocity), as functions
of temperature, kind of biomass, kind of bed material, expressed as mol% dry and dilution-free, Y{" (Equation 4): sand at 700 °C (a), 800 °C (b), 900 °C (c); ILM at 700 °C (d),
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Not-so-clear-cut trends were always observed when consider-
ing the influences from the bed material, within the frame of
experimental accuracy of proposed devolatilization tests. Anyway,
some noteworthy combinations emerged in Fig. 2 and Fig. 3: (i) at
700 °C, ILM with some pretreated biomasses (WSP-T1add, WSP-

T1Wadd, WSP-T3Wadd) gave noticeable gas yield and carbon con-
version, with the best performance belonging to ILM with WSP-
T1Wadd (#“" = 0.027 molgas Shlomasss X&' = 54.9 %); (ii) at 900 °C
the highest values were obtained with LD (e.g., the best perfor-
mance at 900 °C was that of LD and WSP-T1Wadd with
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7% =0.042 molg,s Shtomass X2 = 50.6 %). As to those combinations, it
is interesting to observe that they always involve pretreated
pellets.

In general, all kinds of wheat straw pellets investigated in this
work (Table 1) provided pyrolytic performances (Fig. 2, Fig. 3,
Fig. 4) comparable with those of pellets of raw pine residues tested
at the very same conditions and with the same OCs [61]; this is a
useful piece of information for CLG development, since the pine
based material can be considered as the closest to current commer-
cial woody pellets [92].

3.2. Pressure fluctuation tests and characterizations after-tests

The experimental conditions to acquire pressure fluctuation sig-
nals (see Section 2.4) include a substantial exposure of OCs to
ashes (10 vol%) for 30-60 min at each temperature dwell in the
range 700-1000 °C. This exposure duration is reasonably lower
than the lifetime of the bed inventory in a hypothetical industrial
dual interconnected fluidized bed for CLG, so the behavioral ten-
dencies found by this laboratory-scale experimental campaign
may be even more influential in actual productive campaigns.

Fig. 5 provides examples of typical cases in the assessment of
bubbling fluidization quality, taken from the experimental cam-
paign presented in this work (ILM mixed with ash from WSP-
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T1Wadd, at u = 2u,,): Fig. 5(a) and Fig. 5(c) show pressure fluctu-
ation signals of bubbling beds, Fig. 5(b) and Fig. 5(d) the respective
PSDFs with bell-like profiles of locally dominant frequencies,
roughly centered between 1 and 10 Hz; Fig. 5(g) shows the typical
signal of not-bubbling bed (no fluctuations), corroborated by the
absence in its PSDF (Fig. 5(h)) of dominant frequencies sufficiently
far from O Hz (the limit of aperiodic phenomena); Fig. 5(e) and
Fig. 5(f) represent an intermediate situation, with a barely bub-
bling bed (incipient or fading bubbles).

It is essential to remind that OCs fresh samples belong to gener-
alized Geldart group B at tested conditions (see Section 2.2), so
only bubbling fluidization is possible, in principle, at the superficial
velocities operated in discussed tests (two and threefold upmy).
When observing Fig. 5, it should also be considered that in bub-
bling fluidized beds, at a given excess velocity (U - Upny), 0_4p usually
increases up to a maximum when the temperature is increased
from ambient conditions, then the further increase of temperature
determines the decrease of o 4p [93]. The progression from Fig. 5(a)
to Fig. 5(c) can then fit into the usual behavior of bubbling beds at
high temperatures. On the other hand, the disappearing of locally
dominant frequency in the PSDFs of Fig. 5(h) is more clearly ascrib-
able to the absence of bubbles.

Due to a large number of acquired fluctuation signals,
the assessment of fluidization quality was presented in the
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summarized form in Fig. 6, where the evaluations criteria just
explained regarding Fig. 5 were applied to all tested OC/ash mix-
ings: a green box means that the related pressure fluctuation signal
and PSDF represent a well-developed bubbling bed (similarly to
Fig. 5(a,b,c,d)); a red box that the related pressure fluctuations
and PSDF represent a not-bubbling bed (similarly to Fig. 5(g,h));
a yellow box indicates an intermediate situation (similarly to
Fig. 5(e,f)); a white box indicates a not acquired signal.

The summaries in Fig. 6 turned out to be a valuable tool for an
overall choice of the most reliable OCs in terms of bubbling flu-
idization quality at relevant temperatures for CLG. Indeed, no bio-
mass had ashes which outstandingly ensured the best performance
independently on the OC.

Whatever the mixed ash, LD had the worst bubbling fluidization
quality at both 2u,¢ (Fig. 6(e)) and 3uy (Fig. 6(f)). When LD perfor-
mances were compared with those of ILM (Fig. 6(a,b)) or SIB (Fig. 6
(c,d)), the fading out of bubbling fluidization always occurred at
lower temperatures.

At the lowest superficial velocity (2uy,s) with ILM (Fig. 6(a)) and
SIB (Fig. 6(c)), some positive effects of pretreatments emerged, as
ashes of pretreated biomasses frequently delayed to higher tem-
peratures the insurgence of defluidization, in comparison to
homologous tests with WSP ash (showy exceptions occurred for
WSP-T3add ash with ILM and WSP-T2Wadd with SIB).

The increase up to 3u, generally improved the bubbling flu-
idization quality with all three OCs (Fig. 6(b,d,f)) and, in many cases,
it brought back to the bubbling regime beds without bubbles at 2u,,
(Fig. 6(a,c,e)). This was an important indication for the operation of
CLG at demonstrative or commercial scales with dual intercon-
nected fluidized beds, for sure operated at superficial velocities
higher than 3u,: the OCs and ashes studied in this work could
recover bubbling fluidization by the increase of superficial veloci-
ties. It is worth stressing that the chosen laboratory-scale operating
conditions may be more detrimental than those of the actual CLG
demonstrative/commercial operations: low exerted u (<3u,,) and
substantial presence of ashes (10 vol% in the bed) disfavored the
separation of the latter from OC particles (e.g., ash particles
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segregation or elutriation); actual demonstrative/commercial CLG
conditions (i.e., higher u and lower ash accumulation in the bed)
could prevent or limit the negative ash/OC interactions.

The qualitative evaluations obtained from the analysis of pres-
sure fluctuation signals (Fig. 6) found coherent corroboration in
the results of characterizations by SEM-EDS and PSDs of OC/ash
mixings after fluidizations at high temperatures.

Samples from mixed beds of OC/ash in Fig. 6 were observed by
SEM and analyzed by EDS. The examples of SEM micrographs in
Fig. 7 and SEM-EDS maps in Fig. 8 were descriptive of generally
observed phenomena. Modifications detected by SEM-EDS were
ascribable to the intrinsic nature of the OCs, rather than to the
behavior of a given ash at high temperature. It is worth noting that
all three OCs contained themselves some of the elements typically
responsible for agglomeration issues, generally contained in ashes
(e.g., Si and K found by characterizations of fresh OCs in [6,41]).
This evidence may partially nullify the beneficial effects of biomass
water-washing on the prevention of agglomeration, such as the K
removal [6].

As to ILM, inferences from SEM-EDS observations revealed good
stability of the chemical composition and particle dimensions (d,
of fresh ILM was 255 pum [6]), together with a low predisposition
towards agglomeration (Fig. 7(a,b)); the compresence of K (sensi-
bly due to ash) and Ti (from ILM) in the same zones (Fig. 8(a)) is
in agreement with Hildor et al. [80] who found K-titanates in their
chemical-looping experiments with ilmenite.

Samples of SIB at 1000 °C systematically presented agglomera-
tion, independently of the kind of coupled ash (e.g., Fig. 7(c,d)).
SEM-EDS (Fig. 8(b)) explained this agglomeration tendency: it is
worth knowing that fresh SIB contained some traces of Pb [6],
which turned out to be chemically unstable during the fluidization
at high temperature, acting synergistically with low-melting ele-
ments such as Si and K to form bridges that worked as an agglom-
eration center of SIB particles (see the combined presence of Pb, Si,
and K in Fig. 8(b)). Since the dj, of fresh SIB was 208 um [6], Fig. 7(c,
d) and Fig. 8(b) suggested that the agglomeration by Pb-based
bridges mainly involved small SIB fragments.
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Fig. 6. Evaluation of the fluidization quality, based on experimental pressure fluctuation signals, their standard deviation, and locally dominant frequencies in PSDFs; beds
made up of OCs mixed with ashes from WSP, torrefied and torrefied-washed biomasses, both with mineral additives; Legend: green = bubbling bed; yellow = bubbling
fluidization fading out; red = no bubbling; and white = acquisition missed. (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)
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Fig. 7. Bed samples after fluidizations with N, up to 3u,,rand 1000 °C: ILM with ashes of WSP-T1Wadd (80x (a) and 1000x (b)); SIB with ashes of WSP-T3Wadd (80x (c) and

350x (d)); LD with ashes of WSP-T3add (80x (e) and 350x (f)).

LD particles did not agglomerate, but a severe fragmentation
occurred, forming fines with diameters lower than 100 pm (d, of
fresh LD was 235 pm [6]), especially after treatments at 1000 °C
(Fig. 7(e,f)).

The diffused presence of P in samples of SIB (Fig. 8(b)) and LD
(Fig. 8(c)) suggested an interaction with ashes, since P was absent
in fresh OC samples but present in the wheat straw ashes, so work-
ing as an “ash tracer”.

Treatments in bubbling fluidized beds up to 1000 °C with ashes
engendered different modifications of the OCs’ d,, (Table 2) and
PSDs (Fig. 9).

As to ILM and SIB, ashes from WSP caused the highest increase
of d, (see percentage variations Ad, in Table 2), i.e,, pretreatments
improved the ash behavior of wheat straw pellets as far as the lim-
itation of agglomeration is concerned. Regarding LD, the results are
substantially different since all after-test samples underwent an
important decrease of dj, (Table 2), confirming the quantitative sig-
nificance of the cracking observed by SEM (Fig. 7(e,f)).

Values of d, in Table 2 for LD made the bed inventories
approach or cross the border between Group B and Group A (ho-
mogeneous fluidization) in the generalized Geldart map by Gibi-
laro [34], at the chosen fluidization conditions (1000 °C with N,
as the fluidizing agent). For Geldart group A particles, the superfi-
cial velocity of minimum bubbling is higher than that of minimum
fluidization, allowing homogeneous fluidization (expanded bed
without bubbles) for the superficial velocities between those two
thresholds [34].

The positive effect of biomass pretreatments in limiting ILM and
SIB agglomeration is also evident in PSDs (Fig. 9(a,b)). For both OCs,
the PSD of the bed fluidized at 1000 °C with WSP ashes is the most
shifted to the right, compared to the fresh one. The agglomeration
tendency of SIB small particles observed by SEM-EDS (Fig. 7(c,d)
and Fig. 8(b)) was confirmed by the disappearance of its finest frac-
tion in the fresh sample (red line in the magnification of Fig. 9(b),
10-100 pm). On the other hand, the intrinsic tendency to cracking
of the studied LD sample (Fig. 7(e,f) and Fig. 8(c)) overcame the
effects of the biomass pretreatments, determining the formation
of bimodal PSDs after the fluidization at 1000 °C with ashes
(Fig. 9(c)): a second bell of finer particles appeared between 10
and 100 pm (magnification of Fig. 9(c)). Condori et al. [13] success-
fully used Linz-Donawitz slag for CLG of biomasses in dual inter-
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connected fluidized beds (1.5 kW,,), proving its suitability for
that process; a preliminary selection of more robust LD particles
may solve the fluidization problems faced during the experimenta-
tion discussed in this work.

3.3. Overall experimental considerations

The first consideration concerns the straightforwardness of the
proposed methodology. The two proposed test campaigns (de-
volatilizations and pressure fluctuation acquisitions) investigated
two critical aspects for developing CLG at higher scales: thermo-
chemical performance and fluid-dynamics. In principle, they could
be evaluated by bench-scale fluidized bed gasification tests; still,
the time demand would become insurmountable if combinations
of many types of biomasses, bed materials and process conditions
were to be explored, as in the case of this work. The experimental
experiences suggest that a bench-scale fluidized bed gasifier can
perform no more than 1-2 tests per week, in the best case; in con-
trast, the laboratory-scale procedures of this work allowed explor-
ing more than one condition per day. As a matter of fact, those
procedures allowed an important screening of feedstock and mate-
rials, by providing comparable sets of data for each set of
conditions.

As far as the development of CLG technology is concerned, the
thermochemical and fluid-dynamic evaluations are preliminary
but mandatory steps, even though the final choice of biomasses,
pretreatments, and OCs for the full commercial scale also depends
on availability, technical and economic convenience, practicability
of the pretreatments, logistic of providers, etc.

From an overall point of view, only the combined interpretation
of results from devolatilizations and pressure fluctuation acquisi-
tions comprehensively highlighted the different behavioral
improvements due to the introduction of novel pretreatments on
wheat straw pellets, such as: (i) the very frequently higher 1%
(Fig. 3 and Appendix A) and Y§5 (Fig. 4 and Appendix A) of pre-
treated pellets compared to WSP, which are key factors for the sub-
sequent synthetic steps that convert syngas, e.g., the catalytic
synthesis of biofuels [27,28]; (ii) the general limitation of the
increase of d, for ILM or SIB fluidized with ashes, when compared
to effects on d, due to WSP ash (Fig. 9 and Table 2). In other words,
WSP (i.e., untreated wheat straw pellets) emerged as the worst
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Fig. 8. ILM mixed with ashes from WSP-T3Wadd fluidized in N up to 3u,sand 1000 °C at 3000x with segregated elements (a); SIB mixed with ashes from WSP-T3Wadd
fluidized in N, up to 3ums and 1000 °C at 1000x with segregated elements (b); LD mixed with ashes from WSP-T3add fluidized in N, up to 3u,,rand 1000 °C at 5000x with

segregated elements (c).

choice to develop CLG at higher scales. These are important indica-
tions for those researchers interested in exploiting lignocellulosic
biomasses, sustaining the need for pretreatments to improve both
thermochemical and fluid-dynamic aspects of their conversion
processes in fluidized bed facilities.

The nature of OCs was crucial to the bubbling fluidization qual-
ity. The three OCs themselves contained some of the low-melting
elements that were targets of the washing pretreatment removal,
such as alkali and alkali earths metals [6]. In other words, one of
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the reasons of biomass water-washing may decay; on the other
hand, the water-washing was proved to be a desulfurizing pre-
treatment for biomasses [6], an issue not considered by the quan-
tifications of this work.

Lebendig et al. [75] investigated the same biomasses with
CaC0s addition and the same OCs of this work by both experimen-
tal and thermodynamic-modeling tools, with a specific focus on
the behavior of biomass ashes as an agglomeration trigger. They
[75] concluded that the addition of CaCOs; combined with



A. Di Giuliano, B. Malsegna, S. Lucantonio et al.

Table 2
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Particle average diameters (d,) of OCs mixed with ashes from biomasses after pressure fluctuation tests with N, up to 3upyand 1000 °C; percentage d, variation of after-test

samples (A4d,), with OCs particle diameter in the fresh state as a reference.

Biomass ash ILM SIB LD

d, (nm) Ad, (%) d, (nm) Ad, (%) d, (nm) Ad, (%)
WSP 290 +14 260 +25 137 —42
WSP-T1add 265 +4 242 +16 125 —47
WSP-T3add 249 -2 226 +9 58 -75
WSP-T1Wadd 253 -1 217 +5 95 -59
WSP-T3Wadd 257 +1 192 -8 77 —67

torrefaction and torrefaction-washing is adequate to limit the for-
mation of slags and low melting systems. This was confirmed by
the results in Table 2 for ILM and SIB; on the other hand, the pecu-
liar mechanical effects of fluidization on LD particles and their con-
sequences on fluidization quality were out of the range of
phenomena considered by Lebendig et al. [75], as well as the crit-
ical effects due to the traces of Pb in SIB. On the other hand, Leben-
dig et al. [75] experimentally and thermodynamically considered
the release of pollutants in the gas phase (e.g., compounds of sul-
fur, alkali, chlorine, and phosphorous), in relation to the different
pretreatments of ashes; this is a relevant aspect to CLG, but beyond
the subject in the present study.

Overall, when considering the fluid-dynamic conditions of the
CLG process, ILM appeared as the most stable OC. Peculiar Pb traces
of SIB favored its agglomeration, independently of the interacting
ash (Fig. 8(b,c), Fig. 9(b)). LD fragility jeopardized the bubbling flu-
idization quality under tested conditions (Fig. 6).

Together, the two experimentations allowed the selection of
pretreated wheat straw biomasses and ILM as the most promising
materials for CLG experimentations at higher scales. Further details
on pretreatments also need to be delineated by evaluating feasibil-
ity and costs at higher scales; in fact, the considered process vari-
ables did not always show significant trends within the frame of
experimental accuracy when the different pretreatments are
considered.

4. Conclusions

Pretreated wheat straw pellets (torrefied with added 2 wt%
CaCOs, optionally water-washed) and three oxygen carriers (il-
menite, calcined “Sibelco”, Linz-Donawitz slag) were investigated
under the aegis of the ongoing Horizon2020 project CLARA, cur-
rently the only European research project dealing with chemical
looping gasification for Il generation biofuels, up to the MWy,-
scale.

The two proposed methodologies (pellet devolatilizations and
pressure fluctuation acquisitions) — based on laboratory-scale flu-
idized beds - proved to be a new, straightforward, but rigorous tool
to select oxygen carriers and solid fuels eligible for further investi-
gation of chemical looping gasification at higher scales, among the
numerous possible bed material/biomass combinations.

As to thermochemical aspects (devolatilizations):

e Whatever the investigated biomass or bed material, the
increase of devolatilization temperature from 700 °C to 900 °C
made increase syngas yield, H,/CO ratio, biomass carbon con-
version, and the H, content in syngas (10-23 mol% dry,
dilution-free at 700 °C vs. 33-45 mol% dry, dilution-free at
900 °C), thanks to the conversion of gaseous hydrocarbons.

e Pretreated pellets generally involved higher H,/CO ratios in
devolatilized syngas and lower carbon conversion in the bio-
mass; this was ascribed to torrefaction.

12

e The addition of 2 wt% of CaCO3 as a wheat straw pretreatment
did not affect devolatilization performances, within the frame of
experimental accuracy.

As to assessment of bubbling fluidization (pressure fluctuation
acquisitions from oxygen carrier/ash mixed beds accompanied by
SEM-EDS and measurements of particle size distributions):

e ilmenite was the most chemically and mechanically stable
material, compared to calcined “Sibelco” and Linz-Donawitz
slag, as it ensured good bubbling fluidization quality with no
severe fragmentation/comminution or agglomeration in the
presence of wheat straw ashes.

Studied biomass pretreatments (torrefaction and 2 wt% CaCO3
addition, optional water-washing) limited or prevented the
increase of particle diameters of ilmenite, having as a reference
the effects from ashes of raw wheat straw pellets.

[Imenite is the most promising oxygen carrier (compared to cal-
cined “Sibelco” and Linz-Donawitz slag) and pretreated wheat
straw pellets are more suitable than pellets of raw wheat straw
for further studies about chemical looping gasification at demon-
stration scales to be carried out for the first time.

5. Symbols and abbreviations

%ashg, — biomass ash content, wt% on a dry basis (db).

%Cqqs — elemental carbon in biomass, wt% on a dry ash-free basis
(daf).

Zmoisture,, - biomass moisture content, wt% as received (ar).

d, - particle diameter, pm.

Fiour — outlet molar flow rate of gaseous component i, mol
min~ .

mp, — mass of the pellet, g.

n; — number of carbon atoms in the component j, dimensionless.

t - devolatilization time, min.

u - superficial gas velocity, cm s~

U — minimum fluidization velocity, cm s™'.

Y - integral-average (av) molar fraction of gaseous component
i, mol% dry, dilution-free.

x& - integral-average (av) carbon conversion, %.

Ady, - percentage particle diameter variation, %.

7™ - integral-average (av) gas yield, molgas Shiomass-

2% - integral-average (av) H,/CO molar ratio, mol;;, molch.

o 4p — standard deviation of pressure fluctuation signals, Pa.

ar - as received.

av - integral-average.

daf - dry, ash-free.

db - dry basis.

BECCS - BioEnergy with Carbon Capture and Storage.

CCS - Carbon Capture and Storage.

CENER - Centro Nacional de Energias Renovables.



A. Di Giuliano, B. Malsegna, S. Lucantonio et al.

(a)

Advanced Powder Technology 34 (2023) 104010

1000

ILM
16

__ 14
X 12
_5 10
. B S /A \ N
= 6
(]
I R e e /R, |
=}
6 2 ,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,
Z 0

1 10 100

Particle size [um]
fresh WSP = WSP-T1add

= WSP-T3add

(b)

-—
~

- = = WSP-T1Wadd

SIB

- = WSP-T3Wadd

N
N
I

N

Volume fraction [%]

O N b OO 0 O
|

fresh

= \WSP-T3add

(c)

10

Particle size [um]
WSP

= = = WSP-T1Wadd

1000

= \WSP-T1add
= = = WSP-T3Wadd

1000

LD
16
14
R, 12 o
§ 10— gL L =M N
8 8y | o mZ AN N
=i 6 - T e e W]
o
R e 7/ Ama e |
=) i
S 2 o o Nf]
= 0 w,
1 10 100
Particle size [um]
fresh WSP —— WSP-T1add

WSP-T3add

- = = WSP-T1Wadd

- = = WSP-T3Wadd

Fig. 9. Comparisons of OCs Particle Size Distributions (PSDs), in the fresh state and mixed with ashes from WSP, WSP-T1add, WSP-T3add, WSP-T1Wadd, and WSP-T3Wadd

after pressure fluctuation acquisitions in beds fluidized with N, up to 3u,r and 1000 °C: ILM (a); SIB (b); LD (c).

CLARA - Chemical Looping gAsification foR sustAinable produc- ILM - ilmenite OC.
tion of biofuels.
CLG - Chemical Looping Gasification.

EDS - Energy Dispersion X-ray Spectrometry.

Change.

13

[PCC - United Nations Intergovernmental Panel on Climate

LD - Linz-Donawitz-slag OC.
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LHS - Left Hand Side.

NET - Negative Emissions Technologies.

OC - Oxygen Carrier.

PSD - Particle Size Distribution.

PSDF - Power Spectral Density Function.

RHS - Right Hand Side.

SEM - Scanning Electron Microscopy.

SIB - calcined “Sibelco” OC.

WSP - Wheat Straw Pellet (see Table 1).

WSP-Txadd - Wheat Straw Pellet-Torrefied at temperature “Tx”
(T1 = 250 °C, T2 = 260 °C, or T3 = 270 °C)), with 2 wt% CaCOs (see
Table 1).

WSP-TxWadd - Wheat Straw Pellet-Torrefied at temperature
“Tx” (T1 = 250 °C, T2 = 260 °C, or T3 = 270 °C)) and Washed, with
2 wt% CaCOs (see Table 1).
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Appendix A. Numerical values of devolatilizations results

See Tables A1-A4.

Results from devolatilization tests with sand (“Mean” = arithmetic mean out of the three experimental replications; “St.dev.” = standard deviation out of the three experimental

replications).

Sand v A x& Yiz Y&us Y& Yoz Y&ia
700 °C [vol% [vol% [vol% [vol% [vol%

[mol/g [mol/mol] [%] dry dil.-free] dry dil.-free] dry dil.-free] dry dil.-free] dry dil.-free]

biomass]

Mean St.dev. Mean Stdev. Mean Stdev. Mean St.dev. Mean Stdev. Mean St.dev. Mean St.dev. Mean St.dev.
WSP 0.0169 0.002 0322 0.035 58.81 2.134 12.58 1.281 16.03 3.072 39.15 0422 1594 0.704 1630 1.316
WSP-T1add 0.0160 0.002 0.432 0.084 4470  4.497 1579 1913 15.77 2.526 37.06 4.692 15.08 1.962 1631 0.237
WSP-T2add 0.0134  0.002 0.614 0.201 39.16 5.742 18.09 2.652 1932  3.006 30.52 4.879 1595 0.070 16.12  0.695
WSP-T3add 0.0118 0.001 0.720 0.085 32.84 2.616 20.89 0.942 18.63 0.587 29.20 2304 1535 1.137 1593 0.804
WSP-T1Wadd 0.0160 0.002 0.458 0.046 4237 3974 1720 1.273 1592 2.800 3759 1.074 13.62 0587 15.67 1.928
WSP-T2Wadd 0.0150  0.002 0.469  0.052 40.02 5.056 16.55 0.809 1596 1.144 3548 2.838 15.09 1.076 16.92 1.201
WSP-T3Wadd 0.0144 0.002 0.505 0.145 3835 5.621 17.02  2.620 16.61 2334 34.50 4.337 1529 0540 16.59  0.541
Sand n A x& Yiiz Ysus Yéo Yeo2 Yéha

800 °C [vol% [vol% [vol% [vol% [vol%

[mol/g [mol/mol] [%] dry dil.-free] dry dil.-free] dry dil.-free] dry dil.-free] dry dil.-free]

biomass]

Mean St.dev. Mean Stdev. Mean St.dev. Mean St.dev. Mean Stdev. Mean St.dev. Mean St.dev. Mean St.dev.
WSP 0.0256  0.005 0.664 0.082 69.16  7.787 2431 2.286 8.86 2171 36.72 1.194 1535 0.286 14.75 1.050
WSP-T1add 0.0188 0.006 0.824 0.111 38,51 11.608 29.66 2.341 7.57 1.403 36.18 2322 11.07 0.872 15.53 0.589
WSP-T2add 0.0221  0.002 1.008 0.158 45.70  3.687 3244 2517 8.79 1.011 3248 2.774 11.62 0.666 14.68 0.423
WSP-T3add 0.0255 0.003 0.904 0.049 50.55 5.351 29.53 1.735 6.33 1.229 32,70 1.953 13.14 0744 1831 3.798
WSP-T1Wadd 0.0246 0.001 0.825 0.038 4715 3.766 29.68 1.217 7.45 0.668 3599 1.091 11.69 0.997 1520 1.289
WSP-T2Wadd 0.0233  0.002 1.020 0.165 4326 5.402 33.56 2.685 6.71 0.350 33.18 2511 11.84 0.162 14.71 0.187
WSP-T3Wadd 0.0252 0.003 0.900 0.204 47.19 8.148 3231  4.422 6.72 0.393 36.48 3.846 11.23  0.173 13.26  0.750
Sand n A x H2 Y&us Yo 202 Yéha

900 °C [vol% [vol% [vol% [vol% [vol%

[mol/g [mol/mol] [%] dry dil.-free] dry dil.-free] dry dil.-free] dry dil.-free] dry dil.-free]

biomass]

Mean St.dev. Mean Stdev. Mean St.dev. Mean St.dev. Mean Stdev. Mean St.dev. Mean Stdev. Mean St.dev.
WSP 0.0352  0.001 0.961 0.017 7294 1350 36.28 1.825 3.75 0.430 37.74 1334 1072  1.471 11.51  1.289
WSP-T1add 0.0312 0.001 1.060 0.043 5248 2.742 38.94 1.522 4.08 0.321 36.75 0.674 9.27 0.643 1095 0912
WSP-T2add 0.0300 0.002 1.078 0.049 49.62 2.045 39.43 0.401 3.85 0.441 36.63 1.386 8.43 0.661 11.67 0.852
WSP-T3add 0.0291 0.003 1.222 0.148 45.89 6.057 4230 2.120 4.05 0317 3482 2499 7.69 0.590 11.14 0.762
WSP-T1Wadd 0.0361 0.003 0.918 0.016 58.29 1915 37.58 1.945 3.62 0.801 40.94 1.470 6.98 1.731 10.88 1.063
WSP-T2Wadd 0.0326  0.004 1.096 0.087 50.10 3.954 40.57 2.237 341 0.877 37.08 1.317 7.65 0.737 1129 1.835
WSP-T3Wadd 0.0346 0.001 0.885 0.094 57.16  4.091 36.30 3.068 4.02 0.101 41.07 0.905 7.47 0.659 11.14 1.616

14
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Table A2
Results from devolatilization tests with ILM (“Mean” = arithmetic mean out of the three experimental replications; “St.dev.” = standard deviation out of the three experimental
replications).

ILM n A x Yiz Yésus Yo Yoz Yéha
700 °C [vol% [vol% [vol% [vol% [vol%
[mol/g [mol/mol] [%] dry dil.-free] dry dil.-free] dry dil.-free] dry dil.-free] dry dil.-free]
biomass]
Mean Stdev. Mean St.dev. Mean St.dev. Mean Stdev. Mean St.dev. Mean St.dev. Mean St.dev. Mean St.dev.
WSP 0.0158 0.006 0.296 0.060 53.62 16.194 11.68 3.067 1542 5323 39.11  2.699 16.32 0.142 17.47 0.703

WSP-T1add 0.0223  0.003 0.445 0.068 5449 6.555 1741 1.680 9.00 1.328 3936 3.240 1559 2.106 18.64 1.355
WSP-T2add 0.0171  0.003 0.632 0.037 4226  5.081 20.63 0.224 11.53  2.055 3272 1.941 17.86  0.582 17.27 0.786
WSP-T3add 0.0181 0.001 0.729  0.106 4217  2.249 22.80 2.558 10.11  0.989 3139 1.168 16.88 0.111 18.81 1.426
WSP-T1Wadd  0.0241 0.004 0.445 0.028 5545 8.199 17.67 0.338 8.38 0.698 39.81 2434 15.05 0.449 19.08 1.749
WSP-T2Wadd  0.0196  0.001 0.610  0.062 4447 2123 2122 1325 9.40 0.622 3487 1473 16.16  0.277 1836  1.037
WSP-T3Wadd  0.0217  0.004 0.467  0.063 5094 7.944 1713 0.727 9.85 1.861 36.98 3.855 15.17 0357 20.87 2.051

ILM n A x& Yiiz Y&ns Y& Yeo2 Yha
800 °C [vol% [vol% [vol% [vol% [vol%
[mol/g [mol/mol] [%] dry dil.-free] dry dil.-free] dry dil.-free] dry dil.-free] dry dil.-free]
biomass]
Mean St.dev. Mean St.dev. Mean St.dev. Mean St.dev. Mean Stdev. Mean St.dev. Mean St.dev. Mean St.dev.
WSP 0.0214 0.003 0.624  0.035 56.93 5915 23.11  1.541 7.33 1.286 37.03 0.642 17.04 1.030 1549 0.795

WSP-T1add 0.0230 0.001 0.770  0.057 50.57 3.205 27.01 1.193 8.72 0.721 3512 1.123 14.09 0515 15.06 0.637
WSP-T2add 0.0211 0.001 0.845 0.102 4453 1.737 28.79 3.271 7.94 1.539 34.07 0.228 13.73  0.988 1547 0582
WSP-T3add 0.0212  0.003 0.868  0.207 4345 7.047 2939 4.288 7.55 0.744 3443 3.546 13.12 0574 1551 0456
WSP-T1Wadd  0.0273  0.002 0.643 0.101 54.88 3.942 25.68 2.499 6.10 0.920 40.20 2.706 1194 0.670 16.08 1312
WSP-T2Wadd  0.0226  0.004 0.757  0.086 4555 8.380 28.04 2.081 7.30 1.168 3715 1.581 12.48 0.360 15.02 1.547
WSP-T3Wadd  0.0219  0.002 0933 0.116 40.89  4.990 31.26  2.002 6.27 0.851 33.69 2.126 12.74 0477 16.04 1.093

ILM n A x& Yit Y&hs Y& Yo Y&ha
900 °C [vol% [vol% [vol% [vol% [vol%
[mol/g [mol/mol] [%] dry dil.-free] dry dil.-free] dry dil.-free] dry dil.-free] dry dil.-free]
biomass]
Mean St.dev. Mean Stdev. Mean St.dev. Mean St.dev. Mean Stdev. Mean St.dev. Mean St.dev. Mean St.dev.
WSP 0.0380 0.003 0.844  0.047 81.70 9.707 32.82 1.831 3.23 0.783 38.88 0.036 1229 0.556 12.78 1.386

WSP-T1add 0.0282  0.002 1.011  0.077 49.15 3.337 36.66 0.814 4.13 0.417 3637 1948 10.67 0.656 12.18 0.784
WSP-T2add 0.0299 0.002 1.041 0.120 50.31 6.323 37.70 3.889 3.48 0.153 36.26  0.798 1033  1.466 12.24  2.089
WSP-T3add 0.0311 0.003 1.006 0.171 50.64 3.011 3786 4.153 3.13 0.635 3791 3212 8.76 2.061 1234 1.636
WSP-T1Wadd  0.0338  0.004 0.946  0.080 55.34 7.181 36.79 1.712 3.55 0.976 3898 1.792 8.63 0.386 12.05 0.282
WSP-T2Wadd  0.0313  0.003 0976 0.123 50.50 5.251 37.19 2337 3.33 0.871 3836 3.155 8.83 1.411 1230 0.654
WSP-T3Wadd  0.0285 0.002 1.116  0.062 4374 2294 39.38  2.003 3.11 0.576 3530 0472 8.75 0.532 1346 0.861

Table A3
Results from devolatilization tests with SIB (“Mean” = arithmetic mean out of the three experimental replications; “St.dev.” = standard deviation out of the three experimental
replications).

SIB n A x& H2 Yéius & Yoz Yéha
700 °C [vol% [vol% [vol% [vol% [vol%
[mol/g [mol/mol] [%] dry dil.-free] dry dil.-free] dry dil.-free] dry dil.-free] dry dil.-free]
biomass]
Mean Stdev. Mean St.dev. Mean St.dev. Mean Stdev. Mean St.dev. Mean St.dev. Mean Stdev. Mean St.dev.
WSP 0.0174 0.001 0.262 0.070 5546 2.955 1012 2.232 9.89 0.246 39.00 1.831 2565 0.685 1533 0.286

WSP-T1add 0.0170 0.001 0.457  0.027 43.04 1.383 16.38  0.800 10.18 1.618 3584 0437 19.86  0.146 17.73  1.769
WSP-T2add 0.0157 0.002 0.631 0.125 37.69 5.207 20.67 3.292 9.67 1.308 3297 1476 18.26  0.790 18.44 2338
WSP-T3add 0.0163  0.001 0.706  0.097 37.02 2.650 2195 1573 8.54 1.410 3130 2.292 1854 1.331 19.67 2.961
WSP-T1Wadd 0.0195 0.001 0.475 0.007 44.60 1.506 18.84 0.226 8.72 0.845 39.68 0.942 16.98  1.228 15.78  0.746
WSP-T2Wadd  0.0171  0.002 0.569  0.067 3933 2543 19.62 1.610 9.61 2.311 3459 1.221 18.53 0.731 17.65 1.259
WSP-T3Wadd 0.0193  0.001 0.624 0.041 4151  2.137 2149 1.003 7.55 1.229 3449 0.696 17.17 0.768 19.29 2280

sIB U v x ity Y&hs Y& Y2, Y2
800 °C [vol% [vol% [vol% [vol% [vol%
[mol/g [mol/mol] [%] dry dil.-free] dry dil.-free] dry dil.-free] dry dil.-free] dry dil.-free]
biomass]
Mean St.dev. Mean St.dev. Mean St.dev. Mean St.dev. Mean Stdev. Mean St.dev. Mean Stdev. Mean St.dev.
WSP 0.0281 0.004 0.673  0.040 7140 9.063 2555 1.636 6.42 0.957 37.98 1.235 17.31 0.504 12.74 0.982

WSP-T1add 0.0233  0.001 0.854 0.050 49.67 3.359 29.06 1.022 8.41 0.810 34.08 1.128 15.85 0.448 12.62 0.687
WSP-T2add 0.0252  0.002 0.851 0.056 51.20 1.985 29.75 2.068 6.85 0.628 3499 2329 15.08 1.401 1334 2126
WSP-T3add 0.0243 0.004 0916  0.082 47.24 5.100 31.02 1.272 6.39 1.574 34.01 2429 1470 0914 13.87 0.095
WSP-T1Wadd  0.0241  0.002 0.836  0.089 48.83 4.013 29.32  2.808 8.22 0.753 35.11 0424 1437 0361 1297 2219
WSP-T2Wadd  0.0270  0.002 0.767  0.060 5219 3.275 29.11  1.250 6.19 0.689 38.01 1.366 13.86 0.885 12.84 0.643
WSP-T3Wadd  0.0231  0.002 0.895 0.233 4532 7.610 30.54 4.753 7.73 0.406 3487 4.281 14.12  0.609 12.74  0.900

(continued on next page)
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Table A3 (continued)
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sIB U A x& ity Y&us Y& Y2, Y2ha
900 °C [vol% [vol% [vol% [vol% [vol%

[mol/g [mol/mol] [%] dry dil.-free] dry dil.-free] dry dil.-free] dry dil.-free] dry dil.-free]

biomass]

Mean St.dev. Mean Stdev. Mean St.dev. Mean St.dev. Mean Stdev. Mean St.dev. Mean St.dev. Mean St.dev.
WSP 0.0398 0.003 0.900 0.071 8221 4.149 36.07 2.634 3.58 1.141 40.12  1.132 10.08 0.791 10.15 1.014
WSP-T1add 0.0362  0.005 1.039 0.134 60.07 6.729 39.10 3.166 3.83 1.775 37.80 2.683 9.12 1.334 10.16  0.806
WSP-T2add 0.0346  0.004 1.120 0.055 53.61 3.016 41.76  1.971 2.93 1.204 37.32  1.540 7.57 0.988 1042 0.743
WSP-T3add 0.0351 0.003 1.063 0210 53.89 9.904 4226 5.416 3.06 0.486 40.16  3.161 6.18 0.461 8.34 2.049
WSP-T1Wadd 0.0363 0.004 0.956  0.062 58.22 5.776 37.98 0.930 3.48 0.222 39.80 1.800 7.61 0.572 11.14 0.661
WSP-T2Wadd  0.0358  0.000 1.066  0.049 5343 1.569 41.22  1.045 2.76 0324 38.69 1.292 7.22 0.546 10.11 0945
WSP-T3Wadd 0.0314 0.005 1.068 0.173 49.69 8.784 40.13  2.410 4.38 0.148 3798 3.728 7.28 0.584 1022 1.084

Table A4

Results from devolatilization tests with LD (“Mean” = arithmetic mean out of the three experimental replications; “St.dev.” = standard deviation out of the three experimental

replications).

LD v A x& Yiz Y&us Y& Yoz Y&
700 °C [vol% [vol% [vol% [vol% [vol%

[mol/g [mol/mol] [%] dry dil.-free] dry dil.-free] dry dil.-free] dry dil.-free] dry dil.-free]

biomass]

Mean St.dev. Mean Stdev. Mean St.dev. Mean St.dev. Mean Stdev. Mean St.dev. Mean Stdev. Mean St.dev.
WSP 0.0178 0.002 0.437 0.077 55.55 4.895 1331 1.713 10.25 0.936 30.60 1.616 30.13  0.747 1572 0964
WSP-T1add 0.0141 0.004 0.620 0.033 37.01 8.277 17.73  1.006 1350 3.776 28.61 0.200 2494 4215 1522 0497
WSP-T2add 0.0169 0.002 0.711 0.144 40.13  6.122 20.88 3.015 9.36 0.920 29.60 1.626 25.03 1.221 1512 0.628
WSP-T3add 0.0187 0.001 0.661 0.029 43.81 1.305 19.83 0613 8.89 0.902 30.01 0.514 2571 0.772 1556 1.706
WSP-T1Wadd 0.0184 0.002 0.637 0.118 42.88 5.171 2021  2.576 1035 1.429 31.95 2.006 23.17 0.707 1433 1484
WSP-T2Wadd 0.0179  0.001 0.755 0.063 40.50 1.339 2249 1371 9.95 1.054 29.84 1.074 23.26  0.468 14.46  0.456
WSP-T3Wadd 0.0178  0.002 0.744 0.191 3930 3.984 22.62 2673 9.43 1.672 31.20 4.553 2172  1.463 15.04 1.011
LD n A x& Yit2 Y&ns Yéo Yeo2 Yéha

800 °C [vol% [vol% [vol% [vol% [vol%

[mol/g [mol/mol] [%] dry dil.-free] dry dil.-free] dry dil.-free] dry dil.-free] dry dil.-free]

biomass]

Mean St.dev. Mean Stdev. Mean St.dev. Mean St.dev. Mean Stdev. Mean St.dev. Mean St.dev. Mean St.dev.
WSP 0.0250  0.002 0.653  0.058 67.80 3.696 21.61 1.595 7.37 0.163 33.13  1.655 2492 2.901 1298 1.115
WSP-T1add 0.0249 0.007 0.819 0.103 51.57 13.544 28.77 2.508 7.21 2.260 3536 3.469 1544  0.447 13.23 1.810
WSP-T2add 0.0190 0.002 1.087 0231 38.74 3.902 32.06 2.748 8.18 1.547 30.02 3.905 1518 1.633 14.55 2.503
WSP-T3add 0.0204 0.001 1312 0.128 38.18 1.781 37.25 1.830 7.87 1.247 28.52 2.382 1418 0.815 12.18 2.084
WSP-T1Wadd 0.0250 0.003 0.883  0.037 47.86 3.375 31.43 0.447 7.09 1.506 35.65 1.851 12.77 0369 13.06 1.027
WSP-T2Wadd 0.0200 0.005 0.810 0.292 38.89 10469 28.77 5.281 6.20 2.659 37.63 8.859 13.03 1.998 1437 0.852
WSP-T3Wadd 0.0219 0.001 1.167 0.287 39.55 3.201 35.84 5.004 7.26 1.131 3129 3614 13.63 0925 11.98 2.107
LD n* hd x& Yi Y&us Y& Y52 Y&ha

900 °C [vol% [vol% [vol% [vol% [vol%

[mol/g [mol/mol] [%] dry dil.-free] dry dil.-free] dry dil.-free] dry dil.-free] dry dil.-free]

biomass]

Mean St.dev. Mean Stdev. Mean St.dev. Mean St.dev. Mean Stdev. Mean St.dev. Mean St.dev. Mean St.dev.
WSP 0.0419  0.000 1.031 0.034 80.68 2.548 39.80 1.692 2.90 0.460 38.60 0.384 9.08 0.967 9.63 0.954
WSP-T1add 0.0365 0.004 1.061  0.050 5891 4.622 40.32  1.404 3.46 0.951 38.02 1.319 8.18 0.502 10.02 0.833
WSP-T2add 0.0357 0.003 1.114 0.035 55.69 2.649 4230 1.086 3.40 0.727 37.98 1.380 7.12 0.393 9.21 1.403
WSP-T3add 0.0361 0.003 1.170  0.092 52.35 5.050 4456  0.941 2.65 0.343 38.19 2.178 5.80 0.425 8.81 0.663
WSP-T1Wadd 0.0419 0.005 0.975 0.038 63.27  6.540 4038 1.314 2.70 0.523 4144 1.896 5.89 1.836 9.60 0.639
WSP-T2Wadd  0.0320 0.005 1117 0.067 47.26  7.799 42.08 1.538 2.75 0.401 37.74 1.775 7.05 1.100 1037 1.277
WSP-T3Wadd 0.0349 0.002 0990 0.039 56.01 2.966 39.26 0.702 4.57 0.467 39.69 0.844 6.59 0.212 9.89 0.403
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