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1.Introduction
University of L’Aquila has joined the ongoing Horizon 2020 European research project CLARA (Chemical Looping gAsification foR sustAinable production of biofuels, G.A. n. 817841), which includes 13 partners (universities, companies, research centers) from the European Union [1]. CLARA has investigated the Chemical Looping Gasification (CLG) of lignocellulosic biogenic residues, to obtain a syngas to be in turn converted into liquid fuel by a Fischer-Tropsch catalytic reactor, aiming to realize a complete biomass-to-fuel chain up to the 1 MWth scale in an industrially relevant environment, with the following targets: cold gas efficiency of 82%, carbon conversion of 98%, and level of tar in the outlet syngas lower than 1 mg Sm−3 [1–3]. This project fully hinges on the European Green Deal objectives for promoting sustainable development [4].
Within CLARA, the CLG is intended to be performed by two interconnected fluidized bed reactors, holding a granular oxygen carrier (OC) as the internally circulated bed: (i) inside the “fuel reactor”, the biomass pellets are fed and gasified thanks to the lattice oxygen given by the fluidized OC particles; (ii) inside the “air reactor”, the reduced (i.e., exhausted) OC is re-oxidized by combustion and then returned to the fuel reactor, also bringing back part of the heat of combustion [1,5,6]. OCs are typically metal oxides which show some redox properties [7]. In comparison to traditional gasification configuration, CLG brings in the process the required oxygen to sustain endothermal gasification by the OC, avoiding air dilution (due to inert N2) in the syngas or the usage of an air separation unit to feed pure oxygen into the gasifier [8].
The CLARA consortium selected pine forest residues and wheat straw as lignocellulosic feedstocks to be investigated for the CLG. Cereal straw, in general, is particularly attractive for heat and power generation, as it is largely available and do not compete with the fuel chain [9–12]. Unfortunately, the significant content of inorganic matter in biogenic residues may give place to the formation of ashes with high agglomeration and deposition tendencies, an important technological issue as far as their use in CLG-fluidized beds is concerned [13–15]. In fact, the increase of the average diameter of OC bed particles might substantially change their fluid dynamic properties and thus affect their fluidization quality and effectiveness in the CLG process [16,17]. In this sense, wheat straw is an even more risky feedstock, because of its high potassium, chlorine, and potassium–aluminum–silicates content [3]. In order to improve fluid-dynamic interactions between wheat straw and OCs and avoid the collapse of the fluidization quality, some pretreatments (torrefaction, washing, mixing with additive minerals, or their combination) were studied within CLARA for wheat straw pellets [6].
This manuscript represents a compendium of the experimental work carried out by this research group within CLARA, concerning some preliminary characterizations at laboratory scale of the behaviors of fourteen biomasses and three OCs, at process conditions relevant to CLG. Those behaviors were investigated by two campaigns: (i) devolatilization tests, to highlight the effects on syngas production; (ii) pressure fluctuation tests in heated fluidized beds obtained by mixing ashes from biomass pellets and OCs, to monitor the stability of the bubbling fluidization quality in the presence of potential agglomeration elements. Pieces of that work were already published elsewhere [3,6,8,18,19]; this manuscript provides the chance for an integral undisclosed discussion and more comprehensive conclusions.
2. Methods
2.1 Biomasses
[bookmark: _Ref97731693]Different kinds of biomass were investigated: raw pine forest residue pellets, raw wheat straw pellets, torrefied wheat straw pellets, torrefied and washed wheat straw pellets, torrefied wheat straw pellets with mineral additives, torrefied and washed wheat straw pellets with mineral additives. Torrefaction was always tried at three temperatures (250°C, 260°C, 270°C). The preparation of those pellets was carried out by National Renewable Energy Centre (CENER, Spain) with the contribution from Forschungszentrum Jülich GmbH (Germany) for the issue of minerals addition, both CLARA partners Table 1 shows name abbreviations and associated pretreatments of the fourteen biomasses investigated in this compendium. Further details about torrefaction and washing could be found elsewhere [3].
Table 1. Biomasses investigated with the specification of the related pretreatments
	Biomass acronym
	Biomass features

	RPR
	Raw Pine Residue pellets

	WSP
	Wheat Straw Pellet (raw)

	WSP-T1
	Wheat Straw Pellet-Torrefied at T1=250°C

	WSP-T2
	Wheat Straw Pellet-Torrefied at T2=260°C

	WSP-T3
	Wheat Straw Pellet-Torrefied at T3=270°C

	WSP-T1W
	Wheat Straw Pellet-Torrefied at T1 and Washed

	WSP-T2W
	Wheat Straw Pellet-Torrefied at T2 and Washed

	WSP-T3W
	Wheat Straw Pellet-Torrefied at T3 and Washed

	WSP-T1add
	Wheat Straw Pellet-Torrefied at T1, with mineral additives

	WSP-T2add
	Wheat Straw Pellet-Torrefied at T2, with mineral additives

	WSP-T3add
	Wheat Straw Pellet-Torrefied at T3, with mineral additives

	WSP-T1Wadd
	Wheat Straw Pellet-Torrefied at T1 and Washed, with mineral additives

	WSP-T2Wadd
	Wheat Straw Pellet-Torrefied at T2 and Washed, with mineral additives

	WSP-T3Wadd
	Wheat Straw Pellet-Torrefied at T3 and Washed, with mineral additives



2.2 Oxygen carriers
Three OCs were investigated: ilmenite (ILM), a natural iron and titanium mineral [19,20]; calcined "Sibelco" (SIB), an iron and manganese ore [19]; Linz-Donawitz-slag (LD), a steelmaking waste material mainly composed of iron-manganese and calcium oxides [19,21,22]. These three OCs were provided by Chalmers University of Technology (Göteborg, Sweden), a CLARA partner. As previously verified [3], the provided samples of ILM, SIB and LD all belong to the generalized Geldart B group [16] at all tested conditions in this work (see Sections 2.3 and 2.4), i.e., their minimum fluidization velocity and minimum bubbling velocity coincide.
2.3 Devolatilization tests
Devolatilization tests were performed in a quartz fluidized bed reactor, at 700 °C, 800 °C, and 900 °C, loaded with a bed made up of one of the three OCs or sand (used as an inert non-redox bed material). N2 was the fluidizing gas (1.5 times the minimum fluidization velocity umf of the tested bed at the chosen temperature). The devolatilized syngas, which left the bed with the N2 carrier, was cooled, dried, and its volumetric concentrations of H2, CO, CO2, CH4, and hydrocarbons (expressed as equivalent C3H8) were measured. Pellets of all biomasses in Table 1 were devolatilized individually (i.e., the following pellet was fed into the reactor only when the devolatilization of the previous ended), so the process intrinsically resulted at unsteady state [8].
For each devolatilization, instantaneous flow rates of syngas components (Fi,out, with i = H2, CO, CO2, CH4, equivalent C3H8) were calculated as functions of devolatilization time (t), by the insertion of experimental measurements in moles balances with the hypothesis of N2 as the internal standard. In order to uniformly evaluate the devolatilization performances of each pellet, three integral-average parameters were obtained: gas yield (ηav, Equation (1)); H2/CO molar ratio (λav, Equation (2)); carbon conversion into syngas components (χcav, Equation (3)).
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For each set "biomass/bed material/devolatilization temperature", three replications were performed, and the corresponding arithmetic means were analyzed in this manuscript.
For further details about the experimental apparatus, procedures, data calculations, please consider the other papers from this research group [8,19].
2.4 Study of pressure fluctuations in OC/ash mixed beds
Solid beds were obtained by mixing one OC with 10 %vol of an ash purposely produced by muffle combustion of one biomass from Table 1 Each of those beds was loaded in a quartz fluidized bed reactor, and the signals of dynamic pressure fluctuation were acquired at the temperature of interest for CLG (raised by 50°C per time from 700 °C to 1000 °C), using N2 as the fluidizing agent at superficial velocity (u) which equaled 2 and 3 times the minimum fluidization velocity (umf) of the selected OC. For each set “u/bed temperature/OC/biomass ash”, two replications of signal acquisition were performed. Power Spectral Density Functions (PSFD) of those signals were calculated and examined to estimate dominant frequencies; those dominant frequencies and the standard deviations of original signals were studied to assess the fluidization quality of beds, as fully described elsewhere [3].
Some selected OC/ash bed samples were characterized before and after the tests of pressure fluctuation acquisitions. Scanning Electron Microscopy (SEM) coupled with Energy Dispersive X-ray Spectrometry (EDS) for elemental analysis (by GeminiSEM 500 microscope or by SEM PHILIPS XL30CP equipped with an OXFORD ENERGY 250 INCAx-act LN2-free detector) and measurements of average particle diameters (dp) by laser diffraction (Malvern Mastersizer 2000 analyzer) were performed.
Additional details about experiments and characterization procedures could be found elsewhere [3].
3. Results and discussion
3.1 Devolatilization tests
Figure 1 shows an example of instantaneous flow rates (Fi,out) of H2, CO, CO2, CH4, other hydrocarbons (equivalent C3H8). All bed material/biomass combinations were tested at three temperatures, with three replications per operating condition; therefore, 504 pellet devolatilizations were performed and analyzed (i.e., 504 plots as that in Figure 1 were obtained and studied). This do not allow a productive case by case discussion, so the related results were summarized by infographics (Figure 2, Figure 3, Figure 4).
As far as devolatilization temperature is concerned, some general results could be drawn from these infographics. For all bed materials (sand, ILM, SIB, LD) and biomasses (Table 1), the temperature increase from 700°C to 900°C generally made gas yield, carbon conversion and H2/CO ratio increase (rare exceptions 
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[bookmark: _Ref97737703]Figure 1. Example of outlet molar flow rates in the dried cooled syngas, obtained by the devolatilization of one pellet (WSP pellet, pyrolyzed in ILM bed at 900°C)
could be led back to this general observation by considering standard deviations reported in Figure 2, Figure 3, Figure 4)
No clear-cut trends were ascribable to the change of OC or kind of biomass; still, some trends emerged:
1. OCs action seems to be exalted by the increase of temperature in terms of gas yield (Figure 2) and carbon conversion (Figure 3): these quantities for sand and OCs were closer at 700°C (Figure 2(a) and Figure 3(a)) and 800°C (Figure 2(b) and Figure 3(b)), while the OCs generally ensured higher values at 900°C (Figure 2(c) and Figure 3(c));
2. At 700°C, ILM coupled with some pre-treated biomasses (WSP-T1W, WSP-T1add, WSP-T1Wadd, WSP-T3Wadd) allowed noticeable gas yields (Figure 2(a)) and carbon conversions (Figure 3(a)); at 900°C the same emerged for LD with WSP, WSP-T3W and WSP-T1Wadd;
3. A higher torrefaction degree increased the chances to develop higher H2/CO ratios (Figure 4);
4. Torrefaction appears as the most influential pre-treatment, having WSP behavior as a reference: carbon conversions of WSP were generally higher than those of pretreated biomasses, which have all undergone torrefaction (Figure 3); this was sensibly ascribed to the preliminary separation of volatile matter from wheat straw during the very same torrefaction process, which leaves only more recalcitrant carbon in the biomass pellet;
5. The other pretreatments did not drive to peculiar variations in pellets pyrolysis;
6. With regard to all considered parameters, the pyrolytic performance of the RPR – which is the closest representative of a commercial product – is comparable to that of WSP and pretreated wheat straw pellets.

3.2 Study of pressure fluctuations in OC/ash mixed beds
As occurred for devolatilization tests, the number of combinations “u/OC/ash/bed temperature” (each one corresponding to two replicated acquisitions) is too high for a fruitful case by case discussion. Therefore, related results were summarized by infographics (Figure 5), to be interpreted in the light of guidelines fully explained by Di Giuliano et al. [3]. In short (Figure 5): a green box means that the related pressure fluctuation signal and PSDF represent a bubbling bed; a red box means that the related pressure fluctuation signal and PSDF represented a not-bubbling bed; a yellow box indicates an intermediate situation, with incipient or fading bubbling fluidization; a white box indicates a not acquired signal.
Some general trends were drawn from these infographics (Figure 5):
1. There is not a unique ash ensuring the best performance independently on the coupled OC and process conditions; in other words, the fluidization quality in bubbling beds for CLG selected within CLARA depends on both process conditions and the chosen OC/biomass couple;
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[bookmark: _Ref97737698]Figure 2. Gas yields from devolatilization tests at 700°C (a), 800°C (b), 900°C (c)
[image: ]
[bookmark: _Ref97737700]Figure 3. Carbon conversions from devolatilization tests at 700°C (a), 800°C (b), 900°C (c)
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[bookmark: _Ref97737701]Figure 4. H2/CO outlet molar ratio from devolatilization tests at 700°C (a), 800°C (b), 900°C (c)

2. LD, independently on the origin of mixed ash, had a worse bubbling fluidization quality than ILM and SIB, at both 2umf and 3umf;
3. No clear trends emerged concerning the torrefaction temperature;
4. The increase up to 3umf generally improved the bubbling fluidization quality, with all the three OCs, and in many cases it brought back to the bubbling regime beds without bubbles at 2umf .
The treatment of OCs in bubbling fluidized bed with ashes up to 1000°C engendered different types of modifications in bed particles, quantified by average particle diameters (dp) measured by Malvern Mastersizer 2000. As to ILM and SIB, ashes from WSP caused the highest increase of OCs average diameters in comparison to fresh OCs (+14% for ILM, +25% for SIB), whereas ashes from pretreated wheat straw pellets always produced smaller variations than ashes from WSP, in the ranges from ‑3% to +13% for ILM, from ‑8% to +21% for SIB. As to LD, the outcomes were quite different: all after-test samples showed a substantial decrease of dp, from ‑8% to ‑75%, only in one case lower than ‑25%; torrefied-washed samples seem to partially limit this behavior, while samples with additives enhanced it.
In the first place, the modifications observed by SEM-EDS, after fluidizations at 1000°C with ashes, were ascribable to the intrinsic nature of the OCs, rather than the type of ash joined in the fluidized bed. It is worth to observe a fundamental premise: EDS (Figure 6, Figure 7, Figure 8) determined that all the three OCs contained themselves some of the elements which are usually responsible of agglomeration issues in fluidized beds, generally due to ashes (e.g., Si, K). As to ILM, inferences from SEM-EDS observations revealed a good stability of chemical composition and particle dimensions, together with absence of evident agglomeration (some examples in Figure 9). As to SIB, samples at 1000°C systematically presented agglomerations in SEM micrographs, absent at 700°C, independently on the kind of coupled ash (some examples in Figure 10); this agglomeration tendency was explained by SEM-EDS, which evidenced an intrinsic chemical instability of Pb traces contained in SIB itself, which acted synergistically with low-melting elements such as Si and K, forming smooth bridges which hold the entire agglomerations together (Figure 10(d) and Figure 10(h)). In all cases, LD particles did not agglomerate, but fines with diameters lower than 100 μm formed, especially after treatments at 1000°C (some examples in Figure 11), jeopardizing the bubbling fluidization quality. This problem may be faced by selecting the most robust LD particles through a preliminary vigorous fluidization.
The results obtained by Malvern Mastersizer 2000 and SEM-EDS are in general good agreement one to each other, as well as with outcomes from pressure fluctuation signals.
4. Conclusions
Devolatilization tests at 700°C, 800°C, 900°C were carried out in fluidized beds made of sand (blank reference) or one of the three investigated OCs. For all the tested biomass/bed material combinations, the temperature increase was the parameter which mainly affected the thermochemical conversion, causing the increase of gas yield, carbon conversion, H2/CO ratio (relevant for downstream Fischer-Tropsch conversion hypothesized in CLARA). Less clear-cut trends could be ascribed to the different OCs or kind of biomasses. Performance of wheat straw biomasses were comparable to those of the commercial benchmark RPR.
Pressure fluctuation acquisitions were performed in bubbling beds made of OCs and ashes from biomasses, at temperatures from 700°C to 1000°C, accompanied by measurements of particle size distributions and SEM-EDS analyses of pre- and post-test samples. ILM appeared as the most chemically and mechanically stable OC, ensuring reliable fluid-dynamic performances; SIB showed an inherent tendency to agglomeration, due to its content of Si, K and Pb in traces, probably enhanced by ashes; LD particles significantly generated fines during fluidization tests, severely jeopardizing the bubbling fluidization quality (a behavior avoidable with proper preliminary selection of more robust particles, as suggested by other CLARA partners). With regard to the various investigated biomasses, WSP generally behaved worse than RPR concerning bubbling fluidization quality, underlining the need of biomass pre-treatments. Probably, the benefits from washing were partially nullified by the presence of some low melting elements (e.g. Si, K) in fresh OCs themselves. In any case, acceptable 
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[bookmark: _Ref97751006]Figure 5. Evaluation of fluidization quality based on the experimental pressure fluctuation signals and their PSDF. Legend: green = bubbling bed, yellow = bubbling fluidization fading out, red = no bubbling, and white = not acquired
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[bookmark: _Ref97983279]Figure 6. SEM micrograph of fresh ILM at 350× magnification (a) and related local EDS spectrum (b)
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[bookmark: _Ref97982969]Figure 7. SEM micrograph of fresh SIB at 5000× magnification (a) and related elemental EDS maps (b)
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[bookmark: _Ref97982971]Figure 8. SEM micrograph of fresh LD at 1000× magnification (a) and related elemental EDS maps (b)
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[bookmark: _Ref97756800]Figure 9. SEM micrographs of ILM after pressure fluctuations test with ashes from: WSP-T1Wadd at 700°C (80× (a) and 350× (b)) and 1000°C (80× (c) and 1000× (d)); WSP-T3Wadd at 700°C (80× (e) and 3000× (f)) and 1000°C (80× (g) and 3000× (h))
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[bookmark: _Ref97756837]Figure 10. SEM micrographs of SIB after pressure fluctuations test with ashes from: WSP-T1 at 700°C (80× (a) and 3000× (b)) and 1000°C (80× (c) and 350× (d)); WSP-T3 at 700°C (80× (e) and 350× (f)) and 1000°C (80× (g) and 350× (h))
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[bookmark: _Ref97757209]Figure 11. SEM micrographs of LD after pressure fluctuations test with ashes from: WSP-T1add ash at 700 °C (80× (a) and 1000× (b)) and at 1000 °C (80× (c) and 1000× (d)); WSP-T3add ash at 700 °C (80× (e) and 350× (f)) and at 1000 °C (80× (g) and 1000× (h))
bubbling fluidization quality was generally achieved by increasing the superficial velocity up to 3 times the minimum fluidization velocity of OCs: this is a precious indication for scale-up studies within CLARA, considering that the hypothesized CLG process should occur at even higher fluidization velocities.
The results summarized in this compendium allowed the selection of the most eligible materials (OCs and solid fuels) for CLG tests to be performed in the framework of CLARA at higher scales and gave relevant indications concerning the thermochemical conversion of considered biomasses, also providing pyrolysis experimental data which were useful for modelling investigations to other CLARA partners.
The two proposed experimental methodologies had the advantage of allowing performing a large number of tests – due to the many combinations of materials and process conditions required in the CLARA project –in a relatively short period of time, e.g., in comparison to more traditional continuous gasification tests. They have therefore proved to be useful and functional for the screening action requested by the other CLARA partners, leaving the more traditional, effort- and time-demanding experimental campaigns only to the worthiest materials and conditions.
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