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Beech wood gasification in a dense and fast internally circulating fluidized bed

This study deals to improve the understanding of biomass thermo-chemical conversion in a dense and fast internally circulating fluidized bed. The experimental rig used in this study ran either as a dense fluidized bed or as a fast internally circulating fluidized bed. The effect of operating parameters, such as bed temperature (ranging from 750 to 850 °C), steam gas velocity (between 3 and 9.5 times the minimum fluidization velocity of bed material), steam to biomass mass ratio (ranging from 0.7 to 5.6 kg.kg -1 ) and biomass shape (sawdust and pellets) is investigated in both dense and fast internally circulating fluidized bed with olivine as bed material. In addition, the effect of bed material nature (olivine and sand) is also studied. Results indicated that syngas composition is strongly dependent on steam to biomass mass ratio. Moreover, it was found that syngas yield is favored by rising bed temperature and steam to biomass mass ratio while it is disadvantaged when fluidizing gas velocity increases. In addition, a greater syngas yield was obtained with olivine particles, compared to sand particles. The effect of bed material circulation flow rate was also investigated in fast internally circulating fluidized bed. Results showed that an increase in this parameter leads to a lower syngas yield. Finally, the experimental results presented in this paper were compared to ones reported in the literature and a good agreement was found.

Introduction and state of art

High temperature biomass gasification (> 700 °C) is a promising alternative to fossil fuels for the synthesis of highly energetic products via Fischer Tropsch or methanation processes. One of the most en couraging and advanced technology is Fast Internally Circulating Fluidized Bed (FICFB) [START_REF] Hofbauer | Six years experience with the FICFB-gasification process[END_REF]. Its principle relies on the circulation of bed material (catalytic or not) which acts as a heat carrier between an en dothermic reactor (called gasifier) where biomass steam gasification in dense fluidized bed produces synthetic gas (syngas) and an exothermic transported bed reactor (called combustor) where combustion of a part of the solid carbonaceous residue of biomass gasification (char) pro duces heat. Several demonstrators exist or are in construction to vali date this technology and take it to an industrial level.

Biomass steam gasification is a thermochemical conversion occur ring at high temperatures with many simultaneous reactions. Fig. 1 presents a simplified diagram which describes biomass transformation in successive steps.

Starting at 300 °C, the thermal decomposition of biomass, called pyrolysis or devolatilisation, occurs in the absence of oxygen and leads to the formation of:

• Non condensable products (H 2 , CO, CO 2 , CH 4 and C s H t ); • Volatile condensable products (steam, and primary tars in the form of C n H m O q [START_REF] Milne | Biomass gasifier 'tars': their nature, formation, and conversion Report[END_REF]. Beyond 500 °C, primary tars are converted to non condensable species (H 2 , CO, CO 2 , CH 4 ) and secondary tars in the form of C n H m O q or C n H m [2 4]. According to Hosoya et al. [START_REF] Hosoya | Secondary reactions of lignin-derived primary tar components[END_REF], chemical functional groups like acids, methoxy, propyl, propenyl, aldehydes and acetyl are eliminated, leaving only aromatic com pounds such as cresol and phenol, which constitute the main part of secondary tars. Above 700 °C, secondary tars undergo thermal cracking. In addition, tars can react with gaseous atmosphere in the reactor, like H 2 O, CO 2 and H 2 , by steam reforming, CO 2 reforming and hydrodeoxygenation, respectively. These reactions lead to non condensable gases (H 2 , CO, CO 2 , CH 4 ) as well as mono and poly aromatics, called tertiary tars, in the form of C n H m [2, 6 10]):

+ - = > + - + Tars steam -reforming: C H O (n q)H O (m/2 n q)H nCO n m q 2 2
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+ -= > + -Tars CO -reforming: C H O (n q)CO (m/2)H (2n q)CO 2 n m q 2 2 (R2)

+ - + => + Tars hydrodeoxygenation: C H O (2n m/2 q)H nCH qH O n m q 2 4 2 (R3)
Tertiary tars are the most refractory tars regarding thermal cracking reactions, which were found to lead to the formation of many alkenes like C 2 H 2 , C 2 H 4 and C 2 H 6 [11 13]. Besides, tertiary tars can also un dergo steam reforming as well as steam and hydrodealkylation, leading to the formation of non condensable species, such as CH 4 , H 2 and CO, and lighter tars. For instance, Taralas et al. [START_REF] Taralas | Modeling the thermal destruction of toluene (C 7 H 8 ) as tar-related species for fuel gas cleanup[END_REF] proposed overall steam and hydrodealkylation reactions schemes for toluene: (R5)

+ => + ∘ =- - Toluene 
It must be precised that reactions R(1) and R(5) strongly depend on steam partial pressure.

• A solid carbonaceous residue called char. Morin et al. [15] in vestigated the effect of the temperature on the composition of char produced by fast pyrolysis in a dense fluidized bed. The used bio masses were beech pellets and beech sticks, with chemical formula in the form of CH 1.63 O 0.79 and CH 1.71 O 0.76 , respectively. Higher carbon content and lower hydrogen and oxygen contents were found for increasing temperatures. For instance, for a bed temperature of 850 °C, char is mainly made of carbon with a chemical formula in the form of CH 0.09 O 0.06 . For these reasons, some authors considered char as pure carbon [16 18]. Above 700 °C, char reacts with steam to produce hydrogen and carbon monoxide according to: (R7)

Tars cracking reactions can lead to the formation of a carbonaceous solid, called coke, at the surface of the bed material [19 22]. This solid will either react with steam, in the gasifier, to form CO and H 2 , or burn in the combustor. In addition, these coking reactions can lead to the formation of soot [ 23 24].

Steam can also react with carbon monoxide according to: 

+ < = > + ∘ = - - Water -
The required syngas quality constitutes the main technical and economic challenges for its optimal valorization. The H 2 over CO ratio is an important parameter for catalytic applications like Fisher Tropsch (H 2 /CO > 2) or methanation (H 2 /CO > 3). The presence of other species such as methane can be an advantage for methanation, but also reduces the yield of Fischer Tropsch processes. Besides, refractory tars and inorganic compounds, which are systematically formed, have to be removed to very low concentrations before the downstream processes.
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Influence of operating parameters on steam gasification

In order to improve the understanding of biomass thermo chemical conversion, several studies were devoted to the influence of some op erating parameters on gasification performance (i.e. syngas composi tion and yield). In Table 1 are reported the experimental investigations, found in the literature, on the effect of the bed temperature between 700 and 900 °C, on syngas composition and yield. Experiments were carried out in dense fluidized beds (DFB) as in FICFB. The authors used a large diversity of bed material: sand, olivine, Nickel enriched olivine, Nickel based catalyst, and even no bed material. Several biomasses were also investigated, such as wood pellets, hemlock sawdust, almond shells, eucalyptus, pines wastes, holm oak, oak sawdust, and rice husk. The results presented in Table 1 show that an increase in the bed temperature leads to:

• Higher syngas yield P G and carbon conversion rate into syngas X c G . This phenomenon is explained by: (i) a higher production of non condensable gases in the pyrolysis step at higher temperatures, as pointed out by Hemati et al. [START_REF] Hemati | Etude expérimentale de la pyrolyse de sciure de bois dans un lit fluidisé de sable entre 630 et 940 °C[END_REF], (ii) the production of gas through the endothermal char steam gasification reaction, which is favor able at elevated temperatures and (iii) the increase of gas yield re sulting from the steam reforming and cracking of heavier hydro carbons and tars when the bed temperature is increased [START_REF] Franco | The study of reactions influencing the biomass steam gasification process[END_REF];

• Higher H 2 content and lower C 2 H x and tar contents [ 25 31]. However, some noteworthy divergences are observed, in Table 1, regarding the effect of bed temperature on CO, CO 2 and CH 4 contents.

When the bed temperature increases, the evolution of these components seems to depend on two additional parameters: the type of used bio mass and the bed material nature. For instance, Franco et al. [START_REF] Franco | The study of reactions influencing the biomass steam gasification process[END_REF] in vestigated the effect of bed temperature on the steam gasification of three types of biomass. It was found that the bed temperature has a great influence on the composition of syngas resulting from eucalyptus gasification whereas it has only a moderate effect on pine wastes and holm oak conversion. In addition, literature studies on the effect of bed material on biomass gasification is extensive and has been discussed in several reviews [32 34]. It was shown that Ni based catalysts are the most performant, regarding olivine, to promote tars destruction by cracking and steam reforming reactions and CO conversion by water gas shift reaction, while sand is considered as an inert reference. Thus, this catalytic activity directly affects syngas composition.

The effect of steam to biomass mass ratio (also called steam to fuel ratio) on biomass steam gasification was also investigated in dense fluidized bed as in fast internally circulating fluidized bed processes. Table 2 presents the experimental investigations, reported in the lit erature, about the effect of this parameter between 0.18 and 1.1 kg steam .kg biomass -1 . Several bed materials were used: sand, olivine, Nickel enriched olivine and natural catalyst. Besides, different bio masses were also tested: wood pellets, almond shells and pine wastes.

The results reported in Table 2 show that an increase in the steam to biomass mass ratio leads to:

• A linearly increase in H 2 content;

• A decrease in tar content [27,35] and a rise in syngas yield [START_REF] Franco | The study of reactions influencing the biomass steam gasification process[END_REF][START_REF] Rapagna | Steam-gasification of biomass in a fluidised-bed of olivine particles[END_REF][START_REF] Pfeifer | In-bed catalytic tar reduction in a dual fluidized bed biomass steam gasifier[END_REF]. These results were explained by the fact that steam gasification, water gas shift and tars cracking and steam reforming reactions are promoted by an increase in steam to biomass ratio.

Different trends regarding the effect of this parameter on CO, CO 2 and CH 4 contents were found. Franco et al. [START_REF] Franco | The study of reactions influencing the biomass steam gasification process[END_REF], Rapagna et al. [START_REF] Rapagna | Steam-gasification of biomass in a fluidised-bed of olivine particles[END_REF], Hofbauer et al. [START_REF] Hofbauer | Stoichiometric water consumption of steam gasification by the FICFB-gasification process[END_REF] and Pfeifer et al. [START_REF] Pfeifer | In-bed catalytic tar reduction in a dual fluidized bed biomass steam gasifier[END_REF] found a linear increase in CO 2 content and a linear decrease in the one of CO. For a ratio rising from 0.7 to 0.85 kg steam .kg biomass -1 , the same trends were observed by Koppatz et al. [START_REF] Koppatz | Comparison of the performance behaviour of silica sand and olivine in a dual fluidised bed reactor system for steam gasification of biomass at pilot plant scale[END_REF]. However, beyond 0.85 kg steam .kg biomass -1

, the CO content remains at the same value while the CO 2 content decreases. Regarding CH 4 content, when steam to biomass mass ratio rises, it re mains constant according to Rapagna et al. [START_REF] Rapagna | Steam-gasification of biomass in a fluidised-bed of olivine particles[END_REF], Koppatz et al. [START_REF] Koppatz | Comparison of the performance behaviour of silica sand and olivine in a dual fluidised bed reactor system for steam gasification of biomass at pilot plant scale[END_REF] and Hofbauer et al. [START_REF] Hofbauer | Stoichiometric water consumption of steam gasification by the FICFB-gasification process[END_REF] and decreases in the work of Franco et al. [START_REF] Franco | The study of reactions influencing the biomass steam gasification process[END_REF] and Pfeifer et al. [START_REF] Pfeifer | In-bed catalytic tar reduction in a dual fluidized bed biomass steam gasifier[END_REF].

Influence of bed material on steam gasification:

Various catalysts were investigated in biomass gasification for tar conversion and were discussed in several papers [32 34,36,37]. Three of them are the object of many researches: dolomite, Nickel based catalysts and olivine. Dolomite is found to be the best catalyst for tar cracking reactions [27,38 42]. However, the fragility of this material regarding attrition phenomenon restrains its use in fluidized beds. Nickel based catalysts are also very effective for tar cracking. Never theless, many authors showed that they are quickly deactivated by a carbon deposition on the surface or sulphur poisoning, which is a major problem for their use in biomass conversion processes [43 46]. Olivine is the most used catalytic bed material in the biomass conversion pilot plants. It is a mineral containing magnesium, iron and silicium oxides. In addition to be an excellent heat transfer medium, olivine has good thermal stability and attrition resistance [31, 47 52]. In order to high light the catalytic effect of olivine, some authors compared the results of biomass gasification in fluidized bed using olivine and silica sand particles as bed material [27,31,48,50,52 55]. Table 3 reports the op erating conditions, the type of reactor and the biomass nature used in these studies. These experimental findings showed that the use of oli vine instead of silica sand particles leads to a lower tar content, a greater syngas yield, an increase in the H 2 and CO 2 contents and a decrease in the ones of CO and CH 4 . The authors attributed these trends to the catalytic properties of olivine regarding tar and hydrocarbons decomposition, and water gas shift reactions. In order to quantify the effect of the catalytic behavior of olivine particles, Devi et al. [START_REF] Devi | Pretreated olivine as tar removal catalyst for biomass gasifiers: investigation using naphthalene as model biomass tar[END_REF] made passed a slipstream from a lab scale atmospheric bubbling fluidized bed gasifier through a secondary fixed bed reactor containing a mixture of sand and olivine at 900 °C. By analyzing the tar concentration at the inlet and at the outlet of this reactor, the authors found that the pre sence of olivine in the fixed bed promotes tar conversion. For instance, a decrease of 48% in heavy polyaromatic compounds content was ob served with pure sand. An addition of 17 wt% of olivine to the sand leads to a decrease of 71%. The authors related the catalytic activity of olivine to its iron content.

The overall objective of this study is to better understand and characterize the influence of operating parameters, such as bed tem perature (ranging from 750 to 850 °C), steam gas velocity (between 3 and 9.5 times the minimum fluidization velocity of bed material), steam to biomass mass ratio (ranging from 0.7 to 5.6 kg.kg -1 ) and biomass shape (pellets and sawdust) on the performance of biomass gasification in a dense fluidized bed reactor (DFB) as well as in a fast internally circulating fluidized bed (FICFB). In addition, the effect of bed material nature (olivine and sand) and bed material circulation flow rate is in vestigated in DFB and in FICFB, respectively. In this study, the reactor used is a biomass gasification FICFB unit designed and built up at the "Laboratoire de Génie Chimique" in Toulouse, which can run either in a FICFB mode or in a DFB mode, as a stand alone reactor, by dis connecting the gasifier from the circulation loop.

Table 1

Literature review on the effect of bed temperature on syngas composition and yield.

Authors Type of reactor n.r.: not reported.

Materials and methods

Experimental rig

Biomass, initially stored in a hermetic hopper, is continuously fed in a dense fluidized bed (Gasifier), by a vibrating extractor and a screw feeder (Fig. 2). In order to avoid heating the biomass in the screw feeder, the latter is cooled down by cold water circulating in a double jacket. The vibration frequency sets the feeding biomass mass flow rate while the rotation speed of the screw feeder is at its maximum value to make biomass feeding as continuous as possible. The gasifier is flui dized by super heated steam, entering the reactor at 280 °C. In the gasifier, biomass gasification leads to the formation of gases and of a carbonaceous residue (char). At the outlet of the gasifier, elutriated particles (bed material, char and ashes) are separated from gases by a cyclone. Solids, containing bed material and unconverted char, are continuously discharged from the gasifier, through a dump, to a transported fluidized bed reactor (Combustor), fed by two streams of air pre heated up to 600 °C. The first stream (primary air) ensures a dense fluidized bed of bed material at the bottom of the combustor. The second stream (secondary air) is used for particles transport. It is fed by an injection cane located 150 mm above the primary air distributor. In this reactor, the combustion of a part of the char from the gasifier in duces bed material heating. At the outlet of the combustor, particles are separated from flue gas by a cyclone and are returned back to the ga sifier through a standpipe, equipped with an L valve placed on the base and fluidized by steam. Thus, the heat needed for the endothermic biomass steam gasification is provided by the ex situ combustion of the residual char. Besides, this reactor can be used as a dense fluidized bed, by disconnecting the gasifier from the bed material circulation loop.

The reactors are stainless steel cylindrical columns. The gasifier has an inner diameter of 214 mm and a total height of 2.5 m, while the combustor has an inner diameter of 104 mm and a total height of 7.0 m. Both gasifier and combustor are surrounded by electric furnaces with 15 kW and 5.7 kW electric power, respectively. The bed temperatures in the gasifier and in the combustor are controlled by PID controller. Nevertheless, a natural gas feeding is required in the combustor in order to reach temperatures up to 900 °C in the setup. It is introduced 40 cm above the distributor. The pilot plant is equipped with 23 pressure sensors and 20 tem perature sensors. The bed material circulation mass flow rate is mea sured with a micro wave probe (supplier: SWR Engineering, model: SolidFlow 2.0), previously calibrated, located in the standpipe, 50 cm below the base of the combustor cyclone (Fig. 2).

At the outlet of each reactor, a burner associated with a post com bustion chamber heated up to 850 °C allows burning all combustible gas. Then, gas streams are mixed together in a cylindrical chamber and cooled down in a 5 m multitubular heat exchanger. A cyclone and a bag filter ensure the filtration of fine particles before rejecting gas into at mosphere.

Non condensable gas composition is measured at the outlet of the gasifier cyclone, by means of an online micro Gas Chromatograph Agilent 490. The analyzed components are H 2 , N 2 , O 2 , CO, CH 4 , CO 2 , C 2 H 2 , C 2 H 4 and C 2 H 6 . Sample gases are sucked by a vacuum pump connected to a flowmeter (volume flow 100 mL.min -1 at STP). Before entering the analyzer, the gas passes through a cyclone in order to re tain the biggest particles entrained. Then, it goes through a condenser and a wash bottle cooled at 20 °C to remove any trace of water and tars. Finally, the finest particles are separated from gas by a metallic filter. The time lapse between two quantifications is 2 min.

Performing an energetic balance on this experimental rig is complex because of the lack of energy recovery systems and the significant FICFB (air) Sunflower and willow pellets 6.8-8 0 n.r. 750-800 [START_REF] Göransson | An experimental study on catalytic bed materials in a biomass dual fluidised bed gasifier[END_REF] DFB and FICFB (steam) Wood pellets 10 0.2-0.8 45 750-900 [START_REF] Erkiaga | Steam gasification of biomass in a conical spouted bed reactor with olivine and γ-alumina as primary catalysts[END_REF] Conical spouted bed (steam) Pine wood sawdust 0.09 1 0.07 900 [START_REF] Devi | Pretreated olivine as tar removal catalyst for biomass gasifiers: investigation using naphthalene as model biomass tar[END_REF] DFB for tar cracking only Tar from beech wood airgasification

- - 0.048 800-900
Table 2 Literature review on the effect of steam to biomass mass ratio on syngas composition and yield.

thermal loss, mainly explained by the very high ratio of surface and volume of the experimental set up compared to the industrial plant and the poor quality of insulation. Nevertheless, a recent study [START_REF] Alamia | Performance of large-scale biomass gasifiers in a biorefinery, a state-of-the-art reference[END_REF] focused on the performance of a FICFB biomass gasifier associated to a me thanation process showed that this type of process is thermally self sufficient and can reach a cold gas efficiency higher than 71%.

Feedstock

The experiments in this study were carried out with beech sawdust and beech pellets particles as biomass. Both beech sawdust and pellets are from the same wood batch. Beech pellets were obtained from sawdust pelleting.

The proximate analysis of the biomasses was carried out following the standard test method for chemical analysis of wood charcoal D 1762 84. In addition, the elemental analysis was also performed fol lowing the MA E2 02, MA E2 12 and MA E2 13 standard test methods. The same results were found for both beech sawdust and pellets, re ported in Table 4. Besides, it is found that the ash content and the moisture are 1.6% and 10.9%, respectively. According to the supplier, the dry biomass LHV is 17710 kJ.kg -1 . From the elemental analysis, a chemical formula for beech wood is proposed: CH 1.34 O 0.65 , with a molar weight of M B = 23.68.10 -3 kg.mol -1 .

The size distribution of a representative sample of beech sawdust was determined using a Laser Diffraction Particle Sizing MS2000 (Table 5). Results show that the beech sawdust batch is made of 

Table 4

Biomasses proximate and elemental analysis. particles heterogeneous in size, with diameters between 200 and 1500 µm, and a mean Sauter diameter of 497 µm. Besides, beech saw dust apparent density was assumed to be the same as the one of beech wood. The density of the latter was measured from the weigh and vo lume of a single particle of beech stick. Regarding pellet particles, they have a mean diameter of 6 mm and a mean length of 15 mm. Pellet apparent density was measured from the weight and volume of a single cylindrical particle of beech pellet. It is shown that the pelleting step leads to a higher wood apparent density.

Bed material pre treatment and characterization

Most of the experiments presented in this study were carried out with olivine particles, provided by the Austrian manufacturer Magnolithe GmbH, as bed material. Nevertheless, some tests were also performed with sand particles. As shown in Table 6, olivine particles are essentially made of magnesium oxide, silicium oxide and iron oxide. The latter reaches 10.5 wt% in our case. Regarding sand particles, they are mainly made of silicium oxide. Before their use as bed material in the gasifier, the particles previously undergo:

• A fine elutriation step. In this step, the undesired fine particles are removed by elutriation, at ambient temperature during 20 h;

• A calcination step, at 850 °C during 4 h. During these stages, carried out in the gasifier, the gas velocity was maintained at 8 times the minimum fluidization velocity (U = 8•U mf ) at the considered temperature. After this pretreatment stage, particle size distribution, particle density, skeletal density, aerated bulk density, packed bulk density, angle of repose, internal voidage, specific surface area and shape factor were measured using Laser Diffraction Particle Sizing MS2000, Mercury Porosimetry, Hosokawa analyzer, Helium Pycnometry, BET analyzer and G3 Morphology, respectively. Results are reported in Table 6. Based on the values of the mean Sauter dia meter and particle density for both sand and olivine, it can be con cluded that the particles used in this work belong to the Geldart class B. Besides, the particles employed are lowly porous, with internal voidage of 9% and 7% for sand and olivine particles, respectively.

In this work, Sauter diameter (d 3/2 ) is considered as the mean particle size.

Moreover, a recent study focused on the hydrodynamic behavior of a dense fluidized bed of olivine particles in the gasifier used in this study [START_REF] Pecate | Hydrodynamic study of a circulating fluidized bed used for biomass gasification between 20 °C and 900[END_REF]. The effect of bed temperature (between 20 and 950 °C), particle size (between 282 and 689 µm) and fluidizing gas nature (air or steam) on the minimum fluidization velocity (U mf ) was investigated. From the experimental results, a correlation was proposed to predict this hydrodynamic parameter according to the operating conditions. This correlation also well estimates the minimum fluidization velocity of sand particles. and:

mf ρ U d μ g d ρ ρ ρ μ • • • • • ( ) f mf p f p f p f f 3 2
Table 7 reports the minimum fluidization velocity of olivine and sand particles, calculated from Equation (1) between 750 and 850 °C, with steam as fluidizing gas.

Mixing and segregation phenomena between biomass and bed par ticles are of fundamental importance since they are usually responsible of the good or bad operating of the reactor. Hemati et al. [START_REF] Hemati | Experimental study of sawdust and coal particle mixing in sand or catalyst fluidized beds[END_REF] studied the mixing and segregation behavior of oak sawdust (d 3/2 = 370 µm, ρ p = 500 kg.m -3 ) in a fluidized bed of sand particles (d 3/2 = 300 µm, ρ p = 2600 kg.m -3 ) at ambient temperature. The authors found a good biomass sand mixing for gas velocities higher than 2.5 times the minimum fluidization velocity of sand particles (U = 2.5•U mf ). Later, Detournay [START_REF] Detournay | Vapogazéification de la biomasse en Lit Fluidisé Circulant: Élaboration des outils théoriques et expérimentaux[END_REF] investigated the behavior of beech pellets (D = 6.2 mm, L = 10 mm, ρ p = 1040 kg.m -3 ) and char pellets (D = 4 mm, L = 9 mm, ρ p = 600 kg.m -3 ) mixed with olivine particles (d 3/2 = 265 µm, ρ p = 2965 kg.m -3 ). The char pellets were obtained from the pyrolysis of wood pellets at 650 °C under inert atmosphere (nitrogen). The ex periments were performed at ambient temperature, in an altuglass column having the same diameter as the reactor used in this study. The effect of the fluidizing gas velocity was investigated. The experimental results showed that beyond 2 times the minimum fluidization velocity of olivine (U = 2•U mf ), the solid particles mixing quality is fairly af fected by the gas velocity. These results were furtherly confirmed by Cluet et al. [START_REF] Cluet | Segregation of wood particles in a bubbling fluidized bed[END_REF], who studied the mixture between olivine particles (d 3/ 2 = 237 µm, ρ p = 3250 kg.m -3 ) and cylindrical beech wood (dowels, D = 8 mm, L = 25 mm, ρ p = 685 kg.m -3 ). The authors found that a gas velocity higher than 3 times the minimum fluidization velocity of oli vine (U = 3•U mf ) is required to ensure a fairly good mixing. In the present work, the fluidizing gas velocity was always higher than, or equal to, 3 times the minimum fluidization velocity of bed material.

Performance criteria

During each experiment, a fixed nitrogen volumetric flow rate V ̇N2 , at Standard Temperature and Pressure conditions (STP, 0 °C, 1 atm), is introduced in the gasifier as tracer gas. Besides, the composition of the non condensable gases was analyzed as a function of time from the continuous micro Gas Chromatograph. The total volumetric flow rate of dry gas at the reactor outlet, at STP conditions, is given by:

= V t V y t ̇( ) ̇( ) T N N 2 2 (2) 
where V t ̇( )

T
is the temporal total gas volumetric flow rate (Nm 3 .h -1 ), V ̇N2 is the volumetric flow rate of nitrogen introduced as tracer gas (Nm 3 .h -1 ) and y t ( )

N 2
is the volume or molar fraction of nitrogen measured at the reactor outlet.

Then, the volumetric flow rate of each component is calculated as follows:

= V t y t V t ̇( ) ( )• ̇( ) i i T ( 3 
)
where V t ̇( ) i and y t ( )

i
are the temporal volumetric flow rate (Nm 3 .h -1 ) and volume fraction of component i, respectively.

The dry gas analyzed at the reactor outlet is made of tracer (N2) and dry syngas (H 2 , CO, CO 2 , CH 4 , C 2 H 2 , C 2 H 4 and C 2 H 6 ). Thus, the syngas total yield (P G ), corresponding to the dry syngas volume produced per kg of dry ash free biomass introduced in the reactor, can be calculated at STP conditions as follows:

= ∑ ≠ P t V t F ( ) ̇( ) G i N i daf B 2 , (4) 
where P G (t) is the temporal syngas yield (Nm 3 .kg -1 ) and F daf,B is the dry ash free biomass feeding rate (kg.h -1 ).

Similarly, each component yield (P i ) is defined as:

= P t V t F ( ) ̇( ) i i daf B , (5) 
where P t ( ) i is the temporal yield of component i (Nm 3 .kg -1 ). Besides, the molar flow rate of each component is given by:

= N t V t V ( ) ̇( ) i i m ( 6 
)
where N t ( )

i
is the temporal molar flow rate of component i (mol.h -1 ), and V m is the molar volume of a gas at STP conditions (=0.0224 Nm 3 .mol -1 ).

Then, the carbon conversion rate, being the ratio between the carbon amount in the produced dry syngas and the carbon amount in the biomass fed in the reactor, is calculated as follows: Moreover, the H 2 /CO molar ratio is calculated as the ratio between the molar flow rate of H 2 and the one of CO.

= ∑ ℵ X t N t F M ( ) ( ( )• ) / c G i i i C daf B B , (7) 
Besides, the syngas composition used in this study in order to in terpret the experimental results is defined as the dry gas composition measured by the online micro Gas Chromatograph, without tracer. Thus, the volume fraction of each component i in the dry syngas is defined by:

= - y t y t y t ( ) ( ) 100 
( )

i syngas i N 2 (9) 
where y t ( ) i syngas is the temporal volume fraction of component i. Finally, from the dry syngas composition, the dry syngas lower heating value (LHV) non diluted by the tracer is calculated. It depends on the LHV of each component in the syngas, reported in Table 8.

∑ = LHV t LHV y t ( ) • ( )
i i syngas [START_REF] Scheer | Unimolecular thermal decomposition of phenol and d5-phenol: Direct observation of cyclopentadiene formation via cyclohexadienone[END_REF] where LHV(t) is the temporal dry syngas lower heating value (kJ.Nm -3 ) and LHV i is the lower heating value of component i (kJ.Nm -3 ).

It is important to precise that the experimental results presented in this study are average values of the results measured and calculated during at least 1 h in stable steady state regime.

In order to assess the amount of carbon converted into tars, carbon balance throughout the gasifier is performed. It is made of the following terms:

• The cumulated carbon amount fed in the gasifier as biomass,

N c

Biomass (mol);

• The cumulated carbon amount leaving the reactor as part of the dry syngas (CO, CO 2 , CH 4 , C 2 H 2 , C 2 H 4 and C 2 H 6 ), (mol);

• The carbon elutriated as char and recovered in the cyclone N c Cyclone (mol). A new container for particles elutriated recovering is placed on the base of the cyclone as soon as the stable steady state regime starts. After the experiment, the particles recovered are burnt 8 h at 850 °C in order to determine the amount of carbon elutriated, as suming that char is made of pure carbon;

• The carbon retained in the bed as char N c Bed (mol). In order to quantify char retention in the bed at the end of each experiment, fluidizing gas is switched to air, with a fixed molar flow rate, to burn all carbonaceous residues. The temporal evolutions of CO and CO 2 produced by its combustion lead to the amount of carbon burnt.

Thus, in this work, the amount of carbon converted into tars is es timated by: [START_REF] Hiblot | Etude cinétique du reformage thermique des produits issus de la gazéification de la biomasse PhD thesis Institut national polytechnique de Lorraine[END_REF] where N c Tar is the carbon amount converted into tars (mol), N ̇daf B , is the instantaneous carbon flow rate introduced in the gasifier as biomass (mol.h -1 ) and N ̇cSyngas is the instantaneous carbon flow rate leaving the gasifier as syngas (mol.h -1 ). This value is overestimated since the amount of char recovered in the cyclone is likely lower than the amount of char really elutriated. Indeed, the cyclone has a cut size of 10 µm and thus does not retain all the particles elutriated. The uncertainty assessment is carried out for each experiment per formed, using the concepts and procedures reported by Coleman et al. [START_REF] Coleman | Experimentation, validation, and uncertainty analysis for engineers[END_REF]. In this work, uncertainty ΔY is defined as the experimental error, being the difference between the experimentally determined value and the true value of a given performance criteria Y. The experimental uncertainties of the performance criteria defined above depend on the ones of the following parameters:

= - - - N N N N N c
• The molar fraction of each component (Δy i 

Table 7

Olivine and sand minimum fluidization velocity, between 750 and 850 °C (fluidizing gas: steam).

reported only depend on the micro Gas Chromatograph accuracy and not on the operating conditions;

• The biomass feeding rate (ΔF B ). Biomass feeding rate in the gasifier is calculated from the evolution of the biomass hopper weight versus time at steady state regime. A maximum relative uncertainty of 15% was estimated for each experiment;

• The tracer gas volumetric flow rate (ΔF N2 ). Its relative value was found to be between 5 and 10% for all the experiments in both gasifier and combustor;

• The moisture and ash contents in the biomass (ΔX H and ΔX ASH ). In this work, the relative uncertainty of these parameters mainly de pends on the one of the weighing scale used for their determination.

The relative uncertainty of the weighing scale used is much lower than 0.01% ( ± 0.01 mg).

Although the biomass feeding rate relative uncertainty seems high, the measured parameters are constant over time when the system is in steady state. As an example, the gas compositions measured during an experiment are presented over time in Fig. A.1, in Appendix A. In ad dition, some tests are repeated in order to evaluate the reproducibility of the phenomena. From the results, an error can be calculated. In this study, this error is always substantially lower than the experimental uncertainty.

Results and discussion

In this study, the influence of the biomass shape, the gasifier bed temperature (T G ), the steam to biomass mass ratio (F H2O /F daf,B ) and the steam mass flow rate (F H2O ) on beech wood gasification is investigated in a dense fluidized bed (DFB) as well as in a fast internally circulating fluidized bed (FICFB), both made of 60 kg of olivine particles. Besides, the effect of bed material nature is investigated in the DFB with a 60 kg bed inventory of sand. In addition, the effect of bed material circulation mass flow rate (F p ) is studied in the FICFB. Table 10 indicates the range of variation of the operating parameters experimented in this study.

In Tables 11 and12 are presented the experimental results obtained from the DFB experiments and from the FICFB experiments, respec tively. In each table are given:

• The operating conditions (bed temperatures, steam to biomass mass ratio, dry ash free biomass feeding rate, U/U mf ratio, bed material inventory and nature, natural gas flow rate and bed material cir culation flow rate). The minimum fluidization velocity of the bed material particles (olivine or sand) is calculated with steam as fluidizing gas for steam gasification experiments and with nitrogen as fluidizing gas for pyrolysis experiments, and for a Sauter mean particle diameter, at the gasifier dense fluidized bed temperature;

• The syngas composition non diluted by the tracer gas;

The performance criteria, calculated from the experimental results, as well as their relative uncertainty (syngas yield and LHV, H 2 /CO molar ratio, carbon conversion rate and each component yield).

Besides, the results reported in Table 1 2, presenting the experi mental results obtained in the FICFB mode, were compared to some experimental results available in the literature. This comparison is presented in Table B.1 in Appendix B. The comparison shows that the experimental results presented in this study are in good agreement with those already reported.

Comparison between pyrolysis and steam gasification

Beech sawdust pyrolysis and steam gasification experiments are carried out in the dense fluidized bed mode, with the same dry ash free biomass feeding rate (1 kg.h -1 ), bed temperature (850 °C) and U/U mf ratio (4). The only difference arises from the fluidizing gas nature. Pyrolysis tests are performed with pure nitrogen while steam gasifica tion tests are performed with pure steam. Under the same operating conditions, the presence of steam is expected to favor the char steam gasification, water gas shift and tars steam reforming reactions kinetics, leading to a greater gasification performance.

In Table 11 are presented the experimental results of the pyrolysis experiment (test n°1) and steam gasification experiment (test n°4). It is shown that the H 2 /CO molar ratio, the syngas yield and the carbon conversion rate increase when fluidizing gas is switched from nitrogen to steam. Besides, H 2 and CO 2 contents and yields increase while those of CO decrease in the presence of steam.

In addition, carbon balance performed for both pyrolysis and steam gasification experiments is illustrated Fig. 3, and shows that in the presence of steam, the fraction of carbon converted into tars is divided by 10 (from 10 to 1 mol%). As explained above, the assessment of the fraction of carbon converted into tars presents some uncertainties. Thus, these results must only be considered as qualitative information. Nevertheless, these results can be compared to some experimental re sults compared in the literature. As an example, during biomass pyr olysis, the results from the carbon balance show that 10% of the carbon amount fed in the gasifier is converted into tars. Assuming tars are mainly made of benzene, the tar concentration can be estimated to 41 g. kg -1 of dry ash free biomass, at 850 °C with olivine as bed material. This value is consistent with the amount of tars produced during wood pyrolysis at 850 °C (40 g.kg -1 of dry ash free biomass) reported by Dufour et al. [START_REF] Dufour | Synthesis gas production by biomass pyrolysis: effect of reactor temperature on product distribution[END_REF].

These trends show that char steam gasification, water gas shift and tars steam reforming reactions are favored in the presence of steam.

Besides, CH 4 and C 2 H X yields are found to slightly increase. These results indicate that these components are mainly formed during the biomass pyrolysis step. Nevertheless, the low variation in CH 4 and C 2 H x yields is likely related to the degrading reactions of aromatic tar com pounds.

Moreover, the use of steam as fluidizing gas instead of nitrogen leads to a lower syngas LHV, mainly because the CO content decreases while the CO 2 one increases.

In order to confirm the carbon converted into tars amount calcu lated by carbon balance, the results were compared to some results reported in the literature.

Effect of the biomass shape

In order to investigate the influence of the biomass shape, steam gasification experiments are carried out with beech sawdust and beech Table 9 Relative uncertainties of each component molar fraction.

• Char elutriation phenomenon might be promoted with sawdust as biomass, which reduces char residence time in the bed and disfavors steam gasification reaction;

• Char from sawdust pyrolysis is instantly perfectly mixed in the bed of olivine particles. Regarding char from pellets pyrolysis, it remains at the bed surface until its diameter shrank enough to be perfectly mixed. This leads to a higher heating rate and a better char gas contact for char sawdust, promoting the char steam gasification reaction.

Effect of the bed temperature (T)

The effect of the bed temperature is investigated between 750 and 850 °C in the dense fluidized bed mode with beech sawdust particles as biomass fuel. It is also studied between 800 and 850 °C in the circu lating fluidized bed mode with beech pellets as biomass fuel. For each operating mode, experiments are carried out with the same dry biomass feeding rate and U/U mf ratio. From the thermodynamic and kinetic points of view, an increase in bed temperature is supposed to favor the kinetics of the endothermic char steam gasification, Boudouard, tars cracking and steam reforming reactions. Regarding the exothermic water gas shift reaction, it is expected to be disfavored.

Experimental results obtained in the dense fluidized bed mode are reported in Fig. 5 and Table 11 (tests n°7, 8 and 9). Two trends are observed:

• For a rise in bed temperature from 750 to 800 °C, syngas yield and carbon conversion rate are found to increase from 1.3 to 1.5 Nm 3 .kg -1 and from 81 to 90%, respectively. Moreover, H 2 , CO and CO 2 yields increase. These trends show that a rise in bed tempera ture promotes char steam gasification, Boudouard and tars cracking and steam reforming reactions while it disfavors water gas shift reaction. For instance, the increase in CO yield means that the amount of CO produced by char steam gasification, Boudouard and tars conversion reactions is higher than the amount consumed by water gas shift reaction. These trends agree fairly well with the re sults reported by Franco et al. [START_REF] Franco | The study of reactions influencing the biomass steam gasification process[END_REF] and Zhao et al. [START_REF] Zhao | Characteristics of rice husk gasification in an entrained flow reactor[END_REF];

• For a rise in bed temperature from 800 to 850 °C, carbon conversion rate increases much more slightly than between 750 and 800 °C: from 90 to 92%. Syngas yield is even found to remain constant. These results can be explained by the fact that beyond 800 °C, the steam gasification and steam reforming reactions become fast en ough to make the gas and char residence time the limiting step.

Regarding CH 4 and C 2 H x yields, they only slightly increase with bed temperature (from 0.078 to 0.105 Nm 3 .kg -1 and from 0.030 to 0.035 Nm 3 .kg -1 , respectively). These values are similar to the ones obtained after the pyrolysis experiment presented above, meaning that these components are mainly formed during this step.

In addition, Table 11 reports that the H 2 /CO molar ratio as well as the syngas LHV and composition lowly depend on the bed temperature. This is in good agreement with the results found by Rapagna et al. [START_REF] Rapagna | Steam-gasification of biomass in a fluidised-bed of olivine particles[END_REF] in a dense fluidized bed reactor with olivine particles.

Besides, the effect of the bed temperature, between 800 and 850 °C, in the circulating fluidized bed mode, is presented in Table 1 2 (tests n°2 6, 27 and 28) and Fig. 6. The bed temperature is adjusted by mod ifying the natural gas flow rate introduced in the combustor (Table 1 2).

From the experimental results obtained in the dense fluidized bed mode, an increase in the bed temperature is expected to lead to higher syngas yield and carbon conversion rate, without affecting syngas composition.

The experimental results illustrate these trends. It is shown that carbon conversion rate and syngas yield increase with the bed tem perature. H 2 , CO and CO 2 yields are also found to rise. Regarding syngas composition and LHV, they are not significantly affected by this parameter. Thus, similar to the results presented above in the dense fluidized bed mode, a rise in bed temperature promotes char steam gasification and tars cracking and steam reforming reactions.

Effect of the steam to biomass mass ratio (F H2O /F daf,B )

The influence of the steam to biomass mass ratio is investigated through two experimental campaigns. The first one was carried out between 1.4 and 5.6 kg.kg -1 in the dense fluidized bed mode, with beech sawdust particles as biomass. The second one was performed between 0.7 and 1.3 kg.h -1 in the circulating fluidized bed mode, with beech pellets as biomass. Each campaign of experiment is carried out keeping the same steam flow rate and gasifier bed temperature and varying the dry biomass feeding rate.

The experimental results from the first campaign are presented in Table 11 (tests n°10 17) and Fig. 7. It is shown that an increase in steam to biomass mass ratio leads to higher H 2 /CO molar ratio, dry syngas yield and carbon conversion rate.

These trends agree with the literature results reported in Table 2 [25,27 28,31,35]. They are likely explained by the fact that a decrease in the biomass flow rate leads to a higher steam partial pressure and to a lower gas flow rate, or velocity, at the bed outlet (steam + syngas). These phenomena increase char and gas residence time in the reactor by reducing solids elutriation and promote the kinetics of char steam pellets, in DFB (first campaign) and FICFB (second campaign). For each campaign, the same dry biomass feeding rate, gasifier bed temperature and steam mass flow rate are set.

The results of the first campaign, performed in the dense fluidized bed mode, are reported in Fig. 4 and Table 11 (the beech sawdust and beech pellets gasification experiments correspond to test n° 5 and 6, respectively). It is shown in Fig. 4 that the biomass shape does not affect significantly the syngas composition. This is consistent with the con stant H 2 /CO molar ratio and syngas LHV reported in Table 11. Never theless, it is found that syngas yield and carbon conversion rate are higher with beech pellets (test n° 6), regarding beech sawdust (test n°5). In addition, greater H 2 , CO and CO 2 yields are found with beech pellets.

This difference is likely explained by the larger size of char particles produced by beech pellets pyrolysis, regarding the ones produced by beech sawdust pyrolysis. Consequently, char terminal settling velocity is higher, making its residence time in the dense bed longer during beech pellets gasification, and promoting the kinetics of the char steam gasification reaction.

Regarding CH 4 and C 2 H x , their contents remain constant when the biomass shape is switched from sawdust to pellets while their yields slightly differ in the range of values reported above. Thus, these com ponents do not seem to be affected by the biomass shape.

The effect of biomass shape is also investigated in the circulating fluidized bed. Nevertheless, because of the difficulty in controlling the biomass feeding rate with sawdust as biomass, this test was not carried out with the same biomass feeding rate than the beech pellets steam gasification experiments. Thus, the results of the beech sawdust steam gasification experiment (test n° 25 in Table 1 2) are compared to the range of values found during the beech pellets steam gasification ex periments (test n° 24 in Table 1 2) presented in this paper.

The experimental results reported in Table 1 2 show that beech sawdust steam gasification leads to results very similar to those ob tained during beech pellets steam gasification. Only a slight decrease is observed regarding carbon conversion rate and syngas yield. For in stance, the carbon conversion rate is equal to 83% while the syngas yield is found to be 1.03 Nm 3 .kg -1 with beech sawdust. These values are between 85 and 88% for the carbon conversion rate and between 1.03 and 1.13 Nm 3 .kg -1 for the syngas yield with beech pellets. Similar to the results obtained in the dense fluidized bed mode, it is likely ex plained by the fact that char particles from sawdust pyrolysis are smaller than from pellets pyrolysis. This difference can lead to the following competitive phenomena: gasification, water gas shift and tars steam reforming reactions. How ever, Table 11 indicates that syngas LHV decreases when steam to biomass mass ratio rises, mainly because the CO content decreases while that of CO 2 increases.

Moreover, Table 11 shows that:

• The yield of CH 4 + C 2 H X remains almost constant, and is similar to the one obtained during the pyrolysis experiment presented above. These results show that these gaseous products are mainly produced during biomass pyrolysis and their degradation in the presence of olivine is negligible;

• The H 2 yield increases with the steam to biomass mass ratio from 0.47 to 0.73 Nm 3 .kg -1 , which is related to the effect of the steam partial pressure on the steam gasification, water gas shift and tars steam reforming reactions;

• The CO 2 yield increases from 0.23 to 0.44 Nm 3 .kg -1 , which is re lated to the effect of the steam to biomass mass ratio on the water gas shift reaction;

• The CO yield slightly decreases from 0.27 to 0.20 Nm 3 .kg -1 , which can be explained by the competition between the reactions leading to CO formation (steam gasification and steam reforming reactions) and the one conducting to CO consumption (water gas shift).

Finally, the test carried out for a steam to biomass mass ratio equal to 2.6 kg.kg -1 was repeated. Results seem to show a good reproduci bility of the phenomena.

The experimental results from the second campaign, carried out in the circulating fluidized bed mode, are presented in Table 1 2 (tests n°2 9 and 30). The results confirm the experimental findings from the first campaign performed in the dense fluidized bed mode. Indeed, it is found that:

• H 2 and CO 2 yields increase with the steam to biomass mass ratio, while that of CO decreases. These trends are likely attributed to the fact that the steam partial pressure increases with the steam to biomass mass ratio, promoting char steam gasification, water gas shift and tars steam reforming reactions. Moreover, for a same steam flow rate, a decrease in biomass feeding rate lowers the gas velocity at the outlet of the gasifier, leading to higher char and gas residence times in the reactor;

• CH 4 and C 2 H x yields are not affected by the steam to biomass mass ratio, confirming that these components are mainly formed during biomass pyrolysis step.

In conclusion, biomass steam gasification is promoted as the steam to biomass mass ratio rises, which is consistent with the results obtained in the dense fluidized bed.

Effect of the steam mass flow rate (F H2O ) or fluidizing gas velocity

Two experimental campaigns are carried out in order to investigate the influence of the steam mass flow rate. The first campaign is per formed in the DFB mode, between 3.5 and 6.3 kg.h -1 (from 3 to 6.U mf ), and with beech sawdust as biomass. The second one is performed in the FICFB mode, between 5.6 and 10 kg.h -1 (from 5 to 9.8.U mf ), with beech pellets as biomass. Each campaign is carried out keeping the same dry biomass feeding rate and gasifier bed temperature. For a same biomass feeding rate, an increase in the steam mass flow rate leads to a higher steam to biomass mass ratio. Thus, the gasification performance should be promoted, as mentioned above. However, an increase in the steam mass flow rate also affects the gas and char residence time in the dense fluidized bed. It can lead to a decrease in these residence times, resulting in a lower gasification performance.

The experimental results of the first campaign, carried out in the dense fluidized bed mode, are reported in Table 11 (tests n°18 21) and Fig. 8. Two trends can be observed:

Table 11a

Presentation of the experimental results obtained in the dense • For a steam mass flow rate up to 4.5 kg.h -1 (from 3 to 4.U mf ), a rise in this parameter leads to higher carbon conversion rate, syngas yield and H 2 /CO molar ratio. Moreover, H 2 and CO 2 yields and contents increase while the CO ones decrease. Finally, syngas LHV decreases with steam mass flow rate because of the increase in H 2 and CO 2 contents and the decrease in that of CO;

fluidized bed (Part 1/3). Test n°T G (°C) F H2O /F daf,B (kg.kg -1 ) F daf,B (kg.h -1 ) 
• For a steam mass flow rate increasing beyond 4.5 kg.h -1 (from 4 to 6.U mf ), it is found that both carbon conversion rate, syngas yield and H 2 /CO molar ratio decrease. In addition, H 2 and CO 2 yields and contents decrease while the CO ones slightly increase. Finally, syngas LHV increases because of the decrease in CO 2 content and the increase in that of CO. 

Table 12a

Presentation of the experimental results obtained in the fast internally circulating fluidized bed (Part 1/2).

In parallel, Fig. 8b presents the evolution of gas velocity at the re actor outlet, estimated from steam and syngas flow rates, when steam mass flow rate is increased. It is shown that the decrease in the gasifi cation performance occurs from a gas velocity higher than 0.24 m.s -1 . In Fig. 8b are also reported the char terminal settling velocity for sev eral mean particle size, assuming a char density of 330 kg.m -3 as re ported by Teixeira [START_REF] Teixeira | Gazéification de charbon de granules de bois: comportement thermochimique et mécanique d'un lit fixe continu[END_REF]. It is shown that the onset of the decrease in the process performance matches with the terminal settling velocity for a char mean particle size of 250 µm. In addition, Fig. 9 illustrates the size distribution of the particles recovered in the cyclone. It is shown that the mean diameter (d 50 ) of these particles is 240 µm.

Consequently, it can be concluded that as long as the gas velocity in the reactor does not exceed char terminal settling velocity, a rise in steam mass flow rate increases steam partial pressure, favoring char steam gasification, water gas shift and tars steam reforming reactions. Above U t,char , an increase in the steam flow rate reduces char and gas residence time in the bed, which decreases the performance criteria.

In addition, similarly to what is presented above, CH 4 and C 2 H x yields only change in the range of values already presented for other operating conditions. These results confirm, once again, that these components are mainly formed during the pyrolysis step, and are lowly dependent on the steam mass flow rate.

As mentioned above, the effect of the steam mass flow rate is also investigated in the FICFB mode. The experimental results of this second campaign are reported in Table 1 2 (tests n°31 34) and Fig. 10. The same trends than the ones obtained in the dense fluidized bed mode are found. Indeed, as the steam velocity increases, the carbon conversion rate decreases from 85 to 78% and the syngas yield P G slightly de creases from 1.06 to 1.02 Nm 3 .kg -1 . Besides, each component yield (Fig. 10) as well as syngas LHV are only slightly affected. Regarding the syngas composition, it is impacted by a rise in steam velocity between 5 and 7.5.U mf since the H 2 /CO molar ratio rises from 1.4 to 1.9. However, there is no significant effect of the steam velocity on this criterion be yond 7.5.U mf .

In addition, an increase in the steam velocity can promote char pellets fragmentation, leading to the formation of smaller particles, which favors their mixing in the bed and promotes their discharge to the combustor. This phenomenon leads to a decrease in the char re sidence time in the gasifier and takes part in the reduction of the per formance criteria.

Effect of the bed material nature in the dense fluidized bed

The effect of the bed material nature is investigated by performing beech sawdust pyrolysis experiments with olivine and sand particles in the DFB mode. Experiments are carried out with same dry biomass feeding rate, U/U mf ratio and gasifier bed temperature.

The experimental results presented in Fig. 11 and Table 11 (tests n°2 and 3) show that the use of olivine instead of sand as bed material does not have a significant effect on the syngas composition or LHV, nor on the H 2 /CO molar ratio. However, it leads to greater syngas yield and carbon conversion rate. Moreover, H 2 , CO and CO 2 yields are also found to increase.

In addition, carbon balance in the reactor is illustrated in Fig. 12 for both sand and olivine particles. It is shown that in the presence of olivine, the fraction of carbon converted into tar decreases from 17 to 10%.

These trends indicate that:

• H 2 yield increases likely because of the effect of olivine particles on the tars cracking and water gas shift reaction;

• CO yield increases because the amount of CO converted by water gas shift reaction is much lower than the amount produced by tars cracking;

• CO 2 yield slightly rises because of the low amount of CO converted by water gas shift reaction.

Thus, it can be concluded that olivine particles greatly favor tars cracking reactions and only slightly promotes water gas shift reaction, during biomass pyrolysis. These results are in agreement with the conclusions reported in the literature [27,31,48,50,52 55].

The effect of the bed material nature is also investigated on beech sawdust steam gasification experiments, carried out in the DFB mode. It is shown in Fig. 13 and in Table 11 (tests n°22 and 23) that the use of olivine instead of sand as bed material has a more significant effect on syngas composition than during biomass pyrolysis. Indeed, the use of olivine leads to an increase in H 2 and CO 2 contents and a decrease in that of CO. Thus, H 2 /CO molar ratio is found to increase when olivine is used instead of sand. The yields of these components follow the same trends. Moreover, Table 11 shows an increase in syngas yield and carbon conversion rate. However, a lower syngas LHV is found with olivine because of the rise in CO 2 content and the decrease in the CO one.

These trends highlight the fact that olivine catalyzes water gas shift reaction in addition to tars cracking reactions, as mentioned in the literature [27,31,48,50,52 55].

Moreover, CH 4 and C 2 H x contents are found to decrease by dilution effect. Indeed, their yields remain almost constant, and are in the range of the values already reported in this work. These results show that CH 4 and C 2 H x yields are not affected by bed material nature. In order to increase the solid circulation flow rate from 350 to 1000 kg.h -1 , the air volumetric flow rate was rise from 32 to 41 Nm 3 .h -1 (Table 1 2, tests n°35 and 36), keeping the same dry ash free biomass feeding rate and U/U mf ratio. This increase is expected to de crease the char residence time in the gasifier, which disfavors the steam gasification reaction. Besides, the natural gas flow rate is also slightly risen in order to keep almost the same temperature at the outlet of the combustor.

The experimental results presented in Table 1 2 show that an in crease in the circulation flow rate does not affect significantly neither the syngas composition nor the syngas LHV. Moreover, each component yield remains almost constant for both solid circulation flow rates. Only the carbon conversion rate and the syngas yield are found to slightly decrease. These results are likely explained by a higher char discharge from the gasifier to the combustor as the bed material circulation flow rate increases. This phenomenon yields to a shorter char residence time in the gasifier, which results in a slight decrease in the carbon con version rate and syngas yield.

Conclusion

Steam gasification of beech wood was successfully carried out in a dense fluidized bed. The effect of biomass shape, bed temperature, fluidizing gas velocity, steam to biomass mass ratio and bed material nature was investigated. The experimental results showed that:

• The gas produced is a H 2 rich syngas with light hydrocarbons (CH 4 , C 2 H 2 , C 2 H 4 , and C 2 H 6 ) contents higher than 10%. Its high lower heating value (12000 14000 kJ.Nm -3 ) and H 2 /CO molar ratio (between 1.4 and 3.8) enables using the syngas in many end use applications;

• The syngas yield rises with bed temperature and steam to biomass mass ratio. However, it is lowered when fluidizing gas velocity in creases beyond 4.U mf ;

• The syngas composition is strongly dependent on the steam to bio mass mass ratio.

The comparison between experiments performed with sand and olivine particles as bed material showed that the olivine particles favor tar cracking and steam reforming, as well as water gas shift reactions. Besides, the use of beech pellets instead of beech sawdust leads to a greater syngas yield, for the same dry syngas composition. This phe nomenon is likely explained by an increase in char residence time, promoting steam gasification reaction, when pellets are used. Finally, the comparison between pyrolysis and steam gasification experiments shows that the syngas yield and the H 2 /CO molar ratio greatly increase when the fluidizing gas is switched from nitrogen to steam. In addition, the fraction of carbon converted into tars is divided by 10.

Steam gasification of beech wood was also carried out in a FICFB. The effect of biomass shape, bed temperature, steam to biomass mass ratio, steam flow rate and bed material circulation flow rate was in vestigated. The experimental results showed the same trends than the ones observed in the dense fluidized bed:

• The syngas yield increases with bed temperature and steam to bio mass mass However, it decreases when the fluidizing ex ceeds 5.U mf ;

• H 2 /CO molar ratio strongly depends on the steam to biomass mass ratio and the steam flow rate;

• An increase in the bed material circulation flow rate leads to a de crease in the syngas yield, due to a shorter of biomass residence time in the gasifier.

Appendix A:. Presentation of the evolution of the gas composition over time during a typical experiment • During the first 30 min (from t = 300 min to t = 330 min), the gasifier is fluidized by air, without feeding biomass;

• Then, the fluidizing gas is switched from air to pure steam. The steam being condensed before syngas goes in the micro Gas Chromatograph, only the nitrogen tracer gas is measured;

• When the O 2 molar content is under 0.5% (400 min in Fig. A.1), biomass is fed in the gasifier. 

Appendix B:. Comparison between experimental results and literature data

In Table B.1 are reported some experimental results, available in the literature, of biomass steam gasification with olivine in a FICFB reactor. It is shown that experimental results presented in this study are in good agreement with those already reported, with respect to syngas composition, yield and LHV. Regarding the carbon conversion rate, the rare results found in the literature make the comparison difficult. 
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  Proximate analysis (wt% dry basis) Ash content = 1.8 Moisture = 10.9 Volatile matters = 75.1 Fixed carbon a = 12.4 Elemental analysis (wt% dry basis) C = 50.54 H = 5.64 O = 43.53 N = 0.25 Dry LHV = 17710 kJ.kg 1 Dry HHV = 18910 kJ.kg 1 By difference.
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 3 Fig. 3. Comparison between pyrolysis and steam-gasification: carbon distribution (T G = 850 °C, F daf,B = 1.0 kg.h -1 and U/U mf = 4).
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 4 Fig. 4. Effect of the biomass shape on syngas composition in the dense fluidized bed (T G = 850 °C, F daf,B = 2.0 kg.h -1 and F H2O = 4.1 kg.h -1 ).
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 5 Fig. 5. Effect of the gasifier bed temperature, in dense fluidized bed, on: a) each component yield, b) gasification rate and syngas yield (F daf,B = 1.0 kg.h -1 and U/ U mf = 6).
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 6 Fig. 6. Effect of the gasifier bed temperature, in the circulating fluidized bed mode, on: a) syngas composition, b) syngas yield (F dry,B = 5.0 kg.h -1 and U/U mf = 7).
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 7 Fig. 7. Effect of the steam to biomass mass ratio, in the dense fluidized bed mode, on: a) syngas composition, b) syngas yield (T G = 850 °C, F H2O = 4.1 kg.h -1 and U/U mf = 4).
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 8 Fig. 8. Effect of the steam mass flow rate, in the dense fluidized bed mode, on: a) each component yield, b) gas velocity in the gasifier (T G = 820 °C and F daf,B = 2.2 kg.h -1 ).
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 9 Fig. 9. Size distribution of the particles recovered in the cyclone.
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 7 Effect of the bed material circulation flow rate in the fast internally circulating fluidized bed

Fig. 10 .

 10 Fig. 10. Effect of the steam mass flow rate on each component yield in the circulating fluidized bed mode (T G = 815 °C, F dry,B = 5.0 kg.h -1 ).

Fig. 11 .

 11 Fig. 11. Effect of the bed material nature on biomass pyrolysis in the dense fluidized bed mode: syngas composition (F daf,B = 1.6 kg.h -1 , U/U mf = 4 and T G = 800 °C).

Fig. 12 .

 12 Fig. 12. Effect of the bed material nature on carbon distribution in the dense fluidized bed mode (F daf,B = 1.6 kg.h -1 , U/U mf = 4 and T G = 800 °C).

Fig. A. 1

 1 Fig. A.1 presents the evolution of the gas composition over time during a typical experiment:

Fig. A. 1

 1 Fig. A.1 shows that the gas composition reaches a steady state after about 30 min of biomass feeding.

Fig. 13 .

 13 Fig. 13. Effect of the bed material nature on biomass steam-gasification in the dense fluidized bed mode: a) each component content, b) each component yield (F daf,B = 1.0 kg.h -1 , U/U mf = 6 and T G = 800 °C).

Fig. A. 1 . 1 )

 11 Fig. A.1. Presentation of the evolution of the gas composition over time during a typical experiment.

Table 3

 3 Literature review on the effect of olivine as bed material on biomass gasification performance.

	Authors Experimental setup	Type of biomass	Biomass flow rate	Steam to biomass ratio	Bed inventory (kg) Bed temperature (°C)
		(fluidizing agent)		(kg.h 1 )	(kg.kg 1 )		
	[27]	DFB (steam)	Almond shells	0.3	1	0.6	770
	[52]	DFB (air + steam)	Sewage sludge	0.084	0.5-1	0.1	750-850
	[50]	DFB (air + steam)	Spruce wood pellets	n.r.	0.65	3-5	780
	[31]	FICFB (steam)	Wood pellets	20	0.8-1	100	850
	[54]						

Table 6

 6 Bed material properties.

	Biomass	Dimensional properties

Table 5

 5 Biomasses physical properties.

Table 8

 8 ). Relative uncertainties of each component molar fraction are given in Table9. The values LHV of each component in the syngas[START_REF] Perry | Chemical engineers' handbook[END_REF].

						H 2	CO	CH 4	C 2 H 2	C 2 H 4	C 2 H 6
	Bed temperature (°C)	750	800	850	LHV (kJ.Nm 3 )	10,785	12,621	35,798	56,110	59,330	69,674
	Olivine U mf with steam (m.s 1 )	0.043	0.041	0.039							
	Sand U mf with steam (m.s 1 )	0.036	0.034	0.032							

Table 10

 10 H 2 CO CO 2 CH 4 C 2 H 2 C 2 H 4 C 2 H 6 N 2 Operating conditions of the gasification experiments.

	Relative uncertainty (Δy i /y i ) 1	1	1	1	2	2	2	1

Table 11b

 11b Presentation of the experimental results obtained in the dense fluidized bed (Part 2/3).

	y CH4	(%)	8.4	8.4	7.3	7.6	7.6	7.7	6.7	6.6	9.8	LHV	(kJ.Nm -3 )	13,333 ( ± 1%)	13,280 ( ± 1%)	12,767 ( ± 1%)	12,627 ( ± 1%)	12,769 ( ± 1%)	12,525 ( ± 1%)	12,249 ( ± 1%)	12,182 ( ± 1%)	14,551 ( ± 1%)
	y CO2	(%)	21.3	22.0	25.0	25.9	26.2	26.4	26.9	29.1	20.7											
	y CO	(%)	24.6	23.1	18.8	17.9	17.6	16.2	15.9	13.6	28.1	H 2 /CO	(-)	1.8 ( ± 2%)	1.9 ( ± 2%)	2.4 ( ± 2%)	2.5 ( ± 2%)	2.5 ( ± 2%)	2.9 ( ± 3%)	3.2 ( ± 2%)	3.6 ( ± 2%)	1.4 ( ± 2%)
	y H2	(%)	43.1	43.9	46.2	46.3	46.4	47.5	48.3	48.7	37.9	X c G	(%)	80 ( ± 6%)	82 ( ± 7%)	83 ( ± 10%)	85 ( ± 8%)	85 ( ± 6%)	87 ( ± 6%)	90 ( ± 9%)	92 ( ± 7%)	79 ( ± 12%)
	Bed nature		Olivine	Olivine	Olivine	Olivine	Olivine	Olivine	Olivine	Olivine	Olivine	P G	(Nm 3 .kg -1 )	1.1 ( ± 6%)	1.17 ( ± 7%)	1.2 ( ± 11%)	1.26 ( ± 9%)	1.3 ( ± 6%)	1.37 ( ± 7%)	1.4 ( ± 10%)	1.5 ( ± 7%)	1.0 ( ± 11%)
	Bed material	(kg)	60	60	60	60	60	60	60	60	60	P C2Hx	(Nm 3 .kg -1 )	0.029 ( ± 9%)	0.030 ( ± 8%)	0.032 ( ± 12%)	0.029 ( ± 10%)	0.029 ( ± 7%)	0.030 ( ± 7%)	0.031 ( ± 10%)	0.030 ( ± 8%)	0.035 ( ± 11%)
	U/U mf	(-)	4	4	4	4	4	4	4	4	3	P CH4	(Nm 3 .kg -1 )	0.092 ( ± 7%)	0.098 ( ± 8%)	0.088 ( ± 12%)	0.096 ( ± 9%)	0.098 ( ± 6%)	0.105 ( ± 6%)	0.094 ( ± 10%)	0.099 ( ± 7%)	0.10 ( ± 11%)
	F daf,B	(kg.h -1 )	2.9	2.4	2.0	1.6	1.6	1.1	1.0	0.7	2.2	P CO2	(Nm 3 .kg -1 )	0.23 ( ± 6%)	0.26 ( ± 9%)	0.30 ( ± 10%)	0.33 ( ± 9%)	0.34 ( ± 6%)	0.36 ( ± 8%)	0.38 ( ± 10%)	0.44 ( ± 7%)	0.21 ( ± 12%)
												P CO	(Nm 3 .kg -1 )	0.27 ( ± 7%)	0.27 ( ± 7%)	0.23 ( ± 11%)	0.23 ( ± 9%)	0.23 ( ± 6%)	0.22 ( ± 6%)	0.22 ( ± 11%)	0.20 ( ± 7%)	0.28 ( ± 11%)
	F H2O /F daf,B	) (kg.kg -1	1.4	1.7	2.0	2.6	2.6	3.7	4.1	5.6	1.6	P H2	(Nm 3 .kg -1 )	0.47 ( ± 6%)	0.51 ( ± 8%)	0.55 ( ± 11%)	0.58 ( ± 9%)	0.60 ( ± 7%)	0.65 ( ± 7%)	0.67 ( ± 11%)	0.73 ( ± 7%)	0.38 ( ± 12%)
	G Test n°T	(°C)	850 10	850 11	850 12	850 13	850 14	850 15	850 16	850 17	820 18	Test n°y C2Hx	(%)	10 2.6	11 2.6	12 2.7	13 2.3	14 2.2	15 2.2	16 2.2	17 2.0	18 3.5

Table 11c

 11c Presentation of the experimental results obtained in the dense fluidized bed (Part 3/3).

	y CH4	(%)	6.9	8.0	8.1	6.9	9.0	LHV	(kJ.Nm -3 )	12,752 ( ± 1%)	13,296 ( ± 1%)	13,222 ( ± 1%)	12,150 ( ± 1%)	14,151 ( ± 1%)
	y CO2	(%)	25.2	24.3	24.0	28.4	21.8							
	y CO	(%)	18.7	21.9	21.4	15.6	25.7	H 2 /CO	(-)	2.3 ( ± 2%)	1.9 ( ± 2%)	1.7 ( ± 2%)	3.0 ( ± 2%)	1.6 ( ± 2%)
	y H2	(%)	47.0	42.8	43.6	46.8	40.2	X c G	(%)	82 ( ± 9%)	78 ( ± 8%)	72 ( ± 10%)	90 ( ± 7%)	85 ( ± 11%)
	Bed nature		Olivine	Olivine	Olivine	Olivine	Olivine	P G	(Nm 3 .kg -1 )	1.1 ( ± 9%)	1.0 ( ± 8%)	0.9 ( ± 10%)	1.5 ( ± 10%)	1.2 ( ± 11%)
	Bed material	(kg)	60	60	60	60	60	P C2Hx	(Nm 3 .kg -1 )	0.024 ( ± 11%)	0.030 ( ± 9%)	0.026 ( ± 11%)	0.035 ( ± 9%)	0.040 ( ± 11%)
	U/U mf	(-)	4	5	6	6	6	P CH4	(Nm 3 .kg -1 )	0.076 ( ± 10%)	0.080 ( ± 9%)	0.073 ( ± 11%)	0.105 ( ± 8%)	0.108 ( ± 12%)
	F daf,B	(kg.h -1 )	2.2	2.2	2.2	1.0	1.0	P CO2	(Nm 3 .kg -1 )	0.28 ( ± 9%)	0.24 ( ± 9%)	0.22 ( ± 10%)	0.42 ( ± 9%)	0.26 ( ± 12%)
	F H2O /F daf,B	(kg.kg -1 )	2.0	2.5	2.8	5.7	5.2	P H2 P CO	(Nm 3 .kg -1 ) (Nm 3 .kg -1 )	0.51 ( ± 12%) 0.21 ( ± 11%)	0.43 ( ± 9%) 0.22 ( ± 9%)	0.39 ( ± 11%) 0.20 ( ± 9%)	0.70 ( ± 9%) 0.23 ( ± 8%)	0.48 ( ± 11%) 0.31 ( ± 11%)
	G Test n°T	(°C)	820 19	820 20	820 21	800 22	800 23	Test n°y C2Hx	(%)	19 2.2	20 3.0	21 2.9	22 2.3	23 3.3

Table 12b

 12b Presentation of the experimental results obtained in the fast internally circulating fluidized bed (Part 2/2).

	Test n°31	32	33	34	35	36
	Bed temperature in the gasifier T G (°C)	815	815	815	815	815	815
	Dense bed temperature in the combustor (°C)	830	830	830	830	865	832
	Temperature at the outlet of the combustor (°C)	850	850	850	850	855	860
	F daf,B (kg.h 1 )	5.0	5.0	5.0	5.0	5.0	5.0
	U/U mf (-)	5	7.5	8.5	9.5	6	6
	F H2O /F daf,B (kg.kg 1 )	1.1	1.6	1.8	2.0	1.3	1.3
	F H2O (kg.h 1 )	5.6	8.0	9.0	10.0	6.5	6.5
	F p (kg.h 1 )	500	500	500	500	350	1000
	Air flow rate in the combustor (Nm 3 .h 1 )	4 2	4 2	4 2	4 2	3 2	4 1
	Natural gas flow rate (Nm 3 .h 1 )	3.0	3.0	3.0	3.0	3.0	3.3
	Bed material (kg)	60	60	60	60	60	60
	Bed nature	Olivine	Olivine	Olivine	Olivine	Olivine	Olivine
	y H2 (%)	34.4	36.9	37.9	37.6	36.8	36.8
	y CO (%)	24.1	19.4	19.9	20.4	21.7	23.5
	y CO2 (%)	28.6	32.1	30.4	31.4	29.7	27.0
	y CH4 (%)	9.5	8.4	8.7	7.1	8.4	9.4
	y C2Hx (%)	3.4	3.1	3.1	3.5	3.4	3.3
	H 2 /CO (-)	1.4 ( ± 2%)	1.9 ( ± 2%)	2.0 ( ± 2%)	1.9 ( ± 2%)	1.70 ( ± 2%)	1.56 ( ± 2%)
	P H2 (Nm 3 .kg 1 )	0.36 ( ± 7%)	0.38 ( ± 9%)	0.40 ( ± 10%)	0.38 ( ± 10%)	0.40 ( ± 10%)	0.40 ( ± 7%)
	P CO (Nm 3 .kg 1 )	0.26 ( ± 7%)	0.20 ( ± 9%)	0.21 ( ± 10%)	0.21 ( ± 10%)	0.24 ( ± 10%)	0.25 ( ± 7%)
	P CO2 (Nm 3 .kg 1 )	0.30 ( ± 7%)	0.34 ( ± 9%)	0.31 ( ± 10%)	0.32 ( ± 9%)	0.32 ( ± 10%)	0.29 ( ± 7%)
	P CH4 (Nm 3 .kg 1 )	0.10 ( ± 7%)	0.088 ( ± 9%)	0.090 ( ± 10%)	0.072 ( ± 10%)	0.092 ( ± 10%)	0.10 ( ± 7%)
	P C2HX (Nm 3 .kg 1 )	0.036 ( ± 7%)	0.033 ( ± 8%)	0.032 ( ± 9%)	0.036 ( ± 9%)	0.037 ( ± 10%)	0.036 ( ± 7%)
	Syngas LHV (kJ.Nm 3 )	13,524 ( ± 1%)	12,648 ( ± 1%)	13,747 ( ± 1%)	12,591 ( ± 1%)	13,095 ( ± 1%)	13,624 ( ± 1%)
	X c G (%)	85 ( ± 7%)	81 ( ± 8%)	79 ( ± 9%)	78 ( ± 9%)	86 ( ± 9%)	84 ( ± 6%)
	P G (Nm 3 .kg 1 )	1.06 ( ± 7%)	1.05 ( ± 8%)	1.04 ( ± 9%)	1.02 ( ± 9%)	1.10 ( ± 9%)	1.08 ( ± 7%)