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Gasification reactivity of high heating rate chars (HHR chars) in steam, carbon dioxide and their mix tures was investigated in a new macro TG experimental device. The higher reactivity of the HHR chars was highlighted by a comparison with reference chars prepared at a low heating rate (LHR chars). It was found that the char reactivity in a mixed atmosphere of steam and carbon dioxide can be expressed as the sum of the individual reactivities obtained in single atmosphere gasification experiments. This result was not dependent on the pyrolysis heating rate. In addition, gas alternation gasification experi ments for both HHR chars and LHR chars showed that gasifying the char with CO 2 up to 30% of con version does not affect its reactivity to H 2 O. Altogether, the results tend to indicate that the two reactant gases H 2 O and CO 2 react on separate active sites when mixed atmospheres are used, and that CO 2 does not affect the char structure to favor or inhibit the char H 2 O gasification reaction.

Introduction

Both industrialized and developing countries are today intensi fying their work on the development of renewable energies. This increasing interest is a response to the unavoidable depletion of fossil fuels and to continuous and alarming environmental prob lems, especially global warming. Global warming is a direct conse quence of the increasing concentration of greenhouse gases in the atmosphere, particularly CO 2 , whose concentration has risen dras tically since the industrial revolution [START_REF] Florides | Global warming and carbon dioxide through sciences[END_REF].

The conversion of biomass to energy is considered to be a path way towards clean and renewable energy production, because of the availability of the resource and the carbon neutral feature of the thermochemical processes [START_REF] Dhillon | Mitigation of global warming through renewable biomass.pdf[END_REF].

Among these thermochemical processes, biomass gasification is gaining further interest as it allows the production of clean fuel gases (e.g. H 2 , CO, CH 4 ) that can be used either to produce electricity and heat or as an input stream to produce chemicals or transportation biofuels [START_REF] Basu | Biomass gasification and pyrolysis: practical design and theory[END_REF].

Biomass gasification can be processed with various gasifying re agents like air, steam or carbon dioxide [START_REF] Blasi | Combustion and gasification rates of lignocellulosic chars[END_REF]. Using carbon dioxide in such a process would provide a long term solution to mitigate its increasing concentration in the atmosphere. The CO 2 will be then incorporated in a valorisation cycle for the production of market able fuels, rather than simply being captured and stored.

The biomass gasification reaction includes three main steps: pyrolysis, volatile matter reforming and char gasification. The char gasification reaction is considered to be the limiting step of the process because it is kinetically slow compared to the two other steps.

A huge amount of studies can be found in the literature, as well as very good reviews on char gasification in steam or carbon diox ide containing atmospheres [4 6]. Still, the majority of these stud ies do not tackle the issue of char gasification in mixed atmospheres; only a few do so, and these are performed mainly on coal char gasification.

Their conclusions differ from one study to another; some authors concluded that adding the carbon dioxide alongside the steam slows down the gasification reaction: (i) by inhibition and competition for the same carbon active sites [7 9]. For instance, in their work on coal char gasification, Robert and Harris mea sured the gasification reaction rate in single and mixed atmo sphere of H 2 O and CO 2 in a thermogravimetric apparatus and concluded that the presence of CO 2 reduces the rate of the C H 2 O reaction [START_REF] Roberts | Char gasification in mixtures of CO 2 and H 2 O: competition and inhibition[END_REF].

Others think that the two gases operate on separate active sites: (ii) by passive cooperation [10 12]. The work of Everson et al. de scribes this assertion well [START_REF] Everson | Reaction kinetics of pulverized coal-chars derived from inertinite-rich coal discards: gasification with carbon dioxide and steam[END_REF]. The authors studied the gasification reactions of coal chars in a TG apparatus with different atmosphere compositions and concluded that the char gasification reaction with mixtures of CO 2 and H 2 O is best described by the sum of the single reaction rates. The same observation was made in the work of Chen et al. on sewage sludge char gasification in a fluid ized bed [START_REF] Nilsson | Gasification of char from dried sewage sludge in fluidized bed: reaction rate in mixtures of CO2 and H2O[END_REF]. The authors again found that the reaction rate in a mixture of CO 2 + H 2 O is well represented by the sum of the individ ual reaction rates.

Other researchers think that there is a kind of (iii) synergy or active cooperation between the two gases that leads to an en hanced char reactivity [START_REF] Tagutchou | Gazéification du charbon de plaquettes forêstières: particule isolée et lit fixe continu[END_REF][START_REF] Butterman | CO 2 as a carbon neutral fuel source via enhanced biomass gasification[END_REF]. For instance, Tagutchou [START_REF] Tagutchou | Gazéification du charbon de plaquettes forêstières: particule isolée et lit fixe continu[END_REF] found that adding CO 2 alongside steam leads to enhanced char reactivity which is superior to the sum of the individual reactivities obtained respectively with steam and carbon dioxide. A more detailed liter ature review and discussion is presented later in this paper as an approach for an extended experimental plan.

The different findings and conclusions in the literature make it difficult to draw a clear conclusion on the unfolding of the gasifica tion reaction in a mixed atmosphere of H 2 O and CO 2 . The present work was thus performed with the aim to further understand the reaction mechanisms of biomass gasification in mixed atmo spheres of steam and carbon dioxide.

Materials and methods

Macro TG experimental device

The new Macro TG experimental device (Fig. 1) consists of three major parts:

The heating system, including a liquid H 2 O evaporator, a gas preheater and an electrically heated alumina reactor.

The gas flow control system consisting of 3 mass flow meters/ controllers.

The weighing system that comprises an electronic scale, a stand and a platinum basket.

The 2 m long, 75 mm i.d. alumina reactor is electrically heated. The temperatures of the three reactor zones (high, medium and low) are independently controlled to ensure good temperature homogeneity throughout the furnace.

Gas flow rates are controlled by means of mass flow meters/ controllers. Before entering the reaction zone, the reactant gases (N 2 , CO 2 and H 2 O) are preheated up to the reactor temperature. When H 2 O is added in the gasification medium, the H 2 O + gas mix ture passes first through an electrically heated evaporator main tained at 180 °C to vaporize the water. The reacting gas flow inside the reactor is laminar and flowing at an average velocity of 0.2 m/s.

The weighing system comprises a set of electronic scales with an accuracy of ±0.1 mg, a metallic stand placed over the balance, on which are fixed three ceramic hollow tubes with a length of 1 m and a 2.4 mm external diameter. These ceramic tubes hold up a platinum basket with a 50 mm diameter, a solid bottom and a side wall made from a 500 lm grid to allow the gas to pass through it. The biomass samples are placed into it and are then pyrolysed and gasified in the hot furnace.

The weighing system can be moved in the vertical direction using a crank handle. The platinum basket can hence be introduced into the hot furnace within less than 15 s.

Altogether, the macro TG experimental device has the advan tage of being of a far greater experimental scale than conventional TG devices. This makes sample representativity better because an average result for several woodchips is obtained for each run. The wood chips or char particles are not ground as they use to be when the gasification was performed in a classic TG device. This is impor tant because the size reduction process leads to modifications in the structural and chemical composition, loss of fibrous texture and heterogeneous dispersion of catalytic minerals, which vary according to the biomass particle size range [START_REF] Bridgeman | Influence of particle size on the analytical and chemical properties of two energy crops[END_REF]. This would affect the biomass reactivity data, which may not be representative of the raw biomass. Moreover, the biomass particles are submitted to a thermal shock similar to that endured when they are introduced in a fluidized bed.

Finally, to our best knowledge, it is not possible to perform iso thermal gasification experiments in a classic TG device without preheating the char sample to the desired temperature over a con siderable time. This thermal treatment has an impact on the char reactivity. In fact, It has been widely demonstrated for several bio masses such as maize stalk, rice straw, cotton straw, rice husk, Bra zil Nut shells and eucalyptus that the char reactivity decreases with thermal treatment as a result of morphological modifications encompassing the evolution of the level and type of porosity and the average pore size [17 21]. The char structure becomes increas ingly condensed and ordered when increasing the heat treatment temperature and duration. This thermal annealing phenomenon would surely distort the real char reactivity data. On the contrary, in our case, the biomass sample is introduced into the reactor with in 15 s. The pyrolysis takes less than 1 min to be fulfilled.

Biomass feedstock and char preparation 2.2.1. Biomass feedstock

The biomass feedstock (beech wood chips) was provided by a company called SPPS (France). The woodchips were firs sieved to select particles with a size ranging between 4 and 5 mm and a thickness of 1 2 mm.

The size and thickness of biomass particles may greatly influ ence the rate of the gasification reaction if they impact on the heat and mass transfer inside the particle [START_REF] Gómez-Barea | Modeling of biomass gasification in fluidized bed[END_REF][START_REF] Blasi | Modeling chemical and physical processes of wood and biomass pyrolysis[END_REF]. In a recent study [START_REF] Vandesteene | Gasification of woodchip particles: Experimental and numerical study of char-H2O, char-CO 2 , and char-O 2 reactions[END_REF][START_REF] Tagutchou | Gazéification du charbon de plaquettes forêstières: particule isolée et lit fixe continu[END_REF], the authors demonstrated that the gasification rate was not influenced when varying the char particle size in the range of 10.5 15 mm. The influencing characteristic dimension was rather the particle thickness, as it slowed down the reaction rate by 1.6 times when it was increased from 1.5 to 6 mm for a constant size of 10.5 mm. No differences were observed between thick nesses of 2.5 and 1.5 mm, which suggests that the reaction is chemically controlled below a 2.5 mm particle thickness. On the basis of these observations and of the similarities between the raw biomasses used (beech wood chips) and between the experi mental devices (Macro TG), we performed the gasification reac tions with biomass and char particles having a size in the range of 4 5 mm and a thickness of about 1 2 mm.

Experimental procedure for char preparation and gasification

A mass of wood chips of 0.8 1 g is introduced in the platinum basket; the biomass particles are spaced widely enough to avoid chemical and thermal interactions. After heating the reactor to the desired temperature, the weighing system is lifted up using the crank handle; the platinum basket containing the wood chips is introduced into the hot furnace in less than 15 s. The biomass range of 0.1 0.3 atm. Table 2 gives the operating conditions for the different gasification experiments.

Method of data analysis

The normalized mass or conversion ratio 'X' during the gasifica tion reaction is calculated according to:

X ðtÞ m ð0Þ m ðtÞ m ð0Þ m ðashÞ ð1Þ

where m 0 , m (t) and m ash are respectively the initial mass of char, the mass at any time ''t'' and the mass of the residual ash.

The gasification experiments were reproduced 2 5 times and showed a good repeatability with deviation less than 12%, which is considered acceptable regarding the heterogeneity of the wood material. Mass loss data curves were firstly smoothed using a poly nomial least square function covering a fixed time period before and after each point. Precautions were taken for restoring smoothed data, with high fidelity to the experimental results. These data were then used to calculate the instantaneous reactivity of the char throughout the gasification.

Reactivity data were obtained following the next equation: 

The char undergoes structural modifications throughout the gasification reaction due to phenomena such as pore enlargement, coalescence or blocking. This leads to variations in the number of carbon active sites C t ðXÞ available for the gasifying agents. The reactivity, which is a function of temperature, gas partial pressure and available reactive surface, is therefore continuously changing during the gasification. It is consequently expressed by means of a chemical kinetic term accounting for temperature and partial pressure effects RðXÞ ð T; P i Þ, and a reactivity profile FðXÞ that aims to describe the effects of available reactive surface.

The reactivity must therefore refer to a specific conversion level. Reactivities at 10% or 50% of char conversion are often used for the determination of the kinetic parameters; the latter is actually the most commonly selected parameter in several similar investiga tions [START_REF] Ollero | The CO2 gasification kinetics of olive residue[END_REF][START_REF] Gómez-Barea | Diffusional effects in CO 2 gasification experiments with single biomass char particles. 1. Experimental investigation[END_REF][START_REF] Roberts | Char gasification in mixtures of CO 2 and H 2 O: competition and inhibition[END_REF]. In our study, reactivity at 50% conversion level is taken as a reference. Assuming that the structural function does not depend on the temperature and pressure ranges of the gasifica tion experiments, the reactivity can be expressed as follows: R ðT;P i ;XÞ Rð50Þ ðT;P i Þ Â FðXÞ ð 3Þ

An nth order kinetic model following the Arrhenius law for the reactivity temperature dependence and a power law for the reactivity gas partial pressure dependence is considered for the determination of the kinetic parameters of the steam and car bon dioxide gasification reactions. The reactivity at 50% conversion level is given by:

Rð50Þ ðT;P i Þ k ðTÞ Â P n i ð4Þ 
k ðTÞ A exp E RT ð5Þ 
The reactivity profile expression can be developed from general structural models such as uniform conversion models, shrinking core models, grain models or random pore models that may con tain one or more parameters to adjust so as to match the parame ters of the experimental data [START_REF] Gómez-Barea | Modeling of biomass gasification in fluidized bed[END_REF]. It is however worth noting that the structural modifications are not solely responsible for the reac tivity change throughout the gasification. Other factors intervene, such as the char inner mineral species concentration and types [28 30,25,31], the thermal annealing phenomena occurring in par allel with the gasification reaction [START_REF] Senneca | A semi-detailed kinetic model of char combustion with consideration of thermal annealing[END_REF], and also the type of gasify ing media, as it has been demonstrated that the char contact with the steam drastically changes its structure into a more ordered one [33 35]. Owing to these observations and to the difficulties in determining the individual contribution of each of these parame ters on the gasification reactivity, we opted for a determination of an empirical formulation for the structural term FðXÞ which is assumed to encompass all the influencing parameters that cause the reactivity change along the gasification reaction.

The structural function FðXÞ, which is a normalized reactivity, can be calculated at any conversion level as follows:

FðXÞ RðXÞ Rð50Þ ð6Þ 
In the literature, the ratio RðXÞ Rðref Þ is calculated within a conversion level range where experimental errors are, in the author's appreci ation, acceptable. For instance, some authors referred to a (0.2 0.8) conversion range with a reference at X 0.2 [START_REF] Barrio | Experimental investigation of small-scale gasification of biomass[END_REF], others chose ranges between (0.2 0.8) and (0.15 0.9) with a reference reactivity at X 0.5 [START_REF] Ollero | The CO2 gasification kinetics of olive residue[END_REF][START_REF] Vandesteene | Gasification of woodchip particles: Experimental and numerical study of char-H2O, char-CO 2 , and char-O 2 reactions[END_REF]. In our study, FðXÞ is determined in the conver sion level range of 0.2 0.9. This range was selected to minimize weight measurement uncertainties at the small mass loss in the early stages of the reaction (X 0 0.2), and to avoid high reactivity values as the mass goes to zero in the final stages of the gasification reaction (X 0.9 1). A 5th order polynomial regression is applied to the experimental X and F(X) data to determine the reactivity profile.

Results and discussion

In this section we shall first present results of HHR char gasifi cation in single atmospheres containing H 2 O or CO 2 and then determine the intrinsic kinetic parameters and the reactivity pro files for each case. The high reactivity of the HHR chars will be also highlighted through a comparison with LHR chars. Finally we shall take a comprehensive, experiment based approach to the under standing of the mechanisms involved in char gasification in mixed atmospheres of steam and carbon dioxide. 

Table 1

 1 Proximate and ultimate analysis of the biomass samples (dry basis).

		Proximate analysis (%)		Ultimate analysis (%)			
		VM	Ash	FC	C	H	O	N
	Wood chips	88.1	0.4	11.6	46.1	5.5	48.1	0.10
	LHR-Char	20.03	1.88	78.09	82.06	2.85	12.88	0.30
	HHR-char 850 °C	-	3.75	-	83.51	0.86	11.60	0.28
	HHR-char 900 °C	-	4.14	-	85.56	0.80	8.42	1.04
	HHR-char 950 °C	-	4.15	-	85.83	0.91	8.07	1.05

Table 2

 2 Operating conditions of the gasification experiments.

	Reacting medium Reacting gas partial pressure (atm) Temperature (°C)
	H 2 O	0.1, 0.2, 0.3	800, 850, 900, 950
	CO 2	0.1, 0.2, 0.3	850, 900, 950
	H 2 O/CO 2	0.1/0.1;0.1/0.2; 0.2/0.1	900
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