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Introduction

Replacing fossil fuels with renewable materials or by-products from industry or even associating both is a very interesting perspective for energy production. For example, the use of biomass as combustible first presents interesting characteristics for energy production through combustion, gasification, liquefaction and pyrolysis processes. Then the use of biomass or of their byproducts (e.g. ethanol, methane, bio-oil and char) does not further lead to an increase in the overall CO2 balance, even if the CO2 which was absorbed by the plants and trees from the atmosphere through the photosynthesis process during their growth is released through the degradation process [START_REF] Abbasi | Biomass energy and the environmental impacts associated with its production and utilization[END_REF]. Integrating torrefied biomass into coal-fired power plants could further potentially lower the SOx and net CO2 emissions resulting from electricity generation [START_REF] Goldfarb | Impact of blend ratio on the co-firing of a commercial torrefied biomass and coal via analysis of oxidation kinetics[END_REF].

Hydrolysis lignin (HL) is a by-product of technological cycles concerning the production of fuels and chemicals, through either a percolation hydrolysis of wood using dilute H2SO4 at elevated temperatures and pressures (Scholler process) or a low-temperature hydrolysis of wood using concentrated HCl (Bergius process) [START_REF] Rabinovich | Carbon adsorbents from industrial hydrolysis lignin: The USSR/Eastern European experience and its importance for modern biorefineries[END_REF]. Wood hydrolysis plants were mainly built in the former USSR, Bulgaria, China and Korea. All these plants produced substantial amounts of hydrolysis lignin, at most 1.5 million tons each year by the 1980's [START_REF] Rabinovich | Carbon adsorbents from industrial hydrolysis lignin: The USSR/Eastern European experience and its importance for modern biorefineries[END_REF][START_REF] Rabinovich | Lignin by-products of soviet hydrolysis industry: resources, characteristics, and utilization as a fuel[END_REF]. The Russian hydrolysis industry collapsed in the first decade of the 2000s [START_REF] Rabinovich | Lignin by-products of soviet hydrolysis industry: resources, characteristics, and utilization as a fuel[END_REF]. But there still exist huge dumps of hydrolysis lignin in Russia and in countries of the Eastern Block [START_REF] Rabinovich | Lignin by-products of soviet hydrolysis industry: resources, characteristics, and utilization as a fuel[END_REF].

HL is mainly composed of lignin, balanced with unreacted cellulose, mono-and oligosaccharides [START_REF] Mahmood | Hydrolytic liquefaction of hydrolysis lignin for the preparation of bio-based rigid polyurethane foam[END_REF]. According to its chemical content, HL is close to carbohydrates, but it differs from them with higher carbon contents. The elemental analysis of HL depends on the technological ethanol cycle. HL samples present differences depending on the dump where they are collected [START_REF] Rabinovich | Lignin by-products of soviet hydrolysis industry: resources, characteristics, and utilization as a fuel[END_REF]. But they are all characterized by high amounts of carbon and of lignin and by a low percentage of ash. HL is a highly reactive fuel and has a high ignition ability. HL should thus be considered as a valuable renewable fuel for energy production.

During a torrefaction process, sometimes also called "mild pyrolysis", the material is heated up to an isothermal temperature under low heating rates (less than 50 °C/min), then maintained at the chosen isothermal temperature for a residence time which is usually taken less than 60 minutes. The torrefaction process is usually performed under an inert atmosphere. The result of this torrefaction process is a dark material whose chemical and physical properties slightly differ from that of the original material [START_REF] Bach | Upgrading biomass fuels via wet torrefaction: A review and comparison with dry torrefaction[END_REF][START_REF] Bergman | Torrefaction for biomass co-firing in existing coal-fired power stations: BIOCOAL[END_REF][START_REF] Van Der Stelt | Biomass upgrading by torrefaction for the production of biofuels: a review[END_REF][START_REF] Koppejan | Status overview of torrefaction technologies[END_REF][START_REF] Eseltine | Torrefaction of woody biomass (Juniper and Mesquite) using inert and non-inert gases[END_REF][START_REF] Wannapeera | Effects of temperature and holding time during torrefaction on the pyrolysis behaviors of woody biomass[END_REF][START_REF] Rousset | Biomass torrefaction under different oxygen concentrations and its effect on the composition of the solid by-product[END_REF][START_REF] Li | Torrefaction of sawdust in a fluidized bed reactor[END_REF]. For example, the torrefaction process increases the heating values and the energy density of the material [START_REF] Bach | Upgrading biomass fuels via wet torrefaction: A review and comparison with dry torrefaction[END_REF], among other works. During the torrefaction process, the moisture content and volatile matter with higher oxygen content are removed and hydroxyl groups are reduced (which make the hydrogen bonds due to the moisture content). Small mass losses may be observed during this torrefaction process which leads to the production of a hydrophobic fuel with higher density [START_REF] Tumuluru | A review of biomass densification systems to develop uniform feedstock commodities for bioenergy application[END_REF]. The volatiles which are emitted during the pyrolysis process are mainly issued from the hemicellulose and cellulose degradations, which reduces the energy costs for the milling of the torrefied wood, as hemicellulose fills in the wood cell structure, thus reinforcing its integrity [START_REF] Magdziarz | Combustion process of torrefied wood biomass[END_REF][START_REF] Chen | A study on torrefaction of various biomass materials and its impact on lignocellulosic structure simulated by thermogravimetry[END_REF][START_REF] Chen | Isothermal torrefaction kinetics of hemicellulose, cellulose, lignin and xylan using thermogravimetric analysis[END_REF]. Laboratory and industrial investigations prove that combining torrefaction and pelletization processes allows producing hydrophobic and ecologically clean fuels with increased calorific value and density. This finally allows cheaper transportation and use conditions [START_REF] Uslu | Pre-treatment technologies, and their effect on international bioenergy supply chain logistics. Techno-economic evaluation of torrefaction, fast pyrolysis and pelletisation[END_REF][START_REF] Adams | Integrated assessment of the potential for torrefied wood pellets in the UK electricity market[END_REF][START_REF] Adams | Comparative cradle-to-grate life cycle assessment of wood pellet production with torrefaction[END_REF][START_REF]Techno-economic assessment of biomass densification technologies[END_REF][START_REF] Jarvinen | Experimentally determined storage and handling properties of fuel pellets made from torrefied whole-tree pine chips, logging residues and beech stem wood[END_REF]. The char which is produced through a torrefaction process can also be milled together with traditional coals in the existing mills, while the milling of classical pellets needs the modernization of fuel preparation and handling systems, which leads to higher operational costs [START_REF] Stelte | Recent developments in biomass pelletisation -a review[END_REF].

The impact of torrefaction processes on the thermal degradation of different materials was analyzed through thermogravimetric analyses in many works even recently. In [START_REF] Martín-Lara | Torrefaction of olive tree pruning: Effect of operating conditions on solid product properties[END_REF], the authors analyzed the impact of torrefaction operating conditions on the thermal degradation of olive tree pruning. The torrefaction experiments were performed at 200 or 300 °C and residence times of 10 and 60 minutes, using an inert atmosphere (nitrogen). The authors used a parallel reaction scheme to determine the kinetic parameters associated to the different components of the material. In [START_REF] Talero | Torrefaction of oil palm residual biomass: Thermogravimetric characterization[END_REF], the authors analyzed the influence of torrefaction processes on hybrid variety oil palm plantation (Elaeis guineensis and Elaeis oleifera). The torrefaction experiments were performed at 220, 250 or 270 °C and during residence times of 30 and 60 minutes, under an inert atmosphere (nitrogen). The authors used a formal pseudo-components parallel independent reactions kinetic model to derive the optimal values of the kinetic parameters. In [START_REF] Tran | Non-isothermal pyrolysis of torrefied stump -A comparative kinetic evaluation[END_REF], the authors analyzed the impact of a torrefaction process performed on Norwegian spruce stump chips through a thermogravimetric analysis. They used a distributed activation energy model (DAEM) model to determine the optimal values of the kinetic parameters of the raw and torrefied materials. The authors also compared these values of the kinetic parameters with that returned by the Ozawa method. In the review [START_REF] Barskov | Torrefaction of biomass: A review of production methods for biocoal from cultured and waste lignocellulosic feedstocks[END_REF], the authors collected results from different studies and concerning the impact of different experimental parameters when performing torrefaction processes on agricultural or food waste (lignocellulosic materials) and on nonlignocellulosic materials. They especially discussed the properties of the torrefied materials in terms of grindability, hydrophobicity and combustibility. In [START_REF] Chew | Recent advances in biomass pretreatment -Torrefaction fundamentals and technology[END_REF], the authors collected results from the literature and concerning the impact of torrefaction processes performed on different woody and non-woody materials, under different isothermal temperatures (between 200 and 300 °C) and during 30 or 60 minutes. In the review [START_REF] Chen | A state-of-the-art review of biomass torrefaction, densification and applications[END_REF], the authors analyzed the results from the literature and concerning the torrefaction of different materials in an inert atmosphere, at isothermal temperatures less than 300 °C and under residence times mainly less than 60 minutes.

They presented the results of kinetic modeling applied to these materials and based on different methods or models. They analyzed the impact of torrefaction conditions on the density of the torrefied materials. See also the references in the reviews [START_REF] Barskov | Torrefaction of biomass: A review of production methods for biocoal from cultured and waste lignocellulosic feedstocks[END_REF][START_REF] Chew | Recent advances in biomass pretreatment -Torrefaction fundamentals and technology[END_REF][START_REF] Chen | A state-of-the-art review of biomass torrefaction, densification and applications[END_REF].

To our knowledge, the impact of torrefaction processes on HL samples was never analyzed. The aim of this work was thus to investigate the impact of different but classical torrefaction processes performed on HL samples on their thermogravimetric profile and on their reactivity. HL samples were collected in the Onega dump in Arkhangelsk oblast, Russian Federation.

Torrefaction experiments were performed in a fixed bed reactor under nitrogen, under four different isothermal temperatures (225, 250, 275, 300 °C) and during two different residence times (30 or 60 minutes). Thermogravimetric analyses were then performed on the raw and torrefied samples from ambient temperature up to 900 °C under a heating rate of 5 °C/min and under non-oxidative or oxidative atmospheres. The Extended Independent Reaction (EIPR) model was used to determine the optimal values of the kinetic parameters associated to the thermal degradations of these different samples. This model was already used in previous studies to simulate the thermal degradations of different materials. It is essentially based on the degradations of the different constituents of the material (at least hemicellulose, cellulose, lignin, plus char if the degradation occurs under an oxidative atmosphere), which are supposed to occur in an almost independent way. The number of constituents to be taken into account for the raw and torrefied HL samples was taken equal to four (hemicellulose, cellulose and two stages of the lignin degradation), because of the presence of peaks, shoulders and tails on the mass rate curves. The very high proportion of lignin in HL samples (around 2/3 in the raw material) may in part explain the shape of the mass rate curves, the lignin pyrolysis being further a complex process as many chemical reactions occur [START_REF] Jiang | Intermolecular interaction mechanism of lignin pyrolysis: A joint theoretical and experimental study[END_REF][START_REF] Kawamoto | Lignin pyrolysis reactions[END_REF]. The proportions of hemicellulose, cellulose and lignin were determined applying Van Soest's protocol, as described in [START_REF] Van Soest | Methods for Dietary Fiber, Neutral Detergent Fiber, and Nonstarch Polysaccharides in Relation to Animal Nutrition[END_REF], to the raw material (for which a sufficient amount was available). These proportions were adjusted for the torrefied samples observing their mass rate curves. In the EIPR model with four constituents, the extractives were added to the hemicellulose and cellulose constituents (half for each). The optimal values of the kinetic parameters returned by the EIPR model were used to draw simulated mass and mass rate curves. The maximal difference between the experimental and simulated mass rate curves was computed for each sample to validate the optimal values of the kinetic parameters returned by the EIPR model. The optimal values of the kinetic parameters returned by the EIPR model for the raw and the torrefied materials were finally compared and they did not vary in a significant way, except for the sample torrefied at 300 °C. The torrefaction processes considered in the present study did not degrade in a significant way the HL samples.

But they reduced their moisture content and they increased their carbon content and the calorific value.

Materials and methods

Hydrolysis lignin characterizations

Hydrolysis lignin (HL) was kindly provided by the Bionet company who produces HL pellets from the Onega lignin dump, located in the Arkhangelsk region, North-East of the Russian Federation. The current amount of available HL was evaluated at 3.0×10 6 tons in this dump [START_REF] Rabinovich | Lignin by-products of soviet hydrolysis industry: resources, characteristics, and utilization as a fuel[END_REF].

Before their use in the experiments, the samples were ground in a ball mill (Retzsch PM 200) and sieved on a Retzsch AS 200 Control analyzer to a particle size distribution 500-1000 micrometers.

The C, H, O, N and S fractions of raw HL samples were determined on an analyzer EuroVector EA-300. The biochemical composition of raw HL was determined according to Van Soest's protocol described in [START_REF] Van Soest | Methods for Dietary Fiber, Neutral Detergent Fiber, and Nonstarch Polysaccharides in Relation to Animal Nutrition[END_REF]. Proximate analyses were performed by thermogravimetry according to the German standard DIN 51734 on "Testing of solid mineral fuels -Proximate analysis and calculation of fixed carbon". The Higher Heating Values (HHV) of raw and torrefied materials were measured using a calorimeter IKA C 2000 Basic version 2. The Lower Heating Value (LHV) of each sample was then deduced from its HHV by calculations taking into account the proximate and ultimate analyses, according to the formula:

= - 100 + 200 , (1) 
where =2486 kJ/kg is the latent heat of water vaporization at 273 K, M is the moisture content (%), =18 g/mol is the molar mass of water, =1 g/mol is the molar mass of hydrogen and H is the percentage of hydrogen of the sample and given in Table 1 below.

Torrefaction experiments

For the different torrefaction experiments, samples with an initial mass of 1.01±0.02 g were introduced in the crucible of a horizontal fixed bed reactor whose scheme is presented in Fig. 1. Each torrefaction experiment was repeated between seven and nine times to reduce possible deviations.

Thermogravimetric analyses

Thermogravimetric analyses were performed on the raw and torrefied HL samples in a thermobalance TA Instruments Q500. The samples were submitted to non-oxidative (nitrogen)

or oxidative (synthetic air: 10% O2 and balance nitrogen) atmospheres under a flow rate of 6 l/h under standard temperature and pressure conditions (273K and 101,325 Pa). They were heated from ambient temperature to 900 °C under a heating rate equal to 5 °C/min. The purpose of these thermogravimetric analyses is to evaluate the impact of the torrefaction conditions on the thermal degradation of HL samples and on their reactivity under such non-oxidative or oxidative atmospheres. For each experiment, around 10 mg of material were placed in the crucible of the thermobalance. Thermogravimetric experiments were repeated at least three times for each raw or torrefied sample with good repeatability.

Kinetic modeling through the EIPR model in the case of a non-oxidative atmosphere

The EIPR model is especially dedicated to the simulation of the thermal degradation of a lignocellulosic material [START_REF] Damartzis | Thermal degradation studies and kinetic modeling of cardoon (Cynara cardunculus) pyrolysis using thermogravimetric analysis (TGA)[END_REF][START_REF] Sfakiotakis | Development of a modified independent parallel reactions kinetic model and comparison with the distributed activation energy model for the pyrolysis of a wide variety of biomass fuels[END_REF][START_REF] Popova | Thermal degradation of wood biofuels, coals and hydrolysis lignin from the Russian Federation: Experiments and modelling[END_REF][START_REF] Brillard | Improvements of global models for the determination of the kinetic parameters associated to the thermal degradation of lignocellulosic materials under low heating rates[END_REF]. It indeed considers the thermal degradation of its constituents, namely at least hemicellulose, cellulose, lignin, plus the char structure if the thermal degradation occurs under an oxidative atmosphere. The EIPR model assumes that the thermal degradations of these constituents occur in an independent way, but possibly in superimposing temperature ranges.

In the case of a non-oxidative atmosphere, the EIPR model consists in a set of ordinary differential equations, whose number I is equal to the number of constituents to be taken into account in the material, each equation describing the evolution of the mass of volatiles which are emitted from a constituent of the material. Each ordinary differential equation is written as:

, ( ) = ( ) (0) - , ( )! , " = 1, … , $, (2) 
where , ( ) is the mass of volatiles emitted by the constituent i of the sample (i=1,…,I), (0) is the initial mass of the constituent i which may be computed as a fraction of the overall mass of the sample: (0) = % (0), T(t) is the temperature (expressed in K) at time t in the sample and which evolves with respect to the time parameter t with a constant rate:

( ) = & + ' .
In the right-hand side of the equation ( 2), a first-order reaction function with respect to the extent of conversion α is here considered: (()) = 1 -), whatever the constituent of the each sample.

In the right-hand side of the equation ( 1), the kinetic constant ( ) obeys an Arrhenius law:

( ) = * exp - ./ 0 12 (3) 
!, where * (resp. 4& ) is the pre-exponential factor (resp. the activation energy) for the constituent i and R is the ideal gas constant equal to 8.314 J/mol K. In the present study, the system of differential equations ( 2) is solved with the Scilab software (routine 'ode'), first with initial guesses of the kinetic parameters. The optimal values of the kinetic parameters are then obtained using the routine 'datafit' of Scilab that is minimizing with respect to these kinetic parameters the objective function expressed as:
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where

F> GHI,0 J F3 ! 9:
; is the experimental mass rate at time ; and

F> GHI,0 J F3 ! = >
; is the simulated mass rate at time ; , as deduced from the resolution of (2). Around 200 points ; are chosen which are regularly distributed along the overall duration of the experiment to reduce the computation time.

Once the optimal values of the kinetic parameters have been determined, it is possible to solve the system (2) to obtain the simulated sample mass and mass rate according to:

( ) = (0) -5 , ( ), K CD (4) ( ) = 5 , ( ) K CD .
(5)

Kinetic modeling through the EIPR model in the case of an oxidative atmosphere

Under an oxidative atmosphere, the devolatilization stages of the material surely occur. But the char structure is also degraded. One could consider this char structure as a further constituent and thus add a further equation in the model presented in the previous section concerning the EIPR model in the case of a non-oxidative atmosphere. But the EIPR model instead consider that the main constituents of the material (hemicellulose, cellulose and lignin) lead to both the emission of volatiles and to the apparition of the char structure once the volatiles are being emitted from these constituents, this char structure being degraded at higher temperatures. The proportion of volatiles to be emitted from the constituent i is denoted as O , . The complement of O , to 1 represents the proportion of char structure which appears from the constituent i during the devolatilization stage and which will be degraded during the combustion stage.

Under an oxidative atmosphere, the EIPR model first simulates the evolution of the mass of volatiles which are emitted from the constituent i of the material with respect to time according to the ordinary differential equation:

, ( ) = ( ) 7 (0) - , ( ) O , 8 , " = 1, … , $, (6) 
where , ( ) is the mass of volatiles emitted by the constituent i of the sample (i=1,…,I), (0) is the initial mass of the constituent i, which may be computed as a fraction of the overall mass of the sample: (0) = % (0), T(t) is the temperature at time t in the sample (expressed in K) and which evolves with respect to the time parameter t with a constant rate:

( ) = & +
during the devolatilization stage, as previously exposed. This fraction O , , has to be determined for each HL sample and for each constituent which is not an easy task. In the present study, this fraction has been estimated observing the mass rate curves obtained from the thermal degradation of each material under an oxidative atmosphere. The presence of the fraction O , , of volatiles emitted by the constituent i of the sample is the unique difference between the equations ( 4) and ( 6).

In the above equation ( 6), the kinetic constant ( ) obeys an Arrhenius law:

( ) = * exp -4& /R ( ) ,
where * (resp. 4& ) is the pre-exponential factor (resp. the activation energy) for the devolatilization of the constituent i.

The evolution with respect to time of the mass ST/U,

S

of char which appears during the devolatilization of the constituent i is described according to the ordinary differential equation:

ST/U, S ( ) = S >V ( ) W 1 -O , O , , ( ) -ST/U, S ( )X Y , (7) 
where the kinetic constant S >V ( ) obeys an Arrhenius law: S >V ( ) = * S >V [\](-4& S >V /R ) and where Y is the oxygen pressure which is constant during the experiment (Y = 2.1 × 10⁴ Pa).

The system ( 6)-( 7) is solved using the routine 'ode' of Scilab software, first with initial guesses of the kinetic parameters. The optimal values of the kinetic parameters are obtained minimizing with the routine 'datafit' of Scilab the objective function defined as:
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where

F> GHI,0 J F3 ! 9:
; is the experimental volatile mass rate at time ; ,

F> cdef,0 c F3 ! 9:
; is the experimental char mass rate at time ; ,

F> GHI,0 J F3 ! = >
; is the simulated volatile mass rate at time

; and

F> cdef,0 c F3 ! = >
; is the simulated char mass rate at time ; , as deduced from the resolution of the system (4)-( 5). Around 200 points ; are chosen which are regularly distributed along the overall duration of the experiment to reduce the computation time.

Again, only a first-order reaction function is here considered: (()) = 1 -), whatever the constituent of the each raw or torrefied sample.

Once the optimal values of the kinetic parameters have been determined, it is possible to solve the system ( 6)-( 7) to obtain the simulated sample mass and mass rate according to:

( ) = (0) -5 , ( ) K CD -5 ST/U, S ( ) K CD , (9) ( ) = 5 , ( ) K CD 
-5 ST/U, S ( ) K CD , (10) 
from which it is possible to draw the simulated mass and mass rate curves. It is also possible to compute the maximal difference between the experimental and simulated mass rate curves.

When using the EIPR model, the simulated mass and mass rate curves obtained for different materials have been proved to be in good agreement with the experimental ones [START_REF] Tran | Non-isothermal pyrolysis of torrefied stump -A comparative kinetic evaluation[END_REF][START_REF] Damartzis | Thermal degradation studies and kinetic modeling of cardoon (Cynara cardunculus) pyrolysis using thermogravimetric analysis (TGA)[END_REF][START_REF] Sfakiotakis | Development of a modified independent parallel reactions kinetic model and comparison with the distributed activation energy model for the pyrolysis of a wide variety of biomass fuels[END_REF][START_REF] Popova | Thermal degradation of wood biofuels, coals and hydrolysis lignin from the Russian Federation: Experiments and modelling[END_REF][START_REF] Brillard | Improvements of global models for the determination of the kinetic parameters associated to the thermal degradation of lignocellulosic materials under low heating rates[END_REF], the maximal difference between the experimental and simulated mass rate curves being sufficiently small with respect to the maximal mass rate to validate the values of the kinetic parameters returned by the EIPR model.

Observe that the equations of the EIPR model are close to that of the DAEM model [START_REF] Brillard | Improvements of global models for the determination of the kinetic parameters associated to the thermal degradation of lignocellulosic materials under low heating rates[END_REF].

Results and discussion

Thermal and chemical characterizations

Table 1 gathers the thermal and chemical characterizations of the raw and torrefied HL samples. HL samples collected in different regions of the Russian Federation and of countries from the Eastern Block have been analyzed in [START_REF] Rabinovich | Lignin by-products of soviet hydrolysis industry: resources, characteristics, and utilization as a fuel[END_REF], among which that of Onega dump. The hydrolysis lignin from Onega dump contains the lowest ash percentage among those which have been tested.

The N fraction of the raw or torrefied material remains close to 0.2-0.3% and that of S is below the detection limit equal to 0.1%. The corresponding values are not indicated in Table 1.

The C content of torrefied HL samples increases while the O content decreases when the isothermal temperature increases and also when the residence time increases.

The carbon enrichment ratio is computed for each sample as the ratio between the C content of this sample and that of the raw material. It increases with the isothermal temperature and it also slightly increases with the residence time.

In [START_REF] Sfakiotakis | Development of a modified independent parallel reactions kinetic model and comparison with the distributed activation energy model for the pyrolysis of a wide variety of biomass fuels[END_REF], the authors compared the impact of wet and dry torrefaction on microalgal biomass.

They also observed similar trends with respect to the isothermal temperature (taken equal to 200, 250 or 300 °C) and to the residence time (taken equal to 15, 30 45 or 60 minutes).

The torrefaction process increases the LHV values from that of the raw HL material.

The biochemical composition of the raw sample was determined according to Van Soest's protocol [START_REF] Van Soest | Methods for Dietary Fiber, Neutral Detergent Fiber, and Nonstarch Polysaccharides in Relation to Animal Nutrition[END_REF]. The mass proportions of the constituents of the raw material are as follows:

extractives (15.2%), hemicellulose (2.3%), cellulose (15.6%) and lignin (66.9%). HL samples also contain light molecules as extractives. Hemicellulose is present as traces and cellulose mainly consists of sugar polymers. The lignin polymer is the main constituent of HL, approximately representing 2/3 in mass of the material.

Torrefaction and energy yields have been computed for each sample. As above-indicated, for each torrefaction condition, between seven and nine experiments have been performed, each of them with approximately 1g of hydrolysis lignin. To remove the dependence of the yields with respect to the initial mass, this initial mass has been normalized to 1g in the computations. The normalized final mass has been obtained as the ratio between the final mass and the original mass. The torrefaction yield is computed as:

O = = h i/ i 3 , (7) 
where h i/ is the final (after torrefaction) mass of the sample (kg) and i 3 is the initial (before torrefaction) mass of the sample (kg). The energy yield is computed as:

O . = 100 h i/ i 3 h i/ i 3 , (8) 
where h i/ is the lower heating value of the sample after torrefaction (MJ/kg) and i 3 is the lower heating value of the sample before torrefaction (MJ/kg). The values of these yields and of their standard deviations are gathered in Table 2.

Table 2

Normalized initial and final masses (%). Torrefaction and energy yields of torrefied HL samples. The torrefaction and energy yields decrease with the isothermal temperature, whatever the residence time. The decrease of the torrefaction yield is equal to 10% and to 13% between the samples torrefied at 225 and 300 °C, for the residence times of 30 and 60 minutes, respectively.

The decrease of the energy yield is equal to 12% and to 10% between the samples torrefied at 16 225 and 300 °C, for the residence times of 30 and 60 minutes, respectively. In [START_REF] Zhang | Comparison and characterization of property variation of microalgal biomass with non-oxidative and oxidative torrefaction[END_REF], the authors observed similar trends of the torrefaction and energy yields with respect to the isothermal temperature and residence time for microalgal biomass.

Thermogravimetric analyses and kinetic modeling of raw and torrefied HL samples under

an inert atmosphere (nitrogen) and a heating rate of 5 °C/min

Thermogravimetric analyses

The mass and mass rate curves of the raw and torrefied materials are gathered in Fig. The thermogravimetric profiles of the different samples look similar. The mass curves start with a long flat plateau until 200-250 °C. They then present an important decrease until approximately 450 °C after which the decrease is much less important. There exist differences between the masses reached at the end of the thermogravimetric experiments. In an unexpected way, the final mass of the sample torrefied at 250 °C is smaller than that of the samples torrefied at other temperatures, especially for the residence time of 30 minutes. The mass rate curve of the raw sample presents a first very small peak before 200 °C, which surely corresponds to the moisture evaporation stage. This small peak does not appear for the torrefied samples, as a consequence of the very low moisture content in these torrefied samples. For all the samples, a much higher peak then appears whose maximum is reached between 350 and 365 °C and which corresponds to the main step of the devolatilization stage. This higher peak presents a shoulder on its left-hand side, whatever the sample, which mainly corresponds to the thermal degradation of the extractives and hemicellulose, as these light molecules are known to decompose at low temperatures. The unique devolatilization peak also presents a large shoulder and a long tail on its right-hand side, which both mainly correspond to the end of the thermal degradation of the lignin part of the sample.

Because lignin is an aromatic polymer structure, its decomposition needs higher temperatures to be complete. The differences between the thermodynamic profiles of the raw and torrefied samples essentially lie in the mass reached at the end of the thermogravimetric experiment, in the height of the devolatilization peak and in the importance of the shoulders on the left-and righthand sides of this devolatilization peak. At the end of the pyrolysis process, the mass rate curves present small oscillations which correspond to the slow degradation of the lignin constituent. For all the samples, the pyrolysis process almost ends at 800 °C, but the mass rate never reaches 0 and the mass curves go on slightly decreasing.

The shape of the mass rate curves (shoulders, main peak and long tail) obtained for the different samples suggests that four stages may be considered in the pyrolysis process, after the moisture evaporation one.

In complement to Fig. 2, some characteristics of these thermal degradations under a nonoxidative atmosphere are indicated in Table 3. The overall temperature range has been split in two subintervals [0,150] and [150,850] (°C) to separate the moisture evaporation and the devolatilization stages. The raw HL sample loses 2.3% of its initial mass in the temperature range 30-150 °C due to moisture evaporation. This moisture evaporation stage leads to the very small peak which appears in the mass rate curve of the raw sample in the temperature range 30-150 °C, Fig. 2. For the torrefied samples, the mass losses due to moisture evaporation are almost equal to 0 (mostly less than 0.1%), because the moisture content of the torrefied samples is much smaller than that of the raw sample, see Table 1.

The devolatilization peak reaches its maximum at quite the same temperature, whatever the sample, between 350.2 and 364.5 °C, with a mean value equal to 356.0 °C. The height of the peak depends on the isothermal torrefaction temperature, this maximal loss rate lying between 0.024 and 0.046 %/s, depending on the isothermal torrefaction temperature, but without any clear dependence on this isothermal temperature. The HL samples torrefied at 250 °C present a higher maximal mass rate than that of the samples torrefied at other isothermal temperatures, whatever the torrefaction residence time. They also present higher mass losses and total mass losses, in comparison with the samples torrefied under other experimental conditions.

Determination of the kinetic constants through the EIPR model

Because of the presence of the small shoulder on the left-hand side of the devolatilization peak and of a shoulder and of a long tail on the right-hand side of this unique peak, see Fig. 2, at least three constituents (hemicellulose, cellulose and lignin) have to be considered in the EIPR model.

But even when considering the raw material and taking the proportions of its constituents as determined through Van Soest's protocol, the simulations returned by the EIPR model with three constituents do not well superimpose with the experimental mass and mass rate curves, whatever the values of the kinetic parameters. Simulations of the pyrolysis of the HL sample torrefied under an isothermal temperature of 300 °C and during 30 minutes have also been performed through the EIPR model considering three constituents, namely hemicellulose, cellulose and lignin, with the fractions 0.09, 0.19 and 0.72, respectively. The mass rate curve simulated with three components does not well reproduce the shoulder and the long tail present of the right-hand side of the main devolatilization peak, see the supplementary material Fig. S1. This may be due to the very high proportion (2/3) of lignin HL samples and because lignin pyrolysis is a complex process as many chemical reactions occur. The mass rate associated to the thermal degradation of lignin under a non-oxidative atmosphere indeed presents peaks at 350 °C from primary pyrolysis reactions, in the range 400-450 °C (methoxyl group-related reactions) and in the range 550-600 °C (gasification of catechols (1,2-dihydroxybenzenes)) from secondary pyrolysis reactions [START_REF] Jiang | Intermolecular interaction mechanism of lignin pyrolysis: A joint theoretical and experimental study[END_REF][START_REF] Kawamoto | Lignin pyrolysis reactions[END_REF]. As a consequence, two stages (and only two) in the lignin degradation will be considered besides that of hemicellulose and cellulose. These two parts of the lignin constituent will be called lignin1 and lignin2 in the rest of the paper. The extractives will be added to the hemicellulose and cellulose constituents (half for each). The proportions of these four constituents of the raw material are deduced from that of extractives, hemicellulose, cellulose and lignin as determined through Van Soest's protocol for the raw material and are adjusted from these proportions for the torrefied samples and according to the previous observations on the mass and mass rate curves. These proportions are gathered in Table 4.

Table 4

Values of the proportions of the four constituents of the HL samples deduced from that of extractives, hemicellulose, cellulose and lignin as determined through Van Soest's protocol for the raw material and adjusted from these proportions for the torrefied samples and observing the mass and mass rate curves. The proportions of hemicellulose and cellulose decrease when the isothermal temperature increases. That of lignin1 has been taken constant, while that of lignin2 increases, as this second stage of the lignin degradation is supposed to occur at higher temperatures.

The optimal values of the kinetic parameters returned by the EIPR model described in section 2.4 and the maximal difference between the experimental and simulated mass rate curves are gathered in Table 5.

Table 5

Optimal values of the kinetic parameters (pre-exponential factors in 1/s and activation energies in kJ/mol) for the thermal degradation of raw and torrefied samples under a non-oxidative atmosphere and maximal difference (%/s) between the experimental and simulated mass rate curves. In the worst case (for the raw material), the maximal difference between the experimental and simulated mass rate curves represents 22% of the maximal height of the mass rate curve. For the torrefied samples, this maximal difference between the experimental and simulated mass rate curves represents less than 10% of the maximal height of the mass rate curve. The values of the kinetic parameters returned by the EIPR model may thus be considered as valid for the pyrolysis process of the raw and torrefied samples.

The values of the optimal activation energies do not vary with the isothermal temperature, whatever the residence time, except for the cellulose and the lignin1 constituents of the sample torrefied at 300 °C during 30 or 60 minutes, whose activation energies are slightly higher.

In [START_REF] Popova | Thermal degradation of wood biofuels, coals and hydrolysis lignin from the Russian Federation: Experiments and modelling[END_REF], the thermal degradation of raw HL samples has been simulated with the EIPR model but with another repartition of the constituents of this biomass (for comparison with other woody biomass or coals considered in this study). The pre-exponential factors were found equal to 1.81×10 4 , 1.06×10 4 and 10.02 1/s for hemicellulose, cellulose and lignin, respectively. The activation energies were found equal to 78.0, 87.0 and 60.0 kJ/mol for hemicellulose, cellulose and lignin, respectively.

In [START_REF] Tran | Non-isothermal pyrolysis of torrefied stump -A comparative kinetic evaluation[END_REF], the authors obtained the values of the kinetic parameters gathered in Table 6, using a DAEM three-component model with an exponent n equal to 1 or greater than 1 in the reaction function, for Norwegian spruce stump chip. The heating rate was here equal to 40 °C/min. In the study [START_REF] Tran | Non-isothermal pyrolysis of torrefied stump -A comparative kinetic evaluation[END_REF], the proportions of the three constituents vary with the isothermal temperature, the hemicellulose being totally degraded after the torrefaction process at 300 °C. Of course, the study [START_REF] Tran | Non-isothermal pyrolysis of torrefied stump -A comparative kinetic evaluation[END_REF] dealing with Norwegian spruce stump chips, the proportions of these constituents are totally different from that of the HL samples considered in the present study. The activation energies of hemicellulose and lignin are largely comparable to that found in the present study, the activation energy and the pre-exponential factor of cellulose being slightly higher in [START_REF] Tran | Non-isothermal pyrolysis of torrefied stump -A comparative kinetic evaluation[END_REF] than in the present study. The simulated mass and mass rate curves quite well superimpose with the experimental ones, even if the simulated mass rate curve fails to start very abruptly on the left-hand side of the devolatilization peak for the sample torrefied at 300 °C during 60 minutes. This failure is responsible for the quite high maximal differences observed in Table 5. The simulated mass rate curves reach 0 after 750 °C, while the experimental ones go on oscillating, because of the slow degradation of the lignin constituent. But the overall shape of the mass and mass rate curves is quite well reproduced in these simulations and especially the previously described four stages of the devolatilization process.

The simulations of the thermal degradation of the other samples present very similar trends in comparison to that of the ones presented in Fig. 3 and will not be presented. A very small peak occurs on the mass rate curve of the raw material in the temperature range 30-150 °C, which corresponds to the moisture evaporation. This small peak does not appear for the torrefied samples, as a consequence of the very low moisture content in these samples.

Thermogravimetric analyses and kinetic modeling of raw and torrefied HL samples

The thermal degradation profiles of the different samples under air look very similar. A first long and flat plateau first appears on the mass curves which ends at around 200 °C. Then the mass starts decreasing with a possible change of the decreasing rate at around 300 °C. The mass curves end with a flat plateau, but the height of this plateau (final mass of the sample) depends on the isothermal temperature. On the mass rate curves, a first thin peak appears at around 307 °C, whatever the sample, which mainly corresponds to the thermal degradations of the hemicellulose, cellulose and part of the lignin constituents, through a devolatilization process. A second thicker peak occurs at around 450 °C which corresponds to the char combustion. The changes in the mass rate curves mainly concern the height of the devolatilization and combustion peaks. Again small oscillations appear at the end of the mass rate curves which correspond to the end of the slow degradation of the lignin. After 650 °C, the mass curves exhibit a flat plateau which means that the sample mass does not evolve so much at these higher temperatures. For all the samples, the thermal degradation thus ends before 650 °C, which is lower than the end of the pyrolysis process. Oxygen is known to enhance the degradation process.

In complement to Fig. 4, some characteristics of the different mass and mass rate curves are gathered in Table 7 for the different samples. Again, the overall temperature range has been split in two subintervals [0,150] and [150,850] (°C) to separate the moisture evaporation and the devolatilization stages.

Table 7

Characteristics of the mass and masse rate curves of the raw or torrefied (at isothermal temperatures of 225, 250, 275 or 300 °C and during 30 or 60 minutes) HL samples, under an oxidative atmosphere and a heating rate of 5 °C/min. The mass loss associated to the moisture evaporation of the raw HL sample is equal to 0.7%.

Concerning the samples torrefied during 30 or 60 minutes, the moisture evaporation phase which occurs before 150 °C leads to very small mass losses, less than 0.1%. The mass rate curves of the torrefied samples thus do not present a similar peak in this temperature range.

The temperature at which this first peak occurs lies in the range 304.3-309.6 °C, with a mean value of 306.4 °C. The temperature at which the second peak occurs lies in the range 447.0-449.3 °C, with a mean value of 448.4 °C. It should be observed that the maximal mass rate of the first peak decreases and that of the second peak increases with the isothermal temperature. This is the consequence of an increasing degradation of the light molecules contained in the samples when the isothermal temperature increases.

Determination through the EIPR model of the kinetic parameters

Four constituents of the HL samples will again be considered, namely hemicellulose, cellulose, lignin1 and lignin2 (apart from the moisture which is almost negligible in the present case), even if the four stages of the devolatilization process do not clearly appear on the mass rate curves of Fig. 4. The fraction % of each constituent is taken from Table 4 for each sample.

The values of the parameters O , for the four constituents of the samples, the optimal values of the kinetic parameters returned by the EIPR model described in section 2.5 and the maximal difference between the experimental and simulated mass rate curves are gathered in Table 8.

Table 8

Fractions O , of volatiles contained in the constituents. Optimal values of the kinetic parameters (pre-exponential factors in 1/s (or in 1/s . Pa for Acomb) and activation energies in kJ/mol) for the thermal degradation of raw and torrefied samples under an oxidative atmosphere and maximal difference (error, in %/s) between the experimental and simulated mass rate curves. The O , parameters are taken independent of the torrefaction conditions but they depend on the constituents.

The activation energies of the four constituents do not really vary with respect to the isothermal temperature and to the residence time, except for the raw sample and for the samples torrefied at 275 and 300 °C, for which a small increase of the activation energies appears.

In [START_REF] Bach | Dry and wet torrefaction of woody biomass -A comparative study on combustion kinetics[END_REF], the authors performed a kinetic modeling of raw and torrefied Norwegian spruce. In the case of dry torrefaction, the spruce sample were submitted to an isothermal temperature of 275 °C during 60 minutes under an inert atmosphere. For the kinetic modeling, the authors used a three pseudo-component model. The values of the optimal kinetic parameters they obtained are gathered in the Table 9.

Table 9

Optimal values of the kinetic parameters (A in 1/s, Ea in kJ/mol), proportions of the three constituents of the raw and torrefied spruce samples. Values of the reaction order n. From [START_REF] Bach | Dry and wet torrefaction of woody biomass -A comparative study on combustion kinetics[END_REF]. The simulated mass and mass rate curves quite well superimpose with the experimental ones, see also the maximal differences indicated in Table 8.

Sample

The simulations of the thermal degradation of the other samples look very similar to the ones presented in Fig. 5 and will not be presented.

Again the torrefaction process under the conditions of the present study do not highly alter the constituents of the hydrolysis sample.

Conclusion

Russian hydrolysis lignin samples from Onega dump were torrefied in a fixed bed reactor under a non-oxidative atmosphere at isothermal temperatures of 225, 250, 275 or 300 °C, during 30 or 31 60 minutes. The impact of these different torrefaction conditions was analyzed through thermogravimetric analyses performed under non-oxidative or oxidative atmospheres and under a heating rate of 5 °C/min from ambient temperature to 900 °C. The shapes of the mass rate curves of the raw and torrefied samples look quite similar under each atmosphere, the differences being essentially associated to the final mass and to the maximal mass rate. The values of the kinetic parameters of the different samples were determined using the EIPR model with four constituents in each material (hemicellulose, cellulose and two stages of the lignin degradation).

The variations of these values did not vary in a significant way with respect to the isothermal temperature or torrefaction residence time. Torrefying HL samples under the lowest isothermal temperature (200 °C) and during the shortest residence time (30 minutes) thus seems to be enough to obtain a valuable combustible. This torrefied sample has indeed a lower moisture content, a higher carbon content and higher calorific value. The torrefaction process performed under this low temperature does not degrade in a significant way the hydrolysis lignin sample. This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit sectors. 
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 1 Fig. 1. Scheme of the experimental horizontal fixed bed reactor used for the torrefaction

Fig. 2 .

 2 2. The masses are expressed in percentages, which have been initialized at 100 at 30 °C, for comparison of the thermodynamic profiles of the different samples in a unique figure. Mass and mass rate curves of non-torrefied (raw) and torrefied (at isothermal temperatures of 225, 250, 275 and 300 °C and during 30 minutes, a) and b), or 60 minutes, c) and d)) HL samples, under nitrogen (nit) and under a heating rate of 5 °C/min.

Fig. 3 .

 3 The experimental and simulated mass and mass rate of the raw material, of the torrefied material at 225 °C during 30 minutes and of the torrefied material at 300 °C during 60 minutes are gathered in Fig.3. Experimental (blue) and simulated (red) mass and mass rate curves for raw sample a) and b), or torrefied sample at 225 °C during 30 minutes c) and d), or torrefied sample at 300 °C and during 60 minutes e) and f), under a non-oxidative atmosphere and a heating rate of 5 °C/min.
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 4 under an oxidative atmosphere (synthetic air) and under a heating rate of 5 °C/min3.3.1 Thermogravimetric analysesThe mass and mass rate curves of the raw and torrefied samples are gathered in Fig. 4. The masses are expressed in percentages, which have been initialized at 100 at 30 °C, for comparison of the thermodynamic profiles of the different samples in a unique figure. Mass and mass rate curves of raw and torrefied (at isothermal temperatures of 225, 250, 275 and 300 °C and during 30 minutes a) and b), or during 60 minutes c) and d)) HL samples, under an oxidative atmosphere (air) and a heating rate of 5 °C/min.

Fig. 5 .

 5 Experimental (blue) and simulated (red) mass and mass rate curves of the raw sample a) and b), of the torrefied sample at 225 °C during 30 minutes c) and d), or the torrefied sample at 300 °C and during 60 minutes e) and f), under an oxidative atmosphere and a heating rate of 5 °C/min.

Table 1

 1 Proximate, ultimate analysis, Lower Heating Value (LHV) and carbon enrichment ratio of the raw and torrefied HL samples under the different experimental conditions. The increase is equal to 26% for a residence time of 30 minutes and to 27% for a residence time of 60 minutes. Consequently, the percentage of volatiles decreases with the isothermal temperature. The moisture content decreases with the isothermal temperature being divided by 2.5 from the raw material. The ash content increases by a factor 2.2 or 2.3, because HL loses other parts of its constituents during the torrefaction process.

	%	Raw	225 °C	250 °C	275 °C	300 °C	225 °C	250 °C	275 °C	300 °C
			30 min	30 min	30 min	30 min	60 min	60 min	60 min	60 min
	Volatile matter a	65.8	62.9	62.6	59.3	56.9	62.6	62.2	58.4	56.6
	Fixed carbon a	34.2	37.1	37.4	40.7	43.1	37.4	37.8	41.6	43.4
	Moisture b	5.1	2.4	2.4	2.2	2.1	2.1	2.4	2.2	2.1
	Ash b	4.2	7.7	8.3	8.3	9.2	7.8	8.3	8.4	9.8
	C a	59.5	60.0	60.6	62.7	67.8	60.3	61.2	63.0	68.3
	H a	6.5	6.1	5.9	5.7	5.4	6.0	5.8	5.5	5.2
	O a	33.7	33.5	32.2	31.3	26.5	33.3	32.7	31.2	26.2
	LHV (MJ/kg) a	21.6	23.1	23.7	24.0	24.5	23.5	24.1	24.8	25.3
	Carbon	1.00	1.20	1.21	1.31	1.39	1.21	1.22	1.34	1.40
	enrichment ratio									

a on dry and ash free basis; b on dry basis.

The Fixed Carbon percentage was obtained by difference for each sample. It increases with the isothermal temperature, whatever the residence time.

Table 3

 3 Characteristics of the thermal degradation of the non-torrefied or torrefied (at isothermal temperature of 225, 250, 275 and 300 °C and during 30 or 60 minutes) HL samples, under nitrogen and a heating rate of 5 °C/min.

	Sample		Temperature range, °C		
		30 -150		150 -850		
		Mass loss, % Mass loss, %	Maximal peak	Maximal mass	Total mass loss,
				temperature, °C	rate, mg/s	%
	Raw	2.3	61.6	360.2	0.046	63.9
	225 °C (30 mn)	0.1	52.6	352.2	0.034	52.7
	250 °C (30 mn)	0.1	62.0	357.6	0.042	62.1
	275 °C (30 min)	0.1	50.2	350.2	0.033	50.3
	300 °C (30 mn)	0.0	53.8	354.0	0.034	53.8
	225 °C (60 mn)	0.1	45.3	364.5	0.024	45.4
	250 °C (60 mn)	0.3	61.1	355.6	0.039	61.4
	275 °C (60 mn)	0.1	57.0	350.2	0.038	57.1
	300 °C (60 mn)	0.1	52.6	356.6	0.031	52.7

Table 6

 6 Optimal values of the kinetic parameters for torrefied spruce stump samples at three temperatures (200, 250 and 300 °C) under a heating rate of 40 °C/min. Values of the proportions of the three constituents (hemicellulose, cellulose and lignin) in the torrefied samples[START_REF] Tran | Non-isothermal pyrolysis of torrefied stump -A comparative kinetic evaluation[END_REF].

			n=1			n≠1	
	Sample Ea (kJ/mol)	A (1/s)	c	Ea (kJ/mol) A (1/s)	c
	200 °C	105.36	1.01E+07	0.31	105.13	1.01E+07	0.31
		183.78	3.01E+12	0.54	183.68	3.01E+12	0.55
		40.95	5.54E+00	0.15	58.91	1.33E+02	0.14
	250 °C	106.65	1.01E+07	0.21	106.62	1.01E+07	0.21
		182.95	3.01E+12	0.63	182.89	3.01E+12	0.63
		66.73	4.49E+02	0.15	66.18	4.49E+02	0.16
	300 °C	-	-	-	-	-	-
		182.33	3.01E+12	0.74	182.32	3.01E+12	0.74
		79.63	3.57E+03	0.26	79.4	3.57E+03	0.26

' and O , is the fraction of volatiles contained in the constituent I and which will be emitted

In the study [START_REF] Bach | Dry and wet torrefaction of woody biomass -A comparative study on combustion kinetics[END_REF], the hemicellulose part of the spruce sample has totally disappeared after the torrefaction performed at 275 °C during 60 minutes. The values of the pre-exponential factors and of the activation energies of cellulose, lignin and char significantly increase for the torrefied sample when compared to that of the raw sample. These values are much higher than that