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Abstract. The combination of biomass and solar energy in a solar-driven thermochemical gasification process is of
particular interest to convert solid carbonaceous materials to syngas, consisting chiefly of CO and Ha, thereby offering an
efficient means of storing intermittent solar energy into carbon neutral solar fuels. The development of solar gasifiers
suffers from the inherent issue of solar energy variability caused by cloud passages and shut off at night. The concept of
hybrid solar/autothermal reactors is proposed to meet the requirement of continuous operation under fluctuating solar
radiation. The hybrid reactor harvests the thermal energy from both solar heat (allothermal) and partial oxy-combustion of
the feedstock (autothermal) if the solar resource is not high enough to reach the minimum temperature for the gasification
reaction. In this work, for the first time a directly and indirectly irradiated hybrid reactor subjected to real concentrated
solar flux was experimentally studied and modelled. Effects of Oz injection on temperature distribution, gas production
rates and LHV are discussed. In order to provide a better overview of the reactor thermal, chemical and hydrodynamic
behavior, a 3D Computational Fluid dynamics (CFD) model was developed. Results in terms of temperature and velocity
profiles, reactive particles trajectories inside the reaction chamber, syngas composition for the allothermal and hybrid
model are provided. The study showed that process hybridization is relevant to control the reactor temperature although
significantly impairing the syngas yield and quality.

INTRODUCTION

The significant interest and benefits of solar gasification raise the need to address the issue of intermittent solar
energy to adapt to varying input power and to ensure continuous operation. Process hybridization through coupled
solar heating and partial feedstock oxy-combustion appears to be an efficient and cost effective solution to compensate
the variable nature of solar radiations. Current solar hybrid technologies can be classified into three different categories
depending on the annually averaged consumed solar energy [1]: (i) Solar Aided Combustion Generation Systems use
solar energy to cover at maximum 33% of their energy requirements, (ii) Balanced Solar-Combustion Generation
Systems use between 33% to 66% of solar to meet their energy needs, (iii) Combustion Aided Solar Generation
Systems, in which more than 66% of the system’s total energy is provided by solar solely. To date solar hybrid reactor
technologies utilize solar receivers to harvest the solar radiation and back up combustors to mitigate the fluctuations
in the solar resource. This penalizes the thermal efficiency due to the use of heat exchangers and requires highly
reliable and synchronized thermal systems. Alternatively, direct hybrid solar technologies allow to take advantage of
both solar and combustion thermal energy in the same equipment; thus sharing both the supporting infrastructure and
non-solar devices [2]. In addition to simplifying the interactions between the process subsystems, direct hybrids
contribute clearly to the reduction of the plant capital cost. In solar allothermal gasification, cavity type solar reactors
were extensively used to achieve the high gasification temperatures due to their low radiation heat losses [3]. These
devices are characterized by an aperture that lets the concentrated solar power entering the cavity; moreover, they
offer the possibility to exploit in-situ homogeneous and heterogeneous combustion reactions. Three operating modes
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are possible [4]. The allothermal mode is most appropriate when the available solar energy is sufficient to maintain
the gasification temperature at or above fixed set-point value. The hybrid mode involves mixed solar and combustion
to control the process temperature. The shift to the autothermal combustion-only mode (partial feedstock combustion)
occurs gradually as the solar insolation decreases. Several experimental studies on allothermal solar gasification (solar
heating only) have demonstrated the feasibility and efficiency of these processes [5-7]. However, very little research
has been undertaken concerning mixed solar/combustion reactors. Most of the earlier works dealt with the simulation
of hybrid solar gasification at a system scale based on equilibrium models [8-10]. These models have definitely shown
the interest of hybridization to promote process integration. Experimental validation tests under direct real
concentrated solar power and detailed 3D numerical simulations of solar hybrid gasification have never been
performed. Muroyama et al. [11] studied an indirectly heated solar hybrid fluidized bed reactor for activated carbon
gasification. In the continuity of these first results, we experimentally investigated a solar hybrid reactor that can
operate in both direct and indirect heating modes. This work aims to study solar hybrid gasification of biomass in a
novel lab scale reactor based on the principle of conical jet spouted beds. Solar-only and mixed solar-combustion
experiments were carried out under real concentrated solar flux for both direct and indirect heating configurations. O2
injection aims to control the set point temperature of the reactor. The effects of process hybridization on the reactor
throughput (syngas yield and on the gasifier performance) were investigated. A Computational Fluid Dynamics (CFD)
model was also developed in order to get a better understanding of the conversion process and to provide insights into
the reactor temperature distribution, fluid flow dynamics, and flame location inside the reaction zone. The model was
used to analyze the thermal, chemical and hydrodynamic behavior of the reactor when operating in both allothermal
and hybrid solar/autothermal mode. Model predictions were compared with experimental results.

EXPERIMENTAL SET UP

The studied 60° angle conical spouted bed cavity-type reactor is settled at the focus of a parabolic solar
concentrator located at the 6th floor of the CNRS-PROMES building (Fig.1). The top of the metallic cavity is
composed of an alumina cap with an aperture that lets the concentrated solar rays entering the cavity. A key feature
of this reactor is a removable emitter plate that enables to operate with direct (no plate) or indirect (plate installed)
solar irradiation. All along the experiments, a sun tracking heliostat was used to reflect the solar rays towards a
parabolic mirror that in turn concentrates the radiations towards the reactor aperture.

Solar mirror Parabolic concentrator

~

Pyrometer

Wood injection Solar rays . CaF,

Window
Reactor f7° N

Flame

Raw syngas

Cavity
= - Outlet

Insulation

Ar Ar
Ar/H,0/0,

Controlled injection

FIGURE 1. Reactor coupling with CNRS vertical-axis solar furnace and scheme of the hybrid solar/combustion spouted bed
reactor at the focus of the solar concentrator

The biomass was first loaded in a hopper (1.15 L capacity) connected to a screw feeder for continuous particle
injection in the reactor cavity at high temperatures. An Ar flow of 0.5 L/min was continuously injected in the hopper
so that the hot gases from the cavity cannot interact with the reactive feedstock. Moreover, to prevent the reactor
window from fouling and overheating, a protective Ar flow (2 NL/min) was constantly injected from the bottom to
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sweep the window away and make sure that all the gases exit the reactor from the outlet. A gas jet composed of Ar
and steam was injected from the bottom cavity via an alumina tube. The gas jet was composed of 0.2 NL/min of Ar
and 200 mg/min of steam thus providing a slightly over-stoichiometric Steam-to-Biomass (S/B) ratio. The beech wood
particles continuously fell into the conical cavity to get spouted cyclically by the entering high velocity oxidant and
carrier gas. Biomass characteristics are summarized in Table 1. The outlet syngas was analyzed continuously using an
on-line syngas analyzer (GEIT 3100) for measurement of the concentrations of the main species contained in the
syngas every 3s. These measurements were checked with a gas chromatograph equipped with two columns using Ar
as carrier gas (micro GC, Varian CP4900). The GC especially provides more accurate data concerning light
hydrocarbons (C>H,, C,H4 and C,Hg). To measure the reactor temperature, B-type thermocouples were inserted inside
the conical part of the cavity (T1 at the cavity center and T3 near the bottom of the cavity in the conical region) and
at the external cavity surface (T2). Their tips were protected from the reacting gases with an alumina shielding tube.
A solar-blind pyrometer was also used to measure the temperature inside the cavity (direct heating) or at the surface
of the emitter plate (indirect heating). Moreover, the direct normal irradiance (DNI) was measured all along the
experiments by a pyrheliometer every 0.8s. To verify that the reactor was maintained at slightly above atmospheric
pressure, three pressure measurements were set in the window area (P1), cavity (P2), and hopper (P3). The bottom
inlet gas flow rate (gaseous reactants consisting of Ar/H,O/O, mixture) and pressure drop are controlled such that the
resulting high-velocity jet causes a stream of particles to rise rapidly in a hollowed central core, then to revert to the
annular region between the central spout and the cavity walls. The vigorous cyclic flow of the particles in the conical
cavity allows their maximum exposure to solar radiations while the solid residence time is increased.

TABLE 1. Biomass characteristics

C H (0) N S Ash Moisture  Density Heat
wt.%) (wt.%) (wt.%) Wwt.%) Wwt.%) (wt.%) (wt.%) (kg/m®)  capacity
J/kg.°C)
Beech wood 48.3 6.7 44.4 0.1 <0.1%  0.46 8 650 1500

EXPERIMENTAL INVESTIGATION

The objective here is to study experimentally for the first time the ability of hybridization in controlling the reaction
temperature when operating the reactor in both directly and indirectly heating configurations. Experiments were
carried out under stable solar conditions with a DNI that varied from 938 to 975 W/m? for Run#1 (indirect heating
mode) and from 885 to 911 W/m? for Run#2 (direct heating mode). The nominal reactor temperature (TC3) was the
same for the two runs fixed at 1300°C (at steady state). The operating conditions for the two runs are recapped in
Table 2. To study the transient behavior of the reactor, and demonstrate its adaptability and flexibility for hybrid
operation, O, was injected with the spout gases after a period of steady state solar-only steam gasification, as shown
in Figure 2.

TABLE 2. Operating conditions for Run#1 (Indirect heating) and Run#2 (Direct heating)

Run# 1 Run# 2
Mfeedstock 50g 50g
Operating mode Allothermal Hybrid Allothermal Hybrid
Fbi 1.2 g/min 1.4 g/min 1.2 g/min 1.4 g/min
Fsteam 0.2 g/min 0.2 g/min 0.2 g/min 0.2 g/min
Foxygen 0 NL/min 0.25 Nl/min 0 NL/min 0.25 Nl/min
(Bary/O2)/(Bary/O2)st - 4.95 - 4.95

Fig.2a shows the measurements of outlet gas production rate evolution with the on-line syngas analyzer
(continuous lines) and the GC analysis (dots). Both measurements matched very well, thus demonstrating reliability
of gas analysis. Fig.2b shows the measured DNI (W/m?) and solar power input (W). The solar power input was
controlled by partially closing a trapdoor below the reactor frame to stabilize the reactor temperature. The observed
small instabilities in Fig.2a in the gas production rates are due to fluctuating feeding rate because the screw feeder
outlet cannot be directly inserted in the hot zone of the reactor, thus the biomass particles are pushed by preceding
particles and fall into the cavity in the form of small parcels by gravity. Complete injection of the whole biomass
feedstock was achieved with no remaining char in the cavity at the end of the two runs.
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FIGURE 2. (a)- Syngas production rate and reactor temperature (TC3) as function of time: allothermal mode (1.2 g/min of
wood, 200 mg/min of steam); hybrid mode (1.4 g/min of wood, 200 mg/min of steam, 0.25 NIl/min of oxygen) - Run#1 (Indirect)
and Run#2 (Direct), (b)- Measured DNI (W/m2) and solar power input (W) as function of time

During the first 16 minutes (Run# 1) and 19 minutes (Run# 2) of allothermal operation, the produced syngas was
composed of H, and CO mainly but temperature decreased because of the endothermal reactions (1307°C-1215°C in
Run#1 and 1316°C-1245°C in Run# 2). Then, the wood feeding rate was increased from 1.2 to 1.4 g/min and the O»
feeding rate was fixed to 0.25 Nl/min (to burn the excess amount of wood injected equal to 0.2 g/min). The biomass
flow rate was adjusted to ensure that the same amount of wood particles is steam gasified before and after
hybridization. An increase in the reactor temperature by 135°C (Run# 1) and 105°C (Run#2) was achieved thanks to
internal exothermic heterogeneous and homogeneous oxycombustion reactions. This proves the possibility of
maintaining the process temperature thanks to controlled oxy-combution. The reactor temperature as measured by
TC3 (inside the cavity), TC2 (external cavity wall surface) and pyrometer (Tpyro) is also plotted in Fig.3. The pyrometer
for the indirect heating mode measures the emitter plate temperature. For the direct heating mode, it points at the core
of the conical cavity.

Indirect Direct
1500
1400
;61300
= 1200
/_//-NI — TC3(°C)
. — TC2(°C)
1100 N~ \ 1100 IO
\
1000070 20 30 40 100051520 30 40
time (min) time (min)

FIGURE 3. Reactor temperature measured by TC3, TC2 and pyrometer (Tpyro) in (°C)
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It can be observed that TC2 indicates lower temperatures that are about 100°C to 150°C below TC3 as a result of
internal thermal resistance of the metallic cavity wall. The plate temperature seems to be only slightly affected by the
oxygen injection according to pyrometer measurements. In contrast, Tpyr, shows for the direct heating mode a sharp
increase in temperature and strong fluctuations. The latter are due to optical disturbances caused by the spouted char
particles as well as by the injected raw (unreacted) biomass particles that fall by gravity to the bottom of the cone in
the form of small parcels. These particles are subjected to temperatures variation when being spouted, which is clearly
evidenced by the pyrometer measurements.

The increase in cavity temperature after O, injection was accompanied by an almost instantaneous decline of H,
and CO production rates and a strong increase of CO, due to combustion. H, and CO; are found to be the most impacted
gases in the mixture. This affects the syngas quality (H»:CO ratio) and the syngas heating value (LHV). Fig.4 shows
the time evolution of the H,:CO and LHV before and after O, injection for the indirectly and directly solar heated
reactor.

Indirect Direct
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600 —— 7 18 600 —————
d "LHV 1 L6 bbbl b 1 1.k 10
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FIGURE 4. LHV and H»:CO ratio as a function of time

It can be seen that the H,:CO ratio declined from around 1.2 for the two modes to reach values approaching 0.9
(drop of 24%) after hybridization. The syngas thermal energy content also decreased significantly from 355 W for
Run#1 and 430 W for Run#2 to 236 W and 301 W, respectively. Globally, the two heating modes showed very similar
behavior, with a slightly higher gas production rates for the direct configuration especially during the allothermal

phase of the experiments.

To get insights into the biomass thermochemical conversion inside the directly solar-radiated conical cavity. A 3D
numerical model that takes into account both gas and particulate phase flows, radiation, energy, mass and momentum
transfer coupled with chemical reactions (both pyro-gasification and combustion) was developed. The obtained results
are discussed in the following section of this paper.

NUMERICAL SIMULATION

Model Development

The transport equations of momentum, mass, energy and radiation intensity (Discrete Ordinates model) were
solved in 3D. Biomass particles are injected and tracked using the DPM (Euler-Lagrange) approach. The particulate
phase exchanges heat, mass and momentum with the outer fluid phase environment. The particles are assumed
spherical with a uniform temperature (intraparticle gradients not taken into account). Biomass decomposition
(pyrolysis) follows the following scheme:

Biomass — 2.77CO + 2.71H, + 0.35C0, + 0.45CH,, + 0.44H,0 + 0.32C¢H50H ) + 0.52C ) (1)
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The kinetic of the pyrolysis reaction (rp) follows a first order Arrhenius law with E, pyrolysis=7x107 J/mol and
Apyrolysis=7.4x10%/s taken from the work of Chen [12] and Billaud et al. [13]. The pyrolysis coefficients of equation
(1) were taken from the work of Septien et al. [14] who studied fast pyrolysis under inert atmosphere of millimetric
beech wood particles at 800°C. This corresponds to the operating conditions for pyrolysis in the current study. The
produced char (C(s)) reacts with steam and oxygen. The random pore model was used in this study for steam
gasification. In this model, the gasification rate is calculated by equation (2).

E
T, = % = —f(X).ph,0- (Age_ g/RTp).mO'C 2)
_ 1 Mcpar
x=1 Mchar,o (3)
fX)=1-X).{/1-¥.In(1-X) (4)

The kinetic parameters used here are the same as the ones used by Septien et al. [14] for studying beech wood
gasification in a Drop Tube Reactor (DTR) between 1000°C and 1400°C. In fact, ¥ was taken equal to 1 which is in
the range of the values reported in the literature [15]. The activation energy Ea,g=149 kJ/mol, the frequency factor
A=217893 s'bar’” and the order related to the oxidant N = 0.7 were determined, which also corresponds to the
reported data [16]. The char oxy-combustion rate law used here includes the effects of both diffusion and kinetic rates
(equation (5)):

i (5)
T, = dct = = Apyer. Ye- Rian (Po, - (1:/ D)) %

_Ec
Res = Ace /RTp (6)
b C(T, +T)*75 (7)

0 2d,

C is the diffusion rate constant, in most cases this coefficient is set to 5.107'2 s/K%73. This value can be deduced
assuming that the rate of diffusion of the oxidant to the surface of the particle is in equilibrium with the rate of
consumption by reaction at the surface. The global chemical reaction kinetics of gas and solid phase combustion
reactions are the same as those used by Nakod [17] for modelling an oxy-fired entrained flow gasifier.

The particle size distribution of the studied biomass feedstock was characterized with a Camsizer XT (Retsch
Company) by dynamic image analysis. The Probability Density Function (PDF) and the Cumulative Density Function
(CDF) were modeled by a Rosin-Rammler distribution. The PDF parameters were determined so as to best fit the
experimentally measured data.

The inlet gases are assumed to enter the reactor at 25°C. The reactor external borders are water-cooled and
maintained at 25°C. The top surface of the reactor exchanges radiation with an external black body at 25°C
(QLoss=A.£.06(T*T%y)). The radiative source representing the incoming concentrated solar power is a semi-transparent
surface allowing reradiation outside of the reactor. On a geometrical point of view, the boundary condition for the
radiative source is a circle arc subtending a 120° angle (semi-transparent wall), thus accurately representing the way
the concentrated solar flux enters the reactor. The irradiation is specified in terms of a constant incident radiant heat
flux (W/m?) and is assumed specular.

Simulation Results

To visualize the effects of O, injection on the temperature field inside the cavity, two orthogonal cross sections of
the reactor were plotted in Fig.5.
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FIGURE 5. Temperature contour inside the reactor on two perpendicular vertical planes

It can be seen that for the allothermal operation (Fp>=0.00 N1/min), the bottom inlet gases rapidly reach higher
temperatures approaching 1050°C in the fluid phase. Moreover, the temperature appears to be homogeneously
distributed inside the cavity and the cavity walls. A temperature gradient between the gas phase and cavity walls can
however be observed. From the allothermal simulation, a flow rate of oxygen Fo,=0.25 NI/min and an addition of 0.2
g/min of wood were computed for the hybrid operation simulation. It appears from the simulation that the central
spout region reaches very high temperatures (~ 1800°C at central spout) while the annular zone is less affected by the
O, injection. The cavity wall average temperature also increases by 52°C (thus increasing from 1211°C in the
allothermal mode to 1263°C in the hybrid mode).

To ascertain the functioning principle of the gasification process in the solar-combustion jet spouted bed, and to
quantify the extent of spouting in the conical cavity, a representative 1.2 mm biomass particle stream was tracked all
along its lifetime inside the reactor (Fig.6).

Entrainment Spout region
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FIGURE 6. Biomass particle velocity, temperature and extent of particle conversion (for 1.2 mm initial particle size)

Fig.6a shows the biomass particle velocity as a function of its residence time in the cavity. It can be seen that the
particle describes a number of cycles (from the spout to the annular region of the bed as evidenced by the successive
velocity peaks) during which it pyrolyses and gasifies before being expelled from the reactor at the end of the stay.
Fig.6b shows the particle temperature and the trajectory that it follows. It reveals that peak temperature values are
reached when the particle moves over the spout region between the very hot combustion zone (flame zone) at the
bottom area and the fountain zone near the radiation entrance where the particle/radiation entrance view factor is
maximum. Fig.6¢c shows the conversion of the particle as a function of time. Two regions with two different slopes
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can be observed. The sharp decrease in the particle mass during the first instants of injection is due to the fast pyrolysis
of the particle. Char gasification subsequently occurs and constitutes the slowest step of the conversion process. For
the allothermal operation, model predictions in terms of syngas composition were validated against previously
obtained experimental data [18]. The simulated gas composition of the hybrid reactor was compared with the average
calculated gas composition obtained in Run# 2 (between t=20min and t=38min) (Fig.7).

Allothermal Hybrid
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sy [ L L L
o 40% | 40% | ®mExp
S AR o
N | RS I e
”’%III ”’%‘III
0% | i ; | o om 0% | i i T R,
H, CO CO, CH,C,H, H, CO CO, CH,C,H,

FIGURE 7. Simulated vs experimental molar gas composition

The predicted outlet gas composition in allothermal mode is in close agreement with the experimental
measurements for the main gases including H,, CO, CH4, and CO, (relative discrepancy remains within a narrow
range of 8% to 10%). Concerning the hybrid mode, the simulation also reproduces the global observed trends
especially concerning the H, drop and the CO, sharp increase. However, it somewhat over predicts the H, yield at the
expense of CH4 and C,Hy, (including tars and light hydrocarbons). This can be due to an over predicted gas phase
temperature in the central spout region related to the use of global kinetics for modelling gas phase chemistry. Further
modelling of chemical reactions through detailed reaction mechanisms would be required to improve accuracy. It can
be concluded that the 3D multiphase reactor model coupling mass, momentum and energy transport with both the
reactive particulate phase (biomass) and the gas phase was fairly well validated by the experiments.

CONCLUSION

Hybrid solar/autothermal gasification was successfully simulated and tested in a spouted bed reactor. Oxy-
combustion coupled to solar heating appeared to be a suitable option in order to control the reactor temperature.
Experimental tests under real direct and indirect concentrated solar flux were conducted with the purpose of
continuously gasifying a fixed amount of injected wood particles (1.2g/min). The switch to hybrid (solar/combustion)
mode increased rapidly the reaction temperature in both heating configurations (direct and indirect) but lowered
significantly the syngas yield (especially H,). 3D simulations of the reactive gas-particle flow allowed a better
understanding about the hybrid reactor operation. The same operating conditions were used in experiments to validate
model predictions. O; injection should be used only when the available solar irradiation is insufficient to optimally
convert the biomass feedstock. Furthermore, the observed decline of syngas quality (both heating value and H»:CO
ratio) due to hybridization can be an issue and needs to be mitigated to optimize process reliability and performance.
This study represents the first successful attempt to control a hybrid thermochemical reactor under real solar irradiation
and paves the way for continuous solar gasification processes.
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