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ABSTRACT 
Several hybridization strategies of a solar-autothermal biomass gasifier were examined for stable and 

continuous operation under variable solar irradiation. The ultimate objective was to demonstrate the 

feasibility of controlled syngas production, through the modification of oxygen, water, and biomass 

injection rates. Various hybridization strategies were probed by thermodynamic analysis and 

experimentally validated. Thermodynamic equilibrium calculations detailed the impact of both H2O 

and O2 injection rates on the produced syngas composition under constant wood feeding. Oxygen 

injection decreased the H2:CO molar ratio, while reducing the solar thermal power required to carry 

out the gasification reaction. Meanwhile, the total H2+CO production dropped by 1.36 mole of H2 and 

0.64 mole of CO per mole of O2 added, independently of the quantity of water provided. Validation 

experiments were then carried out under real concentrated solar flux in a directly-irradiated conical 

spouted-bed reactor, following distinct hybridization paths. Maintaining constant the H2:CO ratio 

above 1 during hybridization required to provide high amounts of water steam with oxygen, which 

penalized the gasifier efficient heating. In contrast, minimizing the water injection rate throughout 

hybridization strongly altered the H2:CO ratio but decreased the CO2 production and the solar thermal 

power requirement. Finally, the successful control of the outlet H2+CO volume flow rate with 

simultaneous oxygen and wood injection was demonstrated (under constant water feeding rate). Solar-

to-fuel efficiencies were kept around 20%, while hybridization decreased the cold-gas efficiency 

below 80%. 

 

KEYWORDS 
Concentrated solar energy, Solar reactor, Solar fuels, Steam-gasification, Biomass, Solar-autothermal 

hybridization. 

 

1. INTRODUCTION 
The production of solar fuels has become a promising research field in the domain of renewable 

energies. Upgraded syngas can be synthesized from local biomass and waste resources via pyrolysis 
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and gasification processes, and it has multiple industrial applications. First of all, its tunable H2 and 

CO contents make it an essential raw feedstock in the chemical industry (e.g. the synthesis of biofuels 

and alcohols). Its enhanced heating value also allows efficient energy storage and combustion for the 

production of heat and electrical power. In comparison with the direct combustion of solid biomass or 

waste feedstocks, power production from gasification products allows to reduce the emissions of SO2 

and NOx by a factor of 10 [1], as the removal of pollutants from a syngas stream is easier than the 

cleaning of the flue gas emitted from direct biomass combustion. Regarding the integration of carbon 

capture in power plants, which may become essential in the coming decades, its cost could be halved 

in integrated gasification combined cycles (IGCC) when compared to processes based on direct 

biomass combustion [1]. 

To that extent, a high amount of heat must be provided to gasifiers to cope with the high reaction 

enthalpy. In conventional plants, oxy-combustion occurs inside the reactor to maintain sufficient 

temperatures in the reaction zone. Around 75% of the overall biomass energy content is reported to be 

converted into syngas heating value [2], losses being due to the combustion of feedstock and to 

thermal losses. The integration of alternative, renewable heat sources has thus been investigated as a 

way to limit the CO2 yields and to convert a higher part of the biomass resource, given that biomass is 

still moderately available in comparison to fossil fuels [3]. As a result, solar gasification processes 

have been widely investigated in the last decades, as they eliminate the need for partial feedstock 

combustion for process heat supply and thus allow to increase the biomass utilization rate by 30% [4], 

through indirect storage of concentrated solar energy providing the reaction enthalpy. These 

technologies allow to produce a clean syngas, with carbon conversion efficiencies (CCE) exceeding 

90%. The cold-gas efficiency (CGE) can reach up to 1.3 [5], which means that the feedstock energy 

content is upgraded through the solar process. Meanwhile, typical solar-to-fuel efficiencies (SFE) are 

found between 20-30% [6]. Higher H2:CO ratios than in conventional processes can also be achieved 

(1.16 versus 1.07 in [7]), as well as higher syngas yields per unit mass of feedstock and lower CO2 

contents. The integration of solar gasifiers in plants for the poly-generation of power and fuels [8–10] 

is thus being extensively explored. 

Solar gasification, however, implies fluctuating syngas production rates through the daily and yearly 

variations of the solar resource. Operation during cloudy days, reactor start-up and shut-down must 

therefore be carefully monitored in order to stabilize the reactor temperature and the syngas quality, 

and to improve process efficiency [11]. Several ways are available to smooth out the heat availability 

through high-inertia media, as reviewed in [12]. For instance, the use of an external heat-transfer fluid 

was studied for coal gasification [13], enabling continuous day-night operation at the cost of a 16-hour 

heat storage. As an alternative, reactors featuring molten-salt media have been proposed [14] to 

integrate heat storage into the gasifier itself and thus attenuate solar energy fluctuations. A reactor 

design featuring a molten-salt medium was developed [15], and coupled with a hybridization method 

that uses in-situ injection of oxygen [16]. This method, referred as Solar-Autothermal Hybrid 

Gasification (SAHG) [17], has become a promising solution to achieve continuous solar gasifier 

operation, as demonstrated experimentally in [18]. Increased temperatures and carbon conversion 

efficiency were observed when O2 was injected, at the expense of reduced H2 yields and thus H2:CO 

molar ratios. This effect could be limited by injecting additional H2O, thanks to the water-gas shift 

reaction. It was however noticed that increasing the H2:CO mole ratio from 1.0 to 1.7 required a water 

flow rate nine times higher than the stoichiometric one [16], thus questioning the actual feasibility of 

such control. Boujjat et al. also investigated SAHG both experimentally [19] and numerically [20], 

using a hybridized spouted-bed reactor and eventually proposing an application to solid-recovered fuel 

gasification [21]. Recent experimental investigations of the hybridized spouted-bed revealed the 

impact of O2 injection rate, operating temperature (in the range 1200-1300 °C) and reactor heating 

mode (direct versus indirect heating of the cavity) [22]. 

The impact of H2O and O2 injection rates is ruled by the set of chemical equations given below, 

starting with the global reaction of steam gasification (Equation 1). After the pyrolysis of biomass into 
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gases, tars, and char, the so-called gasification of char occurs (Equation 2) as well as combustion 

reactions (hydrogen in Equation 3, carbon monoxide in Equation 4, char in Equation 5), water-gas 

shift equilibrium (Equation 6) and steam-methane reforming (Equation 7). Besides, the impact of 

reactants flow rates was extensively assessed in the domain of conventional gasification. Regarding 

the injection of oxygen, typical results showed a significant decrease of the H2 content and an increase 

of the CO2 content due to combustion reactions, which did not systematically come with a decrease of 

the CO mole fraction [23,24]. The CO content only seemed to decrease at high inlet O2:C molar ratios 

[25], which was also pointed out in recent investigations about spouted-bed hybridization [22]. This 

shows that hydrogen combustion (Equation 3) tends to be favored in comparison with carbon 

monoxide combustion (Equation 4). In the work of Campoy et al. [26], the impact of oxygen quantity 

on gases production rates, thermochemical performance and reactor efficiency was also carefully 

assessed under several steam injection rates. 

Beech wood steam gasification: 

CH1.66O0.69 + 0.31 H2O(v) → CO + 1.14 H2 

 

ΔH° = +143 kJ/mol (1) 

Char steam gasification: 

C(s) + H2O(g) → H2 + CO 

 

ΔH° = +131 kJ/mol (2) 

Hydrogen combustion: 

H2 + ½ O2 → H2O(l) 

 

ΔH° = -285 kJ/mol (3) 

Carbon monoxide combustion: 

CO + ½ O2 → CO2 

 

ΔH° = -283 kJ/mol (4) 

Char combustion: 

C(s) + O2 → CO2 

 

ΔH° = -394 kJ/mol (5) 

Water-gas shift equilibrium: 

H2O + CO ↔ H2 + CO2  

 

ΔH° = -42 kJ/mol (6) 

Steam methane reforming: 

CH4 + H2O → CO + 3 H2 

 

ΔH° = +206 kJ/mol (7) 

 

The addition of H2O was extensively discussed as well. Under low injection rates, steam was proven 

to increase the H2 production and to decrease the CO production [27,28], according to the water-gas 

shift reaction (Equation 6). Accordingly, the CO2 production unavoidably increased with water 

addition. At higher H2O injection rates, and depending on the feedstock particles diameter [29], the 

performance indicators tended to stabilize [30,31] or even decrease after reaching an optimum [26,32]. 

Optimal H2+CO, H2:CO, H2 mole fraction, syngas LHV, efficiencies and waste deposits were even 

observed in [33] at a given steam-to-carbon ratio. A compromise must thus be found between syngas 

upgrade (water addition during hybridization) and thermal performance (water removal). The coupled 

injection of O2 and H2O must thus be carefully planned to reach enhanced performances. In 

conventional oxygen-steam gasification, the H2O:O2 ratio is occasionally stated (order of magnitude 

2:1 in [28]), and may be a relevant indicator to find advantageous operating conditions at given 

temperature and pressure conditions [34]. 

In this study, further insights were provided into the role of water addition during SAHG. The aim was 

to compare several strategies of reactants feeding for controlled syngas production during solar hybrid 

gasification: 

 Progressive addition of H2O during hybridization to control the H2:CO ratio (path #1); 
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 Minimization of H2O injection during hybridization to optimize thermal performance (path 

#2); 

 Progressive addition of biomass feedstock during hybridization to control the H2+CO 

production (path #3). 

The ultimate objective was to demonstrate the feasibility of continuous syngas production despite a 

reduction of solar power input in the solar reactor, whilst providing recommendations regarding 

control design during SAHG. A new approach was therefore proposed at thermodynamic equilibrium 

to map the evolution of reactor performance as a function of both H2O and O2 injection rates. The 

strategies for gaseous reactants (both O2 and H2O) and biomass feedstock injection were 

experimentally investigated, using a small-scale solar spouted-bed gasifier. 

2. MATERIALS AND METHODS 

2.1. Directly irradiated spouted-bed gasifier 

2.1.1. Experimental setup overview 
 

Solar gasification was performed in a spouted-bed reactor (Figure 1), located at the focal point of a 

vertical-axis solar furnace. The metallic cavity was made of a highly resistant FeCrAl alloy. It 

comprised a 68 mm high, 60° cone topped with a cylindrical piece of 78 mm inner diameter and 46 

mm height. Down the cone, an injection nozzle enabled the stirring and conversion of solid particles 

thanks to a mixed flow of argon (0.2 NL/min) and oxidizing agents (H2O and O2 flow rate ranging 

from 0 to 0.5 g/min and 0 to 0.5 NL/min, respectively). Wood injection and syngas recovery were 

located around the cylindrical region. This region was topped by an alumina cap, which was protected 

by two layers of zirconia felts (2 mm thick each). A layer (30 mm thick) of insulating material 

(alumino-silicate fiber boards) was arranged around the cavity, and a transparent Pyrex glass window 

allowed proper sealing of the reactor. A second protective flow of argon (2 NL/min) was blown 

towards the window to keep it clean from pyrolytic smokes. 
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Figure 1. (a) Photograph of the gasification reactor during solar heating, (b) Scheme of the reactor cavity, wood 

injection system, and syngas treatment components. 

Wood particles were stored in a hopper and fed via a screw driver towards the cavity. The hopper was 

regularly hit to warrant smooth particles flow (series of eight blows, at least once per minute), and a 

set of rotating steel fins (serving as arch breaker) could be manually activated to prevent blockage of 

the feeding. Argon was continuously injected in the hopper (0.5 NL/min), and circulated towards the 

reactor via the screw path to limit counterflow heat and mass transfer in the feeder. 

The gases injection rates were monitored via four mass flow controllers (BROOKS 5850 S). 

Demineralized liquid water was injected via a stainless-steel capillary inserted inside the injection 

nozzle, and fed by a liquid mass flow controller (HORIBA SILV-F30P). In total, 2.7 NL/min of argon 

were injected during heating to empty the reactor from air. The reactants were directly heated by 

sunlight, concentrated by a parabolic mirror of 2 m diameter. The incoming thermal power was 

controlled thanks to a shutter obstructer: the correlation between the shutter aperture and the thermal 

power available at the focal point (named solar power input in the following) was established by 

calorimetry at different shutter openings under a direct normal irradiance (DNI) of 1000 W/m² 

(nominal power of 1.5 kWth at full shutter opening). 

 

2.1.2. Output flow, temperature, and pressure measurement devices 
 

The produced syngas was collected via an outlet alumina tube. It flowed through a long steel tube 

(ensuring a first cooling step), and then through a set including one bubbler (condensation of steam 

and char deposits) and two micro-filters in series (char deposits). A drying column (DRIERITE 

desiccant bed) was optionally added between the two filters. Finally, from the output stream, a 

constant sampling flow (1 NL/min) was pumped and analyzed by an online device (GEIT GAS 3100 

SYNGAS). The measurement of H2, CO, CO2, CH4, CnHm (calibrated with C3H8) and O2 flow rates 

was continuously performed, allowing an assessment of the gasifier performances. 

Temperatures were measured by B-type thermocouples. One was placed right against the external 

cavity wall surface, near the top of the conical piece (Twall), and one was shielded with alumina and 

placed at the center of the spout region (Tcavity). A third temperature measurement (Tpyro) was enabled 

thanks to a solar-blind pyrometer (wavelength 4.8-5.2 µm corresponding to a H2O absorption band), 

pointing down vertically through a CaF2 window and towards the cavity bottom. Furthermore, a 
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pressure measurement was performed right inside the cavity to monitor the proper evacuation of 

syngas and pumping was performed to maintain this pressure at around 0.87 bar. 

2.1.3. Calibration of the wood injection device and reproducibility test 
 

In our previous work [22], it was stated that altered syngas production rates could have been caused by 

a progressive decrease of the wood injection rate in the reactor. A new effort was thus undertaken to 

calibrate the screw driver, and provide more stable wood injection rates. It was decided to fill in the 

hopper with 150 g of wood particles before the beginning of experiments (instead of 30 g or 50 g in 

previous works), and to stop the injection after the distribution of ~100 g. This way, a stable flow rate 

of wood (1.2 g/min) could be maintained over more than 80 minutes, with a measured standard 

deviation of 0.064 g/min. Calibration and reproducibility tests were performed in a cold setup. Then, a 

dedicated reproducibility gasification experiment was done at 1300 °C (Figure 2, using nitrogen 

instead of argon with the same volume flow rates). Two consecutive injections of 1.2 g/min of wood 

and 0.2 g/min of steam were performed, and lasted 20 minutes each. When the reactants were injected, 

the solar power input was adjusted through the opening of the shutter obstructer, so that the 

temperature inside the cavity remained at 1300 °C. The temperatures Twall and Tpyro were recorded 

(Figure 2-a), as well as the main gases output flow rates and the solar power input (Figure 2-b). 

Between these two injection periods, the measured yields of H2, CO, CO2, and CH4 differed by only 

2.1%, 1.7%, 0.0%, and 3.4%, respectively. Syngas production was thus stable and results 

reproducibility was checked. Meanwhile, the average solar power required to maintain the cavity at 

constant temperature differed by only 1.1% (it equaled successively 1333 and 1348 W). This 

experimental series thus demonstrated the proper results reproducibility. It further confirmed that the 

biomass injection protocol is suitably mastered, as well as the temperature control method and the 

syngas composition measurement. 

 

 

Figure 2. Evolution of (a) reactor temperatures and (b) reactants and products flow rates along with input solar 

power during two injection periods with identical reactants flow rates (1.2 g/min wood + 0.2 g/min H2O). 

Finally, the calibration of the biomass feeding system was performed under various motor voltages 

(determining the rotation speed of the screw). Figure 3 shows the evolution of wood flow rates under 

voltages of 4.9, 7.2, and 9.6 V. In the time intervals delimited by squares, average flow rates of 0.76, 

1.18, and 1.72 g/min were achieved, respectively. It was noticed that the higher the voltage, the shorter 

the duration of stable injection (corresponding approximately in each case to the injection of 100 g) 

and the higher the standard deviation (that equaled 0.043, 0.064, and 0.098 g/min, respectively). 
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Thanks to these measurements, the wood injection rate could be suitably mastered during long 

gasification experiments. 

  

 

Figure 3. Evolution of wood flow rates under decreasing input voltages to the motor.  

 

2.2. Simulation at thermodynamic equilibrium 
 

Estimation of the reactor products outcome was performed with Python, using the open-source library 

CANTERA [35]. This library allowed to calculate the composition of multiphasic solid-gas mixtures 

at thermodynamic equilibrium, by minimizing the Gibbs’ free energy at given conditions of 

temperature and pressure. Thermodynamic properties were taken from CANTERA’s database, 

featuring the GRI-30 data for gases, and the graphite data for solid carbon particles. The same 

assumption for solid carbon phase was proposed and validated in [36]. The properties of wood were 

not available in CANTERA’s model. Instead, the atoms contained in the wood flow (C, H, O) were 

provided as C(s), H2 and O2 species to account for the initial elemental chemical composition of the 

system. 

In order to estimate the thermal power consumed by the overall reaction, the enthalpy of the reactants 

injected at room temperature and the enthalpy of the products streams at reactor temperature were 

calculated. The standard enthalpy of formation of the wood was deduced from its LHV (16.8 MJ/kg), 

that was measured by calorimetry on a dry basis, and equaled -178.9 kJ/mol. The enthalpy of the 

products was given by CANTERA at the cavity temperature. The pressure was set to 0.85 atm 

(atmospheric pressure at reactor location). The simulation of wood gasification at thermodynamic 

equilibrium could be performed as a function of the wood, H2O and O2 injection rates. An injection of 

argon sweep gas was also set, to account for the power required to heat it from room temperature to 

the cavity temperature. This mainly impacted the overall thermal power required to carry out the 

reaction. 

3. RESULTS AND DISCUSSION 

3.1. Mapping of reactor performances 
 

Thanks to the computational code written with CANTERA, a map of the products composition (Figure 

4) was plotted under constant biomass flow rate (1.2 g/min, wet basis) and temperature (1300 °C). The 

horizontal and vertical axes indicate the injection flow rates of liquid water and oxygen, respectively. 

The maximal values correspond to the maximal flow rates available in the experimental setup: 0.50 
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g/min of water (H2O:C = 0.76 mol/mol) and 0.50 NL/min of oxygen (O2:C = 0.50 mol/mol). A line 

(char limit) delimits the zone where char conversion is incomplete. Over the remaining domain, the 

lines of constant H2:CO molar ratio are depicted in Figure 4-a. Figure 4-b indicates the power 

consumed by the overall gasification reaction, based on the enthalpies of reaction computed with 

CANTERA (the heating of 2.7 NL/min of argon is included). Figure 4-c and Figure 4-d show the 

production rates of CO2 and H2O respectively, and Figure 4-e and Figure 4-f detail the production 

rates of H2 and CO respectively. 

 

 

 

 

Figure 4. Map of the reactor performances as a function of H2O and O2 injection rates, under constant temperature 

(1300 °C) and wood injection rate (1.2 g/min), according to thermodynamic equilibrium. 

Figure 4-a points out that the H2:CO ratio increases when water is added, and decreases when oxygen 

is added. The decrease of the H2:CO ratio is mainly due to the decrease of the H2 production rate 

(Figure 4-e), as it is consumed by oxy-combustion in priority. Meanwhile, the entire CO consumed by 

the addition of oxidants (oxy-combustion or water-gas shift) is converted into CO2: the variations 

shown in Figure 4-c and Figure 4-f are almost identical. The increase of the H2O production rate is 

caused by both the addition of oxygen (oxy-combustion of H2) and the injection of supplementary 

water. Figure 4-c and Figure 4-d also show that, at the limit of full char conversion, neither CO2 nor 

H2O are produced at all. Finally, Figure 4-b confirms that oxygen injection contributes to heat the 

reactor. The gain reported is found between 35.1 and 36.0 W per 0.1 NL/min of additional O2 injected. 

In counterpart, both 0.136 NL/min of H2 and 0.064 NL/min of CO are lost per 0.1 NL/min of O2 added 

(i.e., 2 moles of H2+CO per mole of O2). 
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This set of graphs is a powerful tool to design hybrid control strategies. Indeed, at a given flow rate of 

O2, the injection rate of H2O is a key parameter: reducing it allows to reduce the power required for the 

reaction (hybrid mode), in association with lower H2 production, whereas increasing it allows to 

enhance H2 production thanks to water-gas shift. Both approaches can be justified, depending on how 

the reactor is integrated inside a complete process. Besides, it appears that the sum of the H2 and CO 

volume flow rates does not depend on the addition of water, as seen in Figure 5. Between 0.0 NL/min 

and 0.5 NL/min of oxygen injected, the H2+CO volume flow rate decreases from 2.12 to 1.12 NL/min, 

showing that an addition of feedstock is required to maintain a constant H2+CO production. The 

injection of water in the gasifier just aims at maintaining a given H2:CO ratio at the exit of the reactor, 

at the cost of additional thermal power requirements. 

 

 

Figure 5. Map of the summed H2 and CO volume flow rates as a function of H2O and O2 injection rates, under a 

constant temperature (1300 °C) and wood injection rate (1.2 g/min), according to thermodynamic equilibrium. 

 

3.2. Allothermal-hybrid gasification under different steam flow rates 
 

The experimental validation of hybrid gasification strategies was carried out under a fixed cavity 

temperature. To overcome DNI variations and changes in reactants flow rates, the shutter obstructer 

was continuously monitored to control the solar power input entering the reactor cavity. Thus, Tcavity 

remained at 1300 °C ± 10 °C (like in Figure 2). This temperature was chosen based on a previous 

study showing improved performance compared to 1200 °C [22,37]. A record of the shutter aperture 

was kept, so the solar power input could be deduced at each instant (time-step of 3 s) and averaged 

over gasification periods. 

The hybridization of the spouted-bed gasifier by injecting oxygen and additional wood was already 

investigated in previous studies [19,22,38]. They showed a reactor cavity temperature maintained 

above 1300 °C, while the solar power input decreased by about 40% (from 1200 W to 700 W). In 

counterpart, the H2:CO molar ratio dropped below 1, the global syngas production was altered and the 

CO2 production rate was multiplied by 3. As stated previously [22], this decline of syngas production 

was partly due to decreasing wood injection rates with time. To tackle this issue, the experiment under 

direct solar heating was carried out again with the newly calibrated screw driver setup. The reactants 

flow rates are given in Table 1: injections #A and #B correspond to allothermal and hybrid gasification 

cases, and injections #C and #D are attempts to control the H2 production thanks to water steam 

addition. The Equivalence Ratio (ER, defined in Equation 8) during hybrid gasification equals 5.21. 

The durations of wood injection periods are given in Table 1 as well, not including ramp-up periods. 

Results are provided in Figure 6 (time evolution curves) and Figure 7 (bar charts with standard 

deviations). 
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                                                          (8) 

 

Along this series, the cavity temperature was successfully maintained at 1300 °C despite varying 

injection rates of reactants. In Figure 6, Tcavity remained between 1288 and 1312 °C during the entire 

allothermal-hybrid gasification run, with a standard deviation of 4.1 °C. Steady injection periods were 

characterized by plateauing temperature curves, and significant variations of Tcavity only occurred right 

after the changes of reactants flow rates. These changes also contributed to modify Twall and Tpyro 

values because of a different heating source: from full-solar to combustion-aided heating, the 

temperature of the reactor walls tended to decrease whereas temperature of the gas phase in the spout 

region was drastically increased. Finally, during steady operation, the input solar power kept on 

oscillating because of slightly varying wood injection flow rates. 

Table 1. Reactants flow rates during allothermal-hybrid gasification. 

Injection # Input H2O [g/min] Input O2 [NL/min] Input wood [g/min] Duration [min] 

A 0.2 0.00 1.2 12.7 

B 0.2 0.25 1.45 18.9 

C 0.3 0.25 1.45 7.4 

D 0.4 0.25 1.45 7.4 

 

 

 

Figure 6. Evolution of (a) reactor temperatures and (b) reactants and products flow rates along with input solar 

power during allothermal-hybrid gasification (see Table 1). 
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Figure 7. Averaged products flow rates and input solar power during allothermal-hybrid gasification. 

During injection #A, only wood (1.2 g/min) and water (0.2 g/min) were provided. The output flow 

rates of H2 and CO quickly reached 0.84 and 0.71 NL/min, while small productions of CO2 and CH4 

were settled (0.07 and 0.04 NL/min, respectively). Then, during injection #B, oxygen (0.25 NL/min) 

was added along with a supplemental flow of wood (0.25 g/min). Oxy-combustion led to an increase 

of the mean CO2 production rate (reaching 0.16 NL/min), but decent production rates of H2 and CO 

were maintained thanks to the addition of wood. Even though the H2:CO ratio was decreased below 1 

(decreasing from 1.19 during allothermal to 0.84 during hybrid operation), the sum of the H2 and CO 

flow rates remained equal to 1.6 NL/min. Meanwhile, the averaged solar power input was decreased 

from 1290 to 1180 W thanks to in-situ combustion: this gain was lower than the one reported in 

previous studies, because the quantity of wood injected was well maintained to its setpoint flow rate. 

The temperature of the reactor wall decreased with oxygen injection, because direct solar heating was 

partly replaced with in-situ oxy-combustion, directly heating the reaction volume. 

During the last two injections (injection #C and #D), the water flow rate was increased (to 0.3 and 0.4 

g/min) to improve the H2:CO ratio again despite hybridization. This resulted in an increase of the H2 

production rate (from 0.75 NL/min during injection #B to 0.81 NL/min during injection #D), but it 

was insufficient to reach a H2:CO ratio above 1. More water should have been injected, but water 

addition tended to highly penalize the thermal performance of the reactor. At a certain point, hybrid 

gasification did not allow to reduce the solar power input anymore. Similar thermal powers were 

required between injections #A and #D (1300 W and 1290 W respectively) to keep the cavity 

temperature at 1300°C, while thermodynamic equilibrium showed that a 40 W gain was possible 

between those operating points. In other words, the decrease of the temperature caused by a reduction 

of solar power input could not be compensated by the addition of O2. 

The mismatch between syngas composition control (through additional injection of H2O) and proper 

heating of the reactor, which was already shown in Figure 4, was therefore clearly illustrated. This 

path consisting of the addition of steam while maintaining constant both oxygen and biomass injection 

rates (denoted as path #0 in the following) enabled to increase the production of H2, but was unsuitable 

to operate under a reduced solar power input during SAHG.  

 

3.3. Theoretical impact of water injection rates throughout solar-

autothermal hybridization 
 

The allothermal-hybrid runs studied above highlighted the need to find a compromise between syngas 

quality and thermal performances. Thermal power is consumed to heat and vaporize the provided 
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water, making the reactor heating less efficient. On the contrary, low water injection rates may enable 

improved thermal performance at the cost of an altered syngas quality. Distinct hybridization 

strategies were designed using the diagram given in Figure 4-a. Depending on whether the H2:CO ratio 

was to be controlled or not, several paths could be drawn, starting from allothermal gasification (1.2 

g/min wood and 0.2 g/min water) and following various trajectories with O2 addition. Two paths are 

detailed below and illustrated in Table 2: 

 In path #1, the water input flow rate was increased along with O2 injection flow rate to follow 

a line of constant H2:CO ratio, in order to stabilize the syngas composition; 

 In path #2, the water input flow rate was minimized while O2 was injected, to reduce the 

quantity of reactants required and ensure more efficient heating. 

 

Table 2. Description of two hybridization paths in the diagram of Figure 4-a. 

 Illustration Path goal 

Path #1 

 

 

Control the quality of 

syngas at all costs 

Path #2 

 

 

Minimize the 

quantity of water 

injected 

 

A calculation case was computed at thermodynamic equilibrium, under a 1.2 g/min flow rate of 

biomass, to assess the performances of both hybridization strategies. In Table 3, the point 

corresponding to allothermal gasification (injection #A) was compared with the points corresponding 

to hybrid gasification with a 0.5 NL/min flow rate of O2 (red crosses in Table 2). This flow rate of O2 

is the maximal one reachable with the experimental setup. It corresponds to an ER of 2.15 (feedstock 

injection rate of 1.2 g/min). Following path #1, 1.02 g/min of water must be injected in addition to the 

0.5 NL/min of O2 to maintain the H2:CO ratio to the value of allothermal gasification (1.18 mol/mol). 

This results in higher H2 and CO productions than following path #2, at the expense of higher CO2 

production (0.48 NL/min instead of 0.30 NL/min) and output steam flow rate (1.62 NL/min instead of 

0.53 NL/min). Water injection in path #1 significantly increases the steam concentration inside the 

reactor, facilitating the char gasification over its partial combustion and favoring the water-gas shift 

reaction (Equation 6), even if only a small fraction of H2O is actually consumed by the overall 

reaction. The heating and evaporation of water however drain heat, so the total power required to 

reach thermodynamic equilibrium at 1300 °C is higher in path #1 (129 W) than in path #2 (43 W). 

Both values are found below the one required during allothermal gasification (237 W), thanks to the 

heat provided by oxy-combustion inside the reactor. Besides, the LHV of the produced dry syngas is 

divided by two between allothermal and hybrid gasification (8.0 MJ/kg following path #1 and 9.0 

MJ/kg following path #2, instead of 18.2 MJ/kg during allothermal gasification). The choice of an 
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optimization strategy therefore impacts the H2:CO ratio much more than the LHV of the produced 

syngas. 

Table 3. Theoretical outcomes of paths #1 and #2, under constant biomass flow rate (1.2 g/min), compared with 

allothermal operation, all calculated at thermodynamic equilibrium. 

 Allothermal gasification Path #1, 0.5 NL/min O2 Path #2, 0.5 NL/min O2 

Water injected [g/min] 0.2 1.02 0.0 

H2 production [NL/min] 1.15 0.61 (-47%) 0.43 (-63%) 

CO production [NL/min] 0.98 0.52 (-47%) 0.70 (-29%) 

CO2 production [NL/min] 0.02 0.48 0.30 

Steam output [NL/min] 0.06 1.62 0.53 

H2:CO ratio [mol/mol] 1.18 1.18 0.62 

Syngas LHV (dry) [MJ/kg] 18.2 8.0 9.0 

Power required [W] 237 129 (-46%) 43 (-82%) 

 

3.4. Experimental validation of increased or minimized water 

injection rates throughout solar-autothermal hybridization 
 

This section deals with the control strategies of paths #1 and #2. For each one of them, four conditions 

of reactants injection were performed under constant wood flow rate (1.2 g/min). Each injection period 

lasted between 15 and 20 minutes, in order to properly reach steady state and to limit the uncertainty 

linked to the variations of solar power input. Between the injection periods, oxidants were still 

provided until the H2 and CO flow rates decreased back to quasi-null values (to ascertain that char was 

totally consumed). The results from the first injection of path #1, which characterize the reference case 

of allothermal steam gasification, were used as the first injection of path #2. All the oxidants flow 

rates are given in Table 4. The main results are summarized in Figure 8 (time evolution curves 

following path #1), Figure 9 (time evolution curves following path #2), and Figure 10 (bar charts with 

standard deviations). 

 

Table 4. Reactants flow rates during paths #1 and #2. 

 Path #1 Path #2 

Injection 

# 

Input 

wood 

[g/min] 

Input 

H2O 

[g/min] 

Input O2 

[NL/min] 

Duration 

[min] 

Input 

wood 

[g/min] 

Input 

H2O 

[g/min] 

Input O2 

[NL/min] 

Duration 

[min] 

A 1.2 0.2 0.00 14.2 1.2 0.2 0.00 14.2 

B 1.2 0.3 0.08 17.6 1.2 0.1 0.08 13.8 

C 1.2 0.4 0.15 17.1 1.2 0.0 0.15 15.4 

D 1.2 0.5 0.23 16.9 1.2 0.0 0.30 16.1 
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Figure 8. Evolution of (a) reactor temperatures and (b) reactants and products flow rates along with input solar 

power during gasification with controlled H2:CO ratio (path #1, see Table 4). 

 

 

Figure 9. Evolution of (a) reactor temperatures and (b) reactants and products flow rates along with input solar 

power during gasification with minimized H2O injection rate (path #2, see Table 4). 
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Figure 10. Averaged products flow rates and input solar power following (a) path #1 and (b) path #2. 

Path #1 aimed to maintain the H2:CO ratio constant while increasing both H2O and O2 injection rates. 

Figure 10-a shows that, by following path #1, the H2:CO ratio could be maintained above 1 despite 

oxygen injection. The ER for injections #B to #D was respectively 13.5, 7.18, and 4.68. The averaged 

H2 flow rate only decreased from 0.93 to 0.81 NL/min between injection #A and #D. Meanwhile, the 

averaged CO2 flow rate increased from 0.06 to 0.22 NL/min because of oxy-combustion occurring 

inside the reactor. These attractive results, however, came with low thermal benefit: a gain of ~100 W 

in the required solar power input was observed between injections #A and #B, and then no significant 

decrease of the required solar power (to maintain the temperature at 1300°C) was noticed between 

injections #B and #D (Figure 10-a). The data available for injection #C suffered from a high 

uncertainty, as difficulties were encountered to properly maintain Tcavity at 1300 °C. As the power 

produced by combustion was partly consumed by the water evaporation and heating, controlling the 

H2:CO ratio directly inside the reactor via steam addition did not seem to be promising enough in such 

conditions. Thermodynamics indeed showed that the exothermal reaction of water-gas shift (Equation 

6) favored the production of H2 only at low temperatures (< 800 °C) [39], which explains why such 

high quantities of water had to be provided at 1300 °C. 

In Figure 9 (path #2), opposite trends are exhibited. Indeed, path #2 consisted in increasing the O2 

injection while decreasing steam for more efficient heating at the expense of lower H2:CO ratio. The 

ER for injections #B to #D was respectively 13.5, 7.18, and 3.59. When oxygen was injected, the H2 

flow rate consistently decreased from 0.93 to 0.49 NL/min. As a result, the H2:CO ratio dropped from 

1.32 to 0.74. The productions of CO2 were lower than the ones observed following path #1 because of 

lower H2O injection rates (0.19 NL/min of CO2 emitted for 0.30 NL/min of O2 injected versus 0.22 

NL/min of CO2 for 0.23 NL/min of O2 injected in path #1). Meanwhile, a steadier decrease of the 
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required solar power for maintaining the cavity temperature constant was observed, especially between 

injections #A, #B, and #C. The gain reached ~190 W (Figure 10-b), which was favored by the 

reduction of the water injection rate. The gain between injections #C and #D was less significant, 

because no decrease of the water flow rate occurred (input H2O flow rate was zero in both conditions). 

The interest of minimizing the H2O injection rate was thus demonstrated in terms of thermal 

performance (i.e., decrease of the required solar power for operation at a constant temperature) and 

CO2 emissions, but it came with a drastic decrease of both the hydrogen production and the H2:CO 

ratio. 

 

3.5. Adjustment of both oxygen and wood injection rates under 

constant steam flow rate 
 

In the previous section, it was shown that a decrease of the H2:CO ratio would occur during 

hybridization unless high quantities of water are provided. The decrease of hydrogen production might 

thus be compensated by increasing the wood injection rate, even though the H2:CO ratio keeps on 

decreasing because of oxy-combustion. An adjustment of the wood feeding rate upon increasing 

oxygen flow rate was therefore performed while the water injection rate was maintained constant 

(Table 5). This strategy was denoted as path #3. It differed from path #0, in which water was 

increasingly added while both O2 and biomass were kept constant. It also differed from paths #1 and 

#2, as these did not feature varying biomass feeding rates. Based on thermodynamic calculations, the 

wood and O2 input flow rates were chosen to maintain the H2+CO volume flow rate constant (in the 

range 1.11-1.13 NL/min), while the water injection rate always equaled 0.1 g/min. This way, high-

enough amounts of gas were supposed to be available to achieve a constant production of both H2 and 

CO thanks to a downstream water-gas shift unit. The calorific value of the syngas, given as the power 

available by burning the output flow, was also kept stable (in the range 215-222 W), because of 

similar H2 and CO molar lower heating values (Equations 3 and 4). 

To achieve the objective stated above, the wood feeding rate was increased from 0.63 to 1.2 g/min 

while the O2 flow rate was increased from 0.0 to 0.5 NL/min. The inlet O2:C molar ratios were 

comparable to those studied in [22], as they reached 0.50 mol/mol for injection #F. The ER for 

injections #B to #F was respectively 10.5, 5.39, 3.59, 2.69, and 2.15. Six conditions of reactants 

injection each lasting between 10 and 12 minutes were performed consecutively, without any 

interruption between each other. The obtained time evolution curves of output gases flow rates and 

solar power input are provided in Figure 11. The measured temperatures are provided as well, showing 

particularly high values for Tpyro at high O2:C ratios, when compared with previous series due to the 

more pronounced effect of combustion.

Table 5. Reactants flow rates and thermodynamic equilibrium predictions during gasification with controlled H2+CO 

volume flow rate (path #3). 

Injection 

# 

Input 

H2O 

[g/min] 

Input O2 

[NL/min] 

Input 

wood 

[g/min] 

Duration 

[min] 

Output H2 

[NL/min] 

Output 

CO 

[NL/min] 

H2+CO 

[NL/min] 

Gas 

combustion 

power [W] 

A 0.1 0.00 0.63 9.6 0.60 0.51 1.11 215 

B 0.1 0.06 0.70 10.8 0.57 0.54 1.11 217 

C 0.1 0.13 0.78 11.4 0.55 0.57 1.12 218 

D 0.1 0.22 0.88 12.2 0.51 0.60 1.11 219 

E 0.1 0.34 1.02 10.0 0.49 0.64 1.13 221 

F 0.1 0.50 1.20 10.3 0.45 0.67 1.12 222 
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The averaged H2, CO, CO2, and CH4 volume flow rates are plotted in Figure 12, as well as the solar 

power input required for each injection condition. The productions estimated at thermodynamic 

equilibrium are shown as well for the sake of comparison. This revealed that the H2 and CO outcomes 

were overestimated at low injection rates, while the CO2 production rate was perfectly predicted. The 

standard deviation of both the output flow rates and the solar power recordings were rather low, as the 

very progressive variations of the injection rates made the control of temperature easier. 

 

 

Figure 11. Evolution of (a) reactor temperatures and (b) reactants and products flow rates along with input solar 

power during gasification with controlled H2+CO volume flow rate (path #3, see Table 5).  

 

 

Figure 12. Averaged products flow rates, thermodynamic equilibrium predictions, and input solar power during 

gasification with controlled H2+CO volume flow rate (path #3). 

As expected, the H2:CO ratio decreased during hybridization (from 1.25 to 0.72). As observed in 

Figure 11, the CO production increased strongly (rising from 0.34 to 0.70 NL/min) thanks to the 

addition of wood, and so did the CO2 production because of injected O2. Meanwhile, the H2 

production rate remained between 0.40 and 0.58 NL/min, while following a slight increase. As a 

result, the sum of H2 and CO volume flow rates did not decrease during hybridization as it did in paths 

#1 and #2. Its average value even increased despite oxygen injection, from 0.78 to 1.20 NL/min 

(Figure 12). This unexpected growth was caused by a gap between thermodynamic equilibrium 

modelling and experimental results, especially under low wood feeding rates. Indeed, the overall 
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conversion of wood is favored by high input flow rates [40], as it enables the formation of a thick-

enough bed of solid particles and thus a better circulation within the reactor and an efficient absorption 

of heat. Through a better prediction of the reactor outcome, which would imply further modelling of 

the reactor hydrodynamics, the H2+CO production rate could hence be properly controlled despite 

oxygen injection. 

Meanwhile, it was observed that the solar power required to maintain a constant cavity temperature 

decreased gradually. A total gain of 200 W was reported between injections #A and #F, with values 

decreasing from 1070 to 870 W (injection #F: conversion of 1.2 g/min of wood aided by 0.5 NL/min 

of O2). Such results were promising, as they proved that the adjustment of the wood injection rate 

during hybridization was compatible with an efficient and progressive heating of the reactor cavity. 

Therefore, hybridization based on a dynamic control of wood and oxygen injection must be feasible in 

a combustion-aided hybrid solar gasifier, without seeking to maintain a constant H2:CO ratio [41]. 

Both the total syngas output (sum of H2 and CO flow rates) and the syngas calorific value (power 

available from syngas combustion) can be maintained constant throughout the day. 

 

3.6. Overview of thermochemical performance trends 
 

Three main thermochemical performance indicators were determined [21]. The carbon-conversion 

efficiency (CCE, Equation 9) quantifies the fraction of carbon atoms (contained in wood feedstock) 

converted into syngas components (mainly CO, CO2, and CH4). C2Hm species were not included in the 

calculation, which may lead to slightly underestimate the CCE values. This efficiency still reached 

values above 90% in certain cases, when high enough oxidizing agents were injected. The cold-gas 

efficiency (CGE, Equation 10) is the ratio between the energy output (cold syngas) and the energy 

input (feedstock). As in the CCE calculation, C2Hm hydrocarbons were not considered. Thus, due to 

the high heating values of these hydrocarbons, the CGE was underestimated by up to 12% [31]. 

Finally, the solar-to-fuel efficiency (SFE, Equation 11) was assessed based on the energy content of 

cold biomass and syngas, as well as the solar energy absorbed by the reactor during gasification.  
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In these three efficiency calculations, the considered dry wood molecules were represented by the raw 

formula CH1.66O0.69 (Equation 1). The masses    indicate the total masses (kg) of reactants injected 

during gasification, or the masses of products measured during the same periods. The      values are 

given in J/kg. Finally,        indicates the solar energy (in J) that entered the reactor during the 

gasification period. The solar energy input at thermal equilibrium (steady-state temperature) is 

dispatched into the useful energy available for the gasification reaction (including reactants heating 

and reaction enthalpy) and thermal losses. For instance, in the case of solar gasification (allothermal) 

of 1.2 g/min of biomass at 1300°C, the solar energy input was 1.31 MJ, and 21% of this input was 

used for the reaction as useful energy. The remaining corresponded to thermal losses including 

radiative, conductive and convective heat losses (a representative energy loss distribution was detailed 

in [20]). 
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An overview of the performance assessment is provided in Figure 13. In the four graphs corresponding 

to the four allothermal-hybrid series (paths #0, #1, #2, and #3), efficiencies are provided for each 

injection condition. The values of the CCE ranged between 0.64 and 0.93. They tended to increase 

with the addition of oxidants in the reactor. Because of limiting kinetics, the more H2O and O2 were 

injected, the better the biomass was converted. The lowest values were obtained during allothermal 

gasification, under 1.2 g/min of wood and 0.2 g/min of H2O (CCE = 0.68, injection A of paths #1 and 

#2) or under 0.63 g/min of wood and 0.1 g/min of H2O (CCE = 0.64 , injection A of path #3). 

CGE values ranged between 0.69 and 1.00, and tended to decrease with high O2 flow rates. In Figure 

13-b, Figure 13-c, and Figure 13-d, they reached 0.9 and then systematically decreased after injection 

#B. The CGE did not go below 0.8 following path #1, thanks to the gradual injection of water to 

maintain a constant H2:CO ratio. It, however, decreased below 0.7 following paths #2 and #3 because 

of downgraded syngas quality: at a biomass flow rate of 1.2 g/min, similar values were found at 0.0 

g/min of H2O + 0.3 g/min of O2 (CGE = 0.69), and at 0.1 g/min of H2O + 0.5 g/min of O2 (CGE = 

0.70).  

Finally, the SFE values varied around 20%, even if slightly lower values were found at low wood 

injection rates. A higher SFE value means a better utilization of the solar energy and biomass 

resources to produce a given amount of syngas. Accordingly in Figure 13-d, the CGE decreased 

because of the injection of oxygen whereas the SFE increased as the biomass injection rate increased, 

thus denoting a higher solar energy conversion into products. A minimal SFE value of 13% was found 

during the allothermal gasification of 0.63 g/min of wood (injection #A of path #3), because of an 

under-utilization of the solar reactor capacity. This result raised the issue of reactor dimensioning: a 

strategy such as the one followed in path #3, with lower biomass injection rates during allothermal 

gasification than during hybrid gasification, could impeach the optimal exploitation of the available 

solar power because of insufficient injection rates of wood. In path #2, a gradual decrease of the SFE 

from 19% to 16% was also noticed because of reduced H2O injection rates, which shows the interest 

of not totally stopping water injection during hybridization for global performance purpose. 
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Figure 13. Thermochemical reactor efficiencies during solar allothermal-hybrid operation following: (a) path #0, (b) 

path #1, (c) path #2, and (d) path #3 gasification series. 

 

 

4. CONCLUSION 
 

The operational feasibility of the solar biomass conversion process through partial oxy-combustion of 

the feedstock to control the gasification temperature was studied. The control of a spouted-bed SAHG 

reactor under decreasing solar power was done following different hybridization strategies: 

 The mere addition of oxygen (0.25 NL/min) and wood (0.25 g/min) allowed to compensate for 

a solar power decrease from 1290 to 1180 W during hybridization (-8.5%), while maintaining 

a SFE higher than 20% and a CGE higher than 90% (path #0). 

 Supplemental addition of water during hybridization enabled to control the H2:CO molar ratio 

inside the reactor, but could be detrimental because of a higher solar power demand, important 

biomass and H2O resource requirements, and elevated CO2 production rates (path #0 and path 

#1). 

 Contrarily, minimizing the water injection rate resulted in an efficient reactor heating, 

counterbalanced by a drop of the H2:CO ratio from 1.32 to 0.74 and a gradual decrease of both 

the CGE and the SFE (path #2). The solar power required to maintain the cavity at 1300 °C 

decreased from 1240 to 1050 W (-15.3%, at 0.3 NL/min of O2 injected), while it decreased 

from 1240 to 1120 W (-9.7%, at 0.23 NL/min of O2 injected) when the H2:CO ratio was 

maintained constant. 
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 Finally, it was shown that increasing both biomass and oxygen feeding rates under constant 

steam input was suitable to prevent the decrease of the syngas production output (H2+CO 

volume flow-rate) due to in-situ combustion (path #3). Increasing H2 and CO productions 

were even observed, and a 200 W gain was reported (from 1070 to 870 W, -18.7%, at 0.5 

NL/min of O2 injected) regarding the solar power input required to maintain the cavity 

temperature at 1300 °C. The increase of the wood injection rate was therefore compatible with 

a performant heating of the gasifier during hybridization. 

Hybrid gasification is thus useful for achieving stable process operation upon fluctuating solar power 

input. In-situ water-gas shift via steam addition is still hardly viable, when compared with a strategy 

aiming at maintaining a constant H2+CO production (leaving the control of H2:CO ratio to a downflow 

shift unit), or a constant syngas calorific value (i.e. constant available power from syngas combustion). 

These experimental results were obtained with a small-scale reactor. Thermochemical performances 

reported here can thus be hardly extrapolated towards industrial scale. Still, the results on syngas 

composition can be further exploited (e.g. design of new kinetic models for hybridized gasifiers), as 

they cover a wide range of H2O and O2 injection rates. They confirm that spouted-bed reactors are 

good candidates for SAHG, as they can operate under both solar and combustion-aided heating. They 

can accommodate hybrid operation over a wide range of biomass, water and oxygen input flow rates, 

which is attractive for the development of efficient hybridization strategies applied to solar 

thermochemical gasification processes. 

NOMENCLATURE 
Abbreviations 

 CCE  Carbon Conversion Efficiency 

 CGE  Cold-Gas Efficiency 

 DNI  Direct Normal Irradiance (W/m²) 

 IGCC   Integrated Gasification Combined Cycle 

 LHV  Lower Heating Value (J/kg) 

 SAHG  Solar-Autothermal Hybrid Gasification 

 SFE  Solar-to-Fuel Efficiency 

 TE  Thermodynamic Equilibrium 

Physical variables 

 Ci Molar amount of carbon atoms in species i 

 ΔH° Standard enthalpy of reaction (J/mol) 

 LHVi Lower heating value of species i (J/kg) 

 mi Mass of the species i produced or consumed during gasification (kg) 

 ni Molar amount of species i produced or consumed during gasification 

 Qsolar Solar energy received during gasification (J) 
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