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Abstract. Steam gasification of biomass was experimentally investigated with different lignocellulosic biomass feedstocks 
in a 1.5 kWth continuous particle-fed solar-irradiated gasifier at high temperatures (1100-1300 °C) utilizing highly 
concentrated sunlight as process heat source, demonstrating the conversion of intermittent solar energy and biomass into 
synthesis gas without CO2 emissions. Forty-nine on-sun experiments were performed in order to study the effect of process 
parameters (biomass feeding rate, temperature, biomass composition) on syngas production yield, biomass gasification rate 
(carbon conversion rate), and reactor performance. As a result, syngas yield, composition (quality), biomass gasification 
rate, and reactor performance increase significantly with both the biomass feeding rate and temperature because both 
biomass consumption rates and reaction kinetics are enhanced. However, the performance outputs are reduced when 
biomass feeding rate exceeds its optimal feeding point. The reactor temperature of 1300°C is recommended to operate 
reliably the solar biomass gasifier with the considered biomass particle size range (0.3-4 mm) in a continuous feeding mode 
with complete biomass conversion, as verified by the carbon consumption rate that matches closely the carbon feeding rate. 
By optimizing biomass feeding rate consistently with operating temperature, the calorific value of the biomass feedstock 
is solar upgraded by 24% with carbon conversion extent above 90% and solar-to-fuel energy conversion efficiency up to 
29%. 

INTRODUCTION 

Biomass and solar energy are promising sustainable renewable energy resources. Both of them can be well 
integrated via solar-driven gasification of biomass to convert solar energy and biomass into synthesis gas (syngas) 
[1,2]. The ideal stoichiometric steam-based gasification reaction of solid carbonaceous feedstock to syngas is written 
as:  

(1) 

Biomass feeding rate plays a significant role on the performance of the solar-driven biomass gasification process 
when dealing with a continuously fed solar reactor [3–5]. Increasing the biomass feeding rate is profitable for 
increasing syngas production capacity; however, excessively high biomass feeding rate may cause the incomplete 
biomass gasification, which in turn results in lower quality syngas and downgraded reactor performance, and possibly 
leads to the solid reactant accumulation inside the reactor cavity. The optimum mass flow rate of continuously-fed 
reactants needs to be determined for appropriate reactor operation. Indeed, for a given solar power input absorbed by 
the reactor, it can be anticipated that low feedstock flow rates will result in complete conversion but limited syngas 
production, whereas excessive flow rates result in solid reactant accumulation and temperature decrease because of 
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insufficient energy input. In both cases, the thermochemical reactor efficiency should not be optimal and therefore 
proper operating conditions need to be identified for maximizing the solar-to-chemical energy conversion efficiency, 
as the ultimate objective. The reactant feeding rate must closely match the rate of the gasification reaction. A trade-
off thus exists between maximum allowable amount of injected feedstock and maximum chemical conversion to 
syngas. This trade-off can be addressed by optimizing the solar thermochemical efficiency of the reactor. Hence, 
optimization of the reactor performance by experimentally investigating the influence of biomass feeding rate with 
various carbonaceous feedstocks needs to be demonstrated. 

In the present work, the aim was to experimentally investigate the effect of main process parameters including 
biomass feeding rate on syngas production yield, biomass gasification rate, and reactor performance in a 1.5 kWth 
continuous particle-fed solar-irradiated gasifier designed on the basis of a spouted bed concept, which displays both 
enhanced heat and mass transfer and high solid residence time [4]. On-sun experiments were carried out with various 
biomass feedstocks at different biomass feeding rates up to 2.7 g/min at temperatures of 1100, 1200, and 1300 °C in 
order to identify the optimum biomass feeding rate with respect to maximum syngas production, composition 
(quality), and reactor performance at the considered temperatures, and insights into the process parameters effect on 
biomass gasification rate are also emphasized. 

EXPERIMENTAL SETUP AND METHODS�

Fig.1 shows the operating principle of the steam gasification of biomass in the prototype continuous solar gasifier 
driven by highly concentrated sunlight, delivered by a 2 m-diameter parabolic concentrator located above the reactor, 
with a solar concentration ratio up to 10,551 suns (0.85 m focal distance, peak flux density of ~10.5 MW/m2 for a 
Direct Normal Irradiation DNI of 1 kW/m2). More details on this solar reactor concept and design have been reported 
previously [3]. Three pressure sensors are employed to measure the pressure in the window area (P1), reactor cavity 
(P2), and hopper (P3), and three temperature measurements (B-type thermocouples) are installed inside the cavity (T1 
and T3) and external cavity wall surface (T2). A solar-blind pyrometer placed at the center of the facedown parabolic 
concentrator also measures the temperature inside the cavity receiver to compare with T1 and T3. 

  
FIGURE 1. Photograph (left) and schematic illustration (right) of the steam gasification of biomass in a 1.5 kWth prototype 

continuous solar reactor driven by real high-flux solar radiation 
 

Five types of biomass feedstocks with different particle sizes (0.3-4 mm, Table 1) were prepared. Biomass 
feedstock (30 g) was subsequently loaded into the hopper, and the particle delivery system was then placed into the 
reactor injection port (Fig.1).  The reactor was solar-heated to the desired temperature ranging from 1100 to 1300 °C. 
During reactor heating, Ar protective gas flows were supplied for protecting the window (2 Nl/min) and preventing 
the back-flow of hot gases through the screw path (0.5 Nl/min). Once the targeted temperature was stabilized, the 
steam was first supplied to the cavity receiver along with Ar carrier gas (0.2 Nl/min), and biomass was subsequently 
fed into the cavity in a continuous mode. Note that water was vaporized by the solar heat before entering the cavity 
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and was then entrained by the Ar flow at the tip of the cone, thus providing continuous steam flow inside the reactor. 
The steam/biomass ratio was kept constant at a slightly over-stoichiometric ratio (10% of excess water) by referring 
to Fig. 2 for any biomass feeding rates. This ratio was chosen to achieve complete gasification of the biomass whereas 
larger excess water would rather favor the water-gas shift reaction, according to previous experimental study [6]. The 
stoichiometric ratio ((x-z) in Eq. 1) depends on the type of biomass (chemical composition given in Table 1), and the 
theoretical H2O/biomass stoichiometric molar ratio is two for biomass types A, B, and C and three for biomass types 
D and E, according to Eq. (1).  

 
TABLE 1 Characteristics, ultimate and proximate analyses of the different feedstocks used for the experiments 

Type Biomass 
specie 

Low 
heating 
value 

(MJ/kg) 

Mean 
particle 

size 
(mm) 

Apparent 
density 
(g/cm3) 

Proximate analysis 
(wt %) 

Ultimate analysis 
(wt %) 

Moisture Ash C H O S N 

Type A Beech 
(C6H9O4) 18.29 1 0.201 8.9 0.46 48.3 6.7 44.4 <0.1 0.11 

Type B Beech 
(C6H9O4) 18.38 4 0.222 8.9 0.57 48.5 6.7 44.1 <0.1 0.11 

Type C Resinous mix 
(C6H11O4) 17.66 0.55 0.194 7.3 0.46 49.9 7.1 42.4 <0.1 0.12 

Type D Resinous mix 
(C7H11O4) 18.3 0.3 0.140 9.3 0.29 52.8 7.1 40.7 <0.1 0.14 

Type E Resinous mix 
(C7H11O4) 17.4 2 0.124 9.2 0.28 52.3 7.2 40.1 <0.1 0.09 

 
FIGURE 2. Relation between the mass flow rates of steam and biomass feedstocks for a stoichiometric steam/biomass 

ratio (accounting for the moisture content in the feedstock)  
 

The produced syngas exits the reactor outlet and continuously flows through a gas washing unit (scrubber) 
comprising a bubbler and two micro-filters to remove unconverted water and entrained char particles, respectively. 
Product gas species (H2, CO, CO2, CH4) are then analyzed by an on-line syngas analyzer; meanwhile, a small stream 
of product gases is diverted to a gas chromatograph (GC) for chemical analysis every 2 min. The GC is also used to 
quantify the amount of secondary non-condensable hydrocarbons, including mainly C2H2 and C2H4 (total amount 
noted as C2Hm). The syngas yields (mmole per gram dry biomass, mmol/gbiomass) are calculated by time integration of 
the syngas production rates over the experiment duration. The solar-to-fuel energy conversion efficiency, energy 
upgrade factor, carbon conversion, and thermochemical reactor efficiency are calculated to report the reactor 
performance during continuous solar steam gasification of biomass. 

The solar-to-fuel energy conversion efficiency ( ) is defined as the ratio of the chemical energy of 
the syngas produced to the total energy input, which is the summation of the solar power input and the lower heating 
value of the feedstock: 
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        (2) 

Where LHVsyngas and LHVfeedstock are the lower heating values (J/kg),  and  are the mass flow 
rates (kg/s) of syngas products and biomass feedstock, respectively, and  is the solar power input (W).  

The energy upgrade factor (U) is calculated by the ratio of the energy content of the chemical products to that of 
the processed biomass feedstock: 

          (3) 

The carbon conversion (XC) is defined as the ratio of the carbon yield in the syngas to the initial amount of carbon 
in the biomass feedstock (Fi represents the molar flow rate of species i, mol/s): 
     

   (4) 

 
The thermochemical reactor efficiency represents the ratio of solar energy absorbed by the reactor that is used for 

driving the chemical reaction (reaction enthalpy) and for heating the steam, inert gas and solid reactant: 
 

     (5) 
 

For this study, 49 on-sun runs have been successfully performed to gain insights into process parameters influence 
(biomass feeding rate, temperatures) on performance outputs. 

RESULTS AND DISCUSSION 

Syngas Production Yield 

H2, CO, CO2, CH4 and C2Hm yields as a function of biomass feeding rate ( feedstock) for biomass type A, B, C, D, 
and E at 1100, 1200, and 1300 °C are shown separately in Fig. 3. Syngas yields were determined in the feedstock ranges 
of 0.8-1.5 g/min at 1100 °C, 0.6-2.2 g/min at 1200 °C, and 0.8-2.7 g/min at 1300 °C. At 1100 °C, the lowest H2 and 
CO yields and the highest CO2, CH4, and C2Hm yields were observed, resulting from low gasification kinetics 
evidenced by the presence of pyrolytic gases in previous study [7]. As a result, the maximum feedstock can only reach 
1.5 g/min, and no optimal feedstock could be identified at this temperature. At 1200 °C, feedstock was increased up to 
2.2 g/min, and all gas yields rose with increasing feedstock. When compared to 1100 °C, H2 (Fig .3a) and CO (Fig. 3b) 
yields at 1200 °C were higher while CO2, CH4 and C2Hm yields were lower as a result of the improved kinetics of 
gasification, e.g. char gasification (C+H2O CO+H2) and methane reforming (CH4+H2O CO+3H2). At this 
temperature, the feedstock of biomass type C reached its optimal point at 2.2 g/min (reflected by a stable pattern in H2, 
a slight decrease in CO, and a significant increase in CO2, CH4, and C2Hm). At 1300 °C, the highest H2 and CO yields 
and the lowest CO2, CH4, and C2Hm yields were noticed, demonstrating the highest syngas quality as well as syngas 
yield at this temperature. Moreover, the optimal feedstock of biomass type A was approached, as evidenced by stable 
H2 and CO yields at 2.5-2.7 g/min, while that of biomass type C and biomass type D were determined to be 2.5 and 
1.8 g/min, respectively. For example, the H2 and CO yields for biomass type C reached the maximum value of 39.2 
and 29.1 mmol/gbiomass at 2.5 g/min and then reduced to 37.6 and 27.9 mmol/gbiomass, respectively, at 2.7 g/min, while 
the amounts of CO2, CH4, and C2Hm for biomass type C reached the maximum value of 4.0, 3.2, and 1.4 mmol/gbiomass, 
respectively, at 2.7 g/min, thus confirming the optimal feeding rate at 2.5 g/min. However, the optimum feeding point 
could not be found for the other biomass types due to the limitation of the maximum feeding rate. Trends of H2 yield 
between biomass types A and B and between biomass types D and E for any temperatures were not significantly 
different as a result of their similar initial chemical composition (Table 1). The H2 yields for biomass types D and E 
were considerably higher than for the other types owing to their higher initial hydrogen content (Table 1) while the 
trends of CO for each biomass were similar. In addition, smaller particle size showed a positive effect on syngas yield 
resulting from enhanced heat and mass transfer rates [8–10]. However, their compared trends (type A vs. type B, and 
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type D vs. type E) remained similar. Hence, the biomass type (composition) showed more significant influence on 
syngas yield than the biomass particle size in the considered size range (0.3-4 mm). In summary, increasing the 

feedstock enhanced syngas yield, at the expense of an increase in CO2, CH4, and C2Hm yields due to a lowered gas 
residence time, thereby showing adverse impact on syngas quality. This issue can be tackled by increasing the 
temperature to enhance the reaction kinetics, which in turn increases biomass consumption and syngas quality. 
However, exceeding an optimal feedstock point led to a reduction in syngas yield and biomass accumulation, as 
evidenced by biomass type C at 2.7 g/min. The optimal biomass feeding rate was 2.2 g/min (1200 °C) and 2.5 g/min 
(1300 °C) for biomass type C, 1.8 g/min (1300 °C) for biomass type D, and was approached at 2.7 g/min for biomass 
type A. It could not be determined at 1100 °C because of pyrolytic gases generating smoke issue caused by low reaction 
kinetics as mentioned before. 

 
FIGURE 3. Syngas yields for different biomass feedstocks as a function of biomass feeding rate at 1100 °C, 1200 °C, and 

1300 °C. 
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Biomass Gasification Rate 

The biomass gasification rate (equivalent to the carbon consumption rate) was determined as a function of the 
carbon feeding rate at 1100, 1200, and 1300 °C for biomass types A, B, C, D, and E, and was further compared to the 
ideal carbon consumption rate for each biomass type (equal to the carbon feeding rate, i.e. the carbon contained in the 
fed biomass), as presented in Fig. 4. The carbon consumption rate is quantified by the summation of the nominal 
production rates of CO, CO2, and CH4 contained in the produced syngas (assuming that the C consumption rate and 
the summation of production rates of carbon-containing gas species are equivalent), and achieved during continuous 
biomass injection (at steady state). The carbon consumption rate increased when increasing both temperature and 
biomass feeding rate regardless of biomass type. Typically, at 1300 °C the carbon consumption rate closely matched 
the carbon feeding rate at low feeding rates (linear tendency at 0.4-0.7 g/min), which also means that the reactant 
feeding rate closely matched the rate of the gasification reaction. From a threshold value of carbon feeding rate, the 
carbon consumption rate became slightly lower than the carbon feeding rate at above 0.8 g/min (1300 °C), which 
means that the gasification rate was not high enough to convert totally the injected biomass. In other words, from this 
point, carbon accumulation in the reactor (due to incomplete biomass gasification) may occur if the feeding rate is too 
high with respect to the reactor capacity. An optimal value was observed for biomass type C at a carbon feeding rate 
of ~1.16 g/min (corresponding to 2.5 g/min of biomass feeding rate at 1300 °C). Both the carbon consumption rates 
and carbon feeding ranges at 1300 °C were greater and closer to the ideal carbon consumption rates for any biomass 
types, compared to those obtained at 1200 °C and 1100 °C. This is because the higher gasification kinetics at 1300 °C 
resulted in both higher carbon consumption rate and carbon feeding range. The impact of biomass feeding rate on 
syngas production capacity and reactor performance was thus evidenced. The carbon consumption rate at 1300°C 
matched closely the carbon feeding rate (provided the feeding rate was below a threshold value regardless of the 
biomass type). This means that 1300°C is a suitable temperature to operate reliably the solar biomass gasifier in a 
stable continuous mode with a biomass conversion rate equal to the feeding rate.  

 

FIGURE 4. Comparison of the effect of carbon feeding rate on carbon consumption rate for each biomass type at 1100, 
1200, and 1300 °C 

Reactor Performance and Efficiencies 

The solar reactor performance at 1000 °C, 1200 °C, and 1300 °C for the representative biomass types A, C, and D 
have been compared, according to Fig. 5. Note that the results of biomass types B and E were omitted as they are 
similar to the ones of biomass types A and D, respectively, due to similar chemical biomass composition. As expected, 
both U (Fig. 5a) and XC (Fig. 5b) increased with feedstock regardless of temperature and biomass type. At 1300 °C, 
trends in U and XC clearly leveled off at above 1.8 g/min, pointing out the optimal biomass feeding rate, and the 
maximum U values of 1.14, 1.10, 1.16, 1.20 and 1.15 (1.19, 1.15, 1.22, 1.24 and 1.19 when accounting for C2Hm) 
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were identified for biomass types A (at 2.7 g/min), B (at 2.2 g/min), C (at 2.5 g/min), D (at 1.8 g/min) and E (at 1.5 
g/min), respectively. The optimal   with respect to the highest U value at 1300 °C was found at 2.5 and 1.8 
g/min for biomass types C and D, respectively. These types of biomass exhibit the lowest particle sizes; hence, their 
gasification rate is more sensitive to the feeding rate. The overlapped trends of U between biomass types A and B and 
between biomass types D and E were due to their similar chemical properties, indicating a negligible impact of the 
biomass particle size on U for the considered size range (0.3 4 mm). In addition, the evolution of U consistently 
followed the same trend as XC (Fig. 5b). The highest and lowest XC values of 88.6% and 72.9% (90.4% and 76.2% 
when accounting for C2Hm) were obtained for biomass type A at 1300 °C (2.7 g/min) and biomass type E at 1100 °C 
(0.8 g/min), respectively. In comparison, both U and XC values at 1300 °C were higher than those obtained at 1200 
and 1100 °C (U and XC in the range of 1.04-1.10 and 80.4-84.2% at 1300 °C compared to 0.91-0.95 and 77.6-79.8% 
at 1100 °C for biomass type A), thus confirming the enhancement of syngas yield and reaction extent at 1300 °C. 
Moreover, a rise in feedstock increased solar-to-fuel (Fig. 5c) because the total solar energy input (Fig. 5d) was lowered 
(due to the significant reduction in the biomass injection duration) even though the solar power input (Fig. 5f) was 
increased consistently with feedstock for maintaining the isothermal operating temperature. For example, solar-to-fuel for 
biomass type A increased from 12.4% at 0.8 g/min to 26.6% at 2.7 g/min. The maximum solar-to-fuel values of 26.6%, 
25%, 27.6%, 25.3%, and 21.2% (27.8%, 26.0%, 29.0%, 26.3%, and 21.8% when accounting for C2Hm) were achieved 
for biomass types A (at 2.7 g/min), B (at 2.2 g/min), C (at 2.5 g/min), D (at 2.2 g/min) and E (at 1.5 g/min), 
respectively. The solar-to-fuel of biomass type C noticeably decreased at 2.7 g/min, confirming that exceeding the 
optimal feedstock feeding point adversely resulted in incomplete gasification, thus leading to solid reactant 
accumulation and temporal stop in the biomass feeding to let the accumulated reactant being gasified. In this case, the 
injection duration was in turn extended, leading to an increase in the solar energy input (Fig. 5d). In comparison, solar-

to-fuel (Fig. 5c) at 1200 °C was slightly higher that that at 1300 °C as both the solar energy (Fig. 5d) and power inputs 
(Fig. 5f) were considerably lower, while the product syngas yield was not drastically different. For example, solar-to-

fuel for biomass type A was in the range of 18.1-20.6% at 1200 °C compared to 17.3-20.8% at 1300 °C, respectively. 
However, solar-to-fuel at 1100 °C was still lower than that at 1200 °C as a result of the downgraded gasification 
performance. Similar to solar-to-fuel, reactor (Fig. 5e) rose with feedstock, ranging between 15.3-25.3%, 17.3-24.2%, 17.9-
27.0%, 16.1-24.0% and 15.7-21.2% for biomass types A, B, C, D and E, respectively, indicating an efficient solar 
energy utilization and conversion, and leading to a reduction of the heat losses. Moreover,  dropped when   was over its optimum point (2.5 g/min for biomass type C) as a result of biomass accumulation and 
extension of the reaction duration, as mentioned before. In summary, an increase in both biomass feeding rate and 
temperature is substantially favorable for increasing solar gasification performance because reaction kinetics and 
biomass consumption rates are enhanced. However, heat losses increase consistently with temperature, which 
adversely leads to a reduction in both solar-to-fuel and reactor at 1300 °C. The maximum U, XC, solar-to-fuel, and reactor 
were consistently obtained at the optimal feeding point, in agreement with maximum syngas yield and biomass 
gasification rate (Fig. 3 and 4).  
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FIGURE 5. Comparison of the effect of biomass feeding rate at 1100 °C, 1200 °C and 1300 °C on (a) energy upgrade factor (b) 
carbon conversion,(c) solar-to-fuel energy conversion efficiency, (d) solar energy input, (e) thermochemical reactor efficiency 

and (f) solar power input (C2Hm not included in the calculation) 
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CONCLUSION 

A 1.5 kWth particle-fed solar-irradiated gasifier has been tested for on-sun continuous steam gasification of 
biomass. The influence of biomass feeding rate on syngas yield, biomass gasification rate, and reactor performance 
has been experimentally evaluated with various lignocellulosic biomass feedstocks in the temperature range 1100-
1300°C, delivered by highly concentrated sunlight, thereby storing intermittent solar energy into syngas. An increase 
in biomass feeding rate significantly promoted syngas yield and reactor performance; however, exceeding the optimal 
biomass feeding point showed an adverse effect on produced syngas. Indeed, H2 and CO yields decreased at the 
expense of a growth in C2Hm, CH4, and CO2 due to a reduction of the gas residence time, and eventually biomass 
accumulation issues and pyrolytic gases emissions may occur. Increasing temperature (1100-1300°C) significantly 
enhanced reaction extent, syngas quality (low C2Hm, CH4, and CO2 yields), and reaction kinetics, which in turn 
increased biomass consumption rates matching biomass feeding rate. At 1300 °C, the biomass feeding rate reached its 
optimum point at up to 2.5 g/min for biomass type C (1.8 g/min for biomass type D), whereas at 1200 °C the optimal 
biomass feeding point was found at 2.2 g/min (biomass type C) corresponding to the nominal feeding rate for this 1.5 
kWth solar reactor. However, heat losses rose consistently with temperature, which adversely led to a reduction in both 

solar-to-fuel and reactor at 1300 °C. The effect of biomass composition showed more significant influence on syngas 
production than biomass particle size (0.3-4 mm). Moreover, increasing temperature and biomass feeding rate 
enhanced biomass gasification rate (carbon consumption rate). At 1300 °C, the carbon consumption rates were greater 
than those obtained at 1200 and 1100 °C, and their values were closer to the ideal maximum carbon consumption rate 
for any biomass type. The energy upgrade factor, reaction extent (carbon conversion), solar-to-fuel energy conversion 
efficiency, and thermochemical reactor efficiency increased with biomass feeding rate because the total solar energy 
input during processing was decreased, resulting from a shortened biomass injection duration (maximum achieved 
values (accounting for C2Hm) up to 1.24, 90.4%, 29.0%, and 27.0%, respectively). Optimizing the biomass feeding 
rate consistently with operating temperature is beneficial for continuous solar biomass gasification. It aims to enhance 
biomass consumption rate, reaction kinetics, as well as reaction extent (carbon conversion) for maximizing syngas 
yield and quality and minimizing heat losses. Apart from increasing the heat losses, the temperature of 1300 °C is 
recommended to operate reliably the solar biomass gasifier in a stable continuous mode with a biomass conversion 
rate matching well the feeding rate thanks to greater reaction kinetics, biomass consumption rate, reaction extent 
(carbon conversion), syngas yield, and syngas quality (because of lower CH4, CO2 and C2Hm yields). 
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