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Abstract: Solar thermochemical gasification is a promising solution for the clean production of
low-emission synthetic fuels. It offers the possibility to upgrade various biomasses and waste
feedstocks and further provides an efficient way to sustainably store solar energy into high-value
and energy-intensive chemical fuels. In this work, a novel continuously-fed solar steam gasifier
was studied using beechwood and solid recovered fuels (SRF) particles. Solar-only and hybrid
solar/autothermal gasification experiments were performed at high temperatures to assess the
performance of the reactor and its flexibility in converting various types of feedstocks. The hybrid
operation was considered to increase the solar reactor temperature when the solar power input is not
sufficient thanks to partial feedstock oxy-combustion. The hybrid solar process is thus a sustainable
alternative option outperforming the conventional gasification processes for syngas production. Wood
and waste particles solar conversion was successfully achieved, yielding high-quality syngas and
suitable reactor performance, with Cold Gas Efficiencies (CGE) up to 1.04 and 1.13 respectively during
the allothermal operation. The hybrid process allowed operating with a lower solar power input, but
the H2 and CO yields noticeably declined. SRF gasification experiments suffered furthermore from ash
melting/agglomeration issues and injection instabilities that undermined the continuity of the process.
This study demonstrated the solar reactor flexibility in converting both biomass and waste feedstocks
into syngas performed in continuous feeding operation. The experimental outcomes showed the
feasibility of operating the reactor in both allothermal (solar-only) and hybrid allothermal/autothermal
(combined solar and oxy-combustion heating) for continuous syngas production with high yields
and energy conversion efficiencies.

Keywords: solar gasification; hybridization; beechwood; biomass; waste conversion; solid recovered
fuels; syngas

1. Introduction

Gasification reactors have been available on the market for more than a century, with current
applications in chemicals, liquid fuels, and power generation. These industrial reactors are based
on the combustion of a part of the feedstock in order to provide the energy necessary to activate
the strongly endothermic gasification reactions [1,2], which penalizes the material yield and the
energy conversion efficiency. Various conventional gasifier technologies have been investigated so
far at pilot/industrial scales. While Luleå University of Technology has mainly focused on black
liquor gasification [3], Chalmer University of Technology [4] and Vienna University of Technology [5]

Energies 2020, 13, 5217; doi:10.3390/en13195217 www.mdpi.com/journal/energies

http://www.mdpi.com/journal/energies
http://www.mdpi.com
https://orcid.org/0000-0002-8542-1079
https://orcid.org/0000-0001-6181-0670
https://orcid.org/0000-0002-6689-3652
http://www.mdpi.com/1996-1073/13/19/5217?type=check_update&version=1
http://dx.doi.org/10.3390/en13195217
http://www.mdpi.com/journal/energies


Energies 2020, 13, 5217 2 of 15

operated dual fluidized bed reactors at temperatures below 950 ◦C for various carbonaceous loads
and bed materials. Recent work has proposed an updated review about gasification in fluidized beds
and compared solid recovered fuels and woody biomass gasification highlighting the gasification
improvement with increasing temperature [6].

By combining concentrated solar energy and thermochemical gasification of carbonaceous
materials, it is possible to take advantage of both resources. Indeed, since high-temperature solar heat
can be used to provide the enthalpy of the reaction, all the feedstock (biomass, waste) can be converted
into hydrogen and carbon monoxide (syngas).

The coupling of solar energy and thermochemical gasification can be achieved by either considering
the two individual systems separately or jointly. The process with indirect coupling makes use of
external solar receivers to harness the radiant energy and transmit it to a heat transfer fluid (HTF) such
as steam [7], particulate materials [8], molten salt, or slag [9,10] flowing between the receiver and the
chemical reactor. The process with direct coupling makes use of cavity-type solar reactors directly
receiving the solar radiation at the reaction zone, in which the solar reactor is at the same time the solar
receiver and the gasifier [11,12].

Experimental research at the laboratory scale has given preference to cavity-type solar reactors
that ensure the highest temperatures, avoid the use of a HTF, and limit the heat losses caused by
indirect heat transfer. Cavity-type solar gasifiers were extensively studied in many laboratories across
the globe [13,14]. They can be directly [15–19] or indirectly [20–23] irradiated. Directly irradiated solar
reactors expose the reactants directly to solar irradiation thanks to a transparent glass window. Indirectly
irradiated gasifiers alternatively employ an opaque emissive plate that captures the concentrated
sunlight and transfers it to the reaction zone mainly by radiative heat transfer.

Pioneering work on a directly irradiated packed bed steam gasifier was conducted by Gregg et al.
in 1980 [24]. The developed reactor was used to convert different carbonaceous materials such as coke,
coal, and activated carbon. It showed promising results with more than 20% of the incoming sunlight
effectively stored as fuel calorific value in the product gas. Since then, other reactor designs, including
packed beds [20,25], fluidized beds [18,26], spouted beds [15,27], vortex flow [21,28], drop tube [16,29],
and molten salt [10,30] reactors were tested to convert a wide variety of feedstocks such as biomass,
coal and different kinds of waste with either steam or CO2 as an oxidizing agent. Recent exploratory
work on hybrid solar gasification makes use of O2 as a means to maintain the process temperature
during sun-lacking periods thanks to combined solar heating and in-situ oxy-combustion [31–34].
Recently, the concept of coupling solar energy with thermochemical reactions to energetically upgrade
biomass has been extended to hydrothermal processes [35,36].

At the CNRS-PROMES laboratory, a novel conical cavity-type solar reactor was built and
experimentally tested under real concentrated solar-flux for beech wood biomass steam gasification
at temperatures up to 1400 ◦C. The high-temperature operation avoids the tar formation generally
observed in DFB gasifiers [37], while the concept can be operated without requiring bed materials, thus
avoiding sintering and agglomeration issues [38,39]. Indeed, the operation temperature is much lower
for DFB (700–900 ◦C vs. superior to 1200 ◦C for the solar spouted bed reactor). The behavior of ashes is
totally different, given that they remain in solid state for DFB, while the melting temperature is reached
in the spouted bed. Using this solar reactor concept, high conversion efficiencies were achieved with a
carbon conversion rate of up to 94% and an upgrade of the feedstock calorific value by up to 1.21 [15].
However, questions persist about the ability of the reactor to treat more varied loads, such as wastes.
Being essential for the scale-up as waste feedstocks offer an attractive way for improving the economic
balance, the use of Municipal Solid Waste (MSW) and industrial waste (IW) as a primary feedstock has
been barely discussed and investigated. Due to the complex nature of waste and its high content of
ash, its efficient solar conversion in the reactor needs to be carefully examined. Often, the recovery of
material and energy from MSW and IW is carried out through the production of refuse derived fuels
(RDF) or solid recovered fuels (SRF). Prepared from plastic wastes, food packaging wastes including
plastic, paper etc., SRF present several advantages over unprocessed wastes, since they are easier to
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handle with fairly constant physico-chemical properties and low chlorine content (generally below 1.5
wt.% [40]). Waste conversion is particularly attractive due to the possible economic benefit regarding
the availability and often negative cost of the feedstock. However, due to the increased heterogeneity
of waste compared to conventional biomass, the technical realization of such solar processes becomes
more challenging regarding continuous feedstock injection and stable gas production throughput.
Within this framework, gasification experiments were performed with beech wood particles and SRF
in solar-only (steam gasification) and hybrid solar/autothermal (steam gasification with the addition of
O2) heating conditions for the first time. The objective of this study was to demonstrate the feasibility of
syngas production process from biomass and waste (solid recovered fuel) conversion in the prototype
solar reactor. Results in terms of syngas yields, temperature profiles, gas flow rates and reactor
performance metrics are analyzed. The goal was to assess the ability of the reactor to convert the wood
and waste particles in allothermal and combined solar/autothermal operating modes, quantify the
gas products for gas yields comparison, and identify the potential technical issues to be tackled for
improving the reliability of the solar process.

2. Materials and Methods

The 60◦ angle conical reactor was positioned at the focus of a 2 m-parabolic solar furnace at
CNRS-PROMES. The concentrated solar power entered the cavity through the aperture positioned
at the focal point of the solar concentrator (Figure 1). The reactor was composed of an aperture (15
mm diameter) to let the concentrated solar radiation enter the reaction zone. During the experiments,
a sun tracking heliostat was used to reflect the solar rays towards a parabolic mirror that, in turn,
concentrated the radiation towards the reactor aperture. The feedstock was stored in a hopper (1.15
L capacity) and was continuously transported by a screw feeder driven by a motor. The particles
fell into the directly irradiated cavity by gravity to react until complete conversion. An Ar flow (0.5
NL.min−1) was continuously injected in the hopper and then flowed via the screw path, so that the hot
gas from the cavity could not interact with the feedstock. Moreover, a flow of Ar (2.0 NL.min−1) was
also injected below the window to prevent the hot gas and the particles from entering the window area
and soiling it. Oxidants (H2O and O2), mixed with 0.2 NL.min−1 of Ar were injected from a bottom
central alumina tube at the cone base to get mixed with the injected reactive charge. The gas flows
were supplied and controlled by mass flow controllers (MFC, Brooks Instruments model SLA5850S),
while the liquid water flow was supplied by a mass flow controller (Horiba). A 1.5 cm layer of packed
Al2O3 particles (3 mm diameter) was set at the cavity bottom above the gas injection tube to broaden
the inlet gas jet over the entire conical cavity section and to protect the injection tube from the solid
and liquid residues of pyrolysis and gasification [41].
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The characteristics of the gasified SRF and wood particles with mm size are summarized in Table 1.
Atomic composition (dry basis) was determined by CHNS elemental analysis (Elementar Vario EL
Cube). Oxygen content was deduced by difference. The moisture content was measured by drying
overnight a known amount of sample at 120 ◦C. The LHV (low heating value, dry basis) was measured
with a PARR 6200 bomb calorimeter knowing humidity from NF EN14774 standard. The SRF sample,
originally in the form of pellets, was crushed into particles with a diameter in the range 0–5 mm
(Figure 2). The biggest particles were generally due to fragments of plastic, and the smallest particles
had a foam-like texture. The wood particle size distribution was previously characterized by Camsizer
XT (Retsch Company) by dynamic image analysis [42], and the mean particles’ diameter was 1 mm.

Table 1. Feedstock characteristics (dry basis).

C
(wt.%)

H
(wt.%)

O
(wt.%)

N
(wt.%)

S
(wt.%)

Ash
(wt.%)

Cl
(wt.%)

Moisture
(wt.%)

LHV
(MJ/kg)

SRF 48.6 5.7 25.8 2.9 0.9 15.0 1.1 8.9 20.6
wood 48.3 6.7 44.4 0.1 <0.1% 0.4 <0.1% 8.9 16.8
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The volumetric screw feeder was calibrated at room temperature for the beechwood particles.
Due to the heterogeneity of the SRF particles, a repeatable and precise calibration of the mass flow rate
could not be achieved, and therefore, in the following, the actual SRF feeding rate was calculated by
dividing the initial feedstock loaded mass over the injection duration.

The outlet gas flowed through a bubbler and micro-filters to remove excess steam and entrained
char/soot particles from the produced syngas. To analyze the syngas composition, an online analyzer
(GEIT 3100) measured continuously the main species contained in the outlet syngas (H2, CO, CO2,
and CH4). Then, a gas chromatograph equipped with two columns using Ar as carrier gas (micro
GC, Varian CP4900) was used to check and confirm the online analysis measurements. The reactor
temperature was measured by B-type thermocouples 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.
To confirm the thermocouple measurements, a “solar-blind” optical pyrometer (Impac, operating at
4.8–5.2 µm in a H2O absorption band) placed at the center of the parabolic mirror was utilized to
directly measure the temperature inside the cavity through a calcium fluoride window (installed at
the top of the transparent window). Three pressure measurements were set in the window area (P1),
in the cavity (P2), and in the hopper (P3). A Venturi vacuum pump placed at the end of the outlet
tube was used to control and maintain the reactor pressure below 1 bar corresponding to atmospheric
pressure (atmospheric pressure at experimental site elevation (altitude of 1600 m) was ~ 0.85–0.90 bar)
throughout the experiments and to facilitate gas evacuation. All the obtained data were controlled and
collected by an automated data acquisition system (BECKHOFF). After the solar experiments, the mass
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balance was checked by comparing the mass of fed reactants (biomass and water) and the mass of
products outputs, including syngas components, excess water (condensed in the outlet components),
and entrained char/soot/tar trapped in bubbler and filters.

3. Results and Discussion

Experiments were performed in allothermal and hybrid solar-autothermal heating conditions
with beechwood and SRF under very stable solar DNI (direct normal irradiation) conditions (maximum
DNI variation lower than 3%). Table 2 recaps the operating conditions and the calculated (S/B)/(S/B)st

steam to biomass mass ratio (st in subscript means stoichiometric) based on Equations (1) and (2).

Table 2. Operating conditions.

Beechwood Particles Solid Recovered Fuels

Runs #1 #2 #3 #4
Temperature, Toperating (◦C) 1300 1300 1300 1300–1350

Feedstock mass, mfeedstock (g) 30.00 27.90 20.00 20.00
Voltage to feeder motor, Umotor (V) 9.5 10.5 12.0 12.0

Operating mode Allothermal Hybrid Allothermal Allothermal Hybrid
Qsolar (kWthermal) 1.2 0.8 1.0 1.0 1.0

Ffeedstock (g.min−1) 1.20 1.40 0.57 0.58 0.58
Fsteam (g.min−1) 0.20 0.20 0.25 0.20 0.20

Foxygen (NL.min−1) 0 0.25 0 0 0.25
(S/B)/(S/B)st 1.24 1.13 1.06 0.87 0.87

Wood steam gasification:

C6.0H10.0O4.1+1.9H2O(v)→6.0CO+6.9H2 ∆H◦g,1 = 0.86 MJ·mol−1 (1)

SRF steam gasification:

C6H8.4O2.4+3.6H2O(v)→6.0CO+7.8H2 ∆H◦g,2 = 1.14 MJ·mol−1 (2)

Runs#1,3 were performed under allothermal conditions (solar-only heating), Run#2 was similar
to Run#1 but with oxygen injection for partial oxy-combustion (hybrid operation), whereas Run#4 was
first carried out in allothermal followed by hybrid operation mode (with the injection of 0.20 NL/min
of O2). For the hybrid solar/autothermal experiments (Runs#2,4), the particles were partially burnt
under oxygen lean conditions. The Equivalence Ratio ER = (B/O)/(B/O)st Biomass to Oxygen mass ratio
(equivalent to the fuel to oxidizer ratio [43]) was 4.95 in Run#2 and 2.74 in Run#4 based on Equations
(3) and (4).

Wood oxy-combustion:

C6.0H10.0O4.1+6.4O2→6.0CO2+5.0H2O ∆H◦c,3 = −2.49 MJ·mol−1 (3)

SRF oxy-combustion:

C6H8.4O2.4+6.9O2→6.0CO2+4.2H2O ∆H◦c,4 = −2.45 MJ·mol−1 (4)

The duration of gasification experiments corresponds to the time required to inject the whole
amount of feedstock loaded in the feeding system. This duration could be increased by decreasing
the feeding rate or by increasing the amount of feedstock. The experimental duration is not the main
parameter influencing the gasification performance, given that the injection is continuous. The total
experimental duration also includes the heating and stabilization periods as well as transition periods
(feedstock injection stopped) when switching from allothermal to hybrid operation. The feeding rate is
actually the key parameter affecting the process, as previously evidenced in the case of wood biomass
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gasification [44]. In this study, it was chosen so as to offer stable gasification performance at the reactor
operating conditions. Indeed, a low feeding rate means the reactor is not used at its nominal capacity,
whereas a too high feeding rate results in continuous operation failure because the input energy is not
high enough to gasify the fed particles. Thus, the optimal feeding rate existing for given operating
conditions (reactor temperature and solar energy input) was selected.

The time-dependent species production rate (Fi) was calculated from the known inlet flow rate of
inert gas (FAr) and the measured species outlet mole fractions (xi) following Equation (5).

Fi(t) = FAr(t).xi(t)/xAr(t) (5)

The average syngas composition and gas yields (in mmol/gdry,feedstock) were thereafter evaluated
thanks to the time integration of the gas production rates. The performance of the reactor was evaluated
using three relevant performance metrics: the carbon conversion efficiency (CCE), Equation (6); the
cold gas efficiency (CGE), Equation (7); and the solar-to-fuel efficiency (SFE). Equation (8). The CCE
quantifies the extent of feedstock conversion inside the reactor (ratio of carbon contained in the syngas
to carbon in the initial feedstock). The CGE (also called energy upgrade factor) is the ratio of the
calorific value of produced syngas to that of the initial feedstock, each multiplied by its mass (where
LHV is the low heating value (J/kg) and msyngas, mfeedstock are the mass of produced syngas and initial
feedstock (kg)). The SFE represents the ratio between the calorific value of produced syngas over the
total thermal energy that enters the reactor, including both solar and injected feedstock energy.

CCE =
nC in syngas

n C in f eedsotck
(6)

CGE =
LHVsyngas . m syngas

LHV f eedstock . m f eedstock
(7)

SFE =
LHVsyngas . m syngas

Qsolar + LHV f eedstock . m f eedstock
(8)

3.1. Beechwood Gasification

The measurements of outlet gas production rates by online syngas analysis (continuous lines) and
GC analysis (dots) are shown in Figure 3. Syngas flow rate evolutions fluctuate around a mean value
throughout the experiment. These fluctuations were due to the screw feeder outlet that could not be
inserted in the reaction zone due to high temperatures, hence, the woody particles in the injection
tube were pushed by preceding ones and fell by gravity into the cavity in the form of small parcels.
In Run#1, 1.2 g.min−1 of biomass was gasified by 0.2 g.min−1 of steam (Figure 3a). In Run#2, 0.25
NL.min−1 of O2 was added to the system with 0.2 g.min−1 of extra-wood injection (Figure 3b); the
oxygen flow corresponds to the quantity required to completely burn the extra-wood injection.
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The solar power in Run#1 was about 1.2 kWth, it decreased significantly in Run#2 to 0.8 kWth

(Figure 4a) as part of the energy was provided by internal exothermic gas/solid oxy-combustion
reactions. The experiments were performed at 1300 ◦C and above (according to T3 inserted inside
the cavity; Figure 4b). Thanks to the achieved high temperatures, the gas in Run#1 (Figure 3a) was
predominantly composed of H2 and CO. CO2 and light hydrocarbons (CH4 and CnHm, mainly C2H2

and to a lesser extent C2H4) were produced in lesser amount in accordance with previously reported
works [45,46]. Although the biomass feeding rate was increased in Run#2 from 1.2 g.min−1 to 1.4
g.min−1, H2 and CO flow rates declined consistently (oxidation of these gases by the added O2 thus
likely occurred), and CO2 sharply increased (H2O should also be produced from H2 oxidation, but it
was not quantified because it was trapped in the outlet bubbler). Accordingly, the syngas composition
was substantially affected by the presence of O2, as expected. The time-averaged volume fractions
for Runs#1,2 were respectively: H2 (52.2%, 37.1%), CO (41.6%, 39.4%), CO2 (3.4%, 16.8%), CH4 (2.5%,
4.7%), and CnHm (1.3%, 2.0%).
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The CnHm molar composition was very similar in the two runs: C2H2 (87.0–85.9%), C2H4

(13.0–14.0%) and C2H6 (<0.1%). Their time-dependent production rates, measured by the GC, are
plotted in Figure 5.
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Mass balance, syngas yields, and reactor performance indicators are shown in Tables 3 and 4. The
results reveal that H2 and CO yields both declined respectively by 43% and 26% while CH4 and CnHm

increased by 48% and 21%, probably due to lower gas residence time (0.51 s in Run#1 against 0.48 s
in Run#2). CO2 yield was highly impacted and increased by almost 3 times due to oxy-combustion
reactions. The greater decrease in hydrogen would be related to its higher concentration in the
cavity [42] and its greater reactivity with oxygen [47]. This suggests that the gaseous products from
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gasification are oxidized/combusted by oxygen rather than the raw biomass. CO also decreased but,
to a lesser extent, probably because it is also produced by partial oxidation of gases (methane, light
hydrocarbons and tars) and char.

Table 3. Gas yield and mass balance closure for beechwood gasification.

Run Gas Production (mmol/gbiomass,dry) Mass Balance (g) Closure

H2 CO CO2 CH4 CnHm
Reactants Products

Biomass H2O O2 Gas Residues %

#1 33.88 27.49 2.26 1.67 0.86 30.00 6.70 0.00 26.95 7.66 94.8
#2 19.26 20.46 8.73 2.47 1.04 27.86 5.19 7.00 26.97 12.05 96.0

Table 4. Performance metrics for beechwood gasification.

Run
Energy Breakdown (kJ)

CCE CGE SFE
Biomass Syngas Solar

#1 460 520 2498 83.3% 112.9% 17.6%
#2 427 362 1457 84.6% 84.2% 17.6%

Although gas residence time decreased in Run#2, oxygen injection globally favored biomass
conversion. In fact, the CCE was slightly improved from 83.3% in Run#1 to 84.6% in Run#2 due to
the very fast O2-char reaction kinetics. Moreover, given the decrease in H2 and CO yields, the CGE
declined strongly from 112.9% in Run#1 to 84.7% in Run#2. In return, the SFE was almost the same at
around 17.6% in both heating configurations given that the total solar energy consumed in Run#2 was
significantly lower by about 41% than in Run#1.

Globally, beechwood particles were successfully converted in both solar-only and hybrid
solar/autothermal operating modes. The hybrid process provided additional combustion heat to the
reactor and reduced the solar energy consumption at the expense of lower H2 and CO yields.

In the following, the ability of the reactor to operate with SRF particles in both solar-only
(allothermal) and hybrid solar/autothermal heating modes is investigated.

3.2. Solid Recovered Fuels Gasification

Figure 6 shows the measurements of the syngas flow rates with the SRF particles (Runs#3,4).
Noticeable fluctuations in the gas flow rates reflected by variable peaks and valleys all along the
experiments were observed. They were due to the unstable injection of the particles caused by the
heterogeneity of the sample and the possible melting of plastics and inorganics at the screw feeder tip
and at the injection tube that affect the particles’ flowability. In spite of this issue, complete feedstock
load injection was achieved. Run#3 was performed at 1300 ◦C under solar-only heating conditions
while Run#4 was also partly operated in solar hybrid mode.
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Thermodynamic equilibrium calculations (Figure 8) have been performed thanks to the open
source software CANTERA [48] to compare with the experimental data (the initial system compositions
used in thermodynamic calculations take into account the feedstock composition and the inlet gas
atmosphere for Run#3 and #4). The reaction equilibrium thermodynamics agree with the experimental
values observed in terms of trends of the syngas species (especially H2 and CO predicted at temperatures
above ~900–1000 ◦C). More specifically, the results evidence the increasing amount of CO2 and H2O, and
the decreasing amount of H2 and to a lesser extent of CO when O2 is introduced at high temperatures
(above 800 ◦C). However, kinetic limitations explain the presence of additional compounds such
CH4 or C2 light hydrocarbons in the experiments. The main reactions are pyrolysis followed by
steam gasification of carbon (char) that yields H2 and CO. The additional steam reforming and water
gas shift reactions proceed in the gaseous phase and are thus influenced by the gas residence time.
Thermodynamics consider that gas residence times are sufficiently long to reach reaction equilibrium
conditions, which is not the case experimentally.
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to Run#3 (without O2, initial composition for calculation: C = 0.026 mol, H2 = 0.035 mol, O2 = 0.014
mol) and Run#4 (with O2, initial composition for calculation: C = 0.027 mol, H2 = 0.033 mol, O2 = 0.023
mol) at 1 bar.

The chemical composition of the syngas during this Run#3 was thus: H2 (56.8%), CO (32.1%),
CO2 (7.3%), CH4 (2.3%), CnHm (1.5%). To study the flexibility of the solar process and its ability
to deal with solar energy variations, a small amount of O2 (0.25 NL/min), calculated assuming the
complete combustion of about 33% of the feedstock, was added to the system in Run#4 at time = 13
min. According to the previous results of Run#2, O2 injection is expected to elevate and stabilize the
reactor temperature at a higher setpoint value.

The reactor temperature measurements during Runs#3,4 are plotted in Figure 9. While the
temperature was quite stable in Run#3, the hybrid operation (Run#4) showed a fluctuating temperature
pattern. The fluctuations were increased significantly during the hybrid phase at around 1350 ◦C and
were due to the rapid oxy-combustion of the particles. In fact, the consumption of the particles was
faster than the injection process leading to sharp temperature variations by about 80 ◦C. During the
hybrid phase of Run#4, T3 temperature increased unsteadily. As a consequence, the desired effect of
increasing and stabilizing the reactor temperature at a higher setpoint value through partial feedstock
oxy-combustion was not totally effective due to the injection issues. Therefore, the impact on the gas
composition was considerable and affected essentially the H2 and CO2 content.

Figure 10a shows the gas volume fractions before and after hybridization (Run#4). The H2 volume
fraction decreased by 24% (58.9–40.0%), and CO2 increased by more than 5 times (3.5–24.0%), while
CO concentration was only slightly affected with a decrease of 6% (33.8–31.8%).

To assess the consistency and repeatability of the measurements, the syngas compositions of
the Run#3 and Run#4-allothermal were compared in Figure 10b (even if the water flow-rate varied
slightly between the two runs). It can be observed that globally the composition was not significantly
modified, except for the CO2 that was somewhat higher and CH4 that was slightly lower during Run#3
(CO2, 7–4%; CH4, 2–3%). This confirms that syngas composition outputs are similar for comparable
operating conditions, which demonstrates results repeatability. Indeed, in spite of the experimental
instabilities linked to the SRF injection, a good agreement was achieved.



Energies 2020, 13, 5217 11 of 15

Energies 2020, 13, x FOR PEER REVIEW 11 of 16 

 

 
Figure 9. Reactor temperatures in Run#3 (solar-only) and Run#4 (both solar and solar-hybrid). 

Figure 10a shows the gas volume fractions before and after hybridization (Run#4). The H2 
volume fraction decreased by 24% (58.9–40.0%), and CO2 increased by more than 5 times (3.5–
24.0%), while CO concentration was only slightly affected with a decrease of 6% (33.8–31.8%). 

 
Figure 10. (a) Syngas composition during Run#4 (allothermal vs. hybrid phase; (b) Syngas 
composition (Run#3 vs. allothermal part of Run#4). 

To assess the consistency and repeatability of the measurements, the syngas compositions of the 
Run#3 and Run#4-allothermal were compared in Figure 10b (even if the water flow-rate varied 
slightly between the two runs). It can be observed that globally the composition was not significantly 
modified, except for the CO2 that was somewhat higher and CH4 that was slightly lower during 
Run#3 (CO2, 7–4%; CH4, 2–3%). This confirms that syngas composition outputs are similar for 
comparable operating conditions, which demonstrates results repeatability. Indeed, in spite of the 
experimental instabilities linked to the SRF injection, a good agreement was achieved. 

The mass balance, syngas yields (integrated over the total experiment), and reactor 
performance metrics are shown in Tables 5 and 6. The injection of oxygen significantly affected the 
gas yields. Although the first part of the hybrid run (Run#4) was carried out in allothermal mode, the 
drop in the H2 and CO yields, calculated over the whole run#4, was noticeable (by respectively 31% 
and 20%). Light hydrocarbons slightly decreased and the CO2 yield in the hybrid run increased by 
about 37%. 

Table 5. Gas yield and mass balance closure for SRF gasification. 

Run Gas production (mmol/gSRF) Mass balance (g) Closure 

 H2 CO CO2 CH4 CnHm 
Reactants Products  

SRF H2O O2 Gas Residues % 
#3 44.73 25.25 5.76 1.79 1.19 20.00 8.85 0.00 20.23 4.95 87.7 

Figure 9. Reactor temperatures in Run#3 (solar-only) and Run#4 (both solar and solar-hybrid).

Energies 2020, 13, x FOR PEER REVIEW 11 of 16 

 

 
Figure 9. Reactor temperatures in Run#3 (solar-only) and Run#4 (both solar and solar-hybrid). 

Figure 10a shows the gas volume fractions before and after hybridization (Run#4). The H2 
volume fraction decreased by 24% (58.9–40.0%), and CO2 increased by more than 5 times (3.5–
24.0%), while CO concentration was only slightly affected with a decrease of 6% (33.8–31.8%). 

 
Figure 10. (a) Syngas composition during Run#4 (allothermal vs. hybrid phase; (b) Syngas 
composition (Run#3 vs. allothermal part of Run#4). 

To assess the consistency and repeatability of the measurements, the syngas compositions of the 
Run#3 and Run#4-allothermal were compared in Figure 10b (even if the water flow-rate varied 
slightly between the two runs). It can be observed that globally the composition was not significantly 
modified, except for the CO2 that was somewhat higher and CH4 that was slightly lower during 
Run#3 (CO2, 7–4%; CH4, 2–3%). This confirms that syngas composition outputs are similar for 
comparable operating conditions, which demonstrates results repeatability. Indeed, in spite of the 
experimental instabilities linked to the SRF injection, a good agreement was achieved. 

The mass balance, syngas yields (integrated over the total experiment), and reactor 
performance metrics are shown in Tables 5 and 6. The injection of oxygen significantly affected the 
gas yields. Although the first part of the hybrid run (Run#4) was carried out in allothermal mode, the 
drop in the H2 and CO yields, calculated over the whole run#4, was noticeable (by respectively 31% 
and 20%). Light hydrocarbons slightly decreased and the CO2 yield in the hybrid run increased by 
about 37%. 

Table 5. Gas yield and mass balance closure for SRF gasification. 

Run Gas production (mmol/gSRF) Mass balance (g) Closure 

 H2 CO CO2 CH4 CnHm 
Reactants Products  

SRF H2O O2 Gas Residues % 
#3 44.73 25.25 5.76 1.79 1.19 20.00 8.85 0.00 20.23 4.95 87.7 
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The mass balance, syngas yields (integrated over the total experiment), and reactor performance
metrics are shown in Tables 5 and 6. The injection of oxygen significantly affected the gas yields.
Although the first part of the hybrid run (Run#4) was carried out in allothermal mode, the drop in the
H2 and CO yields, calculated over the whole run#4, was noticeable (by respectively 31% and 20%).
Light hydrocarbons slightly decreased and the CO2 yield in the hybrid run increased by about 37%.

Table 5. Gas yield and mass balance closure for SRF gasification.

Run Gas Production (mmol/gSRF) Mass Balance (g) Closure

H2 CO CO2 CH4 CnHm
Reactants Products

SRF H2O O2 Gas Residues %

#3 44.73 25.25 5.76 1.79 1.19 20.00 8.85 0.00 20.23 4.95 87.7
#4 30.98 20.22 7.87 1.70 0.80 20.00 6.54 8.51 18.63 11.87 87.3

Table 6. Performance metrics for SRF gasification.

Run
Energy Breakdown (kJ)

CCE CGE SFE
SRF Syngas Solar

#3 375 391 2102 88.1% 104.5% 15.8%
#4 375 292 2086 78.5% 78.0% 11.9%



Energies 2020, 13, 5217 12 of 15

The achieved CCE in Run#3 was 88.1%, which is in the range of the reported CCE values (generally
between 80–92%) for waste gasification in autothermal fluidized beds operating up to 800 ◦C [49].
The CGE was 104.5%, which was much greater than the reported CGE values for SRF gasification in
autothermal fluidized bed gasifiers that vary between 70% and 85% at best [6,50,51]. The CGE higher
than 1 confirms that solar energy was effectively stored in the gas products, and this demonstrates
the interest and benefits of solar heating for gasification when compared with autothermal operation
(involving partial feedstock combustion). The SFE was 15.8%. In Run#4-hybrid phase, the O2 injection
impaired to a certain extent the production of H2 and CO in comparison with Run#3. It also affected
SRF conversion and led to a relative CCE drop by 11%. Likewise, the CGE and the SFE were also
decreased to reach barely 78.0% and 11.9%.

These experiments further allowed identifying technical issues to be addressed regarding SRF
solar gasification. In addition to the difficulties encountered for the transport during the injection of
the SRF particles, the process suffered from ash melting and agglomeration issues. Figure 11 depicts
the cavity and ash deposition at the bottom at the end of Run#4. A thick block of solidified ash stuck
to the cavity wall. It surrounded the fixed Al2O3 particles bottom layer that was used to protect the
oxidant injection tube. Future work should be dedicated to manage ash accumulation in the reactor.
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4. Conclusions

Solar-only and solar-hybrid gasification experiments with beech wood and SRF particles as
biomass and waste feedstocks were performed. This study demonstrated the feasibility of syngas
production from the thermochemical conversion of biomass and waste (solid recovered fuel) feedstocks
in the prototype solar reactor. The particles’ conversion during allothermal operation showed high
gasification performance with an upgrade of the calorific value of the feedstocks by respectively
1.13 and 1.04. Hybrid solar/autothermal conversion of beechwood particles chiefly increased the
reactor temperature and reduced solar energy consumption. SRF particles conversion suffered from
feedstock injection instabilities, which affected the temperature increase in the hybrid operation. In
both configurations (biomass and waste gasification), a noticeable decrease in the H2 and CO yields
was observed, while CO2 greatly increased. This impaired the syngas quality and heating value. The
experimentally observed trends were consistent with the thermodynamic equilibrium predictions
for the main gases at high temperatures (above 800 ◦C). More specifically, the equilibrium results
clearly evidenced that O2 introduction increased the amount of CO2 and H2O, while the amounts of
H2 and to a lesser extent of CO were decreased. Another issue encountered with the SRF particles
concerned the melting/agglomeration of ash at the bottom of the conical reactor. This issue needs to
be correctly managed for reliable operation. This study demonstrated the solar reactor flexibility in
converting both biomass and waste feedstocks into syngas performed in continuous operation. The
experimental results showed the feasibility of operating the reactor in both allothermal (solar-only)
and hybrid allothermal/autothermal (combined solar and oxy-combustion heating) for continuous
syngas production with high yields and energy conversion efficiencies. This study thus demonstrated
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the suitability of the technology concept coupling solar energy to sustain gasification, the reliability of
the prototype solar reactor for both biomass and waste gasification, and the capability for continuous
process operation under intermittent or fluctuating solar irradiation conditions by combining both
allothermal and hybrid operation. Future work will focus on the improvement of the reactor design
thanks to numerical simulation and high-temperature experimentation. Also, a sensitivity study based
on thermodynamic equilibrium or on more complex kinetic modeling is required to find optimal
biomass/water/oxygen flow-rates. The co-gasification of wood biomass and SRF will also be studied
as an efficient strategy to limit the formation of ash while providing potential synergistic benefits for
enhancing gasification performance.
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