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Abstract: The solar gasification of biomass represents a promising avenue in which both renewable
solar and biomass energy can be utilized in a single process to produce synthesis gas. The type
of oxidant plays a key role in solar-driven biomass gasification performance. In this study, solar
gasification of beech wood biomass with different oxidants was thermodynamically and experi-
mentally investigated in a 1.5 kWth continuously-fed consuming bed solar reactor at 1200 ◦C under
atmospheric pressure. Gaseous (H2O and CO2) as well as solid (ZnO) oxidants in pellet and particle
shapes were utilized for gasifying beech wood, and the results were compared with pyrolysis (no ox-
idant). As a result, thermodynamic predictions provided insights into chemical gasification reactions
against oxidants, which can support experimental results. Compared to pyrolysis, using oxidants
significantly promoted syngas yield and energy upgrade factor. The highest total syngas yield
(63.8 mmol/gbiomass) was obtained from biomass gasification with H2O, followed by CO2, ZnO/
biomass mixture (pellets and particles), and pyrolysis. An energy upgrade factor (U) exceeding one
was achieved whatever the oxidants, with the maximum U value of 1.09 from biomass gasification
with ZnO, thus highlighting successful solar energy storage into chemical products. ZnO/biomass
pellets exhibited greater gas yield, particularly CO, thanks to enhanced solid–solid reaction. Solid
product characterization revealed that ZnO can be reduced to high-purity Zn through solar gasifica-
tion, indicating that solar-driven biomass gasification with ZnO is a promising innovative process for
CO2-free sustainable co-production of metallic Zn and high-quality syngas.

Keywords: thermochemical conversion; biomass; chemical looping gasification; solar reactor; metal
oxide; metallurgy

1. Introduction

Due to the concerns related to diminution of fossil fuels reserves and rise of greenhouse
gas emissions, renewable energy sources have been increasingly used to replace fossil fuels.
The leading renewable energy sources consist of solar, biomass, hydropower, wind, and
geothermal. Noticeably, renewable biomass and solar resources can be integrated within a
solar gasification process [1]. The solar gasification process represents a promising avenue
to convert solid carbonaceous materials into green synthesis gas (H2 + CO) [2]. With
this process, intermittent solar energy can be long-term stored into dispatchable chemical
products through enthalpy of endothermic reactions.

Conventional gasification technologies, originated over several decades, exhibit a
major serious concern regarding the partial combustion of feedstock up 45% to drive
endothermic chemical reactions [3]. In contrast, solar gasification has the potential to
totally convert biomass to syngas thanks to the use of solar energy supplied as an external
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heat source (allothermal), thereby outperforming the conventional autothermal route.
However, it faces challenging issues involving intermittency (day and night cycle) and
fluctuations due to variable weather conditions. To cope with these limitations, hybrid
solar-autothermal gasification has been investigated [4]. Solar gasification performance
depends on several key aspects involving reactor designs, temperatures, starting solid
carbonaceous materials, reactants feeding rates, and types of oxidant [5].

Solar gasification reactors have been intensively designed, fabricated, and tested,
including, e.g., packed bed reactors [6], fluidized bed reactors [7], vortex and entrained
flow reactors [8]. Packed bed reactors [9] provide long residence time, which promotes
feedstock conversion efficiency. However, their major drawbacks are high temperature
gradients, heat and mass transfer limitations, and potentially discontinuous operation. To
alleviate such issues, fluidized bed reactors were investigated [7]. However, constraints
also exist regarding limited biomass particle size, and reactors could not be operated in
continuous mode. Vortex and entrained flow reactors were designed to perform the process
continuously, whilst maiming residence time. In addition, they still also face an issue of
feedstock size limitation [10].

Recently, a research work at PROMES-CNRS laboratory aimed to design, fabricate,
and test an original continuous spouted-bed solar gasification reactor [11]. This reactor
both allowed for continuous operation and heat and mass transfer improvement, and it
provided long solid residence time [12].

The gasification process starts with the removal of moisture at above 100 ◦C. It is
then followed by pyrolysis in which biomass devolatilizes to biochar, incondensable
gases (mainly H2, CO, CO2, H2O, C2H2, C2H6), and tars at above 300 ◦C, according to
Equation (1):

Biomass → biochar (carbon) + CO + CO2 + H2 + H2O + CH4 + C2H2 + C2H6 + tars (1)

Afterward, the produced biochar from pyrolysis is oxidized with the added gasifica-
tion agents at above 800 ◦C. The ideal stoichiometric gasification reaction of beech wood
biomass (with empirical chemical formula C6H9O4) with water steam (Equation (2)) and
CO2 (Equation (3)) proceeds as follow:

C6H9O4 + 2H2O→ 6.5H2 + 6CO (2)

C6H9O4 + 2CO2 → 4.5H2 + 8CO (3)

Alternatively, the gasification reaction with solid oxidants is possible [13]. Solid
ZnO oxidant represents a favorable candidate for solar biomass gasification because its
reduction temperate with carbonaceous materials is moderate (as compared to the thermal
dissociation of ZnO (ZnO↔Zn + 1

2 O2) which requires temperatures above 1500 ◦C [14]),
and it suitably matches the gasification temperature [15].

Stoichiometric beech wood biomass gasification reaction with solid ZnO
(Equation (4)) may be written as follow:

C6H9O4 + 2ZnO→ 2Zn + 6CO + 4.5H2 (4)

During reaction (Equation (4)) taking place, the following side reactions, associated
with the presence of ZnO, are possible:

ZnO + C→ Zn + CO (5)

ZnO + CO↔ Zn + CO2 (6)

ZnO + H2 ↔ Zn + H2O (7)
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Other possible secondary reactions occurring during the gasification process are
associated with solid-gas and gas phase reactions:

C + CO2 ↔ 2CO (8)

C + H2O→ CO + H2 (9)

CO2 + H2 ↔ CO + H2O (10)

CH4 + CO2 → 2CO + 2H2 (11)

CH4 + H2O→ CO + 3H2 (12)

This ZnO reduction process using biomass as reducer allows operating at much lower
temperature than that required for the solar thermal reduction process
(ZnO → Zn(g) + 1

2 O2), as part of the two-step ZnO/Zn redox cycle for H2O and CO2
splitting [16,17]. The produced solid Zn derived from solar thermochemical conver-
sion process can be recycled to ZnO after reacting with H2O (Equation (13)) or CO2
(Equation (14)) to produce H2 or CO in a two-step cycle [18,19]:

Zn + H2O→ ZnO + H2 (13)

Zn + CO2 → ZnO + CO (14)

Solar-driven gasification with gaseous or solid oxidants was previously investigated
numerically [20], experimentally [21], and economically [22]. Concerning solid oxidants,
Bellouard et al. [23] employed iron oxide to gasify beech wood biomass and found that
iron oxide was reduced to metallic iron, depending on the oxygen carrier proportion.
They also concluded that iron oxide is an effective candidate for producing both syngas
and iron via a novel green metallurgical process. Chuayboon et al. [15] reported that
ZnO can oxidize biomass, and biomass/ZnO ratios have an important impact on gasi-
fication performance. In addition, Yang et al. [24] studied chemical looping gasification
using Fe supported on phosphogypsum compound as an oxygen carrier, and reported
that this material has high oxygen exchange capacity, high selective conversion ability
of C to CO, excellent activity and recyclability. Furthermore, the effect of equivalence
ratio on the CO selectivity of Fe/Ca-based oxygen carriers in biochar chemical looping
gasification was investigated [25], and the CO selectivity of Fe2O3 decreased markedly
with increasing equivalence ratio. Concerning gaseous oxidants, CO2 and H2O were
mostly used for solar biomass gasification thanks to their physicochemical benefits [26,27].
Bellouard et al. [11] studied continuous solar biomass gasification with both CO2 and H2O
in an innovative spouted-bed solar reactor. CO2 gasification was found to exhibit lower
kinetic rate compared to H2O gasification.

According to previous studies, the oxidizing agents played a key role in solar biomass
gasification. Therefore, this study aimed to thermodynamically and experimentally inves-
tigate the influence of oxidants including H2O, CO2, and ZnO on solar-driven biomass
gasification in a continuously-fed consuming bed gasification reactor. The performance
outputs of biomass gasification with the different oxidizing agents were determined and
further compared with pyrolysis (no oxidant). Syngas production rates, yields, and re-
actor performance metrics, as well as solid product characterizations, were evaluated to
demonstrate the effect of oxidant type on the gasification process.

2. Materials and Methods
2.1. Reactants and Carbonaceous Feedstock

Beech wood biomass (empirical chemical formula C6H9O4 obtained from elemen-
tal composition analysis) was employed as the renewable solid carbonaceous feedstock.
Its physical and chemical properties are displayed in Table 1. ZnO was supplied as a
solid oxidant, while H2O and CO2 were employed as gaseous oxidants. ZnO powder
(99% purity, 1–5 µm particle size) was purchased from PROLABO (Paris, France). Research
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grade CO2 (99.999% purity) and high-purity distilled H2O were utilized. Biomass par-
ticles and ZnO powder were mechanically mixed with an adequate ZnO content with
respect to the stoichiometric mixture (Equation (4)). Given the different granulometry,
the ZnO powder covered the biomass particles surface uniformly. In addition, H2O and
CO2 were also fed to fulfil stoichiometric proportions (with respect to Equation (2) and
Equation (3), respectively), so that the influence of the oxidants could be compared. Two
types of biomass and ZnO mixture consisting of either particles blend or pressed pellets
were prepared. Concerning the pellet morphology, it was prepared using a manual hy-
draulic press at a pressure of ~75 kg/cm2 for 2 min/pellet, resulting in 0.471 cm3/pellet
volume and 10 mm diameter.

Table 1. Physical and chemical properties of beech wood biomass.

Elemental Chemical Composition
Moisture
(wt%)

Volatile
Matter
(wt%
db)

Fixed
Carbon

(wt%
db)

Mean
Particle
Sizeh
(mm)

Apparent
Densi-

tyh
(g/cm4)

LHV
(MJ/kg)C (wt%

db)
H (wt%

db)
O (wt%

db)
N (wt%

db)
S (wt%

db)

Ash
(wt%
db)

48.3 6.7 44.4 0.11 <0.1 0.46 8.9 83.3 15.2 1 0.201 18.3

2.2. Solar Reactor and Methods

Figure 1 displays the experimental set-up consisting of a 1.5 kWth continuously-fed
consuming bed reactor with its essential components. The solar reactor is cylindrical
and mainly consists of a vertical high-temperature resistant alumina cavity receiver (wall
thickness: 5 mm, 60 × 50 mm diameter, and 70 mm height). The cavity was insulated
with a 30 mm-thick alumino-silicate porous ceramic layer, and its bottom was drilled to
allow the passage of an inlet tube (4 × 2 mm) through which gaseous oxidants (H2O or
CO2) were injected. The whole internal components were positioned within a water-cooled
stainless-steel reactor shell. Reactor temperatures were measured by a B-type thermocouple,
which was inserted in the cavity receiver and compared with measurement of a solar-blind
pyrometer (operating at 4.8–5.2 µm), which was positioned at the center of the facedown
parabolic dish concentrator (Figure 1). In addition, the reactor pressure was measured by
a pressure transducer. Lastly, a hemispherical transparent glass window was fixed to the
front flange edge of the reactor shell for gas-tightness experiments. The feedstock was fed
in the form of particles (either biomass or biomass/ZnO mixture) via a reactant delivery
system composed of a hopper, screw feeder, and electrical motor. Its tip was inserted
through the inlet reactant injection port at the cavity lateral side. Besides, a manual pushing
rod was used instead of the screw feeder for injecting reactant pellets (ZnO/biomass).
Regardless of the feeding device, the reacting feedstock (either biomass or biomass/ZnO
mixture) fell inside the cavity by gravity. A thin layer of alumina wool and particles was
placed at the cavity bottom to support the fed reactant and to broaden the inlet gas stream
(injected from the cavity bottom) to the whole cavity section.

The solar chemical reactor was installed at the focus of a 1.5 kWth vertical-axis
solar furnace of PROMES laboratory, Odeillo, France. Incident sunlight was reflected
by a 2 m2 automatic sun-tracking heliostat and subsequently concentrated by a 2 m-
diameter solar dish concentrator, thereby providing highly concentrated sunlight (beyond
10 MW/m2 of flux density with Gaussian distribution, for Direct Normal Irradiation (DNI)
of 1000 W/m2). Concentrated sunlight entered the cavity receiver through an alumina
cap with a 15 mm diameter aperture to efficiently capture solar energy while minimizing
radiative heat losses.
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Figure 1. Schematic diagram of the 1.5 kWth continuous biomass gasification reactor with its main external components
(P = reactor cavity pressure and T1 = reactor cavity temperature).

During heating, N2 protective and N2 carrier gases flowed to the transparent window
and reactor cavity, and they exited through the lateral reactor outlet. Once reaching the
targeted temperature, biomass and gaseous H2O/CO2 oxidants were initiated across their
inlet ports to the reactor cavity in continuous injection mode. For solid oxidant, a mixture
of biomass and solid ZnO oxidant was fed directly via the biomass injection port. Gasifi-
cation reactions took place continuously till complete reactant injection. DNI was stable
(1000 W/m2) throughout on-sun experiments. Experiments were conducted at 1200 ◦C
under atmospheric pressure of 0.90 bar (at the experimental site location). Gas product
species involving syngas and Zn(g) exited the reactor via the outlet alumina tube (repre-
sented as zone A) and then went through a micro filter (represented as zone B). Zn was
condensed when the gas stream exited the cavity, and was recovered in the form of solid
deposits in both the outlet alumina tube and the filter. A fixed flow rate of product gases
was sampled for continuous gas analysis (Emerson X-STREAM XEGP, St. Louis, MO,
USA), using infrared detectors for CO, CO2, CH4 and thermal conductivity detector for H2
(uncertainty < 0.5% of full scale). Punctual gas analysis (every 2–3 min) was also performed
by gas chromatography (Varian CP4900, Palo Alto, USA) to validate gas concentration
measurements. In case of steam gasification, the outlet gas flowed through a gas drying
unit (bubbler) to remove unconverted steam and a filter to remove entrained particles,
before gas composition analysis. In addition, the outlet amounts of H2O (condensed in
the outlet components) and entrained char were quantified by weighting for mass balance
validation whatever the type of oxidizing agent (H2O, CO2, and ZnO).

In case of biomass gasification with ZnO, the produced Zn vapor that was condensed
mainly at the outlet alumina tube (zone A), followed by the micro filter (zone B) was
collected for characterization. They were sampled and analyzed by X-ray diffraction (XRD)
for phase identification (Philips PW 1820 diffractometer, Amsterdam, Netherlands) using
the Cu Kα radiation (αCu = 1.5418 Å, angular range = 20–100◦ in 2-Theta, step size of 0.02◦,
recording time = 2 s), and by field emission scanning electron microscopy (FESEM, Hitachi
S4800, Tokyo, Japan) for morphology analysis.



Processes 2021, 9, 687 6 of 17

The solar reactor performance indicators were determined including the syngas yields
and energy upgrade factor. The energy upgrade factor (U) represents the ratio of the
energy content of the chemical products to the calorific value of the biomass feedstock
(Equation (15)). In case of beech wood gasification with CO2/H2O, only the syngas calorific
value was taken into account, whereas both syngas and zinc calorific values were included
for biomass gasification combined with ZnO reduction. In fact, U quantifies the fraction of
solar energy stored in the reaction products. The U value is higher than 1 when the energy
content of the products is higher than that of the feedstock, meaning that solar energy has
been effectively stored in the reaction products. Note that the energy content of the char
by-product remaining in the cavity (especially in the case of pyrolysis) was not taken into
account in the calculation, which resulted in low U value.

U =

(
LHVsyngas

.
msyngas

)
+

( .
nZn∆HZn+0.5O2→ZnO

)
LHVf eedstock

.
m f eedstock

(15)

3. Results and Discussion
3.1. Thermodynamic Equilibrium Analysis

Thermodynamic equilibrium was studied utilizing a Gibbs free energy minimization
approach (HSC chemistry) for a closed system, in which kinetic limitations are not consid-
ered (thus assuming residence times are high enough to reach equilibrium). The purpose
of the thermodynamic equilibrium analysis is to provide insights into the products distri-
bution for each reaction involving pyrolysis and gasification with gaseous H2O/CO2 and
solid ZnO oxidants, as a function of the temperature. The equilibrium approach provides
support to the experiments regarding the chemical reaction mechanism (as a function of
the temperature and oxidant type), the required temperature for reaction completion, and
the equilibrium gas composition. It was thus employed as a first approach to determine
the theoretical limit of the thermochemical conversion process and to identify the expected
products. Figure 2 shows the equilibrium product distribution as a function of temperature
for beech wood biomass pyrolysis at 1 bar. Higher hydrocarbons (CnHm) were taken into
account in the calculation; however, their amounts were found to be negligible and were
thus omitted.

Figure 2. Thermodynamic equilibrium products distribution of biomass pyrolysis (1 kmol of C6H9O4)
at 1 bar.
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As a result, in the initial state, moisture (H2O(l)) contained in the biomass, first vaporized
to H2O(g), and then biomass thermally decomposed to C(s), CO2, CH4, and H2 in the absence
of oxygen (Equation (1)). At below 400 ◦C, CH4 and CO2 were predominant compared
to CO and H2. With increasing temperature, CH4 and CO2 decreased while H2 and CO
increased. The reaction approached and then reached completion at above 800 and 1000 ◦C,
respectively (as reflected by a stable products composition above 1000 ◦C), resulting in a gas
phase including CO and H2 and a solid phase involving biochar with a CO(g)/C(s) ratio of
two (pyrolysis reaction can be written as: C6H9O4→ 2C(s) + 4CO + 4.5H2).

Thermodynamic equilibrium compositions of biomass gasification with H2O and CO2
(Equations (2) and (3)) as a function of temperature at 1 bar are presented in
Figures 3 and 4, respectively. They were calculated under stoichiometric mixture. As
observed in Figure 3 (H2O gasification), at the initial state, biomass decomposition was en-
hanced when compared with pyrolysis (Figure 2) thanks to the H2O oxidant, as evidenced
by a steep decline in C(s). Similar to pyrolysis, CO2 and CH4 decreased with increasing
temperature. The reaction reached completion above 900 ◦C, resulting in a stoichiometric
mixture of a gas phase consisting of H2 (6.5 mol) and CO (6 mol), without the presence of
solid carbon.

Figure 3. Thermodynamic equilibrium products distribution of the biomass steam gasification
(C6H9O4 + 2H2O) system at 1 bar.

Regarding CO2 gasification (Figure 4), in the initial state, H2 and CH4 were formed
in lower amounts, whereas CO was higher compared to steam gasification (Figure 3). As
expected, employing CO2 as an oxidant resulted in higher CO production than using H2O
(8 mol of CO and 4.5 mol of H2 at above 1000 ◦C). Moreover, it decreased H2 production.
The stoichiometric mixture of H2 and CO (given by Equation (3)) was reached above
1000 ◦C, which denotes reaction completion, as evidenced by a stable pattern of the gas
composition versus temperature. The temperature for reaction completion was slightly
higher than for H2O gasification (above 1000 ◦C (CO2) vs. above 900 ◦C (H2O)). This is
because of the Boudouard equilibrium (Equation (8)) that requires a higher temperature for
reaction completion [23], which translates into much slower kinetics compared to carbon
gasification with H2O (Equation (9)) [28].
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Figure 4. Thermodynamic equilibrium products distribution of the biomass dry gasification
(C6H9O4 + 2CO2) system at 1 bar.

Figure 5 shows thermodynamic equilibrium composition of biomass gasification with
solid ZnO oxidant (Equation (4)) as a function of temperature at 1 bar. In agreement
with pyrolytic process (Figure 2), in the initial state, biomass was thermally decomposed
to incondensable gases (Equation (1)), while ZnO was thermodynamically stable up to
~800 ◦C. Between 800 ◦C and 900 ◦C, ZnO(s) was reduced to Zn in both liquid and gaseous
phases. In the meantime, the char produced from pyrolysis was oxidized with ZnO
(Equation (5)), CO2 (Equation (8)), and H2O (Equation (9)). The reactions according to
Equations (6), (7) and (10)–(12) could concomitantly take place. The reaction approached
and then reached completion at above 800 ◦C and above 1000 ◦C, respectively, similar to
CO2 gasification. The final main products were a gas phase consisting of Zn vapor (2 mol),
CO (6 mol), and H2 (4.5 mol) with an H2/CO ratio of 0.75. In contrast to pyrolysis, C(s) was
totally converted to CO at above 1000 ◦C. In summary, the absence of oxidant (pyrolysis
reaction) resulted in char remaining in addition to the produced syngas at thermodynamic
equilibrium above ~800 ◦C. Employing H2O or CO2 oxidant led to syngas production,
while using ZnO oxidant led to both syngas and metallic Zn. The reported mechanisms
and products distribution were predicted by thermodynamic equilibrium. Because kinetic
limitations can modify the equilibrium composition, experimental study is needed to assess
the real products formation at the given operating conditions.
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Figure 5. Thermodynamic equilibrium products distribution of the biomass gasification with ZnO
(C6H9O4 + 2ZnO) system at 1 bar.

3.2. Representative Solar Gasification Experiment

Figure 6 shows the syngas production rates consisting of CO, CO2, CH4, H2, and
CnHm and reactor temperature T1 (right) during continuous solar beech wood gasification
with H2O at 1200 ◦C. Wood biomass (30 g) was injected at ∼1.1 g/min while H2O was
introduced at 0.2 g/min, resulting in a slight excess of H2O (in order to favor biomass
conversion to syngas [29]). Overall, a continuous biomass gasification reaction was ac-
complished within ~27–30 min duration with high H2 and CO production rates exceeding
0.9 NL/min. During the first 20 min, H2/CO ratio was found to be stable around 1.2–1.4
(and afterward fluctuated in the range 0.6–1.8). A fluctuation in the syngas production
rate over time provides insight into the biomass injection instability, presumably due to
the irregular shape and size of the biomass. This experiment was achieved during suit-
able solar irradiation conditions with average DNI around 1000 W/m2, and the resulting
temperature evolution was thus stable around 1200 ◦C. After 20 min duration, the syngas
dropped drastically due to a stop in the biomass feed rate resulting from a temporal feeding
blockage. Such transient reactant feeding blockage, encountered during injection, could be
circumvented by inducing mechanical vibration on the reactant feeding delivery system.
The gas production rates then rose again and finally reached zero after complete injection
of the biomass load. In comparison, the syngas production rates determined by online
analysis (solid lines) were consistent with those obtained from online gas chromatography
(dot lines), thus confirming results reliability. The syngas yields (millimole per gram of dry
biomass, mmol/gbiomass) were then calculated by time integration of the gas production
rates over the experiment duration. The reactor exhibited remarkable performance with
production of a high-quality and energy-rich syngas. The global syngas yields reached
32.3 (H2), 26.5 (CO), 2.8 (CH4), 2.1 (CO2), and 0.1 (C2Hm) mmol/gbiomass, resulting in
an average H2/CO ratio of 1.2 over the experiment duration. Biomass conversion into
syngas up to 82% and global mass balance up to 95% were achieved. The energy upgrade
factor (U), defined as the energy contained in the produced syngas to that contained in the
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biomass feedstock (Equation (15)), exceeded one, demonstrating solar energy storage into
chemical products.

Figure 6. Representative experiment of solar beech wood gasification with H2O (biomass amount = 30g, biomass feeding
rate = 1.1 g/min, H2O feeding rate = 0.2 g/min, temperature = 1200 ◦C).

3.3. Impact of Oxidant

ZnO, CO2, and H2O were individually supplied as oxidant in separate runs for
gasifying beech wood biomass. The effect of the type of oxidant (either solid or gaseous)
was thus studied. Experiments with continuous reactants injection were conducted at
1200 ◦C (nominal temperature T1 inside the reactor cavity). Biomass particles (mass of 30 g)
were injected at 1.1 g/min, while each of the oxidants was fed to comply with the reaction
stoichiometry. Concerning biomass gasification with ZnO, two types of reactant injection
(mixture of biomass and ZnO) were considered including pellets and particles blend, to
unravel the effect of reactants mixing on solid-solid reaction. The particle delivery system
was also used to feed the biomass/ZnO particles blend. Regarding pressed pellets, fifteen
pellets of biomass + 2ZnO were loaded into the alumina feeding tube equipped with a
pushing rod to inject the pellets individually via the injection port of the reactor.

The impact of ZnO (pellets or particles), CO2, and H2O oxidant on syngas yields was
experimentally examined and compared with the yields of the pyrolysis process. Figure 7
displays the syngas yields along with the energy upgrade factor (U) of biomass pyrolysis
and biomass gasification with ZnO (either particles or pellets), CO2, and H2O oxidants.
The total syngas yield of each species including H2, CO, CO2, CH4, CnHm (Figure 7) was
obtained from time integration of the syngas production rates. The theoretical U values
of 1.23 for H2O + biomass (Equation (2)), 1.26 for CO2 + biomass (Equation (3)), 1.31 for
ZnO + biomass (Equation (4)), and 1.11 for biomass pyrolysis were also presented as
reference values. For biomass + ZnO, the calorific value of produced Zn was also taken
into account (in addition to syngas) to calculate U values. Noticeably, when accounting
for the calorific value of C2Hm measured from GC analysis, the U values, designated as
U(C2Hm), were increased by 6%–10%.
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Figure 7. Syngas yields and energy upgrade factors (U) obtained from pyrolysis and gasification of biomass with ZnO, CO2,
and H2O.

As a result, the impact of the type of oxidant on syngas yields was clearly evidenced, as
reflected by the change in syngas yields as a function of the oxidant. The highest total syngas
yield was reached from biomass + H2O (63.8 mmol/gbiomass), followed by biomass + CO2
(58.6 mmol/gbiomass), biomass + ZnO (pellets) (54.8 mmol/gbiomass), biomass + ZnO (parti-
cles) (54.3 mmol/gbiomass), and biomass pyrolysis (44.4 mmol/gbiomass). CnHm formation
was found to be negligible for all tests. Note that in the case of CO2 used as oxidant, the
CO2 produced by the gasification reaction in Figure 7 was not presented (because it was
mixed with the unreacted CO2). Compared to pyrolysis, using solid or gaseous oxidants
enhanced both syngas yields and U, thanks to enhanced carbon conversion, in agreement
with thermodynamic predictions. Experimental U(C2Hm) values were above one whatever
the oxidants, thus demonstrating successful solar energy storage into chemical products. In
addition, they were higher than that of pyrolysis (below one in this case since not including
the heating value of char), pointing out the advantages of using oxidants for enhancing
the products energy content. The highest U(C2Hm) was found for ZnO + biomass particles
(1.09), followed by ZnO + biomass pellets (1.07), CO2 + biomass (1.02), and H2O + biomass
(1.01). The experimental U(C2Hm) values from ZnO + biomass were higher than those from
CO2 + biomass and H2O + biomass, pointing out the benefit of using solid ZnO oxidant. This
means that the energy content of the feedstock was upgraded by the solar power input in the
form of both syngas and Zn, thus outperforming pyrolysis in addition to delivering higher
syngas output per unit of feedstock.

Regarding gaseous oxidants (CO2 vs. H2O), the CO yield from CO2 gasification was
much higher while the H2 yield was much lower, compared to H2O gasification, in line with
thermodynamic equilibrium predictions. This thus led to lower H2/CO ratios (0.7 (CO2)
vs. 1.2 (H2O)), corresponding to same tendencies of thermodynamic analysis. The CH4
yield derived from CO2 gasification was higher, because CH4 + CO2 dry reforming reaction
(Equation (11)) is less favorable, compared to CH4 + H2O steam reforming (Equation (12))
at the given process temperature. Despite producing lower total syngas, the calculated
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U(C2Hm) from CO2 gasification was found to be similar compared to H2O gasification,
due to higher amounts of CO and CH4 which have high heating values.

Regarding solid oxidants (biomass/ZnO particles vs. biomass/ZnO pellets), the total
syngas yield from biomass/ZnO pellets was slightly higher (54.8 mmol/gbiomass (pellets)
vs. 54.3 mmol/gbiomass (particles)). The yields of H2, CO, CH4, and CO2 were 23.56, 23.18,
4.18, and 3.19 mmol/gbiomass for biomass/ZnO particles compared to 22.41, 26.55, 1.75,
and 3.80 mmol/gbiomass for pellets. Remarkably, the CO yield from biomass/ZnO pellets
was significantly higher, pointing out the beneficial effect of pellet shape on gas yield.
This behavior can be ascribed to the pellet compaction that promotes solid-solid reactions,
in particular the reaction of ZnO with char producing CO (Equation (5)). However, the
obtained value of U from biomass/ZnO pellets was lower owing to a lower amount
of CH4.

In summary, the presence of oxidant was proved to be important for converting
biomass to syngas via solar gasification. On the one hand, if focusing on syngas yield,
gaseous oxidants (CO2 and H2O) were more favorable than solid oxidants. On the other
hand, using ZnO oxidant provided a promising opportunity to produce both syngas and
metallic Zn at moderate temperature (easy to handle at large-scale) in a single process.
In comparison to biomass/ZnO particles, pellets shape exhibited greater performance
as evidenced by higher CO yield. Solar biomass pyrolysis is not properly adapted for
biomass-to-syngas conversion; however, it can be an alternative option for co-production
of syngas and solid carbon.

3.4. Solid Product Characterization

The production of metallic Zn powder from biomass gasification with ZnO (pellets and
particles) was characterized. As illustrated in Figure 1, the outlet components were divided
into two zones: (i) zone A is the outlet alumina tube and connector; and (ii) zone B is the
micro filter. Accordingly, the solid products collected from both zones were characterized
by X-ray diffraction (XRD) for identifying the ultimate phase (products quality) from
diffraction data. Field emission scanning electron microscopy (FESEM) was performed for
analyzing product morphology. XRD patterns of the solid products from biomass + ZnO
(pellets) and biomass + ZnO (particles) gasification at 1200 ◦C under atmospheric pressure
(0.90 bar) are presented in Figure 8. The results were compared with pure commercial Zn
(pure Zn diffractogram) as reference pattern.

Overall, diffraction peaks of the Zn pattern were found to be clearly-defined and had
high intensity for both zone A and zone B, whatever pellets or particles. This revealed that
high-purity Zn was produced via the biomass gasification process. There was no effect
of the reactant shape on solid product purity. Nevertheless, a small trace of remaining
ZnO was evidenced in the cavity after solar experiments (Figure 8a), resulting from a
slight excess of unreacted ZnO (this ZnO is not ascribed to Zn oxidation with CO2 or
H2O because this reaction is not favorable at the high cavity temperature). At zone A
(Figure 8b), the presence of ZnO was still detected, but in negligible amount for both
particles and pellets injection. This weak ZnO formation may result from Zn recombination
with CO (Equation (5) (reverse reaction)), and oxidation with CO2 (Equation (13)) and H2O
(Equation (14)) that are thermodynamically favorable at low temperatures (during cooling
in the outlet path). In contrast to zone A, only the Zn pattern was noticed at zone B for both
particle and pellet reactant injection (Figure 8c), demonstrating no ZnO contamination and
high-purity Zn production. Using Scherrer’s equation, the mean crystallite size of the solid
Zn products was found to be 40–80 nm for zone A and 40–60 nm for zone B.
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Figure 8. Representative X-ray diffraction (XRD) patterns of solid products from beech wood biomass
gasification with ZnO in the form of particles and pellets: (a) solid product remaining in the cavity,
(b) powder collected in zone A, and (c) powder collected in zone B.

Figure 9 shows FESEM micrographs of the remaining solid product in the cavity
receiver (a), solid products collected in the reactor outlet (zone A, (b)), and in the micro
filter (zone B, (c)), during biomass gasification with ZnO (with particles injection). Overall,
Zn products were found in the form of submicronic grains and they were covered with
dispersed biochar. The microstructure of remaining biochar in the cavity was mainly
observed (Figure 9a), including some small amounts of remaining ZnO (ZnO remaining in
the cavity receiver can be reused in subsequent solar gasification reactions). Interestingly,
at zone A (Figure 9b) some of the Zn products grew in filaments (0.1–0.2 µm diameter),
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and a part grew in plane layers resulting from the Zn product deposit in contact with the
inner surface of the outlet water-cooled tube. At zone B (Figure 9c), condensed Zn in the
form of scattered hexagonal grains was also observed, including fine biochar particles.

Figure 9. Field emission scanning electron microscopy (FESEM) micrographs of solid products
collected in (a) the cavity, (b) the outlet tube and connector (zone A), and (c) the micro filter (zone B).

4. Conclusions

On-sun continuous solar pyrolysis and gasification of renewable beech wood biomass
with different oxidizing agents have been successfully investigated. Experiments were
carried out in a 1.5 kWth continuously-fed consuming bed solar chemical reactor. Highly
concentrated sunlight was utilized to drive chemical reactions, unveiling a promising
means to store intermittent solar energy in the form of chemical products (solar fuels). H2O
or CO2 were employed as gaseous oxidants for producing high-quality syngas, whereas
ZnO was employed as solid oxidant for the co-production of green metallic Zn and syngas
in a single sustainable process. The influence of oxidants on syngas yield and energy
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upgrade factor (U) was underlined. In addition, thermodynamic equilibrium analysis was
performed to highlight the effect of oxidant on gasification products distribution. Several
key outcomes of this study can be outlined as follows:

• The thermodynamic analysis first provided essential understanding of the involved
chemical reaction mechanism as a function of the temperature. Furthermore, the
equilibrium species distribution was strongly dependent on the type of oxidant.

• A representative solar experiment demonstrated remarkable performance for the
continuous solar-driven biomass gasification performed in a consuming-bed reactor,
enabling high syngas production rates with small amounts of undesired by-products
(CH4, CO2, and CnHm). The continuous solar reactor was further proved to be
compatible with various oxidants for biomass gasification.

• The comparison of oxidants impact on reactor performance provided noteworthy out-
comes. The gasification process employing oxidants, whether solid or gaseous, outper-
formed the pyrolysis process, which led to enhanced syngas yield and upgraded U.

• The interest of using gaseous H2O and solid ZnO oxidants was highlighted, since the
highest total syngas yield of 63.8 mmol/gbiomass was reached from gasification with
H2O, and the highest U of 1.09 was achieved from gasification with ZnO. Utilizing
CO2 also exhibited great performance, with total syngas yield of 58.61 mmol/gbiomass
and increased CO formation at the expense of lowered H2, in agreement with thermo-
dynamic prediction.

• Using gaseous oxidants globally resulted in a simple handling system. ZnO solid
oxidant was successfully reduced to Zn with syngas co-product during biomass
gasification. Pellet reactants obtained by compaction exhibited higher gas yield,
particularly CO, thanks to improved solid-solid reaction.

• High-purity Zn particles with crystallized hexagonal microstructure were produced
from biomass gasification with ZnO. The Zn produced could be utilized in a Zn battery
and further used as an oxygen carrier in a two-step CO2/H2O splitting system.

• Solar pyrolysis, although not optimal for producing syngas, can be an attractive
pathway for producing both biochar and syngas.

• The various possible options in solid and gaseous oxidants make the gasification
process flexible depending on the targeted products. In particular, the novelty of
continuous solar gasification of biomass with solid oxidants represents a cutting-edge
pathway toward renewable synthetic fuels and green metallurgical products.
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