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Co-production of high-purity Zn and syngas via carbothermal reduction of ZnO was performed in a directly-irradiated concentrated solar reactor, thereby converting and storing intermittent sunlight into high-value chemical fuels and commodities. On-sun experiments were carried out by varying different operating parameters including solid carbonaceous feedstocks (either solid carbon or beech wood biomass) in batch and continuous modes at 950-1350°C, demonstrating solar reactor flexibility and robustness. Decreasing pressure (150-400 hPa) promoted both ZnO reduction rate and net ZnO conversion above 78%, thus enhancing Zn production yield. Nevertheless, CO selectivity decreased because of rising CO2 due to the residence time decrease. A remarkable increase in gas production rates/yields, CO selectivity, and reaction extent was highlighted when increasing temperature during continuous pellets reactant injection. Furthermore, utilizing wood biomass as a sustainable green reducer was proved to be an attractive choice to produce both metallic Zn and highquality syngas in a single process consisting of biomass gasification with solid ZnO. Zn content exceeding 90 wt% was demonstrated for both batch and continuous tests, unveiling high reactor performance for the metallurgical process. The energy content of the feedstock was upgraded by the solar power input (maximum energy upgrade factor up to 1.2), and the maximum solar-to-fuel energy conversion efficiency up to ~6% was achieved with continuous reactant injection. The high-purity Zn can be further used to produce fuel via CO2-splitting in a complete and fast reaction.

Introduction

Converting sunlight into energy-intensive chemical fuels and materials via solar thermochemical metallurgical processes is an attractive prospect for the long-term storage of renewable energy. Using solar energy for process heat and biomass as reducing feedstock in place of fossil fuels is a means to reduce the dependence on conventional energy resources and to avoid emissions of CO2 and other pollutants while upgrading the calorific value of the feedstock for the production of both metals and syngas. Zinc (Zn) is a widely used metal in various industries, and both its production and consumption are significant on a global scale.

Zn has been considered as an essential chemical commodity for the applications of both corrosion-resistant zinc plating of iron and electrical batteries [START_REF] Haueter | The production of zinc by thermal dissociation of zinc oxide-solar chemical reactor design[END_REF]. It can further be reacted with either water (H2O) or carbon dioxide (CO2) to generate high-purity hydrogen (H2) or carbon monoxide (CO) in looping cycles [START_REF] Abanades | Screening of water-splitting thermochemical cycles potentially attractive for hydrogen production by concentrated solar energy[END_REF]. Zn is normally found in association with other base metals such as copper and lead in ores and is conventionally produced by a refinement and smelting metallurgical process, resulting in large volumes of pollutants that adversely lead to environmental impact (Schwab et al.). In 2021, the estimated world production of zinc was approximately 14.5 million metric tons.

The leading producers of zinc are China, Australia, Peru, and the United States, which account for more than half of the world's zinc production. Concerning Zn consumption, the primary uses of zinc are the construction, transportation, and electrical industries, associated with the production of various zinc-based alloys, galvanizing, and batteries [START_REF] Leong | Rechargeable Zn-air batteries: Recent trends and future perspectives[END_REF]. In 2021, the estimated global consumption of zinc was around 13.8 million metric tons, pointing out its high economic value. It is worth noting that the conventional production of zinc is highly affected by environmental regulations [START_REF] Jia | Exploring the potential health and ecological damage of lead-zinc production activities in China: A life cycle assessment perspective[END_REF]. The overall economy of a full-scale solar-driven Zn and syngas production plant depends on several factors, including mainly the cost of solar concentrating systems and facilities (heliostats field, tower receiver, reactor, etc.). In comparison with conventional fossil fuels-based processes, the metallurgical process economics should be favored if both renewable energy and bio-sourced reducers are employed. Both zinc and syngas products can be valorized.

Given the carbon emission mitigations and pollution avoidance, such solar-driven thermochemical technologies should thus be economically competitive if carbon credits and incentive policies are applied [START_REF] Boujjat | Techno-Economic Assessment of Solar-Driven Steam Gasification of Biomass for Large-Scale Hydrogen Production[END_REF].

One of the most promising approaches to produce Zn while avoiding environmental impact is the thermochemical dissociation of zinc oxide (ZnO) using concentrated solar energy as the primary energy source [START_REF] Haueter | The production of zinc by thermal dissociation of zinc oxide-solar chemical reactor design[END_REF][START_REF] Levêque | Kinetic analysis of high-temperature solid-gas reactions by an inverse method applied to ZnO and SnO2 solar thermal dissociation[END_REF]. From this endothermal process, solar energy can be converted into storable and transformable chemical fuels or commodities. However, the direct solar ZnO dissociation (ZnO + solar heat → Zn + ½ O2) requires extremely high temperatures up to ~1975°C at standard atmospheric pressure [START_REF] Abanades | Design and simulation of a solar chemical reactor for the thermal reduction of metal oxides: Case study of zinc oxide dissociation[END_REF][START_REF] Abanades | Screening of water-splitting thermochemical cycles potentially attractive for hydrogen production by concentrated solar energy[END_REF][START_REF] Chambon | Thermal dissociation of compressed ZnO and SnO2 powders in a moving-front solar thermochemical reactor[END_REF][START_REF] Koepf | Pilot-scale solar reactor operation and characterization for fuel production via the Zn/ZnO thermochemical cycle[END_REF][START_REF] Perkins | Determination of aerosol kinetics of thermal ZnO dissociation by thermogravimetry[END_REF][START_REF] Perkins | Thermal ZnO dissociation in a rapid aerosol reactor as part of a solar hydrogen production cycle[END_REF][START_REF] Schunk | A Receiver-Reactor for the Solar Thermal Dissociation of Zinc Oxide[END_REF], obtained with high-flux solar concentration ratios (ratio of solar radiation intensity entering the reactor to direct incident solar radiation), in turn resulting in high heat losses and reactor material issues. Alternatively, carbonaceous materials can be employed as reducing agents to convert ZnO into Zn with CO production at much lower temperatures (~950°C) (Chuayboon & Abanades, 2020). Such carbonaceous reductants can be in the forms of either gases such as methane (CH4) [START_REF] Chuayboon | Combined ZnO reduction and methane reforming for coproduction of pure Zn and syngas in a prototype solar thermochemical reactor[END_REF][START_REF] Chuayboon | Thermochemical performance assessment of solar continuous methane-driven ZnO reduction for co-production of pure zinc and hydrogen-rich syngas[END_REF]Chuayboon et al., 2020a;Chuayboon et al., 2020b;[START_REF] Steinfeld | A solar chemical reactor for co-production of zinc and synthesis gas[END_REF][START_REF] Steinfeld | Solar thermal production of zinc and syngas via combined ZnO-reduction and CH4-reforming processes[END_REF][START_REF] Wieckert | Solar Thermal Reduction of ZnO Using CH4:ZnO and C:ZnO Molar Ratios Less Than 1[END_REF] or solids such as biomass (Chuayboon et al., 2018b;[START_REF] Hu | Syngas production by chemical-looping gasification of wheat straw with Fe-based oxygen carrier[END_REF], coke [START_REF] Kräupl | Solar Carbothermic Reduction of ZnO in a Two-Cavity Reactor: Laboratory Experiments for a Reactor Scale-Up[END_REF][START_REF] Osinga | Experimental Investigation of the Solar Carbothermic Reduction of ZnO Using a Two-cavity Solar Reactor[END_REF], and coal [START_REF] Tsuji | Coal Gasification Using the ZnO/Zn Redox System[END_REF]. When biomass is employed as a carbon source, the process is carbon-neutral. It corresponds to biomass gasification using a solid oxidant, which produces syngas in addition to the metal. The overall solar carbothermal reduction (CTR) of ZnO with solid carbon is represented as:

ZnO(s) + C(s) → Zn(g) + CO(g) (1) 
If employing wood biomass as a reducing agent (with molecular formula assumed to be C6H9O4), the reaction can be written as:

ZnO(s) + 1/2C6H9O4(s) → Zn(g) + 3CO + 9/4H2(g) (2)
The solid-gas reactions occurring during ZnO reduction with solid carbonaceous feedstock are:

ZnO(s) + CO(g)  Zn(g) + CO2(g) (3) C(s) + CO2(g)  2CO(g) (4) 
According to Eq. 3, ZnO can be reduced by CO produced from Eq.1 to Zn and CO 2 (global reaction: 2ZnO + C → 2Zn + CO2), and the produced CO2 is subsequently reduced by carbon according to the Boudouard reaction (Eq. 4).

Noticeably, the proposed solar-driven Zn production process is considered green as it uses solar energy as heat source to drive the reactions and bio-sourced reducers as carbon source. This means that the process does not generate harmful or waste products, while reducing dependence on fossil fuels and decreasing greenhouse gas emissions (Abanades et al., 2021;Chuayboon & Abanades, 2020). In addition, one key advantage of concentrating solar technologies is the possible energy storage in the form of high-temperature heat. This heat can then be supplied to the reactor when solar energy is not available (due to intermittent sunlight illumination and day-night cycles), which makes possible to operate continuously [START_REF] Rodat | On the path toward day and night continuous solar high temperature thermochemical processes: A review[END_REF]. For example, thermochemical energy storage systems are currently developed, with the aim to operate round-the-clock [START_REF] André | Recent Advances in Thermochemical Energy Storage via Solid-Gas Reversible Reactions at High Temperature[END_REF]. Therefore, with such solar energy storage systems, the product quality can be maintained.

Several solar reactors have been designed, developed, and tested for both direct ZnO dissociation and carbothermal reduction. Generally, solar reactors can be categorized by batch and continuous operation. On the one hand, packed bed reactors, whether directly or indirectly irradiated [START_REF] Kräupl | Solar Carbothermic Reduction of ZnO in a Two-Cavity Reactor: Laboratory Experiments for a Reactor Scale-Up[END_REF][START_REF] Osinga | Experimental Investigation of the Solar Carbothermic Reduction of ZnO Using a Two-cavity Solar Reactor[END_REF][START_REF] Wieckert | A 300kW Solar Chemical Pilot Plant for the Carbothermic Production of Zinc[END_REF][START_REF] Wieckert | A two-cavity reactor for solar chemical processes: heat transfer model and application to carbothermic reduction of ZnO[END_REF], are usually operated in a batch mode. These reactors offer a high extent of reaction thanks to the relatively large reactant surface area able to absorb solar radiation and long residence time [START_REF] Wieckert | A 300kW Solar Chemical Pilot Plant for the Carbothermic Production of Zinc[END_REF]. However, they exhibit temperature gradient issues [START_REF] Kräupl | Solar Carbothermic Reduction of ZnO in a Two-Cavity Reactor: Laboratory Experiments for a Reactor Scale-Up[END_REF], and unreacted reactant remaining after the reaction (Wieckert et al., 2004). [START_REF] Osinga | Experimental Investigation of the Solar Carbothermic Reduction of ZnO Using a Two-cavity Solar Reactor[END_REF] experimentally investigated the CTR of ZnO using a twocavity reactor. Thermal efficiency up to 20% was achieved for batch tests, but 20% of nonreacted ZnO remained and was assumed to diffuse into the insulation material. The influence of temperature, carbon source, and carrier gas composition on the CTR of ZnO was later examined utilizing the same reactor to gain data for designing a scaled-up reactor [START_REF] Kräupl | Solar Carbothermic Reduction of ZnO in a Two-Cavity Reactor: Laboratory Experiments for a Reactor Scale-Up[END_REF]. [START_REF] Wieckert | A 300kW Solar Chemical Pilot Plant for the Carbothermic Production of Zinc[END_REF] tested a 300 kW packed bed reactor for the CTR of ZnO in the temperature range 1300-1500 K, yielding 50 kg/h of 95%-purity Zn and up to 30% of thermal efficiency. On the other hand, entrained particles flow [START_REF] Abanades | Design and simulation of a solar chemical reactor for the thermal reduction of metal oxides: Case study of zinc oxide dissociation[END_REF][START_REF] Haueter | The production of zinc by thermal dissociation of zinc oxide-solar chemical reactor design[END_REF][START_REF] Koepf | Pilot-scale solar reactor operation and characterization for fuel production via the Zn/ZnO thermochemical cycle[END_REF][START_REF] Schunk | A Receiver-Reactor for the Solar Thermal Dissociation of Zinc Oxide[END_REF], moving-front [START_REF] Chambon | Thermal dissociation of compressed ZnO and SnO2 powders in a moving-front solar thermochemical reactor[END_REF], gravity-fed [START_REF] Koepf | A novel beam-down, gravity-fed, solar thermochemical receiver/reactor for direct solid particle decomposition: Design, modeling, and experimentation[END_REF][START_REF] Koepf | Experimental Investigation of the Carbothermal Reduction of ZnO Using a Beam-Down, Gravity-Fed Solar Reactor[END_REF], drop tube [START_REF] Brkic | Solar carbothermal reduction of aerosolized ZnO particles under vacuum: Modeling, experimentation, and characterization of a drop-tube reactor[END_REF], and spouted bed (Chuayboon et al., 2018b) solar reactors are typically operated in a continuous mode. These reactors achieve rapid conversion rates, but the reactant feeding rate must match well the reaction rate to avoid a reactant accumulation issue [START_REF] Chuayboon | Clean magnesium production using concentrated solar heat in a high-temperature cavity-type thermochemical reactor[END_REF].

They may also require large amounts of carrier gases for maintaining particle entrainment.

Compared to batch operation, ZnO conversion efficiencies may be lower, as residence time is shorter, and solid reactants can escape from the reactor with carrier gases. [START_REF] Koepf | Experimental Investigation of the Carbothermal Reduction of ZnO Using a Beam-Down, Gravity-Fed Solar Reactor[END_REF] studied the CTR of ZnO with beech charcoal in a continuous beam-down, gravity-fed solar reactor, yielding 12.4% of thermal efficiency, 75% of Zn content, and 14% of reactant conversion; however, critical issues related to clogging and significant unreacted reactant were encountered. Recently, [START_REF] Brkic | Solar carbothermal reduction of aerosolized ZnO particles under vacuum: Modeling, experimentation, and characterization of a drop-tube reactor[END_REF] tested CTR of ZnO in a drop tube reactor at pressures between 1 and 960 hPa and found that the Zn production rate was maximal at ~100 hPa and significantly reduced under vacuum because of insufficient residence time and limited particles heat up in the reaction zone. Besides, vacuum carbothermal reduction of volatile metal oxides (such as ZnO, MgO) was proposed in order to enhance the reduction rate [START_REF] Chuayboon | Clean magnesium production using concentrated solar heat in a high-temperature cavity-type thermochemical reactor[END_REF][START_REF] Halmann | Vacuum Carbothermic Reduction of Al2O3, BeO, MgO-CaO, TiO2, ZrO2, HfO2 + ZrO2, SiO2, SiO2 + Fe2O3, and GeO2 to the Metals. A Thermodynamic Study[END_REF][START_REF] Levêque | Investigation of thermal and carbothermal reduction of volatile oxides (ZnO, SnO2, GeO2, and MgO) via solar-driven vacuum thermogravimetry for thermochemical production of solar fuels[END_REF] and decrease products recombination reaction, according to Le Chatelier's principle.

In this study, a directly-irradiated 1.5 kWth solar reactor was designed and developed ZnO reduction. In addition, previous work demonstrated that zinc oxide is a suitable solid oxidant for wood biomass gasification reactions and can be used as an oxygen carrier for solar chemical looping gasification (Chuayboon et al., 2018b). For this reason, wood biomass was selected as one of the reducing agents to produce Zn from ZnO in this study. This new solar process is thus a sustainable alternative option outperforming the conventional metallurgical processes currently used for Zn production. The reactor performance, gaseous species production rates, ZnO conversion, Zn and CO yields were investigated to demonstrate the process in both batch and continuous operation. This study confirmed the solar process feasibility with continuous reactant injection in a high-temperature solar reactor operated under atmospheric or vacuum conditions.

Experimental systems

Reacting materials

Different solid carbonaceous feedstocks were considered for ZnO carbothermal reduction (Table S1 in supporting information). Pure solid carbon powders (carbon black (CB) and activated charcoal (AC)) and beech wood biomass (C6H9O4 with ~1 mm particle size) were employed as reducing agents. For reactant powder preparation, ZnO powder (99.8% purity, 1-5 µm) was well grinded with a mortar and then mechanically mixed with either AC (99.9% purity, <149µm) or CB (99.9% purity, 15.10 -3 µm) with a C/ZnO molar ratio () of 1.5 (50% of excess carbon with respect to its stoichiometric ratio of 1 according to Eq. 1). For reactant pellets, well mixed ZnO+CB powder (CB/ZnO molar ratio = 1.5) and

ZnO+C6H9O4 powder (C6H9O4/ZnO molar ratio = 0.75, 50% excess of reducer with respect to its stoichiometric molar ratio of 0.5 according to Eq. 2) were prepared. Then, the pellets (volume: 0.471 cm 3 /pellet, 10 mm diameter) were obtained with a manual hydraulic press at a pressure of ~75 kg/cm 2 for 2 min/pellet (Fig. S1). When using biomass as a reducer, it is essential to use a biomass type with low ash content to avoid any adverse impact on reactor operation, especially in continuous mode. Actually, ash content in biomass strongly depends on the biomass type. For example, woody biomass typically has a lower ash content than agricultural residues. Accordingly, beech wood with very low ash content (0.46 wt%, Table S1) was used as C source in this study.

Apparatus and procedure

Fig. 1 shows a schematic diagram of the experimental set-up. The directly-irradiated prototype solar reactor is based on a vertical cylindrical cavity receiver. It was designed for either batch or continuous operating modes under atmospheric or vacuum low-pressure conditions. Its design and operation were previously described and validated in the case of MgO carbothermal reduction [START_REF] Chuayboon | Clean magnesium production using concentrated solar heat in a high-temperature cavity-type thermochemical reactor[END_REF]. The inner alumina cavity receiver (volume: 121.4 cm 3 ) is insulated by a surrounding porous ceramic layer, and its bottom is pierced at the center for nitrogen (N2) carrier gas injection. Two stainless-steel tubes (4 mm inner diameter) are inserted through the insulation layer, while exiting into the window area for the injection of N 2 protective gas. The insulated cavity receiver, vertically positioned inside the outer stainless-steel water-cooled cylinder, is covered at the top by an alumina cap with a 20-mm diameter aperture, and the system is closed by a hemispherical transparent window. The automatic particle delivery system (hopper and screw feeder powered by an electrical motor) is installed through the injection port of the reactor. Two purge residual air from the system, and then heated by highly concentrated solar power.

During solar heating, both N2 carrier gas (via the cavity bottom (0.2 NL/min) and the screw feeder (0.2 NL/min)) and N2 protective gas (2.0-3.5 NL/min) are supplied to the cavity receiver and window area, respectively. N 2 protective gas was injected to protect the transparent window against any deposit of products (such as condensed Zn powder), which ensures to keep the window clean over entire experiments [START_REF] Chambon | Solar thermal reduction of ZnO and SnO2: Characterization of the recombination reaction with O2[END_REF][START_REF] Levêque | Thermodynamic and Kinetic Study of the Carbothermal Reduction of SnO2 for Solar Thermochemical Fuel Generation[END_REF].

Regarding vacuum and non-isothermal operation (Fig. 2a), once reaching the temperature of ~650°C, the reactor pressure is lowered using a rotary vane vacuum pump (targeted pressure of 0.15 and 0.40 bar). ZnO reduction reaction occurs from ~750°C during temperature rising as reflected by both CO and CO 2 formation detected from an online gas analyzer. Solar-driven ZnO reduction reactions with biomass were carried out in a hightemperature range (1100-1350 °C) to avoid the formation of tar and condensable gases.

Indeed, when operating at such temperatures, the release of pyrolytic gases and tar from biomass pyrolysis can be drastically restrained. Solar energy supply rate is maintained constant (~50% shutter opening). Otherwise, it can be adjusted (by varying the shutter opening) to stabilize the targeted temperature for isothermal experiments (case of continuous operation with reactant injection). In addition, DNI was stable throughout the on-sun tests (except for Run No. 2, 4, and 14 because of cloud issues). The product gas species (CO, CO2, and Zn) leave the reactor from the lateral outlet (20 mm in-diameter alumina tube) and pass through a ceramic filter to separate and recover the condensed Zn particles from the gas stream. A small stream of product gases is then sampled by a secondary membrane pump to an on-line syngas analyzer for continuous gas analysis (using infrared detectors for CO, CO2, CH4 and thermal conductivity detector for H2, uncertainty <0.5% of full scale). At the reactor temperature, Zn is vaporized and continuously transported by the carrier gas flow to the outlet, thereby avoiding a Zn deposition issue in the reactor cavity. Thus, the condensed Zn products are deposited only on the inner walls of alumina outlet tube (zone A) and in the ceramic filter (zone B). An automated data acquisition system is used to record all the measured data continuously. Finally, the condensed products being deposited in the removable outlet components (zones A and B) are collected and then analyzed by calibrated X-ray diffraction (XRD) for phase identification (Philips PW 1820 diffractometer) 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). Particle morphology analysis was performed with a field emission scanning electron microscope (FESEM, Hitachi S4800), and Zn powders reactivity was studied via thermogravimetry analysis (TGA, Netzsch STA449). Overall, all the considered reduction reactions of ZnO are thermodynamically favorable when increasing the temperature (∆G°<0). The direct thermal dissociation of ZnO proceeds at above ~2000°C. In contrast, the required temperature decreases significantly to 950 and 850°C when ZnO is reduced with C and CH4, respectively. The formation of CO2 can be obtained from ZnO+CO, 2ZnO+C, and Boudouard reactions at above 1300, 1050, and 700°C, respectively (H2O can theoretically be formed from the ZnO+H2 reaction at above ~1200°C). Fig. 4 shows the thermodynamic equilibrium product distribution for CTR of ZnO calculated by HSC Chemistry software. At 1 bar (Fig. 4a), the CTR reaction of ZnO with pure carbon theoretically begins at 600°C and reaches completion above 800°C, yielding an equimolar gas mixture of Zn(g) and CO(g) (formation of CO2 is predicted below 800°C).

Condensed Zn in a liquid state is also formed between 500 and 800°C. When reducing the pressure down to 0.1 bar, the starting reaction temperature becomes 500°C, and the reaction reaches completion at above 700°C, thus shifting the chemical equilibrium to lower temperature. In addition, the reaction requires lower pressures when decreasing the temperature to reach completion (e.g., below 0.4 bar at 750°C vs. below 0.2 bar at 700°C, according to Fig. 4b). The equilibrium products distribution of ZnO carbothermal reduction is plotted as a function of the C/ZnO molar ratio at 800°C and 1 bar (Fig. 5). At C/ZnO molar ratios above 1, the ZnO+C reaction yields almost 1 mol of CO (CO 2 is negligible), along with the formation of Zn in both gas and liquid states, thus confirming that excess carbon is required to achieve ZnO reduction completion. 

Solar reactor performance assessment

The operating conditions and experimental results for 17 solar runs of ZnO CTR with different carbon types and shapes (either powders or pellets) in batch or continuous operation are summarized in Table 1. On-sun experiments were conducted with the following range of parameters: initial reactant mass = 2.44-12.21 g, carbon types = AC, CB, and C6H9O4, P = 0.15-0.90 bar, ṁN₂ = 2.2-3.84 NL/min, T1 = 950-1350°C, and 𝐐 ̇solar = 0.73-1.19 kWth.

To assess how well the reactant feedstock is converted into the products, the global mass balance (M) is estimated:

𝑀 = 𝑚 𝑔𝑎𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 +𝑚 𝑠𝑜𝑙𝑖𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 𝑚 𝑍𝑛𝑂 +𝑚 𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑐𝑒𝑜𝑢𝑠 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 (5) 
where 𝑚 𝑔𝑎𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 , 𝑚 𝑠𝑜𝑙𝑖𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 , 𝑚 𝑍𝑛𝑂 , and 𝑚 𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑐𝑒𝑜𝑢𝑠 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 are the amounts (g) of gas product, solid product, ZnO, and solid carbonaceous feedstock, respectively.

M was in the ranges of 71.2-87.6% for packed-powder, 63.9-66.6% for continuous powder injection, and 75.2-97.2% for continuous pellet injection. Thus, the continuous powder injection process exhibited the lowest values of M, presumably resulting from sticky reactant deposition on the screw path or diffusion/interaction within the reactor and insulation materials [START_REF] Osinga | Experimental Investigation of the Solar Carbothermic Reduction of ZnO Using a Two-cavity Solar Reactor[END_REF], which cannot be quantified.

The ZnO conversion (X ZnO ) represents the net fraction of ZnO converted to Zn (also corresponding to Zn yield). It was calculated based on gas analysis using an oxygen mass balance:

𝑋 𝑍𝑛𝑂 = 𝑛𝐶𝑂+2𝑛𝐶𝑂 2 𝑛𝑍𝑛𝑂 (6) 
where nCO and nCO2 denote the mole amounts of produced CO and CO2 obtained by time integration of their production rates over the experiment duration. Actually, the ZnO conversion in the reaction zone was total, as no ZnO remained in the cavity (only carbon remained because in excess). However, a part of ZnO was recovered at the outlet due to partial Zn recombination or ZnO particle entrainment, thus somewhat lowering the net fraction of ZnO converted to Zn. XZnO was found in the ranges of 66.8-78.2% for batch runs and 44.3-73.2% for continuous runs, thus pointing out that batch operation results in higher reaction extent due to lower product recombination and particle entrainment.

The energy upgrade factor (U) is defined as the ratio of the energy content of the chemical products to the calorific value of the carbonaceous feedstock:

𝑈 = (𝐿𝐻𝑉 𝑔𝑎𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 •𝑚̇𝑔 𝑎𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 )+(𝑚̇𝑍 𝑛 •∆𝐻 𝑍𝑛+0.5𝑂 2 →𝑍𝑛𝑂 ) 𝐿𝐻𝑉 𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑐𝑒𝑜𝑢𝑠 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 •𝑚̇𝑐 𝑎𝑟𝑏𝑜𝑛𝑎𝑐𝑒𝑜𝑢𝑠 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 (7) 
where LHV, 𝑚̇, and ∆𝐻 represent the Lower Heating Value (LHV) (J/kg), mass flow rate (kg/s), and standard enthalpy change equivalent to LHV of Zn (J/kg), respectively.

Most of U values were above one and approached the theoretical U (1.61 for ZnO+C according to Eq. 1 and 1.31 for ZnO+C6H9O4 according to Eq. 2), thereby efficiently storing solar energy into chemical fuels. In addition, the theoretical U value for the ZnO+C6H9O4 reaction is higher than those of solar beech wood pyrolysis (theoretical U=1.1)

and steam gasification (theoretical U=1.28), thus pointing out the advantages of the combined process (biomass gasification with ZnO reduction) to produce both solid Zn and syngas [16].

However, the obtained U values related to continuous powder injection (Run. No. 7-9) were below one as a result of the low ZnO conversion (44.3-47.1%).

The solar-to-fuel energy conversion efficiency (ηsolar-to-fuel) represents the ratio of the chemical energy of the products to the total energy input (solar power and calorific value of the carbonaceous feedstock):

𝜂 𝑠𝑜𝑙𝑎𝑟-𝑡𝑜-𝑓𝑢𝑒𝑙 = (𝐿𝐻𝑉 𝑔𝑎𝑠 𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 •𝑚̇𝑔 𝑎𝑠𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 )+(𝑚̇𝑍 𝑛 •∆𝐻 𝑍𝑛+0.5𝑂 2 →𝑍𝑛𝑂 ) 𝑄 ̇𝑠𝑜𝑙𝑎𝑟 +(𝐿𝐻𝑉 𝑐𝑎𝑟𝑏𝑜𝑛𝑎𝑐𝑒𝑜𝑢𝑠 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 •𝑚̇𝑐 𝑎𝑟𝑏𝑜𝑛𝑎𝑐𝑒𝑜𝑢𝑠 𝑓𝑒𝑒𝑑𝑠𝑡𝑜𝑐𝑘 ) (8) 
where 𝑄 ̇𝑠𝑜𝑙𝑎𝑟 is the solar power input (W) during reaction ηsolar-to-fuel was in the ranges of 1.1-1.6% for batch runs and 2.6-5.9% for continuous runs, indicating that continuous operation outperforms batch operation due to lower heat losses, reduced power consumption and better utilization of solar power input thanks to isothermal operation.

The carbon conversion (XC) represents the ratio of the carbon yield in the form of gas products to the initial carbon in the carbonaceous feedstock:

𝑋 𝐶 = ∫ 𝐹 𝐶𝑂 (𝑡) 𝑡 0 𝑑𝑡 + ∫ 𝐹 𝐶𝑂 2 (𝑡) 𝑡 0 𝑑𝑡 +∫ 𝐹 𝐶𝐻 4 (𝑡) 𝑡 0 𝑑𝑡 +∫ 2𝐹 𝐶 2 𝐻 𝑚 (𝑡) 𝑡 0 𝑑𝑡 ∫ 𝑥𝐹 𝐶 𝑥 𝐻 𝑦 𝑂 𝑧 (𝑡) 𝑡 0 𝑑𝑡 (9)
where Fi are the molar flow rates of species i (mol/s) X C was in the ranges of 40.8-52.1% for (ZnO+C) packed-powder, 25.8-27.8% for continuous (ZnO+C) powder injection, 42.5-50.7% for continuous (ZnO+C) pellet injection, and 56.5-84.6% for continuous (ZnO+C6H9O4) pellet injection. This clearly reveals that XC from batch tests were significantly higher than those obtained from continuous tests, due to higher reaction extent. However, XC values in continuous mode were improved markedly by increasing temperatures (1100-1350°C, pellet reactants). In addition, the maximum XC range was achieved with continuous (ZnO+C6H9O4) pellet injection. This is because the excess biomass was pyrolyzed to form additional gas species, thus enhancing X C . thermodynamics and previous experimental study [START_REF] Levêque | Investigation of thermal and carbothermal reduction of volatile oxides (ZnO, SnO2, GeO2, and MgO) via solar-driven vacuum thermogravimetry for thermochemical production of solar fuels[END_REF]. However, the peak CO production rates remained similar while those of CO2 increased significantly: for example, the peak CO and CO2 production rates were 13.4 and 2.8 mL.min -1 .gZnO -1 at 0.90 bar (Fig. S2d) compared to 13.4 and 8.7 mL.min -1 .g ZnO -1 at 0.15 bar (Fig. S2f). The presence of CO 2 is detrimental as it favors the re-oxidation of Zn products into ZnO and CO at the reactor outlet (when temperature decreases), thus adversely affecting the Zn production yield although increasing the CO yield. Hence, atmospheric pressure operation is preferable to lower the amount of CO2 and increase the Zn yield. Slight variations in CO and CO2 trends (Figs. S2b andS2f) were because of DNI variations caused by clouds passage, leading to unstable temperature, which directly modified the ZnO reduction rate. Fig. 6 confirms that reducing pressure did not significantly influence the starting reaction temperature (~750°C), but had a beneficial effect on the kinetic rate of CTR [START_REF] Brkic | Solar carbothermal reduction of aerosolized ZnO particles under vacuum: Modeling, experimentation, and characterization of a drop-tube reactor[END_REF], particularly at 0.15 bar.

Fig. 6. CO yield as a function of temperature for different total pressures (CB/ZnO=1.5). As expected, the CO yield dropped when decreasing pressure at the expense of CO2 increase (CO selectivity, SCO= 𝑛 𝐶𝑂 /(𝑛 𝐶𝑂 + 𝑛 𝐶𝑂 2 ), thus declined from 0.80 at 0.90 bar to 0.62 at 0.15 bar for AC). For instance, the CO and CO2 yields for AC were 6.12 and 1.50 mmol/gZnO at 0.90 bar compared to 4.22 and 2.59 mmol/gZnO at 0.15 bar, respectively. The reaction mechanism is expected to proceed via two solid-gas reactions in which ZnO is first reduced by CO to form Zn and CO2 (Eq. 3), and the produced CO2 is then reduced by C (Eq. 4).

Because the gas residence time is decreased with pressure decrease, the CO2 reduction with C may be kinetically limited, thereby leading to the CO2 increase. XZnO remained relatively stable with decreasing pressure (e.g., 74.2% at 0.90 bar vs. 76.5% at 0.15 bar for AC), although the ZnO reduction rate was enhanced [START_REF] Chuayboon | Clean magnesium production using concentrated solar heat in a high-temperature cavity-type thermochemical reactor[END_REF][START_REF] Levêque | Investigation of thermal and carbothermal reduction of volatile oxides (ZnO, SnO2, GeO2, and MgO) via solar-driven vacuum thermogravimetry for thermochemical production of solar fuels[END_REF]. Differences in CO and CO2 yields between AC and CB were not significant, which thus suggests that the different carbon types and properties do not affect the reaction extent. In the following tests, atmospheric pressure was selected to keep the amount of CO2 evolved at the minimum. 

Continuous isothermal tests

Influence of carbon type and feeding rate during reactant powder injection

The same carbon reducers (AC and CB) were employed for CTR of ZnO with continuous reactant powder injection. The screw feeder was first calibrated for the blend powders (ZnO mixed with either AC or CB) to control the reactant powder mass feeding rate.

A homogenous mixture of reactant powder (12.2g in total with a fixed C/ZnO molar ratio of 1.5) was fed into the cavity receiver operated under atmospheric pressure and isothermal condition (Fig. 2b). The feeding rate was kept constant at 0.5 g/min, and the operating temperature (T1) was fixed at 950°C in order to keep the steel screw feeder tip below its melting point, as it was directly inserted in the cavity receiver area. The gas yields were calculated from the measured CO and CO2 production rates (Fig. S3).

Fig. 8 shows that higher CO yield is achieved with AC while CO2 yield remains similar (total gas yield is 4.10 mmol/gZnO for AC vs. 3.76 mmol/gZnO for CB), thereby enhancing X ZnO (47.0% for AC vs. 44.3% for CB). The higher available surface area of AC compared to CB (Table S1) promotes contact between ZnO and AC particles and favors the solid-solid reaction. The influence of reactant powder feeding rate was then studied by increasing the feeding rate to 1 g/min for ZnO+CB while the other operating parameters were the same (~12g in total, CB/ZnO=1.5, T=950°C, P=0.9 bar, Run. No.8). The CO and CO2 yields increased slightly to 2.25 and 1.17 mmol/gZnO at 1.0 g/min, yielding XZnO=47.1% (Fig. 8).

Low feeding rate thus results in low gas production whereas high feeding rate may lead to reactant accumulation due to kinetic limitation inducing incomplete reaction. Indeed, the reactant feeding rate must match the ZnO reduction reaction rate during continuous reactant injection. In comparison, X ZnO values obtained in continuous tests (44.3-47.1%) were much lower than those obtained in batch tests (66.8-78.2%). This is due to lower reaction kinetics during isothermal operation (at 950°C), whereas the temperature was increased constantly until reaction completion for batch tests. In addition, a particle entrainment issue may occur during continuous powder injection, and some particles can be entrained by the carrier gas when entering the cavity before the reaction occurs. To overcome these issues, the reactants were then continuously injected as pressed pellets (instead of powders) under isothermal conditions at higher temperatures to enhance the reaction kinetics.

Continuous reactant pellets injection

The continuous Zn production from CTR of ZnO was investigated at higher temperatures (1100, 1200, 1300, and 1350°C) with reactant pellets injection. This method aimed to alleviate the particle entrainment issue (by using pressed pellets instead of dispersed powders). Two types of reducers including pure carbon (CB) and beech wood biomass (C6H9O4) were selected. CB was chosen in place of AC since it also acts as a cohesive binder during the pellets-making process.

The pellets with 10 mm diameter (~0.7 g/pellet for ZnO+CB and 0.35 g/pellet for ZnO+C6H9O4) were prepared with 50% of excess carbon reducer content (C/ZnO and C6H9O4/ZnO molar ratios of 1.5 and 0.75, respectively). The pellets (10 pellets/run for ZnO+CB and 15 pellets/run for ZnO+C6H9O4, Fig. S1) were loaded into the alumina feeding tube equipped with a pushing rod, and the delivery system was then installed at the injection port of the reactor (Fig. 2c,d). On-sun continuous tests were performed isothermally in the temperature range 1100-1350°C under atmospheric pressure (0.9 bar). Each pellet was injected once the gas production rates (mainly CO) tended to drop, as observed by gas analysis.

The evolution of gas species production rates and reactor temperatures are presented in Fig. 9 (ZnO+1.5CB) and Fig. 10 (ZnO+0.75C6H9O4). During continuous reactant feeding, the temperatures measured by the thermocouple inside the cavity (T 1 ) and by the pyrometer are similar and follow the same trends. According to Fig. 9, the CO and CO2 production rates increased, and the total reaction duration decreased noticeably when increasing the temperature. For instance, the peak CO and CO2 production rates were 11.40 and 4.76 mL.min -1 .gZnO -1 at 1100°C (27 min duration) compared to 34.69 and 3.53 mL.min - 1 .g ZnO -1 at 1350°C (17 min duration), demonstrating the beneficial impact of temperature on gas production rates and reaction kinetics. Fig. 11a confirms that the increase of temperature remarkably enhanced CO selectivity and decreased CO 2 yield (5.33 and 1.53 mmol/g ZnO at 1100°C compared to 7.86 and 0.57 mmol/gZnO at 1350°C for CO and CO2, respectively).

These variations also resulted in the rise of total gas yield (6.4 to 8.2 mmol/gZnO approaching the maximum theoretical yield of 12.29 mmol/gZnO), and XZnO reached up to 73.2% at 1300°C.

Regarding the ZnO+0.75C6H9O4 reaction (Fig. 10), an increase in the temperature enhanced the CO and H2 production rates, whereas CO2 and CH4 production rates tended to decline, and the total experimental duration was also reduced. For example, the peak CO, H 2 , CO2, and CH4 production rates were 303.53, 236.30, 62.24, and 49.85 mL.min -1 .gZnO -1 at 1100°C (~10 min duration) compared to 532.26, 402.17, 55.29, and 26.68 mL.min -1 .gZnO -1 at 1350°C (~5 min duration). Advantageously, no tars were observed in the reactor and outlet filter after experiments thanks to high operating temperatures, demonstrating the benefits of high-temperature solar-driven ZnO reduction with biomass. In contrast to the reaction with pure carbon producing only CO and CO2 (Fig. 9), H2 and CH4 were also formed with biomass (C6H9O4) because of the pyrolysis process producing mainly incondensable gases and char at the elevated reactor temperature (the amount of tar was negligible) (Chuayboon et al., 2018a).

Meanwhile, ZnO can be thus reduced with the pyrolysis products such as char, CH4, CO, and H2 according to the possible reactions shown in Fig. 3, then producing Zn and syngas (Chuayboon et al., 2018b) . Fig. 11b clearly emphasizes that increasing temperature from 1000 to 1350°C substantially increased H2 and CO yields and decreased CO2 and CH4 yields.

Moreover, the measured syngas yield was compared with the theoretical maximum syngas yield calculated from Eq. 2. The syngas yields experimentally obtained at 1200, 1300, and 1350°C were higher, which can be simply explained by the pyrolysis of the biomass excess

(1/4C6H9O4 → char(carbon) + CO + CO2 + H2 + CH4 + tars given that the experimental C6H9O4/ZnO molar ratio=0.75 whereas the stoichiometric molar ratio=0.50 according to Eq.

2), thereby leading to a higher experimental syngas yield than the theoretical one. In conclusion, combining ZnO reduction and biomass gasification represents an attractive option to produce both metallic Zn and high-quality syngas in a single process. 

Characterization of Zn products

Solid products, mainly Zn particles, were deposited in the removable outlet components including: (1) alumina tube and connector (zone A) and (2) ceramic filter (zone B), as shown in Fig. 1 and Fig. 2. Their amounts were quantified by weighing the outlet components with a digital balance (0.01g readability) before and after experiments and then materials were sampled for FESEM and XRD analysis. A few samples of the unreacted excess carbon remaining in the cavity receiver (Fig. S5) were also analyzed.

Fig. 12 shows the XRD patterns of the collected solid products (in both zones A and B)

for CTR of ZnO with AC (Fig. 12a) and CB (Fig. 12b) in batch mode at 0.15, 0.40, and 0.90 bar, compared to the commercial pure Zn reference pattern. Overall, the products were very well crystallized and mainly composed of Zn regardless of the pressure and solid carbon type.

This confirms that high-purity Zn production was achieved, in agreement with the high XZnO up to 78.2% (Fig. 7). However, partial Zn recombination (most probably with CO2) localized only at the outlet tip where the crystallized gray chunks occur was presumed (Fig. S6). This recombination occurs at a given location corresponding to the condensation zone of Zn vapor (Zn boiling point: 907°C). The formed chunks in the first cm of zone A were indeed mainly composed of ZnO, thus confirming partial products recombination and explaining incomplete global ZnO conversion (XZnO < 100%). Downstream this zone, the condensed Zn particles were carried by the gas, and the temperature was low enough to avoid recombination, thus recovering pure Zn powder in both the outlet tube and the filter. Fig. 13 shows the XRD patterns of solid powders collected in zones A and B for continuous reactant powder injection at feeding rates of 0.5 and 1 g/min. In this case, small traces of ZnO are detected for both zones whatever the feeding rates and carbon types (intensity of ZnO peaks appears more obvious in zone A). This presence of ZnO traces in continuous tests (not detected in batch tests) comes from the weak fine particle entrainment by the carrier gas [START_REF] Chuayboon | Clean magnesium production using concentrated solar heat in a high-temperature cavity-type thermochemical reactor[END_REF] as mentioned before, which also agrees with the lower ZnO conversion (Fig. 8) when compared with batch operation (Fig. 7).

Nonetheless, Zn contents were found to be above 90 wt% for both zone A and zone B (Table .   S2). Regarding continuous pellets injection (Fig. 14), XRD patterns of solid powders collected in zones A and B for the ZnO reduction with CB (Fig. 14a) and C 6 H 9 O 4 (Fig. 14b) also reveal small peaks ascribed to ZnO mainly found in zone A for any temperatures.

However, high Zn content exceeding 90 wt% was determined (Table S2), demonstrating high-purity Zn production. At zone B, most of the collected products were composed of pure Zn with only the occurrence of ZnO traces at 1350°C (ZnO+1.5CB) and at 1200°C (ZnO+0.75C6H9O4). In addition, no trace of ZnO was evidenced from the carbon residue collected in the cavity receiver, thus confirming complete ZnO conversion in the reaction zone. The morphology of solid products collected in the outlet (zone A) and filter (zone B) for continuous tests (powder and pellet) was analyzed by SEM (Fig. 15 and Fig. S8).

Overall, the condensed Zn product was formed as micrometer size particle, with clear crystal hexagonal structure, and the presence of fine particles of solid carbon was also observed in both zones A and B (Fig. 15b). The collected Zn products from the reduction of ZnO with CB (Fig. 15a and15b) revealed more apparent morphology regarding large scattered droplets of condensed Zn vapor with hexagonal shape when compared to those obtained from the reduction of ZnO with C6H9O4 (Fig. 15c and15d), the latter being wrapped by the deposition of fine char particles. Besides, smaller particle sizes (0.2-0.5 µm) of the condensed Zn were evidenced when employing C6H9O4 as a reducing agent (Fig. 15c and15d). The reactivity of the produced Zn powder during oxidation with CO 2 was investigated both to evidence its recombination ability at the reactor outlet and to highlight its potential to produce solar fuel in a second oxidation step. TGA confirmed the high reactivity of produced Zn with CO2, and the complete Zn conversion (Fig. S9). This further points out that the pure Zn produced from solar carbothermal ZnO reduction is highly reactive, which contrasts with previous studies reporting the superior oxidation reactivity of Zn in the presence of ZnO as a reaction promoter [START_REF] Abanades | Thermogravimetry Analysis of CO2 and H2O Reduction from Solar Nanosized Zn Powder for Thermochemical Fuel Production[END_REF][START_REF] Weibel | Mechanism of Zn Particle Oxidation by H2O and CO2 in the Presence of ZnO[END_REF]. The produced pure Zn can thus be used to generate additional CO (or H2) and solid ZnO that can be recycled to the solar step for closing the cycle.

Conclusion

Solar carbothermal ZnO reduction with different reducing agents including pure solid carbons and beech wood biomass for eco-friendly co-production of Zn and CO/syngas has been assessed thermodynamically and experimentally. A 1.5 kWth prototype solar reactor was operated compatibly with a real solar concentrating system in batch and continuous modes under non-isothermal and isothermal conditions, thus demonstrating the flexibility, reliability, and robustness of this scalable metallurgical process for high-purity Zn production. Gas species production rates, gas yields, ZnO conversion, Zn production yield, and reactor performance were experimentally evaluated. The feasibility of solar production of pure Zn with high yields as a function of different operating temperatures, pressures, carbon-based feedstocks, and operating modes (batch or continuous) was demonstrated. The possible use of wood biomass as a reducer for Zn and syngas production was further highlighted. In agreement with thermodynamics, temperature and pressure influenced ZnO reduction performance.

Batch tests showed that a pressure decrease promoted both the ZnO reduction rate and conversion up to 76.5% at 0.15 bar, thus enhancing Zn production, but CO selectivity was decreased at the expense of higher CO2 due to the reduction of residence time. Regarding continuous reactant powder injection tests, increasing the reactant feeding rate hastened ZnO consumption (ZnO conversion of 47.1% of at 1 g/min and 950°C). In comparison, batch tests achieved significantly higher reaction extents than continuous tests, with maximum ZnO conversion exceeding 78% and energy upgrade factor up to 1.2. Nevertheless, non-isothermal operation induced higher heat losses, thus downgrading solar-to-fuel conversion efficiency

(1.1-1.6%). The ZnO conversion was higher for AC exhibiting larger specific surface area than CB, thus favoring solid-solid reaction.

Finally, the continuous injection of reactant pellets was considered to alleviate particle entrainment and offer continuous ZnO reduction process at higher temperatures (up to 1350°C). This approach was proved to be effective in producing high-purity solar-driven metallic Zn whether using pure carbon or biomass as a reducing agent. Through the temperature increase in the range of 1100-1350°C, a remarkable enhancement of gas production rates, yields, ZnO conversion, and CO selectivity with solar-to-fuel energy conversion efficiency up to ~6% was highlighted. Utilizing wood biomass as a green reducing agent is an attractive, sustainable option to produce both metallic Zn and highquality syngas in a single process. High-purity Zn content exceeding 90%wt with wellcrystallized structure and micrometric particle size was also achieved. This solar carbothermal metallurgical process can thus be used to produce both metal Zn and high-value syngas by combining biomass gasification with ZnO reduction, thus representing a new promising renewable path towards sustainable solar fuels.
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