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Abstract 

 

Converting renewable solar energy to dispatchable chemical products via solar-driven 

thermochemical processes is one of the best solutions for long-term solar energy storage and 

renewable fuel production. This study addresses the performance assessment of continuous 
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methane-driven ZnO reduction, fully powered by renewable solar heat, for co-production of 

hydrogen-rich syngas and metallic Zn in a solar prototype consuming-bed chemical reactor. 

On-sun experiments were conducted under continuous ZnO and CH4 co-feeding to assess the 

effect of key parameters (inlet CH4/ZnO molar ratio: 1-1.5, temperature: 900-1000 °C, and 

ZnO feeding rate: 0.5-1.5 g/min) in order to maximize syngas and Zn yields, and reactor 

performance metrics. As a result, a rise in either the CH4/ZnO molar ratio or temperature 

enhanced the reaction extent but favored solid carbon formation, which downgraded syngas 

products quality, and consumed more solar energy input. Increasing ZnO feeding rate under a 

constant ZnO/CH4 molar ratio significantly promoted ZnO+CH4 reaction performance thanks 

to both hastened ZnO consumption rate (boosting products yield) and reduced solar energy 

consumption (improving solar conversion efficiency). However, excessively high ZnO 

feeding rate caused temporal ZnO accumulation in the reactor. Optimal operating conditions 

for on-sun continuous methane-driven ZnO reduction were identified (at ZnO feeding 

rate=1.2 g/min, CH4/ZnO molar ratio=1.5, and temperature=950 °C), yielding total syngas 

yield of 12.3 mmol/gZnO, solid carbon formation down to 0.58 mmol/gZnO, ZnO conversion of 

63.0%, methane conversion of 10.6%, energy upgrade factor of 1.08, and solar-to-fuel energy 

conversion efficiency of 5.3%. High-purity Zn particles with hexagonal morphologies were 

generated in continuous mode, demonstrating the proposed approach feasibility and 

reliability for simultaneous methane conversion to syngas and metallic Zn production in a 

single process. 

 

Keywords: Concentrated sunlight, Solar reactor, Methane reforming, Metallurgy, Oxygen 

carrier, Synthesis gas. 
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1. Introduction 

 

Getting full benefit of the plentiful renewable solar energy is an achievable objective to 

deal with the growing global energy demand and alleviate global warming caused by fossil 

fuels combustion [1]. Challenging issues lie in how to harvest the relatively diffuse, dilute, 

and intermittent solar energy [2]. 

Solar-driven thermochemical processes are promising pathways to efficiently convert 

sunlight into chemical energy including synthesis gas (H2 and CO) and metal products [3]. 

Syngas can be further converted to various hydrocarbons such as methanol or other 

dispatchable liquid fuels. The solar-driven thermochemical conversion processes consist of 

gasification [4], chemical-looping gasification [5], carbothermal reduction [6], H2O/CO2 

splitting [7], and chemical-looping methane reforming [8]. 

One promising process is solar methane-driven reduction of metal oxides (MOs) [9–11]. 

MOs can serve as both the solid oxidizing agent for methane reforming (oxygen carrier 

material) and as the feedstock for the metallurgical process while methane acts as the 

reducing agent. The reaction thus consists of partial oxidation of methane to produce syngas 

and simultaneous MOs reduction to produce metals. This endothermic reaction delivers both 

syngas and metals in a single reaction with solar energy storage into products. 

The selection of proper MOs is one of the crucial points of this system. Several MOs have 

been considered involving non-volatile oxides (such as ceria [12], iron oxides [13], and 

perovskites [14,15]) and volatile oxides (such as MgO [16], SnO2 [17], and ZnO [18–20]).  

Non-volatile MOs remain in solid-state over the process while exchanging oxygen, thus 

avoiding a metal recombination issue. Their selection relies on their lattice oxygen capacity 

for syngas production. Otsuka et al. [21,22] proposed pure ceria for partial oxidation of 

methane and showed both possible methane-to-syngas conversion (with an ideal H2:CO ratio 
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of 2:1) and reduced ceria re-oxidation with CO2. However, pure ceria showed low reduction 

capacity, which resulted in low CO/H2 yield. Then, CeO2-based oxides were applied to 

improve lattice oxygen capacity [23]. 

To enhance the syngas yield, volatile MOs are utilized in partial oxidation of methane 

[13,24,25]. Despite possible product recombination that can be alleviated by quenching, ZnO 

has been of particular interest in partial oxidation of methane for simultaneous co-production 

of syngas and metallic Zn [26,27]. Besides, Zn is an important material for various key 

applications such as electric batteries and corrosion-resistant zinc plating of iron [28] and can 

be also an oxygen carrier in solar-driven H2O/CO2 splitting systems [29]. 

Although solar-driven direct ZnO thermal dissociation (ZnO  Zn + ½ O2) was proved 

to be possible, its high reduction temperature (exceeding 1800 °C at atmospheric pressure) 

and possible Zn recombination represent major challenges [30–33].   

Importantly, different studies demonstrated that ZnO reduction temperature can be 

substantially decreased to 900 °C [34] by reacting with solid carbon [35-37], carbonaceous 

materials such as biomass [5], or gaseous methane [36,38,39]. 

 The global reaction of solar-driven partial oxidation of methane combined with ZnO 

reduction (namely, methane-driven ZnO reduction) can be represented by Eq. 1. 

 

ZnO + CH4 + solar heat → Zn + 2H2 + CO (H° = 444.96 kJ/mol, T(@G°=0) = 840°C)  (1) 

 

This process is an alternative to conventional methane reforming and provides various 

advantages since it uses a solid oxidant. It produces a pure metal as a chemical commodity 

that can be valorized, while process heat can be supplied by concentrated solar energy as the 

only high-temperature heat source. Metallic Zn vapor is produced at the reaction temperature 

(Zn boiling point = 907 °C) along with hydrogen-rich syngas with an ideal H2/CO ratio of 

https://en.wikipedia.org/wiki/Zinc%E2%80%93carbon_battery
https://en.wikipedia.org/wiki/Corrosion
https://en.wikipedia.org/wiki/Galvanization
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two, suitable for syngas conversion to methanol. In contrast, conventional methane reforming 

yields H2/CO ratio of three for steam reforming and one for dry reforming. Moreover, the 

conventional process entails several drawbacks. Process heat is generally supplied by the 

combustion of additional methane/natural gas feedstock (around 3-20% of the total feedstock 

consumption of the plant [40]), resulting in additional feedstock consumption and associated 

greenhouse gas emissions. Catalysts such as nickel are also necessary, possibly resulting in 

deactivation and additional cost issues associated with the regeneration/periodic replacement 

of catalysts. Furthermore, conventional steam reforming requires excess superheat steam to 

prevent carbon deposition, thus inducing sensible heating penalties. Besides, conventional 

dry reforming exhibits product recombination, and produced CO:H2 ratio needs to be 

adjusted properly via the water-gas shift reaction for Fischer-Tropsch synthesis, while the 

excess CO2 needs to be removed by pressure swing adsorption for final purification [41]. 

Using a solid oxidizer in solar methane reforming is therefore advantageous as it eliminates 

the need for a catalyst, while the solid particles can act as efficient solar radiation absorbers 

directly to the reaction site. For these reasons, solar-driven methane reforming with solid 

ZnO for both syngas and metallurgical Zn production is of particular interest to overcome the 

main issues of the conventional process. 

First studies on ZnO reduction with methane by thermodynamic analysis [39,42] 

showed that a chemical equilibrium composition with a single gas phase of Zn and syngas 

(with an H2/CO ratio of two) was possible at 927 °C. A 5-kW vortex flow reactor for the 

ZnO+ CH4 system was developed to show its technical feasibility [43], and was further tested 

at different temperatures (950-1200 °C) [44] but encountered inefficient reactant conversion. 

Besides, an excess of methane to react with ZnO downgraded solar energy conversion 

efficiency [45], which can be alleviated by pulsed methane feeding [45]. However, a 

thermodynamic study [36] reported that lack of methane resulted in only metallic Zn rather 

https://en.wikipedia.org/wiki/Carbon_monoxide
https://en.wikipedia.org/wiki/Water_gas_shift_reaction
https://en.wikipedia.org/wiki/Pressure_swing_adsorption
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than co-production of Zn and syngas. Ale Ebrahim and Jamshidi [26] showed the possibility 

of simultaneous metallic zinc and syngas production by thermogravimetry. A thermodynamic 

study of the chemical looping methane reforming using ZnO as an oxygen carrier was 

conducted [46], resulting in a predicted solar-to-fuel energy conversion efficiency up to 

76.7% (at a reduction temperature of 927 °C and oxidation temperatures of 287-427 °C). 

Recently, Chuayboon and Abanades [47] experimentally demonstrated the on-sun ZnO 

reduction with methane in a packed-bed chemical reactor operated in batch mode under 

vacuum and atmospheric pressure. The pressure reduction enhanced ZnO conversion but 

favored CO2 formation due to gas residence time decrease, and increasing the temperature led 

to carbon formation (alleviated by pressure reduction). 

From the above studies, it can be summarized that solar-driven ZnO reduction with 

methane is an attractive pathway for CO2-free methane-to-syngas conversion and Zn 

production. Some experimental studies were mostly devoted to the solar process feasibility, 

and the system was operated in batch mode. The performance of such a system under 

continuous process operation was never investigated before. This study thus aims to 

demonstrate the process feasibility under real concentrated solar radiation during continuous 

operation, and to further investigate the reaction scheme (products yields, reactants 

conversion) and the solar reactor performance (efficiencies). Moreover, it provides new 

insights on an original thermochemical approach for both syngas and pure metal production 

in a single process. A particle-fed consuming-bed solar reactor was designed and operated 

with continuous reactants co-feeding (both CH4 and ZnO particles) and products extraction 

from the reactor (both syngas and Zn).  

During continuous operation, reactant feeding rate plays a key role in chemical 

reaction and reactor performance. Low reactant feeding rate with respect to reactor capacity 

may result in low production rate and inefficient solar energy utilization. In contrast, an 
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excessively high reactant feeding rate may result in incomplete chemical conversion and 

reactant accumulation in the reactor. Therefore, the optimal reactant feeding rate maximizing 

syngas yield and reactor performance must be experimentally assessed. 

This study aims to assess the performance of a continuously-operated solar chemical 

reactor for methane-driven ZnO reduction using concentrated solar energy as the high-

temperature process heat source. The main objective was to demonstrate continuous selective 

oxidation of methane to syngas and simultaneous reduction of ZnO to Zn under highly-

concentrated solar radiation. The combined process was demonstrated in a continuously-fed 

solar reactor under real solar irradiation conditions and the impact of the key operating 

conditions was highlighted for both syngas and metal commodity production. The optimal 

system performance was determined by varying the key parameters including CH4/ZnO 

molar ratio, operating temperature, and reactant feeding rate. The experimental results were 

achieved under representative real conditions, which provided advancing knowledge in 

process reliability and stability. The optimal reactant feeding rate and Zn product 

characterization were underlined.  

 

2. Experimental setup and methods 

 

The schematic diagram of the experimental reactor setup is shown in Fig. 1. The system 

consists of a prototype continuous solar reactor coupled with a real solar concentrating 

system composed of a 4-m
2
 automatic sun-tracking heliostat, shutter, and 2-m diameter 

facedown parabolic dish concentrator (PROMES-CNRS laboratory, Odeillo, France). It was 

designed to study the on-sun continuous ZnO reduction combined with methane reforming. 

Sunlight is reflected by the heliostat toward the concentrator (focal distance: 0.85 m, peak 
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flux density: 10.5 MW/m
2
 for direct normal irradiation (DNI) of 1000 W/m

2
). Then, high-

flux concentrated solar radiation is focused in the downward direction to the solar reactor. 

The solar reactor consists of a vertical-axis cylindrical cavity receiver made of alumina 

(121.4 cm
3
 volume) enveloped with a porous alumino-silicate ceramic insulation layer (40 

mm-thick). The outer cylindrical water-cooled reactor shell is made of stainless steel (2.67 L 

volume). A mixture of methane and inert N2 carrier gas is injected from the cavity bottom to 

flow into the reaction chamber. An alumina wool layer (10 mm thickness) and a bed of inert 

alumina particles (2-mm diameter, 3 mm height) are installed at the cavity bottom to favor 

uniform distribution of methane over the whole cavity section in which ZnO particles are 

continuously fed. Concentrated solar energy is absorbed by the reactor cavity receiver via a 

17-mm diameter aperture in the alumina front plate. A hemispherical transparent Pyrex glass 

window is fixed to the front flange of the reactor to operate in controlled atmosphere. 

The reaction temperature is monitored thanks to an alumina-shielded B-type-

thermocouple in the cavity receiver (T1) and a solar-blind pyrometer (Tpyrometer) positioned at 

the parabolic dish center, which directly points to the cavity bottom. In addition, the cavity 

pressure (P) is measured with a pressure transducer. Protective and carrier gases (N2, 

99.999% purity), and reactive gas (CH4, 99.999% purity) flow-rates are electronically 

regulated with mass flow controllers (Brooks, range 0-5 NL/min ±0.2% of full scale). 

Prior to the experiment, a ZnO particle delivery system (composed of a screw conveyor 

driven by an electrical motor) was calibrated to deliver the targeted ZnO feeding rate. Then, a 

given amount of ZnO powder (99.8% chemical purity, 1-5 μm particle size, purchased from 

PROLABO) was placed into a hopper (1.15 L volume). The reactor was flushed with N2 and 

concomitantly sucked with a Venturi pump to remove residual air and maintain a constant 

pressure in the system. 

 

https://dict.longdo.com/search/hemispherical%20combustion%20chamber
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Fig. 1. Schematic diagram of the experimental setup. 

 

During a typical solar run, the reactor was heated progressively with a heating rate of 

~30-40 °C/min, resulting in 42 min of heating duration (Fig. 2a). The DNI tended to increase 

slightly, with values in the range 915-972 W/m
2
 over the test (Fig. 2b). To protect the 

transparent reactor window from Zn product deposition, a protective N2 gas flow (3.5 

NL/min) was introduced via two vertical stainless-steel tubes from the bottom of the reactor 

toward the window area (Fig. 1). After reaching the targeted reaction temperature (1000 °C, 

Fig. 2a), methane was injected along with carrier N2 flow (0.2 NL/min) via an alumina tube 

(2 mm I.D.). In the meantime, ZnO particles were injected along with carrier N2 flow (0.5 

NL/min) inside the hot cavity chamber at given feeding rate until complete load injection, 

resulting in continuous ZnO+CH4 reaction. To maintain isothermal operation, the solar power 
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input can be adjusted with a manual shutter (Fig. 1) in the range of 0.71-0.88 kW (Fig. 2b). 

As a result, the temperature measured by the thermocouple inside the reactor cavity (T1) was 

very well controlled and stable around the temperature set-point. The pyrometer measurement 

fluctuated due to the continuous particle injection (particles falling continuously inside the 

cavity indeed affected the pyrometry measurement). The cavity absolute pressure was ~0.86 

bar (atmospheric pressure at the solar facilities located at 1600 m altitude above sea level) 

during heating period and then increased slightly to ~0.90 bar (slightly above atmospheric 

pressure) during reaction (Fig. 2a). Indeed, the generation of gas species (both syngas and 

Zn(g)) increased the pressure slightly, which was monitored continuously in the cavity. 
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Fig. 2. (a) Temperature and pressure evolution profiles in the reactor chamber and (b) DNI 

and solar power input during solar heating and continuous reactant injection (Run No.9: 
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temperature = 1000 °C, ZnO feeding rate = 1.0 g/min, CH4 flow rate = 0.4 NL/min, CH4/ZnO 

molar ratio = 1.5). 

 

A mixture of syngas and Zn vapor left the reactor cavity outlet and passed through a 

water-cooled alumina outlet tube (where Zn vapor first condensed) and then a ceramic filter 

(where condensed Zn and some soot particles were deposited). The metal was thus recovered 

at the reactor outlet after a vapor condensation process of the Zn product, thereby enabling in-

situ extraction and separation of Zn product from ZnO feedstock. Prior to gas analysis, the 

syngas product was cleaned with a microfilter (0.1 μm pore diameter). Subsequently, the 

reaction gas products (H2, CO, CO2, CH4) were quantitatively analyzed with a continuous gas 

analyzer to determine the syngas composition (Emerson X-STREAM XEGP). The molar 

flow-rate of gas product species (Fi) was calculated from their outlet mole fraction (yi) and 

the inlet N2 molar flow-rate (𝐹𝑁2
): 𝐹𝑖 = 𝐹𝑁2

∙ 𝑦𝑖/𝑦𝑁2
. The syngas yields were then calculated 

from time integration of the gas production rates (Fi) over the experiment duration. The solid 

products from the ceramic filter were characterized by X-ray diffraction (XRD) using Cu Kα 

radiation (PANalytical XPert Pro diffractometer with tube current of 20 mA, potential of 40 

kV,  = 0.15418 nm, step size = 0.02°, time per step = 2 s, angular range = 15-75° 2θ) for 

species phase identification, while their morphology was characterized by field emission 

scanning electron microscopy (FESEM, Hitachi S4800, acceleration voltage of 5–10 kV). 

 According to previous thermodynamic [42] and experimental studies [43], some 

H2O is generated according to Eq. 2 during the ZnO+CH4 reaction. However, it was not 

measured by gas analysis. The generated H2O was calculated both from the amount of CO2 

(Eq. 2) and by hydrogen atom balance (Eq. 3). 

 

4ZnO + CH4 → 4Zn + CO2 + 2H2O (H° = 1121.04 kJ/mol, T(@G°=0) = 1044°C)  (2) 
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(4𝑛𝐶𝐻4
)𝑖𝑛𝑙𝑒𝑡 = (2𝑛𝐻2

+ 4𝑛𝐶𝐻4
+ 2𝑛𝐻2𝑂)𝑜𝑢𝑡𝑙𝑒𝑡      (3) 

where ni represents the mole amount of species i. 

 

 In addition, the side reaction associated with methane cracking can concomitantly take 

place, yielding solid carbon or soot and H2 as follows:  

CH4 → C + 2H2 (H° = 74.6 kJ/mol, T(@G°=0) = 547°C)    (4) 

 

 To determine the amount of solid carbon derived from Eq. 4, a carbon atom 

balance was applied as follows: 

 

(𝑛𝐶𝐻4
)𝑖𝑛𝑙𝑒𝑡 = (𝑛𝐶 + 𝑛𝐶𝑂 + 𝑛𝐶𝑂2

+ 𝑛𝐶𝐻4
)𝑜𝑢𝑡𝑙𝑒𝑡      (5) 

 

 The calculated amount of solid carbon from Eq. 5 was used to calculate the 

additional H2 produced from methane cracking (Eq. 4), which is twice the amount of solid 

carbon. 

 The H2 and CO selectivity were calculated as follows: 

 

𝑆𝐻2
=

𝑛𝐻2

𝑛𝐻2+𝑛𝐻2𝑂
          (6) 

𝑆𝐶𝑂 =
𝑛𝐶𝑂

𝑛𝐶𝑂+𝑛𝐶𝑂2

          (7) 

 

The ZnO conversion (𝑋𝑍𝑛𝑂) represents the Zn yield or converted lattice oxygen per mole of 

ZnO, and was calculated as follows:  
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𝑋𝑍𝑛𝑂 =
𝑛𝐶𝑂+2𝑛𝐶𝑂2+𝑛𝐻2𝑂

𝑛𝑍𝑛𝑂
         (8) 

 

 The CH4 conversion (XCH4) was determined as follows: 

 

𝑋𝐶𝐻4
= 1 −

�̇�𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝐶𝐻4

�̇�𝐶𝐻4

         (9) 

where  �̇�𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝐶𝐻4
 and �̇�𝐶𝐻4

 represent the mass flow-rates of unreacted methane and 

injected methane, respectively. 

 

The carbon conversion factor (XC) represents the ratio of the total amount of carbon 

contained in the outlet product gases to the initial carbon in injected methane:  

𝑋𝐶 =
∫ 𝐹𝐶𝑂(𝑡)

𝑡
0 𝑑𝑡 + ∫ 𝐹𝐶𝑂2(𝑡)

𝑡
0 𝑑𝑡 +∫ 𝐹𝑢𝑛𝑟𝑒𝑎𝑐𝑡𝑒𝑑 𝐶𝐻4

(𝑡)
𝑡

0 𝑑𝑡 

∫ 𝐹𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝐶𝐻4
(𝑡)

𝑡
0 𝑑𝑡

       (10) 

Fi represents the molar flow-rate of species i (mol/s). 

 

The solar reactor performance metrics are represented by the energy upgrade factor (U) 

and solar-to-chemical energy conversion efficiency (𝜂𝑠𝑜𝑙𝑎𝑟−𝑡𝑜−𝑓𝑢𝑒𝑙). 

 

U=
(�̇�𝐻2∙𝐿𝐻𝑉𝐻2+�̇�𝐶𝑂∙𝐿𝐻𝑉𝐶𝑂)+((1−𝑋𝐶𝐻4

)∙�̇� 𝐶𝐻4∙𝐿𝐻𝑉𝐶𝐻4
)+(�̇�𝑍𝑛∙𝐿𝐻𝑉𝑍𝑛)

(�̇�𝐶𝐻4 ∙𝐿𝐻𝑉𝐶𝐻4
)

   (11) 

 

𝜂𝑠𝑜𝑙𝑎𝑟−𝑡𝑜−𝑓𝑢𝑒𝑙 =
(�̇�𝐻2∙𝐿𝐻𝑉𝐻2+�̇�𝐶𝑂∙𝐿𝐻𝑉𝐶𝑂)+(�̇�𝑍𝑛∙𝐿𝐻𝑉𝑍𝑛)

�̇�𝑠𝑜𝑙𝑎𝑟+(𝑋𝐶𝐻4 ∙�̇�𝐶𝐻4∙𝐿𝐻𝑉𝐶𝐻4
)

    (12) 

 

where �̇� is the mass flow-rate (kg/s), LHV is the Lower Heating Value (J/kg), and �̇�𝑠𝑜𝑙𝑎𝑟 is 

the total solar power input absorbed by the reactor cavity (power entering the cavity via the 
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aperture) (W), respectively. This efficiency can also be expressed in terms of heat energy if 

the masses of gas products are used in Eq. (12) instead of flow rates. 

 

3. Results and discussion 

3.1 Solar reactor performance assessment  

 

The operating conditions and experimental results of continuous methane-driven ZnO 

reduction for performed on-sun runs are reported in Table 1. The influence of the operating 

parameters (temperature, reactant molar ratio, and feeding rate) was thoroughly investigated. 

The following parameter ranges were used in the experiments: initial ZnO mass = 10 g and 

20 g, ZnO feeding rate (�̇�𝑍𝑛𝑂) = 0.5-1.5 g/min, inlet methane flow rate (�̇�𝐶𝐻4) = 0.2-0.6 

NL/min, temperature (T1) = 900-1000 °C, CH4/ZnO molar ratio = 1-1.5, total inlet N2 flow 

rate (ṁN₂) = 4.2 NL/min, and solar power input (�̇�solar) = 0.67-0.84 kWth. Repeatability tests 

were further performed to confirm the data reliability. Run#1 and Run#2 were performed 

with the same parameters as well as Run#4 and Run#5 (and further repeated twice), and their 

results were found to be comparable, according to Fig. S1 (Run#1 vs. Run#2 at 900°C) and 

Fig. S2 (Run#4 vs. Run#5 at 950°C) (Supplementary Material), demonstrating experimental 

repeatability. Run#5 was performed with 20 g of ZnO to demonstrate long-run continuous 

operation. 

Syngas yields were calculated by time integration of gas output production rates using 

N2 flow rate as the dilution gas. The yields of H2, CO, and CO2 were in the range 5.95-15.20, 

2.09-3.47, and 0.74-1.26 mmol/gZnO, with H2 and CO selectivity of 0.76-0.86 and 0.69-0.79, 

respectively, resulting in H2/CO ratios in the range 2.5-4.4, suitable for liquid fuel synthesis 

process. According to Eq. 2, generated water was found in the range of 1.5-2.5 mmol/gZnO, 

comparable with the results obtained from H-atom balance (Eq. 3) (0.9-2.5 mmol/gZnO). 
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According to Eq. 5, C (solid carbon) yield was in the range of 0.05-3.91 mmol/gZnO, thereby 

resulting in H2 yield from methane cracking in the range of 0.10-7.82 mmol/gZnO. At 900 °C, 

values of C yield were found to be negligible.  

ZnO conversion (XZnO) and methane conversion (XCH4) were 46.5–69.1% and 4.4–

14.6%, respectively. The maximum XZnO and XCH4 values were found at the highest 

temperature, pointing out a strong temperature dependence. In fact, incomplete XZnO was due 

to partial ZnO reduction reaction (as evidenced by some ZnO remaining in the cavity 

receiver, Fig. S3), but also to recombination reactions at the outlet (according to Fig. S4). The 

global mass balance was in the range 80.7-95.2% (Table S1). The remaining mass was 

ascribed to the ZnO remaining in the reactor (not quantified and thus not taken into account 

in the mass balance). Improving the CH4 conversion was not targeted because CH4 was 

injected continuously even during the initial period without ZnO injection. It is thus normal 

that the CH4 conversion remained low in the tests. This is not an obstacle for the process, 

since the CH4 conversion could be increased drastically by increasing the gas-solid contact 

time between CH4 and ZnO (with suitable reactor design) and by process scale-up (increase 

of the reaction chamber volume for enhanced residence time). For example, in an optimized 

process, ZnO and CH4 could be injected in a countercurrent reactor to enhance the solid-gas 

contact time, which in turn would improve the CH4 conversion. 

The carbon conversion factor (XC) approached 100% (93.4–99.9%), confirming the 

low solid carbon formation. The energy upgrade factor (U) was greater than one (1.04-1.13) 

for all tests, demonstrating efficient solar energy storage into chemical products. Assuming 

ideal reaction based on Eq. 1, the upper bound limit of the energy upgrade factor would be 

1.39. Solar-to-fuel energy conversion efficiency (ηsolar-to-fuel) was in the range of 3.2-6.6%, 

thus outperforming those values derived from batch operation (1.9-3.3%) [47], and 

demonstrating the significant benefit of continuous operation. This efficiency could be 
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drastically increased via process scale-up, which inherently would reduce the heat losses for 

better utilization of the solar power input devoted to the reaction. Secondly, the experimental 

runs were performed with low amounts of solid ZnO feedstock in the hopper. It can be 

anticipated that longer runs with much higher ZnO amount would increase the efficiency, as 

suggested by the enhanced efficiency of Run#5 performed with 20 g of ZnO (instead of 10 

g). 

 

 

Table 1. Operating conditions and experimental solar reactor performance during on-sun 

continuous methane-driven ZnO reduction. 

Run 

No. 

 

�̇�𝑍𝑛𝑂  

(g/mi

n) 

 

�̇�𝐶𝐻4 

(NL/

min) 

 

CH4/

ZnO 

molar 

ratio  

T1 

(°C) 

 

�̇�𝑠𝑜𝑙𝑎𝑟 

(kW) 

 

H2 

yield 

(mm

ol/gZn

O) 

(±2%

) 

CO 

yield 

(mm

ol/gZn

O) 

(±2%

) 

CO2 

yield 

(mm

ol/gZn

O) 

(±2%

) 

C 

(mm

ol/gZn

O) 

(±2%

) 

SH2 

(±2%

) 

SCO 

(±2%

) 

XZnO 

(±2%

) 

XCH4 

(±2%

) 

XC 

(±2%

) 

U 

(±2%

) 

solar-

to-fuel 

(±2%

) 

1 1.0 0.4 1.5 900 0.67 8.93 2.72 0.95 0.05 0.82 0.74 53.1 5.6 99.9 1.08 4.5 

2 1.0 0.4 1.5 900 0.71 9.30 2.75 0.74 0.12 0.86 0.79 46.5 4.4 99.8 1.07 3.5 

3 0.5 0.2 1.5 950 0.78 5.95 2.09 0.94 0.83 0.76 0.69 47.5 11.1 97.6 1.13 3.2 

4 1.0 0.4 1.5 950 0.80 8.17 2.85 1.23 1.02 0.77 0.70 63.3 13.8 95.6 1.07 5.0 

5* 1.0 0.4 1.5 950 0.80 10.49 3.31 1.00 0.85 0.84 0.77 59.3 12.6 97.9 1.11 6.6 

6 1.2 0.5 1.5 950 0.79 7.99 3.25 1.12 0.85 0.78 0.74 63.0 10.6 98.3 1.08 5.3 

7 1.5 0.6 1.5 950 0.81 8.99 3.31 0.93 1.37 0.83 0.78 57.1 8.0 98.1 1.06 5.3 

8 1.5 0.4 1.0 950 0.75 8.43 3.25 1.11 0.32 0.79 0.75 62.6 10.1 99.3 1.10 5.7 

9 1.0 0.4 1.5 1000 0.84 15.20 3.47 1.26 3.91 0.86 0.73 69.1 14.6 93.4 1.04 4.6 

*
Initial ZnO mass = 20 g 

 

3.2 Demonstration of continuous methane-driven ZnO reduction process 

A proof-of-concept on-sun experiment with long and stable continuous injection was 

performed to demonstrate the feasibility of continuous methane-driven ZnO reduction 

process. ZnO powder (20 g initial mass) was first loaded into the hopper of the reactant 
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feeding delivery system. ZnO and methane feeding rates were set at 1.0 g/min and 0.4 

NL/min, respectively, resulting in a constant CH4/ZnO molar ratio of 1.5 (Run#5). The 

experiment was conducted under isothermal condition of 950 °C at atmospheric pressure with 

a test duration lasting 48 min (Fig. 3). The reactor temperatures (T1 and Tpyrometer) were 

constant and close, indicating homogeneous reactor temperature and isothermal operation. 

CH4 was first injected in the reactor cavity (explaining formation of H2 at the beginning), 

followed by ZnO injection while keeping the CH4 flow. Syngas was continuously produced 

until complete ZnO injection in the reactor cavity, highlighting the reliability and robustness 

of the system. The reaction was carried out within approximately 36 min duration (counting 

from first detection of CO in the analysis of the gaseous product stream till CO reaching 

zero), while the expected duration was 20 min (for ZnO feeding rate of 1.0 g/min), suggesting 

kinetic limitation and temporal ZnO accumulation during the reaction. After the experiment, 

some small pieces of ZnO remaining in spiral shape were observed as a result of powder 

packing inside the screw conveyor. A slight and relative fluctuation of the syngas production 

rate consistent with Tpyrometer was observed, attributed to instabilities in ZnO feeding rate 

caused by the screw feeding system.  

 The H2, CO, CO2, and C yields were found to be 10.49, 3.31, 1.00, and 0.85 

mmol/gZnO, thus comparable with the results from Run#4 (Table 1) performed under the same 

initial conditions and confirming repeatability. H2 and CO selectivity were 0.84 and 0.77, 

respectively. Regarding reactor performance, XZnO of 59.3% and XCH4 of 12.6% were 

obtained while U of 1.11 and 𝜂solar-to-fuel of 6.6% were achieved. Global mass balance was 

~90%. This test proved the practical feasibility of the continuously-fed solar reactor for the 

co-production of Zn and syngas in a single process. 
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Fig. 3. Outlet syngas species production rates along with reactor chamber temperatures (T1 

and Tpyrometer) during continuous methane-driven ZnO reduction with 20 g of ZnO powder 

(Run#5: temperature = 950 °C, ZnO feeding rate = 1.0 g/min, inlet CH4 flow rate = 0.4 

NL/min, CH4/ZnO molar ratio =1.5). 

 

3.3 Influence of inlet CH4/ZnO molar ratio 

Continuous methane-driven ZnO reduction was experimentally carried out to 

investigate the effect of CH4/ZnO ratio on syngas production rate and yield at 950 °C (Run#8 

vs. Run#7). Inlet ZnO feeding rate was kept constant at 1.5 g/min while inlet CH4 flow rate 

was adjusted at 0.40 NL/min and 0.60 NL/min, which resulted in CH4/ZnO molar ratios of 1 

(stoichiometric ratio) and 1.5 (50% over stoichiometric ratio), respectively. A previous study 

reported that excess methane is necessary to completely react with ZnO at the expense of 



20 
 

increased solar energy consumption [45]. Fig. 4 shows syngas production rates along with 

temperatures (T1 and Tpyrometer) at 950 °C, plotted for CH4/ZnO molar ratio of 1.0 (Fig. 4a) 

compared to 1.5 (Fig. 4b). T1 and Tpyrometer were found to be in good agreement over entire 

injection, denoting homogeneous reactor temperature.  

After injecting methane, H2 was first produced slightly, followed by a mixture of CO 

and CO2 when injecting ZnO (after ~5 min), indicating that a small part of methane was first 

thermally decomposed to H2(g) and C(s). Then, the fed ZnO partially oxidized methane, 

resulting in H2, CO, and CO2 release. The particle injection was continuous until ZnO had 

been totally fed inside the reactor. The syngas evolution then decreased progressively until 

reaching reaction completion. At CH4/ZnO ratio = 1.5, H2, CO, and CO2 production rates 

were slightly greater than those at CH4/ZnO ratio = 1.0, denoting a positive influence of 

excess methane. In comparison, the global reaction durations were similar, suggesting a small 

impact of excess methane on reaction kinetics within the considered range. After CO 

approaching zero, the inlet methane flow rate was stopped, resulting in a final drop in H2 

production rate. 

 

 

Fig. 4. Evolution of syngas production rates and reactor chamber temperatures (T1 and 

Tpyrometer) during on-sun continuous methane-driven ZnO reduction at 950 °C: (a) CH4/ZnO = 

1.0 and (b) CH4/ZnO = 1.5. 
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Fig. 5 shows the syngas yields (mmol/gZnO) calculated from the syngas production 

rates (Fig. 4). As expected, the excess methane promoted ZnO+CH4 reaction, as evidenced by 

an improvement of H2 and CO yields from 8.44 and 3.25 mmol/gZnO at CH4/ZnO = 1.0 

(stoichiometric ratio) to 9.00 and 3.31 mmol/gZnO at CH4/ZnO = 1.5 (over stoichiometric 

ratio), along with a decrease of CO2 yield from 1.11 at 1 to 0.93 mmol/gZnO (yielding total 

syngas yield from 12.79 to 13.23 mmol/gZnO). However, at CH4/ZnO = 1.5, a drastic rise in 

the C (solid carbon) yield, calculated from Eq. 5, was noticed (1.37 mmol/gZnO) due to the 

excess methane that favored the side methane cracking reaction. This thus revealed that 

excess methane promoted both main and side reactions. Besides, the H2 yield produced from 

methane cracking reaction (2.74 mmol/gZnO) can be calculated from solid carbon yield (twice 

the solid carbon according to Eq. 4). In fact, methane cracking caused carbon deposition, 

which may lead to carbon accumulation in the reactor cavity receiver [47]. As expected, a 

methane excess resulted in improved XZnO (62.6% (CH4/ZnO = 1.5) vs. 57.1% (CH4/ZnO = 

1)), but reduced XCH4 (8.0.% (CH4/ZnO = 1.5) vs. 10.1% (CH4/ZnO = 1)), and slightly 

downgraded ηsolar-to-fuel (5.3% (CH4/ZnO = 1.5) vs. 5.7% (CH4/ZnO = 1)). For these reasons, 

the quantity of excess methane needs to be moderate to alleviate such issues. 
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Fig. 5. Impact of CH4/ZnO molar ratio on syngas yields at 950 °C. 

 

3.4 Influence of operating temperature 

The influence of temperature on continuous methane-driven ZnO reduction was 

experimentally studied under slightly above atmospheric pressure (0.90 bar) and isothermal 

runs at 900 °C (Run#1), 950 °C (Run#4), and 1000 °C (Run#9). At these temperatures, Zn 

vapor can be generated and transported by the carrier gas to the reactor outlet for subsequent 

Zn powder recovery in the filter (this vaporization-condensation process is advantageous 

since it allows in-situ Zn extraction from the reactor cavity and separation from solid ZnO). 

ZnO powder (10 g of initial mass) was fed at 1.0 g/min while methane flow rate was 0.4 

NL/min, resulting in a CH4/ZnO molar ratio of 1.5 (thus promoting ZnO+CH4 reaction 

according to results of the previous section). Fig. 6 shows syngas species production rates 

along with reactor temperatures (T1 and Tpyrometer) at each temperature. As a result, an increase 
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in the temperature significantly enhanced syngas production rates, and the maximum syngas 

production rate was reached at the highest temperature (1000 °C). The peak H2, CO, and CO2 

production rates were 12.36, 4.86, and 1.51 mL min
-1

 gZnO
-1

 at 900 °C compared to 19.35, 

7.51, and 2.54 mL min
-1

 gZnO
-1

at 1000 °C. At 900 °C, a sharp variation in the temperature was 

noticed because of cloud passage. This sequentially resulted in unstable syngas production 

rates and extended reaction duration, while exhibiting a strong correlating dependence of 

syngas evolution on temperature. 
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Fig. 6. Evolution of syngas production rates and reactor temperatures (T1 and Tpyrometer) 

during continuous methane-driven ZnO reduction at temperatures of (a) 900, (b) 950, and (c) 

1000 °C. 
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According to Fig. 7, H2, CO, and CO2 yields were substantially improved when 

increasing the temperature (from 8.93, 2.72, and 0.95 mmol/gZnO at 900 °C to 15.20, 3.47, and 

1.26 mmol/gZnO at 1000 °C), resulting in H2 and CO selectivity from 0.82 and 0.74 at 900 °C 

to 0.86 and 0.73 at 1000 °C, respectively. This concomitantly led to total syngas yield rising 

significantly from 12.60 mmol/gZnO (900 °C) to 19.92 mmol/gZnO (1000 °C), indicating a 

positive impact of temperature increase on ZnO+CH4 reaction extent (Eq. 1). Nevertheless, 

the C yield increased with temperature and attained the maximum value of 3.91 mmol/gZnO at 

1000 °C, because of the favored methane thermal dissociation resulting in solid carbon/soot 

deposition. As observed in Fig. 6a, the temperature fluctuation that sometimes exceeded 900 

°C led to H2 yield being increased, thus explaining the higher H2 value than that at 950 °C 

(Fig. 7). 
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Fig. 7. Impact of temperature on syngas yields. 

 

The ZnO consumption rate (Fig. 8) was estimated from the summation of the oxygen 

production rate related to CO, CO2, and H2O products. ZnO consumption rate increased with 

temperature from 0.51 to 0.83 g/min while ZnO feeding rate was kept constant at 1 g/min. 

This thus clearly demonstrated that the kinetic rate of ZnO+CH4 was improved when 

increasing the temperature, with an activation energy of 60.7±17 kJ/mol according to the 

Arrhenius plot (Fig. S5). The lowest temperature led to the lowest ZnO consumption rate, 

which resulted in the remaining unreacted ZnO in the cavity (Fig. S3). The consumption rate 

approached the feeding rate when increasing the temperature to 1000°C. Below this 

temperature, the reaction was kinetically-limited as the reaction rate was not high enough to 

consume the continuously-fed ZnO particles. At 900°C, the actual ZnO consumption rate was 
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roughly half the feeding rate value, thereby explaining that the global reaction duration (Fig. 

6) was higher than the feeding period (~10 min for 1 g/min feeding rate). 

 

Fig. 8. ZnO feeding and consumption rates as a function of temperature (for a constant ZnO 

feeding rate of 1.0 g/min). 

 

As expected, increasing the temperature substantially improved both methane 

conversion (XCH4) and ZnO conversion (XZnO), from 5.6% and 53.1% at 900 °C to 14.6% and 

69.1% at 1000 °C (Fig. 9a). Nevertheless, presence of ZnO remaining in the cavity was 

identified at all temperatures studied here, and it decreased with increasing temperature, 

according to Fig. S3. It can also be noticed that the reaction temperature of 900°C is a lower 

bound limit to recover solid Zn product from Zn vapor condensation at the reactor outlet. 

Lower temperatures would result in Zn product remaining in the cavity (Zn vaporization and 
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in-situ separation from the solid ZnO is indeed possible above Zn boiling point = 907°C). 

Carbon conversion factor (XC) consistently dropped with temperature, from 99.9% (900 °C) 

to 93.4% (1000 °C), in agreement with the increase of solid carbon formation (Fig. 7). 

Remarkably, at 900 °C, XC reached almost 100% in agreement with negligible carbon 

formation at this temperature (Fig. 7), confirming the absence of methane cracking reaction. 

Fig. 9b shows that the energy upgrade factor (U) dropped slightly from 1.08 (900 °C) to 1.04 

(1000 °C) due to increased solid carbon formation (Fig. 7). Note that the calorific value of 

solid carbon was not taken into account to calculate U in Eq. 11, which thus explained a drop 

in U with temperature. 

Solar-to-fuel energy conversion efficiency (𝜂solar-to-fuel) was in the range 4.5-5.0% and 

the maximum value was found at 950 °C (Fig. 9c), indicating the optimal temperature. This 

can be explained by the fact that syngas yield was improved at 950 °C, and solar energy 

consumption at 950 °C (�̇�𝑠𝑜𝑙𝑎𝑟=0.80 kW) was lower than at 1000 °C (�̇�𝑠𝑜𝑙𝑎𝑟=0.84 kW), 

leading to the maximum 𝜂solar-to-fuel at 950 °C. Besides, a significantly lower solid carbon 

formation at 950 °C in comparison with 1000 °C supported the optimum temperature at 950 

°C. 

In summary, increasing the temperature promoted ZnO+CH4 reaction, which 

enhanced syngas yield, H2 and CO selectivity, XCH4, XZnO, and 𝜂solar-to-fuel. Meanwhile, C 

(solid carbon) yield increased with temperature because of favored methane cracking, 

especially at 1000 °C, contributing to solid carbon formation in the reactor, which in turn 

decreased XC and U. In addition, the temperature increase lowered 𝜂solar-to-fuel because of 

higher solar power consumption. The intermediate temperature at 950 °C was found to be 

appropriate for conducting the continuous methane-driven ZnO reduction thanks to both 

enhanced reaction extent (with diminished thermal methane dissociation) and maximum 𝜂solar-

to-fuel. 
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Fig. 9. Impact of temperature on: (a) CH4 conversion (XCH4) and ZnO conversion (XZnO), (b) 

carbon conversion factor (XC) and energy upgrade factor (U), and (c) solar power input 

(�̇�𝑠𝑜𝑙𝑎𝑟) and solar-to-fuel energy conversion efficiency (ηsolar-to-fuel). 

 

3.5 Effect of ZnO feeding rate  

ZnO feeding rate can play a key role in continuous methane-driven ZnO reduction. In 

this study, ZnO feeding rate was raised while keeping constant the CH4/ZnO ratio (=1.5) at 

950 °C until reaching its optimum point regarding the highest syngas yield and maximum 

reactor performance. Based on the results of the previous section, the intermediate 

temperature of 950 °C was chosen to diminish the side methane cracking reaction. ZnO 

powder feeding rate (10 g initial mass) was adjusted at 0.5 (Run#3), 1.0 (Run#4), 1.2 

(Run#6), and 1.5 g/min (Run#7). 

Fig. 10 shows syngas production rates along with reactor temperatures as a function 

of ZnO feeding rate. A relatively stable pattern in the evolution of operating temperature 

confirmed isothermal operation, and a narrow gap between Tpyrometer and T1 ensured 

homogeneous temperatures in the reaction site. A slight variation in the Tpyrometer values 

indicates the reaction starting to take place when ZnO is injected. Overall, ZnO feedstock 

injection was complete regardless of the feeding rates (highlighting functional feeding system 

performance), and syngas production rate evolutions were found to be dependent on ZnO 

feeding rate. At the initial state, only a small amount of H2 was first generated owing to the 

thermal dissociation of methane. Subsequently, H2, CO, and CO2 were produced together 

after ZnO reacted with methane, according to Eq. 1. At the lowest ZnO feeding rate (0.5 

g/min), the ZnO reduction started from 10 min after a short delay because of a progressive 

transport of the reactive ZnO powder from the hopper to the reactor cavity receiver. 
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According to Fig. 10, the syngas production rates increased considerably with inlet 

ZnO feeding rate, indicating enhanced ZnO+CH4 reaction. For instance, the peak H2, CO, and 

CO2 production rates were 7.57, 3.44, and 1.34 mL min
-1

 g
-1

 at 0.5 g/min compared to 18.45, 

8.76, and 2.10 mL min
-1

 g
-1

 at 1.5 g/min. Likewise, raising the ZnO feeding rate significantly 

shortened reaction duration, from 43 min (0.5 g/min) to 29 min (1.5 g/min). Thus, a higher 

ZnO feeding rate promoted the ZnO consumption rate while global solar energy consumption 

was lowered (thanks to shortened reaction duration). However, the reaction durations at 1.5 

g/min and 1.2 g/min were similar, pointing out an over limitation of the maximum ZnO 

consumption rate at this temperature (fixed by the reaction kinetics). 

 

 

Fig. 10. Evolution of syngas production rates and reactor temperatures (T1 and Tpyrometer) 

during continuous methane-driven ZnO reduction at inlet ZnO feeding rates of: (a) 0.5 g/min, 

(b) 1.0 g/min, (c) 1.2 g/min, and (d) 1.5 g/min. 
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As clearly shown in Fig. 11, an increase in ZnO feeding rate enhanced syngas yields. 

H2 and CO yields rose significantly from 5.95 and 2.09 mmol/gZnO at 0.5 g/min to 8.99 and 

3.31 mmol/gZnO at 1.5 g/min while CO2 yield was in the range of 0.93-1.23 mmol/gZnO, 

resulting in total syngas yield from 8.98 to 13.23 mmol/gZnO. This syngas production increase 

also led to a significant increase in the H2 and CO selectivity (from 0.76 and 0.69 at 0.5 g/min 

to 0.83 and 0.78 at 1.5 g/min, respectively). The C yield remained quite stable in the range 

0.83-1.02 mmol/gZnO for ZnO feeding rates between 0.5-1.2 g/min. When increasing further 

ZnO feeding rate to 1.5 g/min, a significant rise in C formation (1.37 mmol/gZnO) was 

noticed. In addition, the reaction duration at 1.5 g/min was unchanged compared to 1.2 g/min 

(Fig. 10), thus implying an over-limit of the ZnO feeding rate. 
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Fig. 11. Syngas yields as a function of ZnO feeding rate at 950 °C (CH4/ZnO = 1.5). 

 

Fig. 12 displays the actual ZnO consumption rate compared with the ideal ZnO 

consumption rate plotted as a function of ZnO feeding rate. With increasing ZnO feeding 

rate, the actual ZnO consumption rate increased, which points out the improvement of 

ZnO+CH4 reaction, and then reached the maximum value of 0.83 g/min at ZnO feeding rate = 

1.2 g/min. It finally decreased after reaching the maximum point due to the over limitation of 

ZnO feeding rate. However, the actual oxygen consumption rate was always below the ideal 

line, meaning that ZnO consumption rate was significantly lower than ZnO feeding rate, 

which resulted in temporal ZnO accumulation. These results are in agreement with 

incomplete ZnO conversion (XZnO), as shown in Fig. 13a.
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Fig. 12. Effect of ZnO feeding rate on ZnO consumption rate. 

 

Fig. 13 confirms that an optimal ZnO feeding rate of 1.2 g/min can be identified with respect 

to both the maximum values of XZnO (63.0%) and 𝜂solar-to-fuel (5.3%). In agreement with the 

syngas yield tendency (Fig. 11), XZnO and XCH4 increased with ZnO feeding rate, and 

subsequently, they dropped significantly after their optimal point. XCH4 was found in the 

range 8.0-13.8% with its minimum value found at 1.5 g/min, confirming an over limitation of 

the inlet reactants flow rate (Fig. 13a). U exceeded one (1.06-1.13) within the considered 

range (Fig. 13b), demonstrating successful solar energy storage in chemical products. U 

decreased slightly with ZnO feeding rate because of increased solid carbon formation (Fig. 

11), which led to XC in the range 95.6-98.3%. Actually, at this temperature (950 °C), the side 

methane cracking reaction was not favorable, as evidenced by the low C yield and almost 

complete XC. Although solar power was increasingly consumed (�̇�𝑠𝑜𝑙𝑎𝑟 = 0.78-0.81 kW), 

𝜂solar-to-fuel still rose with ZnO feeding rate (Fig. 13c) and reached the highest value of 5.3% at 

1.2 g/min. It then leveled off at 1.5 g/min. The improved 𝜂solar-to-fuel was due to both the 

enhanced syngas yield (Fig. 11) and the reduction of solar energy consumption (shortened 

reaction duration, as observed in Fig. 10). 

In summary, increasing the ZnO feeding rate under a constant ZnO/CH4 molar ratio 

significantly enhanced continuous syngas production from ZnO+CH4 reaction and solar 

reactor performance. Indeed, significant benefits were evidenced based on the enhanced 

syngas production rate, syngas yield, XCH4, XZnO, 𝜂solar-to-fuel, and improved ZnO consumption 

rate (evidenced by shortened duration). However, over-limitation of ZnO feeding rate 

diminished the syngas yield and reactor performance due to ZnO feeding rate becoming 

higher than ZnO consumption rate, possibly leading to ZnO accumulation in the reactor. 

Therefore, the ZnO feeding rate must well fit the ZnO consumption rate to maximize the gas 
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yield and reactor performance at each temperature. With respect to the achieved performance, 

the optimal ZnO feeding rate at 950 °C was found to be 1.2 g/min. The existence of a trade-

off in feedstock feeding rate during methane-driven ZnO reduction is a key aspect for the 

reliable continuous operation of scaled-up solar reactors. 
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Fig. 13. Influence of ZnO feeding rate at 950 °C on (a) ZnO conversion (XZnO) and CH4 

conversion (XCH4), (b) carbon conversion (XC) and energy upgrade factor (U), and (c) solar 

power input (�̇�𝑠𝑜𝑙𝑎𝑟) and solar-to-chemical energy conversion efficiency (ηsolar-to-fuel). 
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3.6 Zn product characterization  

According to Fig. 1, solid products collected from the outlet alumina tube plus 90-

degree connector (represented as zone A) and the ceramic filter (represented as zone B) were 

separately quantified using a digital weighing balance with a precision scale of 0.01 mg. 

Subsequently, they were analyzed using XRD to determine their crystallographic structure 

and FESEM to observe their crystal microstructure and morphology. According to Table S2 

(Supplementary Material), the solid products (a mixture of Zn and soot, Fig. S6) condensed 

mainly at zone A (in the range 3.85-10.22 g), followed by zone B (in the range 1.63-4.82 g), 

resulting in the total solid mass of 5.96-15.04 g. In comparison, the total amount of solid 

product was slightly lower than the theoretically expected amount of Zn by 10-20% (Table 

S2) due to incomplete ZnO conversion, as evidenced by some ZnO remaining in the reactor 

cavity receiver (Fig. S3). 

Zn purity in the collected powder was determined. Pure Zn production was achieved 

as the recovered solid product at reactor outlet mainly contained metallic Zn. Fig. 14 shows 

the XRD patterns of solid products from both zone A and zone B for temperatures of 900, 

950, and 1000 °C (corresponding to the results shown in Fig. 6) and compared with the 

reference XRD pattern of pure Zn. Overall, the Zn patterns with prominent and high peak 

intensity were clearly identified for both zones, demonstrating high-purity Zn production. 

The mean crystallite size of the solid Zn product was determined from Scherrer’s equation 

and found in the range of 52–95 nm for zone A, and 22–74 nm for zone B. 

The impact of operating temperature on Zn purity was insignificant. At zone A (Fig. 

14a), traces of ZnO with characteristic peaks were observed especially at the highest 

temperature. It was attributed to the Zn recombination with CO, CO2, or H2O (favorable 

reactions according to thermodynamics, Fig. S4) during gas cooling when flowing at the 
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reactor outlet, which additionally supported the incomplete XZnO. Conversely, only the pure 

Zn pattern was clearly found at zone B (Fig. 14b), implying negligible Zn recombination in 

the outlet gas flow and high-purity Zn production.  

 

 

 

Fig. 14. XRD patterns of the collected solid Zn products deposited in the outlet alumina tube 

and connector (zone A) and ceramic filter (zone B) for temperatures of 900, 950, and 1000 

°C. 

 

Fig. 15 displays the XRD patterns of the solid Zn products for ZnO feeding rates of 0.5, 1.0, 

1.2, and 1.5 g/min at 950 °C (corresponding to the results shown in Fig. 10), compared to a 

XRD pattern of pure Zn. Remarkably, only the Zn crystalline phase was identified in both 
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zones, revealing an effective process for continuous pure Zn production, without any 

influence of ZnO feeding rate on Zn purity. 

 

Fig. 15. XRD patterns of the collected solid Zn products deposited in the outlet alumina tube 

and connector (zone A) and ceramic filter (zone B) for ZnO feeding rates of 0.5, 1.0, 1.2, and 

1.5 g/min at 950 °C. 

 

FESEM micrographs of the solid products collected in Run#1 are presented in Fig. 

16. For both regions, the particle size, morphology, and surface topography of the produced 

Zn can be visually observed. Zn particle size was found approximately in the range 0.1-1.2 

µm. At zone A, produced Zn grew in plane layers with a hexagonal crystal shape. This was 

because at this zone Zn vapor condensed in contact with the cooled inner wall surface of the 

outlet tube. At zone B, Zn particles were found to be hexagonal or spherical with plane facets 
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(suggesting condensation as droplets), scattered over the surface area, with average particle 

sizes above 400 nm. 

 

 

Fig. 16. FESEM images of the solid products collected in (a,b) outlet alumina tube and 

connector (zone A) and (c,d) ceramic filter at a ZnO feeding rate of 1 g/min, CH4 feeding rate 

of 0.4 NL/min, and temperature of 900 °C (Run#1). 

 

4. Conclusions 

 

Experimental demonstration of continuous methane-driven ZnO reduction in a 

prototype solar chemical reactor has been successfully performed. The considered process is 
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equivalent to methane reforming with solid ZnO, and is an alternative to conventional steam 

and dry reforming processes. The solar process combines ZnO reduction with methane 

reforming to generate both pure zinc and hydrogen-rich syngas. New insights were provided 

on the solar reactor design for continuous processing with Zn particle generation and 

extraction from the reactor, and experimental tests were carried out for reaction scheme 

investigation and continuous operation demonstration. The influence of CH4/ZnO molar ratio 

(1-1.5) and temperature (900-1000 °C) on syngas production rates, yields, and reactor 

performance (XZnO, XCH4, U, and 𝜂solar-to-fuel) was first evaluated. Then, the influence of ZnO 

feeding rate (0.2-1.5 g/min) was investigated, and the existence of an optimal feeding point 

was emphasized. The highest temperature at 1000 °C exhibited the maximum syngas yield 

(15.20 (H2), 3.47 (CO), and 1.26 (CO2) mmol/gZnO), XZnO (69.08%), and XCH4 (14.61%) at the 

expense of pronounced side methane cracking reaction, thus resulting in the maximum solid 

carbon formation (3.91 mmol/gZnO). The excess methane (CH4/ZnO = 1.5) and the 

intermediate temperature at 950 °C were suitable conditions to improve the continuous 

ZnO+CH4 reaction while alleviating methane cracking reaction. 

An increase in the ZnO feeding rate (under a constant ZnO/CH4 molar ratio) 

significantly promoted syngas production rates, yields, and reactor performance thanks to 

increased ZnO consumption rate (reflected by diminished reaction duration). However, 

excessively high ZnO feeding rate led to temporal ZnO accumulation in the reactor due to 

ZnO feeding rate exceeding ZnO consumption rate. The optimal ZnO feeding rate at 950 °C 

with respect to both the highest XZnO (62.9%) and XCH4 (10.6%) was found at 1.2 g/min for 

performing on-sun continuous methane-driven ZnO reduction.  

High-purity Zn was produced in the form of deposits in plane layers at the outlet tube 

and micron-size particles (with hexagonal crystal shape) at the ceramic filter. Demonstration 

of continuous solar methane-driven ZnO reduction provided insights into the process 
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feasibility and reliability, which can be useful in scale-up development. The considered solar 

process is suitable to convert methane to syngas while simultaneously producing Zn in a 

single process. It is thus a novel renewable option for both sustainable fuel production and 

solar-driven extractive metallurgy. 
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