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SUMMARY

Solar-driven thermochemical conversion of H2O and CO2 into sustainable fuels, based on redox cycle, pro-
vides a promising path for alternative energy, as it employs the solar energy as high-temperature heat
supply and adopts H2O and CO2 as initial feedstock. This review describes the sustainable fuels produc-
tion system, including a series of physical and chemical processes for converting solar energy into chemical
energy in the form of sustainable fuels. Detailed working principles, redox materials, and key devices are
reviewed and discussed to provide systematic and in-depth understanding of thermochemical fuels pro-
duction with the aid of concentrated solar power technology. In addition, limiting factors affecting the so-
lar-to-fuel efficiency are analyzed;meanwhile, the improvement technologies (heat recovery concepts and
designs) are summarized. This study therefore sets a pathway for future research works based on the cur-
rent status and demand for further development of such technologies on a commercial scale.

INTRODUCTION

Energy crisis and carbon neutrality are becoming trending topics across the globe, particularly in the power and energy sector in recent years.

Relevant data show that over 80% of the global energy consumption is supplied by fossil fuels while only about 14% are derived from sustain-

able and renewable energy sources.1–3 This therefore indicates that the world is experiencing severe challenges in providing clean and sus-

tainable energy for our present society which is confronted by severe energy and environmental issues. It is thus of significant importance to

earnestly develop and utilize sustainable and renewable energy sources. The International Renewable Energy Agency (IRENA) recently re-

ported the predicted share of renewable energy to be 28% by 2030 and 66% by 2050 in the global energy outlook.4 In other words, renewable

energy is entering a new stage of development, and its explosive development will occur in the future.

Liquid hydrocarbon fuels (such as methanol, gasoline, diesel, kerosene, etc.) with high energy density have received wide applications in

various industries due to their compatibility with existing and relevant infrastructures. In order to achieve the ambitious goal of reducing fossil

fuels demand, non-fossil synthetic liquid fuels have become an intensively pursued alternative. At present, the synthetic liquid fuels are usually

produced from low energy content carbonaceous sources. Typical representatives are gas-to-liquid5 and coal-to-liquid6 technologies which

convert natural gas (or other gaseous hydrocarbons) and coal, respectively, into longer-chain liquid hydrocarbons such as gasoline or diesel

fuel, on industrial and commercial scales. However, current synthetic liquid fuels technologies are not completely independent of fossil fuels.

The upgrading of fuel quality is also accompanied with the consumption of additional energy according to energy conservation. This thus

indicates that conventional synthetic liquid fuel technologies cannot meet the global requirement of non-fossil fuels and carbon

neutralization.

Solar-driven thermochemical conversion of H2O andCO2, using concentrated solar power (CSP), into sustainable liquid fuels canmeet this

stringent requirement, as it employs only solar energy as high-temperature heat supply and adopts H2O andCO2 as initial feedstock.
7 In other

words, the conversion of solar energy into chemical energy stored in liquid fuels provides a promising pathway to significantly reduce depen-

dence on fossil fuels. The technological challenge, however, is to produce renewable syngas from H2O and CO2 using solar energy. What

needs to be explained here is that other existing pathways for H2O and CO2 splitting, such as photocatalysis, photo-electrolysis, and water

electrolysis, cannot meet the requirements for energy generation. This is because both photocatalysis and photo-electrolysis cannot operate

on an industrial scale due to constraints of relevant materials and their poor solar-to-fuel efficiency.8 Water electrolysis, on the other hand,

requires a large amount of electricity source, although it can also adopt inexpensive electricity provided by renewable energy sources (solar

or wind power), andmulti-step energy conversion which in turn increases costs and reduces conversion efficiency. In contrast, thermochemical
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splitting of H2O and CO2 has a significantly higher energy efficiency potential9 due to the fact that such technology successfully bypasses

intermediate energy conversion, such as the electricity required for electrolysis process, and directly converts solar energy into chemical

energy.

Thermochemical fuel production based on redox cycles was initially proposed to produce hydrogen from water-splitting to tackle the first

oil crisis in 1970s. Nuclear reactors were therefore employed to provide high-temperature heat source required for thermochemical water

splitting. However, the rapid development of such researchwas not realized until 2000 due to the great potential of concentrated solar energy

which can provide high-temperature heat for redox cycle process.10 Over the past two decades, a large number of research works have been

reported and published on redox materials selection, reactors design, thermodynamic analysis, numerical validation and experimental

testing.9,11–17 These studies indicate that solar-driven thermochemical splitting of H2O and CO2 based on redox cycles is a significant prom-

ising pathway to produce sustainable fuels, even though it is yet to be processed on industrial scale. At present, the major issue limiting the

further development of such technology toward commercial production is its very low solar-to-fuel efficiency. However, thermodynamic an-

alyses indicated that the potential solar-to-syngas efficiency can exceed an economically competitive 20%with a suitable heat recovery appli-

cation.18,19 How to increase the thermochemical conversion efficiency from solar to fuels therefore becomes a major research focus. Other

than the low conversion efficiency, the operating temperature of the entire thermochemical redox cycle is still high, especially in reduction

step which usually requires a high temperature >1000�C.20,21 Such high temperature for the reduction reaction would limit its practicality

on large scale, increase energy penalties due to heat losses, as well as place constraints on the redox materials and devices. Therefore, effec-

tive and stable redox cycle technology and design under a suitably low temperature for the thermochemical splitting of H2O and CO2 are

attracting great interest of researchers in this field.22–29

Against the backdrop of energy crisis and the pursuit of carbon neutrality, more and more attention is currently given to exploration and

utilization of renewable energy, which booms the development of sustainable fuels with concentrated solar energy serving as the high-tem-

perature heat source. To date, several reviews of solar-driven thermochemical redox cycle for splitting of H2O and CO2 have been pub-

lished.9,14,20,30–35 However, they all focused on one part of thermochemical redox cycles. For instance, Carrillo et al.,9 Bayon et al.,14 and Bho-

sale et al.33 mainly focused on the redox materials for thermochemical splitting of H2O and CO2. Zsembinszki et al.32 mainly introduced and

summarized solar reactors used for thermochemical redox reactions. Pullar et al.34 only discussed solar thermochemical CO2 splitting which

focused on exploring the advances in the synthesis of ceriamaterials with specificmorphologies or porousmacro- andmicrostructures. To the

best of our knowledge, the thorough and comprehensive summary on sustainable fuels production fromH2O andCO2with the aid of concen-

trated solar energy are not covered in the existing published reviews. Hence, a contemporary and comprehensive review of the complete

process of solar thermochemical fuel production is of significant importance within the energy and fuel research community for knowledge

update. This article therefore presents the development of solar-driven thermochemical conversion of H2O and CO2 to sustainable fuels in

recent decades. The complete fuel production system including detailed working principles, redoxmaterials, and key devices are extensively

discussed, especially for the heat recovery concepts integrating into the reactors. Meanwhile, particular issues for future work on the topic are

also identified and discussed. This review therefore provides pathway for future research on solar-driven thermochemical fuel production

technologies.
SOLAR-DRIVEN THERMOCHEMICAL CONVERSION

System and key devices

A complete sustainable fuels production system, converting H2O and CO2 into sustainable fuels driven by the CSP technology consists of

solar energy collection unit, thermochemical reaction unit, and sustainable fuel synthesis unit.36,37 Since H2O and CO2 production belong

to another mature technology, it is not repeated here. The solar energy collection unit is employed to track and concentrate the sunlight

into dense solar radiation power which serves as high-temperature heat supply to drive thermochemical reaction. Following the heating

of the CSP, the thermochemical splitting of H2O and CO2 via redox cycle is then used to produce syngas in the thermochemical reaction

unit.38 The syngas produced via the thermochemical reaction can be directly used as a source of pure hydrogen and carbonmonoxide,30,39,40

or further served as basic raw materials to produce synthesis liquid hydrocarbon fuels (such as methanol or kerosene) in a sustainable fuel

synthesis unit.41,42 Through this process, the solar energy therefore can be converted into chemical energy and stored in the form of sustain-

able liquid fuels as shown in Figure 1.

The key component of the solar energy collection unit is CSP which can provide high solar flux to heat reactor and drive the thermochem-

ical reaction. The CSP can be achieved by a solar collector with a parabolic dish configuration which can provide a three-dimensional (3D)

point focusing. Thermochemical splitting cycle of H2O and CO2 requires very high temperature (in excess of 1200 K),31 therefore, only

dish solar collector with 3D point focusing can provide sufficient dense solar radiation to obtain such elevated temperature. If large-scale

concentration of solar energy is required, a tower solar collector with the aid of a controllable heliostat field can be employed as it has

been identified as a favorable path to attain commercial application.43 The thermochemical reaction unit is the most important part of the

complete sustainable fuels production system as it simultaneously connects upstream of solar energy collection and downstream of liquid

fuels synthesis. The key device of thermochemical reaction unit is the reactor which provides a place for the thermochemical splitting of

H2O and CO2. In other words, the syngas (intermediate products for liquid fuels) is produced in the reactor. It should also be noted that

the reactor also usually serves as a solar receiver, because the concentrated solar radiation can directly enter the reactor through the aperture.

Thus, it is also known as a solar receiver-reactor. A suitable solar receiver-reactor design is required to simultaneously consider redoxmaterial,

temperature, aperture size, energy loss, stable operation, among others. The detailed description of solar receiver-reactors is presented in
2 iScience 26, 108127, November 17, 2023



Figure 1. Solar-driven thermochemical fuel production chain from H2O and CO2 to sustainable fuels

ll
OPEN ACCESS

iScience
Review
Converting thermal energy to chemical energy. The liquid fuels are further synthesized in a catalyst packed-bed reactor via the synthesis tech-

nology, such as well-known Fischer-Tropsch (FT) synthesis technology.44 At present, liquid fuels (such as methanol, gasoline, kerosene, etc.)

synthesis technologies41,45–49 are relatively mature and exist in many commercial applications.

In the entire production system from H2O and CO2 into sustainable fuels, some auxiliary devices are also necessary. For example, vacuum

pumps are employed to control gas pressure in cavity of reactor; condenser is employed to recover liquid water; compressor and storage

container are used to store syngas; and other control software and hardware. Therefore, a complete sustainable liquid fuels production chain

involves a lot of devices, such that the practical operation is extremely complex, especially when considering the cooperative operation of the

abovementioned three units, solar energy discontinuity problem, and heat recovery application. Most studies are still stuck in the conceptual

design stage while there are only a few successful cases on an experimental scale. There are still a large number of scientific and technical

issues (such as the concentration of solar energy, exploration of redox materials, design of reactor, liquid fuel synthesis, etc.) that need to

be resolved for further commercial and industrial production.

Working principle and redox materials

Working principle

The essence of solar-driven thermochemical fuels production is to convert solar energy into chemical energy which is stored in a sustainable

liquid fuels carrier. For the entire solar-driven thermochemical fuels production system, the technological challenge is to produce interme-

diate product syngas from thermochemical splitting of H2O or/and CO2, which is our most important concern. Because the solar energy

collection (upstream) and final syngas processing to liquid fuels (downstream) can be considered as mature technologies due to the fact

that they have realized commercial application, such as solar thermal power plant and FT catalytic synthesis in industrial scale. Therefore,

the effective thermochemical splitting of H2O and CO2 becomes the first and important problem to be solved.

The thermochemical splitting of H2O and CO2 can obtain renewable syngas (H2 and CO), such as single-step direct thermolysis and two-

step thermochemical splitting based on redox cycle. The single-step direct thermolysis of H2O or/and CO2 refers to the dissociation of chem-

ical bonds with oxygen atoms at a high temperature. The detailed reaction can be expressed as:

H2O/H2 +
1

2
O2 (Equation 1)
CO2 /CO+
1

2
O2 (Equation 2)

Conceptually, direct thermolysis of H2O or CO2 seems to be the simplest reaction from Equations 1 and 2, however, it requires an

extremely high temperature. Relevant study20 showed that the direct thermolysis of CO2 cannot proceed spontaneously below �3000�C,
and even the thermolysis of H2O needs a higher temperature. Such elevated temperatures seriously hinder the further development toward

commercial applications. In additions, the direct thermolysis of H2O or CO2 faces some inevitable challenges, for instance, (1) the solar re-

actors must withstand repeated thermal constraints at high temperatures; (2) H2 (or CO) and O2 separation needs to be proceeded at

high temperature to avoid recombination of products (reverse reaction); (3) such high temperature required for the reaction is difficult to

obtain under direct concentrated solar radiation because of selective absorption of H2O and CO2; and (4) even if the high temperature

required for reaction is attained, radiation loss would be extremely serious according to the Planck’s law, and the solar energy conversion
iScience 26, 108127, November 17, 2023 3



Figure 2. Principle of solar-driven thermochemical redox cycle for production of H2/CO
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efficiency would be very low. At present, no existing technology can address these challenges, whichmeans that alternative suitable routes to

split H2O or/and CO2 need to be developed.

Thermochemical multistep cycles (R 2) is firstly proposed to decompose this direct thermolysis into different steps by Funk and Rein-

strom50 in 1966. The thermochemical cycles are multiple consecutive chemical reactions, and their finial ‘‘net’’ sum is the splitting of

H2O(CO2) into H2(CO) and O2. The initial aim of this study is to produce H2 from splitting of H2O using the high-temperature heat

(�950�C) supplied by nuclear reactors to face the first oil crisis in 1973. However, the interest in such research decreased drastically in

the following two decades. Its real rapid development occurred at the beginning of this current century due to the great progress in alter-

native concentrated solar energy technologies. A typical thermochemical multistep cycle is two-step thermochemical cycles based on

redox materials, which has been successfully applied in the dissociation of H2O or/and CO2 with the CSP directly served as the process

heat source. Compared with direct thermolysis, the two-step thermochemical splitting cycles significantly reduces the temperature

required for reaction, and thereby reduces radiative heat losses. This means a potentially higher solar-to-fuel conversion efficiency and

more prospects to realize industrial-scale production. The state-of-the-art and attractive thermochemical cycles for dissociation of H2O

or/and CO2 are those based on reduction and oxidation reactions of metal oxides.21,30 The two steps involves – Step 1: endothermic

reduction reaction driven by concentrated solar energy, yielding an active oxygen-deficient metal oxides accompanied by pure oxygen

release; and Step 2: exothermic oxidation reaction in the presence of H2O or/and CO2, regenerating the initial metal oxide and harvesting

the products of H2 or/and CO. The detailed thermochemical cyclic operation is shown in Figure 2, and the reduction and oxidation re-

actions scheme can be described as:

MOx /MOx� y +
y

2
O2 (Equation 3)
MOx� y + yH2OðCO2Þ/MOx + yH2ðCOÞ (Equation 4)

where MOx represents redox materials, such as, metal oxide. It should be noted that the splitting of H2O and CO2 obey the same ther-

mochemical principle. The swing of reduction step and oxidation step depends on temperature and oxygen partial pressure. Reduction

reaction usually requires a relatively high temperature and low oxygen partial pressure while oxidation reaction need to proceed under a

relatively low temperature and in the presence of H2O or/and CO2. Thus, O2 and H2 (CO or mixture of H2 and CO) are generated in sepa-

rate stages (reduction and oxidation steps) in thermochemical cycle process, which eliminates necessary product separation and success-

fully avoid risk of explosive recombination of O2 and syngas products in the direct thermolysis.31 The comparison between direct thermol-

ysis and two-step thermochemical splitting is given in Table 1. An additional advantage of the solar thermochemical two-step redox cycle51

is that it can co-split H2O and CO2 separately or simultaneously, to control the generation of H2 and CO species suitable for the synthesis

of methanol48 or other liquid fuels (hydrocarbon fuels) by the FT synthesis,52 which eliminates the energy penalty associated with additional

refinement steps for adjusting the syngas mixture (ratio of H2:CO). Moreover, compared with the electrolytic pathway (called ‘‘power-to-

X’’), the thermochemical approach bypasses the solar electricity generation, the electrolysis, and the reverse water-gas shift reaction steps,

directly producing solar syngas.53

The solar-to-fuel efficiency is an important indicator that evaluates the performance of reactor.54 For a closed thermochemical fuel pro-

duction system, the energy input is assumed to be provided by concentrated solar energyQsolar. The energy lossQloss includes re-radiation,

conduction, and convection losses, and unrecovered sensible and latent heat in the reaction products and materials of construction. The

auxiliary workWaux is the additional work that is required for the operation of the reactor, such as pumping work. The chemical energyQchem

is the energy stored in fuels, such as H2 and CO. It should be noted that the energy lossQloss and auxiliary workWaux are both assumed to be

offset by concentrated solar energy. Thus, a generic energy efficiency is defined as
4 iScience 26, 108127, November 17, 2023



Table 1. Comparison between direct thermolysis and two-step thermochemical splitting

Styles Chemical reactions Required temperature Gas products separation

Direct thermolysis Single step Ultra-high (>2500K) Required

Thermochemical splitting Two steps Depends on redox materials (<2500K) Not required
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hsolar� to� fuel =
Qchem

Qsolar
3 100% (Equation 5)
Qchem = nfuel$HHVfuel (Equation 6)

where HHVfuel is the higher heating value of fuel.

Due to the temperature-swing of reduction and oxidation steps, the absence of heat recuperation from solids would lead to a significant

energy loss to the ambient upon cooling from both. To address this issue, a novel concept of isothermal thermochemical operation has

recently emerged as an important special case of two-step solar thermochemical cycle, because isothermal thermochemical cycling success-

fully doesn’t require heat recuperation from solids by eliminating the temperature difference.55–58 However, in fact, ‘‘isothermal’’ is just an

idealized condition, because the absolute isothermal thermochemical cycling is hard to achieve. Thus, the near-isothermal thermochemical

cycles with a relatively small temperature variation, such asDT< 150�C, is considered, which can take advantage of both high efficiency of two-
temperature cycling and simple reactor design of isothermal cycling. At present, the pros and cons of isothermal versus two-temperature

thermochemical cycling are still under debate. This is because the thermodynamic properties of redox materials play a significant role in

the reactor design and energy conversion performance, which means selection of isothermal or two-temperature thermochemical cycling

depends on redox materials. It is well known that materials with a lower reduction enthalpy and a higher reduction entropy are easier to

be reduced while more difficult to be re-oxidized. For example, ceria-based materials with high reduction enthalpy and high reduction en-

tropy, requires high temperature and low oxygen partial pressure to be reduced, but has favorable oxidation thermodynamics. Conversely,

some perovskite oxides are easy to be reduced but require a large amount of H2O/CO2 gas or a lower oxidation temperature to be re-

oxidized due to contradictory thermodynamic forces. Taking ceria as example, if the redox temperature is too high, the oxidation kinetics

would be decreased, which is not conducive to oxidation step; if the redox temperature is too low, a lower oxygen partial pressure is required

to drive reduction reaction, which means a higher energy consumption associated with vacuum pump or inert gas sweep. Whether final

isothermal operation can improve the solar conversion efficiency needs further verification.

Redox materials

The oxygen exchange capacity in one cycle (i.e., reduction extent of redox materials from highest-metal-valence oxide to lower-metal-

valence/zero-metal-valence oxide) is not only related to the temperature and/or oxygen partial pressure conditions, but also depends on

the redox material itself. Redox materials developed for thermochemical conversion process can be divided into three categories: (1) volatile

redox materials, (2) non-volatile stoichiometric redox materials, and (3) non-stoichiometric redox materials. The volatile redox materials

include: ZnO/Zn redox pair,59–63 CdO/Cd redox pair,64–66 SnO2/SnO redox pair,67–70 and GeO2/GeO redox pair.71 This category of materials

are accompanied by a phase change during redox cycles, since the temperature required for reduction step exceeds the boiling tempera-

tures of the reduced species. Although the phase change is thermodynamically beneficial for redox cycles, oxygen products mixed with

gaseous metal or lower valence oxide would face significant challenges of recombination issues back to the initial reactants in the product

gas stream, particularly if they are not separated in time. The non-volatile stoichiometric redox materials include: Fe3O4/FeO redox pair,72–74

CeO2/Ce2O3 redox pair,
75 and hercynite redox material.76–78 They would not change into gaseous state during the entire redox cycles pro-

cess, thereby successfully bypass the recombination issues. In addition, the stoichiometric reactions involve a change in crystal structure dur-

ing redox cycle and have a great oxygen exchange capacity. However, a complete reduction reaction usually requires a very high temperature

(such as 2100k for Fe3O4 reduction
20) under which the redox materials would change into liquid, meanwhile the oxidation reaction process

requires a relatively low temperature (such as the minimum temperature 450K for FeO oxidation79). Solid-to-liquid phase change during

reduction step and large temperature difference between reduction and oxidation steps would not only cause poor stability and slower re-

action kinetics, but also seriously decrease the solar-to-fuel efficiency. Compared with these two categories, the non-stoichiometric redox

materials are more advanced in term of operation, efficiency, and stability. The materials comparatively presented in recent publications

are ferrites,80–83 ceria,33,75,84–86 and perovskites.14,87–91 The maximum difference from non-volatile stoichiometric redox materials is that

the non-stoichiometric redox materials only involve partial reduction during cycle, while maintaining the crystallographic structure. Although

oxygen generated in reduction step and syngas generated in subsequent oxidation step are both decreased, this can avoid phase transfor-

mations which can induce structure disruption, and make redox cycle operate more stably and efficiently. A detailed introduction of prom-

inent non-stoichiometric redox materials is presented in subsequent sections.

Ferrite materials

The initial researchworks on non-stoichiometric redoxmaterials referred to ferrite system,whichwere experimentally tested for hydrogenpro-

duction from the splitting of H2O.80 Nowadays, it has become one of the most advanced systems and been tested to the stage of a 100 kW
iScience 26, 108127, November 17, 2023 5
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(using a solar tower) pilot-scale demonstrator.92 The initial ferrite redoxmaterials usually require a high temperature for thermal reduction (TR)

in thermochemical cycle, however, such high temperature would cause significant sintering of the oxides. For example, the Fe3O4/FeO redox

pair requires a temperature of 2100K during reduction step, while the melting temperatures of Fe3O4 and FeO are 1811K and 1650K, respec-

tively. Thus, the Fe3O4/FeO redox pair need a milling to obtain a fine powder to warrant a sufficient specific surface area to process repeated

redox cycle, which would make redox cycle seriously complicated to be implemented. In addition, a quenching below 570�C is required to

avoid the formation of Fe3O4 and metallic Fe from the produced FeO species by disproportionation reaction. Ferrite materials usually do

not have a sufficient cycling stability because of unavoidable sintering and induced losses of redox activity and fuel production capacity.

To decrease the redox cycle temperature of ferrites, the metallic dopant idea (i.e., replacing some iron atoms in the lattice with other

metals) has been proposed and investigated. Some other more readily reducible metals (like Mg, Mn, Co, Ni, Zn, etc.) are inserted into

Fe3O4 to form (Fe1�xMx)3O4 formula. Although the reactivity of the doped metals to the oxidant (H2O or CO2) becomes relatively low, the

reduction step is further facilitated because such a doping creates a structural deformation of the spinel, thereby favoring oxygen mobility.

Thus, the doped ferrites can participate in non-stoichiometric redox cycle under a lower temperature than pure Fe3O4. A series of ferrites has

been developed including only one bivalent metal cations in the A site such as MnFe2O4,
80 ZnFe2O4,

93 NiFe2O4,
94 CoFe2O4,

95 and two biva-

lentmetal cations in the A site such asNi0.5Mn0.5Fe2O4,
96 andMn0.5Zn0.5Fe2O4.

97 Numerous experimental testing and thermodynamic studies

of ferrites for splitting of H2O or/and CO2 via two-step redox cycle indicated that the nickel-based ferrites that are operated under a reduction

step temperature below�1400�C–1500�C have an optimal performance in terms of fuel production yield and thermochemical stability.81,98,99

However, the improved reduction temperature is still high for the operating process which would be accompanied by sintering, and induced

losses of redox activity and fuel production capacity. To further enhance cycling stability of ferrites, an idea supporting the redox reagent on

high-temperature-stable ceramic support was widely considered.82,83 It was reported that the yttrium-stabilized zirconia (YSZ)100 and mono-

clinic zirconia (m-ZrO2)
22 have been adopted to serve as substrates of ferrites. In addition, Coker et al.101,102 found that Fe ions dissolvedwithin

the YSZ lattice are more ‘‘redox-active’’, which would lead to higher oxygen yields accompanied with more H2 or CO produced per cycle.

Reaction kinetic of ferrites for thermochemical redox cycle (such as establishment of kinetic models, extraction of the kinetic parameters of

ferrites during redox reactions, etc.) have been studied by many experts. For example, Go et al.103 adopted thermogravimetric analyzer to

determine reaction kinetics of Mn and Zn doped ferrites during redox cycle for splitting of H2O. They found that the reduction conversion of

the ferrites increased with temperature (above 1073K) and the oxidation reaction was controlled by the product-layer diffusion mechanism.

Neises et al.104 built a laboratory scale test rig to examine and monitor the hydrogen production in oxidation step by analyzing the product

gas. They also investigated the effects of temperature and water concentration on the hydrogen production, and thereafter calculated the

activation energy from the experimental data. Kostoglou et al.99 proposed an improved kineticmodel of nickel-based ferrite for thermochem-

ical splitting of H2O via redox cycles. They considered two oxygen storage regions existing in ferrite material and thought that the oxygen

storage regions communicate to each other by a solid-state diffusionmechanism, which canwell explainwhy thermochemical cycles converge

to a periodic steady state. In addition, an interesting phenomenon that the oxidation reaction of ferrites is much faster than corresponding

reduction reaction during splitting of H2O or/and CO2 cycle, which means a shorter time for one cycle (i.e., more H2 or/and CO yield at the

same time), was also discovered from these investigations.

Ceria materials

Ceria is an excellent catalytic material used for oxidizing exhaust gases to reduce gaseous pollutants due to its facilitated solid-state diffusion

and exchange of oxygen ion in crystalline lattice. It is just suitable for thermochemical redox cycle for splitting of H2O or/and CO2, which at-

tracts a great deal of research interests of experts from all over the world. Furthermore, ceria can maintain its cubic fluorite structure without

sintering due to its high melting temperature. Compared with ferrites, ceria has better stability, cyclability during the long-term operation.

Thus, since ceria was firstly proposed to serve as redoxmaterials for splitting of H2O via two-step thermochemical cycle in 2006,75 its attractive

research interest has continued until now. It is regarded as the current state-of-the-art redoxmaterial due to several desirable thermodynamic

and physicochemical properties (i.e., favorable oxidation thermodynamics, rapid reaction kinetics, and morphological stability). For the pure

ceria, only a partial Ce4+ in CeO2 is reducedduring reduction step (non-stoichiometric reduction). Thus, the redox of ceria can be described as

CeO2 /CeO2� d +
d

2
O2 (Equation 7)
CeO2� d + dH2O =CO2 /CeO2 + dH2 =CO (Equation 8)

where d is the non-stoichiometry which represents reaction extent of CeO2 in one redox cycle. The reaction extent of CeO2 depends on the

reduction temperature and oxygen partial pressure which are usually adopted as swing between reduction and oxidation reactions. Usually

the non-stoichiometry parameter is very small in the thermochemical redox cycle. It is reported that a maximum non-stoichiometry without

changing the fluorite structure of CeO2 for redox recycling of ceria was 0.286 at 1000�C. The oxygen evolution kinetics of CeO2 during reduc-

tion step are also limited by the heating rate,7 while reaction rate during oxidation step is primarily dictated by the chemical kinetics which

mainly depends on chemical composition, as well as microstructure and available surface area of the material. For the CeO2=CeO2� d redox

pair, if the reduction temperature is decreased, the reaction extent would be low, which limits the H2 or/and CO yields per cycle. However, it

should also be noted that oxidation reaction rate is high due to rapid oxidation kinetics of CeO2-d, which means a great deal of cycles can be

completed in limited sunny time.
6 iScience 26, 108127, November 17, 2023
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To further improve the reaction extent of CeO2 for H2 or/and CO production, the cationic-dopant scheme is proposed and applied,

namely, by substituting transition metal and rare earth metal oxides (such as Li2+, Sr2+, Ca2+, Mg2+, Sc3+, Dy3+, La3+, Sm3+, Gd3+, Y3+,

Pr3+, Hf4+, and Zr4+) into the crystal structure, the thermodynamic properties and redox performance of CeO2 may be tuned. For instance,

if the tetravalent cationic Zr4+ was employed to dope the CeO2, the reduction extent would be improved, but the oxidation kinetics of doped

CeO2 would decrease compared with pure CeO2.
25,105,106 The trivalent cations La3+, Gd3+, and Y3+ are further doped into the Zr4+ doped

CeO2, which can continue to improve reduction extents and fuel yields. Meanwhile, it was also found that trivalent cation La3+ dopant can

improve the thermal stability and resistance to material deactivation during cyclic operation.107 Meng et al.26,108 investigated a series of

doping schemes including Mg2+, Sc3+, Hf4+ and Pr3+, and they found these dopants all improve the reduction extent compared with pure

CeO2. Among them, Mg2+, Sc3+, and Hf4+ dopants schemes can yield a smaller effective cation radius to obtain greater reducibility, and

Pr3+ dopant of 5 mol % and 10 mol % can improve O2 and H2 yields due to a reduced enthalpic energy penalty, though Pr did not participate

in oxidation reaction. In contrast, Hf4+ dopant exhibited the largest improvement in O2 evolution at the expense of a lower H2 production rate

than undopedCeO2. Scheffe et al.
18 performed a thermodynamic analysis of Gd3+, Y3+, Sm3+, Ca2+, and Sr2+ dopedCeO2 during redox cycle

for solar thermochemical fuel production, and observed an interesting phenomenon that the dopants are not always of better performance.

For example, at high reduction temperature larger than 1700K, the reduction extents of pure CeO2 are larger than those of the dopants, while

at lower reduction temperature, just the opposite is achieved. If the dopant concentrations were too large, the entropy change during oxida-

tion with H2O or CO2 would be decreased, which means that the oxidation of pure CeO2 is more favorable than that of doped CeO2 at tem-

peratures below 1200K. At present, the development of new formulations for doped CeO2 become a research trend, various novel research

results (including their chemical synthesis, performance testing, and reaction kinetics) are reported continuously.109–116

In addition to the ceria material’s own performance, heat transfer behavior related to structure and morphology of the material is also a

limiting factor. When the concentrated solar radiation enters reactors through the aperture, ceria exposed directly to the high-flux radiant

energy will first raise the temperature to the reduction temperature, while other ceria remains in low temperature due to its low thermal con-

ductivity. Inhomogeneous temperature distribution limits the majority of reduction reaction to the near-surface layer closed to the aper-

ture.117 To address this limitation, the structure and morphology of the ceria need to be designed to improve the heat transfer performance.

Porous structure concepts (like reticulated porous ceramic foam) become an attractive choice because of their excellent volumetric absorp-

tion of incident radiation.118,119 A macro-porous structure can make radiation pass through internal medium (i.e., enhancing heat transfer

capability) and make the entire porous structure ceria be heated more homogeneously (i.e., a lower temperature gradient throughout the

ceria material). Furler et al.120 observed that the average efficiency increased by over a factor of 10 by adopting reticulated porous ceria redox

system. Another study121 found that the oxidation kinetics of the porous ceria would be limited by its relatively low specific surface area.

Consequently, they proposed the concept of CeO2-based porous structures with dual-scale porosities, in which the millimeter-sized pores

can enhance heat transfer behavior and the micrometer-sized pores can improve specific surface area. The dual-scale porosities structure

perfectly solve the low reduction kinetics issue.122,123 Marxer et al.41,124 investigated thermochemical splitting of H2O and CO2 based on

CeO2-based porous structures with dual-scale porosities, and they obtained a solar-to-fuel energy conversion efficiency of 5.25%. Recently,

Oliveira et al.125–127 proposed a novel concept of three-dimensionally orderedmacroporous structures (such as cork-templated or wood-tem-

plated ceria) based on biomimetic approaches to improve the redox cycle performance of ceria for splitting of H2O and CO2.

At present, the ceria-based redox materials are experiencing explosive development, and various recent advances in the field are contin-

uously reported.128–132 However, there are still several aspects that need to be further developed before commercial application. To plainly

take profit of the advantages of ceria-based redox cycles, Abanades20 reviewed the development of ceria-based redox materials and gave

some suggestions: (1) the dopant schemes of ceria need to be further optimized including development of new dopants and utilization of

composite materials; (2) synthesis method is also an important aspect, especially when the powdered ceria-based material is adopted, syn-

thesis material must be warranted high-temperature resistance; and (3) for porous structure ceria-basedmaterial, thermally resistant supports

and efficient coatingmethods are needed, and elaboration of architecture porous structures (such as biomimetics, 3D printing, etc.) are good

choices.

Perovskites materials

Perovskites are regarded as a type of crystal structurewith a general formula ABO3whereA andB are both cations with the oxygen in the edge

centers. Research indicate that the A cation is 12-fold coordinated with oxygen while the B atom is 6-fold coordinated. Thus, perovskites are

commonly cubic, but sometimes may exhibit orthorhombic and rhombohedral crystal structures. Such structures allow some A and B sites to

be substituted with other cations, whichmeans that the structural stability may be altered by creating defects. Perovskite materials have been

discovered for a long time and becomewell known for their applications in fuel cells based on reversibility in delivering and picking up oxygen

at high temperatures.133 However, perovskites as non-stoichiometric redox materials for thermochemical splitting of H2O and CO2 first ap-

peared in the publication in 2013.134 In other words, the development of perovskites for thermochemical redox cycle is less than a decade.

Reasonable selection of cations in A and B sites and dopant schemes can make perovskites become excellent redox materials with high

non-stoichiometric oxygen exchange capacities and diffusion rates. The two-step thermochemical redox non-stoichiometric reactions based

on perovskites can be described as:

ABO3 /ABO3� d +
d

2
O2 (Equation 9)
iScience 26, 108127, November 17, 2023 7



ll
OPEN ACCESS

iScience
Review
ABO3� d + dH2O =CO2 /ABO3 +H2 =CO (Equation 10)

where d is the non-stoichiometry which represents reaction extent of ABO3 in one redox cycle. Similar to the ceria-based materials, the non-

stoichiometry is also small and determined by temperature and oxygen partial pressure. It is reported that a general range of non-stoichiom-

etry between 0.03 and 0.23. At present, perovskites used for thermochemical fuel production have attracts great interests of experts. In design

aspect, Ezbiri et al.135 gave the design principles of perovskites with balanced redox energetics, in which the electronic structure computa-

tions were adopted to predict the activity of lattice oxygen vacancies and stability against crystal phase changes and detrimental carbonate

formation, and they also experimentally validated the predicted perovskite materials. Antoine et al.136 presented a high-throughput compu-

tational screening strategy to select the potential candidates of perovskite ABO3 for splitting of H2O in term of thermodynamic stability and

oxygen vacancy formation energy, and they finally identified 139 perovskites favorable for application. In kinetics study aspect, to better char-

acterize a material for thermochemical splitting of H2O and CO2, various kinetics methods have been proposed and implemented, such as,

mechanistic model-fitting method and non-mechanistic isoconversional method.137 Reduction kinetics focus on oxygen evolution of perov-

skites, while oxidation kinetics focus on splitting reaction. Kinetics study aims to determine themaximum fuel amount which can be produced

in a reasonable duration. Existing research works indicate that the oxidation kinetics of perovskites are lower than that of pure ceria while their

oxygen exchange capacity (namely, fuel productivity per mass of material) is higher. In thermodynamic study aspect, a series of thermody-

namic analysis on ceria for redox cycle have been reported.138–141 In contrast, corresponding related works on perovskites are very few. Mu-

hich et al.142 pioneered a thermodynamic analysis of perovskites for thermochemical splitting of H2O andCO2, and comparison indicated that

the solar-to-fuel efficiency of perovskites is lower than that of ceria due to their relative reducibility and re-oxidizability. However, opposite

results are observed in the work of Vieten et al.,87 in which they found that many perovskite materials have higher H2/CO production. This

therefore suggests that the performance and types of perovskite materials need to be further developed.

Doping schemeof perovskites is another research content, and a series of dopedperovskites as redoxmaterials havebeen reported.143–151

Typical perovskites materials include lanthanum-manganite perovskites, lanthanum-cobalt perovskites, and yttrium-manganese perovskites.

For lanthanum-manganite perovskites, the most studied is La1�xSrxMnO3. The presence of Sr in the A-site significantly increases reduction

extent,134,152 thereby can obtain a higher fuel production. In addition, the use of Sr as dopant can also affect grainmorphology153 and increase

the characteristic timeduring theoxidation step.154 For lanthanum-cobalt perovskites,Ca, Sr, andFedopants areproposed to substitute in the

A or/and B-site. Studies concluded that Ca dopant in the A-site can promote oxygen production, but if Ca content is too high (such as >40%),

hydrogen productionwould decrease. The La0.6Ca0.4CoO3 is regarded as themost promisingmaterial in Ca dopant scheme in termofO2 and

CO production.155 Sr dopant instead of partial La in material can improve reduction extent, and even La0.6Sr0.4CoO3 can achieve a higher H2

yield (514 mmol/g) than that of La0.6Sr0.4MnO3 (234 mmol/g).156 However, Orfila et al.157 found that the fuel production of the Sr doped perov-

skiteswoulddecreaseafter 4 consecutive cycles,whichmeans its stability need tobe further improved.Feasdopant in LaCoO3neither improve

the stability of material nor re-oxidation yield.158 Even the presence of Fe would decrease the O2 production. For yttrium-manganese perov-

skites, Sr asdopant (Y0.5Sr0.5MnO3) exhibitedahigher reductionextent thanLa0.5Sr0.5MnO3 in similar conditions,159whichcanbeattributed toa

smaller ionic radius of Y3+. This smaller ionic radius increases the MnO6 octahedron inclination and the lattice distortion, thereby promoting

oxygen departure. At the same time, a lack of CO (a lower re-oxidation) was observed in both Chan160 and Nair et al.,159 which means the re-

oxidation ability of such perovskites needs to be improved. Ca dopant was also investigated in yttrium-manganese perovskites. Both yttrium

and calcium can increase the reduction extent compared with lanthanum and strontium.161

Perovskites as a relatively ‘‘new’’ redox material have exhibited a great potential for solar fuel production via thermochemical redox cycle.

For example, Barcellos et al.162 discussed the BaCe0.25Mn0.75O3 (BCM)within the context of thermochemical water splittingmaterials, and this

novel material exhibited a polymorph phase transition during thermal reduction and yielded nearly three times H2 more than ceria when

adopting a reduction temperature of 1350�C. Moreover, BCM exhibited faster oxidation kinetics and higher water-splitting favorability

than popular Mn-based perovskite SrxLa1�xMnyAl1�yO3 (x, y = 0.4, 0.6). Although perovskite materials may exhibit superior redox perfor-

mance but have not yet proven to be as stable as ceria.36 Bayon et al.14 therefore suggested that perovskites should be further developed

toward adequate thermochemical properties, large redox extents, fast redox kinetics, high mechanical stability and sintering resistance,

adequate vapor pressure at working temperatures, high thermal conductivity, and ultimately, abundance, low toxicity and low cost.
CONCENTRATING SOLAR ENERGY TO THERMAL ENERGY

Research on thermochemical redox cycle for splitting H2O or/and CO2 instigated an explosive development in the current century, which also

benefit from the aid of CSP technologies. For such evaluated temperature required for thermochemical redox reaction, the high-flux solar

energy with high concentration ratio (generally >2000 suns) is required. The open market currently provides four types of CSP technologies,

including parabolic troughs, fresnel mirrors, power towers, and solar dish concentrators.163 However, only solar dish and tower concentrators

can provide such high-temperature heat source for thermochemical cycle process,164 because they both provide 3D point-focus concentra-

tion. The applications of these two types of solar concentrators for the thermochemical splitting cycles of H2O or/and CO2 are described and

discussed in subsequent sections.
Parabolic dish concentrator

Parabolic dish solar concentrator can be used to reflect, concentrate, and deliver sunlight onto a receiver at the focal point.165 Its high con-

centration ratio and optical efficiency position it as one of the most perfect solar concentrators for high-temperature heat source. A typical
8 iScience 26, 108127, November 17, 2023



Figure 3. Configuration of parabolic dish concentrators

(A) Parabolic dish concentrator with only primary reflector; Reproduced with permission.168 Copyright 2020, Elsevier.

(B) Parabolic dish concentrator with another secondary reflector. Reproduced with permission.169 Copyright 2018, Elsevier.
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parabolic dish concentrator consists of a parabolic dish reflector which is usually made up of a set of mirrors, solar receiver which collects

concentrated solar energy and solar tracing devices.166–168 If needed, a secondary reflector can also be integrated into the solar concentrating

dish system to change sunlight pathway, to make the whole system more compact at the expense of increasing optical loss. In addition, a

secondary reflector (flat or hyperboloid) can flexibly change focal point while keeping the whole system stationary, which is very suitable

for the simultaneous operation of two or more adjacent solar receiver-reactors.169 The generic configuration of parabolic dish concentrator

is shown in Figure 3.

At present, most studies on solar-driven thermochemical redox cycle were conducted for performance testing and validation of numerical

models.4,31,170,171 Thus, parabolic dish concentrator was employed to supply high-temperature heat by establishing ray tracingmodel in theo-

retical or modeling research works on solar-driven thermochemical redox cycle. For example, Monte Carlo ray tracingmethod was employed

to design the parabolic dish system.172 Themodel-generated concentrated radiant fluxes served as CSP to provide high-temperature energy

for two-step solar thermochemical splitting of CO2 in the established CFD model whose numerical results were employed to analyze the in-

fluences of geometric factors on the performance. The ceria-based thermodynamic cycle combined with parabolic dish for solar hydrogen

production is developed and achieved as high as a solar-to-fuel efficiency of 21.2% after optimizing the concentration ratio, reactor pressures

and temperatures.173 If the parabolic dish concentrator (optimal diameter is 5.168m) is optimized, the amount of hydrogen produced can

reach 34 mol m�3 in a 10 kWth solar reactor.174 In addition, some researchers even used the simulated concentrated solar light to power

the reaction and directly equated the concentrated solar energy to a specific value or assumed the temperatures provided by concentrated

solar energy to be known to simplify themodel in their numerical studies.175–177 This ismajorly because their focus is on thermochemical redox

cycle process and its performance, rather than concentrated solar technology.

Most experimental studies on thermochemical redox cycle adopted indoor solar simulators to provide high-temperature heat sources in

laboratory scale.70,120,123,125,178 In order to be closer to the real conditions, some researchers designed parabolic dish concentrators to inves-

tigate solar-driven thermochemical redox cycle for splitting H2O or/and CO2 outdoors. For example, Dähler et al.169 designed several para-

bolic dish concentrators for successive thermochemical splitting of H2O and CO2 based on redox cycles. They obtained a peak solar concen-

tration ratio of 5,010 suns and an average of 2,710 suns over the 30 mm-radius apertures of the solar reactor. Schäppi et al.179 applied a

parabolic dish concentrator to provide concentrated solar energy for the thermochemical splitting of CO2, and a secondary rotating reflector

was designed to alternate the concentrated solar input between two reactors, which ensure simultaneous operation of both reactors. The

team36 later presented a complete solar fuels production chain based on the above study, which can directly producemethanol from sunlight

and air with the aid of parabolic dish concentrator. Abanades et al.131 adopted parabolic dish concentrator to directly and indirectly provide

high-temperature heat for H2O and CO2 dissociation in solar reactors, and they observed highest fuel production rate of �9.5 mL g�1 min�1

and peak solar-to-fuel energy efficiency of �9.4% from directly irradiation style.

It can be known from the above research examples (including simulations and experiments) that the parabolic dish concentrator with high

concentration ratio and optical efficiency has been successfully applied in solar-driven thermochemical splitting of H2O or/and CO2 based on

redox cycle. A series of experimental data indicated that the combination of concentrated solar energy and thermochemical conversion is a

perfect pathway to produce syngas with only H2O andCO2 as feedstock. It should be noted that intercept losses are unavoidable due to inac-

curate tracking in practice. To achieve enough high concentration ratio, sunlight needs to be reflectedmultiple times and finally concentrated

to the designated focus position, which causes some solar energy loss but can reduce re-radiation from aperture of reactor. At present, the

parabolic dish concentrator is just suitable for experimental research in laboratory scale, due to the limitation of size. Scale-up of solar-driven
iScience 26, 108127, November 17, 2023 9



Figure 4. Configuration of solar tower with a heliostat field

Reproduced with permission.53 Copyright 2022, Elsevier.
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thermochemical splitting of H2Oor/andCO2 based on redox cycle can consider solar tower systemwith a heliostat field concentrator, which is

introduced in the following section.

Heliostat field concentrator

Large scale application of concentrated solar energy focuses on solar tower technology with a heliostat field concentrator,180–185 because the

parabolic dish concentrator configuration is limited in size consideringmechanical constraints caused by wind andweight loads.53 There is no

commercial parabolic dish whose diameter is over 10 m in the current market. Although employing a group of solar parabolic dishes can in-

crease the scale of solar energy collection, its investment and cost will be lost to those of solar tower configuration with significant economy-

of-scale advantages.186 At present, solar towers are considered as themost suitable CSP technology to carry out solar-driven thermochemical

cycle processes on industrial scale due to it can provide high-power CSP with relatively low cost.43 A typical concentrated solar tower system

usually consists of (1) solar receiver mounted on top of the tower, (2) heliostat field concentrating and delivering solar irradiation onto the

aperture of receiver; (3) control room adapting the angle of heliostat to optimize solar collection. These three parts collaboratively operate

to finish the tracking, concentrating, and delivering of sunlight. A complete solar tower configuration is depicted in Figure 4.

The heliostat field concentrator is made up of a family of heliostats. A single heliostat is composed of a set of reflect mirrors, a tracking

system, a frame, a structure foundation, and control system187 as shown in Figure 5. The optical efficiency of heliostat field mainly depends

on cosine effect, shadowing effect, blocking effect, mirror reflectivity, atmospheric attenuation, and receiver spillage. For the entire solar

tower system with a heliostat field concentrator, the almost 50% of investment and 40% of energy loss are attributed to the heliostat field.

Thus, optimal design of heliostat and optimal layout of heliostat field are significantly important to improve solar efficiency and reduce

the capital cost. In heliostat field layout design aspects, Wei et al.184,188–191 have done a lot of works involving mechanism, method, and opti-

mization of heliostat field layout design toward the performance improvement of solar tower system. Till date, the heliostat field concentrator

technology is one of the most effective methods providing high concentrated solar energy whose scale is far larger than other solar

concentrators.

Laboratory-scale research usually adopted indoor solar simulators or outdoor solar parabolic dish concentrator configuration. In contrast,

published literatures on the use of concentrated solar tower to drive thermochemical redox cycle for dissociation of H2O or/and CO2 are rela-

tively few. This is due to the fact that a relatively large-scale study of thermochemical redox cycle based on concentrated solar tower config-

uration needs a lot of manpower and financial support. The concept of combination of a high-temperature (�1000�C) power tower and a

sulfuric acid/hybrid thermochemical cycle is proposed by Kolb et al.192 using a combination of thermal input and an electrolyzer to produce

hydrogen, and they predicted the solar thermochemical plant will have a much lower cost of hydrogen product than a solar-electrolyzer plant

of similar size. After that, solar thermochemical processes based on solar tower is thoroughly studied, including design,193 control strategy,

and validation.194 And even a successful test operation of a 100 kW pilot plant for thermochemical water splitting is implemented on a solar

tower platform under real conditions.92 More recently, Zoller et al.53 experimentally demonstrated a fully integrated thermochemical produc-

tion chain fromH2O andCO2 to kerosene for the first time, and adopted solar tower with a controllable heliostat field to provide high solar flux

(2500 suns) to achieve a solar-to-syngas energy conversion efficiency of 4.1% in the absence of any heat recovery system.

Above studies successfully push solar tower technology toward application in large-scale solar-driven thermochemical fuel production.

However, up to now, no solar tower plants for thermochemical fuel production are employed on a commercial scale, because there are still

many scientific and technical issues, including efficiency, cost, intermittent solar energy, weather, seasons, operation maintenance that all

need to be resolved in the future. Nevertheless, existing publications have proven that the solar tower with heliostat field concentrator is
10 iScience 26, 108127, November 17, 2023



Figure 5. Configuration of single heliostat

Reproduced with permission.187 Copyright 2013, Elsevier.
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the most promising pathway to provide high-temperature heat supply for realizing large scale commercial application of thermochemical

conversion process of H2O and CO2 to sustainable liquid fuels.

CONVERTING THERMAL ENERGY TO CHEMICAL ENERGY

Once the solar energy has been concentrated to the intensive thermal energy, the next step is transferring the thermal energy to the ther-

mochemical reactor to trigger the thermochemical conversion of H2O or/and CO2 to H2 or/and CO. The energy transfer can be generally

divided into two categories according to the mechanism of transfer: one is the indirect irradiation, during which absorbing surfaces are

exposed to the concentrated solar radiation with heat conducted across their walls to the thermal fluid, and the other is direct irradiation,

during which fluid streams or solid particles/structures are directly exposed to the concentrated solar radiation.195 A typical example of

the indirect irradiation is conventional tubular reactors consisting of absorbing surfaces exposed to concentrated solar irradiation while

the heat transfer fluid is moving in a direction vertical to that of the incident solar radiation.196 The later type is also known as ‘‘volumetric’’

reactor that enables the concentrated solar radiation to penetrate and be absorbed by the absorber without the transfer through the

wall.38 The majority of reactors are in the category of direct irradiation that use solid particles or structures directly exposed to concentrated

solar radiation. Hence, the reactors must be equipped with a transparent window, which allows concentrated light to enter the receiver while

isolating the working gas from ambient air.197

Continuous utilization of thermal energy

There are two types of solar reactors based on the redox chemistry of volatile and non-volatile redox cycles. A gaseous mixture of the reduced

phase and oxygen occurs during the TR phase, and special treatment is required to prevent its recombination back to its original oxidized form,

which is a common feature of all proposed volatile cycles. As a result, each of these systems has two distinct reactors: one that plays out the TR

step fromwhich a densedecreased stage is gotten alongwith vaporous oxygen anda secondonewhere this consolidated stage is oxidized and

playsout thenecessary splittingofH2OorCO2step.
198Thecyclicoperationcan thusbeseparated into twostages:oneduring theday for thermal

reduction and one at night for the production of syngas. Therefore, the thermal energy is difficult to be continuously used by one reactor in this

manner. As a result, we include and discuss the reactors that intend to carry out the TR step and innovative reactors that could continuously use

thermal energy in this section. Partial reactor designs are presented in Figure 6 while their main characteristics are summarized in Table 2.

Reactors performing only the reduction step

The reducedmaterials and evolvedO2 are inherently separated in this reactor concept, which operates isothermally throughout the day and de-

couples the reduction and oxidation processes in space and time for potential 24-h syngas generation. Haueter et al.204 described the solar ther-

mochemical reactor’s design, fabrication and initial testing, which uses a windowed rotating cavity-receiver lined with ZnO particles held by cen-

trifugal force toconduct the thermaldissociationofZnO intozincandoxygenat temperaturesabove2000K.ZnOfunctionsasa radiantabsorber, a

thermal insulator, and a chemical reactant in this arrangement while also being directly exposed to high-flux solar radiation. The limitations

imposed by the chemistry of the decomposition reaction and the transitory nature of solar energy are considered when designing the reactor.

The high-temperature thermal dissociation of ZnO in a solar-powered thermochemical pilot plant was also planned, built, and tested by Villasmil

et al.205 They tested the solar reactor by exposing it to concentrated radiation fluxes of up to 4477 suns and a peak solar radiation power input of
iScience 26, 108127, November 17, 2023 11
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Figure 6. Schematic of thermochemical reactors

(A) Solar thermochemical reactor with a rotating cavity-receiver: 1-rotating cavity, 2-insulation, 3-ceramic matrix composite, 4-alumina fibers, 5-Al reactor shell,

6-aperture, 7-quartz window, 8-dynamic feeder, 9-conical frustum, and 10-rotary joint; Reproduced with permission.199 Copyright 2009, Elsevier.

(B) Beam-down solar thermochemical reactor: 1-water-cooled window mount and vortex-flow generation, 2-water-cooled cavity aperture, 3-BOP and data-

acquisition cavity access ports, 4-alumina-tile reaction surface, 5-annular solid ZnO exit, 6-bulk insulation and cavity-shape support, 7-central product-vapor

and gas exit; Reproduced with permission.200 Copyright 2012, Elsevier.

(C) Moving packed particle bed reactor; Reproduced with permission.201 Copyright 2013, The American Society Mechanical Engineers.

(D) Solar thermochemical reactor realizing a nonstoichiometric partial redox cycle with solid-solid heat recuperation; Reproduced with permission.202 Copyright

2013, The American Society Mechanical Engineers.

(E) Counter-rotating-ring receiver/reactor/recuperation (CR5). Reproduced with permission.203 Copyright 2008, The American Society Mechanical Engineers.
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140 kWth at the PROMES-CNRS large-scale solar concentrating facility. The solar reactor operated at temperatures as high as 1936 K, producinga

Znmolar fractionof 12–49%of the condensedproducts. This Znmolar fractionwas largely determinedby the flow rateofAr thatwas injected into

the reactor to cool the gaseous products that were forming. Chambon et al.206 designed, constructed and operated a prototype high-temper-

ature lab-scale solar reactor based on a rotating cavity-type solar radiation absorbermade of standard refractorymaterials that allow continuous

ZnOthermaldissociation inacontrolledatmosphereat lowerpressure.By increasingthe rateofdissociationandoperatingat lower temperatures,

lower pressures increase theoverall dissociation yieldby thermodynamicdisplacement toward thegaseousproducts. The reactant oxidepowder

is infused persistently inside the hole and the created Znparticles are recuperated in a downstreamfired channel.With a neutral gas flow rate of 5

NL/minanda typical dilution ratio of 300, the filter producedamaximumyieldof 21% forparticle recoveryandadissociation yieldof up to87% (Zn

weight content in the final powder). The gravity-fed, entrained-bed reactor proposed by Koepf et al.,200 which is abbreviated as GRAFSTRR

(Gravity-FedSolar-Thermochemical Receiver/Reactor), is closedoff from theoutsideandhas a reaction surface in the shapeof an invertedconical.

Along this surface, reactant powder continuously descends as amoving bed, undergoing a thermochemical reaction at high temperatures when

exposed to highly concentrated sunlight within the reaction cavity. Chambon et al.207 investigated the high-temperature thermal dissociation re-

action of ZnOandSnO2 simultaneously. To ensure continuous reactant feeding, the reactor’s design permits themovement of the reaction front.

Thermaldissociation of ZnOandSnO2was carriedout successfully at around1900K, resulting in the recoveryof up to50%of theproducts asnano

powderswith high specific surface areas (between 20 and 60m2/g) andmass fractions of reduced species of up to 48 wt.% for Zn and 72wt. % for

SnO.Perkins etal.208 conductedanexperimental investigation intohowZnOparticlesbreakapart at roomtemperature inaerosol flow,anduseda

cooling lance andquench tube to reduce product recombination and sharpen residence timedetermination. Chemical analysis revealed that the
Table 2. Comparison among different types of reactors for continuous utilization of thermal energy

Reactors

Solar

irradiation

types

Thermochemical

process

Redox

material

and its shape Power

Maximum

temperature

Solar

conversion

efficiency Reference

Stacked bed-rotary

reactor

Directly Dissociation of ZnO ZnO particles �10 kW �2136 K �3.1% Schunk et al.199

Stacked bed-mobile bed Directly Dissociation of H2O ZnO powders �10 kW �1900 K / Koepf et al.200

Moving packed bed Directly Dissociation of H2O

or CO2

CeO2 particles / �1500�C �30% Ermanoski

et al.201

Directly-irradiated reactor Directly Dissociation of H2O

or CO2

Ceria porous

medium

/ �2203 K / Lapp et al.202

CR5 reactor Directly Dissociation of H2O Ferrite fins �36 kW �2300 K �29.9% Diver et al.203

Solar chemical reactor Directly Dissociation of ZnO ZnO particles �10 kW >2000 K / Haueter et al.204

Solar reactor Directly Dissociation of ZnO ZnO particles �100 kW �1936 K / Villasmil et al.205

Rotary cavity-type reactor Directly Dissociation of H2O ZnO powders �1.4 kW �1600�C / Chambon

et al.206

Moving-front reactor Directly Dissociation of H2O ZnO and SnO2

powders

�1 kW �1993 K �2.9% Chambon et al.207

Rapid reaction aerosol

flow reactor

Indirectly Dissociation of H2O ZnO particles / �2123 K / Perkins et al.208

Circulating fluidized bed Directly Dissociation of H2O NiFe2O4/m-ZrO2

particles

2.6 kW �1200�C <1% Gokon et al.209

Rotary-type reactor Directly Dissociation of H2O CeO2 or Ni,

Mn-ferrite

ceramics

/ �1623 K / Kaneko et al.210
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material in thegravity vessel lack significant reaction. Particles collected in thequench tube and filterwere found tohave undergone some recom-

binationandconversion toZn throughphysical andchemicalanalysis.After recombination, thenetconversionshadamaximumvalueof 18%anda

mean value of 8%. The surface area of the product particles, which ranged from5 to 70 nm, was anticipated to accelerate the Zn hydrolysis step of

the cycle.

Moving packed bed reactors

Gokon et al.209 demonstrated a single reactor of an internally circulating fluidized bed, with which thermochemical hydrogen production by a

two-step reaction on a laboratory scale canbe achieved. In the TR step, the internally circulating fluidizedbedwas subjected to simulated solar

light fromXe lampswith inputpowersof 2.4-2.6 kWth and1.6-1.7 kWth, respectively. The fedgaswas changed froman inert gas (N2) to amixture

ofN2 and steam in the splittingof H2O step. As a fluidizedbedof reactingparticles, NiFe2O4/m-ZrO2 and unsupportedNiFe2O4 particleswere

evaluated, and the reactivity of reacting particles as well as the rate and productivity of hydrogen production were examined. The ferrite con-

versionwas35%and thehydrogenproductivitywas 951Ncm3 for theNiFe2O4/m-ZrO2particles. Thehydrogenproductivity of theunsupported

NiFe2O4 particleswas 1072Ncm3while the ferrite conversion ratewas 5%. Ermanski et al.211 evaluated the effectiveness of a reactor thatmakes

use of a moving packed bed of reactive particles and concluded that the packed bed reactor must possess the following characteristics to

achieve high efficiency: the reactor’s pressure and temperature, reaction products being separated spatially, sensible heat recovery

throughout the process of reaction, continuous use of the irradiation, and the working material being directly illuminated. In addition, it

was demonstrated that vacuum pumping outperformed inert gas sweeping in terms of efficiency owing to the pressure separation technique

and the conversion efficiency of solar energy into H2 andCO that could exceed 30% in a fully developed system employing CeO2 as a reactive

material. Effective heat recuperation is the central idea, with thepackedbedof reducedparticles supposed tomovedownward through a con-

necting tube in a counter-flow arrangement with the oxidized particles moving upward, essentially pre-heating them.

Rotary-type reactors

To decouple the reduction and oxidation processes in space and time for potential 24-h syngas generation, Kaneko et al.212 used a special

reactive ceramic to develop and fabricate the rotary-type reactor for the production of solar hydrogen through a two-step WS reaction. The

dual-cell rotary-type reactor has two distinct types of reaction rooms: one for oxygen discharge and the other for splitting of H2O. Its efficiency

and detailed specifications were examined. In oxygen discharging and H2O-splitting reaction cells, oxygen and hydrogen underwent succes-

sive evolutions, respectively. WithNi andMn-ferrite, the optimal reaction temperatures for the reactions were 1173 K and 1473 K, respectively.

The same research group further210 used the rotary solar reactor with CeO2 and found that the optimal reaction temperatures of the O2-

releasing and H2O-splitting were 1623 K and 1273 K, respectively. It was demonstrated that the approximately 10-fold scaled-up rotary-

type reactor was able to achieve a higher O2-releasing reaction temperature of over 1800 K. Lapp et al.202 predicted heat transfer for a ro-

tary-type reactor that uses direct radiation to create a metal oxide-based nonstoichiometric redox cycle for making synthesis gas from

CO2 andH2O. In this reactor, the reactive porousmedium forms the outer cylinder, which alternates between the high-temperature reduction

zone and the low-temperature oxidation zone. Chemically inert and heat-recovering solid makes up the inner cylinder. This system therefore

can transfer heat from a porous reactive material’s rotating hollow cylinder to an inert solid cylinder in form of radiation. A parametric study of

the geometric and material parameters resulted in a heat recovery efficiency of more than 50%.

The CR5 reactor

The CR5 reactor has themost distinctive feature of a stack of counter-rotating rings or disks that are surrounded by fins made of a redoxmetal

oxide. The reactive material moves back and forth between a relatively low-temperature hydrolysis reactor where the reactant material un-

dergoes a H2O-splitting reaction and a solar-irradiated high-temperature TR as the rings rotate. After rotating, each ring rotates in the oppo-

site direction of its neighbor. The oxidized redox material in the fins meets hotter fins leaving the TR reactor on both sides as it enters the

recuperator from the H2O-splitting reactor. As the adjacent fins moving in the opposite direction cool, it heats up in the recuperator. Diver

et al.213 first invented the CR5 two-step solar-driven thermochemical heat engines based on working materials made of iron oxide and iron

oxide mixed with other metal oxides (ferrites). A major obstacle to achieving highly efficient thermal recuperation between solids in effective

counter-current arrangements was overcome by employing two sets of moving beds that are adjacent to one another but moving in opposite

directions. They also naturally separated the product of hydrogen and oxygen. The core of the CR5 system is a set of annular rings made of

reactive solid ferrite. These rings are cycled chemically and thermally to produceO2 andH2 fromH2O in separate steps. Fromamaterial stand-

point, this design is extremely demanding. After months of thermal cycling and exposure to temperatures greater than 1100�C, the ferrite

rings must maintain their high reactivity and structural integrity. In addition, the rings must have a large geometric surface area to adsorb

incident solar radiation and make contact with the solids.

As successful application of ceria-based materials in thermochemical redox cycle, Diver et al.178 further designed and built a CR5 thermo-

chemical heat engine prototype made of ceria, and tested its redox cycle performance in the 16 kWt National Solar Thermal Test Facility

(NSTTF) solar furnace in Albuquerque, NM. The initial tests indicated the CR5 was promising thermochemical heat engine concept for

fuel production and would achieve ultimate goal of 20% efficiency in the future. Miller et al.214–216 carried out a series of initial screenings,

selected Co0.67Fe2.33O4 as the starting point for demonstration of the CR5 and further characterized and developed this material. Robocast-

ing was used to produce monolithic structures with intricate three-dimensional geometries for chemical, physical, and mechanical evaluation

concurrently with the powder studies. Ferrite/zirconia mixtures can be made into small, 3D and monolithic lattice structures that gave
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Table 3. Comparison among different types of reactors for intermittent utilization of thermal energy

Reactors

Solar

irradiation

types

Thermochemical

process

Redox material

and its shape Power

Maximum

temperature

Solar

conversion

efficiency Reference

Packed bed reactor Directly Dissociation of H2O Ni0.5Mn0.5Fe2O4 powder �15 kW �1373 K / Tamaura et al.218

Internally circulating

fluidized bed

Directly Dissociation of H2O NiFe2O4/m-ZrO2

particles

�1.2 kW / <1% Gokon et al.219

Internally circulating

fluidized bed

Directly Dissociation of H2O NiFe2O4/m-ZrO2

particles

�1 kW �1500�C / Gokon et al.220

Windowed solar

chemical reactor

Directly / Coal coke particles �0.94 kW �850�C 12% Kodama et al.221

Stacked bed-Fixed

bed

Directly Dissociation of H2O Ferrite-coated

monoliths

�100 kW �1473 K / Roeb et al.222

Solar receiver-reactors Directly Dissociation of H2O Iron-oxides coated on

ceramic substrate

�100 kW 1200�C / Neises et al.223

Monolithic reactor Directly Dissociation of H2O Ferrites ceramic

honeycombs

/ 1300�C / Agrafiotis et al.224

Monolithic reactor Directly Dissociation of H2O Monolith coated

with ZnxFe1-xO

/ / / Roeb et al.225

Honeycomb reactor Directly Dissociation of CO2 Zirconia and iron oxide

ceramic honeycombs

/ 1200�C / Walker et al.226

Solar cavity reactor Directly Dissociation of H2O / �1 MW 1020�C / Houaijia et al.227

Foam reactor Directly Dissociation of H2O Fe3O4 or NiFe2O4

reticulated

ceramic foam

�0.7 kW 1773 K / Gokon et al.228

Quartz reactor Directly Dissociation of H2O Fe3O4/c-YSZ particles 7 kW 1450�C / Gokon et al.100

Foam reactor Directly Dissociation of H2O NiFe2O4/m-ZrO2 or

Fe3O4/m-ZrO2 powders

7 kW 1450�C / Gokon et al.22
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consistent hydrogen yields over multiple cycles. Kim et al.217 presented a comparison of the environmental effects of gasoline derived from

petroleum and sunshine to petrol (S2P) using a life cycle assessment (LCA) method. According to the findings, S2P gasoline scored lower than

conventional gasoline in all of the impact categories. The environmental benefits, such as the reduction of greenhouse gases and the reduc-

tion of external costs, were then examined in light of the findings of the LCA. Based on the current fleet of vehicles, it was determined that 3.6

Mt CO2-eq of greenhouse gas emissions (77% of the total regional emissions) would be mitigated if S2P gasoline could be successfully intro-

duced to satisfy the gasoline demand. In addition, the reduced impact results in annual cost savings of 4.2 million dollars due to avoided

environmental damage.
Intermittent utilization of thermal energy

In contrast to the continuous utilization of thermal energy, another strategy where the thermal energy is being used intermittently has also

been studied worldwide. The intermittent utilization of thermal energy enables the reduction and oxidation steps to happen separately or

within the same system. The major types of such reactor structures include packed bed reactors, spouted bed reactors, honeycomb reactors

and foam reactors. Their partial representatives are summarized in Table 3. The details are discussed in the following sections.

Packed bed reactors

In 1995, Steinfeld et al. reported their work on utilizing a packed bed solar reactor for the two-step water splitting cycle.218 The design of the

reactor is as shown in Figure 7, which is composed of a 2 cm-diameter quartz tube containing a packed-bed of powder reactants. The reac-

tants were made of Ni0.5Mn0.5Fe2O4 powder mixed with Al2O3 grains for avoiding sintering. During its operation, the reactor was first heated

to about 1373 K by directly exposing it to the solar flux for releasing the oxygen from the ferrite lattice with the carrying gas of a flow of 0.3 L

min�1 Ar passing through the sample. Thereafter, the reactor would be cooled down to 573 K while 0.04 L min�1 steam carried by 0.8 L min�1

Ar passing through the sample for 5 min. By further raising the reactor temperature to 773 K, 823 K, and 873 K, the oxidation process would

take place and H2 would be produced. Such a novel design thus eliminated the need for high-temperature gas separation while proving the

capability of this designed system for reduction and oxidation reactions in the same structure.
iScience 26, 108127, November 17, 2023 15
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Figure 7. Design of packed bed reactor

Reproduced with permission.218 Copyright 1995, Elsevier.
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Spouted bed reactors

Apart from the packed-bed reactors, a series of works have been conducted by Goken et al. from the Niigata University for examining the

spouted bed solar reactor design.209,219–221,229 Through combining the windowed fluidized bed reactor with beam-down type solar concen-

trator, as shown in Figure 8, the two-step WS cycle has been successfully demonstrated.219 In this system, the fluidized bed reactor is

composed of a stainless-steel cylindrical reactor body, a transparent quartz window and a draft tube at the center region. During its operation,

the solar-heated particles will be transported upward in the draft tube and move downward in the annulus region, through which the solar

energy can be transferred from top to bottom and thus create a more uniform temperature distribution. It is reported that, with this design,

during the reduction step, an operating temperature of 1500–1600�C can be reached in the draft region, while a temperature of 1100–1250�C
can be attained in the annulus region. Using this reactor, the m-ZrO2-supported NiFe2O4 and unsupported NiFe2O4 particles were tested,

both of which did not sinter nor coagulate during the whole test verifying the feasibility of this reactor design for successive reduction and

oxidation reactions. Furthermore, it is also found that, with the NiFe2O4/m-ZrO2 particles, this reactor design is able to achieve a hydrogen
Figure 8. Design of fluidized bed reactor

Reproduced with permission.219 Copyright 2008, Elsevier.
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Figure 9. Design of honeycomb solar reactor

(A) Prototype of honeycomb solar reactor.

(B) Extruded re-crystallized silicon carbide honeycombs (carriers) and cast parts (housing vessel).

Reproduced with permission.224 Copyright 2005, Elsevier.
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productivity of 951 N cm3 with the ferrite conversion of 3% demonstrating the superiority of this reactor design for efficient solar hydrogen

production.

Honeycomb reactors

In addition to the aforementioned solar reactor structures, another type of reactor design adopting the ceramic honeycombs has recently

attracted much attentions and been studied worldwide.95,203,222,223,230–235 In comparison to the packed bed and spouted bed reactors,

the honeycomb reactors have the following three major advantages.234 First, attributed to the thin walls of the honeycomb structure, a

low resistance to the reactants/flushing gas flow can be achieved, which thus can offer low pressure drop and fast mass transport. Second,

the honeycomb structure can provide large geometric surface area, and hence allow good gas-solid contact to attain high efficiency. Third,

such a structure can secure good mechanical stability at a light weight, thereby bearing the high operating temperature required during

reduction and oxidation steps.

One good example of utilizing the honeycomb structure for solar reactor is demonstrated by Agrafiotis et al. in 2005.224 Adopting the

multi-channeled honeycomb ceramic supports coated with active redox reagent powders, a solar reactor for splitting of H2O and H2 produc-

tion is fabricated as shown in Figure 9A. Themulti-channeled honeycomb ceramicmade of re-crystallized silicon carbide is fabricated to serve

as the catalyst carrier (Figure 9B), while the iron-oxide-based redox material was synthesized for the reduction-oxidation cycle. During oper-

ation, the operating temperature of the solar reactor will swing between 800�C and 1300�C for H2 production and O2 regeneration, respec-

tively. Optimizing the operating condition of this system showed that the entire honeycomb embedded inside the solar reactor could achieve

a uniform temperature up to 1300�C proving its capability for the reduction and oxidation reactions within the same structure. The system

operation is then studied as shown in Figure 10. It is found that a weight loss of 0.68% can be achieved during the heating process under

argon flush, while the same weight was recovered when O2 mixture was fed, proving the capability of this system for stable H2 production,

though intermittent due to the need of changing operating temperature during its operation. In an attempt to achieve the continuous pro-

duction of hydrogen, the same group225 thereafter designed and fabricated a reactor with dual chambers (Figure 11A). Such a design allows

the concentrated solar radiation to heat these two reactor chambers independently (Figure 11B),222 so that when one reactor chamber is be-

ing heated to split water, the other one can be cooled down to regenerate the O2 and wait for the next cycle. Through such process as shown

in Figure 11B, a quasi-continuous utilization of solar energy can therefore be attained. Due to the modularity of this developed system and in

order to verify the ability of this system for scale up, a model has also been constructed for simulating the transient thermal and chemical

behaviors inside the reactor while the design of a 100 kW system has been completed and the pilot plant has been installed and tested

for demonstration.92

Other than coating the redox reagents onto a honeycomb structure supports, another effectivemethod is to synthesis the reactivematerial

into the honeycomb structure directly. With this thought, Luke et al. manufactured the ceramic honeycombs based on the composites of zir-

conia and iron oxide for splitting of CO2.
226 During the system operation, it is found that the melting of FeO within the system allows the full

reduction of the substrate system in a very short time (<60min), which thus present this material as a promising candidate for splitting of CO2.

Furthermore, the honeycomb structure is also demonstrated to sustain 6-10 cycles with good structure stability.

In addition to the fabrication of the honeycomb structure shape reactors, the design of the absorber is also of vital importance to the

system performance and has been studied and modified by Houaijia et al.227 As the key to decrease exergy destruction lies on the real-

ization of smaller radiation losses, the screening process was first conducted on analyzing the possible absorber shapes so that a better

thermal performance can be achieved. It is found that in comparison to the flat shape and conical shape absorbers, the spherical shape

absorber is able to provide a better performance, while the best performance is attained for the absorber of hemispherical shape, making

it a promising candidate for real applications. Based on these findings, a solar reactor has been designed as shown in Figure 12, which is

demonstrated to provide a more homogeneous distribution of solar flux and thereby a more even distribution of temperature than the flat
iScience 26, 108127, November 17, 2023 17



Figure 10. Weight loss and temperature curves obtained during TGA study of a sintered SSS MnZn ferrite

Reproduced with permission.224 Copyright 2005, Elsevier.
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shape absorber. Furthermore, the adoption of such design is analyzed and found to be capable of achieving an increase of thermal reactor

efficiency above 25%.

Foam reactors

The adoption of the foam structured reactors for splitting of H2O andCO2was not started until most recently. The first work utilizing the foam-

based structure for WS is reported by Gokon et al.22 The reactivematerials made of monoclinic ZrO2 supportedNiFe2O4 and Fe3O4 were first

examined for the H2 production, where a higherO2 andH2 production rates was achieved by theNiFe2O4. Therefore, utilizing theNiFe2O4/m-

ZrO2/MPSZ foam device (Figure 13A), the experimental set-up for the reduction and oxidation reactions is then developed as shown in

Figures 13C and 13D, respectively. Utilizing this system, the H2O splitting reaction can successfully last for 10 cycles while the foam device

is found to be slightly damaged (Figure 13B) in the fringe. Thereafter, another work utilizing the zirconia supported NiFe2O4 as reactive ma-

terial was synthesized through the spin-coating method.228 In contrast to the previous work, this spin coated NiFe2O4/m-ZrO2/MPSZ foam

device is demonstrated to achieve an improved performance with a H2 production rate of 1.1–4.6 cm3 per gram of device through 20 cycles

with a maximum ferrite conversion of 60%. It is also reported that, utilizing this material, a solar reactor incorporated with a 5 kWt dish
A

B Focus left Focus right

Drive Drive

Figure 11. Design of two-chamber solar reactor

(A) Vertical-horizontal cut of two-chamber reactor.

(B) Schematic view of the lamellae shutter.

Reproduced with permission.222 Copyright 2009, Elsevier.
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Figure 12. Design of the honeycomb solar reactor with a spherical shape absorber

Reproduced with permission.227 Copyright 2013, Elsevier.
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concentrator is now also under development for demonstration. While the previous work found the Fe3O4 to be relatively poorer in compar-

ison to the NiFe2O4 when supported by the zirconia, another trial of using the Fe3O4 supported on cubic yttria-stabilized zirconia (Fe3O4/c-

YSZ) stated otherwise.100 The Fe3O4/YSZ powder was first examined for the H2 andO2 production and then coated on a ceramic foam device

similar as the previous work. When applied in the foam device, it is found that, the Fe3O4/YSZ/MPSZ is able to achieve an operation of 32

cycles before any crack and broken are identified. Such a superior performance thus indicates the good stability of this material, though

the structure integrity of the reactive material become more and more important as the cycle number increases.

Other than the aforementionedmaterials, using cerium oxide, Chueh et al.7 reported a solar reactor achieving a stable and rapid fuel gen-

eration for 500 cycles. The structure of the solar reactor is shown in Figure 14A, inside which a porous ceria tube is embedded for H2 and CO

production. During its operation for the uninterrupted 500 cycles (Figure 14B), an initial stabilization period of 100 cycles is presented, where

the oxygen and hydrogen evolution rates was found to decrease. However, in the following 400 cycles, a stable production rates of hydrogen

and oxygen is achieved, indicating the superior stability of this system. Later, employing the ceria felt, another work has been conducted for

the syngas production fromH2O and CO2.
236 The study reported that over 8 h of operation and ten consecutive H2O/CO2 gas splitting cycles
Figure 13. NiFe2O4/m-ZrO2/MPSZ foam device and experimental setups

(A) NiFe2O4/m-ZrO2/MPSZ foam before testing.

(B) NiFe2O4/m-ZrO2/MPSZ foam after 10 cycles of repetition test.

(C) Experimental setup for thermal-reduction step.

(D) Experimental setup for water-decomposition step.

Reproduced with permission.22 Copyright 2009, Elsevier.
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Figure 14. Design of foam-based solar reactor for thermochemical fuels production

(A) Structure and composition of reactor.

(B) Performance of reactor: H2 and O2 evolution rates for 500 water-splitting cycles.

Reproduced with permission.7 Copyright 2010, The American Association for the Advancement of Science.
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have been performed while a stable syngas production has been demonstrated. These works therefore proved the ceria-basedmaterials as a

promising candidate for application in solar reactors with superior performance.
Other new reactor concepts for converting solar energy to chemical energy

For the conventional solar thermochemical reactors, the reduction step usually requires a very high temperature and a very low oxygen partial

pressure to increase the reduction extent which is significant for syngas yield. However, high temperature and low oxygen partial pressure

environment means a serious heat loss, which can be considered as a limiting factor for the practical implementation. To reduce the

demanding heat requirement, reducing the reduction temperature is necessary. Meanwhile, to ensure the reduction extent, what can be

done is to obtain a low oxygen partial pressure with less or no additional energy requirement. Following this, some new reactor design con-

cepts have been developed in recent years.

Reactor integrated with thermochemical oxygen pump

To obtain a low oxygen partial pressure, some methods, such as vacuum pumping and inert gas sweeping, have been proposed. However,

bothmethods require additional electric energy, which would limit solar-to-fuel efficiency. Brendelberger et al.237 therefore proposed a novel

design idea that adopt thermochemical oxygen pump instead of conventional mechanical pump to maintain low partial pressure of oxygen

with a lower energy input. As shown in Figure 15, there are two horizontal tube furnaces (i.e., splitting furnace and pumping furnace) in the test

rig, and redox materials (ceria and SrFeO3) are placed in the tubes in ceramic crucibles. When the reduction reaction takes place in the split-

ting furnace, the oxidation reaction starts in the pumping furnace. TheO2 released from ceria during reduction stepwould be absorbedby the
20 iScience 26, 108127, November 17, 2023



Figure 15. The test rig of reactor integrated with thermochemical oxygen pump

Reproduced with permission.237 Copyright 2018, Elsevier.
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SrFeO3 that is undergoing oxidation reaction. The O2 released can then be moved out of the splitting furnace in time, which can maintain a

lower oxygen partial pressure and enhance reduction extent. Comparison experiments demonstrated that application of thermochemical

oxygen pump canmake the reduction extent of ceria increase from 0.005 to 0.0108; if the doubled amount of SrFeO3 was used, the reduction

extent can further increase to 0.0145; if the oxidation temperature of SrFeO3 is reduced, the reduction extent can finally increase to 0.0181. In

other words, the largest increase of reduction extent measured can reach 265% which successfully prove the advantage of such reactor

design. Meanwhile, such technology has the potential advantage of low energy consumption, which is limited to some extent by the kinetics

of the oxidation reaction. The authors also pointed out that their subsequent study will focus on the application of such thermochemical ox-

ygen pump in solar thermochemical reactor in a real case scenario.

Reactor integrated with electrochemical oxygen pump

Similar with the last reactor design, Bai et al.238 designed a novel solar thermochemical reactor integrated with electrochemical oxygen pump

(EOP) which is employed for in situ oxygen removal with a low heating load. The design idea is shown in Figure 16. Themajority of solar energy

(98%) is used toheat the reticulatedporous ceramic ceria (redoxmaterial), and theother (2%) is employed togenerateelectricitywhichprovides

energy required for EOP. The cathodeof EOP is placed adjacent to the ceria and the anode is facing the inner channel exposed to the ambient.

When the ceria is heated to reduction temperature by the concentrated solar energy, the thermochemical reduction of ceria occurs andO2 is

released from ceria. TheO2moves to the cathode of EOP and electrochemical reduction converts O2 intoO2�. The generatedO2� thereafter

moves to the anodebydiffusing through the electrolyte and re-converts intoO2byelectrochemical oxidation. Finally, theO2 ismovedout from
Figure 16. Schematic of solar thermochemical reactor integrated with EOP

(A) Structure and composition of reactor.

(B) Multiphysical model of EOP.

Reproduced with permission.238 Copyright 2022, American Chemical Society.

iScience 26, 108127, November 17, 2023 21



Figure 17. Membrane reactor concept: oxygen ions and electrons transport across the MIEC membrane

Reproduced with permission.129 Copyright 2021, Elsevier.
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thermochemical reduction zone and escapes into the ambient. Consequently, the application of EOP can maintain a low oxygen partial pres-

sure and enhance the reduction extent of ceria. The authors numerically resolved the coupled physical process including themultimode heat

transfer and the mass transfer, as well as electrochemical and thermochemical reactions to quantify the reactor performance. The calculation

results indicated that the reduction extent increased by 56.8% compared to the nitrogen sweeping scheme. In addition, the EOP scheme can

obtain more uniform temperature and species concentration distributions, which is beneficial for thermo-mechanical stability.

Reactor integrated with reactant membrane

Alternatively, a novel solar reactor integrated with reactant membrane is developed to implement thermochemical splitting of H2O and CO2

driven by concentrated solar energy.129,239–241Operation principle of the reactantmembrane reactor is shown in Figure 17, the reduction zone

and oxidation zone is separated by a dense mixed-ion-electron-conducting (MIEC) membrane. The oxidation reaction occurs at the fuel pro-

duction side accompanied with production of H2(CO) and O2�, while reduction reaction occurs at the low oxygen partial pressure side to

generate O2. The key is that MIECmembrane can transport the charge carriers (oxygen, vacancies, and electrons) through the bulk via a ther-

mally activated process. Thus, such membrane reactor has two advantages: (1) the reduction and oxidation reactions (production of O2 and

H2/CO) can be carried out simultaneously at the same temperature in two distinct compartments and (2) an external electrical supply for elec-

tronic transfer can be avoided to reduce energy required for redox cycle.

Based on the above idea, Abanades et al.129 presented a novel solar ceria membrane reactor as shown in Figure 18. The high temperature

isothermal continuous splitting of CO2 is carried out in such membrane reactor with two separate compartments. In other words, the high
Figure 18. Design of solar membrane reactor for thermochemical splitting of CO2

(A) Structure of the solar membrane reactor.

(B) Principle of in-situ separation of CO and O2 across ceria redox tubular membrane.

(C) A tubular ceria membrane.

(D) A membrane fixed on the water-cooled support.

Reproduced with permission.129 Copyright 2021, Elsevier.
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Figure 19. The DNI in Daggett, CA, on March 20th based on hourly TMY2 data

Reproduced with permission.242 Copyright 2013, American Chemical Society.
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temperature reduction and CO2-splitting reactions can be simultaneously operated at both sides of the membrane. With the aid of concen-

trated solar energy, the required temperature can be achieved and the thermally favored reduction reaction of the MIEC oxide material oc-

curs at the outer side of the membrane. The inert gas is supplied to sweep reduction side to control the oxygen partial pressure in the cavity.

Meanwhile, CO2 enters the inner side of the membrane and backflows in the annular space to achieve a suitable solid/gas contact with the

membrane surface. In such process, CO and O2 are generated at the inner and outer sides of the membrane, respectively. A stable and un-

precedented CO production rate up to 0.071 mmol/cm2/s at 1550�C and CO/O2 ratio of 2 is observed in the experimental measurement,

which proved remarkable thermochemical CO2 splitting performance of such membrane reactor design. The authors pointed out that the

analogous direct H2O splitting can be carried out in the same reactor to produce H2/O2. In addition, the author also thought that other

MIEC materials, such as perovskites, may further lower temperature required for reaction to decrease thermal press imposed to the mem-

brane. Meanwhile, it can be also noted that excessive reactant gas is required in this reactor to increase fuel yield, which means a very low

conversion rate of H2O/CO2 into H2/CO and a more high-energy consumption. Therefore, enhancing conversion rate of reactant gas needs

to be further studied in the future.
LIMITING FACTORS AND HEAT RECOVERY CONCEPTS FOR SOLAR CONVERSION EFFICIENCY

Limiting factors

The entire production chain from H2O and CO2 into sustainable fuels based on thermochemical redox cycle driven by concentrated solar

energy demonstrates the completed physical and chemical process of converting solar energy to chemical energy stored in liquid hydrocar-

bon fuels. Solar energy is tracked, concentrated, and delivered into the receiver-reactor through aperture, in which solar energy is converted

into thermal energy. Thermal energy is thereafter converted into chemical energy via thermochemical redox cycle and fuel synthesis pro-

cesses. Thus, energy losses occur during the delivery and conversion process of solar energy, which limits the solar-to-fuel conversion effi-

ciency. According to the production chain described in System and key devices, the energy losses includes: (1) solar energy loss which is asso-

ciated with available solar radiation collection process from incident onto reflectors (parabolic dish or heliostats) to entering receiver-reactor;

(2) thermal energy loss which exists in the heat transfer and thermochemical reaction process in the solar receiver-reactor; and (3) energy loss

determined by the existing level of sustainable fuels synthesis technologies from syngas to liquid hydrocarbon fuels (such as FT technology).

The three parts mainly determine the solar-to-fuel conversion efficiency which can be employed to evaluate whether such technology has

compelling advantages over existing or competing liquid hydrocarbon fuels synthesis technologies.

Solar energy loss is also called optical loss occurring along its delivery path. It is noted that not all solar energy is effective. Siegel et al.242

proposed available solar radiation concept and suggested that available solar radiation must exceed a minimum value of direct normal inso-

lation (DNI) to provide heat for thermochemical reaction. This is because a partial additional energy is needed to offset thermal losses and

parasitic loads within the system. In their research, a conservative value of 300 W/m2 was adopted and the variation of DNI at Daggett on the

Spring Equinox (March 20th) is presented in Figure 19 from which it can be seen that the DNI during most daytime can meet the minimum

insolation value except for in the early morning, late afternoon, and during periods of extensive cloud cover. Except for unavailable solar ra-

diation loss, another optical loss can be summarized as equipment loss and operating loss. Equipment loss is defined as optical loss due to

structure and characteristics of equipment itself. Real solar concentrators are not ideal models, and their own structure will also cause optical

losses, such as blocking of components, incomplete reflect of primary reflector and secondary reflector (if needed), long term dirt accumu-

lation on reflect mirrors, and reflection of aperture mounted on the solar receiver. Operating loss are the optical loss during the operating
iScience 26, 108127, November 17, 2023 23



Figure 20. A typical distribution of thermal energy in one thermochemical system

Reproduced with permission.243 Copyright 2019, The American Society Mechanical Engineers.
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process. Solar concentrators collecting and delivering the available solar radiation into receiver-reactor cannot work all the time, because they

need regular outages for maintenance. For example, for parabolic dish concentrator, it is only on operation for 97% of the time, based on the

experience of Sandia National Laboratories.242 In addition, inaccurate tracking of sunlight can also result in spillage of useful energy, which is

inevitable in operation of solar concentrators. These optical losses in the delivery of solar energy can account for nearly 20% of total solar

energy incident onto solar concentrators.242

Thermal energy loss mainly occurs at thermochemical reactor where two-step thermochemical redox reaction cycles for splitting of H2O

or/and CO2 take place after absorbing concentrated solar energy. Taking a 4 kW ceria-based solar reactor as example, under a solar flux

irradiation with a 3000 concentration ratio, the energy distribution in the thermochemical system243 is presented in Figure 20. It can be

seen that the sensible heat of redox material accounts for over 60% of the total energy in the reactor. This is because endothermic reduction

reaction requires a very high temperature to drive redox material to release O2, while exothermic oxidation reaction is carried out at a lower

temperature without external energy input. Large temperature difference (usually over several hundred degrees) would cause great sensible

heat loss which includes solid phase sensible heat of redox materials and gas phase sensible heat of products syngas and oxygen (or mixed

with inert gas). Sensible heat is unavoidable due to the characteristic of two-step thermochemical redox reaction. Re-radiation loss refers to

the high temperature within the reactor. It is well known that radiation is proportional to the fourth power of temperature according to the

Stephen-Boltzmann law. An amount part of energy, in form of radiation, therefore escapes from the reactor through aperture which is de-

signed to receive concentrated solar energy. In addition, an amount of energy, in form of conduction and convection, leaves the reactor

to the surroundings through insulation layer and steel layer, or quartz window on the aperture. If the insulation of the reactor is not good

or the aperture is not designed reasonably, energy loss caused by heat transfer (radiation, conduction, and convection) would be larger. It

can be also noted that only a small percentage of solar energy (9% as shown in Figure 20) is converted into chemical energy, which thus ex-

plains why the solar-to-syngas conversion efficiency is so low in reported experimental testing data. To make the two-step thermochemical

redox reaction operate more efficiently, some additional work needs to be included (such as pump) to enhance thermochemical reaction ki-

netics. This additional energy input should be also considered in the solar-to-syngas conversion efficiency.

Except for heat loss caused by temperature-swing, re-radiation and imperfect insulation, the deoxygenation energy consumption in the

reduction step is also not ignored. The oxygen partial pressure in the reduction step has a significant effect on the reduction degree of ceria in

two-temperature or isothermal thermochemical cycling, namely, can directly affect the cycle efficiency. To obtain a low oxygen partial pres-

sure environment in the reduction step of the thermochemical cycle, a series of attempts have beenmade, such as vacuum pump pumping or

cascade decompression, inert gas sweeping, or various combinations.244 Researches indicated that vacuum pump scheme requires small en-

ergy relative to the energy stored chemically in fuels, but the efficiency of the vacuum pump performance becomes extremely poor when the

air pressure is less than 10�3 atm.245 The inert gas sweepingmethod can reduce the oxygen partial pressure to a very low level, but the energy

required for heating the inert gas from ambient temperature to reactor temperature and subsequent separation of the inert gas and oxygen is

very large.19 Reducing energy consumption for low oxygen partial pressure in the reduction step is significant to improve the efficiency of

thermochemical cycle, which can be considered as a challenge of thermochemical fuel production and need to be further studied.

Energy loss in the synthesis process of liquid fuels depends on the level of synthesis technologies for different kinds of hydrocarbon fuels.

Namely, the syngas-to-liquid fuel conversion is determined by targeted product, catalyst, and syngas composition. By far, liquid fuels synthe-

sis technologies are relativelymature and have been applied in industrial-scale production. In other words, the existing synthesis technologies

have rendered the energy loss as low as possible and cost to be acceptable in the market. For example, around 91% of the produced syngas

can be converted into liquid fuel containing 16% kerosene and 40% diesel in recent publication.53 The syngas-to-methanol conversion rate

can also reach 90% and efficiency considering equivalent thermal energy penalty can be 75% in reported experimental data.36 In contrast to

energy loss in solar collection unit and liquid fuels synthesis unit, thermal energy loss in thermochemical redox cycle needs to be further stud-

ied as only a small fraction of thermal energy is converted into chemical energy in thermochemical cycle process, which seriously limits the

solar-to-fuel efficiency in the entire sustainable fuel production chain. Its breakthrough will significantly improve the solar-to-fuel conversion
24 iScience 26, 108127, November 17, 2023



ll
OPEN ACCESS

iScience
Review
efficiency. Therefore, reducing thermal energy loss in the thermochemical reactor has becomeone of themost important pathways to provide

competitive advantages and realize industrial production. How to reduce thermal energy loss during two-step thermochemical cycle for syn-

gas production is discussed in the following section.
Heat recovery concepts

Energy distribution discussed in Limiting factors states the research direction for improving solar-to-fuel efficiency, which is to reduce the en-

ergy losses that occur in the sustainable fuel production system. The maximum energy loss occurs at thermochemical redox cycle process in

the solar receiver-reactormainly due to the sensible heat rejected during the temperature-swing cycling, which accounts for more than 60% of

the absorbed solar energy according to the energy balance analysis. If most of such sensible heat of receiver-reactor can be recovered, the

potential solar-to-syngas efficiency will rise above 20%.18,19,36,246 Therefore, heat recovery technology becomes a powerful driving force push-

ing solar-driven thermochemical fuel production toward a commercial scale, and the integration design of heat exchanger and solar reactor is

next research focus to improve the conversion efficiency from solar to fuel.

The sensible heat caused by temperature-swing cycling required for reduction and oxidation reactions can be classified into two cate-

gories: solid phase sensible heat and gas phase sensible heat. The solid phase sensible heat refers to redox material between reduction

and oxidation temperatures, and the large temperature difference and specific heat of solid material would generate large energy required

to leave the receiver-reactor to drive oxidation reaction associated with syngas production. The gas phase sensible heat includes two parts:

one is from the high-temperature O2 released (usually accompanied by inert gas) at reduction step; and the other is from the syngas gener-

ated at oxidation step. What is expected to be done is to recover both solid and gas phase sensible heats by using heat recovery technol-

ogies. Heat exchanger technology has been developed for several decades and various heat exchanger designs have been successfully em-

ployed in lots of industrial fields. In other words, heat recovery concept is technically feasible and of low risk by referencing existing heat

exchanger designs. What we need to do is just try to combine solar reactor technology and heat exchanger technology. The key is to

give a reasonable integration scheme taking swing of redox cycle and structure of reactor into account, especially for solid phase sensible

heat recovery of redox materials which is extremely difficult to achieve. Currently some heat recovery concept designs have also been pro-

posed and applied in solar-driven thermochemical splitting of H2O and CO2 to improve solar conversion efficiency. A partial listing of various

heat recovery concept designs integrated with solar thermochemical reactor in the existing literatures are presented in Table 4, and detailed

introductions are given in the following section.

Solid phase sensible heat recovery concepts

For solid phase sensible heat recovery concepts, the heat exchange is mainly based on the solid-solid heat transfer which can be subdivided

into conduction exchange between particles and radiation exchange between porousmedium. Typical particle-based heat recovery concept

cases are presented in Refs. 247–249 For instance, Felinks et al.247 designed a quasi-counter-current heat exchanger integrated with thermo-

chemical reactor in which redox material is made into small spherical particles with a diameter of 0.8mm. The heat transfer medium is made

into large spherical shape with a diameter of 4mm to separate from redox particles through a sieve after finishing heat exchange as shown in

Figure 21A. To improve the heat recovery rate, the authors proposedmulti-stage heat exchanges based on the counter-current principle. The

high-temperature redox particles leaving the reduction zone flow downward under gravity and were cooled by heat transfer spheres in each

stage via direct contact. A quasi-counter-current heat exchange process was realized when the redox particles and heat transfer spheres pass

through all the stages in opposed order as shown in Figure 21B. If six stages were set in the system, an over 70% of heat recovery rate could be

obtained. Such design idea is excellent in term of heat recovery rate, but the integration systemof reactor and heat exchanger is complex. It is

still in the conceptual stage, as well as the experimental system and prototype have not yet been implemented by far. Next study should focus

on transferring such idea to practical application.

Falter et al.248 established a generic double-walled heat exchanger in which reduced and oxidized particles flow in the opposite direction

(i.e., counter-flow) and investigated the potential of heat recuperation from sensible heat of solid redox particles. As shown in Figure 22, the

particles which are reduced under directly concentrated solar radiation flow downward along the annular inner tube of the heat exchanger

while the heat of ‘‘hot’’ reduced particles (1800K) is transferred to the ‘‘cold’’ oxidized particles (1000K) in annular outer tube of the heat

exchanger through a separating wall. The reduced particles leaving heat exchanger are inserted into the oxidation chamber in which they

are re-oxidized by H2O or/and CO2. The oxidized particles are eventually fed into the bottom and moved upward along the outer tube of

the heat exchanger. A cycle is completed and the sensible heat of redox particles is recovered.

Brendelberger et al.249 proposed a quasi-countercurrent heat recovery system which includes an arrangement of flow pattern stages as

shown in Figure 23. The redox material and heat transfer medium are made into particles with different sizes, respectively, to be separated

conveniently. This system consists of reduction zone, oxidation zone, and two heat exchange zones (cooling zone and heating zone). First, the

reduced redox particles enter the cooling zone (left heat exchange zone) after finishing reduction reactionwith concentrated solar radiation at

reduction zone. Afterward, the reduced redox particles transfer heat to the low temperature heat transfer particles via conduction during

direct contact in multi stages. When the temperature of reduced redox particles drops to the oxidation temperature, they are moved into

oxidation zone and participate in oxidation reaction accompanied by syngas production. After that, the oxidized redox particles enter heating

zone (right heat exchange zone), while the high temperature heat transfer particles are also moved from cooling zone to heating zone. The

oxidized redox particles are heated by the high temperature heat transfer particles in the same form as that occurring in cooling zone. When

the temperature of redox particles increases to reduction temperature, they return to the reduction zone and participate in reduction
iScience 26, 108127, November 17, 2023 25



Table 4. Heat recovery concepts for sensible heat of thermochemical reactors

Heat

recovery

concepts Designs

Reduction

temperature

Oxidation

temperature

Oxygen

partial

pressure

in reduction

step

Redox

material

and its

shape

Heat transfer

medium and

its shape

Heat

exchange

style

Maximum

heat

exchanger

efficiency

Maximum

solar-to-

syngas

efficiency Reference

Solid phase

sensible heat

recovery

Moving brick

receiver-reactor

solid-solid heat

exchanger

1800K 1100K 10Pa Ceria porous

brick

/ Radiation / �25% Siegrist et al.243

Quasi-counter-

current heat

exchanger

1400�C 1000�C / Ceria particle Alumina

sphere

Conduction >70% / Felinks et al.247

Counter-flow

particle heat

exchanger

1800K 1000K / Ceria particle / Conduction >80% / Falter and

Pitz-Paal248

Quasi-

countercurrent

heat recovery system

1500�C 900�C 100Pa Ceria particle Particle Conduction �70% / Brendelberger

et al.249

Counter-flow solid

heat exchanger

1800K 1000K 10�3atm Ceria reticulated

porous ceramic

brick

/ Radiation �70% �12% Falter and

Pitz-Paal250

Heat recovery based

on dual heat storage

system

1450-1500�C 900-650�C 20-22mbar Ceria porous

eight side

brick

Conduction,

convection, and

radiation

�70% �2.83% Lidor et al.254

Counter-flow solid

heat exchanger

1800K 1000K 10�5atm Ceria porous

brick

/ Radiation �80% / Falter et al.258

Solid–solid heat

exchanger

1773.15K 1073.15K 10�3bar / / / / / Holzemer-

Zerhusen et al.259

Reactor train system

for heat recovery

1773K 1073K 10Pa Ceria porous

brick

/ Radiation �80% �30% Patankar et al.251

Counter-rotating

inert solid heat

exchanger

/ / / Ceria porous

medium

Inert material

cylinder solid

Radiation >50% / Lapp et al.202

Gas phase

sensible heat

recovery

Reticulated ceramic

foam heat exchanger

1773K 1773K / Ceria porous

particle

/ Conduction and

convection

/ �2.4% Bala Chandran

et al.257

Simultaneous

solid and gas

phase sensible

heat recovery

Simultaneous

solid and gas

phase heat

recovery design

1980K 1073K 0.01atm Ceria / Conduction

convection

and radiation

/ �40.8% Lapp et al.19
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Figure 21. Heat recovery model using a solid heat transfer medium

(A) Heat exchange design.

(B) Multi-stage heat exchange design.

Reproduced with permission.247 Copyright 2014, Elsevier.
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reaction. Meanwhile, the high temperature heat transfer particles become low temperature heat transfer particles after finishing heat ex-

change and are redelivered into cooling zone. A complete redox cycle associated with heat recovery is therefore achieved, and analysis indi-

cated that heat recovery rate of about 70% can be achieved if assuming six stages in both cooling and heating zones and 10 s in each stage.

Typical medium-based heat recovery concept cases are well discussed in Refs.250,251 Falter et al.250 discussed the counter-flow solid heat

exchange and internal heat diffusion in a generic solar-thermochemical reactor model they established. Elements of redox material with

porous structure were reduced under concentrated solar radiation in the reduction chamber and moved into the oxidation chamber in which

they were re-oxidized with H2O or/and CO2. Oxidized elements were moved into the reduction chamber again to finish the redox cycle. Dur-

ing the counter-flow moving process through the heat exchanger chambers, heat exchange between reduced elements and oxidized ele-

ments is realized by radiation heat transfer as shown in Figure 24. The authors analyzed effects of porosity, residence time, and heat exchanger

length on the heat recovery based on heat diffusion calculations. An adequate parameter combinations were suggested to obtain close to

70% of heat exchange efficiency.

Similar with idea of Falter et al.,250 Patankar et al.251 proposed their design of heat recovery concept which adopted moving reactors

instead of moving redox materials, because the outer reactor temperature can be minimized with good insulation. As shown in Figure 25,

a series of identical reactors are arranged in a closed-loop and cycling between the reduction and oxidation zones. The reduction and oxida-

tion zone are located at the left-hand and right-hand sides of the system, respectively. When the reactor finishes reduction step, it will be

moved into the heat recovery zone at the top where the reduced reactor with high temperature delivers energy to the oxidized reactor at

the bottom by radiation heat transfer. After arriving at the oxidation zone, reduced material in the reactor is oxidized with H2O or/and

CO2. The oxidized reactor thereafter leaves the oxidation zone and enters into the heat recovery zone at the bottom where it absorbs the

energy from the reduced reactor at the top. The oxidized reactor eventually returns to the reduction zone and completes a cycle in which

the sensible heat of redox material is recovered. Results showed that a heat recovery effectiveness of 80% can be achieved for a train pro-

ducing 100kg-H2/day with a 60 min cycle time.

Diver et al.178,203,214,252,253 designed a Counter-Rotating-Ring Receiver/Reactor/Recuperator (CR5) prototype which used a stack of

counter-rotating rings or disks with fins along the perimeter. As shown in Figure 26, each ring rotates in the opposite direction to its neighbor

at a rotational speed on the order of 1 rpm or less. Solar flux penetrates in depth through gap between adjacent reactant fins and drive the

splitting of H2O and CO2. Solar flux illuminates the fins on the stack of rings on the edge along nominally 1/4 of the perimeter. The moving

‘‘volumetric absorber’’ has the advantage of effectively smoothing non-uniform flux distributions inherent in reflective solar concentrators. On

the opposite side of the stack, the oxidation reaction takes place and products fuels. While the remaining half of the stack (two 1/4 sections

between) is adiabatic and is utilized for countercurrent recuperation, primarily by thermal radiation. Equal pressures aremaintained in the two

reactors to minimize flow through the recuperator sections. Such solid-to-solid countercurrent recuperation design can perfectly recover sen-

sible heat of solid redox material, and can be considered as one of the most effective integration schemes.

Lidor et al.254 proposed a novel high-temperature heat recovery method based on the dual storage system, which can avoid the heat los-

ses incurred by an indirect design. As shown in Figure 27, the cycle in this new system consists of four steps: reduction, heat extraction, oxida-

tion, and heat recuperation. First, the solar reactor is heated by the high flux solar simulator up to the temperature required for reduction
iScience 26, 108127, November 17, 2023 27



Figure 22. Particle heat exchanger model integrated into thermochemical reactor

Reproduced with permission.248 Copyright 2018, Elsevier.
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reaction which is accompanied with O2 release. After the reduction reaction, heat transfer fluid (such as N2) flows through the thermal energy

storage unit 2 (TES 2) where it is heated up to oxidation temperature and enters the solar reactor via the main inlet port where it is further

heated up to reduction temperature. The high temperature heat transfer fluid then leaves and enters the thermal energy storage unit 1

(TES 1) where it is cooled down to ambient temperature. In this process, the solar reactor is also cooled down to the desired temperature

for oxidation. Oxidation reaction eventually occurs at the solar reactor and produces syngas in the presence of H2O and CO2, after which

the thermal energy stored in the TES 1 is extracted to heat solar reactor by reversing the heat transfer fluid. Such a cycle realizes the sensible

heat recovery of redox material, and experimental data showed a heat extraction effectiveness of up to 70% from a 4-kW solar reactor. This is

another successful case of heat recovery integrating into reactor except for the CR5 reactor, application of thermal energy storage unit pro-

vides a new way to realize heat recovery to improve the solar conversion efficiency in thermochemical fuel production.

Gas phase sensible heat recovery concepts

In contrast to solid phase sensible heat recovery, the importance of gas sensible heat recovery is relatively minimal in terms of improving solar

conversion efficiency. This is because the specific heat capacity of gas (oxygen, inert, or syngas) is much less than that of solid redoxmaterials.

However, the heat exchange between inlet and outlet gases is beneficial for stable operation of reactor. Moreover, the near isothermal oper-

ation scheme was developed by several groups.55,246,255,256 Such scheme has several advantages: (1) avoiding solid phase sensible heat re-

covery of redox materials; (2) simplifying solar reactor structure because it eliminates the temperature swing of redox cycle; and (3) being
28 iScience 26, 108127, November 17, 2023



Figure 23. Design of combining thermochemical redox cycle and heat recovery

Reproduced with permission.249 Copyright 2014, The American Society Mechanical Engineers.
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beneficial of devices due to avoiding damage caused by alternating high and low temperature cycling. Meanwhile, the temperature has a

significant effect on redox reaction. If the redox temperature is too high, the oxidation kinetics would be decreased, which is not conducive

to oxidation step. If the redox temperature is too low, a lower oxygen partial pressure is required to drive reduction reaction, which means a

higher energy consumption associated with vacuum pump or inert gas sweep. Except for temperature, redoxmaterial is also key factor which

is related to operation conditions, for example, isothermal cycling trends to work much better on CO2 splitting for easily reducible materials

than two-temperature thermochemical cycle. At present, the pros and cons of isothermal versus two-temperature thermochemical cycle are

under debate. In addition, although the solid phase sensible heat recovery of redox materials can be avoided, the gas phase sensible heat

recovery is still unsolved. A large amount of sweep inert gas and oxygen product during reduction step and excessive water vapor or carbon

dioxide during oxidation step all carry a large amount of heat away from reactor, which means a heat recovery is still required. It is therefore

necessary to study the gas phase sensible heat recovery in the thermochemical redox cycle.

A typical case of gas phase sensible heat recovery was reported by Chandran et al.257 They designed a counter-flow and tube-in-tube

alumina heat exchanger which was integrated with thermochemical reactor based on isothermal operating condition (i.e., reduction temper-

ature is equal to oxidation temperature). The details are shown in Figure 28. There are six reactive elements in the reactor such that each

reactive element is made up of concentric and high purity alumina tubes with a closed spherical cap. The annular gap is filled with porous
Figure 24. Modular generic rector model including heat exchanger chambers

Reproduced with permission.250 Copyright 2017, Elsevier.
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Figure 25. The reactor train system combined with heat recovery

Reproduced with permission.251 Copyright 2022, The American Society Mechanical Engineers.
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cylindrical ceria particles and inert alumina reticulate porous ceramic. In the reactive element, gases with near ambient conditions enter the

inner tube of the heat exchanger and then return to the heat exchanger through the annulus after completing redox reaction. Details are as

follows: (1) during reduction step, an inert sweep gas with ambient temperature enters the inner tube and is heated by hot gases (mixture of

inert gas and released O2) through outer tube; (2) during oxidation step, CO2 or/and H2O steam enter the inner tube and are heated by the

syngas (CO or/and H2) generated from oxidation reaction. In both reduction and oxidation steps, the gas phase sensible heat is recovered

from the gases leaving the reactor to preheat the gases entering the reactor. Analysis results predicted that the maximum solar-to-fuel effi-

ciency is about 2.4%.

Simultaneous solid and gas phase sensible heat recovery concepts

Simultaneous solid and gas phase sensible heat recovery concepts are regarded as the most perfect way to increase solar conversion effi-

ciency at the expense of more complexmechanismdesign. Lapp et al.19 proposed a simultaneous solid and gas phase heat recovery concept
A B

Figure 26. Schematic of counter-rotating-ring receiver/reactor/recuperation

(A) Set of counter-Rotating Rings.

(B) Cross section of reactor.

Reproduced with permission.203 Copyright 2008, The American Society Mechanical Engineers.
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Figure 27. Heat recovery scheme based on dual heat storage system

Reproduced with permission.254 Copyright 2023, Elsevier.
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from redoxmaterial and gaseous products. The heat recovery model is shown in Figure 29. In this model, inert gas is preheated from ambient

temperature T0 to the temperature T1 in heat exchanger 1 in which the mixture of inert gas and O2 released from the ceria is cooled from

reduction temperature Tred to temperature T2. The oxidizing reactants H2O or/and CO2 are preheated from ambient temperature T0 to

the temperature T3 in heat exchanger 2. It is noted that H2O is liquid at ambient temperature, it is needed to first evaporate, and then the

vapor is preheated to T3. The products H2 or/and CO are cooled from oxidation temperature Tox to T4 in heat exchanger 2. Both heat ex-

change processes complete the heat recovery of gas-phase sensible heat. Solid ceria as non-stoichiometric redox material is designed to

continuously cycle between the reduction and oxidation zones, in which ceria undergoes heating from Tox to Tred and cooling from Tred to

Tox. The partial sensible heat of solid ceria is recovered and used in the heating step. The calculation results indicated that a perfect heat

recovery enables an order of magnitude increase in cycle efficiency to 40.8%.

At present, a series of heat recovery concepts have been proposed to improve solar-to-syngas efficiency, particularly solid phase sensible

heat recovery of redox materials (particles or porous medium) in temperature-swing thermochemical cycles. Theoretical analysis has proven

that the heat recovery technology can significantly increase solar conversion efficiency and can be considered to be one of themost potential
Figure 28. Schematic of integrated solar thermochemical reactor/reticulated ceramic foam heat exchanger

(A) Integrated reactor/heat exchanger prototype.

(B) Expanded cross-sectional views of the reactive element connected to the heat exchanger.

Reproduced with permission.257 Copyright 2015, Elsevier.
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Figure 29. Heat recovery model in thermochemical redox cycle process

Reproduced with permission.19 Copyright 2012, Elsevier.
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pathways to push solar-driven thermochemical fuel production to a commercial scale. However, the idea of heat recovery of reactor is still

stuck in the concept and design stage due to a large number of detailed techniques yet to be resolved. Therefore, effective heat exchange

designs integrated into the thermochemical reactor is considered as a lingering issue which should be addressed in the future.
CONCLUSIONS

Solar-driven thermochemical conversion of H2O and CO2 into sustainable fuels based on redox cycle is considered as one of the most prom-

ising pathways for alternative energy. This work describes the complete sustainable fuel production chain including a series of physical and

chemical processes which convert solar energy into chemical energy which is stored in sustainable liquid fuels. In the entire production chain,

only concentrated solar energy is used as high-temperature heat supply and almost zero cost H2O and CO2 are adopted as initial feedstock,

which canmeet the requirement of humanbeings for sustainable energy and carbon neutrality. However, such technology is still stuck in theo-

retical and experimental stages and there is still a long way to realize industrial production. This work therefore reviews the working principle

of thermochemical redox cycle with the aid of concentrated solar energy, development of redox materials, and key devices including solar

concentrators and solar reactors. Energy losses along the energy flow in the production chain and heat recovery concepts employed to

improve solar-to-fuel conversion efficiency are also summarized. Some conclusions from this review are given as follows.

(1) Among the existing three categories of redoxmaterials developed in the past several decades, the non-stoichiometric redoxmaterials

can be regarded as the current state-of-the-art redox materials for thermochemical splitting of H2O or/and CO2 in terms of operation,

efficiency, and stability. Although incomplete reaction content would reduce oxygen released in reduction step and syngas generated

in subsequent oxidation step, it can avoid phase transformations which can induce structural disruption, andmake redox cycle operate

more stably and efficiently. This points out development trends of next generation redox materials which will take both thermochem-

ical kinetics and reaction extent into account. In addition, further reducing the reduction reaction temperature is also a major research

focus.

(2) Concentrated solar energy is used as high-temperature heat source for thermochemical redox cycles. At present, only parabolic dish

and heliostat field concentrators with 3D point-focus concentration can provide such evaluated temperature for reduction reaction.

Compared with parabolic dish concentrator, a tower solar collector with the aid of a controllable heliostat field has been identified

as a favorable path for scale-up of thermochemical splitting of H2Oor/andCO2 based on redox cycle. Thus, combination of solar tower

and thermochemical fuels production is a promising technology to realize commercial application. Further work should be focused on

solving scientific and technical issues, such as efficiency, cost, intermittent solar energy, weather, optimal design of heliostat and

optimal layout of heliostat field, and energy storage design integrated into solar collector.

(3) When solar energy is combined with thermochemical redox, it is reasonable to anticipate that directly irradiated reactors will outper-

form indirectly irradiated ones due to the relatively high temperatures that will be encountered. However, when combined with an

open-loop system, in which a chemical reduction process could reduce the required temperature for the reduction step to levels

similar to those indirectly-irradiated and even also thermally heated reactors could become competitive. It is possible to infer that

the majority of global research strategies involves reactors with non-moving parts. When catalysts for specific reactions are relatively

inexpensive materials like oxides that can be shaped into bulky finished objects (in contrast to cases where functional catalysts are

expensive metals), the idea of increasing volumetric product yield of such reactors by manufacturing the bulk of the entire monolithic
32 iScience 26, 108127, November 17, 2023
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body from the active material rather than employing the latter as amere coating is appealing. As a result, an increased cell density and

honeycomb structure made of the redox material will significantly improve syngas yield and reaction rate.

(4) The primary issue hindering commercial application continues to be the low efficiency of reactors. The ceria-foam-based reactor has an

average efficiency of 1.73% and a peak efficiency of 3.53% at 1870 K, according to the ETH/PSI team. However, it is widely agreed that

the long-term objective is to achieve a practical 20% efficiency of solar-to-syngas energy conversion to ensure commercial viability,

environmental performance, and competition with alternative methods of solar-driven thermochemical fuel production. In addition,

mechanical vibrations, thermal expansion, thermal shock resistance, inhomogeneous heating of rotating parts, sealing at high temper-

atures, and some other issues are difficult to resolve and can result in fatalities over time. At the stage of making a scale-up decision at

the commercial level, perhaps a compromise between scalability and simplicity of operation is required. Therefore, next generation

reactors should be developed toward high efficiency and large scale.

(5) The majority of energy loss in the entire thermochemical fuels production chain from H2O and CO2 to sustainable fuels occurs at ther-

mochemical redox cycle process. Sensible heat loss between reduction and oxidation steps accounts for over 60% of solar energy ab-

sorbed by thermochemical reactor. Theoretical analysis has proven that if most of such sensible heat of receiver-reactor can be recov-

ered, the potential solar-to-syngas efficiency will rise above 20%. Thus, heat recovery technology is considered as optimal choice to be

integrated with the solar reactor to improve solar energy conversion efficiency. However, the idea of heat recovery of reactor is still

stuck in the concept and design stage due to a large number of detailed techniques yet to be resolved. Further research works should

therefore focus on heat recovery design particularly suitable for thermochemical redox cycle.
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