
 

Solar Synthesis Gas Production via the 

Thermochemical Cerium Oxide Redox Cycle: 

Inert-Swept and Methane-Hybridized Reduction 

A DISSERTATION SUBMITTED TO THE FACULTY OF THE GRADUATE 

SCHOOL OF THE UNIVERSITY OF MINNESOTA BY 

Peter T. Krenzke 

 

 

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR THE DEGREE OF 

 

DOCTOR OF PHILOSOPHY 

 

 

 

 

 

 

 

Dr. Jane H. Davidson, Adviser 

 

January 2016  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© Peter T. Krenzke 2016 

 

  



 

i 

Acknowledgements 

I am grateful for funding in the form of a Graduate Research Fellowship from the 

National Science Foundation and a Doctoral Dissertation Fellowship from the University 

of Minnesota, which provided flexibility to pursue the most promising and necessary 

avenues of research for solar fuel production via the ceria redox cycle. I also 

acknowledge funding from the National Science Foundation (NSF EFRI-1038307), 

which provided the resources to carry out the experimental work in this thesis. Scanning 

electron micrographs were acquired using equipment at the University of Minnesota 

characterization facility. The work of my colleagues supported by the U.S. Department of 

Energy’s Advanced Research Projects Agency—Energy (DOE ARPA-E, award no. DE-

AR0000182) provided insight into issues related to potential commercialization of solar 

fuel production. 

On a personal note, I am thankful for many individuals who have provided personal 

and professional support. I am grateful for the teachers and professors who have 

facilitated my education at all levels. In particular, I thank Prof. Robert Palumbo for 

kindling my interest in solar thermochemistry through experiences as an undergraduate at 

Valparaiso University. I owe special thanks to my advisor, Prof. Jane H. Davidson, for 

guiding my graduate work and development as a researcher and writer. Jane, thank you 

for the opportunity to be a part of the Solar Energy Laboratory and to participate in such 

fascinating work. I thank my colleagues in the Solar Energy Laboratory for their 

collaboration and friendship – Stephen Sedler, Rohini Bala Chandran, Luke Venstrom, 

Katie Krueger, Dan Keene, Brandon Hathaway, Adam Gladen, and Jesse Fosheim.  I also 



 

ii 

thank Jesse for his collaboration on the experimental study of the partial oxidation of 

methane-ceria redox cycle in Chapter 4. 

I thank my wife, Christine, for her understanding and patience during the last five 

years. I thank my kids for reminding me of what is important and Elise for her suggestion 

to try tape to fix the reactor. 

  



 

iii 

Dedication 

To my loving wife for her patience, long-suffering, and support in this and all endeavors. 

 

 



 

iv 

Abstract 

The cerium oxide (ceria) redox cycle is evaluated as a means for producing synthesis 

gas from carbon dioxide and water using solar energy. Two options are considered for 

facilitating oxygen removal during ceria reduction: inert gas sweeping and reaction with 

methane to produce synthesis gas. Thermodynamic process analyses are developed to 

ascertain the viability of the cycle and identify requirements for high efficiency under the 

assumption of equilibrium chemistry. A parametric experimental study is conducted to 

determine the impact of temperature and methane flow rate on methane conversion, 

syngas selectivity, oxidizer conversion, and the solar-to-fuel efficiency. 

Comparison of flow configurations for contacting between ceria and process gases and 

the inclusion of commercially relevant work distinguish the thermodynamic analysis of 

splitting water or carbon dioxide via the solar ceria redox cycle with inert-swept 

reduction from prior work. Mixed and countercurrent flow configurations are shown to 

yield decisively different predictions of process gas utilization and efficiency. For a 

system with 80% gas phase and 75% solid phase heat recovery effectiveness, the 

efficiency predicted with the mixed flow model is 11% with a 700 K temperature swing 

for either carbon dioxide or water splitting. Predicted efficiencies with the countercurrent 

model reach 37% and 41% for much smaller temperature swings, near 200 K. However, 

the countercurrent flow model represents an idealized system, analogous to a perfect heat 

exchanger with effectiveness of one, such that real systems cannot reach the predicted 

performance. Furthermore, the countercurrent model predicts the non-physical result that 

no sweep gas is used for temperature swings greater than 200 K. Regardless of flow 
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configuration, isothermal operation of the cycle at 1773 K is shown to be limited to 

efficiencies below 2% for the realistic heat and work requirements assumed in the study. 

The partial oxidation of methane-ceria redox cycle is proposed as an option for 

attaining high solar-to-fuel efficiency. A thermodynamic analysis of this hybridized cycle 

demonstrates the potential to reach 40% efficiency for isothermal water splitting at 

1223 K. The substantial benefits of the hybridized cycle compared to the cycle with inert-

swept reduction are caused by more favorable thermodynamics. Chemical equilibrium 

predicts complete (>99%) conversion of methane to syngas and stoichiometric oxidizer 

ratios near unity, indicating nearly complete conversion of oxidizer to fuel. 

A parametric experimental study was conducted to assess the impact of temperature 

and methane flow rate on methane conversion, syngas selectivity, and oxidizer 

conversion in a fixed bed reactor. Operation at 1273 K provides higher cycle averaged 

conversions and selectivities than at 1173 K. At 1273 K, cycle averaged methane 

conversion increases from 13% to 60% when the flow rate of methane is reduced from 15 

to 1 mL min
-1

 g
-1 

and oxidation is carried out in 10 mL min
-1

 g
-1

 CO2. This positive result 

is accompanied by decreases in syngas selectivity, 77% to 40%, and oxidizer conversion, 

93% to 48%. As a result of the competing effects, the projected efficiency reaches a 

maximum of 27% for reduction in 5 mL min
-1

 g
-1
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Chapter 1 

Introduction  

Supplying energy for transportation poses one of the most important challenges of the 

21st century. In 2014, energy consumption for transportation comprised 28% of total 

energy use in the United States [1]. Petroleum supplied 92% of that demand [1]. The 

challenge is to develop a sustainable alternative that matches the dispatchability, energy 

density, and scale of petroleum-derived fuels. Harnessing concentrated sunlight to 

produce synthesis gas, i.e. hydrogen and carbon monoxide, is an attractive concept for 

transforming an abundant but intermittent and diffuse resource into one that meets the 

requirements for a petroleum replacement. 

The production of diesel, kerosene, and gasoline from synthesis gas is a mature 

technology. Fischer-Tropsch fuels were used during World War II by Germany and were 

introduced in South Africa during the apartheid to supplement constrained petroleum 

supplies [2]. Liquid fuels synthesized with current technology are of higher quality than 

petroleum-derived fuels and may be used as drop-in replacements [2]. Thus, the 

development of a sustainable source of synthesis gas would enable continued use of 

traditional internal combustion engines and the supporting infrastructure. 

This work focuses on the use of solar energy to produce synthesis gas. Solar energy is 

abundant. At a solar-to-fuel conversion efficiency of 20%, for producing synthesis gas it 

is estimated that only 0.75% of the U.S. land area would be required to meet the national 

transportation demand with solar fuels [3]. The required land area scales directly with 
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efficiency. Furthermore, efficiency drives the cost of synthesis gas produced via solar 

thermochemical processes and, therefore, its commercial viability.  

Two-step metal oxide cycles have been proposed and studied as means to split water 

and carbon dioxide to produce synthesis gas using solar energy [4–6]. The present study 

focuses on the nonstoichiometric cerium oxide (ceria) redox cycle, which consists of the 

ceria reduction (R1) and oxidation (R2) reactions. 

CeO2−δox
→ CeO2−δrd

+ Δδ
2⁄ O2 (R1) 

CeO2−δrd
+  Δδ H2O → CeO2−δox

+  Δδ H2 (R2a) 

CeO2−δrd
+  Δδ CO2 → CeO2−δox

+  Δδ CO (R2b) 

In the endothermic reduction reaction, solar process heat drives oxygen out of the ceria 

lattice, increasing its nonstoichiometry, 𝛿. Ceria remains solid when it is reduced and 

retains a stable fluorite structure for nonstoichiometries up to δ = 0.25 [7]. In the 

exothermic oxidation reaction, steam and/or carbon dioxide react with the oxygen-

deficient ceria to form hydrogen and/or carbon monoxide and fill oxygen vacancies in the 

ceria lattice. From a thermodynamic perspective, the reduction of ceria is favored by high 

temperature and low oxygen partial pressures. Conversely, the oxidation of ceria is 

favored by low temperature and high oxygen partial pressures.  

Both two-temperature [7–13] and isothermal [14–16] operation of the ceria cycle have 

been proposed and demonstrated. Typically, the reduction reaction is enacted at high 

temperature, near 1773 K, in both isothermal and two-temperature cycling. In two-

temperature, or temperature-swing, cycling the oxidation reaction is carried out at a lower 

temperature than reduction to capitalize on the temperature-dependence of chemical 

equilibrium. Operating the cycle isothermally, such that reactions occur at nominally the 
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same temperature, avoids the energetic cost and design challenge of heating the ceria 

between reactions. Isothermal operation relies solely on differences in oxygen partial 

pressure to drive cyclic reduction and oxidation, and is sometimes referred to as pressure-

swing cycling.  

Thermodynamic process analyses of solar metal oxide cycles serve as a screening 

method to determine whether or not the process enables high enough efficiency to merit 

further study. In the case of ceria, thermodynamic analyses also enable comparison of 

operational options such as reaction temperatures, for which viable choices span 

hundreds of degrees. For this purpose, thermodynamic analyses are an expedient 

alternative to parametric experimental studies. In Chapter 2 of this thesis, a paper 

published in Energy & Fuels [17], a thermodynamic process analysis is employed to 

assess the efficiency possible with the ceria cycle when nitrogen sweep gas is used to 

maintain a low oxygen partial pressure during the reduction reaction. The analysis 

evaluates both isothermal and two-temperature cycling. Important characteristics of the 

thermodynamic analysis in Chapter 2 which differentiate it from others published in the 

literature [10,15,18–21] are the methods for applying chemical equilibrium and including 

mechanical work as an energy input. Both characteristics have a deterministic impact on 

magnitude of energy requirements predicted for the process gases and, consequently, the 

predicted efficiency and recommended operating conditions for reactors. 

An alternative method for achieving low oxygen partial pressures during reduction is 

the use of vacuum pumping. Readers are referred to recent analyses for detailed 

discussion of the vacuum pumping option [21–23]. These analyses show oxygen removal 
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by vacuum pumping introduces work requirements of similar magnitude to sweep gas 

when realistic pump efficiencies are assumed. 

To date, the ceria redox cycle has been implemented in solar reactors with limited 

success [9,11–13,24]. The highest reported efficiency is 1.7% for CO2 splitting in batch 

operation of the temperature-swing ceria cycle without heat recovery using reticulated 

porous ceramic ceria having either single- or dual-scale porosity [11,13]. As identified by 

the aforementioned thermodynamic analyses, recovery of sensible heat from the process 

gases and the ceria are critical for efficient operation. The work in this thesis was 

completed concurrently with the development and testing of two prototype reactors at the 

University of Minnesota: one which implements a temperature swing between the 

reaction steps [25] and the other which operates the cycle isothermally [24,26]. The two-

temperature reactor concept features counter-rotating ceria and inert cylinders to provide 

a mechanism for heat recovery from the solid and continuous fuel production. The 

thermomechanical demands on the rotating components have proven a significant 

challenge to implementation. The isothermal reactor integrates gas-phase heat exchange 

with demonstrated effectiveness exceeding 90% and achieves continuous fuel production 

through staggered cycling of multiple reactive elements [24]. Even with highly effective 

heat recovery, isothermal operation of the cycle with sweep gas is thermodynamically 

limited to low efficiency, i.e. less than 2% for the assumptions in Chapter 2. 

One option to overcome the design challenges associated with two-temperature 

operation of the cycle and the thermodynamic limitations of isothermal operation with 

sweep gas is carbothermal reduction. Introducing a carbon source, e.g. coke or methane, 

alters the system thermodynamics to enable reduction at lower temperature. The solar 
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carbothermal reduction of other metal oxides, especially zinc oxide, have been 

investigated extensively in the literature as a lower temperature alternative to purely solar 

thermal reduction [27–33]. The carbothermal option for reducing ceria was also 

acknowledged when the ceria cycle was first considered for solar water splitting [8]. 

However, prior thermodynamic analyses [10,15,18–21], bench-top rate measurements 

[7,16,34], and reactor demonstrations [9,11–13,24] considered only solar thermal 

reduction for solar fuel production with the ceria cycle.  

Chapters 3 and 4 consider the ceria cycle with the partial oxidation of methane coupled 

to the ceria reduction reaction (R3) and subsequent oxidation according to R2. 

CeO2−δox
+ Δδ CH4 → CeO2−δrd

+ 2ΔδH2 + Δδ CO (R3) 

In the partial oxidation of methane-ceria reduction reaction, ceria provides an oxygen 

source for the partial oxidation of methane (R4) to produce synthesis gas that is well-

matched to liquid fuel synthesis with a 2:1 H2/CO ratio.  

CH4 + 1 2⁄ O2 → 2H2 + CO (R4) 

In turn, the partial oxidation of methane facilitates reduction of ceria to large 

nonstoichiometries by maintaining very low oxygen partial pressures, less than 10
-16

 bar. 

In comparison, oxygen removal by vacuum pumping or inert gas sweeping enable 

oxygen partial pressures near 10
-6

 bar. 

Chapter 3, a paper published in Energy & Fuels [35], provides a thermodynamic 

analysis of the partial oxidation of methane-ceria redox cycle. The analysis shows that the 

introduction of methane enables reduction at lower temperature, reduction to larger 

nonstoichiometries, and improved conversion of oxidizer to fuel in the oxidation reaction. 

Based on equilibrium chemistry, 1223-1273 K are identified as attractive temperatures 
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for achieving high conversion of methane to syngas and oxidizer to fuel for isothermal 

operation of the cycle. Most importantly, under the assumption of equilibrium cycling in 

mixed flow reactors, the partial oxidation of methane-ceria redox cycle enables high 

solar-to-fuel efficiency.  

An important caveat to the results of thermodynamic analyses, including those in 

Chapters 2 and 3, is that they are predicated on the application of equilibrium chemistry 

to predict the composition of reaction products. As discussed in Chapter 2, the choice of 

flow model affects the mathematical framework through which chemical equilibrium is 

applied and the plausibility of achieving the predicted results in a real system. Further, 

slow reaction kinetics and transport processes may prevent real systems from attaining 

equilibrium products. In light of this caveat, experimental studies are attractive as a 

means to obtain higher fidelity efficiency predictions. To that end, the efficiency of 

isothermal cycling with inert-swept reduction has been predicted based on measured 

reaction rates [36]. Experimental measurements have also been used to determine 

conditions for which thermodynamic equilibrium predicts reaction rates for two-

temperature and isothermal cycling of a fixed bed of ceria with inert-swept reduction 

[37]. 

Prior experimental studies consider undoped ceria as an oxygen source for the partial 

oxidation of methane up to cycling temperatures of 1123 K [38–47], but none evaluate 

oxidation of ceria with non-dilute carbon dioxide or steam or interpret the results for solar 

fuel production. Chapter 4, a paper submitted for publication [48], contains a parametric 

experimental study of the partial oxidation of methane-ceria reduction reaction and the 

subsequent oxidation of ceria by carbon dioxide. The parametric study evaluates the 
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effects of methane flow rate and operating temperature on methane conversion, syngas 

selectivity, and oxidizer conversion for isothermal cycling in a fixed bed reactor. The 

study considers operation up to 1373 K and identifies an upper limit on operating 

temperature to avoid carbon deposition. Included in the study are efficiency projections 

for the cycle based on measured reaction products. Chapter 5 provides summary remarks 

and suggestions for continuing work. 
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Chapter 2 

On the Efficiency of Solar H2 and CO Production via the 

Thermochemical Cerium Oxide Redox Cycle: The Option of Inert-

Swept Reduction
1
  

A thermodynamic model of the ceria-based solar thermochemical redox cycle is 

presented with the objective of resolving the widely varying predictions of the solar-to-

fuel efficiency possible with reduction carried out in a flow of inert sweep gas. The 

implications of the treatment of the gas-solid interaction are explored through comparison 

of mixed flow and countercurrent flow configurations of reactants. The mixed flow 

model is applied for the first time to both reduction and oxidation reactions. The 

mechanical work to produce sweep gas of varying purity, separate the products, and 

pump gases is included. The results identify the conditions necessary for efficient 

operation. The two models lead to substantially different predictions of the usage of 

sweep gas and oxidizer and process efficiency. Efficiencies predicted with the 

conservative mixed flow model reach a maximum of 11% for water splitting at 1073 K, 

assuming reduction at 1773 K, heat recovery of 80% of the sensible heat of the gases, and 

an optimistic 75% heat recovery of the sensible heat of the solid ceria. Without solid 

phase heat recovery, the maximum efficiency is 4%. With the countercurrent model, the 

predicted solar-to-fuel efficiency reaches 41% for water splitting at 1563 K without solid 

                                                

1
 This chapter is based on the article Krenzke PT, Davidson JH. On the Efficiency of 

Solar H2 and CO Production via the Thermochemical Cerium Oxide Redox Cycle: The 

Option of Inert-Swept Reduction. Energy & Fuels 2015;29:1045–54. 
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phase heat recovery. Though theoretically attractive, the countercurrent flow model 

predicts unattainable efficiencies due to the assumption of chemical equilibrium at both 

the inlet and outlet of the reduction and oxidation reactors and yields nonphysical results 

for oxidation temperatures less than 1563 K. Thus, we urge caution in drawing 

conclusions about the promise of metal oxide cycles on the basis of the countercurrent 

flow model. Nonetheless, it is reasonable to anticipate that the ceria cycle with inert-

swept reduction and a temperature swing between reduction and oxidation may achieve 

commercially viable solar-to-fuel efficiencies, in between the predictions of the mixed 

and countercurrent models, through the careful design of reactors to provide gas and solid 

phase heat recovery and favorable gas-solid flow configurations.  

2.1 Introduction 

The commercial viability of solar production of hydrogen or synthesis gas using 

concentrated sunlight as the source of process heat for thermochemical metal-oxide redox 

cycles to split water or water and CO2 demands efficient conversion of solar energy to 

fuel [3,49]. Prediction of the achievable efficiency requires realistic consideration of the 

redox process including both solar and mechanical work requirements. In general the 

efficiency is defined as the ratio of the higher heating value of the fuel to the solar energy 

input required for its production, including the solar energy equivalent of the work input 

where ηS→E is the solar-to-electric conversion efficiency, 

η =
nfuel  HHVfuel

Qsol + W/ηS→E 
 (1) 
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In the present work, we consider the two-step cerium oxide (ceria)-based redox cycle. 

This cycle consists of the solar-driven reduction of ceria, (R1), followed by the 

fuel-producing oxidation reactions, (R2). 

1
Δδ⁄ CeO2−δox

→ 1
Δδ⁄ CeO2−δrd

+ 1
2⁄ O2 (R1) 

1
Δδ⁄ CeO2−δrd

+ ϕ H2O → 1
Δδ⁄ CeO2−δox

+ (ϕ − 1) H2O + H2 (R2a) 

1
Δδ⁄ CeO2−δrd

+ ϕ CO2 → 1
Δδ⁄ CeO2−δox

+ (ϕ − 1) CO2 + CO (R2b) 

The fuel produced is proportional to the change in nonstoichiometry between the reduced 

and oxidized states of the ceria,  

nfuel = Δδ nCeO2
 (2) 

where Δδ ≡ δrd − δox. The endothermic reduction reaction (R1) is favored 

thermodynamically at high temperatures and low oxygen partial pressures, achieved by a 

gas phase reaction [35], by vacuum [18–20], or by inert gas sweeping [9–13,15,16]. The 

use of sweep gas has been implemented in most experimental demonstrations of the cycle 

[9,11–13,16], but the impact of using sweep gas on process operation and efficiency has 

not been fully explored. The H2O (R2a) and CO2 (R2b) splitting reactions are exothermic 

and favored at lower temperatures and higher oxygen partial pressures. The amounts of 

sweep gas and oxidizer supplied to the reduction and oxidation reactions are quantified 

by the respective molar ratios to the produced fuel. 

RSG ≡
nN2

nfuel
 (3) 

ϕ ≡
nox

nfuel
 (4) 
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For large sweep gas and stoichiometric oxidizer ratios, both the heating and the work 

requirements for pumping the gases, producing the sweep gas, and extracting the fuel 

from the oxidation product mixture can be significant. Thus, efforts to minimize the 

sweep gas ratio and stoichiometric oxidizer ratio are beneficial.  

A number of thermodynamic process analyses of this cycle have been conducted with 

the aim of predicting the solar-to-fuel efficiency [10,15,16,18,19,21]. Yet they offer 

widely varying predictions due to inconsistencies in the treatment of mechanical work, 

models of the flow of oxidizer and sweep gas, and the assumed operating conditions. 

Prior studies have neglected the purity dependence of the work to provide the sweep gas 

[18], implied that the work to produce argon or nitrogen is the same [11–13,18], or have 

excluded it entirely from efficiency predictions [10,15,16]. Those studies neglecting work 

requirements substitute “free” work for solar energy in projected efficiencies.  

With the exception of the efficiency estimates for CO2 splitting by Venstrom et al. [16], 

which used measured rate data at specified flow rates in an energy balance for an 

isothermal cycle, sweep gas and stoichiometric oxidizer ratios have been predicted by the 

application of chemical equilibrium conditions and a flow model to describe the gas-solid 

interaction [10,15,18,19,21]. The mixed flow model, an idealization of continuously 

stirred tank reactors [50,51], has been applied only to reduction [10,15,18]. The 

countercurrent flow model has been utilized in the majority of the analyses [15,18,19], 

but only for limited cases of two-temperature operation with inert gas-swept reduction 

[15]. The countercurrent flow model is analogous to an ideal countercurrent heat 

exchanger. Consequently, it leads to optimistic predictions for the required sweep gas and 
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stoichiometric oxidizer ratios. It is, however, useful to illustrate the benefits of designing 

reactors to improve upon mixed flow operation. 

In the present study, we offer a more complete evaluation of the ceria cycle when low 

oxygen partial pressures are attained by inert gas sweeping in the reduction step. We 

predict solar-to-fuel efficiencies for both mixed and countercurrent flow assumptions, 

including realistic work requirements for sweep gas production that vary with purity. 

Based on these results, we discuss the limitations to the models and operating approaches 

to maximize solar-to-fuel efficiency for inert-swept reduction.  

2.2 Process Thermodynamics 

Energy Balance 

The nonstoichiometric ceria redox cycle is represented by the model thermodynamic 

system in Figure 2.1. The solar plant consists of two reactors, though both may be 

embodied in a single device, two heat exchangers and two gas separators. 

 

Figure 2.1. System model for enacting the solar ceria water splitting cycle.  
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Thermodynamic states are numbered 1-8. Ceria is cycled between the reduction and 

oxidation reactors. Oxygen is removed from air to supply nitrogen sweep gas (SG) of a 

specified purity. Argon comprises a much smaller fraction of air and the corresponding 

work for its production is significantly larger than for nitrogen. The nitrogen sweep gas 

and oxidizer are supplied to the system at ambient temperature, T1=T5=T∞. The sweep 

gas is preheated by heat exchange with effluent reduction gases in HXrd prior to entering 

the reduction reactor, where it is further heated to the reduction temperature. The effluent 

reduction gases enter HXrd at T3 and exit at T4. The oxidizer is preheated in HXox by the 

oxidation products before entering the oxidation reactor. The products of the oxidation 

reaction are cooled to T8 in HXox and then separated into fuel and oxidizer streams. Gases 

exit the reactors at the respective reaction temperatures, i.e. T3=Trd and T7=Tox. 

The system level energy balance is 

qsol + w
ηS→E⁄ = qrad + qconv + qs,rd + qs,ox + qc,ox + qreject 

+(wSG,sep + wOX,sep + wΔp − ηW→Eqreject)/ηS→E 
(5) 

where all terms represent the solar energy required per mole of fuel produced. The cycle 

is driven by concentrated sunlight, qsol , and work, w. Of the solar energy delivered to the 

system, some is lost by radiation from the receiver aperture, qrad, and convection to the 

surroundings, qconv. Consistent with prior studies [10,15], radiation losses, qrad, account 

for blackbody emission from the receiver and convection to the ambient, qconv, is treated 

as a fraction, F, of the absorbed solar energy. The enthalpy change of the reduction and 

oxidation gas flows includes sensible heating, qs,rd and qs,ox, and chemical energy 

storage, qc,ox. Heat is rejected to cool the solid and maintain oxidation at a specified 
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temperature, qreject . A fraction, ηW→E, of the rejected heat is converted into work. Work 

is done within the system to provide sweep gas of specified purity, wSG,sep to extract a 

pure stream of fuel, wOX,sep, and to provide flow, wΔp.  

The temperatures of gases leaving the system boundary are calculated from energy 

balances on the heat exchangers. The heat to effect the total enthalpy change of the gases 

entering and leaving the system boundary is 

qg,rd = (RSG + Δδ
2⁄ )h4(T4) − RSGh1(T1) (6) 

qg,ox = ϕ(h8(T8) − h5(T5)) (7) 

for reduction and oxidation, respectively. Note that qg,ox and qg,rd may include both 

sensible and chemical energy storage. The net energy stored in chemical bonds as a fuel 

is 

qc,ox = ∑(ni,8 − ni,5)HHVi

i

 (8) 

and the sensible heating requirement of the gases, qs,ox is 

qs,ox = qg,ox − qc,ox (9) 

The reduction effluent contains only nitrogen and oxygen so that qc,rd=0. 

The influence of the solid sensible heating and heat recovery effectiveness, ϵs, on the 

solar-to-fuel efficiency is captured in the heat rejection term, qreject. The requirement for 

heat rejection, qreject, is obtained from an energy balance on the oxidation reactor. In the 

reduction reactor, solar energy is stored chemically and sensibly in the ceria. The stored 

solar energy is released in the oxidation reactor, as the ceria is cooled to Tox, 

qsolid = (1 − ϵs) 1 Δδ⁄  (hceria(Trd) − hceria(Tox))  (10) 
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and oxidized from δrd to δox, 

1
Δδ⁄ Δhceria,ox = 1

Δδ⁄ ∫ ΔhO2

o
δox

δrd

dδ (11) 

The heat released from the ceria is partially offset by the enthalpy change of the oxidizer 

as it is heated to Tox and converted to fuel. The energy balance on the oxidation reactor 

gives 

qreject = qsolid + 1
Δδ⁄ Δhceria,ox + ϕ(h6(T6) −  h7(T7)) (12) 

If qreject is negative, no heat is rejected. In this case, solar energy must be supplied directly 

to the oxidation reactor and is accounted for in the oxidizer heating term, equation (7). 

As suggested by Ermanoski et al. [18], the waste heat, qreject, may be utilized to perform 

pump and gas separation work. The Carnot limit for a heat engine operating between Tox 

and T∞ is at least 72% for the oxidation temperatures of interest. Consistent with the prior 

work, the efficiency of conversion of waste heat to electricity is assumed to be 40%. The 

work to provide purified nitrogen by air separation (Figure 2.2) is based on available data 

for membrane (circles), pressure swing adsorption (squares) and cryogenic separation 

processes [52] (triangle). The data for membrane and PSA air separation are described 

accurately by 

wSG,sep[kJ molfuel
−1 ] = RSG ln ((

yO2,air

yO2,1
)

2

) (13) 

For low purity sweep gas, yO2,1> 5x10
-4

, the work requirement for membrane or PSA 

separation is less than for cryogenic production. For example, production of sweep gas 

with yO2,1 = 10
-2

 requires only 6 kJ (mol-N2)
-1

. At higher sweep gas purities, cryogenic 

separation is more efficient and the work is 12 kJ (mol-N2)
-1 

[52]. The purity dependence  
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of the work requirement is relevant under the assumption of mixed flow, for which 

cryogenic purity sweep gas offers negligible improvement in reduction nonstoichiometry. 

The work required to purify nitrogen cryogenically, by PSA, and by membrane systems 

includes delivery at elevated pressures that are sufficient to drive the flow of sweep gas; 

e.g. cryogenic separation delivers nitrogen at 8 bar with the above work. In this study, 

both reactors are assumed to operate at 1 bar. Thus, it is not necessary to include 

additional mechanical work to pump the sweep gas. 

In the case of water splitting, hydrogen is separated from the excess oxidizer in a 

condenser; i.e. the gas separator functions without work input. The associated heat loss is 

accounted for by equation (6). In the case of carbon dioxide splitting, the work to extract 

fuel from the gaseous oxidation products, equation (14), is the theoretical separation work 

adjusted by the separation efficiency.  

wOX,sep = −ϕRT∞[yCO,8 ln(yCO,8) + yCO2,8 ln(yCO2,8)]/ηOX,sep (14) 

 

Figure 2.2. The separation work per mole of sweep gas. Circles are the work requirement 

calculated for AMSA membrane systems available from Air Liquide. Squares represent 

PSA units from SouthTek Systems (80% compressor efficiency). Cryogenic system 

(triangles) and dashed curve. 



 

17 

For an industrial process to extract high purity CO from a stream consisting 

predominately of CO2, ηOX,sep=10% is plausible based on the study by House et al. [53]. 

The pumping work required to provide the oxidizer flow is 

wΔp = ϕRT∞ ln (
p∞ + Δp

p∞
) /ηpump (15) 

To minimize the pumping work, the oxidation reactor and associated piping should be 

designed for a small pressure drop, Δp, at the anticipated flow rate of oxidizer. 

The total work requirement per mole of fuel produced is 

w = wSG,sep + wOX,sep + wΔp − ηW→Eqreject (16) 

A solar-to-electric conversion efficiency of ηS→E= 25% has been achieved with 

dish-Stirling systems [54] and is used to calculate the solar equivalent of the work 

requirements in equation (1).  

Flow Models 

Both the mixed and countercurrent flow models for gas-solid interaction are founded 

on the assumption of chemical equilibrium between gas and solid. The equilibrium 

oxygen mole fraction is related to the temperature and the ceria nonstoichiometry 

according to equation (17). 

ΔhO2

o (δ) − TΔsO2

o (δ)  = RTln (yO2

psys

pref
) (17) 

The partial molar enthalpy and entropy of oxygen in the ceria, ΔhO2

o  and ΔsO2

o , depend 

only on nonstoichiometry for 0.001 ≤δ≤ 0.27 [55]. Curve fits of the experimental data for 

ΔhO2

o  and ΔsO2

o  are used to calculate equilibrium nonstoichiometries for ceria as a 

function of temperature and oxygen mole fraction. 
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The application of the solid-gas equilibrium condition, equation (17), differs between 

the models and leads to substantially different predictions of sweep gas and 

stoichiometric oxidizer ratios and process efficiency. The mixed and countercurrent flow 

models are depicted schematically in Figure 2.3 for the reduction reaction. According to 

the mixed flow model, equilibrium is enforced once, between the gases and ceria exiting 

the reduction reactor. The reduction effluent, 

yO2,4 = yO2
(Trd, δrd) (18) 

is in equilibrium with ceria at Trd and δrd. Practically, equilibrium could be approached 

by increasing the residence time in a mixed flow reactor. 

In the countercurrent model, equilibrium is enforced twice. The effluent sweep gas is in 

equilibrium with the ceria entering the reactor and the effluent oxygen mole fraction is 

yO2,4 = yO2
(Trd, δox) (19) 

 

Figure 2.3. Schematic illustrating (a) mixed and (b) countercurrent flow configurations 

for reduction. “EQ” denotes enforcement of equilibrium between the gas and solid. 



 

19 

Equilibrium is enforced a second time between the supplied sweep gas and ceria exiting 

the reactor. 

δrd = δ(Trd, yO2,1) (20) 

Because δox < δrd and yO2,1 < yO2,4, the countercurrent flow model predicts higher outlet 

oxygen mole fractions and much larger reduction nonstoichiometries than the mixed flow 

model. Consequently, the countercurrent flow model predicts much lower sweep gas 

ratios and much higher efficiencies than the mixed flow model. However, if the 

countercurrent flow model is assumed for both oxidation and reduction, it predicts that 

the effluent oxygen mole fraction yO2,4=1 for water splitting at Tox < 1563 K. This result 

is equivalent to the nonsensical prediction that no sweep gas is required. This failure of 

the model has not been encountered or discussed in prior studies, which are restricted to 

Tox ≥ 1573 K [15] or only apply the countercurrent flow model to the oxidation reaction 

[18,19]. In the present analysis we extend efficiency predictions with the countercurrent 

flow model to Tox <1563 K with yO2,4 = 1 to illustrate meaningful trends, but emphasize 

that the efficiencies predicted for these oxidation temperatures are unattainable because 

of the inconsistency in the model. 

The countercurrent model represents the reduction and oxidation reactors as oxygen 

mass exchangers that are analogous to counterflow heat exchangers. In terms of the ceria 

nonstoichiometry, the effectiveness of the reduction reactor oxygen exchanger is 

ϵO2X ≡
δrd − δox

δ(Trd, yO2,1) − δox

 (21) 

Enforcing equilibrium equation (20) makes the oxygen exchanger ideal, i.e. ϵO2X=1. As 

with heat exchangers, the effectiveness will be less than one for real systems. Thus, even 
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for systems that feature flows of gas and solid in opposite directions, the predictions of 

sweep gas ratio, stoichiometric oxidizer ratio, and efficiency using the countercurrent 

flow model are performance limits that cannot be reached. 

The sweep gas ratio,  

RSG =
1 − yO2,4

2 yO2,4
(

RP

RP − 1
) (22) 

is determined from a species balance for the reduction reactor in terms of the oxygen 

mole fractions predicted by either model. The purity ratio, RP = yO2,4 / yO2,1, relates the 

sweep gas and effluent oxygen mole fractions. For the countercurrent flow model, the 

oxidation conditions and the sweep gas oxygen mole fraction define RSG. For the mixed 

flow model, equilibrium is only enforced once, so that both the purity ratio and effluent 

oxygen mole fraction are free parameters. 

To calculate the stoichiometric oxidizer ratio, the equilibrium of the oxidizer 

dissociation reaction is enforced along with equation (17). The following equations for 

the oxidation reaction are presented only for H2O splitting, but are identical to those for 

CO2 splitting if one simply replaces H2O with CO2 and H2 with CO. Water splitting over 

reduced ceria is described by reactions (R3) and (R4), 

ϕH2O → (1 − ψ)ϕH2O + ψϕ H2  + ψϕ 1
2⁄  O2 (R3) 

1
Δδ⁄ CeO2−δrd

→ 1
Δδ⁄ CeO2−δox

−  1
2⁄  O2 (R4) 

where ψ is the equilibrium extent of water dissociation. The equilibrium condition for 

(R4) is  

KH2O(T) =
yH2

yO2

1/2

yH2O
(

psys

pref
)

1/2

 (23) 
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The equilibrium mole fractions of gas species are 

yi =
ni

nH2O + nH2
+ nO2

 (24) 

where 

nH2O = (1 − ψ)ϕ (25) 

nH2
=  ψϕ (26) 

nO2
=

ψϕ − 1

2
 (27) 

For the mixed flow model, the stoichiometric oxidizer ratio, ϕ, is related to the oxidation 

nonstoichiometry, δox, and the oxidation temperature, Tox. For countercurrent flow, the 

equilibrium of (R4) corresponds to δrd rather than δox; the reduction nonstoichiometry is 

fixed for a reduction temperature and the oxygen mole fraction of the supplied sweep gas. 

The corresponding stoichiometric oxidizer ratio, ϕ, connects the nonstoichiometry and 

reactor operating conditions.  

2.3 Scope of Study 

To explore the impact of choice of flow model on predicted efficiency and to select 

operating conditions that maximize solar-to-fuel efficiency for the mixed flow model, the 

thermodynamic process model is applied for the parameters listed in Table 1.  

Fixed parameters include the reduction temperature, solar concentration ratio, loss 

coefficient (F), gas phase heat recovery effectiveness, efficiencies of solar-to-electric 

conversion (ηS→E = 0.25, for dish-Stirling systems) [54] and heat-to-electricity 

conversion (ηW→E = 0.4 for a Rankine cycle) [19], and system pressure (1 bar). The 

pressure drop across the oxidizer reactor depends on the configuration of the reactor  
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including the morphology of the ceria [56] and thus is unknown a priori. Here we set the 

pressure drop at 0.5 bar and fix the pump efficiency at 80% [57].  

The reduction temperature is set to 1773 K, which is a practical upper limit to avoid 

sublimation, sintering of porous reactive materials, and ensure durability of reactor 

components. The values for the concentration ratio of 3000 (with respect to a nominal 

insolation of 1000 W m
-2

) and the loss factor, F = 0.2, are consistent with prior analyses 

[10,15] and are appropriate for dish type concentrators [54] and high temperature solar 

reactors [58–61]. The effectiveness of gas phase heat recovery for sweep and oxidizer 

flows is ϵg=0.8, based on measured performance [62] and a CFD model [56] of a tubular 

ceramic heat exchanger filled with alumina reticulated porous ceramic. We also consider 

ϵg=0 to evaluate the impact of gas phase heat recovery for mixed flow. 

For both flow models, we consider the influences of variation in oxidation temperature, 

solid phase heat recovery effectiveness, and sweep gas purity on efficiency. The range of 

Table 2.1. Values of Parameters 

Fixed Values Mixed Flow Countercurrent Flow 

Trd 1773 K 1773 K 

C 3000 3000 

F 0.2 0.2 

ϵg 0, 0.8 0.8 

ηS→E 0.25 0.25 

ηW→E 0.4 0.4 

ηpump 0.8 0.8 

psys 1 bar 1 bar 

Δp 0.5 bar 0.5 bar 

Parameters  

ϵs 0, 0.5, 0.75 0, 0.5, 0.75 

yO2,1 yO2,1 = yO2,4/RP 10
-6

, 10
-5

, 10
-4

, 10
-3

, 10
-2

, 10
-1

 

yO2,4 10
-4

 to 0.21 Constrained by equilibrium 

RP 2, 5, 10 N/A 

δox δdiss to δrd Constrained by equilibrium 
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oxidation temperature, 1073-1773 K, encompasses isothermal and two-temperature 

operation of the cycle. Heat transfer modeling of a reactor concept featuring counter-

rotating ceria and inert cylinders has predicted ϵs = 0.5 to be feasible [25], and analysis of 

a quasi-countercurrent heat recovery system using particles suggests that ϵs = 0.75 may 

be plausible [22]. We also consider performance without solid phase heat recovery, 

ϵs = 0, to represent a simpler system. For countercurrent flow, we consider sweep gas 

supplied with a range of purities available using commercial cryogenic, PSA, and 

membrane separation processes: yO2,1=10
-6

 to 10
-1

. For mixed flow, we consider purity 

ratios, RP= yO2,4/yO2,1, of two, five, and ten to determine the appropriate sweep gas 

purity. From inspection of equation (22), increasing the purity ratio provides negligible 

improvement in the sweep gas ratio and increases the sweep gas production work for 

RP>10. 

The mixed flow model allows an additional free operational parameter for each reactor. 

For reduction, the effluent oxygen mole fraction is varied between 10
-4

 and 0.21. The 

oxidation nonstoichiometry is varied between δdiss  and δrd, where δdiss  is the 

nonstoichiometry in equilibrium with an infinite quantity of oxidizer. The results of the 

parametric study are analyzed to select the operating parameters that provide highest 

efficiency at each value of oxidation temperature.  

2.4 Results 

We first present the sweep gas and stoichiometric oxidizer ratios and the equilibrium 

nonstoichiometries, calculated for the two models, which drive differences in predictions 

of efficiency. The predicted solar-to-fuel efficiencies and the associated operating 



 

24 

conditions illustrate the potential of the cycle under each set of model assumptions. We 

also consider the sensitivity of efficiency predictions to solid phase heat recovery 

effectiveness and sweep gas purity. For the mixed flow model, the presented results 

correspond to optimal conditions, i.e. the set of yO2,4, RP, and δox that provide the 

highest efficiency, except where stated otherwise. 

Gas Ratios and Nonstoichiometries 

Small sweep gas ratios, RSG, are essential to reduce the energy associated with sweep 

gas heating and production. The sweep gas ratios predicted with the mixed and 

countercurrent flow models are shown for water splitting versus Tox in Figure 2.4. The 

sweep gas ratio increases with increasing Tox for both models, but the sweep gas ratio 

predicted with the mixed flow model is significantly higher than with the countercurrent 

model. For the mixed flow model, the equilibrium constraint requires an increase in RSG 

 

Figure 2.4. Sweep gas ratios calculated with the countercurrent and mixed flow models 

for reduction at 1773 K and water splitting at Tox. For the mixed flow model, the curve 

corresponds to εs = 0.75 and εg = 0.8 and optimal values of oxidation nonstoichiometry, 

effluent oxygen mole fraction, and sweep gas purity ratio. For the countercurrent flow 

model, the sweep gas ratio is a function of oxidation temperature only. 
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for an increase in δrd. Large reduction nonstoichiometries are desirable because 

increasing the nonstoichiometry swing, Δδ = δrd − δox, reduces the mass of ceria that 

must be cycled per mole of fuel produced and the associated solid sensible heating 

requirement. The optimal values maximize the efficiency of the cycle and strike a balance 

between the benefit of increasing RSG to achieve large swings in nonstoichiometry, and 

reducing RSG to reduce the energy requirements associated with the sweep gas. The 

values shown in the plot are the optimal sweep gas ratios versus Tox for ϵs=0.75. For the 

countercurrent model, the effluent oxygen mole fraction of reduction is fixed by 

equilibrium constraints for oxidation. For water splitting at Tox < 1563 K, the model 

predicts yO2,4=1, meaning that no sweep gas is required. This result emphasizes the 

infeasibility of achieving the countercurrent model predictions in practice.  

The stoichiometric oxidizer ratio is shown as a function of oxidation temperature for 

water splitting in Figure 2.5. As with the sweep gas ratio, stoichiometric oxidizer ratios 

are substantially higher for the mixed flow model than for the countercurrent model. For 

the mixed flow model, the stoichiometric oxidizer ratio, ϕ, is defined by equilibrium with 

ceria at Tox and δox. The optimal stoichiometric oxidizer ratio balances the competing 

goals of reducing the energy requirements associated with the oxidizer and increasing the 

nonstoichiometry swing. For the countercurrent flow model, ϕ is fixed at Tox by δrd. The 

stoichiometric oxidizer ratio is shown for δrd=0.093, corresponding to reduction at 

1773 K with inlet sweep gas purity yO2,1=10
-6

. The stoichiometric oxidizer ratio increases 

from ϕ ≈ 1 at Tox = 1073 K to ϕ = 26 for isothermal cycling at 1773 K. 
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The optimal nonstoichiometries for mixed flow with ϵs=0.75 and the oxidation 

nonstoichiometry predicted by the countercurrent flow model are shown in Figure 2.6. 

For the mixed flow model, the optimal values of both δrd and δox increase with 

increasing oxidation temperature. The nonstoichiometry swing, Δδ, decreases tenfold 

from 0.011 at 1073 K to 0.001 at 1523 K. The countercurrent flow model, which 

produces favorable predictions of the sweep gas and stoichiometric oxidizer ratios, also 

predicts larger nonstoichiometry swings. For countercurrent flow, the reduction 

nonstoichiometry, δrd=0.093, is independent of oxidation temperature and the 

nonstoichiometry swing decreases from Δ𝛿=0.093 at 1073 K to Δ𝛿=0.067 at 1773 K. 

 The sweep gas ratios, stoichiometric oxidizer ratios and nonstoichiometries for carbon 

dioxide splitting exhibit the same trends as for water splitting. Due to the comparatively 

favorable CO2 dissociation thermodynamics for Tox > 1073 K, the sweep gas and 

stoichiometric oxidizer ratios predicted for carbon dioxide splitting with both models are 

 

Figure 2.5. Stoichiometric oxidizer ratio for oxidation with H2O calculated with the 

countercurrent and mixed flow models. For the mixed flow model, the curve corresponds 

to εs = 0.75 and εg = 0.8 and optimal values of oxidation nonstoichiometry, effluent 

oxygen mole fraction, and sweep gas purity ratio. For the countercurrent flow model, the 

stoichiometric oxidizer ratio is fixed by equilibrium constraints at Tox and δrd. 
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generally lower than for water splitting and the nonstoichiometry swing is larger. These 

differences increase in significance with increasing oxidation temperature as reflected by 

the predicted efficiencies.  

Solar-to-Fuel Efficiency 

The solar-to-fuel efficiencies predicted with the mixed and countercurrent flow models 

are shown versus Tox for water splitting in Figure 2.7a and for carbon dioxide splitting in 

Figure 2.7b. The gas phase heat recovery effectiveness is 𝜖𝑔=0.8 and curves are labeled 

with the solid phase heat recovery effectiveness, ϵs. For countercurrent flow, yO2,1=10
-6

. 

Although the countercurrent model predicts that a flow of sweep gas is not required for 

oxidation temperatures less than 1563 K for water splitting and 1583 K for carbon 

dioxide splitting, the results of the model at lower oxidation temperatures are still useful 

to illustrate the general trends of efficiency as oxidation temperature is lowered. These 

trends are indicated with dashed red lines to distinguish them from the range of oxidation  

 

Figure 2.6. Oxidation and reduction nonstoichiometries corresponding to optimal water 

splitting conditions for the mixed flow model with to εs = 0.75 (MX) and εg = 0.8, and the 

oxidation nonstoichiometry for the countercurrent flow model (CF). For countercurrent 

flow, δrd =0.093 is predicted for sweep gas with yO2,1=10
-6

. 
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Figure 2.7. (a) Water splitting and (b) carbon dioxide splitting efficiency for the 

parameters in Table 2.1. For the assumption of countercurrent flow, the sweep gas mole 

fraction is yO2,1=10
-6

. The dashed red curves for countercurrent flow denote the region for 

which the model predicts no sweep gas is used. Mixed flow curves represent optimal 

yO2,4, RP, and δox. For both models, efficiency is shown for 80% gas phase heat recovery 

effectiveness and solid phase heat recovery effectivenesses of 0%, 50%, and 75%. 
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temperatures for which the model requires the use of sweep gas. For mixed flow, curves 

correspond to the reduction effluent oxygen mole fraction, purity ratio, and oxidation 

nonstoichiometry that provide the highest efficiency. 

The efficiencies predicted for the mixed flow model are much lower than for the 

countercurrent flow model, due to vast differences in the sweep gas and stoichiometric 

oxidizer ratios and the equilibrium nonstoichiometries, δrd and δox. The maximum water 

splitting efficiency for each mixed flow curve in Figure 2.7a is listed in Table 2.2 along 

with the corresponding oxidation temperature, nonstoichiometries, and sweep gas and 

stoichiometric oxidizer ratios. For 𝜖𝑠=0.75, the maximum efficiency is 11% and the 

optimal oxidation temperature is 1073 K. For 𝜖𝑠=0.5 the maximum efficiency is 7% at 

Tox =1123 K. For a simpler system with no solid phase heat recovery, the maximum 

efficiency is 4% at Tox =1183 K. The maximum efficiencies are the same for carbon 

dioxide splitting, but occur at higher oxidation temperatures when heat is recovered from 

the solid: 1073 K, 1203 K, and 1273 K respectively. In comparison to water splitting, 

Table 2.2. Water splitting efficiencies at optimal conditions for the mixed flow 

model with εg = 0.8. 

  Mixed Flow  

  ϵs= 0 ϵs= 0.5 ϵs= 0.75  

 η 4% 7% 12%  

 Tox 1183 1123 1073  

 δrd 0.015 0.014 0.012  

 δox 0.003 0.002 0.002  

 RSG 62 37 22  

 ϕ 103 58 31  
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carbon dioxide splitting requires additional work input to separate product gases, but has 

comparatively lower sensible heating and pumping work requirements for the oxidizer 

due to more favorable equilibrium thermodynamics. The results for mixed flow 

emphasize the need for large temperature swings, 𝛥𝑇 ≥ 500 K. Above the optimal 

oxidation temperature for each ϵs, the energy requirements increase with increasing Tox 

causing the efficiency to decline. The decline is less rapid for splitting carbon dioxide 

than water due to more favorable oxidizer dissociation thermodynamics. 

The relative impact of solid and gas phase heat recovery on the water splitting 

efficiency predicted by the mixed flow model is shown in Figure 2.8. The importance of 

solid phase heat recovery increases with increasing temperature swing. For the relatively 

large temperature swings that maximize efficiency, i.e. 𝛥𝑇 ≥ 500 K, the implementation 

of solid phase heat recovery has a greater benefit than implementation of gas phase heat 

 

Figure 2.8. Water splitting efficiency predicted by the mixed flow model. Curves are 

labeled with the solid and gas phase heat recovery effectiveness. 



 

31 

recovery. The maximum efficiency improves from 3% for 𝜖𝑔= 𝜖𝑠=0 to 8% for 𝜖𝑔=0 and 

𝜖𝑠=0.75, compared to 4% for 𝜖𝑔=0.8 and 𝜖𝑠=0. However, gas phase heat recovery 

provides the greater benefit for 𝛥𝑇 ≤ 450 K due to increases in sweep gas and 

stoichiometric oxidizer ratios with increasing oxidation temperature. Both gas and solid 

phase heat recovery are necessary to reach an efficiency of 10%. 

Large sweep gas and stoichiometric oxidizer ratios and small nonstoichiometry swings  

all contribute to the prediction of relatively low efficiencies with the mixed flow model. 

An itemization of the energy requirements for water splitting with 𝜖𝑠=0.75 is shown in 

Figure 2.9. The energy requirements are normalized by the higher heating value of  

hydrogen so the total energy requirement is the inverse of the efficiency. The range of 

oxidation temperatures was selected to show efficiencies above 1%. Radiation and 

convection losses comprise nearly 35% of the energy input, but are not directly 

influenced by the nonstoichiometries or sweep gas and stoichiometric oxidizer ratios. 

Most of the energy requirements increase with increasing Tox, e.g. 𝑞𝑠,𝑟𝑑 and 𝑞𝑠,𝑜𝑥, due to 

corresponding increases in the sweep gas and stoichiometric oxidizer ratios. However, 

despite the tenfold increase in the mass of ceria that is cycled with shrinking 

nonstoichiometry swing for oxidation temperatures from 1073 to 1523 K, heat rejection 

becomes less significant as the oxidation temperature is increased because sensible  
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heating of the oxidizer, qs,ox, provides a heat sink to cool the solid. For large temperature 

swings, ΔT > 400 K, qreject accounts for nearly 20% of the energy input. Work 

requirements are almost completely compensated by the conversion of waste heat to 

electricity at Tox<1373 K, but contribute significantly to the energy balance at higher 

oxidation temperatures. 

The type of separation plant appropriate for supplying the inert gas depends on the 

sweep gas purity. The sensitivity of water splitting efficiency to sweep gas purity is 

shown for mixed flow in Figure 2.10 with ϵs = 0.75 and optimal Tox and δox. The 

maximum efficiency occurs for RP=10 and yO2,1=0.003 for which PSA is appropriate. If 

the sweep gas oxygen mole fraction is increased to yO2,1=0.05 to enable production via 

membrane separation, the efficiency decreases modestly from 11% to 10% and the most 

 

Figure 2.9. Energy balance terms, normalized by the higher heating value of hydrogen for 

the mixed flow efficiency curve in Figure 2.7a with εs = 0.75 and εg = 0.8. The sum of the 

terms is the inverse of the efficiency. 
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favorable purity ratio decreases from RP=10 to RP=2. These results for mixed flow 

support the efforts by the research community to achieve high levels of gas and solid 

phase heat recovery. They also reinforce the benefits of a temperature swing between 

reduction and oxidation for the ceria cycle.  

With the countercurrent model, the efficiency (Figure 2.7) is not influenced by solid 

phase heat recovery effectiveness over the range of oxidation temperatures for which 

efficiency predictions are valid. Although the model predicts no sweep gas is used below 

1563 K for splitting water and 1583 K carbon dioxide (dashed red curves), the trends in 

efficiency are valid below these temperatures. The efficiency improves with decreasing 

oxidation temperature due to decreasing stoichiometric oxidizer ratio, reaches a peak, and 

then declines as the increase in the energy demand to heat the solid outweighs the 

improvement in oxidizer usage. These trends indicate that temperature swings larger than 

200 K are beneficial, and that the optimal temperature swing and maximum efficiency 

increase with increasing solid phase heat recovery effectiveness. The efficiencies for 

 

Figure 2.10. Sensitivity of water splitting efficiency to sweep gas oxygen mole fraction 

for mixed flow with εs = 0.75 and εg = 0.8. 
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isothermally splitting water and carbon dioxide at 1773 K are 0.6% and 1.5%, which are 

lower than the predictions of Bader et al. [15] due to the inclusion of work requirements 

in the calculation of efficiency. Over the range of oxidation temperatures where the 

model is valid, the maximum efficiencies are found with the largest temperature swing: 

41% for water splitting at 1563 K and 37% for carbon dioxide splitting at 1583 K. This 

water splitting efficiency is comparable to the maximum efficiency, 40%, predicted by 

Ermanoski et al. [19] for vacuum operation of reduction at pO2
=10

-6
 bar and water 

splitting according to the countercurrent flow model. The maximum efficiency predicted 

by Bulfin et al. for vacuum-driven reduction was significantly lower, 11%, due to the 

inclusion of a pressure dependent vacuum pump efficiency and the assumption of a less 

favorable flow model for water splitting [21]. 

 For countercurrent flow, the predicted efficiency is quite sensitive to the sweep gas 

oxygen mole fraction, yO2,1, as shown for water splitting in Figure 2.11 over the range of 

valid Tox. For this range of Tox, efficiency is independent of solid phase heat recovery 

effectiveness. Maximum efficiencies at Tox = 1563 K fall from 41% to 7% for an increase 

in sweep gas mole fraction from 10
-6

 to 10
-3

. Thus, high purity sweep gas should be  

produced cryogenically based on countercurrent flow model predictions. The sensitivity 

to sweep gas purity indicates the impact kinetic limitations may have on efficiency. Even 

if oxidation could be carried out according to countercurrent flow model predictions, the 

efficiency would decrease substantially as the reduction nonstoichiometry deviates below 

equilibrium for yO2,1 =10
-6

. 
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 Although the countercurrent model is idealized and is, in fact, invalid for temperature 

swings greater than about 200 K, it illustrates the potential benefit of efforts to reduce the 

use of sweep gas and oxidizer. Recently, Scheffe et al. [63] proposed the reduction of 

ceria particles flowing downward with an opposing upward flow of argon sweep gas as a 

means of achieving results approaching the countercurrent model. For reduction of ceria 

with nominal initial nonstoichiometry, δox=0, at 1873 K in argon containing < 2ppm 

oxygen, the measured effluent oxygen mole fraction was near 1.5% and δrd=0.025. For 

the same operating conditions, the predicted effluent oxygen mole fraction is 100% and 

δrd=0.13 for the countercurrent flow model. Based on the definition in equation (21), the 

experimental results correspond to a mass exchanger effectiveness, ϵO2X, of 0.2. As with 

counterflow heat exchangers, increasing the mass exchanger length may be a means to 

improve the effectiveness.  

 

Figure 2.11. The sensitivity of water splitting efficiency to sweep gas purity under the 

countercurrent flow assumption for Tox where the model is valid. In this range of Tox, 

efficiency is independent of solid phase heat recovery effectiveness. 
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2.5 Conclusion 

The present study offers a balanced perspective on predicting solar-to-fuel efficiencies 

for splitting water or carbon dioxide via the solar-driven cerium oxide redox cycle when 

inert sweep gas is used to facilitate reduction. The thermodynamic process analysis is 

built upon an assumption that cycling occurs between equilibrium states and considers a 

wide range of oxidation temperatures with reduction fixed at 1773 K. We show that the 

method of applying chemical equilibrium (i.e., mixed flow versus countercurrent flow 

models) and the oxidation temperature have a decisive impact on the predicted 

solar-to-fuel efficiency. The present study is the first to evaluate the ceria cycle with both 

the reduction and oxidation reactors operating according to the mixed flow model and to 

consider the impact of purity on the work to produce the inert sweep gas. 

Efficiencies predicted with the mixed flow model reach a maximum of 11% for either 

water or carbon dioxide splitting at 1073 K, assuming heat recovery of 80% of the 

sensible heat of the gases, and 75% heat recovery of the sensible heat of the solid ceria. 

While this level of gas phase heat recovery is possible with extended surface ceramic heat 

exchangers, solid phase heat recovery at this level has not been demonstrated. Without 

solid phase heat recovery, the maximum predicted efficiency is 4%.  

With the countercurrent flow model, predicted solar-to-fuel efficiencies are much 

higher, reaching 41% for water splitting at 1563 K and 37% for carbon dioxide splitting 

at 1583 K without solid phase heat recovery. Below these oxidation temperatures, 

however, the model predicts that no sweep gas is required. This breakdown of the model 

is intrinsic to the assumption of chemical equilibrium at both the inlet and outlet and 
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indicates that results predicted by the idealized model cannot be achieved in practice. 

Thus, we urge caution in drawing conclusions about the promise of metal oxide cycles on 

the basis of predictions using the countercurrent flow model without considering an 

effectiveness less than unity. On the other hand, it is reasonable to expect that with 

careful design of reactors to provide gas and solid phase heat recovery and favorable gas-

solid flow configurations, the ceria cycle with inert-swept reduction may achieve 

solar-to-fuel efficiencies that are commercially viable. 

Reactor concepts which utilize rotation of monolithic structures [25,64–66] or a flow of 

particles [18,63] for continuous movement of the metal oxide, a requirement for 

countercurrent flow, may prove to be meritorious. For real systems that do not match the 

equilibrium behavior of either the mixed or countercurrent flow model, true optimization 

requires experimental evaluation of the particular system for ranges of operating 

conditions such as oxidation temperatures, gas flow rates, and mass flow rates of ceria. 

The development and evaluation of reactors implementing concepts to approach 

countercurrent flow and enact large temperature swings are essential steps toward 

establishing commercial viability of syngas production via the solar ceria redox cycle. 

Realistically, such reactors could achieve efficiencies between those predicted using the 

mixed and countercurrent flow models in this study, making the solar ceria redox cycle 

an attractive pathway for the production of solar fuels. 
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Chapter 3 

Thermodynamic Analysis of the Partial Oxidation of Methane-Ceria 

Redox Cycle
2
  

This chapter considers the convergence of two approaches for syngas production: solar 

fuels via the cerium oxide (ceria) redox cycle and the partial oxidation of methane. The 

chemical thermodynamics of the ceria-methane system reveal that coupling the reduction 

of ceria to the partial oxidation of methane enables isothermal cycling at temperatures as 

low as 1223 K with the additional production of high quality syngas during the reduction 

step. The equilibrium nonstoichiometry of the oxidation step has a substantial impact on 

the conversion of oxidizer to fuel, with important implications for the cycle efficiency. A 

model of the process thermodynamics is utilized to evaluate the efficiency of the cycle 

and its sensitivity to oxidation nonstoichiometry, temperature, and concentration ratio. 

Reduction with methane enables significant gains in efficiency over other proposed 

approaches, with plausible solar-to-fuel efficiencies reaching 40% without any heat 

recovery. 

3.1 Introduction 

Concentrated solar power is a sustainable source of high temperature process heat, 

enabling the solar-driven operation of many useful endothermic processes. Of particular 

                                                

2
 This chapter is based on the article Krenzke PT, Davidson JH. Thermodynamic 

Analysis of Syngas Production via the Solar Thermochemical Cerium Oxide Redox 

Cycle with Methane-Driven Reduction. Energy & Fuels 2014;28:4088–95. 
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interest is the storage of solar energy in chemical bonds via the splitting of water and 

carbon dioxide to produce hydrogen and carbon monoxide, referred to collectively as 

syngas. Syngas and its constituents are valuable feedstocks used for production of 

ammonia, methanol, dimethyl ether, or Fischer-Tropsch products [67,68]. The versatility 

of syngas has motivated the study of various pathways for converting methane to syngas, 

especially variants of natural gas oxyforming [69] including steam reforming [70], dry 

reforming with carbon dioxide [67], and partial oxidation [71]. The present work 

considers the convergence of two approaches for syngas production: solar fuels via the 

cerium oxide (ceria) redox cycle and the partial oxidation of methane. In comparison to 

the solar-only ceria cycle, this two-prong approach lowers the required reduction 

temperature which in turn allows operation at lower solar concentration ratio and 

increases the efficiency of conversion of sunlight to fuel. 

 

 

 

Figure 3.1. In the ceria redox cycle, concentrated sunlight drives the endothermic 

reduction of ceria, releasing O2 and increasing the nonstoichiometry from δox to δrd. The 

reduced ceria is used to split H2O and CO2 to produce H2 and CO in the exothermic 

oxidation reaction. 
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Of the metal oxide cycles, the ceria cycle is particularly attractive because ceria retains 

a stable cubic fluorite crystal structure for large nonstoichiometries, δ < 0.25 [7]. Figure 

3.1 is a conceptual sketch of the solar-only ceria redox cycle. Concentrated sunlight 

provides process heat to reduce ceria (R1). The ceria is then re-oxidized when H2O and 

CO2 are split to produce H2 and CO (R2).  

CeO2−δox
→ CeO2−δrd

+ Δδ/2O2 (R1) 

CeO2−δrd
+ ϕ Δδ CO2 → CeO2−δox

+ Δδ CO + (ϕ − 1) Δδ CO2 (R2a) 

CeO2−δrd
+ ϕ Δδ H2O → CeO2−δox

+ Δδ H2  + (ϕ − 1) Δδ H2O (R2b) 

The enthalpy change of reactions (R1) and (R2) varies with the change in the 

nonstoichiometry of ceria between the reduced and oxidized states, Δδ ≡ δrd − δox. The 

gravimetric production of CO and H2 is directly proportional to Δδ. The oxidation step 

requires the use of excess oxidizer, which is quantified by the stoichiometric oxidizer 

ratio, 

ϕ =
nox,in

nfuel
 (3) 

defined as the molar ratio of oxidizer supplied to fuel produced in (R2). For ϕ > 1 the 

oxidation products contain a mixture of CO and H2 and unreacted oxidizer.  

Solar-only redox cycling of ceria has been studied over a range of conditions, generally 

categorized as a two-temperature approach where reduction is carried out at a higher 

temperature and lower oxygen partial pressure than oxidation [8–12,18,72], or an 

isothermal approach where reduction and oxidation temperatures are equal, or near 

isothermal where oxidation is only a few hundred degrees (K) lower than reduction. In 

the latter approach, the difference in oxygen partial pressure between reduction and 
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oxidation provides the driving force for the change in nonstoichiometry and thus must be 

greater than for the two-temperature approach [14,15,73]. Isothermal operation of the 

solar-only cycle obviates the need for solid phase heat recuperation at the expense of very 

large stoichiometric oxidizer ratios, ϕ > 100 at 1773K, and more demanding heat 

recovery requirements [19]. Both approaches require reduction temperatures above 

1623 K to reach adequate δrd to enable meaningful fuel production. The primary methods 

proposed for attaining low oxygen partial pressure during reduction are the flow of an 

inert sweep gas [10,15], which introduces significant energy requirements for purifying 

and heating the sweep gas, or operation at reduced total pressure [18], which also 

imposes an energy penalty and may prove difficult to implement at high temperature. 

Predicted solar-to-fuel efficiencies for reactors carrying out the solar-only redox cycle 

vary depending on the assumptions but are optimistically on the order of 10 to 20 percent 

[10,15,18], where efficiency is 

η ≡
ṅfuelHHVfuel

Q̇sol

 (4) 

Prior experimental studies have demonstrated that excess oxidizer is necessary 

[7,14,74,75] and thus energy not accounted for in equation (4) will be required to 

separate hydrogen or carbon monoxide from the oxidant in the product stream. The solar-

only ceria cycle has been demonstrated in prototype solar reactors using a variety of ceria 

morphologies with reported cycle efficiencies reaching 1.7% [9,11,12]. 

In the present work we propose coupling the partial oxidation of methane to the solar-

driven reduction step of the ceria redox cycle to attain high solar-to-fuel efficiency. This 

coupled option lowers the required temperature for reduction, thus permitting efficient 
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operation of a solar reactor at lower solar concentration ratio and under isothermal (or 

near isothermal) conditions (i.e., reduction and oxidation are carried out at the same 

temperature). The approach was acknowledged by Abanades and Flamant [8] when they 

first proposed the solar-driven ceria cycle for hydrogen production, but no prior work has 

considered the thermodynamics of the cycle. Carbothermal reduction with methane is a 

sustainable pathway for syngas production when biogenic methane is used as the 

reductant. An analysis of the chemical and process thermodynamics of the ceria-methane 

system are used to evaluate the proposed approach and a comparison is given to solar-

only approaches to the ceria cycle.  

 

Figure 3.2. The ceria redox cycle with ceria reduction coupled to the partial oxidation of 

methane. In addition to the fuel produced by H2O and CO2 splitting during the oxidation 

reaction, high quality syngas is produced from CH4 partial oxidation in the ceria 

reduction reaction. 

 

The proposed coupled cycle is shown in Figure 3.2, in which reduction occurs 

according to reaction (R5). 

CeO2−δox
+ Δδ CH4 → CeO2−δrd

+ 2ΔδH2 + Δδ CO (R5) 

The evolved oxygen is used in the partial oxidation of methane, reaction (R6), rather than 

simply being removed. 
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CH4 + 1 2⁄ O2 → 2H2 + CO (R6) 

Although the partial oxidation of methane (R6) is exothermic, reduction (R5) is 

endothermic allowing the solar energy stored in the reduced ceria to produce fuel in the 

same oxidation step, (R2), as the cycle in Figure 3.1. Unlike conventional processes for 

converting methane to syngas which combust a portion of the feedstock, the proposed 

cycle produces syngas with a larger heating value than the methane feedstock. 

Carbothermal reduction eliminates the need for an inert sweep gas or vacuum operation. 

Furthermore, in the reduction step additional H2 and CO are produced in a ratio that 

facilitates conversion to liquid fuels via Fischer-Tropsch reactions or methanol synthesis. 

The use of a metal oxide as the oxygen source for reaction (R6) avoids the challenge of 

nitrogen handling in downstream processes, which prohibits commercial viability of 

partial oxidation of methane in air [5]. 

The feasibility of utilizing metal oxides as the oxygen source for methane partial 

oxidation has been demonstrated experimentally for cerium based oxides [38,43–45,47] 

as well as tungsten oxide [76–79], iron oxide [80], and zinc oxide [81,82]. Partial 

oxidation with undoped ceria has a high selectivity toward the desired syngas products 

when operated at 1123 K [38]. In a broader context, the solar carbothermal reduction of 

other metal oxides has been studied. Thermodynamic analyses indicate the promise of the 

carbothermal reduction of SnO [31] and ZnO [30] as efficient means to store solar energy 

in chemical bonds. The solar carbothermal reduction of iron, zinc, and magnesium oxides 

has been demonstrated [27,29,30,32,33] including the reduction of ZnO on a 300kW pilot 

scale [32]. 
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3.2 Chemical Thermodynamics 

For the proposed coupled cycle, chemical equilibrium calculations are used to 

determine the ceria nonstoichiometry that is achieved by the reduction and oxidation 

steps, and to define the required amounts of methane and oxidizer to accomplish the 

respective reactions. The nonstoichiometric states accessible to thermochemical cycling 

are related to the operating temperature and the oxygen partial pressure of the gaseous 

environment according to equation (7). 

ΔhO2

o (δ) − TΔsO2

o (δ)  = RTln
pO2

pref
 (7) 

The partial molar enthalpy and entropy of oxygen in the ceria, ΔhO2

o  and ΔsO2

o , depend 

only on nonstoichiometry for 0.001 ≤ δ ≤ 0.27 [55]. Curve fits of the experimental data 

for ΔhO2

o  and ΔsO2

o  are used to calculate equilibrium nonstoichiometries for ceria as a 

function of temperature and oxygen partial pressure. 

For reduction with methane, the oxygen partial pressure is determined from the 

equilibrium of reaction (R6) at 1 bar using the software code HSC [83] (Figure 3.3). 

Above 1223 K syngas comprises more than 99 mol-% of the products and the oxygen 

partial pressure is quite low, 1.8 x 10
-20

 ≤ pO2
≤ 9.8 x 10

-17
 bar for 1223 ≤ T ≤ 1773 K. 

Below 1223 K the equilibrium mixture contains complete combustion products, solid 

carbon, and unreacted methane. To promote high quality syngas production, reaction 

(R5) is evaluated for temperatures above 1223 K. Deviations from the 2:1 ratio of CH4 to 

O2 lead to thermodynamic equilibrium compositions that also contain complete 

combustion products for lower ratios and unreacted methane and solid carbon for higher 

ratios at temperatures above 1223 K. 
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Figure 3.3. Equilibrium product distribution of reactants supplied in reaction (R6) as a 

function of temperature at 1 bar total pressure. Above 1223 K syngas constitutes at least 

99 mol-% of the products. At 1223 K the oxygen partial pressure is 1.8 x 10
-20

 bar. 

In practice, the rate of oxygen release from the ceria affects the ratio of methane to 

oxygen. Experimental studies of methane driven reduction of ceria in the temperature 

range 673-1123 K indicate the ratio of CH4 to O2 tends to exceed 2:1 [38,43–45,47], i.e. 

excess methane is used, but accumulation of solid carbon can be avoided [44,45]. The 

experimental studies also indicate that increasing the reaction temperature increases the 

rate of oxygen release and improves the conversion of methane to syngas. The reaction of 

methane with undoped ceria has high selectivity toward syngas products and methane 

conversion near 25% at 1123 K [38]. Improved methane conversion to syngas is expected 

along with increased oxygen release rates at temperatures above 1223 K. In addition to 

ideal operation of (R5), a case with experimentally demonstrated methane conversion of 
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25% is also evaluated in the present study to show efficiencies that can be attained based 

on the state of the art. 

The equilibrium oxygen partial pressure of the oxidation step is established by the 

oxidizer dissociation reactions 

CO2 → CO + 1 2⁄ O2 (R8a) 

H2O → H2 + 1 2⁄ O2 (R8b) 

with the corresponding equilibrium conditions 

KCO2
(T) =

yCOyO2

1/2

yCO2

(
psys

pref
)

1/2

 (9a) 

KH2O(T) =
yH2

yO2

1/2

yH2O
(

psys

pref
)

1/2

 (9b) 

for which temperature dependent equilibrium constants are tabulated using HSC [83]. In 

the limit as ϕ → ∞, the equilibrium mole fractions, yi, are established directly by the 

oxidizer dissociation reactions resulting in yO2
= 6.1 x 10

-6
 for CO2 and yO2

= 4.7 x 10
-6

 

for H2O at 1223 K. However, the aim of the oxidation step is to convert an appreciable 

fraction of the oxidizer to fuel, requiring finite ϕ. Converting half of the oxidizer to fuel 

for example, corresponds to ϕ = 2. For this case, the equilibrium mole fractions of 

oxidizer and fuel are equal, yCO2
= yCO = 0.5, and the oxygen mole fraction is 

approximately 10 orders of magnitude lower than for the infinite oxidizer case: 

yO2
= 9.2 x 10

-16 
for CO2 and yO2

= 3.9 x 10
-16 

for H2O at 1223 K.  
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Figure 3.4. The accessible nonstoichiometries for reduction with CH4 (dotted), oxidation 

with CO2 (solid) and oxidation with H2O (dashed). 

The effect of conversion on the equilibrium oxygen mole fraction translates to 

important differences in equilibrium nonstoichiometry, which is calculated with equation 

(7) for reduction according to equation (R5) (dotted curve), oxidation with CO2 (solid 

curves), and oxidation with H2O (dashed curves) and shown in Figure 3.4. The reduction 

nonstoichiometry is δrd = 0.2 at 1223 K and it reaches δrd = 0.25 above 1273 K. In this 

study the reduction temperature is limited to 1273 K to ensure that ceria remains in the 

fluorite phase [7]. The black curves are lower limits for the accessible oxidation 

nonstoichiometry that correspond to infinite ϕ. Along these curves, ceria is in 

equilibrium with the supplied oxidizing gas and no further reaction occurs. For oxidation 

with infinite quantities of oxidizer below 1373 K, the lower limit for δox is less than 

0.001, and the limit on the nonstoichiometry swing is virtually equivalent to δrd. As the 

oxidation temperature is increased, the lower limit for δox increases. At 1773 K, 
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δox ≥  0.021 is accessible with CO2 and δox ≥ 0.026 with H2O. To convert the oxidizer 

to fuel a finite quantity of oxidizer is used, and oxidation nonstoichiometries must be 

larger than the limiting values. The red curves correspond to oxidation with ϕ = 2 and 

the blue curves correspond to ϕ = 10. As the stoichiometric oxidizer ratio is decreased, 

the equilibrium nonstoichiometry increases because of the change in the gas composition. 

It follows that choosing to limit oxidation to increasingly large δox will improve the 

equilibrium conversion of oxidizer to fuel, and the stoichiometric oxidizer ratio will 

approach unity. This hypothesis is consistent with experimental demonstration of 

improved efficiency for the isothermal ceria cycle with sweep gas when the reduction and 

oxidation reactions are terminated before ceria equilibrates with the supplied gas [16]. In 

the present analysis, δox is shown to be a deciding factor for the process efficiency and 

limiting oxidation to large δox is viewed as a strategy for improving the oxidizer 

conversion. 

Thus chemical equilibrium thermodynamics point to isothermal operation of the cycle 

for large δox at temperatures from 1223 to 1273 K, where the lower temperature limit 

allows high quality syngas production during the ceria reduction step and the upper limit 

avoids phase transition in the ceria. Moreover, this temperature range is well-matched to 

operating temperatures possible with commercial central receiver solar facilities [84]. 
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3.3 Thermodynamic Process Model 

The schematic in Figure 3.5 represents the model thermodynamic system for the 

isothermal nonstoichiometric ceria redox cycle and the partial oxidation of methane. The 

system consists of two reactors – both could be embodied in a single device – and two 

heat exchangers. Thermodynamic states are numbered 1-8 and labeled with the species 

present. Concentrated sunlight provides the heat to drive the cycle, Q̇sol. Ceria is cycled 

continuously between the reduction and oxidation reactors. Methane is preheated by heat 

exchange with reduction product gases in HXrd prior to entering the solar reactor, where 

it is further heated to the reduction temperature by solar energy and reacts with the ceria. 

 

Figure 3.5: Schematic of a thermodynamic system for implementing the proposed cycle 

in Figure 3.2. Solid arrows represent mass flows and block arrows represent energy 

flows. 
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The reduction products enter HXrd at T3 and exit at T4. The oxidizer is preheated in HXox 

by the oxidation products before entering the oxidation reactor. The products of the 

oxidation reaction exit the system via HXox. Fully mixed flow is assumed for both 

reactors, such that the gas composition in each reactor is uniform. This assumption 

represents a conservative case for oxidizer conversion and is consistent with the 

thermodynamic analysis of the two-temperature cycle in which a nitrogen sweep gas is 

used to maintain the low partial pressure of oxygen over the ceria [10]. Reactants are 

supplied to the system at ambient temperature, T1=T5=T∞. Both reactions occur at 

temperature, T, and the products exit the reactors at the reaction temperature, i.e. T3=T 

and T7=T. The total pressure of the system and its surroundings is assumed to be 1 bar. 

The system level energy balance is 

Q̇sol = Q̇s,rd + Q̇s,ox + Q̇c,rd + Q̇c,ox 

+Q̇reject + Q̇rerad + Q̇loss 
(10) 

The supplied solar energy, Q̇sol, must provide the enthalpy change of the reduction and 

oxidation gas flows, which include sensible heating, Q̇s,rd and Q̇s,ox, and chemical energy 

storage, Q̇c,rd and Q̇c,ox. A portion of the solar input is rejected to maintain isothermal 

operation during oxidation, Q̇reject. In addition, heat is lost by reradiation from the 

receiver, Q̇rerad, and convection to the ambient, Q̇loss. 

Calculating the energy requirements for the reduction and oxidation gas flows requires 

the flow rates and gas compositions, which are linked to the ceria nonstoichiometry. In 

the reduction step ceria is reduced to δrd as shown in Figure 3.4 and methane is supplied 

at the molar flow rate  
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ṅCH4,1 = ṅceriaΔδ (11) 

to achieve the 2:1 CH4 to O2 ratio in reaction (R6). The reduction products are formed at 

the rates 

ṅCO,3 = ṅceriaΔδ (12) 

ṅH2,3 = 2ṅceriaΔδ (13) 

In the model system, gas compositions are modified only in the reactors, e.g. ṅCO,3 =

ṅCO,4. 

The following equations for the oxidation step are presented only for CO2 splitting. The 

equations are identical for H2O splitting if one simply replaces CO2 with H2O and CO 

with H2. In terms of the quantities in Figure 3.5, the ratio of CO2 supplied to the 

stoichiometric amount is  

ϕ =
ṅCO2,5

ṅceriaΔδ
 (14) 

The equilibrium condition for CO2 thermolysis becomes 

KCO2
(T) =

yCO,7y
O2,7

1
2

yCO2,7
(

psys

po
)

1
2
 

(15) 

and the mole fractions are 

yi,j =
ṅi,j

ṅj
 (16) 

where the subscript i represents the species and j represents the state in Figure 3.5. With a 

single subscript ṅj refers to the total molar flow rate at state j. 

Applying the fully mixed model and introducing the reaction extent of reaction (R8a), 

ψ, the species molar flow rates are 
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ṅCO2,7 = ϕ(1 − ψ)ṅceriaΔδ (17) 

ṅCO,7 = ϕψṅceriaΔδ (18) 

ṅO2,7 = (ϕ (
ψ

2
) −

1

2
) ṅceriaΔδ (19) 

ṅ7 = ṅCO2,7 + ṅCO,7 + ṅO2,7 (20) 

Treating δox and T as parameters enables calculation of ψ and ϕ with equations (7) 

and (15). 

With known species gas flow rates, energy balances on the heat exchangers allow 

calculation of the temperature of gases leaving the system boundary. The methane is 

preheated to T2 by the reduction effluent in HXrd, characterized by heat recovery 

effectiveness, ϵHX,rd. The reduction effluent is cooled to T4 in the same heat exchanger. 

The amount of heat exchanged is 

Q̇HXrd
= ϵHX,rd min (

ṅ1(h1(T) − h1(T∞)),

ṅ3(h3(T) − h3(T∞))
) 

(21) 

where the molar enthalpy of the mixture at state j is 

hj(Tj) = ∑ yi,jhi,j

i

(Tj) (22) 

T2 and T4 are calculated with equations (23) and (24). 

Q̇HXrd
= ṅ1(h2(T2) − h1(T1)) (23) 

Q̇HXrd
= ṅ3(h3(T3) − h4(T4)) (24) 

The heating rate required to produce the total enthalpy change of the reduction gases 

entering and leaving the system boundary is 

Q̇g,rd = ṅ4h4(T4) − ṅ1h1(T1) (25) 
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To evaluate the impact of operating with excess methane, a special case is considered 

with an increased reduction gas heating requirement. Li et al. [38] demonstrated the 

partial oxidation of methane over ceria with high syngas selectivity and methane 

conversion near 25%. Based on the methane conversion demonstrated by Li et al., the 

additional sensible heating requirement is 

Q̇CH4,excess = 3ṅCH4,1hCH4
(T4) − 3ṅCH4,1hCH4

(T1) (26) 

The oxidation side heat exchanger is evaluated in the same manner to determine 

Q̇HX,ox, T6, and T8. The heating rate required by the oxidation gases is 

Q̇g,ox = ṅ 8 h8(T8) − ṅ5h5(T5) (27) 

Note that Q̇g,rd and Q̇g,ox include both the sensible and chemical energy storage terms. 

The net energy stored in chemical bonds for the reduction and oxidation steps is 

Q̇c,rd = ∑(ṅi,4 − ṅi,1)HHVi

i

 
(28) 

Q̇c,ox = ∑(ṅi,8 − ṅi,5)HHVi

i

 
(29) 

and the sensible heating requirement of the gases, Q̇s,rd and Q̇s,ox, is given by 

Q̇g,rd = Q̇c,rd +  Q̇s,rd (30) 

Q̇g,ox = Q̇c,ox + Q̇s,ox (31) 

There is no net energy released by the solid ceria due to its cyclic oxidation and 

reduction within the system. However, if the enthalpy released by the solid during 

oxidation, 

ṅceriaΔhceria,ox = ṅceria ∫ ΔhO2

o
δox

δrd

dδ (32) 
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exceeds the enthalpy change of the oxidation gases between states 6 and 7, heat must be 

rejected to maintain operation at T. 

Q̇reject = ṅceriaΔhceria,ox + ṅ6h6(T6) −  ṅ7h7(T7) (33a) 

If the enthalpy change in the gas phase is larger that of the solid, heat rejection is not 

required.  

Q̇reject = 0 (33b) 

The solar receiver is assumed to be effectively black, so that there are no losses 

associated with absorption of the concentrated sunlight. Losses due to emission are a 

fraction of the solar input 

Q̇rerad =
σTrd

4

CG
Q̇sol (34) 

The thermal loss from the system components by convection to the ambient are treated as 

a fraction, F, of the absorbed solar energy. 

Q̇loss = F (Q̇sol − Q̇rerad) (35) 

The solar-to-fuel efficiency in terms of the above quantities is 

η =
 Q̇c,rd + Q̇c,ox

Q̇sol

 (36) 

where the numerator is the net difference in the higher heating value of the reaction 

products and the supplied methane and the denominator is the solar energy supplied to 

drive the cycle. 

3.4 Results  

To illustrate the benefits of the proposed cycle, we present the results of a parametric 

analysis of the effects of operating parameters on efficiency. We show that the oxidation 
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nonstoichiometry (δox) has a decisive impact on efficiency, because it prescribes the 

amount of oxidizer that must be supplied and heated to the oxidation temperature. We 

also report the effects of concentration ratio (C) and heat recovery effectiveness 

(ϵHX,ox, ϵHX,rd) on the cycle efficiency. Acknowledging that complete methane 

conversion has not yet been demonstrated, the impact of unreacted methane on efficiency 

is also shown. Results are reported for the cycle operated isothermally at temperatures 

from 1223 to 1273 K. Although higher temperature operation may be possible, raising the 

temperature offers no thermodynamic benefit for the proposed cycle. The solar energy 

input for the reported results is 1 kW, and results may be scaled to arbitrary input power. 

The fraction of convective losses from the system, F=0.2, is selected to match previous 

analyses of ceria redox cycles [10,15]. 

The impact of the solar concentration ratio on efficiency is shown in Figure 3.6 for CO2 

splitting (solid lines) and H2O splitting (dashed lines) at 1223 K with δox = 0.1. These 

data are for the simplest system without heat exchangers, i.e. ϵHX,rd = ϵHX,ox =0. The 

trend is the same for all temperatures and δox considered. A concentration ratio of 1000, 

which is available in commercial central receiver concentrating solar power plants [84], 

yields efficiencies for CO2 and H2O splitting of about 40%. 
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Figure 3.6. Efficiency as a function of concentration ratio for T=1223 K and δox =0.1 with 

no heat recovery for CO2 splitting (solid line) and H2O splitting (dashed line). 

There is very little benefit to raising the concentration ratio beyond 1000. For example, 

efficiency increases to only 43% at C=3000. This result demonstrates one of the key 

benefits of methane reduction. Without carbothermal reduction, efficient operation of the 

ceria-based redox cycle requires a concentration ratio of 3000 [10,15,18], only achievable 

with costlier dish systems [85]. For the results that follow, we fix the concentration ratio 

to 1000 to match commercial central receiver systems. 
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The influence of δox on the stoichiometric oxidizer ratio, ϕ, defined by equation (14), 

is shown in Figure 3.7 for CO2 (solid lines) and H2O splitting (dashed lines). Two 

important trends are evident. First, with increasing δox, ϕ decreases and approaches the 

ideal value, ϕ = 1, corresponding to complete conversion of the oxidizer to fuel. 

Reducing ϕ is desirable for efficient operation, because it reduces the amount of 

unreacted oxidizer that is contained in product gas mixture leaving the system at state 8. 

Second, although the stoichiometric oxidizer ratio is larger for water than for carbon 

dioxide, the difference is significantly reduced at larger oxidation nonstoichiometries. 

Both trends show thermodynamic benefits of operating with large oxidation 

nonstoichiometries. In the range considered, the importance of operating temperature also 

depends on the oxidation nonstoichiometry. For CO2 splitting with δox = 0.005, ϕ = 27 

 

Figure 3.7. The stoichiometric oxidizer ratio required for oxidation from δrd to δox with 

CO2 (solid lines) and H2O (dashed lines). 
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at 1223 K and ϕ = 56 at 1273 K. For δox = 0.1, oxidation is nearly stoichiometric; 

ϕ = 1.1 at 1223 K and ϕ = 1.2 at 1273 K. For H2O splitting with δox = 0.1, ϕ = 1.2 at 

1223 K and 1.4 at 1273 K. 

Selection of δox has a substantial impact on the process efficiency, because of the 

energy requirement for heating the oxidizer, which increases in proportion to the 

stoichiometric oxidizer ratio. The efficiency for the proposed cycle without heat recovery 

is shown in Figure 3.8 for a range of δox. For CO2 splitting at 1223 K and δox = 0.1, the 

efficiency is 39%; for δox = 0.005, the efficiency is 11%. The trends are the same for 

water splitting. For δox ≤ 0.02 the efficiency is higher for CO2 splitting than for H2O 

splitting, because H2O splitting requires a larger stoichiometric oxidizer ratio. However at 

δox = 0.1, the efficiency is slightly higher for H2O splitting, because the higher heating 

 

Figure 3.8. The solar-to-fuel efficiency for CO2 splitting (solid lines) and H2O splitting 

(dashed lines) vs. Tox and δox with no heat recovery. 
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value of H2 is larger than of CO and the difference in stoichiometric oxidizer ratio is 

negligible.  

Though efficiencies of 39% are possible without recovering sensible heat from the 

process gases, heat recovery on the reduction side provides a modest improvement. For 

CO2 splitting with δox of 0.1, the sensible heating requirement of the reduction gases, 

Q̇s,rd, is on the order of 10% of the solar input. The efficiency increases from 39% to 

44% at 1223 K with perfect heat recovery from the reduction gases. Recovering heat 

from the oxidation gases is only beneficial when Q̇reject =0, but for CO2 splitting with 

δox = 0.1, the stoichiometric oxidizer ratio remains near unity for the considered 

temperature range and Q̇reject > 0.  

To identify the efficiency possible with the experimentally demonstrated conversion of 

methane to syngas over ceria, a special case is considered where 75% of the supplied 

methane does not react and is contained in the reduction products. The efficiencies for 

this case are shown for δox= 0.1 with no heat recovery (Figure 3.9) and 90% heat 

recovery from the reduction gases (Figure 3.10). The additional sensible heating 

requirement increases the sensitivity of efficiency to heat recovery from the reduction 

gases. With no heat recovery, the efficiency is near 30% at 1223 K. Implementing heat 

recovery from the reduction gases with ϵHXrd
= 0.9 enables 39% efficiency for the cycle 

with excess methane. 
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Figure 3.9. Efficiency for the proposed cycle for CO2 splitting (solid lines) and H2O 

splitting (dashed lines) without heat recovery and 25% methane conversion to syngas. 

 

Figure 3.10. Efficiency for the proposed cycle for CO2 splitting (solid lines) and H2O 

splitting (dashed lines) with ϵHX,rd =0.9 and 25% methane conversion to syngas. 
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In comparison to solar-only approaches to the ceria cycle (Figure 3.1), the proposed 

coupled cycle with methane driven reduction (Figure 3.2) provides significant efficiency 

and operational benefits. The efficiency of the proposed cycle at the recommended 

operating conditions, δox = 0.1 at 1223 K, and the efficiency reported for an isothermal 

solar-only approach to the ceria cycle that uses sweep gas for reduction and operates at 

1773 K [10] are given in Table 3.1. The efficiency predicted for the proposed cycle 

without heat recovery is 39%, nearly quadruple the efficiency predicted for the solar-only 

cycle with ambitious levels of heat recovery and a much higher concentration ratio. In 

contrast to the solar-only approach, water splitting may be carried out just as efficiently 

as carbon dioxide splitting with the proposed cycle, because the thermodynamic 

disadvantage for water splitting is overcome by a substantial increase in the accessible 

reduction nonstoichiometry when methane is used. Because high efficiencies are 

predicted for the proposed coupled cycle operated isothermally and without gas phase 

heat recovery, the need for high temperature solid phase heat recuperators and gas heat 

exchangers is avoided. The lower operating temperature of the proposed approach also 

allows higher efficiencies to be attained at lower concentration ratios than for the solar-

only approaches, which has positive economic implications for commercial 

implementation. 

Table 3.1. Comparison of reported solar-to-fuel efficiencies. 

Process ηCO2
 ηH2O Tred Tox C ϵHX,rd ϵHX,ox 

Isothermal with Sweep Gas 11% 5% 1773 K 1773 K 3000 90% 90% 

Proposed CH4 Reduction 39% 40% 1223 K 1223 K 1000 0% 0% 
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3.5 Conclusion 

The present thermodynamic study shows that coupling the partial oxidation of methane 

to the reduction step of the solar ceria redox cycle enables efficient conversion of solar 

energy to fuel at temperatures as low as 1223 K. The coupled cycle produces high quality 

syngas by the partial oxidation of methane in the ceria reduction step in addition to the 

carbon monoxide and hydrogen produced by splitting carbon dioxide and water in the 

oxidation step. The predicted solar-to-fuel efficiency is 39% for carbon dioxide splitting 

and 40% for water splitting for the cycle without heat recovery. The need for heat 

recovery from the oxidation effluent is eliminated completely by operating with large 

oxidation nonstoichiometry, δox, to allow nearly complete conversion of oxidizer to fuel. 

By utilizing biogenic methane sources the proposed approach can be operated 

sustainably. The high efficiencies possible without heat recovery and the relatively low 

operating temperature make the proposed cycle an attractive alternative to solar-only 

approaches to storing solar energy with the ceria cycle.  
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Chapter 4  

Synthesis Gas Production via the Solar Partial Oxidation of Methane-

Ceria Redox Cycle: Conversion, Selectivity, and Efficiency
3
  

The importance of methane conversion, syngas selectivity, and oxidizer conversion 

for efficient syngas production by the partial oxidation of methane using a metal oxide 

redox cycle is quantified. The operating conditions which enable high conversion of 

methane to syngas over cerium oxide and conversion of carbon dioxide to carbon 

monoxide in the subsequent oxidation reaction are identified experimentally. The 

parametric study considers operating temperatures of 1173 and 1273 K and methane flow 

rates from 1 to 15 mL min
-1

 g
-1 

in a fixed bed of porous ceria particles. The reduced ceria 

is reoxidized in a flow of 10 mL min
-1

 g
-1 

CO2 to produce CO. A trade-off of achieving 

high methane conversion is observed. For example, at 1273 K, the cycle-averaged 

methane conversion increases from 13% for reduction in 15 mL min
-1

 g
-1

 to 60% in 

1 mL min
-1

 g
-1

. For the same change in methane flow rate, the cycle-averaged 

selectivities decrease from 78% to 39% (CO) and 77% to 40% (H2) and the oxidizer 

conversion decreases from 93% to 48%. The maximum projected solar-to-fuel thermal 

efficiency is 27% for cycling at 1273 K with reduction in 5 mL min
-1

 g
-1 

methane.  

                                                

3
 This chapter is based on the article Krenzke PT, Fosheim JR, Zheng J, Davidson JH. 

Synthesis Gas Production via the Solar Partial Oxidation of Methane-Ceria Redox Cycle: 

Conversion, Selectivity, and Efficiency. Submitted for publication. Co-authors Jesse 

Fosheim and Jingyang Zheng conducted the experiments with the 1 mm samples and 

assisted with the accompanying analysis. Jesse Fosheim also assisted with development 

of the apparatus and prepared Figure 4.3. 
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4.1 Introduction 

Syngas and its components, carbon monoxide and hydrogen, are building blocks for 

producing prominent chemicals such as liquid fuels and ammonia. In the present study 

we consider the combination of two attractive processes to produce syngas. The first 

process is the partial oxidation of methane (R1). 

CH4+1/2O2→CO+2H2 (R1) 

Partial oxidation of methane is an excellent match for production of methanol or Fischer-

Tropsch liquid fuels because the H2/CO ratio of the syngas is 2:1. The second process is 

water and/or carbon dioxide splitting via a metal oxide redox cycle, which stores solar 

energy in chemical form by utilizing concentrated solar process heat to drive the reverse 

combustion reactions.  

In the combined approach considered in the present study, the partial oxidation of 

methane and solar water or carbon dioxide splitting are coupled by the cerium dioxide 

(ceria) redox cycle, which consists of two heterogeneous reactions. In the ceria reduction 

reaction (R2), methane reacts with oxygen released by ceria to produce syngas with 

H2/CO=2.  

CH4+
1

Δδ
CeO2-δOX

→2H2+CO+
1

Δδ
CeO2-δRD

 (R2) 

This step increases the nonstoichiometry of the ceria to a reduced state, δRD. In the ceria 

oxidation reactions, steam (R3a) and/or carbon dioxide (R3b) react with the reduced ceria 

to produce hydrogen and/or carbon monoxide, and the ceria returns to an oxidized state, 

δOX< δRD. 
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H2O+
1

Δδ
CeO2-δRD

→H2+
1

Δδ
CeO2-δOX

 (R3a) 

CO2+
1

Δδ
CeO2-δRD

→CO+
1

Δδ
CeO2-δOX

 (R3b) 

The cycle is endothermic for both H2O and CO2 splitting. Depending on the oxidizer, the 

cycle produces the same net products as steam-reforming or dry-reforming of methane. 

Unlike the reforming reactions, the products of reactions R2 and R3 are in two separate 

streams: one containing syngas and the other pure hydrogen (R3a) or carbon monoxide 

(R3b). The separate gas streams are valuable individually or may be mixed to tune the 

H2/CO ratio, making the process amenable to synthesis of a wider range of products than 

either steam- or dry-reforming of methane. 

Siegel et al. assert that, to be commercially viable, a solar thermochemical process to 

produce hydrogen or carbon monoxide, and by inference synthesis gas, must reach a 

solar-to-fuel efficiency of 20% [86]. Using an equilibrium model and assuming 

isothermal operation at 1223 K, Krenzke and Davidson predict the solar-to-fuel thermal 

efficiency of the partial oxidation of methane-ceria redox cycle could reach 40% for H2O 

and 39% for CO2 splitting [35]. Key assumptions in the prior analysis are that the two 

reactions proceed to equilibrium states in mixed flow reactors and oxygen is released 

from ceria in reaction R2 to provide CH4/O2 = 2 required for the partial oxidation of 

methane (R1).  

The primary challenges to reaching the predicted efficiency of the partial oxidation of 

methane-ceria redox cycle are achieving high methane conversion and high selectivity 

toward syngas in the reduction reaction (R2) and achieving high conversion of oxidizer to 

fuel in the oxidation reaction (R3). According to chemical thermodynamics, both the 
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complete conversion of methane and high syngas selectivity (>97%) are ensured by 

operating reaction R2 with CH4/O2=2 at or above 1173 K. High oxidizer conversion 

(>80%) in the subsequent oxidation reaction is ensured by limiting oxidation to 

nonstoichiometries of δ>0.05. 

Prior experimental studies of the partial oxidation of methane over cerium-based 

oxides provide comparison of methane conversion and selectivity toward syngas for 

mixed ceria-ferrite [38–42,87] or ceria-zirconia [43,88,89] oxides. Li et al. found that 

increasing the iron content in Ce1-xFexO2-δ (x=0-0.5) increases the methane conversion 

at 1123 K, but decreases the selectivity toward syngas [38]. The morphology of the metal 

oxide is also known to impact conversion and selectivity. For reduction of macroporous 

Ce0.8Zr0.2O2 at 1073 K in methane, Zheng et al. attribute a decrease in methane 

conversion and an increase in syngas selectivity to the collapse of the macroporous 

architecture and loss in surface area with increasing calcination temperature [89]. Zhu et 

al. observed that increasing the reaction temperature (1073-1173 K) increases both 

methane conversion and syngas selectivity for Ce0.5Fe0.5O2-δ [40]. High methane 

conversion (77%) and high selectivity toward hydrogen (87%) and carbon monoxide 

(86%) were obtained at 1173 K with a methane flow rate of 5.6 mL min
-1

 g
-1 

[40]. 

Isothermal cycling data for undoped ceria are limited to temperatures up to 1123 K. 

Undoped ceria is particularly attractive for the solar process because it has been shown to 

enable high oxidizer conversion at 773 K [44]. Repeatable cycling with ceria is facilitated 

by limiting the nonstoichiometry below 0.2 to avoid carbon deposition [44,45]. In the 

prior work, high selectivity toward hydrogen (87%) and carbon monoxide (92%) but low 

methane conversion (24%) were observed at 1123 K [38]. Based on the improvement of 
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conversion and selectivity with increasing temperature observed by Zhu et al. for 

Ce0.5Fe0.5O2-δ [40], higher temperatures are anticipated to favor improved methane 

conversion without sacrificing selectivity. 

To determine the actual expected efficiency of the cycle, it is necessary to quantify 

the conversion of oxidizer (H2O or CO2) to fuel. None of the prior work evaluated the 

partial oxidation of methane-ceria redox cycle using pure carbon dioxide or steam as the 

cycle would be operated commercially. The oxidant in the prior work was dilute oxygen 

[38,39,41,42], dilute steam [40,43–46,89] or dilute carbon dioxide [44,45,47]. We note 

that oxidation of ceria by oxygen or air results in an exothermic redox cycle and is not 

suitable for storing solar energy in chemical form. Studies of water and carbon dioxide 

splitting over ceria that target a ceria cycle with reduction in sweep gas or vacuum rather 

than methane have evaluated only a narrow nonstoichiometry range δ<0.06 [36], or have 

also used dilute oxidizer [34,75,90,91].  

In the present study we quantify the importance of methane conversion, syngas 

selectivity, and oxidizer conversion on the thermal efficiency of the solar-to-fuel 

conversion. Experimentally, we identify the conditions which enable high conversion of 

methane to syngas over ceria and conversion of carbon dioxide to carbon monoxide. In 

the experimental study, we examine the influences of operating temperature, methane 

flow rate, and nonstoichiometric state on the production of syngas from methane and fuel 

from oxidizer over ceria in a fixed bed reactor. Key results are conversion of methane and 

selectivity toward syngas in the reduction of ceria and the conversion of carbon dioxide 

to carbon monoxide in the oxidation of ceria.  
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4.2 Efficiency Projections 

We define a commercially relevant solar-to-fuel thermal efficiency as the net gain in 

the heating value of the methane and product gas divided by the solar input to the 

thermochemical reactor plus the work requirements for production of inert gas, separation 

of products, and pumping. 

η=
HHVsyngas+HHVfuel-HHVCH4

Q
solar

+
Wparasitic

η
S→E

 
(4) 

In the present study, the work requirements are based on commercial processes and are 

adjusted to account for an assumed 25% efficiency for converting solar energy to 

electricity. The solar-to-fuel efficiency is projected as a function of methane conversion 

and selectivity and oxidizer conversion using a first law analysis of a representative solar 

reactor. The energy balance is given by equation 5. 

QSOL +
W

ηS→E
= QRAD + QLOSS + QGAS +

WΔP

ηS→E
+

WSEP

ηS→E
  (5) 

The left hand side includes the total solar thermal input, which is comprised of solar 

process heat and the solar equivalent of work required to operate the reactor. The right 

hand side accounts for radiative emission losses (QRAD), thermal losses to the ambient 

(QLOSS), the chemical energy change and sensible heating of the gases (QGAS), and the 

work for pumping process gases (𝑊Δ𝑃) and separating products (WSEP).  

Losses due to thermal emission from the solar cavity receiver and due to conductive 

losses through the insulated reactor to the ambient are independent of the conversions and 

selectivities attained in the chemical reactions. 
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QRAD =
σT4

CI
QSOL (6) 

QLOSS = 0.05 QSOL (7) 

Conductive losses are assumed equal to 5% of the solar input, consistent with predictions 

for commercial-scale solar reactors [58].  

The energy balance can be applied to any scale, but it is expedient to formulate the 

gas requirements per mole of fuel produced in the oxidation reaction and in terms of 

conversions and selectivities. The amount of methane and oxidizer supplied are given by 

equations 8 and 9. 

nCH4,IN =
1

XCH4
(4 − 2SH2

− SCO)
 (8) 

nCO2,IN =
1

XCO2

 (9) 

The products are quantified by equations 10-14. 

nCH4,OUT = (1 − XCH4
)nCH4,IN (10) 

nH2,OUT = 2XCH4
SH2

nCH4,IN (11) 

nH2O,OUT = 2XCH4
(1 − SH2

)nCH4,IN (12) 

nCO,OUT = XCH4
SCOnCH4,IN + XCO2

nCO2,IN (13) 

nCO2,OUT = XCH4
(1 − SCO)nCH4,IN + (1 − XCO2

)nCO2,IN (14) 

The net enthalpy change of the gases accounts for sensible and chemical energy. 

QGAS = ∑ ni,OUThi(T)

i

− ∑ ni,INhi(T∞)

i

 (15) 

Summations are for all of the above species. 
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The work requirements for pumping the reactants and separation of the carbon 

monoxide produced from carbon dioxide in the oxidation reaction are given by equations 

16 and 17. 

WΔP = (nCH4,IN + nCO2,IN) RT∞ ln (
p∞ + Δp

p∞
) /ηP (16) 

WSEP =
1

XCO2

 RT∞(XCO2
ln(XCO2

) + (1 − XCO2
) ln(1 − XCO2

)) /ηSEP (17) 

Conversion and selectivity are treated as free parameters to illustrate the impact of 

each on the solar-to-fuel efficiency. Projections of efficiency for measured values from 

the present experimental study are included in section 4.3. Assumed values used to 

project efficiencies are summarized in Table 4.1. 

Table 4.1. Values of Fixed Parameters used for the Efficiency Projections in 

Figure 4.1 and section 4.3. 

 Parameter Value  

 C 1000  

 pSYS 100 kPa  

 Δp a 5 kPa  

 ηS→E [54] 0.25  

 ηP [57] 0.8  

 ηSEP [53] 0.1  

a
Taken as the largest measured pressure drop during experimental evaluation of R1 and R2. 

Figure 4.1 shows predicted reactor efficiency as a function of methane conversion for 

operation of the cycle at 1273 K. Efficiencies projected for operation at 1173 K exhibit 

the same trends, but are higher due to decreased losses and gas heating requirements. The 

four curves on the plot show the impact of selectivity (𝑆𝐻2
= 𝑆𝐶𝑂) and oxidizer 

conversion (𝑋𝐶𝑂2
). The upper bound on efficiency is 54% for methane conversion and 
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syngas selectivities of 𝑋𝐶𝐻4
=𝑆𝐻2

=𝑆𝐶𝑂=1 and an oxidizer conversion of 𝑋𝐶𝑂2
=1. 

Efficiency decreases with decreasing methane conversion, selectivity, and oxidizer 

conversion because of the increase in the quantity of gas that must be heated, pumped, 

and separated relative to the amount of syngas produced. The predicted efficiency 

exceeds the 20% solar-to-fuel conversion efficiency target for a broad range of 

conditions. If methane is completely converted to carbon dioxide and water, i.e. 

𝑆𝐻2
=𝑆𝐶𝑂=0, the efficiency exceeds 20% provided that 𝑋𝐶𝐻4

>0.13 and the oxidizer is 

completely converted to fuel. If only half of the oxidizer is converted to fuel, the 

efficiency exceeds 20% provided that 𝑆𝐻2
=𝑆𝐶𝑂=1 and 𝑋𝐶𝐻4

>0.11. The efficiency of an 

actual reactor will depend on the selectivities and conversions obtained in practice.  

  

 

 

Figure 4.1. Efficiency as a function of methane conversion for cycling at 1273 K. The 

impacts of selectivity and oxidizer conversion are shown for a range of conditions. 
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4.3 Experimental Methods 

 Isothermal Redox Cycling 

To evaluate the impact of temperature and flow rate on the conversions and 

selectivities of methane to syngas and oxidizer to fuel that can be achieved in an 

isothermal fixed bed reactor, redox cycles were carried out at atmospheric pressure at 

1173 and 1273 K. These temperatures coincide with the range identified in a prior 

thermodynamic analysis that provides complete methane conversion and syngas 

selectivity above 97% in reaction R2 and 80% conversion of CO2 to CO in reaction R3 

[35]. Cycling at 1373 K was also attempted. However, significant and immediate carbon 

deposition was observed. Thus, 1273 K is near the practical upper limit for operation of 

the cycle. The influence of methane flow rate on conversion and syngas selectivity was 

explored for methane flow rates of 1, 2.5, 5, 10, and 15 mL min
-1 

g
-1 

with the ceria bed 

initialized by oxidation in 10 mL min
-1

 g
-1

 CO2 for 25 minutes. Reduction in CH4 

(99.99%) and oxidation in CO2 (99.99%) were separated by an intermediate purge with 

argon (99.99%) in order to measure the total product gas streams for each reaction. To 

initiate each experiment, several cycles were conducted with a methane flow rate of 

15 mL min
-1 

g
-1 

until syngas production stabilized. A slight increase in syngas 

productivity was observed over the first few cycles. After the initial break-in period, three 

cycles were conducted at each condition to verify repeatability. Data are shown for 

representative cycles in section 4. 
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 Reactive Substrate  

Cylindrical porous ceria particles, 4.7 mm diameter by 5 mm long, were formed from 

fibers using a proprietary molding process. A representative electron micrograph is 

shown in Figure 4.2. The mean diameter and length of the fibers, determined from 

analysis of multiple electron micrographs, are 6 ± 1.6 µm and 62 ± 27 µm. The porosity 

is 79% and the specific surface area is 0.143 m
2
/g measured via mercury porosimetry and 

BET krypton adsorption. In a prior study considering the reduction of 3-5 mm 

microporous ceria particles using inert sweep gas, intraparticle heat and mass diffusion 

were sufficiently fast so as not to limit reaction rates [16]. For ceria reduction in methane, 

the partial oxidation reaction (R2) provides an oxygen sink that is capable of maintaining 

much lower oxygen partial pressure than is possible with inert sweep gas. Thus, the 

driving force for the surface reaction is substantially larger resulting in shorter time scales 

for the chemical reactions. To assess the impact of particle size, smaller particles of the 

same microstructure were obtained by crushing the cylindrical particles and then sieving 

to a 1-1.4 mm size range. Hereafter the smaller particles are referred to as 1 mm particles 

and the larger cylindrical particles as 5 mm particles. 
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Figure 4.2. Electron micrograph of a fibrous ceria. Fiber diameters and lengths are 6 ± 

1.6 µm and 62 ± 27 µm. 

 

 Apparatus 

The porous ceria particles, 1 mm or 5 mm, were packed into a bed with a void 

fraction of 35%. Figure 4.3 is a sketch of the apparatus. The particle bed was contained in 

a high-density, high-purity 12.7 mm o.d., 9.5 mm i.d. alumina tube. The alumina tube 

containing the particles was heated in an electric tube furnace. Alumina-sheathed 

chromel-alumel thermocouple probes were placed in contact with the upstream and 

downstream faces of the bed to monitor temperature and a pressure transducer (± 0.1 

kPa) was used to measure the gauge pressure upstream of the reactor. The spatial 

variation in temperature across the bed was less than 10 K. Temporal variations in 

temperature, which are induced by the chemical reactions, were less than 8 K. The 

pressure drop across the bed during R1 and R2 was less than 5 kPa. Gases were delivered 

using high accuracy (±1% of reading) mass flow controllers. The outlet composition of 

the gas was measured with a Raman laser gas analyzer calibrated to measure nitrogen, 



 

75 

oxygen, carbon dioxide, carbon monoxide, hydrogen, and methane volume 

concentrations to within ± 3% of the reading. The total outlet flow rate was determined 

using a reference flow of cryogenic-grade nitrogen (99.998%).  

 

Figure 4.3. Sketch of the isothermal fixed bed reactor (not to scale). 

 

 Data Analysis 

The reduction and oxidation rates were analyzed to determine species production 

rates as a function of temperature, gas flow rate, and bed-averaged ceria 

nonstoichiometry. The transient rates of species production are calculated by  

ṅi
'
=

y
i
ṅTOT

mCeO2

 (18) 

where ṅi
'
 is the molar flow rate of species i per unit mass of CeO2. The H2O production 

rate is based on the balance of hydrogen atoms. 

ṅH2O
'

=2ṅCH4,IN
'

-ṅH2

'
 (19) 

Similarly, the rate of oxygen release/storage during reduction and oxidation is the 

difference in oxygen rate between the inlet and outlet gas streams. 
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ṅO,RD
' =ṅCO

'
+2ṅCO2

'
+ṅH2O

'
 (20a) 

ṅO,OX
' =2ṅCO2,IN

'
-[2ṅCO2

'
+ṅCO

' ]
OUT

 (20b) 

The instantaneous bed-averaged nonstoichiometry during reduction and oxidation is 

calculated using the cumulative oxygen release and is referenced to equilibrium with the 

oxidizer. 

〈δ(tRD)〉=〈δ〉OX,EQ+MCeO2
∫ ṅO,RD

'  dt
tRD

0

 (21a) 

〈δ(tOX)〉=〈δ〉OX,EQ+MCeO2
∫ ṅO,OX

'  dt
tOX,EQ

tox

 (21b) 

The quality of the reduction products is characterized by the CH4 conversion and 

selectivity towards syngas products.  

ΧCH4
≡1-

ṅCH4,OUT
'

ṅCH4,IN
'

 (22) 

SH2
≡

ṅH2

'

ṅH2

'
+ṅH2O

'
 (23) 

SCO ≡
ṅCO

'

ṅCO
'

+ṅCO2

'
 (24) 

Similarly for oxidation, the oxidizer conversion is defined by equation 25. 

XCO2
≡

ṅCO
'

ṅCO2,IN
'

 (25) 

Both instantaneous and cycle-averaged conversions and selectivities are reported in 

section 4. Instantaneous values are used to identify trends with changes in temperature, 

nonstoichiometry, and particle size. Cycle-averaged values are used to project efficiency. 

To avoid biasing the oxidizer conversion by including data as the ceria is allowed to 
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approach equilibrium with the oxidizer, the cycle-averaged oxidizer conversion is 

evaluated for the first 95% of the change in bed-averaged nonstoichiometry. 

4.4 Results 

Trends in methane conversion and syngas selectivity with methane flow rate, 

nonstoichiometry, and temperature are presented in Section 4.4.1. The conversion of 

carbon dioxide to carbon monoxide in reaction R3 is presented in 4.4.2. The first law 

analysis of Section 4.2 is used to project efficiencies for the experimentally measured 

conversions and selectivities in Section 4.4.3. 

 4.4.1 Partial Oxidation of Methane-Ceria Reduction  

The conversion of methane and selectivity toward syngas depend on the bed-averaged 

nonstoichiometry, 〈δ〉, the methane flow rate, and the operating temperature. The 

transient species production rates for partial oxidation of methane over 5 mm ceria 

particles are plotted for methane flow rates of 1, 2.5, 5, 10 and 15 mL min
-1

 g
-1

 in Figure 

4.4 (1173 K) and Figure 4.5 (1273 K). The transient progression of the average 

nonstoichiometry of the ceria bed, which determines the thermodynamic driving force for 

oxygen release or uptake by the ceria, is indicated along the top axis. When the flow of 

methane is initiated and the bed-averaged nonstoichiometry is low, i.e. when the 

thermodynamic impetus for oxygen release is greatest, carbon dioxide and water are 

produced more rapidly than carbon monoxide and hydrogen. As the reaction progresses 

and the nonstoichiometry increases, oxygen is released more slowly and the syngas 

selectivity increases. This trend describes reduction at both 1173 and 1273 K and is 

consistent with the temporal trend in H2 and CO selectivity observed in prior work for 
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reduction of ceria in methane at 973 K [47] and at 1123 K [38]. For equal methane flow 

rates, the syngas production rates are higher at 1273 K than at 1173 K. For example, with 

15 mL min
-1

 g
-1

 CH4, the peak H2 and CO production rates are 3.9 and 1.9 mL min
-1

 g
-1

 

at 1273 K compared to 0.7 and 0.2 mL min
-1

 g
-1 

at 1173 K. The syngas production rates 

decline with decreasing methane flow rates at both temperatures.  
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Figure 4.4. Effluent species flow rates for reduction of ceria at 1173 K: (a) 1 (b) 2.5 (c) 5 

(d) 10 and (e) 15 mL min
-1

 g
-1

 CH4. 
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Figure 4.5. Effluent species flow rates for reduction of ceria at 1273 K: (a) 1 (b) 2.5 (c) 5 

(d) 10 and (e) 15 mL min
-1

 g
-1 

CH4. 
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The primary reduction results are the methane conversion (Figure 4.6), H2 selectivity 

(Figure 4.7), and CO selectivity (Figure 4.8). The conversion and selectivity for 1 mm 

particles (dashed curves) and 5 mm particles (solid curves) are included. To aid 

intrepretation of these data, the corresponding the CH4/O2 ratio, defined as the rate of 

CH4 supply divided by the rate of O2 release, is shown in Figure 4.9. The CH4/O2 ratio 

indicates which products are thermodynamically favored at the exit of the bed. For 

CH4/O2 =2 at 1173 K and 1273 K, chemical thermodynamics predicts methane 

conversion and syngas selectivity greater than 97%. For deviations from CH4/O2 = 2, the 

equilibrium products contain solid carbon (CH4/O2>2) or significant quantities of water 

and carbon dioxide (CH4/O2<2).  

Methane conversion (Figure 4.6) increases with decreasing methane flow rate and 

increasing temperature. The highest methane conversion is attained at 1273 K with 

1 mL min
-1

 g
-1

 CH4. The instantaneous methane conversion is greater than 50% for 

 

Figure 4.6. Methane conversion for 1 mm (dashed curves) and 5 mm (solid curves) 

particles for 1173 K (left) and 1273 K (right). Curves are labeled with the supply flow 

rate of methane. 
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reduction up to 𝛿=0.075, i.e. for the entire 480s reduction reaction. Methane conversion 

is higher at 1273 K than 1173 K at each flow rate because faster rates of oxygen release 

provide lower CH4/O2 ratios. For both particle sizes and temperatures and all flow rates, 

the methane conversion is highest at the onset of reduction and decreases as the bed-

averaged nonstoichiometry increases. The conversion is nearly constant for 〈𝛿〉>0.01 

at 1173 K. At 1273 K, conversion is nearly constant for 〈𝛿〉>0.03 for flow rates of 5, 10, 

and 15 mL min
-1

 g
-1

 CH4. The 1 mm (dashed curves) and 5 mm (solid curves) particles 

yield nearly the same conversion. This result suggests that methane conversion is not 

limited by intraparticle heat and mass transport.  

The selectivities toward hydrogen (Figure 4.7) and carbon monoxide (Figure 4.8) 

exhibit a strong dependence on bed-averaged nonstoichiometry and temperature. For 

example, selectivity increases from 0% at δ=0 to 68% for H2 and 62% for CO at δ=0.07 

for reduction in 1mL min
-1

 g
-1

 CH4 at 1273 K. Selectivities exceed 75% at δ>0.1 for 

higher flow rates. This large increase in selectivity with increasing nonstoichiometry up 

to δ=0.1 is consistent with chemical equilibrium predictions [35]. Also consistent with 

equilibrium trends, selectivities are higher at 1173 K than 1273 K at equivalent 

nonstoichiometries. Selectivities of hydrogen and carbon monoxide generally increase 

with increasing methane flow rate. The hydrogen selectivity for reduction at 1273 K in 1 

and 2.5 mL min
-1

 g
-1

 CH4 departs from this trend as nonstoichiometry increases, possibly 

due to additional hydrogen production by methane cracking. Selectivity exhibits no 

significant dependence on particle size. 
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Figure 4.7. Hydrogen selectivity for the methane-ceria reaction at 1173 K (left) 

and 1273 K (right). The arrow indicates the direction of increasing supply flow rate of 

methane. 

 

 

Figure 4.8. Carbon monoxide selectivity at 1173 K (left) and 1273 K (right). The arrow 

indicates the direction of increasing supply flow rate of methane. 

 

The CH4/O2 ratio is shown in Figure 4.9 as a function of the average 

nonstoichiometry in the bed. To convert methane completely and obtain high selectivity 

toward syngas, the ratio of methane to oxygen must match the stoichiometry of reaction 

R1, i.e. CH4/O2=2. For all flow rates and both temperatures the minimum CH4/O2 ratio is 

0.5 at the onset of reduction because the production of H2O and CO2 precedes the 
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production of syngas. The CH4/O2 ratio increases with increasing nonstoichiometry as the 

rate of oxygen release decreases. Decreasing the methane flow rate or increasing the 

temperature results in lower CH4/O2 ratios at a given nonstoichiometry. 

 

 

Figure 4.9. CH4/O2 ratios at 1173 K (left) and 1273 K (right). Curves are labeled with the 

supply flow rate of methane. The vertical scale is selected to aid in the interpretation of 

the data and depends on temperature. 

 

In the limit of infinitely fast transport and kinetics, we would expect an equilibrium 

product composition and the CH4/O2 ratio alone would determine the product mixture. 

The bed-averaged nonstoichiometry at which CH4/O2=2 and the corresponding methane 

conversion and syngas selectivities are listed in Table 4.2. The measured methane 

conversion and syngas selectivity are lower than predicted by chemical equilibrium 

(>97%) for CH4/O2=2. Methane conversion is the same (26-27%) for all flow rates at 

CH4/O2=2 and 1173 K, but increases from near 30% to 51% as the flow rate is decreased 

at 1273 K. As the methane flow rate is decreased, both the nonstoichiometry at which 

CH4/O2 =2 and the selectivities increase. For a decrease in methane flow rate from 15 to 1 
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mL min
-1

 g
-1 

at 1273 K, the nonstoichiometry increases from 0.004 to 0.076 and 

selectivities increase from 14% to 70% (H2) and 15% to 63% (CO).  

Table 4.2. Nonstoichiometry, methane conversion, and syngas selectivity at which 

CH4/O2 = 2 for reduction of 5 mm particles at 1173 and 1273 K. 

 

Methane 

Flow Rate 

Bed-averaged 

Nonstoichiometry 

Methane 

Conversion 

Hydrogen 

Selectivity 

Carbon 

Monoxide 

Selectivity 

 

 vCH4

′  〈δ〉2:1 XCH4
 SH2

 SCO  

  1173 K  

 1 0.008 27% 14% 11%  

 2.5 0.005 26% 6% 8%  

 5 0.003 26% 6% 5%  

 10 0.001 26% 5% 4%  

 15 0.001 27% 4% 3%  

  1273 K  

 1 0.076 51% 70% 63%  

 2.5 0.051 38% 44% 49%  

 5 0.021 31% 24% 26%  

 10 0.008 28% 18% 15%  

 15 0.004 30% 14% 15%  

 

4.4.2 Oxidation 

Figure 4.10 shows conversion of carbon dioxide versus nonstoichiometry at 1173 and 

1273 K. The flow rate of methane during reduction is indicated on each curve. The 

oxidizer flow rate is 10 ml min
-1

 g
-1

. The initial nonstoichiometry of the bed increases 

with increasing temperature and methane flow rate. The fact that the curves do not 

collapse indicates that the nonstoichiometry is not uniform in the bed after reduction. In 

this case, the oxidizer conversion depends on the spatial distribution of the 

nonstoichiometry. Though conversion is always higher at 1273 K, the trends are the same 

at both temperatures. For brevity, quantities are given only for oxidation at 1273 K in the 

following discussion. For oxidation following reduction with 15 ml min
-1

 g
-1 

CH4, the 
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oxidizer is almost completely converted to fuel, XCO2
 = 0.96, for 〈δ〉>0.06. Following 

reduction with 1 ml min
-1

 g
-1 

CH4, the conversion reaches only 0.72. Consistent with the 

observation for reduction, the particle size has negligible impact on oxidizer conversion 

for 〈𝛿〉>0.05. The oxidizer conversion decreases as the nonstoichiometry decreases below 

〈𝛿〉=0.05 for the 5 mm particles, consistent with chemical thermodynamic predictions for 

oxidizer conversion. The decrease in oxidizer conversion for 1 mm particles occurs at 

slightly lower nonstoichiometry, 〈𝛿〉 ≈0.03, providing enhanced oxidizer conversion over 

a small nonstoichiometry range. 

 

 

Figure 4.10. Carbon dioxide conversion for oxidation in 10 mL min
-1

 g
-1

 CO2 at 1173 K 

(left) and 1273 K (right). Curves are labeled with the supply flow rate of methane during 

reduction. Conversion during oxidation is expressed versus 2-〈δ〉 to preserve the direction 

of time progression from left to right. 

 

4.4.3 Projected Solar-to-fuel Efficiency  

Figure 4.11 shows the projected solar-to-fuel thermal efficiency based on the 

measured methane conversion, syngas selectivity, and oxidizer conversion. The 

efficiency is plotted versus the methane flow rate for 1173 and 1273 K and both particle  
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sizes. Table 4.3 summarizes the cycle-averaged conversions and selectivities at 1273 K 

measured for 5 mm particles to show competing trends of conversion and selectivity with 

increasing methane flow rate. Within the size range considered, particle size has 

negligible impact. Operation at the 1273 K yields higher efficiency than at 1173 K, as 

anticipated from the observed higher conversion of both methane and oxidizer at 1273 K. 

The increased cycle-averaged selectivities at 1273 K compared to 1173 K, which also 

contribute to higher efficiency, are attributed to reducing to larger nonstoichiometries. 

The highest efficiency at 1173 K is 15% for reduction in 2.5 mL min
-1

 g
-1

 CH4. The 

highest projected efficiency at 1273 K is 27% for reduction in 5 mL min
-1

 g
-1

 CH4. For 

this condition, the methane conversion is 25%, selectivities are 62% (H2) and 66% (CO), 

and the oxidizer conversion is 84%. Syngas selectivity and oxidizer conversion are higher 

for higher methane flow rates, but the efficiency is lower because of lower methane 

conversion. Conversely, methane conversion is higher at lower methane flow rates, but 

the projected efficiency is lower due to lower syngas selectivity and oxidizer conversion. 

 

Figure 4.11. Efficiency as a function of methane flow rate for measured conversions and 

selectivities at 1173 K (circles) and at 1273 K (squares) with 5 mm (open symbols) and 

1 mm (filled symbols) particles. 



 

88 

As shown in Table 4.3, methane conversion increases from 13% for reduction in 15 

mL min
-1

 g
-1

 to 60% in 1 mL min
-1

 g
-1

. For the same change in methane flow rate, the 

cycle-averaged selectivities decrease from 78% to 39% (CO) and 77% to 40% (H2) and 

the oxidizer conversion decreases from 93% to 48%.  

  

Table 4.3. Conversion, selectivity and efficiency for cycles at 1173 and 1273 K with 

5 mm particles. 

Methane 

Flow Rate 
Methane 

Conversion 

Hydrogen 

Selectivity 

Carbon 

Monoxide 

Selectivity 

Oxidizer 

Conversion Efficiency 

vCH4

′  

[mL min
-1

 g
-1

] 

XCH4
 

[%] 

SH2
 

[%] 
SCO 
[%] 

XCO2
 

[%] 
η 

[%] 

 1173 K 

1 20 36 37 31 14 

2.5 11 47 47 40 15 

5 7 56 53 50 13 

10 4 68 59 57 10 

15 2 78 59 49 7 

 1273 K 

1 60 40 39 48 19 

2.5 37 56 54 56 22 

5 25 62 66 84 27 

10 17 71 74 90 25 

15 13 77 78 93 23 

4.5 Conclusions 

This study explores a process to produce syngas using concentrated solar energy as 

the source of heat. The process couples the partial oxidation of methane and the cerium 

dioxide (ceria) redox cycle for water or CO2 splitting. As presented by Krenzke and 

Davidson in a prior thermodynamic analysis, the coupled process offers substantial 

benefits compared to the solar thermochemical ceria redox cycle, which has been the 

focus of recent efforts to split water and carbon dioxide [35]. Assuming an equilibrium 
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model for the chemical reactions, the solar to fuel efficiency for operating at 1223 K 

could reach 40%. The present study moves beyond the theoretical thermodynamic 

projection of efficiency to more realistic projections based on measured reaction products 

for cycling in a fixed bed reactor. The conversion of methane, selectivity toward syngas, 

and oxidizer conversion are the key metrics impacting efficiency. 

A parametric study of the impact of temperature and methane flow rate on conversion 

and selectivities of partial oxidation of methane and CO2 splitting over a bed of 1-5 mm 

porous ceria particles heated in an electric furnace is presented for cycling at 1173 and 

1273 K. Within the considered size range, particle size is found to have negligible impact 

on conversion, selectivity, and efficiency. Increasing the temperature from 1173 

to 1273 K increases the conversion of methane and oxidizer, while maintaining or 

improving the cycle-averaged selectivity toward syngas. Operation at 1373 K leads to 

methane cracking, indicating that 1273 K is near the upper limit on operating temperature 

for the cycle. 

The cycle-averaged conversion of methane is increased from 13% to 60% by 

decreasing the methane flow rate from 15 mL min
-1

 g
-1

 to 1 mL min
-1

 g
-1 

at 1273 K. The 

increase in methane conversion is attributed to more favorable CH4/O2 ratios attained by 

closer matching of the rate of methane supply to the rate of oxygen release. However, the 

improvement in methane conversion with decreasing methane flow rate is accompanied 

by a decrease in syngas selectivities from 77% to 40% and in the conversion of carbon 

dioxide from 93% to 48%. This is the first time the trade-off between achieving high 

methane conversion and high oxidizer conversion has been observed for the cycle. 

Temporal trends in conversion and selectivity are attributed to changes in the bed-
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averaged nonstoichiometry. Both syngas selectivity and oxidizer conversion increase 

with increasing nonstoichiometry. 

The sensitivity of efficiency to methane flow rate reflects the compromise between 

achieving high cycle-averaged methane conversion or high syngas selectivity and 

oxidizer conversion. The projected solar-to-fuel thermal efficiency based on the 

measured reaction products reaches 27% for cycling at 1273 K with reduction in methane 

at 5 mL min
-1

 g
-1

 and oxidation by CO2 at a flow rate of in 10 mL min
-1

 g
-1

. It may be 

possible to improve efficiency by capitalizing on the observed dependence of selectivity 

and oxidizer conversion on nonstoichiometry. Even without improvement, the measured 

performance demonstrates the potential of the partial oxidation of methane-ceria redox 

cycle to produce syngas efficiently using concentrated solar energy. 
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Chapter 5 

Summary and Conclusions  

Solar thermochemical production of synthesis gas is an attractive pathway for obtaining 

sustainable transportation fuels because of the scale of the solar resource and the potential 

for ongoing use of existing infrastructure. Ultimately, the success of processes for 

converting solar energy into chemical form hinges on efficiency. To be commercially 

viable, the solar-to-fuel efficiency must exceed a minimum of 20% [86]. 

The thermodynamic analyses developed in this dissertation are applied to predict the 

efficiency of splitting water and carbon dioxide to produce synthesis gas via the ceria 

redox cycle. The analyses consider two options for maintaining a low oxygen partial 

pressure during reduction: using nitrogen as an inert sweep gas or coupling ceria 

reduction to the partial oxidation of methane. The analysis of the sweep gas option is the 

first to compare the predictions of the mixed and countercurrent flow models, which 

provide vastly different results. The analysis of the partial oxidation of methane provides 

the first solar-to-fuel efficiency predictions for the partial oxidation of methane-ceria 

redox cycle. Both analyses evaluate the amount of unreacted oxidizer for varied oxidation 

nonstoichiometries under the assumption of mixed flow, which had not been considered 

in prior work. 

A parametric experimental study was conducted to determine the impact of methane 

flow rate and temperature on methane conversion, syngas selectivity, and oxidizer 

conversion for the partial oxidation of methane-ceria redox cycle. The study was the first 

to project efficiencies for the cycle using measured cycling data. It also represents the 
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first evaluation of the reduction of ceria in methane and its subsequent oxidation by 

carbon dioxide at temperatures above 1123 K.  

Ceria Redox Cycle Thermodynamics: Inert-Swept Reduction 

A system model was developed to evaluate the heat and work requirements for a 

representative solar reactor operating the ceria redox cycle. The treatment of work 

requirements is more realistic compared to existing thermodynamic analyses in the 

literature. The system models commercial processes for producing nitrogen of various 

purities from air, for pumping process gases, and for extracting fuel from the oxidation 

products. Similar to prior thermodynamic analyses, the system energy balance accounts 

for heat recovery from the process gases and from the ceria as it undergoes a temperature 

swing between reduction and oxidation.  

Chemical equilibrium is employed in the context of the mixed and countercurrent flow 

models to predict the composition of product gases and the demand for feed gases. 

Because fewer equilibrium constraints are enforced by the mixed flow model, 

equilibrium oxygen partial pressures for reduction and oxidation nonstoichiometries are 

varied between physical bounds and results are reported for conditions providing the 

optimal efficiency. The oxidation temperature and the choice of flow model are key 

factors affecting the sweep gas and stoichiometric oxidizer ratios and efficiency 

predictions. Lowering the oxidation temperature improves gas utilization for both 

models. The stoichiometric oxidizer and sweep gas ratios predicted by the mixed flow 

model decrease from more than 100 and 200 at 1573 K to 22 and 31, respectively, at 

1073 K. The predicted gas ratios are significantly lower under the assumption of 
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countercurrent flow. The stoichiometric oxidizer ratio ranges from 26 for isothermal 

cycling to near one for oxidation at 1073 K. The countercurrent flow model predicts that 

no sweep gas is needed for temperature swings greater than 200 K.  

Regardless of the flow model, the efficiency of the isothermal ceria cycle at 1773 K 

with reduction of ceria in sweep gas is shown to be limited to below 2%. Under the 

assumption of mixed flow, the efficiency may be increased to 11% by enacting a 

temperature swing of 700 K between reactions and implementing effective heat recovery 

from the solid (75%) and gases (80%). A key finding is that the countercurrent flow 

model, though prevalent in the literature, provides unattainable predictions of gas 

utilization and efficiency. Nonetheless, predictions with the countercurrent model suggest 

the possibility of exceeding 20% efficiency with the ceria cycle by implementing a 

temperature swing and effective heat recovery along with a favorable flow configuration. 

Partial Oxidation of Methane-Ceria Redox Cycle 

A similar thermodynamic model was developed to predict the efficiency of solar fuel 

production when the partial oxidation of methane is coupled to the reduction step of the 

ceria redox cycle. Chemical equilibrium is applied in the context of the mixed flow 

model to predict gas requirements. Equilibrium predicts syngas with H2/CO=2 is 

produced by complete conversion of methane in the ceria reduction reaction. The hybrid 

cycle is shown to enable 40% solar-to-fuel efficiency for isothermal operation at 1223 K 

without heat recovery as a consequence of altered thermodynamics when methane is 

introduced to the reduction reaction. Along with higher efficiency, the thermodynamic 
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analysis predicts nearly complete conversion of oxidizer to fuel if ceria is not completely 

oxidized, i.e. 𝜙=1.1 for 𝛿𝑜𝑥=0.1 at 1223 K. 

A parametric experimental study was conducted to determine the influence of methane 

flow rate and cycling temperature on the conversion of methane, selectivity toward 

syngas, and oxidizer conversion in a fixed bed reactor. With the exception of 

instantaneous selectivity as a function of nonstoichiometry, operation at 1273 K yields 

better performance than 1173 K. The observation of immediate carbon deposition during 

attempted cycling at 1373 K suggests that 1273 K is near a practical upper limit on 

operating temperature. The study demonstrates decreasing the flow rate of methane 

increases its cycle-averaged conversion, i.e. from 13% with 15 mL min
-1

 g
-1

 to 60% with 

1 mL min
-1

 g
-1 

at 1273 K. For the same decrease in flow rate cycle-averaged syngas 

selectivity decreases from 77% to 40% and oxidizer conversion decreases from 93% to 

48%. Of the evaluated conditions, the projected efficiency reaches a maximum of 27% 

for cycling at 1273 K with reduction in 5 mL min
-1

 g
-1

 CH4 and oxidation in 

10 mL min
-1

 g
-1

 CO2. This result proves the potential of the partial oxidation of methane-

ceria redox cycle to produce syngas using concentrated sunlight with commercially 

attractive efficiency. The efficiency could be improved by capitalizing on the observation 

that high nonstoichiometries favor high syngas selectivity and oxidizer conversion. 

Future Work 

The high efficiencies projected for the partial oxidation of methane-ceria redox cycle 

under the assumption of chemical equilibrium and for experimentally measured cycle 
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products demonstrate its promise for producing solar fuels and provide compelling 

motivation for further investigation.  

The experimental study uncovered an important tradeoff, namely that decreasing the 

methane flow rate improved (increased) the conversion of methane, but led to decreased 

conversion of oxidizer in the subsequent carbon dioxide splitting reaction. The 

hypothesized cause is the development of a nonstoichiometry gradient in the bed, which 

is unfavorable for carbon dioxide splitting. A better understanding of distributions of 

nonstoichiometry within the bed may facilitate improvements to cycle performance. A 

multi-physics model of the system could be used to resolve distributions of 

nonstoichiometry, species concentrations, and temperature. Bala Chandran developed a 

computational model to describe the heat and mass transport in a solar reactor operating 

the isothermal ceria redox cycle with inert-swept reduction [92]. Extension of the model 

to the hybridized system would require developing suitable kinetic expressions for the 

chemical reactions. With proper modifications, the model might be used to explore 

options for improving the cycle efficiency such as by varying reaction durations or by 

altering the geometry of the fixed bed. 

One primary goal of the experimental study in Chapter 4 was to identify the impact of 

the methane flow rate on the conversion of methane, selectivity toward synthesis gas, and 

conversion of carbon dioxide to carbon monoxide. To isolate the impact of methane flow 

rate, it was necessary to carry out the oxidation reaction to near equilibrium prior to each 

reduction reaction. To maximize the projected efficiency for the cycle, one would prefer 

not to oxidize to equilibrium. If complete oxidation of the ceria is avoided, it is 

anticipated that the oxidizer conversion and selectivity toward synthesis gas could be 
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substantially improved. This hypothesis could be tested experimentally with minor 

modifications to the procedure described in Chapter 4. 

Lower temperature operation was found to promote higher selectivity toward syngas at 

a given nonstoichiometry, but at the expense of lower methane conversion.  Operating at 

lower temperature is also thermodynamically favorable for high conversion of oxidizer, 

provided that the reduction nonstoichiometry is large enough.  Operating the cycle at 

lower temperature with ceria morphologies having higher surface area could improve the 

conversion of methane by enabling higher oxygen release rates at lower temperature and 

is worth experimental investigation. 

Additional experimental study would be valuable to identify whether the same tradeoff 

in achieving high methane or high oxidizer conversion applies to cycling if mixed ceria-

ferrite or ceria-zirconia metal oxides are used as the redox material. Higher methane 

conversion and selectivity have been demonstrated for the partial oxidation of methane 

over Ce0.5Fe0.5O2, but the conversion of oxidizer to fuel following the reduction reaction 

has not been reported [40]. 
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