
 

 

 

 

 
 

A Novel Solar-Driven System for  

Two-Step Conversion of CO2 with  

Ceria-Based Catalysts 
 

Bo Wei 

 

 

Doctoral Thesis 2014 

 

Division of Heat and Power Technology 

School of Industrial Engineering and Management (ITM) 

KTH – Royal Institute of Technology 

SE-100 44 Stockholm  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Printed in Sweden 

Universiteteservice US_AB 

Stockholm, 2014 

 

ISBN 978-91-7595-285-7 

Trita KRV Report 14/05 

ISSN 1100-7990 

ISRN KTH/KRV/14/05-SE 

© Bo Wei, 2014



Doctoral thesis_ A novel solar-driven system for two-step conversion of CO2 with ceria-based catalysts 

 

i 

 

Abstract 
 

 

Global warming is an unequivocal fact proved by the persistent rise of the 
average temperature of the earth. IPCC reported that scientists were more 
than 90 % certain that most of the global warming was caused by 
increasing concentrations of greenhouse gases (GHG) produced by human 
activities. One alternative to combat the GHG is to explore technologies for 
utilizing CO2 already generated by current energy systems and develop 
methods to convert CO2 into useful combustible gases.  

Two-step conversion of CO2 with catalysts is one of the most promising 
methods. Ceria (CeO2) is chosen as the main catalyst for this conversion in 
the thesis. It releases O2 when it is reduced in a heating process, and then 
absorbs O2 from CO2 to produce CO when it is re-oxidized in a cooling 
process.  

To make the conversion economic, solar power is employed to drive the 
conversion system. In this thesis, a flexible system with fluidized bed 
reactors (FBRs) is introduced.  

The thermogravimetric analysis (TGA) was carried out to examine the 
performance of ceria during its reduction and oxidation. Subsequently, the 
exergy analysis was used to evaluate the system’s capability on exporting 
work. The theoretical fuel to chemical efficiency varied from 4.85 % to 
43.2 % for CO2 conversions. 

To investigate the operation mechanism of the system, a mathematical 
model was built up for the dynamic simulation of the system. Variables 
such as temperatures and efficiencies were calculated and recorded for 
different cases. The optimum working condition was found out to be at 
1300 ⁰C for the commercial type of ceria. 
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Finally, an experimental system was set up. The hydrodynamics and heat 
transfer in the fluidized bed reactor were studied. A CFD model was built 
up and validated with the experimental trials around 120 ⁰C. The model 
was then used as a reliable tool for the optimization of the reactor.  

The entire work in the thesis follows the procedure of developing an 
engineering system. It forms a solid basis for further improvements of the 
system to recycle CO2.  

 

Key words:  CO2 conversion; solar; ceria; thermogravimetric test; exergy 
analysis; simulink; fluidized bed; gas-solid flow; simulation 
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Sammanfattning 
 

 

Den globala uppvärmningen är ett otvetydigt faktum bevisas av den 
ihållande ökningen av medeltemperaturen på jorden. IPCC rapporterade att 
forskarna var mer än 90 % säker på att de flesta av den globala 
uppvärmningen orsakades av ökande koncentrationer av växthusgaser 
(GHG) som produceras av mänskliga aktiviteter. Ett alternativ för att 
bekämpa växthusgaser är att undersöka teknik för att utnyttja CO2 från den 
löpande energisystem och utveckla metoder för att omvandla CO2 till 
användbara brännbara gaser. 

Tvåstegs omvandling av CO2 med katalysatorer är en av de mest lovande 
metoderna. Ceria (CeO2) väljs som den viktigaste katalysatorn för denna 
omvandling i avhandlingen. Det frigör O2 när den reduceras i en 
värmeprocess, och sedan absorberar O2 från CO2 för att producera 
koldioxid när den återoxideras i en kylningsprocess. 

För att göra konverteringen ekonomiskt, är solenergi används för att driva 
omvandlingssystemet. I denna avhandling är ett flexibelt system med 
fluidiserad bädd (FBRs) infördes. 

Den termogravimetriska analysen (TGA) genomfördes för att undersöka 
prestanda för ceriumoxid under dess reduktion och oxidation. Därefter var 
det exergi analys används för att utvärdera systemets förmåga att exportera 
arbete. Den teoretiska bränsle-till-kemisk effektivitet varierade från 4.85 % 
till 43.2 % för CO2 omvandling. 

För att undersöka manövreringsmekanismen i systemet, var en matematisk 
modell som byggts upp för dynamisk simulering av systemet. Variabler 
såsom temperaturer och effektivitet beräknades och registreras för olika 
fall. Den optimala arbetsförhållande befanns vara vid 1300 ⁰C för den 
kommersiella typen av ceriumoxid. 
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Slutligen gjordes ett experimentellt system konstruerat. Den hydrodynamik 
och värmeöverföring i den fluidiserade bäddreaktorn studerades. En CFD-
modell byggdes upp och validerats med de experimentella studierna kring 
120 ⁰C. Modellen användes sedan som ett pålitligt verktyg för optimering 
av reaktorn. 

Hela arbetet i avhandlingen följer proceduren för att utveckla ett tekniskt 
system. Den bildar en solid grund för ytterligare förbättringar av systemet 
för att återvinna CO2. 

 

Nyckelord: CO2 omvandling; sol; ceriumoxid; termogravimetrisk test; 
exergi analys; simulink; fluidiserad bädd; tvåfasflöde; simulering 
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Preface 
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Thesis outline 

 

This work focuses on the two-step conversion of CO2 over ceria in a novel 
solar-driven system utilizing fluidized bed reactors. The thesis consists of 
the following chapters according to procedures for developing a system: 
feasibility study, performance evaluation, operational mechanism analysis, 
and core-components design. 

Chapter 1 states the background and the objectives of the work, as well as 
the outline and the structure of the thesis. 

Chapter 2 reviews the state-of-the-art research on various aspects of CO2 
conversion method, and then concentrates on details related to the system in 
the thesis. 

Chapter 3 introduces the solar-driven system with fluidized beds for two-
step conversion of CO2, the thermogravimetric analysis of ceria, and the 
availability of high-temperature solar receivers. 

Chapter 4 evaluates the capability of the system to export work. The 
evaluation is based on the exergy analysis by Second Law of 
Thermodynamics. 

Chapter 5 uses dynamic simulation to study the system and identify the 
optimum working condition with mathematical models in Matlab/Simulink. 

Chapter 6 presents the details of the experimental system. 

Chapter 7 deals with the CFD simulation and validation of the reactor with 
low temperature experimental results. 

Chapter 8 provides the summary and conclusions of the work. 

Chapter 9 discusses the future work on the topic.   
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Ceria  CeO2, cerium oxide 

FBR  Fluidized bed reactor(s) 

FVN  Frictional viscosity set as “None”  

FVS  Frictional viscosity by Schaeffer model 

GTAE  Granular temperature by algebraic equation 

GTC m2/s2 Granular temperature by the constant of 1e-05  
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Redox  Reduction and oxidation 

TGA  Thermogravimetric analysis 

TPR  Temperature-programmed reduction 

 

Symbols 

Ar  Archimedes number 

As m2
 Surface area of all particles 

Asp m2/g Specific surface area of the particles 
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C  Concentration ratio 

Cd  Drag coefficient 

Cg J/kg·K Specific heat capacity of gas 

Cp J/kg·K  Specific heat capacity of particles 

dp m Diameter of particles 

es  Restitution coefficient 

fgp  Interaction force 

Fgp N Drag force 

h W/m2·K Heat transfer coefficient 

H  m Transient height of the fluidized bed 

H0 m The initial height of the fluidized bed 

I W/m2 The direct solar incidence 

I2D  Second invariant of the deviatoric stress tensor 

Irrc  Irreversibility in the cooling process 

Irroxd  Irreversibility in the FBR oxidation process 

Irrrec  Irreversibility in the solar receiver 

Irrred  Irreversibility in the FBR reduction process 

kg J/m·K The thermal conductivity of the gas 

kp J/m·K  The thermal conductivity of the particles 

kΘ  Diffusion coefficient of the granular energy 

n  Mole number of N2 flow 
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Nu  Nusselt number 

pp  Solids pressure 

Pr  Prandtl number 

qc W Loss of heat power in the cooling process 

qfc W Loss of heat power from the fuel cell 

qls W Power of solar re-radiation from the receiver 

qN2 W Power of qN2 absorbed by N2 

qoxd W Loss of heat power in FBR oxidation process 

qs W Solar power into the receiver 

qr W Heat power absorbed by ceria particles 

qs W Solar power incidence into the receiver 

qsr W Reduced solar power input into the receiver 

qw W Loss of heat power taken by N2 in FBR reduction 

QCO J Heating value produced by CO 

Qg J Heat released from N2 

Qgr J Heat absorbed by N2 in the solar receiver 

Qh J Heat transfer between two phases 

Qp J Heat absorbed by the particles 

Re  Reynolds number 

t s Physical time  

T0 K Ambient temperature 
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Tg K Temperature of gas 

Tg0 K Temperature of gas entering receiver 

Tp K Temperature of particles 

Tp0 K Initial temperature of ceria particles 

Trec K Operation temperature in the receiver 

Ttt K Target temperature of the heating 

Ug m/s Velocity of gas 

Umf m/s  Minimum fluidization velocity 

Up m/s  Velocity of particles 

Ut m/s  Terminal velocity 

Wfc  W Work output by the fuel cell 

ΔG kJ/mol Change of Gibbs free energy  

ΔH  kJ/mol Enthalpy change 

Δp Pa Pressure drop 

ΔS kJ/mol Entropy change 

 

Greek symbols 

αg  Volume fraction of gas 

αp  Volume fraction of particles 

γΘ   Collision dissipation of energy 

ε   Transient porosity of the fluidized bed 
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ε0  Initial porosity of the bed 

ηcy1, ηcy2  Collection efficiencies 

ηh-f  Heat-to-fuel fuel efficiency 

ηr  Efficiency of the reactor 

ηrec  Efficiency of receiver 

ηsc  Efficiency of solar concentrator 

ηs-f  Solar to fuel efficiency 

ηtol  Total energy efficiency from solar to particles 

Θ  Granular temperature 
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Subscriptions 
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1 Introduction 
 

 

1.1 Backgrounds 

The world primary energy demand was about 12730 Mtoe (Million tonnes 
of oil equivalent) in 2010, and it is believe to increase to 14922 Mtoe in 
2020 according to the current global consumption pattern  [1]. It is clear 
that the energy demand will grow steadily in the near future; e.g., the daily 
demand on oil is estimated to increase from 87.4 to 96.0 mb/d (Million 
barrels per day) from 2011 to 2020. Today, more than 81 % of the world 
energy demand was met by fossil fuels in 2010.  

A threatening sequel from utilization of fossil fuels is the environmental 
consequences such as CO2 emission with huge effect on global temperature. 
The global CO2 emission from fossil fuels was 31.6 Gt (Giga tonnes) in 
2011, an increase with 3.2 % compared to CO2 emission in 2010 [2], [3]. 
The global CO2 emission from fossil fuels accounted for 65 % of the entire 
anthropogenic greenhouse gas emissions. 

The increase in living standard and the inevitable energy demand represents 
the inherited conflict and force the society to explore alternative sources of 
energy and fuels and CO2 emission control. Carbon capture and 
sequestration (CCS) may become an impotent tool in CO2 emission control. 
General technologies have been reviewed in many articles [4]–[7]; 
Furthermore, reviews have also been carried out in specific applications  
such as energy utilization, efficiencies, emission analysis, etc. [8]–[20]. 
These applications are mainly used in power generation and steel industry. 
The policies of CO2 trading and the effect of firm profits and market prices 
were also analyzed [21].  

Sequestration of CO2 refers to the actions of injecting and depositing CO2 
into deep oceans or in the earth shells. This method has already been 
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proved feasible and implemented in some countries. It can successfully 
store a considerable amount of CO2; moreover, injection of CO2 into earth 
shells in oil/gas reservoirs may be utilized to enhance the pressure in the 
wells and improve the production rate.  

Nevertheless CCS technology has limitations in application. The costs for 
the long-distance transportation, and deposition of CO2 are high; the 
deposition of CO2 is associated with the risk of abrupt release, which is 
dangerous for marine or terrestrial life; the water quality around the deposit 
sites is also an important issue.  

The other way for treating of CO2 after the capture processes is CO2 
conversion. Carbon dioxide conversion to combustible gaseous components 
requires high energy density. Solar energy is undoubtedly the biggest 
available renewable energy resource. However, there are major 
disadvantages averting the extensive production of solar energy: it is dilute, 
intermittent and unequally distributed; current solar systems for CO2 
conversion are associated with problems. 

 

1.2 Aim 

This thesis is developed upon the proposal that a solar-driven conversion 
system utilizing CO2 as feed and separated fluidized catalytic bed reactors 
can be used for the two-step conversion of CO2 into syngas. The catalyst in 
question is ceria. The sub-objectives associated with this work are: 

− Importance of the two-step conversion of CO2? 
− Ceria as the base catalyst and its capability of CO2 conversion   
− The advantages of the proposed system compared with other 

systems? The capability of the proposed system for transforming 
solar power to combustible fuels  

− Analysis of operation mechanism  
− Design process a of fluidized bed reactor 

With the attempt of developing such a system from conception to a 
platform, the issues above are discussed sequentially in the thesis. Thus, the 
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background review, the feasibility verification, the system evaluation, the 
dynamic simulation, and reactor design are performed and demonstrated in 
the thesis in context of the abovementioned issues. 

 

1.3 Motivations 

During the last decade, various methods of CO2 control and conversions 
have been proposed and investigated. The two-step conversion of CO2 with 
metal catalysts appears to be the most promising one. However, popular 
catalysts like ZnO or Fe3O4 used in this context have many limitations. 
These catalysts experience phase changes during reductions process. In 
current solar-driven systems, reactors are integrated with the receivers. The 
tuning between solar concentrators and solar receivers is then limited. 
Derived from the limitation, the primary task is to choose a proper catalyst, 
and then develop an appropriate system. Subsequently, a series of tasks 
emerge: the system’s performance; the mechanism of the operations; and 
the fluidized bed reactors design.  

As responses to motivations, a novel solar-driven system is proposed for 
the two-step conversion of CO2 with ceria. Thermogravimetric analysis of 
ceria and study of high-temperature solar receiver are carried out to verify 
the feasibility of the system. Exergy analysis is performed to identify the 
system performance. Dynamic simulation is carried out to study the 
operation mechanism of the system.  Experimental and numerical studies of 
a fluidized bed reactor are carried out to provide an optimized reactor for 
the system.  

 

1.4 Objectives 

The overall objective of the work is to introduce a catalytic solar-driven 
system for two-step conversion of CO2 assisted by the particular catalyst 
ceria. The system employs a fluidized bed as the core reactor. Those 
objectives are listed as: 
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− Analyze the technologies related to the two-step conversion of 
CO2. 

− Propose a suitable system for two-step conversion of CO2.  
− Verify the feasibility of high temperature solar receivers and the 

performance of ceria for the two-step conversion method. 
− Evaluate the capability of the proposed system for transforming 

solar energy to fuels. 
− Demonstrate the mechanism of the operations in the system. 
− Provide mature design of the fluidized bed reactors for the system. 

 

Figure 1.1 Flow chart for developing a system proposed in the thesis 
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The flow chart for developing the proposed system is shown in Figure 1.1. 
The forgoing objectives are embedded into the processes in the flow chart. 
By analyzing the aspects associated with the proposed system, it could be 
proven as suitable for the mission of CO2 control and conversion.  

 

1.5 Methodology and scope 

The objectives in Section 1.4 are divided into four parts: 

− Part 1: The investigation and selection of different methods and 
catalytic cycles for CO2 conversion are carried out through a 
comprehensive literature survey. The study of properties of ceria 
during the redox cycle is performed by thermogravimetric analysis.  

− Part 2: The evaluation of the system on the capacity of 
transforming solar energy to fuels is accomplished by exergy 
analysis based on the Second Law of Thermodynamics.  

− Part 3: The investigation of the operation mechanism of the system 
is achieved by dynamic simulation method.  

− Part 4: The design of the fluidized bed reactor is carried out by 
experimental tests and CFD simulations.  

The papers corresponding to the research contents of the thesis are listed in 
Table 1.1: 

 

Table 1.1 The correspondence between papers and research contents of the thesis 

Papers Parts of the research 

I, II Part 1 

IV Part 2 

III Part 3 
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V Part 4 
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2 Carbon dioxide conversions 
 

 

2.1 Carbon dioxide Conversion methods 

Carbon dioxide conversion methods are discussed in this section. Carbon 
dioxide conversion methods were reviewed by G. Centi and S. Perathoner 
in 2009 [22].  They concluded that the area of carbon dioxide conversion to 
fuels and chemicals is a very attractive sector for research. They also 
predicted that this research represents a challenging possibility for 
companies to develop complementary strategies to CCS to reduce 
greenhouse gas emissions. 

Carbon dioxide conversion is classified as a chemical conversion process. 
The advantage of CO2 conversions compared to sequestration methods is 
the end products. The CO2 conversions result in valuable products such as 
CO and hydrocarbons. These products can be used as fuels or raw materials 
of organic chemicals. The main methods of CO2 conversions are: electro-
chemical, photo-electro-chemical, and thermochemical conversions, as well 
as hydrogenation.  

The hydrogenation process reduces CO2 into CO by hydrogen [23]–[29] or 
hydrocarbons [30], [31]. Methane is a typical reactant among the 
hydrocarbons. The reaction between CO2 and methane produces CO and 
H2, which can further be synthesized into syngas or hydrocarbons with an 
increased carbon/hydrogen ratio. The factor constraining this method is the 
costs of hydrogen or hydrocarbons.  

The electro-chemical conversion of CO2 is carried out in aqueous or non-
aqueous solutions [32]–[35]. This method is restricted by the solubility of 
CO2 in the solutions and the cost of electricity. Moreover, the deactivation 
of electrodes is also a substantial problem [36].  

The photo-electro-chemical conversion of CO2 employs solar rays to 
dissociated water and produces electrons and protons. The electrons convert 
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CO2 in the same way as electro-chemical conversion [37]–[41]. This 
method requires an expensive system for utilization of solar rays and is 
hard for industrial use. In this method the conversion rate is highly sensitive 
to the solubility of CO2 in solutions. The recovery of products from water 
solution also limits its promotion.  

 

2.2 Thermochemical conversions of CO2  

Due to the limitation of high cost for hydrogenation, electrochemical and 
photo-electro-chemical conversions of CO2, it appears that the 
thermochemical conversions of CO2 become the cheaper methods. There 
are mainly two methods for thermochemical conversions of CO2:  

• Direct disassociation    
• Two-step conversion. 

 

2.2.1 Direct disassociation of CO2  

The thermochemical conversion of CO2 began with the direct disassociation 
of CO2 at extremely high temperatures.  

Traynor and Jensen  investigated CO2 direct disassociation by a prototype 
in USA [42].  In their work CO2 was preheated to 1900 ˚C, and then heated 
up to 2400 ˚C around a ceramic rod. The process converted 6 % of CO2 into 
CO.  

Nigara and Cales investigated the influence of oxygen partial pressure on 
the equilibrium of the CO2 disassociation [43]. They settled a semi-
permeable membrane between the CO2/CO gas flow in their reactor and a 
parallel gas flow. The oxygen partial pressure of the parallel gas flow was 
nearly 0. The membrane was made of calcia-stabilized zirconia, and only 
allowed oxygen to pass through. The oxygen concentration in the CO2/CO 
gas flow was kept at a low extent due to the difference of oxygen partial 
pressure at the two sides of the membrane. This effect made the equilibrium 
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of CO2 disassociation to shift towards the optimistic direction. They 
produced 100~200 cm3/h of CO at 1960 K by consuming a CO2 flow of 
1000 cm3/h. 

A quenching process was always required to prohibit the back reaction 
between CO and O2. Lyman and Jensen used CHEMKIN software to 
estimate how the composition of cooling gases influence the products of 
CO2 disassociation [44]. They found that adding a three-fold quench with 
pure CO2 flow to product gases could preserve over 90% of the produced 
CO. Due to the requirements for high reaction temperatures and extra 
quenching processes, direct disassociation of CO2 appears difficult and 
unprofitable. 

 

2.2.2 Two-step conversion of CO2  

The two-step conversion of CO2 depends on the capability of O2 storage 
and transportation of catalysts. The principal processes can be described as: 

MO2 → MO + 0.5O2  Eq. 2.1 

MO + CO2 → MO2 + CO Eq. 2.2 

A similar conversion of H2O can also be achieved by replacing Eq. 2.2 
with: 

MO + H2O → MO2 + H2O  Eq. 2.3 

The reaction of Eq. 2.1 is an endothermic process requiring reaction 
temperatures of 1000~2400 ˚C. MO2 represents metal oxides such as 
NiFe2O4, CeO2, ZnO, ZrO2, MgO, SnO2, Fe3O4, etc. These metal oxides 
work as catalysts. They release O2 and become reduced when they are 
heated up in this process. Both reaction Eq. 2.2 and Eq. 2.3 are exothermic 
processes, occurring in the temperature range of 400~1000 ˚C. In the 
cooling process of Eq 2.2, MO is oxidized by O2 from CO2. The two steps 
form a redox (reduction /oxidation) cycle of catalysts; in the meantime, O2 
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is transported from CO2 into O2 with MO2 as the intermediate. The 
requirement for reaction temperatures are abated when compared with 
direction disassociation of CO2. The costs for hydrogen or methane in the 
CO2 hydrogenation can be also saved, as well as the electricity used in the 
electro-chemical conversion. Besides, systems for two-step conversion of 
CO2 are more convenient and reliable than those for electro-chemical and 
photo-electro-chemical conversions. The two-step conversion method is 
also widely utilized for converting H2O into H2 [45]–[53].  

The oxygen storage capacity of the catalysts is different from each other. 
Redox cycles for the conversion will be discussed in the next section, 
including the conversion performance and deactivation properties of the 
catalysts. 

 

2.3 Catalytic cycles for two-step conversion of CO2  

There are several redox cycles based on different types of catalysts. The 
performance of the conversions depends on the characteristics of the 
catalysts, and the external conditions of reactions. This section introduces 
the contemporary popular redox cycles used for the two-step conversion of 
CO2, and then introduce some potential cycles, which may also be 
considered for the conversion. In the end, ceria is introduced and analyzed 
for the conversion of CO2 because of its unique capability of O2 storage and 
transportation, as well as the stability during sintering. 

 

2.3.1 Common catalytic cycles in use 

The ZnO/Zn redox cycle is the most popular one utilized for the two-step 
conversion of CO2 [54]–[60]. The cycle can be described as below: 

ZnO(s) → Zn(g) + O2 Eq. 2.4 

Zn(s) + CO2 → ZnO(g) + CO Eq. 2.5 
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Eq. 2.4 shows the reduction step of ZnO in the redox cycle.  A gas mixture 
of Zn and O2 is produced in this process. The gases of Zn and O2 are 
required to be separated by quenching process. However, the quenching 
process increases the complexity of the method. The Eq. 2.5 shows the 
oxidation step of Zn. Carbon monoxide is produced from CO2 during this 
step; in the meantime, Zn is recycled back into ZnO.  

Galvez et al. performed the thermodynamic analysis of ZnO/Zn redox 
reactions for CO2 conversion [56]. The results indicated that Zn is 
completely converted to ZnO in the temperature range of 570~1000 K via 
the Zn + CO2 reaction. The CO formation peaks at 1130 K. Subsequently, 
they carried out the exergy analysis by the second law of thermodynamics. 
The conversion efficiency was defined as the portion of solar energy that 
was converted into chemical energy by production of CO. The analysis 
ignored the pump work, the solar radiation loss, heat transfer loss, product 
separation energy requirement, and incomplete reaction loss. The result 
also showed that the solar to chemical efficiency reached about 39%. 
Irreversibility was mainly caused by the solar radiation loss and the 
quenching of the products, which accounted for 18 % and 29 % of the solar 
energy respectively. 

Loutzenhiser et al. studied two configurations of a hot-wall vertical aerosol 
reactor [55]. The reactor was divided into three zones: the evaporation, the 
cooling/quenching, and the reaction zones. ZnO was evaporated into Zn in 
the first zone. The gaseous Zn was then quenched into nano-particles in the 
second zone, and finally oxidized by CO2 in the third zone. The highest 
conversion rate of CO2 to CO was 52 % with the ratio of Zn:CO2 =0.4 at 
the reaction temperature TR=773 K,. When the ratio of Zn:CO2 was about 1 
and TR was in the range of 723~923 K, the optimum conversion rate of CO2 
into CO was 39% with TR=823 K. Stamatiou investigated the H2O/CO2 
reduction with ZnO/Zn mixture in a quartz tube inside a furnace. The 
experiments showed almost complete conversions of the gaseous H2O/CO2 
in the temperature range of 673~1173 K. 

The FeO/Fe3O4 cycle was also widely studied for the two-step conversion 
of CO2. The reactions are as below: 

Fe3O4(s) → 3FeO(l) + 0.5O2  Eq. 2.6 
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3FeO(s) + CO2 → Fe3O4(s) + CO Eq. 2.7 

There is difference between the ZnO/Zn cycle and Fe3O4/FeO cycle. In the 
ZnO/Zn cycle, ZnO is converted into gaseous Zn via phase change. 
However, .iIn the Fe3O4/FeO cycle, Fe3O4 is converted into FeO as a liquid 
product of the reduction reaction, since the melting point of FeO is just 
1377 ˚C. Nevertheless, quenching process is required by both two cycles to 
prevent back reactions. 

Galvez also performed the thermodynamics analysis of Fe3O4/FeO redox 
reactions for CO2 conversion. Carbon was produced when CO2 oxidized 
FeO into Fe2O3 and Fe3O4 at low temperatures under 800 K, since CO was 
unstable in that temperature range. Only 60 % of CO2 was converted into 
carbon under 800 K; while at elevated temperatures, CO2 was completely 
converted into carbon. According to the exergy analysis, the solar to 
chemical efficiency reached about 29 %. The energy loss from quenching 
process in this cycle accounted for 46 % of the received solar energy. The 
solar to chemical efficiency of this cycle was lower than that of the ZnO/Zn 
cycle. 

Abanades and Villanfan-Vidales also used concentrated solar energy to 
convert CO2 with Fe3O4/FeO redox cycle [61]. Fe3O4 was reduced in a 
temperature range of 2000~2500 ˚C, which was much higher than the 
melting point of Fe3O4 (1597 ˚C). A mixture of Fe3O4 and FeO was 
produced by the reduction process with different compositions. . The 
maximum conversion rate of CO2 was approximately 95 % at 1100 ˚C, and 
93 % at 800 ˚C.  

Although the previous two cycles have relatively high conversion rates, 
they require an extra quenching process, and this process causes huge 
energy loss. The reaction temperatures for reduction processes are high, and 
extreme temperatures potentially lead to the deactivation of the catalysts. 
Sintering and melting of Fe3O4 also obsess its use.  There are some other 
redox cycles which have been theoretically and experimentally investigated 
for H2O splitting. These cycles are also conceivable options for the two-
step conversion of CO2. 
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2.3.2 Potential catalytic redox cycles 

The two-step conversion of H2O has the same mechanism with that of CO2. 
The reactions are shown as Eq. 2.1 and Eq. 2.3. There are some catalytic 
redox cycles which have already been investigated for the two-step 
conversion of H2O. Xiao, and Stamatiou et al. have reviewed the two-step 
conversion of H2O for H2 production with these cycles [45], [49], [54], 
[62]–[66]. These cycles can be potentially employed for two-step 
conversion of CO2. Despite that these cycles have not been used for CO2 
conversion, they still demonstrate the competence based on their capability 
of oxygen storage and transportation.  

Abanades et al. proposed and studied SnO2/SnO redox cycle for the two-
step conversion of H2O [67]–[69]. The cycle is as below: 

SnO2(s) → SnO(g) + 0.5O2  Eq. 2.8 

SnO(s) + H2O → SnO2(s) + H2 Eq. 2.9 

This redox cycle is similar to the ZnO/Zn cycle. Gaseous SnO is produced 
in the reduction process, since the melting point of SnO is just 1042 ˚C. The 
quenching process is required to separate SnO and O2. The reduction of 
SnO2 occurs at about 1600 ˚C, and since SnO2 and H2 are unstable above 
600 ˚C, the oxidation of SnO with H2O takes place under 600 ˚C. The 
maximum reduction rate of SnO2 was 80. The highest conversion rate of 
H2O to H2 was above 90 %. This cycle can be performed at a lower 
temperature than the ZnO/Zn cycle; however, the oxidation pace of SnO is 
slower than that of Zn. 

Agrafiotis and his colleagues studied nickel ferrite by modeling and 
experiments [70]. The cycle is shown in Eq. 2.10 and Eq. 2.11. The 
reduction process was carried out in the temperature range of 700~1400 ˚C. 
A higher reduction temperature led to release of more oxygen. The 
hydrogen yield increased as the oxidation temperature raised from 800 ˚C 
to 1000 ˚C; however, it stagnated during 1000 ˚C to 1100 ˚C. The reaction 
temperature required by nickel ferrite redox cycle is moderate. There is no 
phase change in the whole cycle; in other words, the quenching process for 
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the products of reduction is not necessary. Nevertheless, the reduction 
process requires a vacuum atmosphere with an inert gas. The O2 yield in 
this cycle is relatively low compared with the O2 yield in the ZnO/Zn cycle. 
The sintering problem also affects the utilization of this cycle. Cycles of 
nickel manganese ferrite Ni0.5Mn0.5Fe2O4 and cobalt ferrite CoyFe3-yO4 have 
quite similar characteristics [62], [66], [70]. 

NiyFe3-yO4(s) → NiyFe3-yO4-δ(s) + 0.5δO2  Eq. 2.10 

NiyFe3-yO4-δ(s) + 0.5δH2O → NiyFe3-yO4(s) + 0.5δH2   Eq. 2.11 

MgO can also be used in a redox cycle; however, it needs the assistance of 
carbon in the reduction step. The redox cycle of MgO/Mg is expressed by 
Eq. 2.12 and Eq. 2.13. Galvez et al. investigated the carbothermal reduction 
of MgO and steam-hydrolysis with Mg [71]. The carbothermal reduction of 
MgO proceeded above 1700 ˚C. The direct thermal reduction of MgO is 
harder than that of ZnO, since MgO is more stable than ZnO. The 
temperature is above 3700 ˚C when the free Gibbs energy of the reduction 
reaction equals to zero. The steam hydrolysis with Mg was studied in the 
temperature range of 350~550 ˚C. The yield of O2 from MgO is larger than 
that from ZnO, but the carbon assisting the reduction may contaminate 
MgO. The reduction of MgO also requires a quenching process to avoid the 
recombination of Mg and O2. 

MgO(s) + C → Mg(g) + 0.5O2 Eq. 2.12 

Mg(s) + H2O → MgO(s) + H2   Eq. 2.13 

Apart from the catalytic redox cycles above, there is still an important 
redox cycle: CeO2/CeO2-δ. CeO2 is commonly called ceria, and it is widely 
used as the support material for other metal catalysts in chemical 
conversions. It also has a unique capability of oxygen storage and 
transportation. The capability makes it as a promising catalyst for two-step 
conversions of CO2 and H2O. The next episode introduces the details of 
CeO2 in this approach. 
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2.3.3 The investigation on the redox cycle of ceria 

The redox cycle of CeO2/CeO2-δ can be described by the following three 
reactions: 

CeO2 → CeO2-δ + 0.5δO2  Eq. 2.14 

CeO2-δ + δCO2 → CeO2 + δCO Eq. 2.15  

CeO2-δ + δH2O → CeO2 + δH2 Eq. 2.16  

The Eq. 2.14 shows the reduction step of CeO2. It occurs at a high 
temperature normally above 900 ˚C. In this step, ceria is partially reduced 
with a non-stoichiometric rate. The index δ indicates the extent of the 
reduction. The two equations Eq. 2.15 and Eq. 2.16 are the oxidation steps 
with CO2 and H2O as the oxidants respectively.  

The utilization of ceria as a catalyst in industry was reviewed by Trovarelli 
[72]. He also reviewed the catalytic properties of ceria and ceria-containing 
catalysts [73]. Ceria has a crystal structure like fluorite (CaF2). Both the 
two chemicals have oxygen filling the tetrahedral holes around the metal 
atoms. During the reduction step at a high temperature, oxygen vacancies 
are formed due to the release of O2. However, the fluorite crystal structure 
does not change during the reduction process, and the cycle does not 
experience phase change. It does not require a quenching process to prevent 
the re-oxidation of CeO2-δ with O2.  

The temperature-programmed reduction (TPR) of ceria has been widely 
studied with the presence of H2 or CO as the reducing agent. Yao studied 
the oxygen storage capacity (OSC) of ceria by monitoring the H2 uptake in 
1984 [74]. Two peaks were detected at the temperatures of 500 ˚C and 750 
˚C. When ceria was reduced by CO, the peak of CO2 production via the 
reduction occurs at 550 ˚C [75], [76]. The OSC of pure ceria was 1.9×10-3 
µmol O2/µmol ceria. Doping Pt, Pb, Rh or other noble metals on ceria 
could enhance the OSC of ceria. ZrO2, SiO2, Al2O3 and other oxides can 
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also be doped in the same way. The OSC of ceria also depends on the 
surface area, the preparation technique, and the operation temperature [77]–
[81]. Zhou investigated the reduction of three different kinds of ceria in an 
atmosphere without reducing agents in 1997 [82]. The oxygen release kept 
growing as the temperature increased. The highest weight loss from nano-
size powders of ceria was 6.2 % in the form of O2 at 1400 ˚C.  The weight 
loss was from commercial powders 2.5 % at the same temperature.  

Chueh performed the thermochemical study of ceria for two-step 
conversion of H2 and CO2 [81]. During the reduction step with a heating 
rate of 1000 K/min up to 1773 K, the release of oxygen was immediately 
detected. The productivity of O2 (ml/g, production of O2 per gram of ceria) 
was 4.3 ml/g, and 70 % of the produced O2 was released in 5 minutes. The 
oxidation of ceria with H2O was performed at a temperature of 1073 K. The 
productivity of H2 was 8.5 ml/g, and 90 % of the H2 was produced in 1.8 
min. By raising the reduction temperature up to 1873 K, the yield of O2 was 
increased from 4.3 to 5.9 ml/g, and then 11.8 ml/g of H2 was produced in 
the oxidation process. The conversion of CO2 at 1073 K showed an average 
reaction rate of 1.6 ml/g·min. The deactivation of ceria was also studied. 
After 100 times repeated redox cycles, the productivity of O2 decreased 
from 6 ml/g to 3 ml/g, and remained there for more than 500 cycles. The 
maximum efficiency of H2 production achieved 19% when the reduction 
temperature was 1873 K and the oxidation temperature was 1123 K. 

Abanades heated up ceria pellets up to 1950 ˚C for 2~6 min, and reduced 
ceria into CeO2-δ with δ ranging around 0.4. This value of δ meant that 
75~80 % of ceria was reduced to Ce2O3 [83], [84]. He also investigated the 
H2 production by re-oxidizing CeO2-δ with H2O in the temperature range of 
440~600 ˚C. 1 mol of Ce2O3 produced approximately 1 mol of H2. 

Furler put porous ceria materials under concentrated sunshine and heated 
up ceria to 1920 K [85], [86]. The O2 was released as soon as the 
temperature reached 1200 K. The O2 production was 2.89 ml/g of CeO2, 
corresponding to the δ of 0.44. He used the reduced ceria to produce H2 and 
CO, and obtained a total fuel production of 5.88 ml/g of ceria. 22.4% of 
CO2 and 7.1 % of H2 O were converted into CO and H2 through this trial. 
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Compared with other redox cycles, the cycle of CeO2/CeO2-δ has such 
advantages: (a). the crystal structure of ceria does not experience a phase 
change during the heating process. Thus, no quenching process is required 
to prevent the recombination of products from the reduction process; (b). 
the reaction temperatures are moderate. The release of O2 occurs in 
temperature range of 900 ˚C ~ 1500 ˚C, and the re-oxidation of CeO2-δ with 
H2O and CO2 occurs between 450 ˚C ~800 ˚C; (c). the reaction rate and 
productivity are competitive; (d). the performance is stable. The possibility 
of sintering and deactivation is less than that of other catalysts. Based on 
the above mentioned advantages, ceria is one of the most suitable catalysts 
for the two-step conversion of CO2. 

 

2.4 Solar systems for two-step conversion of CO2  

Although the demands on reactants and operation conditions for the CO2 
conversions are reduced by catalyst cycles, the energy source for heating up 
the catalysts is still crucial for the feasibility of the method. It is not 
economic unless the energy source is cheap and sufficient. Fortunately, 
solar energy offers all of the necessary advantages. It is free and abundant. 
The total available solar on the earth power is 1.2×1017 W [87]. By 
comparison, the world electricity consumption in 2008 was just 2.02×1013 
kWh. The potential heat flux of the solar energy is also impressive. The 
average heat flux from solar incidence is 800~1000 W/m3. It can be 
concentrated up to approximately 43400 times theoretically. To reduce the 
costs of two-step conversion of CO2, researchers have been attempting to 
use solar as the energy source to provide heat for redox cycles. In this 
section, solar systems for two-step conversion of CO2 are reviewed and 
analyzed.  

The heat flux of the original solar incidence is not high enough for the two-
step conversion methods; hence solar rays are always concentrated first. 
There are mainly four types of solar concentrating devices: linear Fresnel, 
parabolic through, central receiver, and parabolic dish. Their capability of 
concentrating solar rays is indicated by the concentration ratio C, which is 
the ratio of the area receiving the incident solar rays on the area receiving 
the concentrated solar rays. The first two types of concentrating devices 
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have simpler structures for large scale production. Nevertheless, their 
concentration ratios are normally lower than 100. Low concentration ratios 
can only provide low heat flux which is not enough for heating up ceria or 
other catalysts sufficiently. The latter two types of solar concentrators can 
easily achieve a concentration ratio higher than 1000, which is feasible for 
the two-step conversion of CO2.  

There are many solar receivers collecting the concentrated solar energy 
from the solar concentrators. Solar energy is subsequently transferred to 
reactants in those receivers. Solar systems are constituted of solar 
concentrators and solar receivers. In this section, the solar systems for the 
two-step conversion of CO2 with ceria are introduced and analyzed. 
Catalysts can be loaded in solar receivers in two ways, and solar systems 
are thus divided into two categories: the stationary catalyst-loading systems 
and the continuous catalyst-loading systems.  

 

2.4.1 Stationary catalyst-loading systems 

In stationary catalyst-loading systems, catalysts are settled in solar receivers 
in a batch mode. These catalysts are directly exposed under the 
concentrated solar rays.  

Abanades used such a system to heat up a ceria pellet in a spherical 
transparent vessel [83]. The schematic diagram is shown in Figure 2.1. The 
ceria pellet was put on a support platform at the center of the vessel, and 
directly exposed to the solar rays. The solar rays are concentrated by a 
parabolic concentrator, with the peak heat flux about 1600 W/cm2. The 
support platform was cooled by water. The system worked in an 
atmosphere of inert gas. The concentration of product gas in the vessel was 
controlled by the supply of inert gas, and the pressure in the vessel was 
controlled by a vacuum pump. The duration of the heating process was 
normally 2~6 min for 0.2~0.5 g of ceria, and the ceria pellet was heated up 
to a highest temperature of 1950 ˚C. The loading of the ceria was strictly 
constrained. The receiver and the platform had to be vertical because of the 
gravity. However, the incident angle of solar rays and the angle of the solar 
concentrator were always changing. It is difficult to tune the positions of 
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the reactor and the solar concentrator. Bilgen used a similar testing rig to 
decompose water with the redox cycle of ZnO/Zn [88].  

Another design was used by Chueh et al. [85], [86], [89]. Ceria of a porous 
structure was settled in a cavity under the compound parabolic concentrator 
(CPC) in a cavity receiver. The CPC reflects concentrated solar rays to 
ceria in the cavity. The schematic diagram is shown as Figure 2.2. Noglik 
used a reactor with the same structure to decompose SO3 [90]. Agrafiotis 
settled catalysts of a honeycomb structure under in the cavity for water 
splitting and H2 production [47]. 

 

Figure 2.1 Schematic of solar reactor used to reduce CeO2 [83] 

 

Figure 2.2 Solar reactor for redox of Ceria [86] 
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Schunk has designed a rotary reactor for the ZnO/Zn cycle with solar as the 
energy source [54], [91], [92]. The schematic diagram is shown in Figure 
2.3. ZnO particles were introduced by the feeder into the rotating cavity. 
The centrifugal force made those particles to cover the cavity wall evenly 
with a specified thickness. The average concentration ratio in this system 
was larger than 3000 with the maximum concentration ratio of 5880. The 
power of the reactor was 10 kW. The operation temperature was in the 
range of 1804 ~1907 K. The structure of the reactor was complicated and 
only suitable for ZnO/Zn cycle. The reduction products of this cycle are 
gaseous Zn and O2. Removing any solid left after the reduction process 
from the receiver is difficult. The reactor introduces gas flow blowing over 
the optic window to protect it from the contact with the gaseous Zn.  

 

 

 Figure 2.3 Rotary solar reactor for ZnO/Zn cycle [54]      

Generally, catalysts are settled in the solar receiverin a batch-mode in 
stationary catalyst-loading systems. These catalysts do not move during the 
heating up process (except in the rotary solar reactor). The catalysts are 
directly exposed under the concentrated solar incidence, or under the solar 
radiation transferred by CPC in solar receivers. The arrangement of the 
catalysts constrains the positioning of the solar receivers, and also obsesses 
the tuning between solar receivers and solar concentrators. In addition, 
during the heating processes, the distributions of the heat flux and the 
temperature on the catalysts are always uneven. Those systems are often 
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utilized for the redox cycles involving phase changes of catalysts, for 
example, ZnO/Zn cycle, MgO/Mg, etc. The gaseous products of reduction 
process flow away from the receivers. 

 

2.4.2 Continuous catalyst-loading systems  

In the continuous bring catalyst-loading systems, inert gases continuously 
bring catalysts to flow through solar receivers. Catalysts become reduced 
during a short residence time in the solar radiation area.  

Kuhn proposed a simple but classical design for reactions between gas-
solid flows under concentrated solar radiation [93]. The schematic diagram 
is shown as Figure 2.4. The solid particles were brought into the reaction 
zone by gas, and heated up by the simulated solar radiation for reaction. 
The gas-solid flow then went out from the reaction zone towards ensuing 
procedures. The heat flux in an area of 7×7 cm2 was about 3000 W. The 
peak of the heat flux was 1600 W/cm2 in the focus region. This heat flux 
corresponded to a concentration ratio of 16000 on sunshine. They used N2 
to carry MnO2 particles into the reaction zone. MnO2 was reduced into 
Mn3O4. The reduction extent was 53 %. However, an inevitable barrier was 
the short residence time leading to a low heat transfer performance. That 
was why a tube furnace was needed for pre-heating. Although reducing the 
flow velocity could enhance the reduction of MnO2, it might cause the 
accumulation of particles. Meier used CFD models to study a reactor with 
the same mechanism [94]. The only difference is that the catalyst particles 
were dispersed in swirling air into particle clouds in the reactor.  

 



Doctoral thesis_ A novel solar-driven system for two-step conversion of CO2 with ceria-based catalysts 

 

22 

 

 

Figure 2.4 Gas-solid reaction driven by simulated solar radiation [93] 

Abanades proposed another continuous catalyst-loading system, and 
simulated the performance of the system with CFD software [95]. Carrier 
gas took ZnO particles into a solar receiver through a screw as shown in 
Figure 2.5. This design assured a steady feed of catalysts even when the 
flow rate of the carrier gas was low. A lower gas flow rate meant a longer 
residence time resulting in a higher conversion rate. However, the uneven 
heat flux distribution and difficulty in tuning of the rig with the solar 
concentrator were still obstacles. 

 

 

 Figure 2.5 Solar reactor with screw feeder for gas-solid reactions [95] 



Doctoral thesis_ A novel solar-driven system for two-step conversion of CO2 with ceria-based catalysts 

 

23 

 

 

Figure 2.6  Internal circulating fluidized bed reactor with solar energy [96] 

Kodama proposed an internal circulating fluidized bed reactor shown in 
Figure 2.6 [96]. The catalyst particles were blown up along the draft tube 
and then fell down to the bottom along the wall of the reactor. The solar 
rays were concentrated to the upper surface of the circulating particles. The 
temperature distribution was uniform due to the circulation. The residence 
time was easy to control to achieve a high temperature. However, the heat 
transfer coefficient was still limited by the radiation area. The tuning 
between the solar concentrator and the reactor was inconvenient. 

Similarly, the positioning of the solar receivers is an important issue for 
continuous catalyst-loading systems, since catalysts are carried by gases 
through the receivers and largely influenced by gravity. The catalyst 
particles may abrade the optical windows, and accumulate in the receivers. 
They may also cohere onto optical windows if the temperatures of their 
melting points are low. The heat transfer performance is highly limited by 
the residence time of the catalysts in radiation areas. The heat flux is also 
uneven because the catalysts cannot be sufficiently heated in marginal areas 
of the solar radiation. In the next chapter, a system with separated fluidized 
bed reactors will be proposed to avoid the above problems. 
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2.5 Conclusions 

The CO2 emission is attracting more and more attention in the last decade. 
It urges people to explore more efficient and economical solutions for CO2 
sequestration. Two-step conversion of CO2 into CO appears to be the best 
alternative compared with hydrogenation, electro-chemical or photo-
electro-chemical conversions of CO2. The cost is lower, the facilities are 
simpler and the operations are easier. Ceria is a competent candidate as a 
catalyst for the two-step conversion of CO2. It exhales O2 and then grasps 
O2 from CO2 in a redox cycle. The reaction temperature is moderate, and 
the conversion performance is satisfying. Solar energy is expected to be the 
energy source for heating up ceria during the reduction process in the redox 
cycle, since solar energy is free and abundant. Many systems use solar 
receivers as reactors for the two-step conversions. However, the operations 
on the reactor and the tuning between the receivers and solar concentrators 
are inconvenient. Catalyst particles may damage optical components or 
accumulate in the reactor. The heat transfer performance in those reactors is 
also limited. These discussions result in the proposal of a novel solar-driven 
system with fluidized bed reactors for two-step conversion of CO2 with 
ceria in the next chapter.  
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3 A solar-driven system and its 
feasibility study 

 

 

3.1 A solar-driven system with separated fluidized bed 
reactors  

In this chapter, a solar-driven system with fluidized bed reactors is 
proposed for the two-step conversion of CO2 with ceria. The feasibilities of 
the system are investigated, including the availability of high temperature 
solar receivers and the performance of ceria in the redox cycle. 

To avoid the limitations existing in current solar systems, a suitable system 
for the two-step conversion of CO2 should fulfill the flowing requirements: 

• The operation on the reactor should be flexible and convenient; in 
other words, the operation on the reactor should not be constrained 
by the movements of the solar receiver and the solar concentrators.  

• The system should be stable and reliable.  
• The distributions of heat flux and temperature among ceria should 

be uniform.  
• The efficiency of the system should be satisfying.  

Based on these requirements, a solar-driven system is proposed [97]. The 
simplified schematic diagram of the system consisting of fluidized bed 
reactors separated from the solar receiver is shown in Figure 3.1. 
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Figure 3.1 System with fluidized bed reactors separated from the solar receiver 
[97] 

The system consists of a solar concentrator, a solar receiver, two fluidized 
bed reactors, two cyclone separators, and the gas supply for CO2 and inert 
gas. It is N2 that is chosen as the inert gas in this thesis work. 

As shown in Figure 3.1, the solar receiver is used for heating up the inert 
gas to a high temperature. The inert gas flows to the fluidized bed reactor 1 
to heat up the catalyst particles and carries out O2 produced during the 
reduction process. The particles are collected in a cyclone separator and 
then sent to fluidized bed reactor 2 for the oxidation process. Carbon 
dioxide is oxidized in this reactor to provide oxygen. Likewise, the 
oxidized particles are collected by a cyclone separator and sent back to 
fluidized bed reactor 1 for next cycle. The operations on the fluidized bed 
reactors do not affect the solar receiver. The tuning between the solar 
receiver and solar concentrator does not affect the fluidized bed reactors 
either. The optical components in the solar receiver are safe since catalyst 
particles and reaction products have no contact with the receiver. The 
residence time of the particles during the heating process is not limited. The 
fluidization status can last until the temperature of the particles reaches the 
target temperature and the reduction process is completed. The heat transfer 
rate between gas and solid phases in the fluidized bed reactors is high. The 
temperature distribution among the particles is uniform. Fluidized bed 



Doctoral thesis_ A novel solar-driven system for two-step conversion of CO2 with ceria-based catalysts 

 

27 

 

reactors are flexible for various reaction conditions, and potential for large-
scale production.  

 

3.2 High temperature solar receivers  

The prerequisite for the proposed system is there are capable solar receivers 
to heat up gases to high temperatures for reduction processes. The original 
solar incidence is too week for the intensive heating during reduction 
process. Concentrating devices of linear Fresnel and parabolic through are 
not suitable for the system since their concentration ratios are low. The 
central receivers and parabolic dishes have considerable concentration 
ratios. Avila-Marin reviewed volumetric receivers with central receiver 
systems [98]. The receivers provided hot air for solar thermal power plants. 
Volumetric receivers are more flexible and preeminent than two-
dimensional tubular receivers. Metal absorbers in the receivers can only 
work in the temperature range of 800 ~1000 ˚C, but ceramics absorbers are 
able to work above 1200 ˚C. The SiC absorbers can even work at 1500 ˚C. 
Karni and his colleague did experiments on the Directly-Irradiated Annular 
Pressurized Receiver (DIAPR) with a power input of 11 KW in 1990s [99], 
[100]. The power input of the receiver was improved to 30-50 kW later. 
The cross-section of the DIAPR receiver is shown in Figure 3.2. The 
absorber was made of alumina-silica tubes [101].  The facility could 
provide stable air flow with an average temperature of 1200 ˚C in a long 
term. The pressure in the receiver was 17~20 bar, and could be increased up 
to 30 bar at most.  
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Figure 3.2 Cross-section of solar receiver DIAPR [100] 

As the design and quality of the DIAPR receiver developed [101], it could 
already produce high temperature air at 1300 ˚C with a pressure of 10~30 
bar in 1997. The maximum heat flux was 10 MW [99]. 

The flow of hot air at 1300 ˚C is already applicable for the proposed system 
in the previous section. The system works under the standard atmosphere 
pressure. The relatively low working pressure reliefs the requirement on 
structural strength of the receiver, and implies higher temperatures in the 
receiver are approachable. Besides, the receivers’ performance can still be 
largely enhanced in the future with the progresses on high-temperature 
materials, optical lenses and structure design of receivers. As a conclusion, 
high temperature solar receivers are not a limiting factor for the feasibility 
of the proposed system.  

 

3.3 The thermogravimetric analysis of ceria 

The second crucial issue in the feasibility of the proposed system is the 
performance of ceria in the redox cycle. The performance of ceria can be 
evaluated by its capability of O2 transportation. The released O2 in the 
reduction process should be monitored. The weight of release O2 
corresponds to the weight loss of ceria. The reduction of ceria in a heating 
process can be carried out in a thermogravimetric analysis instrument, and 
weight loss of ceria would be recorded. Similarly, the re-oxidation of ceria 
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can also be done in the TGA instrument with a cooling process in O2 or 
CO2 gas flow. The recovery of the weight of ceria would be recorded.  

The TGA instrument used here is the type of TAG 24 from SETARAM 
[102], France (Figure 3.3 a). It has two same furnaces to eliminate the 
buoyancy effect during the analysis. The structure of the main body is 
shown in Figure 3.3 b.  

(a)                                                        (b) 

 

Figure 3.3 (a) TGA instrument SETARAM TAG 24; (b) Internal structure of main 
body of the TGA instrument [103] 

In the left furnace, ceria sample was settled in a suspended crucible, and 
then heated up by graphite heating elements. The atmosphere was created 
by continuous Ar flow to avoid the influence of O2 on the reaction 
equilibrium constant. 

The maximum temperature during the reduction process was 1600 ⁰C The 
temperature was monitored by tree-couple elements made from Pt/Pt-Rh. 
The temperature scanning rate was 0.001 ⁰C. The detection precision of 
weight change was 0.001 mg. The cooling process was carried out in the 



Doctoral thesis_ A novel solar-driven system for two-step conversion of CO2 with ceria-based catalysts 

 

30 

 

atmosphere created by O2 or CO2 flow. The right furnace experienced the 
same process, but had no sample settled in. It provided a reference as a 
baseline.  

 

3.3.1 The redox cycle with O2 as the oxidant 

The thermogravimetric analysis consists of two parts. In the first part, 
oxygen worked as the oxidant during the oxidation process. The catalyst 
ceria went through a stepped temperature increase shown in Figure 3.4. 
During the reduction process, the temperature increased from 800 ⁰C to 
1000 ⁰C, and stayed stable for 5 minutes after every further increase of 100 
⁰C. The increasing rate of the temperature was 20 ⁰C/min. The final 
temperature during the reduction process was 1600 ⁰C.  

 

 

Figure 3.4 The temperature and the weight loss of ceria in TGA test with O2 as the 
oxidant 
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The initial mass of ceria settled in the crucible was 150 mg. The ceria 
sample was a commercial-level product provided by the company of 
Huangshi Chemicals in Shanghai, China [104].  The average size of ceria 
particles was 300 µm. The weight loss was expressed by the percentage of 
the initial weight of the sample. 

It was assumed that all the weight loss under 800 ⁰C came from water and 
other volatile impurities, and all the weight loss above 800 ⁰C came from 
O2. The weight loss grew as the temperature increased, and accelerated 
when the temperature was approaching 1600 ⁰C. The weight loss showed a 
peak at 1600 ⁰C. The maximum weight loss was about 4 %. It was 
reasonable compared with the TGA test done by Zhou [82]. His results 
showed a weight loss of 3.2 % for commercial-level ceria particles at 1400 
⁰C. Ceria’s performance depends largely on the specific surface area. 
However, the specific surface area varies a lot according to the techniques 
of preparing the catalysts. 

During the oxidation process, the O2 flow was introduced to oxidize 
catalyst ceria with the flow rate of 0.1 L/min. The temperature dropped to 
800 ⁰C linearly, and stayed at 800 ⁰C for 10 minutes. The decreasing rate of 
the temperature was -35 ⁰C/min. In the end, the temperature continued to 
drop to 150 ⁰C.  

It can be seen that ceria was rapidly recovered as soon as the temperature of 
introduced O2 was 1600 ⁰C. However, the fastest oxidation was observed 
between the temperature range of 1400 to 1100 ⁰C. After the temperature 
dropped to 1100 ⁰C, the weight loss was not recovered any more. In the 
end, only half of ceria was recovered, which might result from the limited 
gas-solid interaction between ceria and CO2. This factor is one of the most 
important factors dominating reaction rates and equilibrium constants. It 
also explains why fluidized bed reactors are essential for the proposed 
system, since those reactors can provide sufficient gas-solid interaction for 
the oxidation of ceria. 
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3.3.2 The redox cycle with CO2 as the oxidant 

In the second part of the thermogravimetric analysis, during the oxidation 
process, the catalyst ceria was oxidized by CO2. In this part of analysis, the 
catalyst ceria went through a fast-heating process. The temperature 
increased from 20 ⁰C to 1600 ⁰C constantly with the increasing rate of 20 
⁰C/min. Ceria stayed at 1600 ⁰C for 30 minutes. The CO2 was introduced to 
the chamber of the TGA 15 minutes later after ceria reached 1600 ⁰C.  The 
variation of the temperature and the weight loss of ceria based on time are 
shown in Figure 3.5: 

 

 

Figure 3.5 The temperature and the weight loss in TGA test of ceria with CO2 as 
the oxidant 

The ceria catalyst used here was the same with that used in the last part. 
The mass of the sample was 150 mg, and the average size of ceria particles 
was 300 µm. The ceria powders were loosely loaded into the crucible. It 
was expected that the gas-solid interaction could be improved. 
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To assure the consistency of the analysis in the two parts, it was also 
assumed that all the weight loss came from water and other volatile 
impurities when the temperature was lower than 800 ⁰C, and all the weight 
loss occurred above 800 ⁰C came from oxygen. The weight loss kept 
growing fast as the temperature increased from 800 ⁰C to 1600 ⁰C. The 
growth slowed down after ceria reached 1600 ⁰C. The maximum weight 
loss was 5.2 % before the introduction of CO2 flow. The residence at 1600 
⁰C did enhance the weight loss of ceria for 1.2 %. Nevertheless, the loose 
status of the ceria powders also contributed to the enhancement of the 
weight loss.  

The CO2 gas flow was introduced to the TGA chamber 15 minutes after the 
catalyst ceria reached 1600 ⁰C, and ceria became oxidized rapidly. The 
flow rate of CO2 was 0.2 L/min, which was twice of the flow rate of O2 
used in the previous analysis. Almost half of ceria was oxidized by CO2. 
However, during the oxidation process at 1600 ⁰C with duration of 15 
minutes, 18 % of the oxidize ceria were reduced, even though it was in the 
atmosphere of CO2. The reduction stopped as the temperature began to 
decline. It implied the importance of the operation temperature for the 
reduction processes. 

After 15 minutes’ oxidation process at 1600 ⁰C, the temperature decreased 
from 1600 ⁰C to 20 ⁰C with a rate of -35 ⁰C/min, and stayed at 800 ⁰C for 
15 minutes during the process. Ceria continued to be oxidized in the 
temperature range from 1600 ⁰C down to 800 ⁰C. The oxidation pace 
slowed down when the temperature was approaching 800 ⁰C, and almost 
stagnated during the residence at 800 ⁰C. There was no obvious oxidation 
below 800 ⁰C.  

Generally speaking, the reduction of the catalyst ceria was enhanced by the 
residence at 1600 ⁰C and the loose status of ceria powders. The oxidation of 
ceria was almost 100 % in this part of analysis. It is believed that the 
improvement on the oxidation process also resulted from the loose status of 
the ceria powders and a larger gas flow rate of CO2. Both the two factors 
enhanced the interaction between the gaseous and solid phases. 
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3.4 Conclusions 

In this chapter, a novel solar-driven system with fluidized bed reactors has 
been proposed for the two-step conversion of CO2 with ceria. The system 
utilizes a solar receiver for heating up N2 gas as a heat carrier. Two 
fluidized bed reactors in the system are separated from the solar receiver. 
Ceria particles are fluidized in the fluidized bed reactors. These particles go 
through the redox cycle and convert CO2 into CO. The system avoids 
operation inconvenience and potential damage to the solar receiver. A 
sufficient interaction between gaseous and solid phases is assured, too.  

To verify the feasibility of the system, two issues, solar receivers to provide 
high temperature gases, and ceria’s performence in the redox cycle were 
discussed. For the first issue, there are already mature solar receivers 
providing hot gases up to 1300 ⁰C with a high pressure of 10 ~ 30 bar. The 
temperature can be even higher if receiver is just working under standard 
atmosphere pressure. Using SiC as absorbers in receivers can also enhance 
the outlet temperature of the gases. Besides, based on the study of the 
operation mechanism of the system in Chapter 5, the required temperature 
for hot gases at the optimum working condition is just 1400 ⁰C, and it has 
been available since 1990s.  

The performance of ceria was verified by the thermogravimetric analysis of 
ceria during redox cycles. In the redox cycle with O2 as the oxidant, ceria 
particles were heated up to 1600 ⁰C, showing a weight loss of 4 % as 
release of O2. The performance could be significantly higher if the 
commercial-level ceria can be replaced by nano-sized ceria, because nano-
sized ceria has a larger specific surface area for interaction between gas and 
solid phases. The recovery of ceria in a cooling process was just half-
completed, since the particles were settled in a crucible in the TGA 
instrument. The gas-solid interaction was poor. This led to the uncompleted 
oxidation of ceria. From another perspective, it also proves that the 
involvement of fluidized bed reactors is an advantage for the system, since 
the reactors provide an adequate gas-solid interaction for the oxidation of 
ceria to convert CO2 into CO.  
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In the redox cycle with CO2 as the oxidant, ceria particles were also heated 
up to 1600 ⁰C. The temperature was maintained there for 30 minutes. A 
weight loss of 5.2 % from ceria was observed. The residence of ceria at 
1600 ⁰C led to a higher reduction rate. A looser status of ceria powders also 
contributed to the improvement. After CO2 was introduced, half of ceria 
became oxidized immediately. However, 18 % of the oxidized ceria was 
reduced again due to the high temperature. The oxidation continued again 
as soon as the temperature began to drop. Nevertheless, it became slower 
and slower. The oxidation turned to be stagnant at 800 ⁰C, and showed no 
obvious oxidation below 800 ⁰C. Almost all of the reduced ceria was 
oxidized due to the loose status of ceria powders and a larger flow rate of 
CO2.  

The next step for developing the system would be the evaluation of the 
system. The evaluation can reveal how much solar energy can be extracted 
to work through the system. It will be done by the exergy analysis method. 
This analysis will be introduced in the next chapter.  
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4 Evaluation of the system   
 

 

4.1 Introduction 

Energy systems are always evaluated by the exergy analysis according to 
the Second Law of Thermodynamics. The evaluation indicates the 
capability of systems for transferring solar energy to chemical energy 
stored in products of CO or H2.  

There is already thermodynamic analysis of redox cycles in the field of 
two-step conversions, but most of the analysis focuses on cycles of ZnO or 
Fe3O4. Galvez, et al. performed an exergy analysis on the redox cycles of 
ZnO and Fe3O4 for the two-step conversion of CO2 in a solar blackbody 
receiver [56]. The maximal solar-chemical energy conversion efficiencies 
were 39 % and 29 % for the two cycles respectively, when the operation 
temperature was 2000 K and the concentration ratio was 5000. 
Loutzenhiser et al. carried out the exergy analysis on the syngas production 
from H2O and CO2 in a two-step solar thermochemical cycle of ZnO [58]. 
The cycle efficiency reached 31.5 % at 2235 K and 1 bar when heat 
recuperation is not employed. Abanades et al. did the exergy analysis on the 
redox cycle of SnO2 for the two-step conversion of H2O [68]. The 
maximum cycle efficiency was 29.8 % at 1600 ˚C when the concentration 
ratio was 5000. Steinfeld et al. carried out the exergy analysis on the cycle 
of Fe3O4 for the two-step conversion of H2O [104]. The maximum cycle 
efficiency was 20.4 % when the operation temperature was 2300 K and the 
concentration ratio was 5000. Steinfeld also performed the exergy analysis 
on the cycle of ZnO for the two-step conversion of H2O [105]. The 
maximum cycle efficiency was 29 % at the operation temperature of 2300 
K and the concentration ratio equal to 5000. He also carried out the 
economic evaluation of the conversion. The cost of solar H2 production 
varied in the range of 0.11~0.17 $/kWh for a heliostat field at 50~200 $/m2. 

Exiguous exergy analysis on the cycle of ceria was performed by Scheffe 
and Steinfeld for the two-step covnersion of H2O [106]. The maximum 
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solar-chemical energy conversion efficiency was 20.2 % for the cycle of 
pure ceria when the operation temperature was 1805 K and oxidation 
temperature was 1000 K. The maximum efficiencies were just 16.5 % and 
15.2 % for Y2O3 doped ceria and G2O3 doped ceria respectively. They also 
studied the two-step conversion of CO2. The maximum solar-fuel energy 
conversion efficiency was 21.6 %. They ignored the heat loss carried by 
inert gas and assumed all useful heat was absorbed by ceria. They also 
ignored analysis on specific processes in the whole cycle. The changes of 
energy flows and efficiencies were invisible.  

In this chapter, the system proposed in the thesis is studied by exergy 
analysis on the cycle of ceria for the two-step conversion of CO2 and H2O. 
The analysis considers the heat transfer efficiency from the gas of heat 
carrier to ceria in fluidized bed reactors. The consideration makes results 
more realistic and reliable. The changes of energy flows and efficiencies in 
every process are presented. The analysis makes it easier to improve the 
system performance. 

 

4.2 Methodology 

4.2.1 The system 

 

Figure 4.1 The schematic diagram of the system for exergy analysis 
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The reactions of the fully completed CeO2/Ce2O3 cycle are shown below: 

2CeO2 → Ce2O3 + 0.5O2  Eq. 4.1 

Ce2O3 + CO2 → 2CeO2 + CO Eq. 4.2  

Ce2O3 + H2O → 2CeO2 + H2  Eq. 4.3  

The schematic diagram of the system for exergy analysis is shown in Figure 
4.1. The solar radiation is reflected into the solar receiver by a solar 
concentrator. Parabolic dishes are appropriate to provide concentration 
ratios higher than 2500 for this system. N2 is heated up in the solar receiver, 
and then introduced to FBR1 to heat up ceria particles. It also provides an 
inert atmosphere with low O2 concentration to favor the reduction of ceria. 
When ceria is fully reduced into Ce2O3, the particles of ceria are cooled 
down by CO2 flow. The CO2 flow oxidizes Ce2O3 back into CeO2. 
Furthermore, there could also be an extra fluidized bed reactor FBR2. The 
reduced particles from FBR1 fall down to FBR2 for the oxidation process 
with CO2. Oxidized ceria particles are collected by a separator, and then fed 
back to FBR1. The separator and FBR2 are shown in a dashed frame. It 
implies the oxidation process could also be arranged in the FBR1 by 
canceling FBR2 and the separator. The conversion of H2O is similar to the 
conversion of CO2. 

 

4.2.2 The analysis with the Second Law of Thermodynamics 

The exergy analysis of the system is based on the second law of 
thermodynamics. The flow diagram for the analysis of the system in this 
thesis is shown in Figure 4.2. It consists of a solar receiver, a reduction 
process, a cooling process, an oxidation process, and a hypothetical fuel 
cell consuming CO/H2/O2. The processes proceed at the pressure of 1 bar 
with a steady state. The heat losses, viscous losses, the kinetic and potential 
energy changes are neglected. The flow rates of the materials in the system 
are set on the basis of 1 mol/s of CO or H2 produced in one single cycle. 



Doctoral thesis_ A novel solar-driven system for two-step conversion of CO2 with ceria-based catalysts 

 

39 

 

The thermodynamic properties of the materials and reactions are calculated 
and extracted by Aspen Plus [105] and Cantera software [106].  

 

 

Figure 4.2 The flow diagram of the system for analysis 

The solar receiver is a volumetric receiver considered as a blackbody and 
well insulated. The heat losses due to the conduction and convection are 
neglected. The efficiency of the receiver (ηrec) is defined as the power qN2 
absorbed by N2 divided by the solar power (qs) reflected into the receiver 
by the solar concentrator [107]. It is expressed by Eq. 4.4: 

4
2 1N rec

rec
s

q T
q IC

σ
η = = −   Eq. 4.4 

The parameter I is the direct solar incidence, which is normally assume as 
1000 W/m2. The parameter C is the concentration ratio defined as the ratio 
of the concentrated solar flux in the receiver to the direct solar incidence, 
and is set as 2500 for a concentrator of parabolic dish. The parameter σ is 
the Stefan-Boltzmann constant, and Trec refers to the operation temperature 
in the receiver.  

The solar re-radiation from the receiver back to the ambience, qls, can be 
expressed as: 
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(1 )ls rec sq qη= −  Eq. 4.5 

The qN2 is equal to the enthalpy change of N2 from the ambient temperature 
T0 to a certain temperature Tg: 

02 2@ gN N T Tq n H →= ∆  Eq. 4.6 

where n is the mole number of N2 flow. The irreversibility in the solar 
receiver results from the heat loss by the solar re-radiation and the 
temperature rise of N2: 

02@
0

g

s ls
rec N T T

rec

q q
Irr n S

T T →

−
= + + ∆   Eq. 4.7 

The reaction Eq. 4.1 happens in the FBR reduction process. The wasted 
heat power taken away by N2 is named as qw. It depends on the heat transfer 
performance between N2 and ceria. In ideal conditions, it can be neglected, 
meaning that the heat power qw can be completely recuperated. In reality: 

2 0 2 3 22 2 2CeO @ Ce O +0.5O @ pr r N N w T Tq q q q Hη →= = − = ∆   Eq. 4.8 

where ηr is the efficiency of the FBR, referring to the effective heat power 
qr absorbed by ceria in the FBR divided by the power qN2 brought by N2. It 
can be calculated with fluidization and heat transfer theories. Tp is the 
reaction temperature of ceria reduction. The irreversibility in the reduction 
process comes from the heat power wasted during the heat transfer and the 
reduction of ceria: 

2 0 2 3 22CeO @ Ce O +0.5O @
0

p

w
red T T

q
Irr S

T →= + ∆  Eq. 4.9 

Ceria particles are subsequently cooled down and oxidized by CO2 or steam 
flow. It is carried out at 800~1100 K. CO2 or H2O is converted into CO or 
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H2 in this process. It is assumed that the conversion is fully completed. 
After the oxidization of ceria, products fall down to the ambient 
temperature. To make the analysis clearer, the cooling process is specified 
independently from the oxidation process. Ce2O3 and O2 from the previous 
step are cooled down to T0 here, releasing heat power qc: 

2 3 2 2 3 2 0Ce O +0.5O @ Ce O +0.5O @pc T Tq H →= −∆   Eq. 4.10 

The irreversibility comes from the cooling of the material flow: 

2 3 2 2 3 2 0Ce O +0.5O @ Ce O +0.5O @
0

p

c
c T T

q
Irr S

T →= + ∆  Eq. 4.11 

Reasonably, the oxidation process is assumed to happen at T0 in the FBR. 
The heat power released by the exothermic reactions for converting CO2 
and H2O is: 

2 2 3 2 0 2 0, Ce O +CO @ 2CeO +CO@oxd CO T Tq H →= −∆  Eq. 4.12 

2 2 3 2 0 2 2 0, Ce O +H O@ 2CeO +H @oxd H O T Tq H →= −∆  Eq. 4.13 

The irreversibility comes from the oxidation reactions: 

2

2 2 3 2 0 2 0

,
, Ce O +CO @ 2CeO +CO@

0

oxd CO
oxd CO T T

q
Irr S

T →= + ∆  Eq. 4.14 

2

2 2 3 2 0 2 2 0

,
, Ce O +H O@ 2CeO +H @

0

oxd H O
oxd H O T T

q
Irr S

T →= + ∆  Eq. 4.15 

The work output from the ideal fuel cell for using CO and H2 is: 

2 0 2 0, CO+0.5O @ CO @fc CO T TW G →= −∆  Eq. 4.16 
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2 2 2 0 2 0, H +0.5O @ H O@fc H T TW G →= −∆  Eq. 4.17 

The heat released by the fuel cell for using CO and H2 is: 

2 0 2 0, 0 CO+0.5O @ CO @fc CO T Tq T S →= − ∆  Eq. 4.18 

2 2 2 0 2 0, 0 H +0.5O @ H O@fc H T Tq T S →= − ∆  Eq. 4.19 

The solar to chemical efficiencies of the CO2 and H2O conversions are: 

2 0 2 0CO+0.5O @ CO @,
,

T Tfc CO
sc CO

s s

GW
q q

η →−∆
= =  Eq. 4.20 

2 2 0 2 02

2

H +0.5O @ H O@,
,

T Tfc H
sc H

s s

GW
q q

η →−∆
= =  Eq. 4.21 

 

4.3 Evaluation results of the system by exergy analysis 

4.3.1 The efficiency of the receiver  
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Figure 4.3 The efficiency of the solar receiver with different concentration ratios 

Efficiencies of the solar receiver at various temperatures from 1300 K to 
2300 K are shown in Figure 4.3. The concentration ratios are chosen as 
2500, 5000, and 10000 respectively. The direct solar incidence I is 1000 
W/m2. For any concentration ratio, the efficiency ηrec drops as the operation 
temperature Trec increases. The drop of the efficiency accelerates during the 
increase of the operation temperature. For example, ηrec drops from 94 % to 
31 % when Trec increases from 1300 K to 2300 K with C=2500. Generally, 
a higher concentration ratio provides a higher efficiency of the solar 
receiver.  ηrec is 98% when C=10000 and Trec =1300 K. It is 2 % higher than 
the efficiency of solar receiver with C=5000, and 6 % higher than the 
efficiency with C=2500. The rate of the efficiency drop is also smaller 
when the concentration ratio is higher. The efficiency ηrec just drops from 
98 % to 86 % when Trec increases from 1300 K to 2300 K with C=10000. 
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4.3.2 The analysis of the system 

The case that Tg=Trec=Tp=1873 K (1600 ⁰C) and T0=298 K (25 ⁰C) is 
chosen for the principal analysis. The efficiency of the FRB ηr can be 
calculated based on fluidization and heat transfer theories [97]. The details 
are introduced in Episode 5.1.3. For a FBR with ceria particles heated by 
N2 flow, the size of particles is chosen as 300 µm. The efficiency of the 
FBR ηr is 16.7 %. The efficiency does not change with the flow velocity or 
catalyst load. It is mainly affected by the temperature of N2. The direct solar 
incidence I is 1000 W/m2, and concentration ratio C is 2500. 

The transferred power and irreversibility in the system are shown in Table 
4.1: 

 

Table 4.1 The analysis of the system at the operation temperature of 1873K 

 Unit Value 

qs kW 5294.9 

qls kW 1477.3 

ηa % 72.1 

qN2 kW 3817.6 

Irrrec kW/K 6.43 

qr  kW 637.54 

qw kW 3180.1 

ηr % 16.7 

Irrred kW/K 11.1 

qc kW 269.2 
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Irrc kW/K 0.61 

qoxd,CO2 kW 85.44 

Irroxd,CO2 kW/K 0.25 

qoxd,H2O kW 82.57 

Irroxd,H2O kW/K 0.24 

qfc,CO kW 25.8 

qfc,H2 kW 48.67 

Wfc,CO kW 257.2 

Wfc,H2 kW 237.14 

ηsc,CO % 4.86 

ηsc,H2 % 4.48 

 

It can be seen that the solar to chemical efficiencies are: ηsc,CO=4.86 % and 
ηsc,H2=4.48 %. The efficiency for H2O conversion is a bit lower than that for 
CO2 conversion. The mole numbers of ceria required for the conversions 
and the power transfer performance are the same. The only reason is the 
absolute value of the Gibbs free energy in the H2/O2 reaction in the fuel cell 
is smaller than that in the CO2/O2 reaction. The difference between the two 
values results in a lower work output Wfc and a lower ηsc for the H2O 
conversion. 

The solar to chemical efficiencies are not high, but still reasonable. To 
some extent, the whole system is imitating the photosynthesis, and the 
photosynthesis efficiency is just 6 %.  

The energy flow diagram for CO2 conversion is shown in Figure 4.4. The 
solar power incidence into the receiver qs is considered as 100 %, and 27.9 
% of that is lost as qls due to re-radiation. An amount of 72.1 % of the 
power is absorbed by N2 and taken to the FBR reduction process. In the 
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heat transfer between N2 and ceria in FBR reduction, 60.1% of qs is wasted 
and carried by N2 as qw. Only 12 % of qs is absorbed by ceria as qr. 
Furthermore, the 5.1 % of qs is wasted as qc during cooling process; the 1.6 
% qs of is released as qoxd since the oxidation of Ce2O3 is an exothermic 
reaction; the 0.5 % is released by the fuel cell, and only 4.8 % of qs is 
exported as work.  

 

 

Figure 4.4 Energy flow map of the system for CO2 conversion 

 

Figure 4.5 Irreversibility of different processes in CO2 conversion 
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The Figure 4.5 represents the pie chart for the irreversibility in different 
processes for CO2 conversion. The irreversibility is distributed into four 
parts: the receiver, the FBR reduction process, the cooling process, and the 
FBR oxidation process. It can be seen that the highest irreversibility results 
from the reduction process and accounts for 60 % of the total irreversibility. 
The reason is that the majority of the heat power brought by N2 is taken out 
of the FBR in the latter stage of heat transfer. The temperature difference 
between N2 and ceria is getting smaller during the heating process, making 
the heat transfer efficiency lower and lower. The solar receiver causes the 
second largest irreversibility due to the re-radiation loss (qls). These two 
processes account for 95 % of the whole irreversibility in the system. 

 

4.3.3 Performance improvement 

According to the energy flow diagram and the pie chart for the 
irreversibility, the receiver and the FBR reduction processes are the key 
points to improve the overall performance of the system.  

The heat recuperations of qw and qc are attempted first, since qw is the 
largest heat loss in the system. These heat losses are also much easier to 
recuperate than the re-radiation loss in the solar receiver. If qw and qc are 
assumed to be fully recuperated, the heat power required for solar energy 
qsr would be: 

sr s w cq q q q= − −   Eq. 4.22 

The improved performance is listed in Table 4.2. The parameters not shown 
in the table remain the same as those in Table 4.1: 

 

Table 4.2 Improvement by heat recuperation 

 Unit Value 
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qsr kW 1845.6 

qls kW 514.9 

ηa % 72.1 

qN2 kW 3817.6 

Irrrec kW/K 5.05 

ηsc,CO % 13.9 

ηsc,H2 % 12.8 

 

It can be seen that the heat required by the solar receiver is reduced from 
5294.9 kW to 1845.6 kW. The re-radiation loss qls is reduced from 1477.3 
kW to 514.9 kW. The efficiency of the solar receiver ηrec remained as 72.1 
%. The irreversibility of the receiver is reduced to 5.05, due to the decrease 
of qls. However, all the other parameters after the solar receiver remain the 
same because the working condition of the system has not changed, as well 
as the work output. The solar to chemical efficiencies for CO2 and H2O 
conversions are enhanced to 13.9 % and 12.8 % respectively, since the 
solar power introduced to the receiver is lowered. 

Changing the working condition and improving the efficiency of the FBR 
can be done by enlarging the difference between Tg and Tp. If the reaction 
temperature (Tp) remains 1873 K to ensure the full reduction of ceria, and 
the N2 temperature (Tg) rises to 2273 K, then the efficiency of FRB ηr 
increases to 49.8 %. It is assumed that the heat power qw and qc is fully 
recuperated. The improved performance is shown in Table 3. The 
parameters not shown in this table remain the same with those in Table 4.1. 

 

Table 4.3 Improvement by the enhancement of N2 temperature 

 Unit Value 
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qsr kW 2332.4 

qls kW 1412.1 

ηa % 39.46 

qN2 kW 1280.2 

Irrrec kW/K 4.98 

qr  kW 637.54 

qw kW 642.66 

ηr % 49.8 

Irrred kW/K 2.58 

ηsc,CO % 11.0 

ηsc,H2 % 10.2 

 

It can be seen that the heat power carried out by N2 during the FBR 
reduction process is largely reduced from 3817.6 kW to 642.66 kW, due to 
the increase of ηr. The change results in decreasing the irreversibility of 
FBR reduction process from 11.1 to 2.58. The negative influence by the 
enhancement of N2 temperature is the sharp drop of the efficiency of the 
solar receiver ηrec: from 72.1 % to 39.46 %. It makes the solar power input 
larger than that in the case where only the heat recuperation is carried out. 
The irreversibility of the solar receiver is 4.98 %, just slightly smaller than 
that in the previous case, because the proportion of qls in the total solar 
incidence gets much larger. The increased proportion of qls impedes the 
irreversibility Irrrec to decrease. The solar to chemical efficiencies for CO2 
and H2O conversions are 11.0 % and 10.2 % respectively, a bit lower than 
those improved by heat recuperation.  

To minimize the negative effect from the rise of Tg, the concentration ratio 
C can be enhanced to increase the efficiency ηrec. For the case that 
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C=10000, Trec=Tg=2273 K and Tp=1873 K, the analysis is shown in Table 
4.4: 

 

Table 4.4 Improvement by a higher concentration ratio 

 Unit Value 

qsr kW 596.0 

qls kW 90.00 

ηa % 84.9 

qN2 kW 1280.2 

Irrrec kW/K 1.29 

qr  kW 637.54 

qw kW 642.66 

ηr % 49.8 

Irrred kW/K 2.58 

ηsc,CO % 43.2 

ηsc,H2 % 39.8 

 

The efficiency of the solar receiver ηrec increases from 39.46 % to 84.9 %, 
making the required solar power incidence merely 596 kW on the basis of 
heat recuperation. The low re-radiation loss and its low proportion in qsr 
result in a small irreversibility Irrrec=1.29. By increasing the FBR efficiency 
ηr and receiver efficiency ηrec simultaneously, the solar to chemical 
efficiencies for CO2 and H2O conversions are enhanced to 43.2 % and 39.8 
% respectively. In general, among the means to improve the system 
performance, the heat recuperation is always a promising one, but 
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increasing the N2 temperature (Tg) should be considered with the drop of 
the efficiency (ηrec) in the solar receiver cautiously. 

 

4.4 Conclusions 

The exergy analysis was carried out on the proposed solar-driven system 
with fluidized bed reactors for CO2/H2O conversions with ceria. CeO2 was 
chosen as the catalyst, with N2 as the carrier for heat transfer. The 
efficiency of the reactor (ηrec) dropped when the operation temperature 
increased in the solar receiver. Enhancement of the concentration ratio 
could increase the efficiency effectively. 

When the N2 temperature and the reduction temperature were 1873 K, the 
solar to chemical efficiencies of CO2/H2O conversions were 4.86 % and 
4.48 %. The main heat losses came from the re-radiation in the solar 
receiver, and the wasted heat taken away by N2 from the FBR reduction 
process. Those two processes also resulted in the largest irreversibility in 
the system. 

By heat recuperation of the heat losses from the FBR reduction process and 
the cooling process, the solar to chemical efficiencies were doubled. 
Subsequently, the heat transfer efficiency ηr was enhanced by increasing 
the N2 temperature Tg. The heat loss qw during the heat transfer was greatly 
reduced, resulting in a remarkable decrease of the irreversibility in FBR 
reduction process. However, the efficiency of the receiver ηrec decreased 
from 72.1 % to 39.46 %, leaving the solar to chemical efficiencies even 
lower than those in the case where only the heat recuperation was utilized. 

A higher concentration ratio C up to 10000 was used to enhance the 
efficiency ηrec from 39.46 % to 84.9 %. The overall performance of the 
system was largely improved. The required solar power incidence was only 
596 kW. The solar to chemical efficiencies for CO2/H2O conversions were 
43.2 % and 39.8 % respectively. The irreversibility decreased to 1.29. Thus, 
the change of N2 temperature should be considered carefully with 
compromise of the efficiency ηrec in the solar receiver. 
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As the conclusion, the exergy analysis proved that the two-step conversions 
of CO2 and H2O with ceria in a solar-driven system with fluidized bed 
reactors were a potential way to produce syngas as an alternative fuel. The 
solar to chemical efficiency for CO2 conversion can be enhanced from 4.86 
% to 43.2 % by integrated methods. 

The next process for developing the system would be investigations of the 
operation mechanism of the system. The aim is to find out the optimum 
working conditions of the system for different cases. The investigations are 
conducted by dynamic simulation of the system.   
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5 Operation mechanism of the system 
 

 

The operation mechanism mainly depends on the details of the flow and 
heat transfer in the fluidized bed reactors. The operation temperature and 
efficiencies of the fluidized bed reactors are the original parameters 
dominating the overall performance of the system. The theoretical basis and 
the design details of the system are described in this methodology section, 
followed by the description of the mathematical model to analyze the 
operation mechanism of the system. With the dynamic simulation, the 
whole performance of the system can be tracked clearly, including the 
details of the heat transfer in the fluidized bed reactors, the various 
efficiencies during every process and the performance of the energy 
transfer. The optimum working condition can also be found out for specific 
cases. 

 

5.1 Method description 

5.1.1 The structure of the system  
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Figure 5.1 The diagram of the solar-driven system for the two-step conversion 
method 

The schematic of the proposed system for the dynamic simulation is shown 
in Figure 5.1. The solar rays are concentrated by a solar concentrator, and 
reflected into a volumetric solar receiver. The inert gas flows through the 
solar receiver and heats up. Afterwards, it enters the reduction reactor 
(Reactor 1), and heats up the catalyst particles. The catalyst particles are 
fluidized and reduced during the heating process with O2 released, and then 
carried to cyclone 1 after the reduction. The cyclone 1 collects the reduced 
particles and transfers them to the oxidation reactor (Reactor 2), where the 
particles are fluidized and cooled down by CO2 flow or steam flow. The 
catalysts are oxidized in the cooling process, with CO produced. Finally, 
catalyst particles return to reactor 1 through cyclone 2. In the study of the 
operation mechanism of the system, ceria is used as the catalyst, because of 
its high redox rate and catalytic performance [77]. The ceria of commercial 
level undergoes a mass loss of 3.2% as released O2 at 1700 K [82]. 
Nitrogen is used as the inert gas and heat carrier from solar receiver to 
reactor 1.  

 

5.1.2 The solar component 

The intensity of solar radiation changes with time, and depends on locations 
[108]. It is normally assumed to be 1000 W/m2 in calculations. Parabolic 
dishes are always chosen as solar concentrators due to their high 
concentration ratios [109]. Their efficiency ηsc depends on their 
specifications. Current volumetric receivers can already supply hot gas 
flows above 1300 ⁰C [98]. The efficiency of solar receiver, ηrec, is 
determined by the concentration ratio and the operation temperature. It 
drops when the concentration ratio decreases or the operation temperature 
increases. The flow rate of the inert gas depends on the fluidization in the 
reduction reactor. It will be discussed in the next episode. 
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5.1.3 The reactor for reduction  

The reduction reactor (reactor 1) is based on fluidization technique to 
promote the endothermic reaction reducing the ceria particles. Fluidized 
reactors have many advantages, including the optimum interphase contact 
and heat transfer between gas and solid phases. The ceria particles are 
settled at the bottom of the reactor. The heat carrier gas of N2 enters the 
reactor through the inlet below the bed of particles. The heat loss along the 
gas line is neglected. The temperature of the N2 entering the reactor Tg is 
equal to that of the N2 leaving the solar receiver. The flow velocity of N2 
depends on the requirement of the fluidization of the particles. The terminal 
velocity Ut for the fluidization is determined by the following three 
equations: 

4( )
3
p g p

t
d g

gd
U

C
ρ ρ

ρ
−

=
 Eq. 5.1 

2/ Re / RedC a b c= + +  Eq. 5.2  

Re /p t gd U ρ µ=  Eq. 5.3  

where ρp is the density of the solid phase ceria. Parameters ρg and µ are the 
density and the viscosity of N2 at the temperature Tg. The parameter dp is 
the diameter of ceria particles. The parameter Cd is the drag coefficient. The 
parameter Re is the Reynolds number at the terminal velocity. The 
empirical constants a, b, and c are 1.22, 29.17, and 3.9 respectively. The 
Reynolds number Remf at the minimum fluidization velocity Umf is 
calculated with Eq. 5.4: 

1.07 21823Re 21.27 Re Armf mf+ =  Eq. 5.4 

The parameter Ar is the dimensionless number of Archimedes number: 
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3( )
Ar g p g pgdρ ρ ρ

µ
−

=
  Eq. 5.5 

The minimum fluidization velocity Umf can be calculated by Eq. 5.3 ~ 5.5. 
The operation velocity of N2 flow Ug is normally 4~5 times of Umf. 
Calculations of the fluidization are performed with the software Ergun 6.2 
[110]. The heat transferred between the two phases equals to the heat 
released from N2 and the heat absorbed by ceria particles. The heat transfer 
phenomena in the reactor can be described by Eq. 5.6 ~5.13. 
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2 2
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dT dT dQ dQdQ
hA T T

dt dt dt dt dt
− + − = = =

 Eq. 5.6 

g g
g g r g
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dt dt
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 Eq. 5.7 

0 0(1 )p p
p r p

dQ dT
A H C

dt dt
ρ ε= −  Eq. 5.8  

0 0(1 )s p r spA A H Aρ ε= −  Eq. 5.9 

26 (1 ) /g ph k Nu dε ε= −  Eq. 5.10  

2 0.2 1/3 2 0.7 1/3Nu (7 10 5 )(1 0.7 Re Pr ) (1.33 2.4 1.2 ) Re Prε ε ε ε= − + + + − +
 Eq. 5.11 

Pr /g gC kµ=  Eq. 5.12 
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The parameter Qh is the heat transferred between the gas and the solid 
phases. The parameter h is the heat transfer coefficient. The parameter As is 
the total surface area of all the particles, and Asp is the specific surface area 
of the particles. The parameter Tp is the temperature of the particles. The 
parameter Qg is the heat released from N2, and Qp is the heat absorbed by 
the particles. Parameters Cg and Cp are the specific heat capacities of N2 and 
ceria. The parameter t is the elapsing physical time since the fluidization 
begins. The parameter H0 is the initial height of the fluidized bed, and H is 
the transient height. The parameter kg is the thermal conductivity of the gas 
N2. The parameter ε is the transient porosity of the fluidized bed, and ε0 is 
the initial porosity of the bed. The parameter Nu is the Nusselt number, and 
Pr is the Prandtl number. The model of Gunn describes the granular heat 
transfer phenomenon here [111].  

The efficiency ηr of the reactor 1 can be calculated by the equations Eq. 
5.14 ~5.16, in which Qgr refers to the heat absorbed by N2 in the solar 
receiver: 

0 00
(1 )

t

p p r p pQ A H C dT dtρ ε= −∫  Eq. 5.14 

0( )
t

gr g g r g g go
Q U A C T T dtρ= −∫  Eq. 5.15 

/r p grQ Qη =  Eq. 5.16 

 

5.1.4 The reactor for oxidation 

The reactor 2 is also designed of the fluidized-bed type. CO2 flow cools 
down and oxidizes the reduced ceria particles in this reactor. When 
particles in reactor 1 reach the target temperature Ttt, they will be blown out 
and collected in the cyclone separator 1 with a collection efficiency ηcy1. 
Afterwards, they are transported to reactor 2. The physical phenomena of 
the fluidization and heat transfer between the CO2 and ceria particles are 
similar to those in reactor 1 between N2 and the particles, except that heat is 
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transferred from particles to CO2 in reactor 2. Mathematical models in the 
previous episode can also be used here, with the properties of N2 replaced 
by those of CO2. When the temperature of ceria particles drops to a 
required value and the oxidation is completed, the particles are blown away 
and collected by the cyclone 2 with a collection efficiency ηcy2. The 
collected particles are transported back to the reactor 1 or to a storage stack. 

 

5.1.5 The mathematical model 

The mathematical model was built with Matlab/simulink [112], which is a 
powerful toolbox for dynamic simulations of various systems. The highest-
level diagram of the model is shown as Figure 5.2.  
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Figure 5.2 The highest-level diagram of the numerical model in Simulink 

The model simulates the realistic components in the system: solar 
concentrator, solar receiver, reactor 1, cyclone 1, reactor 2, and cyclone 2. 
It also includes three virtual blocks: control unit 1, control unit 2, and 
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parameter settings. The control unit 1 contains the following functions: 
initiating the whole system, activating the blowing out of the particles, 
waking up the cyclone separator 1, and loading the next batch of catalyst 
particles into reactor 1. The residence time in the cyclone units can be set to 
define the time required for separation. Control unit 2 functions to initiate 
reactor 2 and activates the blowing out of the particles to cyclone 2. All the 
initial values in the model are given in the “Parameter settings” unit.  

In the case of converting CO2 with the redox cycle of ceria, the crucial 
parameter settings are given in Table 5.1: 

 

Table 5.1 Parameter settings for reactor 1 

Parameters  Variables Values Units 

Concentration ratio C Changeable  

Efficiency of concentrator ηsc  80%  

Efficiency of solar receiver ηrec  Changeable  

Velocity of N2 Ug Changeable m/s 

Area of cross-section of  
reactor 1 Ar 1.256e-3 m2 

Temp. of N2 entering receiver Tg0 273 K 

Temp. of N2 leaving receiver Tg Changeable K 

Density of N2 ρg 0.268 kg/m3 

Specific heat capacity of N2 Cg 1215 J/kg·K 

Target temp. of ceria Ttt Changeable K 

Specific surface area of ceria 
particles Asp 10 m2/g 
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Specific heat capacity of ceria Cp 460 J/kg·K 

Initial porosity of the bed ε0 0.376  

Minimum fluidization velocity 
of N2 

Umf 0.079 m/s 

Density of ceria ρp 7220 kg/m3 

Diameter of ceria particles dp 300 µm 

Viscosity of N2 µ 4.85e-5 Pa·s 

Thermal conductivity of N2 kg 0.07 J/m·K 

Initial bed height of ceria 
particles H0 Changeable m 

Initial temperature of ceria 
particles Tp0 300 K 

 

The concentration ratio C is set as 1000 in the beginning. The efficiency of 
the concentrator ηsc is set as 80 % [113], [114]. The efficiency of the solar 
receiver ηrec is about 70 % at the operation temperature of 1300 K, and 38% 
at the operation temperature of 1700 K. The temperature of N2 leaving the 
solar receiver is set as 1300 K in the beginning, and then changed to higher 
values in the further investigations. The two reactors are assumed to have 
the same geometry. The collection efficiencies of the cyclone separators are 
supposed to be 100 %. The initial bed heights H0 of ceria particles in the 
reactors are also the same. The initial porosity of the bed ε0 is 0.376 based 
on the assumption that all the ceria particles have perfect spherical shape. 
The properties of N2 are chosen with their values at the temperature of 1273 
K and assumed to be constants. The specific surface area Asp is set as 10 
m2/g for commercial ceria particles. The diameter of ceria particles is set as 
300 µm aiming at a sufficient fluidization.  

The heating performance of the reactor 1 is the primary objective of the 
investigation. The transient temperature of the particles is recorded. The 
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efficiency of the reactor is calculated with Eq. 5.16. The heat loss in the 
receiver is mainly affected by radiation instead of convection at elevated 
temperatures. Hence, the influence of the N2 velocity on the operation 
temperature and efficiency of the solar receiver is neglected. The total 
energy utilization efficiency ηtol from solar to particles is calculated with 
Eq. 5.17. 

tol sc res rη η η η=   Eq. 5.17 

 

5.2 Results of the mechanism study of the system 

5.2.1 The effects of N2 velocities and bed heights of ceria 

The effects of N2 velocities on the heat transfer are investigated first. The 
temperature of N2 entering the reactor 1 is 1300 K, and the target 
temperature for heating up the particles is 1273 K. The initial bed height of 
ceria particles is 0.01 m. The velocity of N2 changes with the values of 0.1 
m/s, 0.2 m/s, 0.3 m/s, 0.4 m/s, and 0.5 m/s. The results of the dynamic 
simulation are shown in Table 5.2, and the temperature curves of ceria are 
shown in Figure 5.3. Subsequently, the effects of bed heights of ceria 
particles are investigated with the same settings. The velocity of N2 is set as 
0.5 m/s. The bed heights are set as 0.01 m, 0.02 m, 0.03 m, 0.04 m, and 
0.05 m respectively. The results are shown in Table 5.3  and the 
temperature curves of ceria are shown in Figure 5.4. 

 

Table 5.2 The effects of velocities of N2 on the heat transfer  

Parameters Units Test 
1 

Test 
2 

Test 
3 

Test 
4 

Test 
5 

Velocity of N2  m/s 0.1 0.2 0.3 0.4 0.5 
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Heat transfer 
coefficient h  ×106W/m2 7.64 8.43 9.01 9.49 9.89 

Time for reaching 
target temp.  s 2337 1171 782 588 471 

Efficiency ηr  % 26.1 26.1 26.1 26.1 26.1 

 

 

Figure 5.3 The effects on the heat transfer by the flow velocities of N2 

 

Table 5.3 The effects of bed heights of ceria particles on the heat transfer  

Parameters Units Test 
1 

Test 
2 

Test 
3 

Test 
4 

Test 
5 

Bed heights of ceria m 0.01 0.02 0.03 0.04 0.05 
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Heat transfer 
coefficient h  ×106W/m2 9.89 9.89 9.89 9.89 9.89 

Time for reaching 
target temp.  s 471 938 1404 1870 2337 

Efficiency ηr  % 26.1 26.1 26.1 26.1 26.1 

 

 

Figure 5.4 The effects on the heat transfer by the bed heights of ceria particles 

The time needed for heating up ceria particles to the target temperature 
increases proportionally as the bed heights of ceria grows, but decreases 
proportionally as the velocity of N2 grows. It is because the augmentation 
of ceria requires more heat to enhance the temperature, and results in a 
longer heating time. On the contrary, the N2 flow with a higher velocity 
brings more heat and reduces the heating time. The heat power brought by 
N2 flow at the velocity of 0.5 m/s is just 210 W, but the heat transfer 
coefficient h is 9.89×106 W/m2. Besides, the weight of ceria particles is 56.6 
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g when the bed height is 0.01m, corresponding with a surface area As=566 
m2. The maximum heat transfer capacity between the two phases is 7 orders 
of magnitude larger than the heat brought by N2 flow. It means the total 
heat transfer capacity is not the barrier limiting the heating performance, 
but the flow rate of N2 is. The relations are based on the Eq. 5.18.  

( )s g pQ hA T T= −  Eq. 5.18  

The velocity of N2 flow cannot increase without limits, because the 
operation velocity of N2 is suitable to be 4~5 times of the minimum 
fluidization velocity Umf. To look for other ways to improve the heat 
transfer performance, the effects of N2 temperatures on the heat transfer 
performance are investigated.  

 

5.2.2 The effects of N2 temperature and the concentration ratio 

Table 5.4 The effects of the temperature of N2 on the heat transfer  

Parameters Units Test 
1 

Test 
2 

Test 
3 

Test 
4 

Test 
5 

Temp. of N2 entering 
reactor 1 K 1300 1400 1500 1600 1700 

Heat transfer 
coefficient h  ×106W/m2 7.64 7.64 7.64 7.64 7.64 

Time for reaching 
target temp.  s 2337 1397 1078 894 769 

Efficiency ηr  % 26.1 39.9 47.5 53.0 57.3 

 



Doctoral thesis_ A novel solar-driven system for two-step conversion of CO2 with ceria-based catalysts 

 

66 

 

 

Figure 5.5 The effects of the temperatures of N2 flow on the heat transfer 

 

Figure 5.6 The efficiency of the reactor 1 during the heating process 
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The effects of the temperature of N2 on the heat transfer are shown in Table 
5.4. The temperature curves of ceria are shown in Figure 5.5.  The height of 
the bed of ceria particles is 0.01 m. The velocity of N2 is 0.1 m/s. The 
temperature of N2 entering the reactor changes from 1300 K to 1700 K. 
Raising the temperature of N2 can reduce the time needed for heating up 
ceria particles to the target temperature of 1273 K. The efficiency ηr is 
higher if the temperature of N2 is enhanced. The curve of the efficiency ηr 
during the heating process in Test 1 is given in Figure 5.6. It shows that the 
efficiency of reactor 1, ηr, is high when the temperature difference between 
N2 and ceria is large in the beginning of the heating process. The efficiency 
of the reactor decreases as the temperature difference becomes smaller. The 
relation is also based on the heat transfer equation Eq. 5.18. For the receiver 
with a concentration ratio C=1000, the efficiencies are shown in Table 5.5. 

 

Table 5.5 The effects of temperatures of N2 on efficiencies (When C=1000) 

Parameters Units Test 
1 

Test 
2 

Test 
3 

Test 
4 

Test 
5 

Temp. of N2 entering 
reactor 1 K 1300 1400 1500 1600 1700 

Efficiency of solar 
receiver ηrec 

% 70 64 55 45 35 

Efficiency of reactor 1 
ηr  

% 26.1 39.9 47.5 53.0 57.3 

Total Efficiency ηtol  % 14.6 20.4 20.9 19.8 16.0 

 

The total efficiency is calculated by Eq. 5.17 with the efficiency of solar 
concentrator ηsc assumed as 80 %. A higher temperature of N2 does not 
guarantee a higher total efficiency if the solar receiver is considered, 
because the efficiency of the solar concentrator drops largely when the 
operation temperature of the receiver is high [115]. The increase of the 
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efficiency ηr is not enough to compensate for the decrease of the efficiency 
ηrec at high temperatures. In this case, the peak of the total efficiency ηtol is 
20.9 % when the temperature of N2 entering the reactor is 1500 K. 
However, the drop of the efficiency ηrec at high temperatures is not notable 
when the concentration ratio is quite high. The efficiencies are shown in 
Table 5.6 when the concentration ratio C is 10000: 

 

Table 5.6 The effects of temperatures of N2 on efficiencies (When C=10000) 

Parameters Units Test 
1 

Test 
2 

Test 
3 

Test 
4 

Test 
5 

Temp. of N2 entering 
reactor 1 K 1300 1400 1500 1600 1700 

Efficiency of solar 
receiver ηrec 

% 88 87 86 85 83 

Efficiency of reactor 1 
ηr  

% 26.1 39.9 47.5 53.0 57.3 

Total Efficiency ηtol  % 18.4 27.8 32.7 36.0 38.0 

 

It can be seen that the total efficiency keeps increasing as the temperature 
of N2 increases to 1700 K, but the increase of the total efficiency is slowing 
down. The reason is that the efficiency of solar receiver is eventually 
dropping, but the increase of the efficiency ηr is slowing down. Generally, 
the concentration ratio should be as large as possible. When the 
concentration ratio is fixed, there is a maximum total efficiency determined 
by the temperature of N2 entering the reactor. The temperature of the 
turning point for the maximum total efficiency is higher when the 
concentration ratio increases. 
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5.2.3 The influence of the temperature of reactions 

 

Table 5.7 The influence of the reaction temperatures on the efficiencies (C=10000) 

Parameters Units Test 1 Test 2 Test 3 Test 4 Test 5 

Temp. of 
reaction K 1273 1373 1473 1573 1673 

Time for 
reaching the 
reaction temp. 

s 769 942 1178 1553 2554 

Efficiency of 
solar receiver 
ηrec 

% 83 83 83 83 83 

Quantity of 
released O2  

mol 0.0035 0.0106 0.0346 0.0424 0.0566 

Weight of 
equivalent CO  g 0.196 0.594 1.938 2.374 3.170 

Heating value 
of equivalent 
CO QCO 

J 2000 6059 19768 24215 32334 

Efficiency of 
heating in reactor 1 
ηr  

% 57.3 51.6 45.1 37.1 24.3 

Heat absorbed 
by N2 in 
receiver Qgr  

J 44915 55020 68805 90707 149173 

Heat-to-fuel 
efficiency ηh-f  

% 4.5 11.0 28.7 26.7 21.6 
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Solar-to-fuel 
Efficiency ηs-f 

% 3.0 7.3 19.1 17.7 14.3 

 

The preceding results are based on the prerequisite that the target 
temperatures for the reduction of ceria are all 1273 K. However, the 
chemical reaction rates and the productivity change if the temperature of 
the reaction changes [82]. The influence of the reaction temperature on the 
efficiencies is shown in Table 5.7. The temperature of N2 entering the 
reactor 1 is 1700 K, and the concentration ratio C is assumed as 10000. The 
velocity of N2 flow is 0.1m/s, and the bed height of ceria is 0.01m, 
corresponding with a mass of 56.6 g. The heat power with N2 flow is 58.38 
W. The heating value of CO is 1.02×104 J/g. With the total heating value of 
produced CO, the heat-to-fuel fuel efficiency ηh-f can be calculated via Eq. 
5.19. The solar-to-fuel efficiency ηs-f can be defined as Eq. 5.20: 

/h f CO grQ Qη − =  Eq. 5.19 

s f sc rec h fη η η η− −=  Eq. 5.20 

When ceria is reduced, the released O2 increases as the reaction temperature 
increases from 1273 K to 1673 K. The equivalent CO is calculated with the 
hypothesis that all the reduced ceria could be xidized by CO2. The peak of 
the heat-to-fuel efficiency appears at the target temperature of 1473 K and 
then drops, because the heating efficiency is decreasing and the heat 
brought by N2 is not sufficiently utilized. At the temperature of 1473 K, 
0.0346 mol of O2 is released by 56.6 g of ceria. Afterwards, 1.938 g of CO 
could be produced. The amount of 19.1 % of the solar energy is converted 
into chemical energy in CO. The trend largely depends on the kinetics of 
the reduction of specific catalysts. 
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5.2.4 The oxidation with CO2 

The oxidation of ceria with CO2 is performed in Reactor 2, which is 
geometrically the same as the reactor 1. The initial temperature of ceria 
particles entering the reactor is assumed to be 1473 K. The velocity of CO2 
is set close to the minimum fluidization velocity since the density of CO2 at 
273 K is much larger than the density of N2 at 1273 K, meaning the CO2 
flow has a larger heat capacity than N2 flow at the same volumetric flow 
rate. The parameter settings are listed in Table 5.8, and the curve of the 
temperature of ceria particles is shown in Figure 5.7:  

 

Table 5.8 Parameter settings for reactor 2 

Parameter names Variables Values Units 

Velocity of CO2 Ug2 0.25 m/s 

Temp. of CO2 entering 
reactor 2 

Tg2 273 K 

Density of CO2 ρg2 1.96 Kg/m3 

Specific heat of CO2 Cg2 888.4 J/Kg·K 

Minimum fluidization 
velocity of CO2 

Umf2 0.224 m/s 

Viscosity of CO2 µ2 1.523e-5 Pa·s 

Thermal conductivity of 
CO2 

kg2 0.014 J/m·K 

Initial bed height of ceria 
particles 

Hb 0.01 m 

Initial temperature of 
ceria particles 

Tp02 1473 K 
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It can be seen that the cooling process of ceria is very fast due to the large 
heat capacity of CO2 flow. The required time for the process is 1/5 of the 
time required for heating up ceria to 1273 K, although the velocity of CO2 
is almost as large as the minimum fluidization velocity.  

 

 

Figure 5.7 The temperature of ceria during cooling process 

 

5.3 Conclusions 

To identify the operation mechanism of the proposed system, a 
mathematical model has been built for the dynamic simulation of the 
system with Matlab/Simulink. It is also aimed to identify the optimum 
working conditions for various cases. The operation details can be 
conveniently acquired after users provide values to parameters in the model 
such as the properties of the solids and gases and the specifications of the 
solar components. 

CO2 conversion with ceria in the proposed system has been investigated in 
the chapter. Investigations showed that the system could successfully heat 
up the catalyst particles of 56.6 g to 1273 K in 8~40 minutes. The inlet 
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temperature and velocity of the heat carrier gas into the rector were 
respectively 1300 K and 0.1~0.5 m/s. The efficiency of the reduction 
reactor ηr decreased during the heating processes, due to the decrease of the 
temperature difference between N2 and ceria. When ceria reached the target 
temperature of 1273 K, the reactor efficiency ηr was about 26.1 %. The 
reactor efficiency increased to 57.3 % when the temperature of N2 entering 
the reactor increased from 1300 K to 1700 K. However, the efficiency was 
not subjected to the changes of velocities of the entering gas or the changes 
of the bed heights of catalysts.  

The efficiency of the solar receiver, ηrec, dropped when the operation 
temperature increased. Considering this, the total efficiency of the system 
ηtol which refers to the percentage of the solar energy transferred to the ceria 
particles, demonstrated a convex profile as the temperature of N2 entering 
the reactor increases. There was a peak of the efficiency ηtol =20.9 % when 
the temperature was 1500 K. The increase of the concentration ratio could 
enhance the efficiencies because the efficiency drop of the solar receiver at 
elevated temperatures was not large when the concentration ratio was high. 
For a concentration ratio of C equal to10000, the total efficiency increased 
from 20.9 % to 32.7 %. For specific reactions, the kinetics of the reactions 
was different, and the amount of the products changed at different reacting 
temperatures. In this study, the O2 released by ceria increases when the 
reacting temperature increased from 1273 K to 1673 K, which meant more 
ceria was reduced and more CO was be produced. For 56.6 g of ceria 
heated by a N2 flow with the velocity of 0.1m/s and the temperature of 1700 
K, 3.17 g of CO could be produced at a temperature of 1673 K. The 
maximum solar-to-fuel efficiency ηs-f was 19.1 % with the temperature of 
reaction as 1473 K. The peak efficiency appeared because the heating 
efficiency decreased in the heating processes though the production of CO 
was enhanced.  

The model successfully demonstrated the operation mechanism of CO2 
conversion with ceria in the system proposed in Section 3.1. The model can 
be employed for the further design and operation optimization of the 
system. It is also appropriate for the investigation of other similar cases.  
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6 Experimental system 
 

 

In this chapter, the details of the experimental system are presented. The 
experiments of the heating process of ceria will be carried on the system 
primarily at 120 ⁰C. The results would be a reference for the numerical 
study to design and investigate the fluidized bed reactors. Those studies 
will be introduced in next chapter. 

 

6.1 Description of the experimental system 

6.1.1 System overview 

Electrical heating or fuel combustion will be used to heat up air or N2 in 
primary stage for developing the system. When the system is ready, solar 
components will be connected for final integration. The schematic diagram 
of the experimental system is shown as Figure 6.1: 

 

Figure 6.1 Schematic diagram of the experimental system 
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The air or N2 gas flow is led to the flow control panel, which consists of 
four mass flow controllers to adjust the flow rate. Then, the gas flows 
through a heating pipe, which is heated by electrical heating tapes or fuel 
combustion. The hot gas leaves the heating pipe and enters a fluidized bed 
reactor to heat up and reduce the ceria particles. There are filter sieves at 
the inlet and outlet of the reactor. The filter sieves retain the particles in the 
reactor. When the particles reach the target temperature and the reduction is 
completed, the heating component stops working, and the cold CO2 gas 
flow enters the reactor to re-oxidize ceria and produce CO. The majority of 
the exhaust gas goes through a flare. The flare burns CO out before it is 
released to the ventilation system. A minority part of the exhaust gas goes 
through a heat exchanger as a cooling component, and then enters the gas 
analyzer. The gas leaving the gas analyzer is also sent to the flare in case 
CO is released to ventilation or atmosphere. The details of the system and 
different components will be introduced in following episodes. 

 

6.1.2 Supply and control of gases 

Air, N2, and CO2 are gases involved in the experiments. Air is supplied by 
the central gas system, and the other two gases are provided by gas 
cylinders. All those gases go to a flow control panel first. The panel is 
shown in Figure 6.2:  
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Figure 6.2 The gas flow control panel 

 

Figure 6.3 Schematic diagram of gas flow control panel 

The details of the flow panel are shown in Figure 6.3. There are 4 gas lines 
in the panel. The first one is for the N2 gas, which works as a carrier gas. 
The N2 flow leaves the gas bottle, goes through a valve and a pressure 
gauge, and then passes a mass flow controller. The steam from an 
evaporator joins the gas flow to provide H2O for the tests of water 
conversion or simultaneous conversion of CO2 and H2O. 

This gas line is mixed with the second gas line which provides N2 for the 
heating process. The third gas line carries CO2 and mixes with the first two 
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lines. The last gas line is used for the air which could also work as a carrier 
gas. Air from the compressor goes through a filter to prevent impurities in 
the air flow from endangering the mass flow controller. All the gases are 
directed to the heating pipe. 

The mass flow controllers are manufactured by Bronkhorst [116]. The type 
of the controllers is F-202-AV-M10. The highest gas flow rate is 10 kg/h 
for air, and the maximum pressure is 5 bar. The signals from the controllers 
are transferred via Ethernet to an adaptor, and then via RS232 port to a 
computer. The data is collected and stored by Labview in the computer. 

  

6.1.3 Heating system 

The gases (mainly referring to air and N2) after the flow control panel are 
led to the heating components. Heating tapes handles the test of ceria under 
200 ⁰C, which will be studied in the next chapter. The diagram of the 
heating components is shown as Figure 6.4. 

 

 

Figure 6.4 Schematic diagram of heating components 
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The air or N2 coming after the flow control panel is heated up in a metal 
pipe which is covered by heating tapes. The temperature of the hot gas is 
monitored by a thermocouple, which sends the temperature signal to a data 
logger. The temperature information is then collected by Labview on a 
computer from the data logger via Ethernet. 

The heating tapes are provided by the company of Hemheating. The type is 
S025 with standard exporting power of 365 W. The exporting power is 
adjusted by a transformer. The maximum power export is 760 W. In the 
future system driven by solar energy, the air or N2 is expected to be heated 
up by a solar receiver.  

 

6.1.4 Fluidized bed reactor 

 

Figure 6.5 Schematic of the structure of the reactor 
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The fluidized bed reactor was designed on the basis of fluidization of the 
ceria particles. The schematic of the reactor’s structure is shown in Figure 
6.5. 

The reactor was of a cylinder shape. The length of the main body of the 
reactor is 400 mm, and the inner diameter is 40 mm. The outer diameter of 
the reactor is 44 mm. There are two pipes as the inlet and the outlet of the 
reactor. They are connected with the main body by flanges. There are also 
filter sieves in the flanges to retain ceria particles from leaving the reactor. 
The size of the holes in the sieves is 150 µm. The inner diameters of the 
inlet and outlet pipes are both 16 mm, with a length of 70 mm. The outer 
diameters of the pipes are 20 mm. There are branch pipes on the inlet and 
outlet separately. The branch pipe on the inlet is used for adding mixing 
gases, and the branch pipe on the outlet leads sample gas to the gas 
treatment and the gas analyzer. The inner diameters of the branch pipes are 
6 mm, with the outer diameters of 8 mm. The distance between the branch 
pipes and the flanges is 20 mm. Those branch pipes are neglected in the 
schematic. 

 

 

Figure 6.6 The fluidized bed reactor  
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The fluidized bed reactor in the experimental system is shown in Figure 
6.6. Another component for the inlet is the circular cone between the inlet 
pipe and the main body. It is used to study the influence of the inlet on the 
flow field and heat transfer. The cone is shown in Figure 6.7. It is also 
connected with other parts by flanges. The diameters of the surfaces of two 
ends are the same with those of the inlet pipe and the main body: 16 mm 
and 40 mm. The height of the cone is 40 mm.  

 

 

Figure 6.7 The circular cone between the inlet and the main body of the reactor 

 

6.1.5 Gas treatment and gas analyzer 

The exhaust gases leaving the main outlet go through a flare. When ceria is 
getting oxidized and CO is produced, the flare works.  It utilizes flame to 
burn CO, in case that CO is released into the ventilation system or the 
atmosphere. The sample gas is sucked out via the branch outlet pipe. The 
downstream processes are shown in Figure 6.8.  

The sample gas enters a heat exchanger via a bronze pipe to be cooled 
down first. The heat exchanger is filled with ice water, and refreshed 
continuously. The gas leaving the heat exchanger is maintained at the 
temperature of 8 ~ 10 ⁰C. After the cooler, there is a thermocouple to 
monitor the temperature of the gas leaving the cooler. 
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Figure 6.8 Gas treatment and gas analyzer 

The cold gas goes through a valve, and then enters a pump. This pump 
sucks the sample gas from the outlet of the reactor. The pumped gas is 
introduced in to a gas treatment unit manufactured by Alfakomp (Figure 
6.9) [117].  

 

 

Figure 6.9  Gas treatment unit before the gas analyzer [117] 

The gas treatment unit monitors the flow rate, the temperature and the 
cleanliness of the sample gas. The standard flow rate of the sample gas is 
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1.4 L/min. The highest temperature of the sample gas allowed by the gas 
treatment unit is 180 ⁰C. There is also a filter inside the unit to eliminate the 
impurities in the gas flow to assure the safety of the gas analyzer.  

The gas analyzer is provided by Hartmann & Braun / ABB group [118]. It 
is shown in Figure 6.10: 

 

 

Figure 6.10 Gas analyzer [118] 

The gas analyzer consists of two parts: the CO+CO2 monitor and the O2 
monitor. The sample gas from the gas treatment unit enters the O2 monitor, 
and then enters the CO+CO2 monitor. The O2 monitor is calibrated with air, 
and the CO+CO2 monitor is calibrated with mixture gas from gas bottles. 
Both concentrations of CO2 and CO in the calibration gases are 4000 ppm. 
The gas analyzer gives voltage signals to the data logger. The 
concentrations of O2, CO, and CO2 in the sample gas can be deduced with 
the reference of the signals from the calibration gas. 
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Figure 6.11 Component for mixing sample gas and main exhaust gas 

The gases leaving the gas analyzer is also led to the flare to eliminate the 
CO contained in the sample gas. The component mixing the main exhaust 
gas and sample gas at the flare is shown in Figure 6.11. 

 

6.1.6 Monitoring of pressure and temperature in FBR 

The temperatures in different points in the system are monitored by 
thermocouples. There are 4 thermocouples in the fluidized bed reactor 
except for the two located after the heating component and the heat 
exchanger respectively. The pressure drop in the fluidized bed is monitored 
by a differential pressure gauge. The configurations of the thermocouples 
and the probes of the pressure gauge are shown in Figure 6.12. 
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Figure 6.12 Distribution of thermocouples and probes of the pressure gauge 

The heights of the probes of the differential pressure sensor are 47 mm and 
452 mm. Those probes are 10 mm away from the center line of the reactor. 
The probes are connected to a pressure sensor provided by the company of 
Sensor Technics [119]. The pressure sensor is shown in Figure 6.13: 

 

 

Figure 6.13 Differential pressure sensor BTE 5000 [120] 
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There is a thermocouple at the inlet pipe before the cone, and 4 
thermocouples in the reactor. The heights of the 4 thermocouples are 50 
mm, 180 mm, 311 mm, and 442 mm. There is also a thermocouple at the 
pipeline to the gas analyzer after the cooling component to make sure that 
the temperature of sample gas is low enough for the gas analyzer. The tips 
of the thermocouples are right at the center line of the reactor. All the 
thermocouples are K-type metal sheathed ones with connectors as shown in 
Figure 6.14. They are provided by the company of Pentronic [121]. The 
length of the thermocouple probes is 25 cm, and the diameter is 1.5 mm. 
The signal from the thermocouples and the pressure sensor are sent to the 
data logger and then to the Labview on a computer. 

 

 

Figure 6.14 Thermocouples provided by Pentronic [121] 

 

6.1.7 Labview control panel and data collection 

 

Figure 6.15 Data logger provided by Keithley [122] 
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The data and signals from the thermocouples and the gas analyzer are sent 
to a data logger (Figure 6.15). The 2701-type of data logger is provided by 
the company of Keithley [122]. The data is transferred between the data 
logger and the Labview control panel via Ethernet.  

The control panel of Labview [123] is shown in Figure 6.16. The flow 
controllers are shown in the up-left part. There are only three controllers 
utilized in the current system since H2O conversion is not planned for test 
yet, meaning the first gas line in the gas flow control panel in Episode 6.1.2 
is not initiated. The real-time flow rates of the gases are also shown in the 
window in the up-right part.  

The settings and display information of the temperature measurement and 
gas composition is shown in the down-left area in Figure 6.16. VISA source 
name refers to the IP address of the data logger. Source list A refers to the 
port numbers of the thermocouples connected to the digital card in the data 
logger, and the list B refers to the port numbers of the signals from the gas 
analyzer and pressure transmitter. All those signals or values are shown in 
the window of Measurement data. 
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Figure 6.16 Control panel of Labview 

The setting of Function A specifies the temperature measurement, and the 
setting of Function B specifies that the analysis of the gases is given by 
voltage signals. The values of all the measurements are given and recorded 
instantaneously, and then stored in different files. The full map of the data 
transfer is shown in Figure 6.17. 
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Figure 6.17 Full map of data transfer 

 

6.2 Operation procedure of experiments 

For each experimental trial, the procedure of the operations is listed as 
below: 

1. Activate the communication between the mass flow controllers and 
the computer. 

2. Switch on the data logger. 
3. Start the Labview control panel and begin data acquisition. 
4. Send the calibration gases (air, CO, CO2) to the gas analyzer and 

calibrate it. After calibration, connect the gas analyzer to the branch 
pipe for sample gas at the outlet of the reactor. 

5. Switch on valves of gas bottles, and then the transformer and 
heating tape. When the temperature of the incoming gas reaches the 
target temperature, lead the gas to the reactor.  

6. Record the temperature and pressure information. 
7. When the trial is completed, switch off the heating tape and 

transformer, and then the valves of gas bottles. Afterwards, adjust 
the flow rates of gases to zero by Labview, close the 
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communication between computer and mass flow controllers, and 
then close Labview, data logger, and the computer. 

8. Switch off the gas analyzer. 

Different cases may require different operation procedures, but the 
basic routine should flow the procedure above.  
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7 Investigation of the fluidized bed 
reactor 

 

 

A fluidized bed reactor is the most important part of the system. Therefore 
the objective of this chapter is to investigate the design of the device.  A 
laboratory scale fluidized bed has been constructed in order to verify the 
computational models of the bed including gas-solid flow patterns as well 
as the heat transfer properties at a relatively low temperature.  

The results of the experimental and modeling will be used to optimize the 
design and performance capability of the devise.  A full scale fluidized bed 
reactor requires high-quality steel which is resistant to high temperatures. A 
rigorous insulation is also necessary. Aiming at a mature product since the 
beginning of the development does not comply with the principles of 
developing a product. 

In this chapter, the computational fluid dynamics is used for design study. 
The commercial software Ansys/Fluent [124] is employed as the tool for 
the CFD simulation of the reactor [125].  

In order to secure the results of the model study, a grid dependency analysis 
was performed. Four levels of grid density were investigated: the grids of   
coarse, medium, fine, and elaborate mesh. The cases on the four grids were 
analyzed until there was no change in the results based on the size of the 
mesh. 

Eulerian-Granular model is regarded as the most suitable one for simulating 
gas-solid flows. Various parameters and conditions affecting the 
hydrodynamics field in the model are investigated. The data of pressure 
drop in the experimental results and theoretical calculations are used to 
validate the model. Afterwards, the heat transfer model of Gunn is 
validated with the temperature records from the experiment results. A 
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successful validation is the foundation of extending the use of the model to 
more general and comprehensive cases.  

The validated and functional CFD model could be utilized for the 
development of fluidized bed reactors in the system. The foregoing 
procedures will be introduced in coming sections. 

 

7.1 Methodology 

There has already been CFD research on gas-solid flows in volumetric solar 
receivers or in fluidized bed reactors.  

Abanades studied zinc oxide dissociation in a solar chemical reactor with 
Euler-Lagrange model [95]. The model treated the case as a particle-laden 
flow. Discrete solid particles of zinc oxide were dispersed in a continuous 
gas flow of Argon. The volume fraction of the solids was merely 6e-05, 
which was far from a realistic case. There is also research using Eulerian-
Eulerian model to deal with gas-solid flows. Both gas and solids phases 
were considered as continuous fluids, which were not fit for the case here.  

In the Eulerian-Granular model, the particles are treated as granular flows. 
The fluid properties of solids are determined by the kinetic theory of the 
granular model. The model is especially effective for solid particles 
fluidized in high-density gas mixtures.  Chen used the model to study the 
gas-solid flow field in fluidized bed polymerization reactors [126], but he 
did not involve the heat transfer model. Almuttahar and Gao did similar 
research to study the design of fluidized bed reactors [127], [128]. Behjat 
performed the CFD modeling of fluidized bed reactors involving both the 
hydrodynamic and the heat transfer aspects in 2007 [129]. However, the 
validation of his model was merely based on the voidage distribution in the 
flow field, but not the temperature field.  

Nevertheless, the details of the research contents above differ from the 
study in this thesis. The reactor in the proposed system should be studied 
from the ground up with an improved model. 



Doctoral thesis_ A novel solar-driven system for two-step conversion of CO2 with ceria-based catalysts 

 

92 

 

In this study, the Eulerian-Granular model is employed to simulate the gas-
solid flow in a fluidized bed reactor, and the model is validated with the 
data from the pressure and temperature measurements.  

The first task to design a fluidized bed reactor is the determination of 
properties of the involved phases, especially the solid phase. The solid 
phase refers to ceria particles in this study. According to Geldart’s theory of 
powders classification [130], the size distribution of the particles can be 
divided into four classes due to different fluidization states.  The 
classification is shown in Figure 7.1, indicating that the optimum size of 
ceria particles is 300 µm in the case in this thesis. This complies with the 
principle on choosing an optimized size of particles for the best fluidization 
state. The flow theories of fluidization have been introduced by the 
equations Eq. 5.1-5.5 in the Section 5.1.3. The estimation of fluidization is 
carried out by the software Ergun version 6.2. The minimum fluidization 
velocity, the terminal velocity, and the operational velocity can be 
estimated by this preliminary calculation. With those results, the 
operational velocity can be determined.   

 

 

Figure 7.1 The classification of size distribution of particles for fluidization [130], 
[131] 

Both two phases obey the law of mass conversion, and the continuity 
equations for the two phases are [132]: 
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   Eq. 7.1 
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 Eq. 7.2 

The momentum equations for the two phases are [129]: 

0( ) ( )g g g g g g g g gp g gU U U f g
t
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∂

 
 Eq. 7.3 

0( ) ( )p p p p p p p g gp p pU U U f g
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∂

 
 Eq. 7.4 

In the momentum equations, fgp is the interaction force which represents the 
momentum transfer between the gas and particles. It can be calculated as 
[129]: 

( )gp p g gp g pf p F U Uα= − ∇ − −   Eq. 7.5 

where Fgp is calculated with Syamlal-O’brien model for drag force [133]: 

2
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F C U U
U d
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= −  Eq. 7.6 

2 20.5( 0.06Re (0.06Re) 0.12Re(2 ) )pU A B A A= − + + − +  Eq. 7.7 

In the next section, a Gidaspow model for the drag force is adopted to study 
the model by comparison it with the Syamlal-O’brien model [133]–[135]: 

2.65
2
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p p

F C U U
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α −= − ⋅         for αg>0.8 Eq. 7.8 
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The energy conservation of the two phases is described by equations Eq 
5.6-5.12 in Section 5.1.3. The heat transfer model of Gunn is adopted 
because the volume fraction of ceria particles is assumed to be 0.624. 
Gunn’s model is suitable for the granular flow where the porosity of the 
flow is higher than 0.35 and the Reynolds number is less than 105. 

The granular temperature of the solid phase (Θ) is an order of solid 
fluctuation. It is proportional to the mean square velocity of the random 
motion of particles [136]. Ding and Gidaspow presented an equation for the 
granular temperature of the solid phase (Θ) [132], [137]: 
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ρ α ρ α υ

τ υ γ ϕΘ Θ

∂
Θ +∇ Θ =

∂
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  Eq. 7.10 

where the diffusion coefficient of the granular energy, kΘ, is given by 
Syamlal et al. [138]: 
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  Eq. 7.11 

In the equation: 

0.5(1 )seη = +   Eq. 7.12 

where es is the restitution coefficient. The collision dissipation of energy 
γΘ  is given by the correlation suggested by Lun et al. [139]: 
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3gp gpKφ = − Θ   Eq. 7.14 

To simplify the equation Eq. 7.10, it is assumed that the granular energy is 
at steady state and locally dissipated. The convection and diffusion are not 
considered. Then the Eq. 7.10 can be simplified to an algebraic equation: 

0 ( ) :p p pp I τ υ γΘ= + ∇ −


  Eq. 7.15 

In highly dense granular flows, the granular temperature can be considered 
as a constant since the random fluctuation is small. In the primary study in 
this chapter, it is set as 1e-05 m2/s2.  

The viscosity of the suspension in the fluidization field is named as 
granular viscosity. This viscosity contains the shear viscosity arising from 
the momentum exchange due to translation and collision. The shear 
viscosity is the sum of the coalitional, kinetic and optional frictional 
viscosities. Among these viscosities, the kinetic viscosity can be defined by 
Syamlal-O’brien model [138]: 
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In the next section, the Gidaspow model is also be used to study the 
influence of granular viscosity [140]: 
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In the primary study, the frictional viscosity is ignored. The Schaeffer’s 
model is used to study the influence from the frictional viscosity in the next 
section. The model can be expressed as [141]:  

,
2

sin

2
p

p fr
D

p

I

φ
µ =  Eq. 7.18 

where pp is the solids pressure, φ  is the angle of internal friction, and I2D is 
the second invariant of the deviatoric stress tensor. 

The restitution coefficient es represents the extent that particles rebound 
back from each other during collisions. In the default settings of Fluent, this 
coefficient is 0.9. In this study, the restitution coefficient is changed into 
0.8 and 0.99 to investigate its influence. The solid pressure and radial 
distribution are not studied since their influence is not obvious. These two 
parameters are calculated with Lun-et-al model as default.  

The boundary conditions on the wall act importantly on the bubble 
behavior. The interaction between the solid particles and the wall will be 
set as free slip, partial slip and no slip to study the influence of the 
boundary condition.  

Finally, the heat transfer model will be studied by comparing the 
temperature fields given by the CFD simulation and the experiments..  

 

7.2 Grid dependency analysis 

7.2.1 Preliminary settings of parameters in grid dependency study 

In the experiments for validating the simulation, air was heated up to 120 
⁰C by the heating tape before entering the reactor. The properties of air 
used in the simulation were also determined according to this temperature. 
The initial temperature of ceria was 20 ⁰C. The properties of the two phases 
and the fluidization situations were estimated by Ergun, as shown in Table 
7.1.  
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Table 7.1 The properties of two phases in the preliminary simulation 

Parameters Unit Value 

Diameter of particles dp m 3e-04 

Density of ceria particles ρp kg/m3 7.22e02 

Specific heat capacity of ceria Cp J/kg·K 460.44 

Thermal conductivity of ceria kp W/m·K 12 

Density of air ρg kg/m3 9.06e-01 

Specific heat capacity of air Cg J/kg·K 1016.56 

Thermal conductivity of ceria kp W/m·K 3.21e-02 

Viscosity of air µ Pa·s 2.25e-05 

Reynolds number Re  57.25 

Minimum fluidization velocity Umf m/s 1.67e-01 

Terminal velocity Ut m/s 4.74 

 

According to the estimated fluidization situations, the preliminary settings 
used in the model to study the grid dependency are shown in Table 7.2: 

 

Table 7.2 Preliminary parameter settings in the CFD simulation  

Settings Values 

Solver  Pressure based 
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Formulation  Implicit 

Velocity Formulation Absolute 

Time Transient 

Unsteady formulation 2nd-order implicit 

Gradient option Green-Gauss cell based 

Multiphase model Eulerian-Granular 

Viscous model Laminar 

Granular viscosity Syamlal-O’brien 

Granular bulk viscosity Lun et al. 

Frictional viscosity None 

Granular temperature Constant: 1e-05 

Packing limit 0.624  

Bed height 0.044 m 

Drag law Syamlal-O’brien 

Restitution coefficient 0.9 

Heat transfer model Gunn 

Inlet boundary Velocity inlet 

Outlet boundary Pressure outlet 

Wall boundary Free slip 

Reference pressure at outlet 1 Bar 

Time step 5e-04 s 
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Under relaxation factor of pressure 0.2 

Under relaxation factor of momentum 0.2 

Under relaxation factor of volume fraction 0.2 

Under relaxation factor of density 1 

Under relaxation factor of body forces 1 

Under relaxation factor of energy 1 

Discretization of momentum  First order upwind 

Discretization of volume fraction First order upwind 

Discretization of energy First order upwind 

 

The simulations were run on a computer with 8 CPU, 2.8 GHz. The 
software used for the simulation was fluent in Ansys 14.0.  

 

7.2.2 Grid dependency analysis 

The geometry of the reactor is illustrated in Figure 7.2 as a sketch of the 
profile of an axisymmetric model. The radius of the inlet at the bottom of 
the cone is 8 mm. The radius of the main body is 20 mm. The diameter of 
the outlet pipe is 8 mm. The height of the cone is 40 mm. The length of the 
main body is 412 mm (including the thickness of flanges and insulations). 
The length of the outlet pipe is 70 mm. The center line of the reactor acts as 
the axis boundary for the axisymmetric model, and the rest lines act as 
walls except the inlet line and the outlet line. 
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Figure 7.2 Geometry of the reactor  

To study the grid dependency of the model, four grids with different 
numbers of mesh were generated: the grids of coarse meshing, medium 
meshing, fine meshing, and elaborate meshing.  The cell numbers of the 
grids are: 1.37e05, 5.48e05, 9.6e05, and 1.44e06 respectively. Inflation 
layers were added to the wall boundaries. The grids were meshed with a 
mapped type and quadrilateral call adaption. A representation grid is shown 
in Figure 7.3: 
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Figure 7.3 The representation grid 

There are four monitoring points 1~4 to record hydrodynamic and thermal 
parameters during the simulations. They are all along the center line of the 
reactor at the heights: 0.05 m, 0.18 m, 0.311 m, and 0.442 m. The locations 
of the monitoring points comply with those of the thermocouples in the 
reactor. 

Four simulation cases were run with these four grids, and the results were 
compared to study the grid dependency of the model. The operational 
velocity was 0.5 m/s, three times of the minimum fluidization velocity. The 
volume fraction profiles of ceria calculated with the four grids are shown in 
Figure 7.4.  
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Volume fraction of ceria  

 

 
(a) Coarsh mesh 

 
(b) Medium mesh 

  

  0.25s   0.5s   0.75s     1s    1.25s   1.5s  0.25s   0.5s   0.75s   1s    1.25s   1.5s 

(c) Fine mesh (d) Elaborate mesh 

  

  0.25s   0.5s   0.75s     1s    1.25s   1.5s  0.25s   0.5s   0.75s    1s    1.25s   1.5s 

Figure 7.4 Volume fraction profiles of ceria simulated by grids of:  (a) coarse 
mesh, (b) medium mesh, (c) fine mesh, and (d) elaborate mesh 
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In all the four cases, ceria particles were sufficiently fluidized, and the solid 
beds were bubbling. However, only the results with fine grid and elaborate 
grid showed the best consistency with each other. The bubbling surfaces of 
solid beds were even similar most of the time in cases of fine grid and 
elaborate grid. Although the volume fraction profiles given by coarse grid 
and medium grid were showing a similar trend, the difference was also 
noticeable.  

The volume fractions of ceria at the monitoring point 1 given by the four 
grids are shown in Figure 7.5. The figure shows that the curves given by 
grids of fine meshing and elaborate meshing are quite consistent with each 
other, except when the flow time is 1.1 s. On the contrary, the values given 
by grids of coarse and medium meshing are scattered since the flow time of 
0.6 s. 

The grid of fine mesh appears more suitable for the CFD study than the grid 
of elaborated mesh, although both of them show consistent results. An 
extremely small size of the cells could have the particles cut into parts and 
fall into different cells. This may cause problem to the simulation since 
there is unique point of interest for the calculation of particle properties 
(one particle could not be calculated by two cells). In addition, an over-
elaborated grid may also increase the truncation error, which leads to a 
large residual during iterations in the simulation. 
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Figure 7.5 Volume fractions of ceria at Point 1 given by four grids 

By comparing the results of volume fractions of ceria given by different 
grids, it can be seen that the grid of fine mesh appears to be the most 
suitable grid among the four grid designs. It provides a reasonable 
prediction of the hydrodynamics of the two-phase flow. All of the 
following simulation studies are carried out with this grid of fine mesh.  

 

7.3 Hydrodynamic analysis and verification 

A parametric study approach was adopted in this section. The objective of 
the study was to optimize the CFD model for the fluidized bed reactor. The 
major parameters influencing the fluidization in the case include: the drag 
force model, the granular temperature, the granular viscosity, the frictional 
viscosity, the restitution coefficient, and the boundary condition. 
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In order to compare the results, a basic case using the settings in Table 7.2 
was run and results were analyzed in later stage. The operational velocity 
was about 0.334 m/s, which was twice of the minimum fluidization 
velocity. Subsequently, parameters influencing the hydrodynamics of the 
model were changed solely to investigate their influence. The details of the 
model study are shown as follows. 

 

7.3.1 The drag force  

Volume fraction of ceria 

 

 

 

 

 
(a) Basic case with Syamlal-O’brien model 

for drag force 

 
  1s      2s      3s      4s     5s      6s 
 
(b) Gidaspow model for drag force 

 
              1s      2s       3s      4s      5s      6s 

Figure 7.6 Volume fraction profiles of ceria given by: (a) Syamlal-O’brien model 
and (b) Gidaspow model 
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There are mainly two models used for the drag force calculation in CFD 
simulations: the Syamlal-O’brien model, and the Gidaspow model. Their 
theoretical details have been introduced in Section 7.1. The Syamlal-
O’brien model was adopted in the preliminary settings for the basic case; 
subsequently, the drag force setting was changed into Gidaspow model for 
a comparison. The profiles of volume fractions of ceria given by the two 
models are shown in Figure 7.6. It can be seen that the flow patterns of the 
solids with the two different settings are similar. However, the fluidization 
given by the Gidaspow’s model is more intensive. Some bubbles penetrate 
the whole bed. 

 

Figure 7.7 The bed heights calculated by drag force models of Syamlal-O’brien 
and Gidaspow 

The bed heights given by the Gidaspow model are larger than those given 
by the Syamlal-O’brien model. The curves of the bed heights are shown in 
Figure 7.7. 

The pressure drops given by the two drag force models were also recorded 
and shown in Figure 7.8. There are four different series of data illustrated in 
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the figure: the pressure drops given by the model of Gidaspow, the model 
of Syamlal-O’brien, the theoretical calculation, and the experiment data. 

The theoretical calculation of the fluidized bed was based on the equation 
Eq. 7.19. For the studied case, the pressure drop is 1943 Pa calculated with 
the following equation: 

(1 )( )p gp H gε ρ ρ∆ = − −   Eq. 7.19 

 

Figure 7.8 The pressure drops calculated by Syamlal-O’brien model and Gidaspow 
model for the drag force 

It can be seen from Figure 7.8 that the pressure drop given by the Gidaspow 
model is relatively high. The pressure drop given by this model is also 
much more fluctuating, ranging from 1000 Pa to 4500 Pa. This fluctuation 
of the pressure drop may be caused by the large bubbles breaking through 
the solid bed. The average value of the pressure drop given by the Syamlal-
O’brien model is consistent with the theoretical results. Yet the average 
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value given by Gidaspow model is larger than the theoretical results. In the 
experimental trial, the fluctuation of pressure drop was between the 
simulation results with the two models, ranging from 1250 Pa to 3450 Pa, 
and the average value of the pressure drop was a bit larger than the 
theoretical results. The reason of a high pressure drop may result in the 
pressure loss along the reactor.  

In general, the Gidaspow model has not reflected the fluctuation of the 
pressure drop of the solid bed as the Syamlal-O’brien model has done, and 
the average value of the pressure drop it gives is also higher than the 
theoretical value and the experimental data. The syamlal-O’brien model is 
proved to be the more accurate one for the drag force calculation. 

 

7.3.2 The granular temperature 

 

Volume fraction of ceria 

 

 
Algebraic equation for granular temperature 

    
   1s      2s     3s     4s     5s      6s 

Figure 7.9 The volume fraction profiles of ceria given by GTAE 
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There are two different options for setting the granular temperature 
described in the Section 7.1: the algebraic equation and a constant value 1e-
05 m2/s2 used in the basic case. The two settings are abbreviated as GTAE 
(granular temperature by algebraic equation) and GTC (granular 
temperature by the constant value 1e-05 m2/s2). The volume fraction 
profiles of ceria given by GTAE are shown in Figure 7.9. 

As it is shown in Figure 7.9, the fluidization simulated by GTAE seems less 
violent compared with the basic case simulated by GTC in Figure 7.6. The 
solid particles are steadily slipping down along the wall by the recirculation 
of ceria particles in the reactor. As shown in Figure 7.10, the bed heights 
calculated by GTAE are longer than the heights calculated by GTC. 

 

 

Figure 7.10 Bed heights calculated by settings of GTAE and GTC for granular 
temperature 

The pressure drops calculated by the two settings are shown in Figure 7.11. 
The average pressure drop calculated by GTAE is higher than that 
calculated by GTC, and it has a good consistency with the theoretical result. 
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The average pressure drops calculated by GTAE are also more consistent 
with the experimental result. The fluctuation of pressure drop demonstrated 
by GTAE is also greater than that shown by GTC, indicating that the 
algebraic equation gives a closer result to the experimental result in this 
aspect. Thus, it is used in the final model after the parameter study.  

 

 

 Figure 7.11 The pressure drop calculated by GTAE, GTC, theoretical equation and 
experiments 

 

7.3.3 The granular viscosity and frictional viscosity 

In order to utilize a more accurate model for calculating the granular 
viscosity (GV), the Gidaspow model (GVG) is adopted. The results are 
compared with the results from the basic case where Syamlal-O’brien 
model (GVSO) is used. Similarly for the study on frictional viscosity (FV), 
the Shaeffer model (FVS) is also adopted in another case. The results are 
also compared with the results from the basic case where the frictional 
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viscosity is ignored and set as “None” (FVN). The investigation of these 
two viscosity parameters are presented together in this episode. The profiles 
for the volume fractions of ceria are shown in Figure 7.12: 

 

Volume fraction of ceria 

 

 
(a) Gidaspow model for granular viscosity 

 
    1s      2s      3s      4s      5s       6s 
 
(b) Shaeffer model for frictional viscosity 

 
                1s       2s      3s      4s      5s       6s 

Figure 7.12 The volume fraction profiles of ceria given by (a) the Gidaspow model 
for the granular viscosity and (b) the Schaeffer model for the frictional viscosity 

As it is shown in Figure 7.12, the results given by GVG and FVS are close 
to the results given by GVSO and FVN in Figure 7.6 (a). The bed heights 
given by those cases are shown in Figure 7.13: 

 



Doctoral thesis_ A novel solar-driven system for two-step conversion of CO2 with ceria-based catalysts 

 

112 

 

 

Figure 7.13 Bed heights calculated by GVG and FVS compared to the basic case 
with GVSO and FVN  

As shown in the figure, the average bed heights calculated by the cases are 
consistent, but the fluctuation of the bed height calculated by FVS is large.   

The pressure drops from the cases, the theoretical calculation and the 
experiments are shown in Figure 7.14. They are compared with the results 
given by the basic case, and the results from the theoretical calculation and 
experiment. It can be found that all the cases are giving adequate average 
values for the pressure drops in the fluidized bed, but the fluctuation of the 
bed is not demonstrated enough in the beginning by GVG. The pressure 
drop given by the FVS after 3 s follows the same trend with the basic case, 
but not large enough. 

Besides, the residuals during the simulations with GVG and FVS were one 
or two orders of magnitude higher than that during the basic case. The high 
residuals caused the iterations difficult to converge, and the simulations 
may head to a dead end after a large number of iterations.  
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Figure 7.14 The pressure drops given by different settings for granular viscosity 
and frictional viscosity 

As a conclusion, the volume fractions of ceria and the bed heights from 
GVG and FVS are showing no noticeable difference with the basic case. 
The pressure drop results from them have no decisive difference with the 
basic case either. Combined with the consideration on the residuals during 
simulations, it is better to keep the settings of GVSO and FVN in the basic, 
i.e., the Syamlal-O’brien’s model for the granular viscosity, and “None” for 
the frictional viscosity.  

 

7.3.4 The restitution coefficient 
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Volume fraction of ceria 

 

(c) es=0.8 

 
           1s       2s      3s       4s      5s      6s 

 
(d) es=0.9 

 
           1s       2s      3s       4s      5s      6s 

Figure 7.15 The volume fraction of ceria given by the restitution coefficient of (a) 
0.8 and (b) 0.99 

The restitution coefficient (es) describes the energy dissipation caused by 
collisions between particles. A larger es means more ideal particle collisions 
and less energy dissipation. The default setting of es in Ansys/Fluent is 0.9, 
and it is changed into 0.8 and 0.99 for comparative study. The profiles of 
volume fractions of ceria with es =0.8 and 0.99 are given in Figure 7.15.  

Compared with the volume fractions of ceria from the basic case, the 
results calculated with es =0.99 are quite similar; however, the results 
calculated with es =0.8 show obviously smaller bubbles than the other two 
cases, especially in the beginning of fluidization. In principle, if es is 
approaching 1 and the collisions between particles become ideal, then the 
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bubbles behave dramatically, but the difference is not identical in the cases 
here. 

 

 

Figure 7.16 Bed heights calculated by restitution coefficients of 0.8, 0.9, and 0.99 

The bed heights given by the three restitution coefficients are shown in 
Figure 7.16. The trends of changes of the bed heights are similar, and the 
average bed height with es =0.9 is just between those with es =0.8 and es  
=0.99. The fluctuation of bed height calculated with es =0.9 is larger than 
the other two cases. 

The pressure drops calculated by simulations, theoretical calculation and 
experiments are shown in Figure 7.17. The average pressure drop with es 
=0.99 is lower than the theoretical result, especially in the beginning. The 
pressure drop with es =0.8 shows an abnormal trough at the time of 1.5 s, 
and then keeps fluctuating around the theoretical result.  
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Considering the real collisions between particles, the bubble behaviors, the 
bed heights and pressure drops with the three restitution coefficients, a 
medium value of es =0.9 is chosen as a proper setting for the model. This is 
also consistent with most of the studies on restitution coefficients by other 
researchers. 

 

 

Figure 7.17 Pressure drops calculated by restitution coefficients of 0.8, 0.9, and 
0.99 compared with theoretical calculation and experiments 

 

7.3.5 Boundary conditions 

In this section, the boundary condition between the wall and ceria particles 
is investigated. There are three types of boundary conditions: free slip, 
partial slip and no slip. The settings are realized by changing the specularity 
coefficient (φ). This coefficient represents the fraction of collisions 
transferring momentum to the wall. In free slip condition, φ=0; in partial 
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slip condition, φ=0.5; in no slip condition, φ=1. The volume fraction 
profiles of ceria with different boundary conditions are shown in Figure 
7.18. 

 

Volume fraction of ceria 

 

(a) Partial slip 

 
         1s      2s       3s        4s      5s       6s 

 
(b) No slip 

 
         1s     2s        3s        4s      5s       6s 

Figure 7.18 Volume fractions of ceria with boundary conditions of (a) partial slip 
and (b) no slip 

Compared with the volume fraction profiles of ceria from the basic case 
where φ=0, the cases with conditions of “partial slip” and “no slip” show 
larger and longer bubbles along the vertical direction in the beds.  

Furthermore, the solid particles in the beds shown with partial slip and no 
slip conditions accumulate at the contact angles between the inlet cone and 
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the main body. Unlike the phenomena in the basic case with φ=0, most of 
the bubbles appear in the center of the bed in cases with partial slip and no 
slip conditions.  

 

 

Figure 7.19 Bed heights calculated by boundary conditions of “free slip”, “partial 
slip”, and “no slip” 

The bed heights with different boundary conditions are shown in Figure 
7.19. It is clear that the bed height with φ=0 shows a peak at 1 s and 
particles get fluidized faster; on the contrary, the bed heights with φ=0.5 
and φ=1 are lower in the beginning. The bed heights with these two 
conditions are higher as time passes, because the particles accumulate on 
the wall and the bubbles breakthrough the bed, making bed heights higher. 
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Figure 7.20 Pressure drops calculated by boundary conditions of “free slip”, 
“partial slip”, and “no slip” 

The pressure drops with the three different boundary conditions are shown 
in Figure 7.20. The pressure drops with the conditions of φ=0.5 and φ=1 
fluctuate between 1000 Pa and 2000 Pa. The values of the pressure drops 
given by φ=0.5 and φ=1 are all below the value given by the theoretical 
calculation. The free slip boundary condition is more appropriate for the 
model studied here. This is also the most common setting in other two-
phase flow cases of fluidized beds.  

 

7.4 Study and validation of parameters affecting the heat 
transfer in the model 

The parameter affecting the heat transfer in the CFD simulation is studied 
in this section. The parameter mainly refers to the model describing the 
heat transfer between the gas and granular flow. D. Gunn proposed Eq. 5-
11 for the calculation of Nusselt number in 1978 [111]. The whole theories 
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about the heat transfer in the two-phase flow were introduced in episode 
5.1.3. The results of the heat transfer in the simulation will be compared 
and validated with the experiment results. 

 

Temperature of ceria  

 

 
Temperature distributionof ceria 
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Figure 7.21 Temperature distributions and volume fractions of ceria 
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The temperature of the inlet air was 120 ⁰C with an operational velocity of 
0.334 m/s. The initial bed height was 0.04 m with the porosity ε=0.376. The 
flow time of the simulation was 60 s due to the burden of calculation on 
computers. The temperature distributions and volume fractions of ceria are 
shown in Figure 7.21. It can be seen that the temperature distributions of 
ceria are quite uniform ever since the fluidization begins. Temperatures of 
ceria all over the flow field in the reactor increase synchronously. The solid 
particles are sufficiently fluidized. The volume fractions of ceria in the bed 
are always changing, but the transition of volume fraction does not derogate 
the uniform distribution of the temperature. 

 

 

Figure 7.22 Temperatures of air at different points by simulation 

The temperatures of air at different points of monitors in the simulation are 
shown in Figure 7.22. The temperatures of air at those points are extremely 
close, especially at the last three points. The temperatures of air at the first 
point are just one degree higher than those at the last three points. 

 



Doctoral thesis_ A novel solar-driven system for two-step conversion of CO2 with ceria-based catalysts 

 

122 

 

 

 

Figure 7.23 Temperatures recorded by thermocouples in experiments 

 

The temperatures detected by the thermocouples in the experiments are 
shown in Figure 7.23. It can be seen that temperatures decreased from point 
1 to point 4. The reason is that the heat of the fluids was absorbed by the 
wall of the reactor along the flow direction during experiments, but this 
factor was ignored in simulations since the walls were set to be adiabatic 
condition. The difference between these points would become smaller as 
the temperature of walls grows towards the temperature of inlet gas. The 
temperatures at the point 4 are a lower than expectation, because the point 
is next to the outlet of the reactor, and more influenced by the atmosphere 
temperature than other places. The gas flow was stopped several times for 3 
s each time. The purpose was to check if the values given by the 
thermocouples would decrease during the interval, and to find out the 
difference between the temperatures in the gas flow and in the solids. 
Consequently, the temperatures of the solids decreased for just about 1 K, 
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meaning the temperatures of the air and solids could be regarded the same 
as the recorded temperatures during experiments. 

The temperature values at point 1 were shown in Figure 7.24, including 
results from simulations and experiments. The temperatures of air and ceria 
are almost the same during the whole simulation process, proving the fact 
observed in experiments that the two kinds of temperatures are extremely 
close. It means that the heat transfer between the air and ceria is absolutely 
sufficient. The temperatures in the experiment are a bit higher than those in 
simulation. The reason might be that the flow field in reality is not ideal as 
the simulation case, and part of the air flow broke through the bed along the 
center. The heat of the air flow was not fully transferred to the solids, 
resulting in a higher air temperature detected by thermocouples in the 
center line of the reactor. 

 

Figure 7.24 Temperature results at Point 1 
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Figure 7.25 The deviation between simulations and experiments at different points 

The deviation between simulation and experimental results are shown in 
Figure 7.25. The highest deviation is around 16.2 %. The deviation will 
become smaller as the increase of all the temperatures gets smaller and 
those temperatures approach 120 ⁰C. The model is validated to be 
reasonably capable for simulating the hydrodynamics and heat transfer 
between the gas-solid in the fluidized bed reactor. It will be used to study 
the reactor in the next section.  

 

7.5 Study of the reactor with the CFD model 

7.5.1 The influence of the inlet shape 

There is a cone inlet in the case investigated in preceding simulations and 
experiments. The ceria particles circulate in the cone area. However, there 
are also some fluidized beds using a straight inlet without any cone-shape 
component. To identify a proper design, a reactor without the cone inlet is 
also studied here.  
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The representation mesh of the new reactor is shown in Figure 7.26. The 
main body of the reactor is 402 mm long, with the same outline pipe as the 
original reactor. The radius of the reactor is also 20 mm. The geometry here 
is also axisymmetric. The meshing is of mapped type with 8.04e05 cells. 
All cells are quadrilateral. 

 

 

Figure 7.26 The representation mesh of a reactor without the cone inlet 

The center line of the reactor is the axis. The ceria particles are settled 
above the inlet board. It is assumed that the air velocity over the board is 
uniform. The operation velocity here is set as 0.5 m/s, which is three times 
of the minimum fluidization velocity. The initial bed height is 0.02 m, 
assuring a same amount of ceria particles with preceding cases. All other 
settings are consistent with the study results in the previous two sections. 
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The temperature distributions and volume fractions of ceria are shown in 
Figure 7.27. 

Temperature of ceria  
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Figure 7.27 Temperature distributions and volume fractions of ceria without cone 
inlet 



Doctoral thesis_ A novel solar-driven system for two-step conversion of CO2 with ceria-based catalysts 

 

127 

 

It can be seen that the ceria particles are sufficiently fluidized, with large 
bubbles crossing the bed. However, there are two large bubbles always 
staying next to the wall. The profiles of the volume fraction of ceria seem 
almost the same. The temperature distributions are always uniform despite 
how the volume fraction profiles of ceria are. 

To find out the movement of the particles, the vector profile of the ceria 
velocity at time of 10s is shown in Figure 7.28.  It can be seen that there is 
an obvious vortex at the bottom on the left side. Not many particles are 
staying in the vortex, and most of the particles in the area are moving out. 
That is why a large bubble is shown in the profile of volume fraction of 
ceria. A few particles rising to the surface of the bed are stopped by 
particles at upper layers. The circulation at the upper layers is not 
performed well. 

 

 

Figure 7.28 Vector profile of ceria velocity at time of 10 s without cone inlet 

The vector profile of the ceria velocity at time of 60 s is shown in Figure 
7.29. The particles are moving more regularly. There is still a large vortex 
on the left side next to the wall. Particles descend along the center line to 
the bottom, and then move towards the wall. Those particles are then 
involved into the vortex and sent to the surface. The particles at the surface 
layers then press them down. The particles at the surface are not fully 
circulated. 
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Figure 7.29 Vector profile of ceria velocity at time of 60 s without cone inlet 

As a comparison, the vector profiles of ceria velocity in the reactor with a 
cone inlet are shown in Figure 7.30 and Figure 7.31. The flow times of 
them are 60 s and 10 s respectively. In both profiles, the particles neatly 
descend along the wall to the bottom and then rise along the center line to 
the surface. All the particles are involved in the circulation without anyone 
stuck in any local spot. 

From the temperature distributions and vector profiles of ceria particles, it 
can be seen that the reactor with a cone is better to circulate all the particles 
for a uniform flow and temperature field. Its circulation is more efficient.  
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Figure 7.30 Vector profile of ceria velocity at time of 60s with the cone inlet 

 

Figure 7.31 Vector profile of ceria velocity at time of 10s with the cone inlet 
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7.5.2 The effect of the operational velocity 

Volume fractions of ceria  
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(c) 

 0.25s  0.5s  0.75s   1s 1.25s  1.5s 
(b) 

 

0.25s  0.5s  0.75s  1s  1.25s  1.5s 

(e) 

 

0.25s  0.5s  0.75s   1s  1.25s  1.5s 
(c) 

 
0.25s  0.5s  0.75s  1s  1.25s  1.5s 

 0.25s  0.5s  0.75s   1s  1.25s  1.5s  
Figure 7.32 The volume fractions of ceria with various operational velocity: 
(a)0.167 m/s, (b)0.252 m/s, (c)0.334 m/s, (d)0.416  m/s, (e)0.5 m/s 

The operational velocity is essential for the fluidization in the reactor. For 
the reactor with a cone inlet, the volume fraction profiles of ceria with 
different inlet velocities of air are shown in Figure 7.32. The study began 
with the minimum fluidization velocity 0.167 m/s. Afterwards, the velocity 
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is changed into 0.252 m/s, 0.334 m/s, 0.416  m/s, 0.5 m/s, i.e. 1.5~3 times 
of the minimum velocity.    

When the operational velocity is 0.167 m/s, there is no fluidization, but just 
some small single bubbles at the inlet. However, when the velocity 
increases to 0.252 m/s, more bubbles are generated and some bubbles get 
through the bed to the surface. As the velocity increases to 0.334 m/s, the 
bubbles become larger and the fluidization gets more intensive.  

When the operational velocity is 0.416 m/s, the bed is lifted up by the 
bubbles and the thickness of the bed is reduced. In the end, the operational 
velocity increases to 0.5 m/s, the whole bed is torn out and the particles are 
dispersed all over the lower half of the reactor.  

For the reactor without a cone inlet, the volume fraction profiles of ceria 
with different operational velocities of air are shown in Figure 7.33. The 
bed height is 0.024 m, assuring a same amount of ceria. The operational 
velocity begins with the minimum fluidization velocity 0.167 m/s, and gets 
changed as 0.334 m/s, 0.5 m/s, 0.667 m/s and 0.84 m/s, i.e. 2~5 times of the 
minimum fluidization velocity. 

At the velocity begins of 0.167 m/s, there is no fluidization in the bed and 
only a small undulation is observed at the surface of the bed. When the 
velocity is 0.334 m/s, the particles next to the surface begin to show 
distinction of layers, and there is only feeble indication of the origination of 
bubbles. As the velocity increases to 0.5 m/s, the fluidization is sufficient 
and the bubbles stir the bed strongly. 
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Volume fractions of ceria  

 

(a)  
         0.5s      1s     1.5s     2s 

(b)  
       0.5s      1s     1.5s     2s 

(c)  
 0.5s      1s     1.5s     2s 

(d)  
 0.5s      1s     1.5s     2s 

(e)  
 0.5s      1s     1.5s     2s 

Figure 7.33 The volume fractions of ceria with various operational velocity: (a) 
0.167 m/s, (b)0.334 m/s, (c)0.5 m/s, (d)0.667 m/s, (e)0.84 m/s 

As the velocity increases to 0.667 m/s, large bubbles break through the bed 
and squeeze the bed into small clusters. At the velocity of 0.84 m/s, the bed 
is raised up to a high bed height, and large bubbles surround the solid 
fragments.  

Generally, the reactor with a cone inlet can fluidize the same amount of 
ceria with a smaller gas flow rate. The flow rate to fluidize a certain amount 
of ceria in the second reactor is 1.5 times of that needed in the first reactor. 
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The circulation performance of the first reactor is also better than that of the 
second reactor without a cone inlet.  

 

7.5.3 The influence of the particle size 

Volume fraction of ceria 

 

(a) Particle size: 100 µm 

 
       1s      2s      3s     4s     5s       6s 

 
(b) Particle size: 1 mm 

 
      1s      2s      3s      4s      5s      6s 

Figure 7.34 The volume fractions of ceria with different particle size: (a)100 µm 
and  (b)1 mm  

The particle size is also a significant parameter for the fluidization. It 
directly determines the minimum fluidization velocity. To make a 
comparison, the particle size is changed from 300 µm to 100 µm and 1 mm. 
The operational velocity is 0.334 m/s. The bed height is 0.044 m, and the 
porosity is 0.624. The influence of the particle size is shown in Figure 7.34, 
and it is presented in the form of the volume fractions of ceria.   
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In contrast with the basic case with particle size of 300 µm (Figure 7.6), the 
particles with size of 100 µm are easily fluidized. The fluidization is much 
more intensive than that with particle size of 300 µm. Particles are all taken 
into the middle part of the reactor and dispersed into a large field. Those 
particles can rarely stay together in the air flow; however, the particles with 
size of 1 mm are mostly not fluidized, except a few of them form some 
subtle layers on the surface of the bed.  

It can be deduced that finer particles with a smaller size are better for 
fluidization and sufficient interaction between the gas-solid phases. A 
smaller size of particles also increases the surface area of the solids, and the 
increased surface area is beneficial for redox reactions. 

 

7.6 Conclusions 

In this chapter, a CFD model has been built up to study the gas-solid flow 
in the fluidized bed reactor used for the proposed system. Four grids of 
different meshing were examined by comparison of volume fraction 
profiles of ceria in the bed. The grids of fine meshing and elaborate 
meshing showed high consistency, but the grids of coarse meshing and 
medium meshing, especially the grid of coarse meshing, were a bit further. 
The grid of fine meshing was chosen for the rest studies considering the 
accuracy and burden of the calculation. 

The parameters affecting the hydrodynamics of the flow were studied 
subsequently. The evaluation criteria include: volume fraction profiles of 
ceria, bed heights, and pressure drops compared with theoretical calculation 
and experiment results. 

The models of Syamlal-O’brien and Gidaspow for the drag force were 
compared first. The volume fractions of ceria given by them were similar, 
but the pressure drops given by Gidaspow’s model were lower than all 
other results. The fluctuation of the pressure drops given by it was also 
smaller than that given by experiments. The model of Syamlal-O’brien was 
chosen for the drag force calculation. 
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The granular temperature was set as constant of 1e-05 m2/s2 or ‘algebraic 
equation’. The volume fraction profiles of ceria and the bed heights were 
similar, as well as the pressure drops. However, the fluctuation of pressure 
drop given by the setting of ‘algebraic equation’ was larger than that given 
by the setting of constant. Considering the consistency with the experiment 
results, the setting of ‘algebraic’ was adopted. 

The granular viscosity was changed from the model of Syamlal-O’brien to 
the model of Gidaspow. The frictional viscosity was also changed from 
‘None’ to Schaeffer’s model. The volume fraction profiles of ceria and bed 
heights given by the simulations after the changes were similar to the 
results given by the original settings, but the pressure drops were lower 
after the changes. Moreover, the residuals during simulations after the 
change became one or two orders of magnitude larger. The settings for the 
granular viscosity and frictional viscosity were retained as the original. 

The restitution coefficient es influences the collisions between particles. It 
was changed from 0.9 to 0.8 and 0.99. The volume fraction profiles of ceria 
given with es =0.8 and es =0.99 were a bit different. The bed height with es 
=0.9 was between those with the other two values. The pressure drops with 
es =0.8 were lower than the expected result, and the fluctuation of pressure 
drop with es =0.99 was too large. The medium value of es =0.9 was retained 
as the restitution coefficient.  

The boundary condition’s influence was reflected by the specularity 
coefficient φ. It was changed from 0 to 0.5 and 1, representing the condition 
of free slip, partial slip and no slip between particles and walls. Particles 
were not blown up very much in the cases with φ=0.5 or 1. More particles 
accumulated at the contact angles between the inlet cone and the main 
body. The bed heights were similar, except the extremely high height with 
φ=0 in the beginning. The pressure drops with φ=0.5 and 1 were much 
lower than expected results. The coefficient was retained as φ=0 as the 
same with most of the settings in other research. 

The temperature distributions of ceria were shown for a period of 60 s by 
simulation. There was a uniform temperature field observed ever since the 
beginning. The temperatures detected at the four monitor points were 
almost the same, except for those at the point 1. The temperatures at point 1 
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were 1 K higher than others. However, the difference among the 
temperatures detected by the four thermocouples in experiments was larger 
than that in the simulation. The difference between two neighboring 
thermocouples varied from 2 K to 9 K. It was caused by the influence of the 
wall absorbing heat in the reactor. The temperature in the experiment was 
compared with the temperatures of ceria and air at point 1 in simulation. 
The latter two values were almost the same, implying a perfect heat transfer 
between the air and ceria. The experimental value was 17 K higher than the 
simulation value at point 1 at the time of 60 s. The largest deviation 
between the experiments and simulations was 16.2 %. 

The influence of the inlet shape was also studied. A straight reactor without 
a cone inlet may result in worse circulation of particles and less uniformity 
of temperature field. The required operational velocity and flow rate for 
fluidization are also larger.  

The influence of the particle size was studied at last. Finer particles are 
easier to fluidize. On the contrary, larger particles are quite hard to fluidize.  

The CFD model is proved to be adequate for studying the gas-solid flow in 
the fluidized bed reactor. It could also be used for the further design and 
optimization of the reactor. 
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8 Conclusions and discussions 
 

 

There are several methods to convert CO2 into CO for syngas production. 
However, those methods have their own limitations. The hydrogenation of 
CO2 consumes H2 or CH4 which is already mature fuels. The electro-
chemical consumes considerable electricity, and solutions are always 
limiting the performance of the conversion. Photo-electro-chemical 
conversions of CO2 require delicate facilities which are not suitable for 
large-scale utilization in industry. 

The thermo-chemical conversions of CO2 are preferred. However, the direct 
disassociation of CO2 requires intensive energy input and a high 
temperature working condition. Research has been attracted by two-step 
conversions of CO2 with catalysts of metal oxides. Those catalysts become 
reduced to release O2 during heating processes, and become oxidized to 
absorb O from CO2 during cooling process. 

To make the conversions economic, solar energy has been widely 
employed to drive systems for the methods. The current systems combine 
solar receivers together with chemical reactors as one body. Catalysts are 
exposed to concentrated solar radiation. The current research focuses on 
catalysts of ZnO and Fe3O4, because those catalysts experience phase 
changes from solid to gaseous during heating. The evaporation of the 
catalysts helps those systems to avoid difficulty of replacing particles in 
receivers. However, those systems face problems of uneven distributions of 
heat flux and temperature, particle accumulation, abrasion on optical 
windows, or contamination of optical components. The catalysts also need 
quenching processes to prevent reduced catalysts from oxidation with 
produced O2 in the gas flows. 

Based on the considerations of solar energy facilities and catalyst 
characteristics, a novel solar-driven system for two-step conversion of CO2 
was proposed in this thesis. Ceria was chosen as the candidate of the 
catalyst. Fluidized bed reactors were separated from the solar receiver in 
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the system. Hot gas flows from a solar receiver are used to fluidize and heat 
up ceria particles. The system avoids the potential threats to the solar 
receiver. The coordination between the solar receiver and reactors is also 
convenient. The system can also be assisted by conventional energy sources 
when solar energy is not available.  

Ceria is a catalyst with extraordinary capability of oxygen transport and 
storage. It does not experience the phase change during reduction, so it does 
not require a quenching process to separate the reduced ceria from gas 
flows. This property also makes it feasible and suitable to be used in 
fluidized beds. 

The work in the thesis contributes to the field of two-step conversion of 
CO2 as follows: 

− Demonstrated a new system which gets rid of the limitations 
associated with solar receivers. The operations of the system are 
flexible. The system itself is also more practical since it can be 
assisted by conventional energy except for solar energy. 

− Examined the redox performance of ceria by TGA analysis, and 
proved it is suitable for the new system. 

− Demonstrated the performance and capability of the system by the 
exergy analysis method. 

− Built up a mathematical model to investigate the operation 
mechanism of the system, and found out the optimum working 
condition of the system. 

− Built up an experimental platform for studying and realizing the 
system. 

− Built up a CFD model to study the two-phase flow in the reactor. 
The model was validated with experimental results and proved to 
be reliable for studying similar cases and optimizing the reactor. 

The work in the thesis followed the procedure of developing a new system. 
It began with the examination of the feasibility of the system, i.e. the 
availability of high temperature solar receivers and the satisfaction of redox 
performance of ceria. 
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It was found that mature solar receivers could provide hot gas up to 1300 
⁰C at a high pressure of 10 ~ 30 bar. The temperature can be much higher if 
the receiver works at the standard atmosphere pressure. Using SiC as 
absorbers in the receivers can also enhance the temperatures of the output 
gases.  

The redox performance was examined by the thermogravimetric analysis. 
In the first redox cycle, ceria was reduced with a step-heating process up to 
1600 ⁰C. A weight loss of 4 % was observed. Then the reduced ceria was 
oxidized by O2, and half of it was recycled back into CeO2. In the second 
redox cycle, ceria powders were settled looser in the crucible of the TGA 
instrument. The powders stayed at 1600 ⁰C for 30 minutes. A weight loss 
of 5.2 % was observed. Afterwards, ceria was oxidized by CO2, and got 
fully recycled around 800 ⁰C. 

After the feasibility study of the system got examined, the performance and 
capability of the system were evaluated by exergy analysis method. N2 was 
chosen as the heat carrier gas. The efficiency of the solar receiver (ηrec) 
drops when the operation temperature increases. When the N2 temperature 
and the reduction temperature were 1873 K, the solar to chemical 
efficiencies of CO2/H2O conversions were 4.86 % and 4.48 % respectively. 
The main heat losses came from the re-radiation in the solar receiver, and 
the waste heat carried by N2 from the FBR reduction process. Those two 
processes also resulted in the largest irreversibility in the system. 

By heat recuperation of the heat losses from the FBR reduction process and 
the cooling process, the solar to chemical efficiencies were doubled. 
Subsequently, the heat transfer efficiency (ηr) was enhanced by increasing 
the N2 temperature Tg. The heat loss (qw) during the heat transfer was 
greatly reduced, resulting in a remarkable decrease of the irreversibility in 
FBR reduction process. However, the efficiency ηrec decreased from 72.1 % 
to 39.46 %. It made the solar-to-chemical efficiencies even lower than 
those in the case where only the heat recuperation was utilized. 

A higher concentration ratio C up to 10000 was then used to enhance the 
efficiency ηrec from 39.46 % to 84.9 %. The overall performance of the 
system was then improved largely. The required solar power incidence was 
only 596 kW, and the solar-to-chemical efficiencies for CO2/H2O 



Doctoral thesis_ A novel solar-driven system for two-step conversion of CO2 with ceria-based catalysts 

 

140 

 

conversions were 43.2 % and 39.8 % respectively. The irreversibility in the 
solar receiver decreased to 1.29. The system showed great potential of 
capability, and demonstrated its value for development. 

The subsequent procedure was to determine the operation mechanism of the 
system. It is crucial for further design and promotion of the system. A 
mathematical model was built up with Matlab/Simulink. The transient 
temperatures of gases and solids in the system were tracked and efficiencies 
were calculated instantaneously.  

It was found that the efficiency of the reactor, ηr, decreased during the 
heating processes, due to the decrease of the temperature difference 
between N2 and ceria. When ceria reached the target temperature of 1273 
K, the reactor efficiency was about 26.1 %, and increased to 57.3 % as the 
temperature of N2 entering the reactor increased from 1300 K to 1700 K. 
However, the efficiency was not affected by the changes of velocities of 
entering gas or the changes of bed heights of the catalysts.  

The total efficiency of the system (ηtol) demonstrated a convex profile as the 
temperature of N2 entering the reactor increased. There was a peak of the 
efficiency ηtol =20.9 % when the temperature was 1500 K. The increase of 
the concentration ratio can enhance the efficiencies, because the efficiency 
drop of the solar receiver at elevated temperatures was not large when the 
concentration ratio was high. For a concentration ratio C=10000, the total 
efficiency increased from 20.9 % to 32.7 %. For specific reactions, the 
kinetics of the reactions was different, and the amount of products changed 
at different reacting temperatures. In this case, the O2 released by ceria 
increased when the reacting temperature increased from 1273 K to 1673 K. 
For 56.6 g of ceria heated by a N2 flow whose velocity was 0.1m/s and 
temperature was 1673 K, 3.17 g of CO could be produced. The maximum 
solar-to-fuel efficiency ηs-f was 19.1 % with the operation temperature as 
1473 K. The peak efficiency was explained that the heating efficiency 
decreased in the heating processes even more CO was produced.  

After finding out the operation mechanism of the system, an experimental 
platform was built up according to the previous results. The system 
consisted of gas supply, heating components, a fluidized bed reactor, gas 
analyzer, and measurement of temperatures and pressures.  
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The gas-solid flow in the fluidized bed reactor is the crucial issue to exert 
the system. A CFD model was built up to study the gas-solid flow in the 
fluidized bed reactor used for the proposed system. The experimental 
platform provided results on pressure drop and temperature records under 
120 ⁰C to validate the CFD model. A grid of fine meshing was chosen for 
the study of the reactor after grid dependency examination.  

The parameters affecting the hydrodynamics in the flow were studied 
subsequently. The evaluation criteria includes: volume fraction of ceria, 
bed height, and pressure drops compared with theoretical calculation and 
experiment results. The model of Syamlal-O’brien for the drag force was 
found to have a better prediction on pressure drop than the model of 
Gidaspow. The algebraic equation was found better for the setting of 
granular temperature. A constant of 1e-05 m2/s2 for the granular 
temperature gave slightly more deviation. The preliminary setting for the 
granular viscosity was the model suggested by Syamlal-O’brien. The 
frictional viscosity was set as “None”. As a comparative study, the granular 
viscosity was also changed into the model of Gidaspow, and the frictional 
viscosity was changed into the model of Schaeffer. The pressure drops were 
lower after the changes. Furthermore, the residuals during simulations after 
the change became one or two orders of magnitude larger. The settings for 
the granular viscosity and frictional viscosity were retained as the original. 

The restitution coefficient es influences the collisions between particles. It 
was changed from 0.9 to 0.8 and 0.99. The bed height with es equal to 0.9 
was between those with the other two values. The pressure drop with es 
equal to 0.8 was lower than the expected result. The fluctuation of pressure 
drops with es =0.99 was too large. The medium value of es =0.9 was 
retained as the restitution coefficient. The boundary condition’s influence 
was reflected by the specularity coefficient (φ). It was changed from 0 to 
0.5 and 1, representing the conditions of free slip, partial slip and no slip 
between particles and walls. The pressure drops with φ=0.5 and 1 were 
much lower than expected results. The coefficient was retain as φ=0 as the 
same with most of the settings in other research. 

The temperature distributions of ceria were shown for a period of 60 s by 
simulation. There was a uniform temperature field observed ever since the 
beginning. The temperatures detected at the four monitor points were 
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almost the same; however, the difference among the temperatures detected 
by the four thermocouples was larger than that in the simulation. The 
experimental value was 17 K higher than the simulation value at point 1 at 
the time of 60 s. The largest deviation between the experiments and 
simulations was 16.2 %. The deviation would become smaller when the 
temperature of the wall approaches the air temperature as the experiment 
proceeds. 

The influence of the inlet shape was also studied. A straight reactor without 
a cone inlet may result in worse circulation of particles and less uniformity 
of the temperature field. Particles may accumulate in corners. The inlet 
velocity and flow rate required for fluidization are also larger. Finally, the 
influence of the particle size was studied. Finer particles are easier to 
fluidize. On the contrary, larger particles are quite hart to fluidize.  

The CFD model is proved to be adequate for studying the gas-solid flow in 
the fluidized bed reactor. It could also be employed for further design and 
optimization of the reactor. 

As a conclusion, the system was proved to be a promising facility for the 
two-step conversion of CO2. It is a potential solution for syngas production.  
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9 Future work 
 

 

There is still space for improving and optimizing the system and the 
method. First of all, the performance of ceria largely depends on its 
characteristics, i.e. the specific surface area. The preparation techniques of 
ceria should be studied based on the consideration of its use in such a 
fluidization circumstance.  

Although the feasibility of high temperature solar receivers is not a 
limitation; nevertheless, improvements still need to be done with focus on 
providing high temperature gases, instead of solely creating extremely high 
temperatures on solid materials inside receivers. 

The fluidized bed reactor also needs reinforcement to resist high 
temperatures. High temperature resistant materials should be settled in the 
inner surface of the reactor, and special connecting pipes should be placed.  

The amplification of the platform from lab-scale to pilot-scale should be 
considered and planed. The investment and profits of installing the facility 
in industry should be evaluated.  

The compensation mechanism between the solar energy and conventional 
energy sources such as fossil fuels should be investigated for a steady 
operation in practical use. 
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