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ABSTRACT 
 Solar thermochemical cycling, in which concentrated 
solar energy is used to split water and produce hydrogen, 
is considered a promising way to produce green 
hydrogen in the future. Nonetheless, it encounters 
issues, including elevated reaction temperatures and 
significant deoxygenation losses. Here, we propose a 
high-efficiency solar thermochemical cycling system for 
hydrogen production driven by carbonaceous agents and 
establish a thermo-kinetic model for isothermal 
pressure-swing cycles. Carbon monoxide is introduced as 
a reducing agent into the reduction reaction, decreasing 
the Gibbs free energy of oxygen vacancies generated by 
metal oxygen carriers to lower the reduction 
temperature while consuming oxygen to create an 
extremely low oxygen partial pressure environment. This 
system avoids the problem of large energy losses in 
traditional deoxygenation methods such as inert 
sweeping gases and vacuum pumps; moreover, it 
achieves a synergistic decrease in the reaction 
temperature and oxygen partial pressure during the 
thermochemical cycle. The theoretical solar energy to 
fuel conversion efficiencies of this system under 
isothermal cycling at 1300 °C can reach 19.89% and 
23.77% with only water heat recovery when CeO2-δ and 
Ce0.80Zr0.20O2-δ are used as oxygen carriers, respectively. 
This research contributes a fresh idea to the problem of 
the high reaction temperatures and large irreversible 
losses in the solar thermochemical cycle for hydrogen 
production. 
Keywords: solar thermochemical cycle, hydrogen 
production, carbonaceous agents, thermo-kinetic model, 
thermodynamic efficiency 

NONMENCLATURE 

Symbols  
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  oxygen non-stoichiometry 

d

dt


 

rate of change in oxygen non-
stoichiometry (min-1) 

2OP  oxygen partial pressure (atm) 

totP  total pressure (atm) 

redH  
change in enthalpy of reduction (kJ mol-
1) 

redS  
change in entropy of reduction (J mol-1 
K-1) 

F  
volume flow rate at the inlet (sccm min-

1) 
  volume ratio of the inlet gas 

CO  
volume ratio of carbon monoxide to 
carbon dioxide in the inlet gas 

CO  extent of reaction of carbon monoxide 

2H O  extent of reaction of water 

0TK  reaction equilibrium constant 

2CeOn  moles of ceria (mol) 

2CeOM  molar mass of ceria (g mol-1) 

MV  molar volume (L mol-1) 

COV  
cycle-averaged volumetric carbon 
monoxide consumption rate per gram 
of oxide (sccm g-1) 

2HV  
cycle-averaged volumetric hydrogen 
production rate per gram of oxide (sccm 
g-1) 

solar-to-fuel  
solar energy to fuel conversion 
efficiency 

2HHHV  
higher heating value of hydrogen (kJ 
mol−1) 

abs  absorption efficiency of solar energy 
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solarQ  
total solar energy input to the system 
(kJ) 

redQ  
energy used for the reduction of oxides 
(kJ) 

2H OQ  energy used for heating water (kJ) 

COQ  
energy used for heating carbon 
monoxide (kJ) 

I  solar irradiation (W m-2) 
C  concentration ratio 

X  conversion rate of reactants 

oxideH  
molar enthalpy change of ceria (kJ mol-
1) 

2

373K
H O(l) (g)H →  

molar enthalpy change of water from 
liquid to gas (kJ mol-1) 

pC  specific heat capacity (J kg-1 K-1) 

1. INTRODUCTION 
To achieve the goal of "carbon neutrality," carbon 

emissions are closely related to economic development, 
and the reserves of renewable energy, such as solar 
energy, are enormous and inexhaustible. Effectively 
storing or transforming these energy sources into stable 
energy is an important direction for alleviating energy 
problems[1]. Hydrogen, as one of the globally recognized 
clean secondary energy sources, is listed as an important 
approach to achieve decarbonization[2]. 

Two-step solar thermochemical cycling is a promising 
way for utilizing solar energy to produce H2 and CO, 
which can be further synthesized into liquid fuels via 
Fischer-Tropsch reactions, increasing the ease of storage 
and transportation[3, 4]. This process achieves 
continuous fuel production through alternating redox 
reactions of oxygen carriers (usually metal oxides), and 
significant progress has been made in theoretical and 
experimental research after decades of effort[5]. Chueh 
et al. pointed out that the theoretical solar energy to fuel 
conversion efficiency based on ceria is relatively high, 
reaching 16-19% even without heat recovery[6]. 
However, the experimental efficiency is approximately 5-
10%, which is much lower than the theoretical 
efficiency[6, 7]. Marxer et al. conducted consecutive and 
stable cycles of ceria at reduction temperature of 
1500 °C, during which the average solar energy to fuel 
conversion efficiency was only 5.25% without heat 
recovery[8]. The main causes of this phenomenon are 
irreversible losses, such as high-temperature thermal 
radiation and deoxygenation energy consumption. 
Researchers have attempted to introduce carbonaceous 
agents, such as methane[9-11] and solid carbon[12, 13], 
to assist in the reduction reaction. However, improper 

input of methane and solid carbon, or excessively high 
temperatures, will result in carbon deposits on the 
surface of oxides, which is one of the main reasons why 
the redox ability of oxygen carriers is disrupted[10, 14-
16]. 

Industrial waste gas often contains a certain number 
of monocarbon combustibles (CO and CH4), which are 
difficult to separate and have a low heating 
efficiency[17]. Using it as the reducing gas to drive the 
solar thermochemical cycle is a potential utilization 
approach. Here, carbon monoxide is simulated as the 
industrial waste gas input into the cycle to assist in the 
reduction of oxides, as shown in Figure 1. 

However, to our best knowledge, there is almost 
little theoretical research on the process of the solar 
thermochemical cycle driven by carbon monoxide. 
Therefore, a thermal-kinetic model of the solar 
thermochemical cycling system for hydrogen production 
driven by carbon monoxide is established and its 
thermodynamic efficiency is evaluated. 
 

2. THERMO-KINETIC MODEL 
2.1 Introduction of the system 

In this system, the metal oxygen carriers undergo a 
reduction reaction driven by carbon monoxide, with a 
reaction temperature range of 1300-1800 °C. 
Subsequently, under isothermal conditions, a re-
oxidation reaction occurs to split water to produce 
hydrogen. Compared with the dual temperature cycle 
driven by the temperature gradient, the isothermal cycle 
is driven by the pressure gradient, avoiding frequently 

 
Fig. 1 Schematic diagram of the solar thermochemical 
cycling system for hydrogen production driven by CO. 
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repeated heating and cooling of the oxygen carriers[18]. 
A schematic diagram of the system is shown in Figure 2. 
In addition to pure ceria, Ce0.80Zr0.20O2-δ doped with 20% 
zirconium ions was selected as the metal oxygen 
carrier[19]. The oxygen exchange capacity and anti-
sintering resistance of pure ceria are enhanced by doping 
non-redox zirconium ions[19, 20]. The continuous 
production of fuel is achieved through the 
thermochemical cycles of oxygen carriers. 

Moreover, it is assumed that the sample of oxygen 
carriers is sufficiently small and has a specially high 
internal gas diffusion rate and surface reaction rate. 
Therefore, oxides will instantly release oxygen until the 
thermodynamic limitation for forming oxygen vacancies 
under the programmed airflow and temperature 
conditions. The oxygen content in the oxides will be fixed 
by the rate at which the gas is supplied or removed from 
the surrounding area of the materials when the material 
dynamics are infinitely fast[21]. Hence, the efficiency of 
the adopted deoxygenation method has a significant 
impact on the production capacity of the oxides. Based 
on this assumption, numerical calculations can be 
performed on the stoichiometric changes in oxides and 
gas evolution, thereby predicting the fuel production 
capacity of the cycles, which has been proven feasible in 
the research of Haile et al[21, 22]. 

2.2 Model of the reduction step 
In the reduction reaction, argon gas (Ar) containing a 

certain proportion of CO/CO2 is introduced to simulate 
industrial waste gas with reducing ability. Oxygen in the 
surrounding area of the materials is quickly consumed to 
promote the generation of oxygen vacancies, which is 
represented by the oxygen non-stoichiometry δ. The 
reaction formula is: 

 
i f2 2 2

1 1
CeO CO CeO CO 

 
− −+ → +

 
 (1) 

where f i   = − , is the variation in the number of 

oxygen vacancies. Additionally, CO2 in the airflow 
decomposes at high temperatures (reaction equation 2), 
and the degree of this reversible reaction is limited by a 

temperature-dependent equilibrium constant 
2 0CO ,TK . 

 2 2

1
CO CO+ O

2
 (2) 

At any moment t, the oxygen partial pressure of the 

equilibrium gas around the materials (
2O 0( , )P T ) is 

related to the oxygen non-stoichiometry and 
temperature. If the thermodynamics of the material in 
reduction reaction, i.e., the enthalpy and entropy 

represented in equation (1) ( red( )H   and red( )S  , 

respectively) are determined, it can be calculated using 
the following equation: 

 
2

red red
O

( ) ( )
ln( ( , ))

H T S
P T

RT

 


− + 
=  (3) 

According to the mass balance of the gas in the 
reduction reaction, the rate of oxygen vacancies over 

time during the reduction process ( red f i   = − ) is 

obtained: 

2

2 2

2

red red

CeO

O 0 CO CO tot O 0

tot O 0

d
=

d

(2 ( , ) ( ( , )))

( ( , ))

F

t n

P T P P T

P P T



   





+ −

−

 (4) 

in which Fred is the volume flow rate at the inlet during 

reduction. COx
  is the volume fraction of CO and CO2 

contained in the inlet airflow, while CO  is the ratio of 

their volume fractions (
2CO CO CO  = ). Ptot is the total 

pressure during the cycles, set at 1 atm. CO is the 

proportion of CO that undergoes oxidation, and it has the 

following relationship with 
2 0CO ,TK : 

 
2 0 2

1

CO CO 2
CO , O 0

CO CO

(1 )
( , )

1
TK P T

 


 

−
=

+
 (5) 

Due to the extremely low oxygen partial pressure 
(less than 10-5 atm) during the reduction process, the 
unremoved oxygen is ignored when calculating the 

 
Fig. 2 Schematic diagram of the solar thermochemical 
cycle under different gas conditions: (a) reduction, and 
(b) oxidation. 
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carbon monoxide consumption per mass of oxide, and 
the latter is directly proportional to the rate of the 
change in non-stoichiometry, as follows: 

 
2

redM
CO

CeO

d
( )

d

V
V t

M t


=  (6) 

where VM and 
2CeOM  are the molar volume of O2 and 

the molecular mass of the oxide, respectively. Moreover, 
for the convenience of calculation, the molar mass in the 
fully oxidized state is adopted. 
2.3 Model of the oxidation step 

In the oxidation reaction, oxides are oxidized again in 
an inert gas environment containing water, while water 
is split to produce hydrogen. The volume flow rate of 
inert gas is constant at Fox, and the volume fraction 

containing water is 
2H O . Its reaction proceeds 

according to the following formula: 

 
f i2- 2 2- 2

1 1
CeO H O CeO H  

+ → +
 

 (7) 

The rate of the change in oxygen vacancies over time 
in this process can be obtained by the mass balance of 
hydrogen and oxygen, as follows: 

 
2

2 2 2 2

2

ox ox

CeO

O 0 H O H O tot O 0

tot O 0

d

d

(2 ( , ) ( ( , )))

( ( , ))

F

t n

P T P P T

P P T



   



= 

− −

−

 (8) 

where ox red i f    = − = − , and 
2H O  is the 

proportion of H2O that undergoes splitting. In addition to 
oxidation reaction (7), water also undergoes 
decomposition reaction at high temperatures, and the 
latter reaction is described as follows: 

 2 2 2

1
H O O H

2
+  (9) 

2 0H O,TK  is used to indicate the degree of this 

reversible reaction, and it has a specific relationship with 

2H O : 

 
2

2 0 2

2

1
H O 2

H O, O 0

H O

( , )
(1 )

TK P T





=
−

 (10) 

Similar to the calculation method for CO 
consumption, the direct changes in hydrogen production 
and oxygen non-stoichiometry are obtained: 

 2

2

oxM
H

CeO

d
( )

2 d

V
V t

M t


= −  (11) 

The expressions for the oxidation process are similar 
to those in the process described by Haile et al., which is 
matched with the reduction process driven by CO in this 
work[21]. 
2.4 Thermodynamic evaluation 

The solar energy to fuel conversion efficiency and 
the conversion rate of reactants are selected as key 
indicators for system evaluation. The solar energy to fuel 

conversion efficiency ( solar-to-fuel ) is defined as the ratio 

of the higher heating value of hydrogen produced to the 
input of solar energy: 

 2 2H H

solar-to-fuel

solar abs

n HHV

Q



=  (12) 

in which 
2Hn  and 

2HHHV  are the flow rate of H2 

generation and the higher heating value of H2 (285.83 kJ 

mol−1), respectively. solarQ  refers to the total solar 

energy input to the system, which includes three parts in 
the isothermal cycle: the energy used for reducing oxide 

( redQ ), the energy used for heating water (
2H OQ ), and the 

energy used for heating carbon monoxide ( COQ ). Here, 

the heating process of gases that do not participate in 
the reaction, such as Ar and CO2, is ignored. As follows: 

 
2solar red H O CO= + +Q Q Q Q  (13) 

redQ  is given by 

 
f

i
red oxide

f i

1
( ( )) dQ H




 

 
= −

−   (14) 

where oxide( )H   is the change in the molar thermal 

reduction enthalpy of the oxide. 
2H OQ  and COQ  are 

given by 

 
2 2 2

2 2

373K

H O H O,in ,H O(l)298K

373K
H O(l) (g) ,H O(g)373K

( d

+ d )

p

T

p

Q n C T

H C T→

=

 +




 (15) 

and 

 CO CO,in ,CO298K
d

T

pQ n C T=   (16) 

where 
2H O,inn  and CO,inn  are the molar amounts of 

water and carbon monoxide input into the system, 
respectively[23]. The absorption efficiency of solar 

energy abs  is a function of both the reaction 

temperature T and concentration ratio C: 
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4

abs 1
T

IC


 = −  (17) 

in which the solar irradiation I is 1000 W m-2 and the 
concentration ratio C is 5000. 

The conversion rate of reactants is defined as the 
proportion of gases participating in the reaction to the 
total input, and the conversion rates of carbon monoxide 
and water are given by 

 CO CO,in CO,out CO,in=( )/X n n n−  (18) 

and 

 
2 2 2 2H O H O,in H O,out H O,in=( )/X n n n−  (19) 

where 
2H O,outn  and CO,outn  are the molar amounts of 

H2O and CO at the outlet, respectively. 

3. RESULTS AND DISCUSSION 
3.1 Upgrade of the oxygen non-stoichiometry 

The changes in the oxygen non-stoichiometry of 
metal oxides during the isothermal cycle at 1500 °C are 
shown in Figure 3. The CO driven reduction reaction has 
a lower oxygen partial pressure compared to the strategy 
using inert sweeping gas, indicating a better 
deoxygenation effect. Moreover, for pure CeO2-δ and 
Ce0.80Zr0.20O2-δ, the δ values in the CO driven cycle are 
0.069-0.087 and 0.037-0.130, respectively, which are 

 
Fig. 3. The change in oxygen non-stoichiometry of 
metal oxides during an isothermal cycle at 1500 °C. The 
blue line represents pure ceria, while the red line 
represents ceria doped with 20% Zr4+ (Ce0.80Zr0.20O2-δ). 
State 1 indicates the δ value of the oxides at the end of 
the oxidation reaction, state 2' indicates the δ value 
after the reduction reaction using the inert sweeping 
gas strategy, and state 2'' indicates the δ value after 
the CO driven reduction reaction. 

 

 

 
Fig. 4 The kinetic and thermodynamic performance of 
the solar thermochemical isothermal cycles using two 
different strategies. The inert sweeping gas strategy is 
adopted in (a), while the CO driven reduction reaction 
strategy is adopted in (b) and (c). Moreover, in (a) and 
(b), oxygen carriers are based on CeO2-δ, while they are 
based on Ce0.80Zr0.20O2-δ in (c). 
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much greater than the values of 0.069-0.067 and 0.037-
0.104, respectively, for the inert sweeping gas strategy. 
3.2 Kinetic and thermodynamic performance 

The kinetic and thermodynamic performance of the 
two oxides in solar thermochemical isothermal cycles 
using two different strategies is shown in Figure 4. The 
airflow conditions in the cycle using the same strategy 
are consistent, and the mass of oxides is 0.5 g. 

The temperature setting range for the isothermal 
cycles is 1300-1800 °C. With increasing temperature, the 
CO driven cycle exhibits significantly different 
performance changes compared to the cycle using the 
inert sweeping gas strategy. Its hydrogen production rate 
and total amount both increase and then decrease with 
increasing temperature, and there is an optimal 
temperature of approximately 1400 °C. 

The CO driven cycle has outstanding fuel production 
capacity at low or medium temperatures. If the total 
hydrogen production exceeds 6 mL/g, its cycle 
temperature is approximately 200-300 °C lower than 
that when using the inert sweeping gas strategy, which 
makes it more advantageous for reactor designing and 
matching with the solar concentration. 

It is worth noting that the larger Δδ in the CO driven 
cycle leads to an extension of its oxidation reaction time, 
which will result in a longer supply of water during the 
oxidation process, requiring more energy to heat this 
water, and may ultimately lead to a decrease in cycle 
efficiency. 

The reasons for the inhibition of CO driven cycle 
performance by high temperature are shown in Figure 5, 
which may be attributed to the increased reaction 
degree of equation (2) at high temperature limiting the 
elimination of O2 in the reverse reaction. 

3.3 Efficiency of the system 
A stable cycle in continuous cycles is selected to 

evaluate the efficiency of the system and the conversion 
rate of the reactants, with the reduction reaction time of 
10 minutes and oxidation reaction time of 15 minutes. A 
longer oxidation reaction time is disadvantageous, as 
dδ/dt is much smaller in the later stage of the reaction 
than in the earlier stage. Therefore, achieving higher 
efficiency by controlling the reaction time rather than 
yielding the maximum fuel production per unit of oxide 
over a longer period of time is cost-effective. 

The effect of temperature on the conversion rate of 
reactants in isothermal cycles is shown in Figure 6. The 
conversion rate of water is less than 2% under all 
conditions, and the energy of heating water is an 
important source of irreversible loss. Therefore, in 
subsequent efficiency calculations, only high-
temperature water is subjected to 95% heat recovery. At 
1300-1500 °C, the CO conversion rate based on the two 
types of oxides is between 15-25%, and there is still a 
significant excess of CO. 

Figure 7 demonstrates the influence of temperature 
and water heat recovery rate on the conversion 

efficiency of solar energy to fuel ( solar-to-fuel ). At 1300 °C, 

the solar-to-fuel  of the CO driven cycles reaches 19.89% 

and 23.77% with 95% water heat recovery when CeO2-δ 
and Ce0.80Zr0.20O2-δ are used as oxygen carriers, 

respectively. To achieve these solar-to-fuel , the reduction 

temperature should above 1600 °C in the traditional 
cycles of ceria using the inert sweeping gas strategy.  

Fig. 5 The trend of δ and PO2
 over time during the CO 

driven reduction process of Ce0.80Zr0.20O2-δ. 

 
Fig. 6 The relationship between the conversion rate of 
reactants and the change in isothermal temperature. 
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4. CONCLUSIONS 
In this research, a kinetic-thermodynamic model of 

an efficient solar thermochemical cycling system for 
hydrogen production driven by carbon monoxide is 
established. The introduction of carbon monoxide 
decreases the Gibbs free energy of the reduction 
reaction and removes oxygen from the reactor, achieving 
a coupled modification in cycle temperature and oxygen 
partial pressure. When CeO2-δ and Ce0.80Zr0.20O2-δ are 
selected as oxygen carriers, the theoretical solar energy 
to fuel conversion efficiencies of CO driven isothermal 
cycles at 1300 °C can reach 19.89% and 23.77%, 
respectively, with only water heat recovery. 

This work provides rational guidance for the design 
of the solar thermochemical cycling system for hydrogen 
production. Further and in-depth research on the 
optimal reaction temperature and inlet gas composition 
for this cycle to improve system efficiency will be a key 
consideration in the future. 
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