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a b s t r a c t

Solar-driven non-stoichiometric thermochemical redox cycling of ceria for the conversion of solar energy
into fuels shows promise in achieving high solar-to-fuel efficiency. This efficiency is significantly affected
by the operating conditions, e.g. redox temperatures, reduction and oxidation pressures, solar irradiation
concentration, or heat recovery effectiveness. We present a thermodynamic analysis of five redox cycle
designs to investigate the effects of working conditions on the fuel production. We focused on the in-
fluence of approaches to reduce the partial pressure of oxygen in the reduction step, namely by me-
chanical approaches (sweep gassing or vacuum pumping), chemical approaches (chemical scavenger),
and combinations thereof. The results indicated that the sweep gas schemes work more efficient at non-
isothermal than isothermal conditions, and efficient gas phase heat recovery and sweep gas recycling
was important to ensure efficient fuel processing. The vacuum pump scheme achieved best efficiencies at
isothermal conditions, and at non-isothermal conditions heat recovery was less essential. The use of
oxygen scavengers combined with sweep gas and vacuum pump schemes further increased the system
efficiency. The present work can be used to predict the performance of solar-driven non-stoichiometric
redox cycles and further offers quantifiable guidelines for system design and operation.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

The direct solar-driven processing of fuels by the thermo-
chemical splitting of H2O and CO2 into H2 and CO, a mixture called
syngas, is a promising pathway for renewable fuel synthesis. The
syngas can further be converted into liquid fuels through a con-
ventional Fischer-Tropsch process effectively providing a direct
approach for liquid solar fuel processing [1,2]. This approach ex-
hibits a small environmental impact, allows for direct solar energy
storage, and permits using conventional energy distribution infra-
structure [1e4]. Direct H2O and CO2 thermolysis is challenging
since temperatures above 2700 K are needed for reasonable reac-
tion convergence [5,6], and efficient high temperature gas separa-
tion of a (possible explosive) mixture is required. Thermochemical
multi-step cycles have been proposed to circumvent these draw-
backs [1,7e9]. Particularly two-step, non-volatile metal oxide-
based cycles show promise in avoiding gas separation issues,
working at lower temperatures compared to direct thermolysis,
sener).
enabling relatively simple design and operation, and theoretically
achieving high solar-to-fuel efficiencies [10e14]. Ceria non-
stoichiometric redox cycling has attracted interest due to its non-
volatile characteristics even at high operating temperature, fast
kinetics causing high hydrogen generation rates [12,15,16], theo-
retical high solar-to-fuel efficiencies [13,14,17], and practical
demonstration of reasonable efficiencies in working prototypes
[18e21]. The two steps water and CO2 splitting reactions through
non-stoichiometric ceria cycling are given as (Dd ¼ dred�dox)

CeO2�dox/CeO2�dred
þ Dd

2
O2; (1)

CeO2�dred
þ DdH2O/CeO2�dox þ DdH2; (2)

CeO2�dred
þ DdCO2/CeO2�dox þ DdCO: (3)

The endothermic reduction step, eq. (1), operates with reason-
able conversion at temperatures ranging between 1400 K and
2100 K. The exothermic oxidation reactions, eqs. (2) and (3), favor
lower temperatures in order to ensure a complete oxidation of ceria
[12] with a typical temperature range of around 700 Ke1100 K. The
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temperature difference between the two steps requires solid phase
heat recovery in order to maintain a high solar-to-fuel efficiency
[14], which is difficult to realize and increases the system
complexity. Therefore, isothermal cycling has been proposed
[16,22,23].

Thermodynamic evaluations of the performance of ceria redox
cycling have been reported in Refs. [3,13,14,17,24]. Panlener et al.
studied the reaction enthalpy of non-stoichiometric ceria in a large
range of temperatures and pressures by thermogravimetric mea-
surements [25]. Riess et al. [26] investigated the specific heat of
ceria by an adiabatic temperature scanning calorimeter. Lapp et al.
[15] performed a parametric thermodynamic analysis of a ceria-
based cycling scheme using an ideal mixing model and sweep
gassing tomaintain a low oxygen concentration atmosphere for the
reduction step. They found that effective solid phase heat recovery
was crucial in achieving solar-to-fuel efficiencies above 10%. Bader
et al. [13] demonstrated numerically that isothermal cycling of ceria
was possible at the expense of reduced system performance. Sweep
gas was used to reduce the oxygen partial pressure in the reduction
chamber, gas phase heat recovery was assumed, and plug flow
reactor models in counter flow arrangements were employed in
both chambers. Gas phase heat recovery with effectiveness above
95.5% was required for solar-to-fuel efficiencies above 10%. The
energy penalty introduced through the use of immense amounts of
sweep gas pointed to the need for alternative methods to reduce
the oxygen partial pressure during the reduction reaction. Erma-
noski et al. [17] showed for the non-isothermal cycling of ceria
using ideal mixing in both reaction chambers that the efficiency of
the process could be increased by using vacuum pumping schemes
for the reduction of the oxygen partial pressure. It is unclear
whether this conclusion applies to isothermal operation and
whether a further decrease of the oxygen partial pressure in the
reduction chamber through non-mechanical methods is required
for competitive solar-to-fuel efficiencies provided the use of sol-
idesolid and gasegas heat recovery components with realistic heat
exchange effectiveness.

We developed a thermodynamic model for evaluating optimal
operating conditions (system pressure, oxygen partial pressure,
reduction temperature, oxidation temperature, heat recovery, and
irradiation concentration ratio) for various system configurations of
non-stoichiometric cycling of ceria using concentrated solar irra-
diation. Particularly, we focused on the reduction step and on the
incorporation of alternative methods emechanical and chemical e
for reducing the oxygen partial pressure. The understanding of the
influence of working conditions, component choices, and system
configurations on system performance is required for the deter-
mination of the optimal operation conditions and design of prac-
tical system configurations for increased solar fuels processing
efficiencies.

2. Thermodynamic model

2.1. Model development

Five thermochemical fuel production systems investigated are
depicted in Fig. 1. They differed in their approaches to reduce the
oxygen partial pressure in the reduction chamber, namely: three
mechanical schemes using i) sweep gas (scheme a) [14,15], ii)
vacuum pump (scheme b) [18], and iii) the combination thereof
(scheme d); and two combined mechanical-chemical schemes us-
ing i) sweep gas and a chemical scavenger (scheme c), and ii) using
the combination of sweep gas, vacuum pump, and a chemical
scavenger (scheme e). All five systems used two continuously and
simultaneously operating reaction chambers for the separated
reduction and oxidation reactions. The systems incorporated two
heat exchanges to recover the heat from the exhaust (sweep gas
and products). Solid phase heat recovery was incorporated be-
tween the reduced and oxidized ceria streams.

In scheme (a) inert gas was used to sweep away the produced
oxygen during the reduction and correspondingly maintaining a
desired oxygen partial pressure at the entrance (process 3e4). The
sweep gas flow and the ceria flow was considered in a counterflow
arrangement [13], i.e. the pressure and temperature will stay con-
stant while the concentration of oxygen and the d of ceria vary only
in axial direction. Compared to the ideal mixing flow design used in
Refs. [15,18], the counterflow arrangement maximized the pO2

in
the sweep gas at the outlet of the reduction chamber and mini-
mized the pO2

at the outlet of the oxidation chamber, resulting in a
reduced sweep gas demand and reactant input. The inert gas was
preheated in a heat exchanger and further heated by concentrated
solar energy to the reduction temperature, Tred, before entering the
reduction chamber. The states 5 to 8 described a full, closed ceria
cycle. The ceria was cooled to the oxidation temperature, Tox, in the
process 5e6 while rejecting Qceria (not needed for isothermal
operation), and isothermally reacted with the oxidizing agents
(H2O, CO2) in the oxidation chamber during the process 6e7.
Finally, the ceria temperature was heated to Tred (process 7e8) and
then isothermally reduced in the reduction chamber (process 8e5).
The oxidizer was preheated in the heat exchanger by effluent and
further heated to Tox by concentrated solar energy (process 10e11).
Since the oxidation reactionwas an exothermic process, the energy
needed to heat the oxidizer from T10 toT11 may be less than the heat
released by the reaction and hence a heat exchanger was used for
further exhaust cooling after heat recovery (process 13e14).

The processes of scheme (b) were similar to the processes in
scheme (a) concerning the oxidation process and the ceria cycling
process. However, the oxygen generated in the reduction chamber
was not swept away by inert gas. Instead a vacuum pump was
employed continuously removing the produced oxygen during the
reduction and maintaining a desired oxygen partial pressure in the
chamber.

In scheme (c), sweep gassing was combined with a chemical
oxygen scavenger (process 10e20) in which the oxygen in the sweep
gas is reacted with an active metal (e.g. magnesium) to further
reduce the oxygen partial pressure. Magnesium has been reported
to be an alloying element in metals industries acting an important
chemical oxygen scavenger which is widely used is large scale
metal alloy production [27,28]. Magnesium oxide can be recycled
through various thermochemical and electrochemical processes
which are commonly used for industrial magnesium production
[29].

Scheme (d) was a combination of both mechanical approaches,
namely sweep gassing and vacuum pump. Scheme (e) combined
scheme (d) with the chemical scavenger.

Additional assumptions used in the model were: i) the system
was evaluated at steady state, ii.a) for scheme (a), counterflow
arrangement was assumed for both reduction and oxidation
chamber, ii.b) for scheme (b), counterflow arrangement was
assumed in the oxidation chamber and the oxygen was uniformly
distributed in the reduction chamber, iii) gases were modeled as
ideal gases, and iv) temperatures of the reactants in the reduction
and oxidation chambers were considered constant and uniform.

Additionally, we used ideal mixing models for the reduction and
oxidation chambers to account for a less favorable reaction cham-
ber design configuration. The ideal mixing model considered the
equilibrium pO2

that was created by thewater at Tox, influencing the
non-stoichiometry at oxidation. In this case, the pO2

in the oxida-
tion chamber was determined by optimizing it for largest cycle
efficiency while ensuring it was smaller than pO2

of water dissoci-
ation at Tox.



Fig. 1. Schematic of the five ceria-based thermochemical cycling schemes modeled (a to e), which are combinations of four different sub-components: oxidation chamber and
auxiliaries (blue), reduction chamber and sweep gas connections (purple), chemical scavenger (red), and reduction chamber and vacuum pump (green). The five schemes differ in
the methods used for the oxygen partial pressure reduction in the reduction chamber, namely: using inert sweep gas, a vacuum pump, a chemical scavenger, or combinations
thereof.
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The steady state energy balance for the modeled system was
given by

_Q solar ¼ _Qheat loss þ _Q react þ _Qgas;red þ _Qgas;ox þ _Qcool;ox

þ _Qcool;red þ _Qceria þ _Qpump þ _Q recycling þ _Q scavenger

(4)

_Q solar was the solar energy incident on a blackbody receiver with a
certain aperture area for concentrated solar irradiation
( _Q solar ¼ AapCI). Note that the last three terms on the right hand
side ( _Qpump;

_Q recycling;
_Q scavenger) are not all concurrently required

for all schemes, as detailed below. The heat losses accounted for the
radiation heat loss from the aperture, and conduction and con-
vection losses through the cavity walls. The latter were assumed to
be a constant fraction, f, of the total solar energy captured by the
cavity and assumed 20% according to experimental observations
[30]. Hence, the heat losses were given by

_Qheat loss ¼ _Q rad þ f
�
_Q solar � _Q rad

�
¼ ð1� f ÞAapsT4red þ f _Qsolar:

(5)
The power utilized for the chemical reaction was the sum of the
chemical reactions in the reduction and oxidation chambers,

_Q react ¼ _Q react;ox þ _Q react;red ¼ _nH2
DhH2O;reactðToxÞ; (6)

where _Q react;red ¼ � _Q react;ox ¼ _nceria=2
Z dred

dox

DhO2
ðdÞdd. We focused

our investigations on the splitting of water. Nevertheless, the
splitting of CO2 or a combination of water and CO2 can be studied
analogously and selected results are presented in the supporting
information.

In scheme (a), the sweep gas was preheated in a heat exchanger
(with recovery effectiveness, εg) by heat of the effluent,

_Qgas;red ¼ �
1� εg

�
_nN2;1

�
hN2

ðTredÞ � hN2
ðT0Þ

�
þ �

1� εg
�
_nO2;1

�
hO2

ðTredÞ � hO2
ðT0Þ

�
; (7)

before entering the reduction chamber where the final Tred was
achieved through part of the solar irradiation. _nO2;1 was the molar
flow of oxygen in the inert gas before entering the reduction
chamber.
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_Qgas;red ¼ 0 in scheme (b) since no sweep gas was introduced.
However, the oxygen produced in the ceria reduction process was
continuously pumped out by a vacuum pump and, for practical
reasons, has to be cooled before entering the pump. The energy loss
due to cooling is calculated as

_Qcool;red ¼ �
_nO2;4 � _nO2 ;1

��
hO2

ðTredÞ � hO2
ðT0Þ

�
: (8)

Similarly, the energy required for the heating of the oxidizer was
given as

_Qgas;ox ¼ �
_nH2O;9 � εg _nH2O;12

��
hH2OðToxÞ � hH2OðT0Þ

�
� εg _nH2;12

�
hH2

ðToxÞ � hH2
ðT0Þ

�� εg _nO2;12
�
hO2

ðToxÞ
� hO2

ðT0Þ
�
:

(9)

The oxidation reaction was slightly endothermic which can lead
to excessive heat in the oxidation chamber. In this case cooling was
considered in the energy balance by

_Qcool;ox ¼ _Q react;ox � _Qgas;ox: (10)

For non-isothermal operation, ceria needed to be heated from
the oxidation to the reduction temperature,

_Qceria ¼ _nceria

ZTred

Tox

cp;ceriadT : (11)

Similarly, the ceria needed to be cooled from the reduction to
the oxidation temperature when exiting the reduction chamber.
Potentially, the rejected heat during this cooling step can be
partially recovered in a solidesolid heat exchanger (with a effec-
tiveness, εs) in order to minimize the required _Qceria for the solid
heating step (eq. (11)).

The pumping work for the cycling of the gas and solid reactants
and products in both reaction chambers and through the piping
was neglected in all schemes. The pumping work required in
scheme (b) to remove the generated oxygen in the reduction pro-
cess was calculated by

_Qpump ¼ Wpump

hthpump
¼ _nO2;1RT0

hthpump
ln

p0
pO2;1

; (12)

whereWpumpwas the pumpingwork formoving the oxygen stream
out of reduction chamber, ht was the heat-to-electricity efficiency,
hpump was the electricity-to-pumping work efficiency, p0 was the
ambient pressure, and pO2

was the partial pressure of oxygen in the
reduction chamber.

The energy for recycling the sweep gas, _Q recycling, occupied less
than 1% of the total solar energy input [13] andwas neglected in the
current study. The recycling energy of the chemical scavenger is
given by

_Q scavenger ¼
_nN2;10

�
pO2;20 � pO2;10

�
p0

_QMg;pr; (13)

where the _QMg;pr was the total energy need to produce 1 mol of
magnesium, which was obtained from industrial databases [31].

The molar flow rates of all streams at each state were obtained
by solving themass balance in both chambers considering chemical
equilibrium, counterflow or ideal mixing arrangement, respec-
tively, and a two-step oxidation reaction including the water
thermolysis and oxidation of reduced ceria by oxygen [13]. dred was
determined by the pO2

and Tred at the inlet of the reduction
chamber, and dox was obtained according to the pO2
and Tox at the

inlet of the oxidation chamber. pO2
at the inlet of the oxidation

chamber only depended on Tox and hence also dox was only a
function of Tox.

The non-stoichiometry coefficient, d, for the undoped ceria
reduction and oxidation reaction under various conditions was
determined using the experimental data of Panlener et al. [25], in
which experiments for oxygen partial pressures and temperatures
ranging from 10�22 atm to 10�2 atm and 1023 Ke1774 K, respec-
tively, with d varying from 0.00107 to 0.27 were performed. The
values of d were calculated for given temperatures and pO2

by,

DgO2
ðd; TÞ ¼ DhO2

ðdÞ � TDsO2
ðdÞ ¼ RT ln

pO2

p0
: (14)

The specific heat of nonstoichiometric ceria was estimated by
the specific heat of cerium dioxide without considering the impact
of phase transformations [26].

2.2. Definitions

Three performance indicators were used in this study: i) the
solar-to-fuel efficiency, ii) water utilization factor, and iii) hydrogen
productivity. The solar-to-fuel efficiency, h, was defined as

h ¼ _nH2;12HHVH2

_Q solar
: (15)

The water utilization factor, fw, was the ratio between the
amount of hydrogen produced and the total water input into the
oxidation chamber,

fw ¼ _nH2;12
_nH2O;9

: (16)

fw indicated the efficiency of input water usage which can be
maximizedwhen thewater input needs to beminimized (e.g. when
water resources are scarce). Note that _nH2O;9 was determined by the
reaction's thermodynamic equilibrium at state points 11 and 12,
which was not randomly chosen but requires the oxygen partial
pressure at the outlet to match pO2;12.

The hydrogen productivity, cH2
, was the ratio between the

production rate of hydrogen at 1 kW solar power input and the
solid metal oxide rate required for the cycling,

cH2
¼ _nH2;12

_nceria;5
: (17)

It quantified the efficiency of metal oxide utilization and indi-
cated the amount of ceria which has to be moved in such a system.

All the aforementioned definitions are analogous when evalu-
ating the CO2 dissociation for the CO production.

3. Results

3.1. Operational feasibility for ceria-based fuel processing cycles

The operational feasibility and limitation of the proposed ceria
based thermochemical cycle schemes were given by two condi-
tions: i) dred > dox to ensure a net fuel production, and ii)
pO2;1 � pO2 ;4 � psystem (not required for scheme (b)). The combi-
nations of Tred, DT¼ Tred�Tox, and pO2 ;4 for which condition i) is met
are depicted in Fig. 2a. The combinations for which condition ii) is
met are depicted in Fig. 2b.

For isothermal operation (DT ¼ 0 and pO2 ;4 ¼ pO2;11), condition
ii) was fulfilled for all Tred investigated (1400 < Tred < 2100 K) at a



Fig. 2. Feasibility of ceria-based thermochemical cycling under various operation conditions: a) the non-stoichiometric coefficient of ceria at various temperatures and pO2 ;4, and b)
pO2 ;4 as a function of DT for various Tred.
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system pressures of 1 atm. A system pressure as low as 6 mbar
could be tolerated. At psystem ¼ 1 atm, isothermal operation was
feasible once the condition dred > dox is met, which required
pO2 ;4 <100Pa for Tred > 1800 K (see Fig. 2a). The higher pO2 ;4 the
higher Tred required for a positive net fuel production. The
maximum pO2 ;1 that was possible for isothermal operation was
about 460 Pa for Tred > 1400 K. For non-isothermal operation
(DTs 0), the largest possibleDTwas about 250 K for psystem¼ 1 atm
and Tred¼ 2100 K. The increase in DT from 0 K (isothermal) to 300 K
enlarged the range of feasible operational conditions that still
ensured dred > dox (see Fig. 2a), but also increasedpO2 ;4, eventually
requiring an increased system pressure for feasibility. An increase
in psystem increased the range of possible operational conditions, i.e.
allows for larger DT.

3.2. Effects of temperature swing and oxygen partial pressure

The Tred, Tox (or DT), pO2;1, and psystem were the most significant
operational parameters. Large Tred led to increased heat losses (see
eq. (5)), but increased dred, which increased the potential to produce
hydrogen. Large DT resulted in increased hydrogen production due
to the decreased dox, while introducing an increased solid phase
heat loss (see eq. (11)) if solid heat recovery was not practical or
efficient. A smaller pO2;1 required higher flow rates of sweep gas
and correspondingly more energy to heat up the sweep gas, or
more pumping work for the vacuum pump. Nevertheless, small
pO2 ;1 increased dred and provided a larger hydrogen production
potential. A reference case was defined (see Table 1) for the sub-
sequent optimization. Particularly, we optimized DT for maximum
solar-to-fuel efficiency at a particular combination of Tred and pO2 ;1.

Fig. 3 shows the calculated largest possible efficiencies for
various combinations of Tred and pO2 ;1, indicating the corresponding
optimized DT, for scheme (a) and (b). This efficiency is called
Table 1
Reference case parameters used for the comparison of the five different model

Parameter

Direct normal irradiance, I
Solar concentration ratio, C
System pressure, psystem
Heat loss factor, f
Heat-to-electricity efficiency, ht
Electricity-to-pumping efficiency, hpump

Reduction temperature, Tred
Temperature swing, DT
Oxygen partial pressure in the sweep gas for scheme (a), pO2 ;1
Oxygen absolute pressure in the reduction chamber for scheme (b), pO2 ;1
Ambient temperature, T0
Heat recovery effectiveness for gases, εg
Heat recovery effectiveness for solid, εs
optimal efficiency. Additionally, the efficiency for the same Tred and
pO2;red combinations at isothermal operation (DT ¼ 0) are shown.
The corresponding energy distribution is depicted in Figs. 4 and 5
for scheme (a) and (b), respectively.

For scheme (a), the best performing cases for all combinations of
Tred and pO2 ;1 operated non-isothermally (DT > 0). The optimal h
increased with increasing Tred due to decreasing _Qgas;ox, and
increasing Dd, until _Qheat loss started to dominate the energy bal-
ance resulting in a decreasing h (see Fig. 4d). The impact of Tred on h

at isothermal operation is illustrated in Fig. 4a and revealed that
initially _Qgas;red, _Qgas;ox, and _Qheat loss were dominating. The latter
was continuously increasing with increasing Tred, while the former
two were monotonically decreasing at a faster rate.

Compared to the isothermal operation, a small DT led to a
significantly higher h, i.e. the solar-to-fuel efficiency for
pO2;1 ¼ 0:1 Pa; Tred ¼ 1800 K was 11% for isothermal operation
and 31% at DT ¼ 135 K. The increase of DT, while increasing _Q solid,
resulted in a significant drop of dox which results in an increase in
the hydrogen production due to the increasing Dd (see Fig. 4c).
The amount of inert sweep gas required decreased with
increasing DT due to significantly increasing pO2 ;4 and conse-
quently reduced sweep gas amount hence reduced _Qgas;red. At
DT > 150, _Qcool;ox appeared and increased with DT reducing the
efficiency gain brought by the decrease of _Qgas;red (Fig. 4c). This
indicates that a temperature swing will largely increase the sys-
tem performance compared to isothermal operation and there
exist an optimal DT for the best performance which is in the rage
of 125 K.

Lowering pO2;1 always causes an increase in h for a given Tred due
to the significant increase in dred. The Tred for optimal h moved to
higher values as pO2 ;1 increased while requiring larger DT (see
Fig. 3a). For very large pO2 ;1, the low Dd is the reason for low effi-
ciencies. This can be alleviated by operating at larger DT.
s of the ceria cycling.

Value Unit

1 kW/m2

3000
1 atm
0.2 [31]
0.4
0.4 [32]
1400e2100 K
0e300 K
1.1e20,000 Pa
1.1e20,000 Pa
298 K
0.955 [34]
0



Fig. 3. Optimal h (dotted lines) and corresponding DT for various Tred and pO2 ;1 combinations for a) scheme (a), and b) scheme (b). The solid lines indicate the efficiency at cor-
responding Tred and pO2 ;1 for isothermal operation (DT ¼ 0).
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Small dred resulted at low Tred and large pO2;1. These combina-
tions required a large DT (often unfeasible, see Fig. 2b) for reason-
able efficiencies and comparatively higher Dd. As Tred increased, dred
increased gradually leading to a dominating _Qceria and corre-
sponding required a decrease in DT, for optimal h (see Fig. 3a). For
pO2 ;1 >100 Pa, DTwas always restricted by the feasibility conditions
and consequently the activity of the reduction of ceria is hindered
at large pO2 ;1. A slight increase in DTwas detected for pO2;1 ¼ 0:1 Pa
and 1 Pa at 1700 K and 1800 K, respectively. This is due to the
appearance of _Qcool;ox at high temperatures which can partly be
compensated by a larger DT.

The results for scheme (b) revealed that the optimal h under
various given Tred and pO2 ;1 tend to work at lower DTwhich favored
isothermal operation compared to scheme (a). This trend was
especially pronounced at higher temperatures (Tred � 1800 K). This
was caused by the increase in Dd and decrease in _Qpump and _Qgas;ox
with increasing DT and Tred, which was overcompensated by the
increasing _Qcool;ox and _Qceria (see Fig. 5c and dc).

Similar trends in the optimal h (i.e. at non-isothermal conditions,
DT s 0) were observed for scheme (b) and scheme (a). Increasing
pO2;1 led to a significant reduction in h for the whole range of pO2 ;1
studied (0.1 Pae20000 Pa) for Tred < 1700 K. For Tred > 1700,
pO2;1 >0:1 Pa showed larger optimal h than pO2;1 ¼ 0:1 Pa (h ¼ 30%
for pO2 ;1 ¼ 0:1 Pa, and h¼ 31% for pO2;1 ¼ 1 Pa at Tred¼ 2000 K) due
to the decrease in _Qpump, _Qcool;ox, and _Qcool;red at high Tred (Fig. 5b
and 5d) which overruled the decrease of Dd.

The efficiencies of the system for CO2 splitting (eqs. (1) and (3))
showed similar trends as the ones described for water splitting in
schemes (a) and (b) with generally higher efficiencies due to larger
equilibrium constants for the oxidation reaction in the CO2 splitting
system. The efficiency variations for solar thermochemical ceria-
based CO2 splitting for varying Tred, pO2 ;1, and DT are shown in
Figs. S1 and S2.



Fig. 4. Energy balance for scheme (a) at 1 kW solar power input under various working conditions: a) isothermal cases at pO2 ;1 ¼ 1 Pa for varying Tred, b) optimal cases at
Tred ¼ 1800 K for varying pO2 ;1, c) cases at pO2 ;1 ¼ 1 Pa and Tred ¼ 1800 K for varying DT, and d) optimal cases at pO2 ;1 ¼ 1 Pa for varying Tred.

Fig. 5. Energy balance for scheme (b) at 1 kW solar power input under various working conditions: a) isothermal cases at pO2 ;1 ¼ 1 Pa for varying Tred, b) optimal cases at
Tred ¼ 1800 K for varying pO2 ;1, c) cases at pO2 ;1 ¼ 1 Pa and Tred ¼ 1800 K for varying DT, and d) optimal cases at pO2 ;1 ¼ 1 Pa for varying Tred.
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Fig. 7. fw as a function of DT for different pO2 ;1 at Tred ¼ 1800 K for scheme (a) (Zone 1)
and scheme (b) (Zones 1 and 2). Dots indicate the optimal efficiency at the corre-
sponding conditions (DT and pO2 ;1) for scheme (a) (hollow dots) and scheme (b) (filled
dots).
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3.3. Hydrogen productivity

In addition to an optimized solar-to-fuel efficiency, the
hydrogen productivity should be maximized in order to minimize
the amount of metal oxide which needs to be cycled (pumping
requirements), bought and refilled (economic investment), and
mined and recycled (sustainability issue).

cH2
is shown in Fig. 6 exemplary for a practical Tred of 1800 K cH2

increased with increasing DT and decreasing pO2 ;1. The two zones
shown in Fig. 6 distinguished the accessibility of DT for scheme (a)
and scheme (b) as discussed in section 3.1. For scheme (a), the DT
was limited by pO2;4 and the operation is only possible in zone 1. For
scheme (b), the operationwas not confined by pO2 ;4 and hence zone
1 and zone 2were accessible. The increase in DTeffected a lower dox
resulting in a larger Dd and correspondingly larger cH2

. Generally,
the optimal efficiencies of scheme (a) were situated at DT > 0 and
correspondingly higher hydrogen productivities were achieved
(indicated by the hollow dots in Fig. 6) compared to the optimal
efficiencies of scheme (b), which usually were isothermal or at low
DT (for pO2;1 <100 Pa). For pO2;1 � 100 Pa, large cH2

were achieved
in scheme (b), however, h was significantly limited by low Dd.
Generally, operating at optimal efficiencies and low pO2 ;1 required
more ceria per produced hydrogen for vacuum pumping approach
(scheme (b)) compared to sweep gassing (scheme (a)). Since the
sensitivity of the efficiency with the variation of DT for scheme (b)
at 1800 K is small (see Fig. 5c), it is possible to optimize the oper-
ational conditions for scheme (b) by operating at a small DT (within
150 K) to achieve both high solar-to-fuel efficiency (28% at
Tred ¼ 1800 K, pO2 ;1 ¼ 1 Pa, and DT ¼ 120 K) and comparatively
larger hydrogen productivity.

3.4. Water utilization factor

Fig. 7 exemplary shows fw for schemes (a) and (b) at
Tred ¼ 1800 K for varying pO2 ;1 and DT. Generally, lower pO2 ;1 and
higher DT led to larger fw. dred increases and correspondingly pO2;12
decreased with decreasing pO2;1 hence requiring a smaller water
input. The enhancement in fw with increasing DT was more pro-
nounced at lower pO2 ;1 in accordance with a larger Dd at these
conditions and more efficient water use. The increase in fw with
increasing DT resulted from the lower pO2 ;1 at higher DT.
Fig. 6. H2 productivity as a function of DT for different pO2 ;1 at Tred ¼ 1800 K for
scheme (a) (Zone 1) and scheme (b) (Zones 1 and 2). Dots indicate the optimal effi-
ciency at the corresponding conditions (DT and pO2 ;1) for scheme (a) (hollow dots) and
scheme (b) (filled dots).
Similar as for cH2
, scheme (a) worked at higher efficiency when

DT s 0, which in turn resulted in larger fw. For scheme (b),
isothermal operation led to higher hwhile unfavorably reduced the
hydrogen productivity and fw, which increased the consumption of
input materials (water and ceria).

3.5. Pump efficiency

The electricity-to-pump efficiency, hpump, for scheme (b) was
assumed constant (40%) but practical vacuum pumps (rotary vane,
piston, scroll, or roots pumps) show non-constant efficiencies
changing with working conditions (pressure and flow rate). The
effect of the decreasing pump efficiency with decreasing pO2;1 is
depicted in Fig. 8a for a turbo molecular vacuum pump system of
Pfeiffer Vacuum with a pump efficiency estimated as [32],

hpump ¼ 0:4þ 0:07 log
pO2;1

p0
: (18)

The optimal h was significant affected by hpump at low pO2 ;1 due
to the decrease in hpump with decreasing pO2 ;1. The increased power
required for reducing the oxygen partial pressure is offset through
an increase in Tred.

The optimal hwas achieved at isothermal operation at low pO2;1,
supporting the previous conclusion that vacuum pumping is the
method of choice to lower the pO2;1 at isothermal conditions. The
effect of hpump on the optimal h under different pO2;1 is depicted in
Fig. 8b and exhibits that hpump of 40% is required to overcome the
limitations posed by the pumping work. Further increase in hpump
showed no significant increase in the solar-to-fuel efficiency. These
investigations provide guidelines for the choice of the vacuum
pump technology and quality.

3.6. Heat recovery effectiveness

3.6.1. Gas phase heat recovery effectiveness
Gas phase heat recovery is crucial in dictating a large h [13]. As

depicted in Fig. 9a, the larger εg the larger h at isothermal condition
for scheme (a). εg as high as 0.975 was required for h > 10% at
Tred ¼ 1700 K. The increase in h was more pronounced at larger εg
and with increasing Tred, further suggesting that the requirements
on the high temperature heat exchanger manufacturing and
maintenance were stringent when considering isothermal



Fig. 8. a) Optimal h for various Tred and pO2 ;1 for scheme (b) with changing hpump

according to eq. (18), and b) optimal h as a function of hpump for three different pO2 ;1
(1 Pa, 10 Pa, and 100 Pa).

Fig. 9. Solar-to-fuel efficiency at isothermal conditions for pO2 ;1 ¼ 1 Pa and varying Tred and
and Tred ¼ 1800 K for varying DT and εg, for b) scheme (a), and d) scheme (b). The maxima
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operation. The requirements on the heat exchanger can be relaxed
through the use of a temperature swing as depicted in Fig. 9b. At
εg < 0.9, the maximum h appeared at the largest possible DT, where
DT was limited by the operational feasibility (see section 3.1). For
εg > 0.9, the highest solar-to-fuel efficiency was observed at an
optimized DT which maximized the Dd while limiting _Qceria.

For scheme (b), increasing εg at isothermal operation led to a
significant increase in h at lower Tred (Tred < 1800 K), while a less
pronounced effect was exhibited at high Tred (see Fig. 9c) due to the
exhibited dominance of _Qheat loss (see Fig. 5). Compared to scheme
(a), the requirements on the heat exchanger were less stringent and
already a εg of 0.85 was sufficient to reach h > 10% at Tred ¼ 1700 K.
The requirements on the heat exchanger can be further relaxed
when operating non-isothermally, as depicted in Fig. 9d. At
DT ¼ 300 K, h was equal for εg ¼ 0.5 and 0.975. An optimal DT for
maximized optimal efficiency was observed for εg < 0.9. This
resulted from a tradeoff between decreasing _Qgas;ox and increasing
_Qceria and _Qcool;ox as DT increased. For εg > 0.9, the decrease in
_Qgas;ox with increasing DT was not observable as _Qceria and _Qcool;ox
dominated the losses already at DT ¼ 0 and further increased with
increasing DT. Consequently, for εg > 0.9, isothermal operation
resulted in the best performing solar-to-fuel efficiency. This feature
of scheme (b) indicates that εg � 0.9 is required to ensure that
isothermal operation results in the highest solar-to-fuel efficiency
for a certain Tred and pO2 ;1 combination. Nevertheless, the intro-
duction of a small DT can significantly reduce the requirements on
the heat exchanger at a reasonable penalty in solar-to-fuel effi-
ciency, i.e. introducing a DT of 50 K reduced the solar-to-fuel effi-
ciency by 5.2% at εg ¼ 0.975.

For εg ¼ 1, the solar-to-fuel efficiency solely decreased with
increasing Tred for isothermal operation of schemes (a) and (b), e.g.
the efficiency of scheme (a) decreased from 50.8% to 36.4% as Tred
increased from1400 K to 2100 K. This was explained by the fact that
the usually dominating _Qgas;red and _Qgas;ox (see Fig. 4a and 5a) were
significantly reduced and the energy balance was then dominated
by the monotonically increasing _Qheat loss. The solar-to-fuel
εg, for a) scheme (a), and c) scheme (b); and non-isothermal conditions at pO2 ;1 ¼ 1 Pa
l efficiencies for each εg are marked by the dots.



Fig. 10. Solar-to-fuel efficiency as a function of DT for varying εs at pO2 ;1 ¼ 1 Pa and Tred ¼ 1800 K for a) scheme (a), and b) scheme (b). The maximal efficiencies for each εs are
marked by the dots.
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efficiency was significantly increased at perfect gas heat recovery:
the solar-to-fuel efficiency increased up to 50% at Tred ¼ 1400 K
when εg increases from 0.975 to 1 for scheme (a). Similar behavior
was observed for the non-isothermal operation of scheme (a) at
εg ¼ 1, namely solely a decrease in solar-to-fuel efficiency with
increasing DT, which could again be explained by the reduction of
the otherwise dominating _Qgas;red and _Qgas;ox.

3.6.2. Solid phase heat recovery effectiveness
Effects of εs on h for varying DT are depicted in Fig. 10 at

Tred ¼ 1800 K and pO2 ;red ¼ 1 Pa. Generally, h increased with
increasing εs. This enhancement was more pronounced for larger
DT due to the increased recuperation of _Q solid. For scheme (a), a
significant raise in the maximal optimal h of absolute 5% was
observedwhen raising εs from0 to 0.5. The optimalDT increased for
maximal optimal h with increasing εs due to reduction in _Q solid.
_Q solid became less significant when εs increased above 0.5 and
therefore the benefit of an increasing Dd at higher DT dominated
over the increased _Q solid and _Qcool;ox.
Fig. 11. h as a function of Tred for various C at pO2 ;1 ¼ 1 Pa at isothermal operation for a) s
Tred ¼ 1800 K for b) scheme (a), and d) scheme (b). The maximal efficiencies for each C ar
As shown in Fig. 10b, scheme (b) displayed the maximal h at
isothermal operation. h decreased with increasing DT at εs < 0.9 due
to increase in _Q solid and _Qcool;ox, which counteracted the decrease
in _Qpump and increase in Dd. At εs � 0.9, a small DT of about 10 K led
to increased h due to the increase ofDdwhile the increase in _Qcool;ox
and _Q solid were insignificant. As DT increased further, the benefit of
increased Dd became insignificant compared to the increasing
losses.

3.7. Concentration ratio

The impact of concentration ratio, C, on h for schemes (a) and (b)
is shown in Fig. 11. The C of a solar concentration system was
determined by the type of the concentrator used and chosen from
1000 to 10,000 according to the feasibility of solar tower and dish
systems [9].

Generally, higher C led to higher h, although the increase in h

became small for C > 5000. For isothermal operation, h increased
with Tred due to increasing Dd and decreased due to the dominance
cheme (a), and c) scheme (b). h as a function of DT for various C at pO2 ;1 ¼ 1 Pa and
e marked by the dots.



Fig. 13. h as a function of psystem for various Tred at _QMg;pr ¼ 3600 kJ=mol for both
optimal and isothermal cases for scheme (c).
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of _Qheat loss at high Tred. The decrease in h was reduced at increased
C as the aperture was reduced and correspondingly the losses were
relatively reduced (see eq. (5)). The optimal Tred for maximal h

increased for the isothermal cases in schemes (a) and (b) due to the
beneficial higher Dd. For the selected cases at Tred ¼ 1800 K, the
optimal DT for maximal optimal h was always at 120 K for scheme
(a) and 0 K for scheme (b), respectively.

3.8. Reduction in the oxygen partial pressure through combined
mechanical and mechanical-chemical approaches

Reduction in pO2;1 had the potential to significantly increase the
solar-to-fuel efficiency. In order to further decrease the oxygen
partial pressure while circumventing low pumping efficiencies,
high pumping power requirements, or significant sensible heat
losses required to heat the inert gas, a combination of mechanical
and chemical techniques to reduce the oxygen partial pressure
were proposed. Specifically, scheme (a) in combination with a
chemical oxygen scavenger made of magnesium (scheme (c)) was
investigated. The magnesium acted as reducing agent and reacts
with the oxygen before it enters the reduction chamber. Magne-
sium is a strong reducing agent and is able to reduce the pO2

in
sweep gas to values lower than 10�17 atm [33]. The calculated ef-
ficiencies of scheme (c) under different pO2;1 are shown in Fig. 12a.
The energy penalty introduced for MgO recycling was 3600 kJ/mol
assumingMgO reduction by the Bolzano process [31]. The chemical
reduction of pO2 ;10 in the sweep gas led to higher h for the optimal
cases because of a further reduction in the required sweep gas. For
isothermal operation, the use of an oxygen scavenger showed no
increase in h as the energy penalty caused by the large amount of
magnesium required to scavenger the oxygen of the large amount
of sweep gas traded off the increase in efficiency due by lower pO2;1.

The effect of _QMg;pr on the solar-to-fuel efficiency of the system
is depicted in Fig. 12b and showed no significant efficiency penalty
for the selected values of _QMg;pr between 0 and 9000 kJ/mol, which
corresponded to free MgO recycling and MgO recycling by the
Pidgeon process [31].

A combination of sweep gassing, vacuum pumping, and chem-
ical scavenger (scheme e) allowed for a further increase in effi-
ciency due to a decrease in system pressure. The basic idea of this
combinationwas to reduce pO2;1 in the sweep gas from the baseline
value (1 Pa), to a target value (0.1 Pa) through the oxygen scavenger.
The vacuum pump was then used to further reduce the pO2;1 in
reduction chamber by reducing the system pressure, psystem. Fig. 13
depicts the change of h with different psystem for both optimal and
isothermal operations when varying psystem between 1 atm and
0.1 atm. For isothermal operation, we observed a minimum in h

when decreasing psystem from 1 atm to 0.1 atm. The maximal h was
Fig. 12. a) h as a function of Tred at various pO2 ;1 for _QMg;pr ¼ 3600 kJ=mol for optimal and
optimal and isothermal cases.
observed at psystem¼ 1 atm as the gain in efficiency with decreasing
dred at low oxygen partial pressure was overruled by the large
pumping work due to the large amount of sweep gas needed in
isothermal operation.

For the optimal cases, a reduction in psystem increased the effi-
ciency. This effect was less pronounced at higher temperatures as
the amount of sweep gas required was higher at higher Tred which
makes pumping work costly.

The use of vacuum pumping to lower the system pressure
indicated less improvement in efficiency compared to the use of an
oxygen scavenger in combinationwith sweep gassing (Fig. 12). This
conclusion also held for the combination of the mechanical
methods (sweep gassing þ vacuum pumping, scheme (d)), where
the same behavior as indicated in Fig. 13 was observed.

3.9. Counterflow versus ideal mixing reactor configurations

A counterflow arrangement represents a countercurrent flow
between ceria and the gases which assumes that the gases are well
mixed in the radial direction and only vary in the axial direction.
The ideal mixing arrangement models a well-mixed reactor,
resulting in no spatial variation of temperature, pressure, and
species concentrations [34]. Compared to the counterflow
arrangement, the ideal mixing arrangement required enormous
amounts of sweep gas due to the need to maintain the whole
reduction chamber at a low pO2;1. Owing to the large amount of
isothermal cases. b) h as a function of _QMg;pr for various of pO2 ;1 at Tred ¼ 1800 K for
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sweep gas input, the previous studies utilizing ideal mixing ar-
rangements [14,17] predicted that larger pO2 ;1 (of about 1000 Pa)
favor larger efficiencies and operation at large DT (to ensure a
complete oxidation of ceria).

The efficiencies of schemes (a) and (b) at various operating
conditions for an ideal mixing arrangement are shown in Figs. S2 to
S6. Scheme (a) always worked at low efficiencies (h < 15%) and
favored isothermal operation. The small efficiencies were caused by
the large sweep gas and water input flow rates, respectively, which
dominated the energy demand (Fig. S3). Scheme (b) showed effi-
ciencies significantly larger than for scheme (a) due to a large
decrease in the energy consumption to keep the pO2 ;1 in the
reduction chamber low. Compared to the counterflow arrange-
ment, the ideal mixing model tended to inefficiently use the water
inflow and requires more sweep gas input, all of which led to sig-
nificant lower efficiencies. The effect of changing εg on the system
performance is shown in Fig. S5. As for the counterflow arrange-
ment, for scheme (a) at isothermal conditions and in ideal mixing
arrangement, larger εg resulted in larger efficiencies. This increase
became more significant for εg > 0.9. Isothermal operation was
favored in the ideal mixing arrangement as the reduction in _Qgas;red
with increasing DT was to small to overcome the increase in _Qceria
and _Qgas;ox (Fig. S3c). Similar behavior in efficiency variation was
observed for scheme (b) for the ideal mixing arrangement. How-
ever, scheme (b) could achieve larger efficiencies than scheme (a)
as vacuum pumping required less energy than sweep gassing to
maintain a low-oxygen atmosphere in the reaction chamber.

The influence of εs on the solar-to fuel efficiency is shown in
Fig. S6a, and indicated negligible impact on scheme (a) in an ideal
mixing arrangement due to the extremely low ceria flow rates. For
scheme (b), the increase of εs led to higher efficiencies. However,
this increase was small for large DT (Fig. S6b) due to the decreasing
_Qceria resulting from the decreasing ceria flow rate.

Generally, the ideal mixing arrangement is inferior to counter-
flow arrangement for schemes (a) and (b) because of significantly
lower water utilization and the requirement of extremely large
rates of sweep gas.

4. Summary and conclusions

A thermodynamic analysis was developed based on [13,14,17] to
evaluate the solar fuel processing performance of a ceria-based
thermochemical cycling scheme at various working conditions.
Mechanical and chemical methods for the decrease of the oxygen
partial pressure in the reduction chamber were proposed,
compared, and combined. The impact of flow arrangement in the
reactors (counterflow versus ideal mixing), temperature, pressure,
solid and gas heat recovery effectiveness, and concentration ratio
were discussed. Both isothermal and non-isothermal operation for
ceria based redox cycles were studied to find the optimal config-
urations for best solar-to-fuel efficiency.

For the scheme using sweep gassing to reduce pO2 ;1 (scheme
(a)), the non-isothermal operation predicted significant higher ef-
ficiency than isothermal operation even without solid phase heat
recover. The optimal temperature difference between the reduction
and oxidation temperature was in the range of 100 Ke150 K and
this slight temperature difference between reduction and oxidation
reactions ensured a high solar-to-fuel efficiency trading off the
energy consumption caused by solid phase heating and recycling of
large amounts of sweep gas.

For the scheme using vacuum pumping to reduce pO2;1 (scheme
(b)), the optimal efficiencies were obtained at isothermal operation,
indicating a promising way to conduct isothermal operation
bearing both high efficiency as well as simple design and operation.
The efficiency of the vacuum pump was crucial in dictating a high
efficiency and was predicted to be around 40% throughout the
operational range.

The gas phase heat recovery significantly increased the effi-
ciency for sweep gassing and vacuum pumping schemes. A mini-
mum εg of 0.9 was required for efficiencies of 25% for both scheme
(a) and scheme (b), working at conditions leading to the optimal
efficiency. The requirement for εg could be relaxed by imposing a
small DT (of around 100e200 K) with minimal efficiency reduction
(below 3% when reducing εg from 0.975 to 0.9) for scheme (a) and
scheme (b). The addition of solid phase heat recovery could further
increase the efficiency. However, the absence of solid heat recovery
didn't show a detrimental effect on the efficiency (efficiency
reduction of 13.9% (scheme (a)) and 0.4% (scheme (b)) when
changing εs from 1 to 0 at Tred ¼ 1800 K and pO2;1 ¼ 1 Pa).

A high irradiation concentration led to lower radiation heat
losses due to a reduced aperture area at the same solar energy
input. The heat losses were dominating at large working temper-
atures due to the rapid increase of the radiation loss. The
enhancement of the efficiency by increasing the concentration ratio
became insignificant for concentrations above 5000.

A novel scheme combining mechanical approaches (sweep
gassing) and chemical approaches (chemical scavenger) to reduce
the oxygen partial pressures showed promise in further increasing
the system efficiency at non-isothermal conditions. The energy
penalty caused by using active metal was in a reasonable range
(below 0.5% of input energy for optimal cases of scheme (c)) as the
amount of required sweep gas was minimized at non-isothermal
conditions. Consequently, the combination of sweep gassing with
a chemical scavenger provided a significant jump in efficiency from
28% to 36% for optimal cases at 1800 K. For isothermal operation,
the combined mechanical-chemical approach showed no
enhancement effected by the large amount of required sweep gas.
The combination of sweep gas, vacuum pumping, and a chemical
oxygen scavenger could further improve the system efficiency, but
less efficient as solely combining sweep gassing with an oxygen
scavenger.

The counterflow and ideal mixing arrangement for fluid flow in
reactor were implemented and compared. Generally speaking, the
ideal mixing model is inferior to counterflow due to its inefficient
use of sweep gas leading to extreme energy consumption in sweep
gas heating, i.e. the maximum solar-to-fuel efficiency achieved for
counter flow and ideal mixing arrangement was 18.2% and 4.3%,
respectively, at Tred ¼ 1800 K and pO2 ;1 ¼ 10Pa.

The developed thermodynamic model of ceria-based cycling for
solar fuel processing offers guidelines for the design and operation
of redox cycles for solar fuel processing and can straightforward be
applied to other promising redox materials such as perovskites
[35e37].
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Nomenclature

A area (m�2)
cp specific heat capacity (J mol�1 K�1)
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C concentration ratio
G0 direct normal irradiance (W m�2)
HHV higher heating value (J mol�1)
cH2

hydrogen productivity
f heat loss factor
fw water utilization factor
h molar enthalpy (J mol�1)
_n molar flow rate (mol s�1)
p pressure (Pa)
_Q heat rate (W)
R universal gas constant (8.3145 J mol�1 K�1)
T temperature (K)
W work rate (W)

Greek
Dg Gibbs free energy of formation (J mol�1)
Dh enthalpy of formation (J mol�1)
Ds entropy of reaction (J mol�1 K�1)
Dd non-stoichiometric coefficient difference
d non-stoichiometric coefficient
ε heat recovery effectiveness
h solar-to-fuel efficiency

Subscripts
0 ambient
1,2, … state point
ap aperture
cool cooling
g gas
in inlet
Mg magnesium
ox oxidation
pump pumping
pr production
rad radiation
red reduction
react reaction
scavenger chemical scavenger

Appendix A. Supplementary data

Supplementary data related to this article can be found at http://
dx.doi.org/10.1016/j.energy.2015.06.006.
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