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A B S T R A C T

The solar thermochemical fuel production pathway as an attractive option for the decarbonization of the
transportation sector is investigated. Using ceria as the reactive material and the latest published data on inert
gas demand and energy demand for vacuum pumping from the literature, the energy balance of the thermo-
chemical reactor is analyzed for vacuum pumping and inert gas sweeping, and the required process parameters
for reaching high efficiencies are discussed. It is found that thermochemical energy conversion efficiencies ex-
ceeding 20% can only be reached with a vacuum operated system at reduction temperatures of 1900 K, enhanced
pump efficiency by 50%, a concentration ratio of 5000 suns, and an energy recuperation effectiveness from the
gases and the solid phase of 70%. We then investigate the whole fuel production pathway from incident sunlight
to liquid hydrocarbons by performing an energy analysis of a fuel production plant including waste heat re-
covery. It is found that the energy losses theoretically can be used to cover the demand for electricity and low-
temperature heat, as well as the heating of the reactants to the oxidation temperature, enhancing the pathway
efficiency from 5.3% to 8.6%. The heat recovery from the single process steps along the fuel production pathway
therefore has a large potential to increase the efficiency of the process, improving the economic and ecological
performance significantly. Likewise, waste heat may be used to partially relax the likely stringent operating
conditions of highly efficient thermochemical reactors, which could have important implications for reactor
design.

1. Introduction

A countermeasure against global warming is the decarbonization of
the transportation sector. While the electrification of cars is a feasible
option which is thought to have the potential to replace the internal
combustion engine, for aviation, on the other hand, analyses show that
long-range travel is very likely to rely on hydrocarbon fuels also in the
future as the specific energy of batteries is limited (Kuhn and Sizmann,
2012). To reach the ambitious goals set by the aviation industry (Air
Transport Action Group, 2017) the use of alternative fuels is thus im-
perative. Different options exist such as the electrochemical pathway
(Schmidt et al., 2016; König et al., 2015; Goldmann et al., 2018) that
combines photovoltaics with electrolysis, or the photochemical
pathway that uses biomass (Axelsson et al., 2012; Gollakota et al.,
2018) or artificial leaves to produce hydrogen (Nocera, 2017). The solar
thermochemical fuel promises high energy conversion efficiencies
(Scheffe and Steinfeld, 2012; Lapp et al., 2012; Ermanoski et al., 2013;
Jarrett et al., 2016) through the use of the full solar spectrum and has

achieved significant efficiency advancements in the recent past (Chueh
et al., 2010; Furler et al., 2012; Marxer et al., 2017). The pathway
converts CO2 and H2O into CO and H2 (syngas) through a redox cycle
operated at high temperature using concentrated solar energy as the
source of heat (Fig. 1). The material, a metal oxide, is reduced at high
temperature and low oxygen partial pressure and oxidized with H2O
and CO2 at lower temperature (Chueh et al., 2010; Romero and
Steinfeld, 2012). The produced syngas is then converted into liquid
hydrocarbons in the Fischer-Tropsch synthesis (FT), whereas a low-
temperature synthesis yields longer-chained hydrocarbons, which are
converted into chains of desired length in the jet fuel range by hydro-
cracking and distillation. An advantage of the solar thermochemical
pathway is that the feed streams of H2 and CO can be produced in
separate reactors and therefore easily brought to the required ratio of
H2/CO of approximately two in the FT reactor.

Solar thermochemical fuels have been suggested to possess a po-
tentially high energy conversion efficiency (Steinfeld and Epstein,
2001) and low greenhouse gas emissions (Falter et al., 2016). The
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realization of these benefits however hinges on the achievement of high
efficiencies of both the thermochemical conversion and the overall fuel
production pathway. For the former, values of around 20% are believed
to be required to enable the large-scale economic deployment of the
solar thermochemical fuel technology. The theoretical upper limit of
thermochemical efficiency was shown to be well above this value for
the reactive material ceria (Scheffe and Steinfeld, 2012; Chueh and
Haile, 2010), depending i.a. on the level of heat recovery and the
technology used for the establishment of a low oxygen partial pressure.
Different reactive materials have been suggested, such as zinc oxide,
ferrites, ceria, or perovskites, whereas we limit the analysis to pure
ceria, which undergoes nonstoichiometric redox reactions and has
shown promising experimental results recently (Chueh et al., 2010;
Furler et al., 2012; Marxer et al., 2017). In nonstoichiometric redox
reactions, only a small part of the material actually undergoes reduction
and oxidation, while all of the material has to be thermally cycled be-
tween the reduction and oxidation temperature. Thus heat recuperation

from the solid phase gains a high importance for the achievement of
high efficiencies. In recent studies, counter-rotating cylinders are used
to enable solid-solid heat exchange between reactive material and a
heat exchange medium (Lapp et al., 2013), and between oxidized and
reduced material (Allendorf et al., 2008). Potential heat exchanger ef-
fectiveness is indicated to reach values close to 70% (Lapp et al., 2013).
In another analysis (Felinks et al., 2014), the multi-stage heat transfer
between reactive ceria particles and inert particles is described with a
potential for heat recovery effectiveness of over 70%. In a study of a
generic counter-flow reactor using reactive elements of ceria that ex-
change heat by radiation, a similar potential for heat exchanger effec-
tiveness was derived (Falter and Pitz-Paal, 2017; Falter et al., 2015a).

The establishment of a low oxygen partial pressure can be achieved
by flushing the reduction chamber with an inert gas to dilute and re-
move the evolving oxygen (Chueh et al., 2010; Furler et al., 2012;
Marxer et al., 2015a; Welte et al., 2016). The exact amount of inert gas
which is required for a certain level of oxygen partial pressure is subject

Nomenclature

Qȧux auxiliary thermal power [W]
Q ̇heat,CO2 thermal power to heat CO2 to TL [W]
Q ̇heat,CeO2 thermal power to heat ceria from TL to TH [W]
Q ̇heat,inertgas thermal power for inert gas heating to TH [W]
Q ̇products thermal power in product stream [W]
Q ̇red,CeO2 thermal power to reduce ceria [W]
Q ̇rerad thermal reradiation from reactor at TH [W]
Qṡolar concentrated solar power input to reactor [W]
n ̇CeO2 molar flow rate of ceria [mol s−1]
n ̇CO2 molar flow rate of CO2 [mol s−1]
n ̇O2 molar flow rate of O2 [mol s−1]
n ̇CO molar flow rate of CO [mol s−1]
n ̇inertgas molar flow rate of inert gas [mol s−1]
Einertgas specific energy of inert gas production [Jmol−1]
hO2 specific enthalpy of oxygen [J mol−1]
hCO specific enthalpy of carbon monoxide [Jmol−1]
hCO2 specific enthalpy of carbon dioxide [J mol−1]
Paux,inertgas auxiliary power for inert gas reactor [W]
Paux,vacuum auxiliary power for vacuum reactor [W]
Paux auxiliary power input to reactor [W]
Pinertgas power for inert gas production [W]
Ppump vacuum pumping power [W]
Psep, CO

CO2
power for CO/CO2 separation [W]

T0 temperature of surroundings [K]
TH reduction temperature [K]

The,end temperature of ceria at the exit of heat exchanger [K]
TL oxidation temperature [K]
Tpump temperature of vacuum pump [K]
cp,CeO2 specific heat capacity of ceria [J kg−1 K−1]
cp,CO2 specific heat capacity of CO2 [J kg−1 K−1]
cp,CO2 specific heat capacity of CO2 [J kg−1 K−1]
cp,O2 specific heat capacity of O2 [J kg−1 K−1]
cp,CO specific heat capacity of CO [J kg−1 K−1]
cp,inertgas specific heat capacity of inert gas [J kg−1 K−1]
fCO2 CO2 flow rate relative to stoichiometric amount [–]
pO2 oxygen partial pressure [Pa]
pox oxidation pressure [Pa]
pred reduction pressure [Pa]
δox nonstoichiometry of ceria after oxidation [molOmol−1]
δred nonstoichiometry of ceria after reduction [molOmol−1]
ηabs absorption efficiency of solar reactor [–]
εgasrec effectiveness of gas heat recuperation [–]
εhe heat exchanger effectiveness [–]

− −ηheat to electricity efficiency of heat to electricity conversion [–]
ηpump efficiency of vacuum pump [–]

HΔ red molar enthalpy of thermal reduction of ceria [J mol−1]
R universal gas constant [J mol−1 K−1]
C concentration ratio of solar energy [–]
I intensity of solar radiation [kWm−2]
T temperature [K]
δ nonstoichiometry of ceria after reduction [molOmol−1]
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Fig. 1. Schematic representation of the solar
thermochemical fuel production pathway. H2O
and CO2 can be captured from the air and from
the sea, respectively. Direct solar radiation is
concentrated by a field of heliostats or dishes
and enables the high-temperature thermo-
chemical conversion of H2O and CO2 to H2 and
CO (syngas). The resulting syngas is stored and
converted into jet fuel via the Fischer-Tropsch
process.
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to significantly deviating assumptions in the literature. While in a first
study by Ermanoski et al. (2013) the perfect dilution of oxygen leads to
very large gas flow rates and hence to quite low efficiencies, in another
by Bader et al. (2013) it was assumed that in a counter-flow arrange-
ment of ceria and gas, thermodynamic equilibrium can be reached at
the inlet and outlet, leading to very low gas flow rates. In a third work
eventually by Brendelberger et al. (2015) it was argued that the flow
rate of inert gas has to be between these two extreme values and a
function for its size is given based on the thermodynamic characteristics
of the material and the oxygen uptake capability of the gas. We make
use of this latest result by Brendelberger et al. to give a realistic esti-
mate of the reactor efficiency and compare the result with the operation
under vacuum. This allows a more realistic comparison of these two
concepts.

In this study, we analyze the possibilities to achieve high thermo-
chemical energy conversion efficiencies, preferably above 20%, based
on a fundamental investigation of the energy balance of a solar ther-
mochemical reactor. The two operation modes of inert gas sweeping
and vacuum pumping are investigated using latest results from the
literature concerning sweep gas demand and efficiency of vacuum
pumping. Furthermore, we investigate which operational parameters
have to be enhanced to significantly increase the efficiency. The system
boundary is then widened to include the whole fuel production
pathway from incident sunlight to liquid hydrocarbons, and the energy
balance is presented including energy requirements and losses along the
production chain. Possibilities for heat recovery are analyzed and a
large potential for the increase of efficiency is found which could sig-
nificantly enhance the economic and environmental performance of a

solar thermochemical fuel production plant.

2. Solar thermochemical syngas production

2.1. Energy balance

In the analysis of the solar thermochemical redox cycle below, we
limit the study to CO2 splitting, which reaches similar efficiencies
compared to water splitting. The system is graphically represented in
Fig. 2. The energy balance of the vacuum reactor subsystem is

= + + + −

+ +

Q Q Q Q h n n

n h n h

̇ ̇ ̇ ̇ ( ̇ ̇ )

̇ ̇
solar,vacuum loss rerad. heat,CeO CO CO ,out CO ,in

O O CO CO

2 2 2 2

2 2 (1)

and of the inert gas reactor subsystem

= + + + −

+ + − +

Q Q Q Q h n n

n h n h h n h

̇ ̇ ̇ ̇ ( ̇ ̇ )

̇ ̇ ( ) ̇

solar,inertgas loss rerad. heat,CeO CO CO ,out CO ,in

O O inertgas inertgas,out inertgas,in CO CO

2 2 2 2

2 2 (2)

The solar power input to the vacuum reactor can be written as

= + + + −Q
η

Q Q Q Q Q̇ 1 ( ̇ ̇ ̇ ̇ ̇ ).solar,vacuum
abs

heat,CeO red,CeO heat,CO loss products2 2 2

(3)

and for the inert gas reactor
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+

Q
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Q Q Q Q Q
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̇ )
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Fig. 2. Schematic of thermochemical conversion including energy flows (thick arrows) and mass flows (thin arrows). (a) Reactor operated under vacuum, (b) reactor
operated with inert gas flow.
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ηabs is the absorption efficiency of the solar reduction chamber and

is, assuming a well-insulated blackbody cavity, = −η 1 σT
I Cabs ·

4
. I is the

intensity of solar radiation and C the concentration efficiency which are
assumed to be 1 kWm−2 and 3000 suns, respectively. Reradiation can
be calculated from

= −Q η Q̇ (1 )· ̇rerad abs solar (5)

The reactor is further assumed to lose heat by convection and
conduction. These losses are expressed by the loss factor F (Bader et al.,
2013; Lapp, 2013), which is the fraction of absorbed heat in the reactor
which is lost by convection and conduction.

= −Q F Q Q̇ ( ̇ ̇ ),loss solar rerad (6)

Q ̇heat,CeO2 is the solar power required to raise the temperature of the
oxidized ceria element from the temperature achieved at the exit of the
heat exchanger The,end to the reduction temperature TH,

∫ ∫= − =Q ε n c T T n c T Ṫ (1 ) ̇ ( )d ̇ ( )d ,
T

T
p

T

T
pheat,CeO he CeO ,CeO CeO ,CeO2 2

H

L

2 2

H

he,end

2

(7)

with the heat exchanger effectiveness εhe.
Q ̇red,CeO2 is the power required to reduce the material from δox toδred

∫= =Q n H n H δ δ̇ ̇ Δ ̇ Δ ( )d .
δ

δ
red,CeO CeO red CeO CeO2 2 2

red

ox

2
(8)

The reduction enthalpy HΔ CeO2 is only slightly dependent on tem-
perature and pressure and is thus modeled to be a function of non-
stoichiometry only (Ermanoski et al., 2013).

Q ̇heat,CO2 is the thermal power required to heat CO2 from ambient
temperature to the oxidation temperature

∫=Q n c T Ṫ ̇ ( )d .
T

T
pheat,CO CO ,in ,CO2 2

L

0

2
(9)

The properties of CO2 and all other gases are calculated with tables
from the Engineering Toolbox (2015) and from the VDI Heat Atlas
(Kleiber and Joh, 2013).

Q ̇heat,inertgas is the net energy required to heat the inert gas from
ambient temperature to the reduction temperature

∫= −Q ε n c T Ṫ (1 ) ̇ ( )d ,
T

T
pheat,inertgas gasrec inertgas ,inertgas

H

0 (10)

where the inert gas is assumed to be nitrogen and heat recuperation
from the hot inert gas coming from the reduction reactor is taken into
account.

Q ̇products is the thermal power which is recovered with an effective-
ness of εgasrec from gases leaving the reduction and oxidation reactions
(O2, CO, CO2).

∫
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In the calculations, the following requirement is met for all oper-
ating points ≤Q Q̇ ̇ .Products heat,CO2 Mechanical energy which is required to
move ceria is neglected as it is small compared to the heating value of
the produced syngas. At this point, the energy released during the
exothermic oxidation of ceria is not assumed to be recovered.

The vacuum pump power is

=
⎛
⎝

⎞
⎠P

n T

η

̇ ln
,

p
p

pump

O pump

pump

2
0

O2
R

(12)

where the vacuum pump efficiency ηpump is taken from a recent analysis
(Brendelberger et al., 2017) of screw pumps, roots pumps and turbo
pumps in configurations of up to four stages. The authors propose a
model for the description of the pump power and efficiency which is
validated with data from a manufacturer. The resulting pumping effi-
ciencies are 26.2% at 1000 Pa in the reactor, 13.5% at 100 Pa and 4.6%
at 10 Pa. The choice of reactor pressure is thus a trade-off towards lower
pressures between decreasing pump efficiency and enhanced pro-
ductivity of the redox cycle due to the increased nonstoichiometry of
ceria at lower oxygen partial pressures (Panlener et al., 1975).

Alternatively to vacuum pumping, the oxygen partial pressure may
be reduced by flushing the reactor with an inert gas such as argon or
nitrogen, as used in recent experiments for the production of solar
syngas (Marxer et al., 2015a, 2017; Chueh et al., 2010; Furler et al.,
2012). The evolving oxygen is diluted and removed from the reaction
zone by the inert gas, where the dominant mechanism is dependent on
the reactor and flow configuration. The reactor configuration, the op-
erating conditions, the morphology of the reactive material, and the
properties of the gas flow, besides others, determine the required
amount of inert gas that is needed to establish a certain oxygen partial
pressure in the reactor. The exact amount will therefore depend on
many variables and operating conditions and it is difficult to make a
general statement which is valid for a variety of concepts. Nevertheless,
a higher and lower bound of the quantity of inert gas needed can be
found which is helpful for the assessment of reactor concepts based on
the use of vacuum pumping and inert gas flushing. In the recent lit-
erature, the inert gas demand has been estimated in different ways, e.g.
the perfect mixing of evolving oxygen and inert gas (Ermanoski et al.,
2013) or a perfect counter flow of reactive material and inert gas (Bader
et al., 2013), leading to significantly different results. Brendelberger
et al. (2015) discuss these different approaches and derive a more
realistic quantity of inert gas for a counter-flow configuration between
reactive material and gas. By taking into account the coupled char-
acteristics of oxygen release from the material and the change of oxygen
partial pressure in the surrounding gas, an expression for the inert gas
flow rate is found. The required gas quantity can be further reduced if
the reduction reaction is not allowed to reach its final state but if the
reaction is stopped at an earlier point, i.e. at a reduction extent which is
lower than the maximum possible considering the oxygen partial
pressure of the incoming gas stream. To achieve a final reduction extent
of δ =0.02 corresponding to an oxygen partial pressure of 1000 Pa at a
reduction temperature of 1800 K, the ratio of inert gas to evolving
oxygen is n n/inert O2 =15 (Brendelberger et al., 2015). The energy
penalty associated with the production of inert gas is
Einertgas =16 kJel mol−1 (Häring and Ahner, 2008) and the corre-
sponding electrical power input =P n Ė ·inertgas inertgas inertgas.

The oxygen flow rate n ̇O2 is derived from the stoichiometry of the
overall reaction as half of the carbon monoxide flow rate, the pump
temperature Tpump is assumed to be the ambient temperature and pO2 is
the partial pressure of oxygen during reduction.

The CO/CO2 separation is assumed to be complete, i.e. pure streams
of CO and CO2 are produced. Literature data for the CO2 capture from a
flue gas stream of a fossil power plant are chosen as a reference (Zeman,
2007), where 132 kJ of heat and 9 kJ of electricity are required for the
capture of one mol of CO2. The auxiliary electrical power input consists
of the reduction of the oxygen partial pressure either through vacuum
pumping or inert gas sweeping, and the separation of the CO/CO2

mixture, = +P P Paux,vacuum pump sep,CO/CO2 or =Paux,inertgas
+P Pinertgas sep,CO/CO2. Paux is then divided by the conversion efficiency of

heat to electricity − −ηheat to electricityto arrive at the auxiliary thermal
power input
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=
− −

Q P
ηȧux

aux

heat to electricity

The efficiency of the reactor is defined as

=
+

=
+

η n
Q Q

chemical energy stored in product
solar power into reactor auxiliary power

̇ HHV
̇ ̇ .reactor
CO CO

solar aux

(13)

The efficiencies of splitting water and carbon dioxide deviate only
slightly and the efficiency of the latter is used as representative for the
reactor operation.

2.2. Thermochemical energy conversion efficiency

For the determination of thermochemical cycle efficiency, in a
baseline case we assume (see Table 1) a reduction and oxidation tem-
perature of 1800 K and 1000 K, an oxidation pressure of 1 atm, a con-
centration ratio of 3000 suns, a CO2 flow rate during oxidation which
corresponds to twice the amount minimally needed to fully reoxidize
the material, a heat recuperation of 50% from the solid and fluid
phases, and a heat loss factor of 0.1. Electricity is assumed to be pro-
duced from incident sunlight with an efficiency of 20%, which results in
a heat-to-electricity efficiency of 38.7% at a solar concentration effi-
ciency of 51.7% (Sargent and Lundy, 2003). The choice of reaction
temperatures follows recent experimental work (Chueh et al., 2010;
Marxer et al., 2017, 2015b; Furler et al., 2014) and theoretical analyses
of the ceria redox cycle undergoing a temperature swing (Chueh and
Haile, 2010; Lapp et al., 2013; Falter et al., 2015b; Bulfin et al., 2015;
Krenzke and Davidson, 2015).

The oxygen partial pressure during reduction is chosen to maximize
the reactor efficiency, whereas the oxygen nonstoichiometry δ (and
thus CO productivity in oxidation) is increased towards low pressures
and the energy to establish the reduced pressure is minimized towards
high pressures. In case of vacuum operation, the reactor is evacuated
and the total pressure of the reactor is equal to the oxygen partial
pressure. In case of inert gas operation, on the other hand, the reactor
operates at atmospheric pressure but the oxygen partial pressure is
reduced by the reduced oxygen content in the inert gas. The optimal
reduction pressure is then a trade-off between these two mechanisms
and has a value of 2× 101 Pa for the vacuum reactor and of 4×102 Pa
for the inert gas reactor (Fig. 3). Towards lower pressures, the energy
penalty of the pumping and inert gas production starts dominating and
reduces efficiency, and towards larger pressures than the optimum the
fuel productivity is lowered, which likewise has a detrimental effect on
efficiency. Compared to the analysis by Ermanoski et al. (2013) a si-
milar peak of efficiency for the inert gas reactor is seen, however,
shifted to lower reduction pressures between 100 and 1000 Pa (as
compared to 1000–10,000 Pa in Ermanoski et al. (2013). The reason is
that Ermanoski et al. (2013) assume perfect mixing of oxygen and inert
gas, which leads to a large inert gas flow rates. In this study, however,
we assume a counter-flow of inert gas and oxygen as in Brendelberger
et al. (2015) which significantly reduces the quantity. At a given flow
rate of inert gas and thus energy input, the more efficient counter-flow
configuration achieves a lower oxygen partial pressure which shifts the
maximum efficiency to lower pressures.

For vacuum pumping, the energy demand for the reduction of the
oxygen partial pressure is lower than for inert gas sweeping, which
allows going to lower partial pressures and achieving higher overall
efficiencies. This is also reported in recent experiments (Marxer et al.,
2017), where an enhancement of efficiency is attained with i.a. vacuum
pumping. For the following calculations, the oxygen partial pressure
during reduction is chosen which maximizes efficiency.

Using the assumptions for the baseline case, an energy conversion
efficiency of 11.5% is achieved with the vacuum reactor, where the
largest energy input is the thermal cycling of the reactive material ceria
(Fig. 4). This has been observed by Chueh and Haile (2010) for the case

of no heat recovery and by (Falter et al., 2015b) for a heat recuperation
effectiveness of over 70%. This is due to the chosen operating condi-
tions, at which ceria is retained in its solid phase and a small oxygen
nonstoichiometry is produced in the material. As the nonstoichiometry
is on the order of 0.03, only 1.5% of the oxygen atoms take part in the
redox reaction and the thermal energy of cycling the material is
dominant when compared with reactions which fully reduce the re-
active material, such as the zinc oxide cycle. This can be calculated
from the energy of heating and reducing the two materials per mol of
oxygen released. For an efficient nonstoichiometric cycle, it is therefore
required to recuperate the heat which is used for thermally cycling the
reactive material as already observed in other publications (Lapp et al.,
2012; Allendorf et al., 2008; Ermanoski et al., 2013; Bader et al., 2013).
We have assumed a baseline case heat recuperation effectiveness of
50% both from the solid and from the gas phase.

For the vacuum operation, the second largest item of the energy
balance is the reduction enthalpy, which has to be supplied by thermal
energy to the solar reactor and is slightly larger than the energy for
vacuum pumping. At the chosen reduction pressure of 2×10−4 atm,
the efficiency of vacuum pumping is 6.7% and the associated pumping
power is about half of the required energy input for thermal cycling of
the reactive material. Towards higher pressures, the efficiency of va-
cuum pumping can be enhanced, however, at the cost of reduced fuel
productivity from the material and overall reduced cycle efficiency. The
reduction pressure has been chosen such as to maximize the reactor
efficiency, which entails the operation at a less than optimal pumping
efficiency. The energy released during the exothermic oxidation reac-
tion is assumed to stabilize the temperature of the reactive material and
otherwise to be lost, which may be a conservative assumption con-
sidering the possibility for process enhancements. The magnitude of the
energy released is on the order of 192 kJmol−1 CO (Marxer et al.,
2017) and therefore about equal to the heat equivalent of gas separa-
tion. At the high temperatures of 1800 K, the reactor has an absorption
efficiency of 80.2% and a significant amount of energy is lost by re-
radiation. This loss is very difficult to prevent in a continuous reactor
concept because any attempt to capture the reradiated energy from the
reactor is likely to interfere with the incoming radiation. An exception
could possibly be the use of a reflective coating at the inside of the
reactor window. Gas separation of CO and CO2 accounts for a lower
energy input, which depends on the amount of oxidant injected during
oxidation. Due to thermodynamic and kinetic reasons, the oxidant
quantity is chosen larger than the minimum for stoichiometric oxida-
tion. The thermal energy for heating the oxidant CO2 to the oxidation
temperature has only a small influence and the energy recovered from
O2, CO and CO2, is negligible.

For the case of inert gas operation, the efficiency of the baseline case
is 6.8% and the energy balance has a different appearance. Due to the
lower productivity of the cycle according to the higher oxygen partial

Table 1
Parameter values for baseline case.

Parameter Label Value Unit

Concentration ratio C 3000 –
Oxidation temperature TL 1000 K
Reduction temperature TH 1800 K
Temperature of surroundings T0 300 K
Reduction pressure vacuum reactor pred 2× 10−4 atm
Reduction pressure inert gas reactor pred 4× 10−3 atm
Oxidation pressure pox 1.0 atm
CO2-flow (times min= δred) in oxidation
chamber

fCO2 2.0 –

Effectiveness of solid heat recovery εhe 50% –
Effectiveness of gas heat recovery εgasrec 50% –
Heat loss factor F 0.1 –
Conversion efficiency of heat to electricity − −ηheat to electricity 0.39 –
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pressure, the energies are referenced to a smaller product stream. The
specific energy input per mol of CO is then significantly higher than for
the case of vacuum pumping, whereas the energy balance is also clearly
dominated by the thermal cycling of ceria, as observed for the case of
no heat recuperation e.g. by Chueh and Haile (2010). The second lar-
gest item is reradiation, where compared to the vacuum reactor the
overall thermal power input to the reactor is larger to cover the energy
penalties of producing and heating the inert gas, which increases the
reradiation losses. The inert gas production and reduction enthalpy
have slightly smaller contributions. Heating the inert gas to the re-
duction temperature requires about half of the energy for its produc-
tion, whereas 50% of the thermal energy is recuperated. Conduction
and convection losses have a small influence on the energy balance, and
heating of the oxidant and heat recuperation from the product gases a
minor influence.

2.3. Enhancement of thermochemical energy conversion efficiency

The thermochemical energy conversion efficiency describes the
fraction of the energy input (concentrated solar energy and auxiliary
energy) which is converted into syngas. It therefore defines the size of
the solar concentrator, as a more efficient solar reactor will require a
smaller power input to produce the same amount of syngas. The he-
liostat field represents the largest cost item for CSP tower plants

(Hinkley et al., 2011; International Energy Agency, 2010) which is
likely to be the case also for tower plants for the production of hy-
drocarbon fuels (Falter et al., 2016). The economics of solar fuel pro-
duction are therefore crucially dependent on the thermochemical en-
ergy conversion efficiency. A thermochemical energy conversion
efficiency of 11.5% or less as derived for the baseline case is unlikely to
allow production costs which are competitive with conventional fuels
or the best alternative fuels. As indicated in a recent study, an efficiency
of about 20% is expected to be required, which is also confirmed by
economic studies (Falter et al., 2016; Stechel and Miller, 2013; Kim
et al., 2012). It is therefore of high importance to increase the con-
version efficiency of the solar reactor. In the following, based on the
system presented above and on latest findings in the literature on en-
ergy requirements of vacuum pumping and inert gas flow rates, we
present possibilities for the enhancement of the thermochemical energy
conversion efficiency by selectively changing single or multiple vari-
ables (Fig. 5) in the framework introduced above. By including energy
requirements for the reduction of i.a. oxygen partial pressure and gas
separation, and basing them on realistic assumptions, we try to give a
reasonable estimation of efficiencies. For the vacuum reactor, we in-
crease the gas heat recuperation effectiveness to 70% as values of even
up to 95% have been shown to be achievable (Bader et al., 2013), which
however increases the efficiency only to 11.7%. As the energy asso-
ciated with heating and cooling gases only has a small influence, the
increase of recuperation effectiveness equally has a limited effect. In the
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Fig. 3. Thermochemical energy conversion efficiency of vacuum reactor and
inert gas reactor. Due to the different energy penalties of establishing the re-
duced oxygen partial pressure during reduction, the peak of efficiency is shifted
between the two concepts (11.5% at 20 Pa for the vacuum reactor and 6.8% at
400 Pa for the inert gas reactor).
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Fig. 4. Energy balance of solar thermochemical CO production in vacuum reactor and inert gas reactor using the assumptions of the baseline case. At an effectiveness
of solid heat recovery of 50%, the energy input for heating the reactive material ceria still represents the largest item of the balance.
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cording to the baseline case in Table 1.
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baseline case, a concentration ratio of 3000 suns has been assumed
which may be approached by a solar tower with a secondary con-
centrator. When moving to a concentrator with even better optics and a
concentration ratio of 5000 suns, reradiation losses are decreased and
the cycle efficiency improves to 12.4%. A similar effect is achieved if
the efficiency of vacuum pumping is increased by 50% to 10.1%. Even
though vacuum pumping requires a significant amount of energy, its
share in the energy balance is below 20% and therefore its influence is
limited. Another important variable is the upper process temperature
which, together with the oxygen partial pressure, determines the
oxygen nonstoichiometry of the reactive material and thus the amount
of CO or syngas produced. Upon an increase from 1800 K to 1900 K, the
cycle efficiency rises to 14.3%. At elevated temperatures, losses by re-
radiation increase. However, the effect of enhanced fuel production
outweighs this effect for the indicated temperature increase. Towards
even higher temperatures, there exists a theoretical maximum tem-
perature for which the efficiency of the cycle is maximized, balancing
reradiation losses and fuel production. Above this temperature, re-
radiation losses start dominating the energy balance and efficiency
decreases again. In general, this temperature is unlikely to be reached
in reality as there are constraints with respect to the stability of the
materials (Furler et al., 2012; Miller et al., 2014). In a recent experi-
ment, however, a temperature of 1873 K was reached (Furler et al.,
2012), whereas it remains to be explored whether these and more se-
vere conditions can be upheld in a constant operation of the reactor.

If 70% of the energy for thermally cycling the reactive material can
be recuperated, the cycle efficiency is enhanced to 14.4%. This result is
expected since the largest contribution in the energy balance is heating
ceria. From an experimental point of view, the implementation of a heat
exchanger with an effectiveness of 50% or even 70% certainly re-
presents a challenge. Nevertheless, theoretical analyses of new concepts
have demonstrated that such a performance is in principle possible and
thus it is the measure with the single largest effect on the cycle effi-
ciency. However, to reach 20% cycle efficiency the discussed measures
have to be combined which increases the efficiency from 11.5% to
20.2%.

The general observations seen for the vacuum reactor hold also for
the inert gas reactor, with a limited influence of increased gas re-
cuperation effectiveness and concentration ratio. For a significant im-
provement, an elevation of the reduction temperature and of the solid
heat recuperation effectiveness is required, where the maximum effi-
ciency is 13.2%, given that all changes can be implemented at the same
time.

The achievement of 20% cycle efficiency, as thought to be required
for an economically competitive process, is thus only possible for the
vacuum reactor under the assumption that further process enhance-
ments can be made. These enhancements should include an increase of
the reduction temperature and of the solid heat recuperation effec-
tiveness.

3. Solar thermochemcial fuel pathway

3.1. System efficiency

To gain a better understanding of the implications of the thermo-
chemical efficiency on the overall solar hydrocarbon production from
sunlight, water and carbon dioxide, the system boundary is widened to
include resource provision, solar concentration, and hydrocarbon
synthesis from synthesis gas produced in the solar thermochemical re-
actors. Due to its higher efficiency, vacuum operation is chosen for the
reactors with a reduction temperature of 1900 K, a 50% enhanced va-
cuum pumping efficiency, a solid and gas heat recuperation effective-
ness of 70%, respectively, and a solar concentration ratio of 5000 suns,
resulting in a thermochemical cycle efficiency of 20.2% for CO2 split-
ting and 21.6% for the combined H2O and CO2 splitting, whereas the
higher efficiency is due to a decreased energy input for product gas
splitting.

To determine the efficiency of the fuel production system, the
produced chemical energy (LHV of the functional unit of 1 L jet fuel and
0.87 L naphtha) is divided by the energy required for its production,
consisting of resource provision, solar concentration, thermochemistry,
and syngas conversion. A common basis of thermal energy is chosen
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and electrical energy is converted from heat with an efficiency of
38.7%. In the following, the derivation of the energy demand is pre-
sented.

The energy and mass balance for a solar thermochemical fuel pro-
duction plant using a vacuum reactor is shown in Fig. 6, where the
values are normalized to the production of one functional unit (1 L jet
fuel and 0.87 L naphtha).

1.1 GJ of solar energy is converted to heat (78% of primary energy)
and electricity (22%) then used in the fuel production process. Most of
the energy drives the thermochemical conversion that requires heat for
the thermal cycling and the reduction of ceria, the heating of the re-
actants, heat losses and the separation of CO and CO2, and electricity
for the gas separation and vacuum pumping. The energy requirement of
water desalination and transport is negligible, for CO2 capture however
significant, but below 10% of the energy demand of the thermo-
chemical conversion. The Fischer-Tropsch refining steps require the
input of heat and electricity on a low level, where the light hydrocarbon
fraction is combusted in a combined heat and power plant (CHP) and
the resulting energy is reused in the process. 1.2 MJ of heat is lost from
the CHP plant. In the following the process steps are discussed in more
detail.

Carbon dioxide is captured from the atmosphere via chemical ad-
sorption to an amine-functionalized sorbent at a specific energy de-
mand of 1500 kWh t−1 of heat and 200 kWhel t−1 of electricity
(Climeworks, 2014). The largest part of the energy requirement is
covered by low-temperature heat to desorb CO2 from the sorbent,
which can frequently be provided in industrial processes as a waste
stream otherwise lost to the environment. Furthermore, transport of
CO2 over long distances is avoided because the capture plant can be
built at the site of the fuel production plant. Under the assumption of an
Anderson-Schulz-Flory distribution in combination with a carbon effi-
ciency of 90% in the Fischer-Tropsch (FT) conversion, 127.49mol or
5.6 kg of CO2 are required for the production of one functional unit (1 L
jet fuel and 0.87 L naphtha), if an output of 50% jet fuel, 40% naphtha
and 10% light hydrocarbons is achieved. Water is provided by seawater
desalination from a plant located at the sea at 500 km distance and
500m altitude difference with respect to the fuel production plant. The
desalination plant operates based on reverse osmosis with an energy
requirement of 3 kWhel m−3 water (Elimelech and Phillip, 2011). The
energy requirement for pipeline transport of water to the fuel plant is
calculated based on Milnes (2013). The water consumption is com-
prised of contributions for thermochemical conversion of water to hy-
drogen (for syngas production and hydrocracking of long-chained FT
products), cleaning the mirrors of the heliostat field and the water
demand for the production of CSP electricity on-site. For the derivation
of the specific water demand of mirror cleaning and CSP electricity, the
findings of a recent life cycle study are used (Whitaker, 2013), and for
thermochemistry stoichiometry is assumed, which may be achieved by
recycling the excess oxidant supplied to the thermochemical reactors.
The external water demand is reduced by the water volume produced
on-site in the FT conversion (about 2 L per functional unit). In the case
of the vacuum reactor, the direct on-site demand is 13.5 L for the
production of one functional unit and is comprised of 42% for mirror
cleaning, 36% for CSP electricity, and 22% for thermochemistry. As
shown in Falter and Pitz-Paal (2017) the total water footprint is
dominated by its indirect components, mainly the production of ceria in
rare earth mines. The direct component has a comparably much smaller
influence.

The energy for the thermochemical conversion of water and carbon
dioxide into syngas is provided by concentrated sunlight and electricity,
where the former is provided by a solar tower concentrator and the
latter by an adjacent CSP plant. For the determination of the size of the
heliostat field of the solar tower, only the required thermal power input
to the reactor is used (Qṡolar in Eq. (10)), whereas a location with a
direct normal solar irradiation of 2500 kWhm2 y−1, an efficiency of
solar concentration of 51.7% for the solar tower and of 20% for the

conversion of solar energy to electricity is assumed (Sargent and Lundy,
2003). The thermochemical energy conversion efficiency is 21.6% for
the combined splitting of H2O and CO2 in a vacuum reactor.

As the FT synthesis operates at elevated pressures, a compression of
the syngas coming from the thermochemical reactor to 30 bar is as-
sumed and the corresponding energy demand is calculated from the
ideal isothermal compression work with a compression efficiency of
80%. The synthesis reactions in the FT reactor are exothermal and thus
do not require the input of energy. The refining of the FT products into
jet fuel and naphtha, however, is done via hydrocracking of the long-
chained hydrocarbons and distillation of the intermediate products,
which requires 1.9 MJ kg−1

C5+ of thermal and 0.2MJel kg−1
C5+ of electrical

energy (Beiermann, 2007).
The system efficiency of solar fuel production is then derived by

dividing the energy content of the products (lower heating value, LHV)
by the primary energy required for their production (incident solar
energy input to process).

=

=
+

η

Q

chemical energy stored in product
solar energy input to process

LHV LHV
.

system

jetfuel naphtha

primarysolar (14)

With the LHV of jet fuel of 33.4 MJ L−1 (Stratton et al., 2010) and of
naphtha of 31.1MJ L−1 (Stratton et al., 2010) the system efficiency is
then (33.4MJ L−1+ 0.87×31.1MJ L−1)/1.1356 GJ=5.3%. Thus
5.3% of the solar primary energy input is converted to chemical energy
stored in the fuels. At an ambitious but realistic target for the ther-
mochemical efficiency of slightly above 20%, the overall system effi-
ciency of solar fuel production is therefore about one quarter of this
number. Assuming this target can be reached, the other system com-
ponents and their integration are assessed in the following in the pur-
suit of an enhancement of efficiency.

3.2. Enhancement of system efficiency through the use of waste heat

The system shown in Fig. 6 is not optimized with respect to the
recuperation of waste energy. However, as there are several significant
sources of heat loss throughout the system, the efficiency could be
enhanced by using the lost energy as an input for other process steps. At
a higher pathway efficiency, less solar energy is required and the con-
centrator can be sized smaller, reducing its dominant economic and
significant environmental impact (Falter et al., 2016). In the following,
the potential enhancement of system efficiency through the recupera-
tion of waste heat is analyzed.

The required energy inputs to the system, i.e. heat at different
temperature levels and electricity, are discussed in the following and
shown in Fig. 7, while energy losses are shown in Fig. 8. The results are
referenced to the energy content of the products, whereas electrical
energy is converted to thermal energy equivalent based on an energy
conversion efficiency of 38.7% from heat to electricity. The largest
energy input is required for the reduction of ceria, which has to be
supplied as heat at temperatures between the oxidation and the re-
duction temperature. The next largest input is required for thermally
cycling the reactive material ceria between the reaction temperatures,
whereas a solid heat recuperation effectiveness of 70% is chosen here
(compared to 50% in Fig. 4). At an effectiveness below about 55%, this
energy input dominates the energy balance, which is due to the com-
parably small share of material that is taking part in the chemical re-
action (for ceria on the order of a few percent), while all of the material
has to be thermally cycled. This result is inherent for non-volatile re-
actions and changes for volatile ones performing stoichiometric reac-
tions with reduced specific thermal energy input per mol of syngas
produced. Slightly less electrical energy is required for the establish-
ment of a low oxygen partial pressure in the reduction chamber by
vacuum pumping. As was seen from the energy balance of the vacuum
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reactor above, the choice of pressure level in the reactor has an influ-
ence on reactor efficiency through a trade-off of energy requirement
and achieved nonstoichiometry, whereas here the pressure is chosen to
maximize efficiency. The next largest energy inputs are for CO2 capture
which requires heat at a temperature below 400 K and electricity, H2O
evaporation and heating to the oxidation temperature, and CO/CO2

separation, which requires heat and electricity. All other energy inputs
are comparably small, whereas the Fischer-Tropsch conversion is
comprised of the requirements for hydrocracking and distillation and
the energy (heat and electricity) gained from the combustion of the
gaseous hydrocarbons and has an overall negative value.

Fig. 8 shows the energy losses associated with the production of
solar thermochemical fuel. During the concentration of sunlight, energy
is lost e.g. by soiling of the mirrors, blocking, shading, cosine losses,
atmospheric attenuation, and spillage, where the latter could in theory
be recovered by an absorbing cooling device around the reactors. For a
tower plant achieving a concentration ratio of 5000 kWm−2 with a
secondary concentrator, the spillage is derived from the intercept of the
reactor and the efficiency of the secondary concentrator and is on the
order of 10% of solar primary energy (Pitz-Paal et al., 2011). We are
limiting the analysis to tower concentrators due to the significantly
different scale-up and field layout of dish concentrators. The largest loss

occurs from the thermal cycling of ceria at temperatures between the
oxidation (1000 K) and the reduction temperature (1900 K), whereas
the required heat input is equal to the energy lost in the heat exchanger
between hot and cold material. In other words, a perfect heat exchange
between reduced and oxidized material would lead to a value of zero
energy lost from thermal cycling and consequently to no required ad-
ditional thermal energy input. The second largest energy loss from the
thermochemical cycle is by oxidation of ceria, whereas this loss occurs
within the closed reactor at a temperature of 1000 K and may be used to
achieve a steady oxidation temperature or to preheat the oxidants. It is
calculated by adding the reaction enthalpies of the reversed reduction
and the splitting of water and carbon dioxide, taking into account the
different volumes of oxidants. The next largest source is reradiation
from the reduction chamber which is at a higher temperature than the
surroundings and thus loses heat through its aperture. The recuperation
of this energy is very difficult as any capture device operating with
continuously irradiated concepts would necessarily block incoming
radiation. An exception could be discontinuous concepts such as batch
reactors, where the radiation source is only active during reduction and
thus reradiation could partly be captured after the reduction step. An-
other theoretical possibility could be a reflective coating at the inside of
the window covering the reduction cavity which is able to reflect in-
frared radiation. At temperatures and pressures of 1900 K and
2×10−4 atm during reduction and 1000 K and 1 atm during oxidation,
the reduction enthalpies are 437.1 kJmol−1

O for water splitting and
436.9 kJmol−1

O for carbon dioxide splitting. The small difference is
attributed to deviating oxygen nonstoichiometries after the respective
oxidation reactions, which causes a slightly more complete oxidation of
ceria in case of water splitting and therefore a higher energy input for
its reduction. The enthalpies of splitting water and carbon dioxide are
247.8 kJmol−1

H2 and 283.0 kJ mol−1
CO at 1000 K.

Conductive and convective losses from the solar reactors are esti-
mated based on a loss factor of 10% with respect to the absorbed in-
coming solar energy. Further losses include the energy stored in the
product gases of oxygen at the reduction temperature and of CO and H2

at the oxidation temperature, whereas here this heat is assumed to be
captured with an effectiveness of 50%. The Fischer-Tropsch synthesis is
exothermic and thus releases heat at a temperature of about 500 K.

For the evaluation of possibilities for heat recovery in the overall
process, it is important to take into account the quality of the energy
source and sink, i.e. if electricity is required or heat, and at what
temperature level in case of the latter. In Figs. 7 and 8, electricity has
already been converted to a thermal energy equivalent, making a
comparison more easily possible. Assuming that a continuous thermo-
chemical reactor is used, where solar energy is incident on the reduc-
tion chamber without interruption throughout the day, the recupera-
tion of reradiation is inherently difficult and thus excluded from the
analysis. Assuming further that the heat exchanger is operating at its
specified effectiveness and the rest of the energy is lost to the en-
vironment, there is no heat source at the required temperature to
provide heat to the thermal cycling of ceria besides the oxygen stream
leaving the reduction reactor.

Combining the energy demands and losses from the two preceding
figures, in Fig. 9, the required inputs to the solar thermochemical fuel
production and its losses of heat and electricity are shown (required
inputs: positive values, losses: negative values) including the corre-
sponding temperature levels for thermal energy. The largest thermal
energy requirements are the reduction of ceria (at 1900 K), the net heat
input for its heating to 1900 K (between The,end and TH; excluding the
energy recuperated in the heat exchanger), the heating of the oxidants
to the oxidation temperature, CO2 capture at 373 K, and the separation
of CO and CO2 at 473 K. Energy is mainly lost through reradiation at
1900 K, through incomplete heat recuperation from the solid phase of
the reactive material, the exothermal oxidation reaction at 1000 K,
spillage from the concentration of sunlight, conduction and convection
losses, and the exothermal Fischer-Tropsch synthesis. The solid-solid
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Fig. 7. Energy inputs to solar thermochemical production of 1 L of jet fuel and
0.87 L of naphtha, expressed in thermal energy equivalents. The solid heat re-
cuperation effectiveness is 70%. Electrical energy is converted to thermal en-
ergy based on an energy conversion efficiency of 38.7%.
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Fig. 8. Energy losses from the solar thermochemical production of 1 L of jet fuel
and 0.87 L of naphtha, expressed in thermal energy equivalents. Electrical en-
ergy is converted to thermal energy based on an energy conversion efficiency of
38.7%.
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heat exchanger operates at an effectiveness of 70% and is assumed to be
well-insulated towards the surroundings and thus to lose heat at a
comparably low temperature level which depends on its specific im-
plementation (a value of 373 K is chosen here). Electrical energy is
required for CO2 capture, water desalination and transport, CO/CO2

separation, vacuum pumping, syngas compression, and FT product re-
fining. The small negative values of thermal (at 623 K) and electrical
energy derive from the combustion of the light hydrocarbon fraction in
a combined heat and power plant.

Given the magnitude of the energy losses from the cycle (4.9 J J−1

excluding reradiation) and assuming that these losses can be re-
cuperated with high effectiveness, the energy requirements of CO2

capture, H2O desalination and transport, heating of oxidants (H2O and
CO2), syngas compression, and hydrocracking and distillation of FT
products (3.8 J J−1) can be covered. The energy conversion efficiency
of the overall cycle would then rise from 5.3% to 8.6%. As the losses do
not occur in a single place but are distributed over different tempera-
ture levels and locations in the process, such as along the heat ex-
changer, in the oxidation chamber and in the FT synthesis, it is difficult
to capture all of the energy with high effectiveness. Nevertheless, this
analysis shows that a large potential lies within the recovery of energy
losses that occur over the whole process of producing solar thermo-
chemical fuels. As has been shown in previous analyses (Falter et al.,
2016; Stechel and Miller, 2013), efficiency of the fuel production
pathway is of high importance for the production costs. The use of
waste energy to cover heat and electricity demands in the cycle can
therefore contribute to a cost reduction, whereas here the additional
technical and financial effort for the conversion of waste heat is not
analyzed in further detail. The potential that lies within heat recovery is
of high importance, since it enables the improvement of the economic
and environmental performance of the process without having to

increase the conversion efficiency of the thermochemical step. By an
efficient design of the fuel production plant, the demanding conditions
for the high temperature step may thus be relaxed.

4. Conclusions

The solar thermochemical fuel pathway is analyzed based on a
thermodynamic model of the ceria redox cycle. The energy balance and
energy conversion efficiencies of the two options for the reduction of
the oxygen partial pressure, vacuum pumping and inert gas sweeping,
are discussed using the latest published required amounts of inert gas
and energy demand for vacuum pumping from the literature. It is found
that efficiencies are in general higher for the vacuum reactor due to a
lower energy penalty for the establishment of the reduced oxygen
partial pressure. To reach energy conversion efficiencies of 20% and
above, several operational parameters have to be adjusted. A possible
combination requires the following changes from the baseline case: the
reduction temperature has to be raised from 1800 K to 1900 K, vacuum
pump efficiency has to be raised by 50%, heat recuperation from the
gases and the solid phase of the reactive material ceria has to reach an
effectiveness of 70%, and the concentration efficiency has to be raised
to 5000 suns. While these requirements appear to be very demanding,
the analysis of the whole fuel production pathway shows for the first
time that the recovery of waste heat from the process holds great po-
tential for the increase of overall fuel production efficiency. If the de-
mands for electricity, low-temperature heat and the heating of the re-
actants to the oxidation temperature are covered by waste heat, which
is shown to be possible in principle, then the pathway efficiency rises by
more than 50% from 5.3% to 8.6%. Waste energy from the single
process steps can thus significantly enhance solar fuel production
through a reduction of production costs and greenhouse gas emissions.

Fig. 9. Combined demands (positive values) and
losses (negative values) of heat and electricity from
solar thermochemical fuel production based on
Figs. 7 and 8. Solid heat recuperation effectiveness
is 70%. For thermal energy, the corresponding
temperature levels are shown (373–1900 K). The
energies are referenced to the lower heating value
of the produced fuels and the most important
contributions are indicated. The value for “FT re-
fining” is composed of the energy demands for
product refining minus the energy derived from the
combustion of the gaseous products and has a
slightly negative value at a temperature of 623 K
and for electricity, whereas “FT synthesis” in-
dicates the exothermal chemical reaction. Heat lost
from the thermal cycling of ceria and spillage of
solar concentration is assumed to occur at a tem-
perature of 373 K.
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This study therefore represents a first step towards the optimization of
integrated solar thermochemical fuel production, which will be of high
importance for the technical and economic planning of future plants.
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