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temperature, but this approach depends on a fossil carbon source and is not carbon neutral. We propose a novel
concept in which short chained hydrocarbons, which are a by-product of the synthesis process are recycled and
used as a reductant in the solar redox cycle. In the present study we investigate the use of C;-C4 alkanes, which
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material for two-step solar thermochemical redox cycles [2,3], due to its
fast reaction kinetics [4,5] and high stability [6,7] and was utilized in
several experimental campaigns [2,4,8-10]. Still, the thermodynamics
of ceria lead to very challenging operation conditions and the search for
alternative materials is an ongoing endeavour [11-15]. The water and
carbon dioxide splitting process is a two-step thermochemical cycle. The
redox material is oxidized by water and/or carbon dioxide forming
hydrogen and/or carbon monoxide according to

+ HzO/COz;‘i CeO,

1
21 ceo,
€2 Y]

e +H,/Co,

(1.1)

Ored —Box
where 6.4 and oy are the oxygen non-stoichiometry after reduction and
oxidation, respectively and A5 = 8.eq — Jox- This oxidation typically
takes place at temperatures around 873-1373 K [8,16-18]. To regen-
erate the redox material’s capacity to split water or carbon dioxide, it is
reduced thermally using concentrated solar radiation. At temperatures
in the order of 1773 K [8,19,20], oxygen is released from the redox
material’s lattice:

% CeOQ,gnx #é CEOZ,,smd + %02 . (1 2)

Major drawbacks of the process are caused by the high reduction
temperature and the large temperature difference between the process
steps: The high temperature results in large radiation losses and the
heating of the redox material from the oxidation to the reduction tem-
perature requires large amounts of high-temperature heat. The latter
point is even emphasised since despite the high reduction temperature,
relatively low reduction extents are achieved and thus large amounts of
the redox material are needed. Operation under vacuum conditions [8,
21], with a sweep gas [16,19,22-24], or more recently thermochemical
pumping [25-28] and adsorption/desorption cycles [29-31] have been
considered to decrease the oxygen partial pressure and thereby support
the reduction [6,32]. Alternatively, a gaseous reductant can be intro-
duced that reacts with the released oxygen creating a considerably lower
partial pressure of oxygen than sweep gas and vacuum pumping [33].
Consequently, thermodynamically much higher reduction extents can
be achieved even at reduced reduction temperatures [17,34].
Throughout the present work we will refer to the reduction using sweep
gas, vacuum pumps or thermochemical pumps in combination to high
temperatures as thermal reduction and to reduction with a gaseous
reductant as thermochemical reduction. Alkanes like methane are suit-
able reductants. The reaction of the thermochemical reduction step with
an alkane as a reductant is given by

1 1 1 1
ECGOQ,%X + NCNH2N+2x_—‘B CEOzfﬁmd + CO + (1 + N) H,. (13)

With methane as a reductant (N = 1), the net reaction of a two-step
thermochemical redox cycle according to Reactions (1.1) and (1.3) is
equal to steam methane reforming (SMR) in case of water splitting in the
oxidation step or dry methane reforming (DMR) in case of carbon di-
oxide splitting. Therefore, this process is commonly referred to as redox
reforming. Redox reforming of natural gas is frequently studied [17,
35-41]. The disadvantage is that the use of natural gas introduces a
fossil carbon source and the process is not carbon neutral - in contrast to
a redox cycle with a purely thermal reduction step.

Solar production of Hp and/or CO in a two-step redox cycle with a
purely thermal reduction step was studied theoretically and experi-
mentally [23,42-45]. The most mature reactor technology for this kind
of process are discontinuous reactors with a directly irradiated mono-
lithic redox structure. Marxer et al. [8] studied the performance of a 4
kW reactor at up to 1773 K. With their experimental setup they reached
a solar-to-fuel efficiency of 5.25% for the conversion of CO3 to CO. A
major drawback of discontinuous reactors is that in each cycle, when
heating the reactive material from the oxidation to the reduction tem-
perature, other parts of the reactor such as the insulation are also heated
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to some extent, increasing the heat demand. Marxer et al. [8] found that
62.8% of the heat input into their system was required for this heating
step. This reactor concept was later scaled up to 50 kW and the whole
process from concentration of solar radiation via on-sun operation of the
50 kW redox reactor to production of a liquid fuel using a
Fischer-Tropsch unit was demonstrated in field [2,46].

For the scale up of these batched receiver-reactors, the use of mul-
tiple reactors in staggered operational modes, so called reactor arrays,
was investigated in recent years [47-49]. Arrays of discontinuous re-
actors allow a quasi-continuous production of syngas during sun hours,
which is beneficial for the operation of downstream processes such as FT
synthesis. Operational strategies for reactor arrays were investigated by
Brendelberger et al. [47], based on the performance of a single reactor.
Expected off-design conditions for a significant share of reactors within
an array can reduce the efficiency to 57%-83% of the value for a single
receiver reactor at the design point, depending on the selected strategy
[47]. This value is referred to as array efficiency. Oberkirsch et al. [49]
investigated receiver control strategies, using a neural network, which
was trained with a reactor model by Grobbel et al. [48], resulting in
array efficiencies of up to 79%.

Continuous reactor designs based on rotating elements, particles or
other moving elements were suggested to overcome abovementioned
disadvantages of discontinuous reactors. Many of these concepts also
include a solid-solid heat exchanger reducing the sensible heat demand
[21,50-56]. However, no such heat exchanger design was yet experi-
mentally proven to reliably and reproducibly reach high heat recovery
rates at the relevant temperature levels. In addition, undesired oxygen
crossover within a solid-solid heat exchanger might occur, decreasing
the efficiency of the solar redox cycle [57].

Process simulations of redox reforming with iron-oxide based redox
materials were performed by Sheu et al. [35,36], who investigated
hybrid solar-fossil processes for power generation. In such processes,
solar redox DMR or SMR is used to convert natural gas and CO3 or H,O
to syngas which has a higher heating value than the natural gas, thereby
adding a solar share of energy to the fuel, which is then converted to
power in a gas-fired power plant. He et al. [37] studied solar redox SMR
for the coproduction of Hy and liquid fuels via Fischer Tropsch synthesis.
They also used an iron-oxide based redox material for experiments and
process simulations and suggest the combustion of gaseous FT products
supplemented with methane as an option to ensure continuous opera-
tion in absence of sunlight. This is however not further discussed.
Warren et al. [17] studied redox reforming using ceria as a redox ma-
terial both theoretically and experimentally using an indirectly irradi-
ated reactor. Another experimental study of methane reforming was
performed by Welte et al. [38], who reduced ceria with methane in a 2
kW, reactor. Herein co-current and counter-current flow of ceria and
methane through an Al,O3 tube were performed. The reaction of ceria
and product gas, was found to be the main drawback of a
counter-current arrangement. Process simulations performed by
Holzemer-Zerhusen et al. [39] compare the performance of iron oxide
and ceria-based redox reforming. Results show that solar redox
reforming can be performed efficiently with temperature gaps between
reduction and oxidation that are significantly lower than in
solar-thermal water or CO»-splitting cycles. Ceria showed much better
selectivity towards syngas than iron oxide. The study also showed that
solar redox reforming of natural gas is not necessarily more efficient
than solar reforming over a conventional catalyst.

Another challenge is the formation of by-products during the con-
version of the solar syngas to the final product. In fuel production via a
Fischer-Tropsch process for example, the overall product consists not
only of hydrocarbons of the desired chain length range. Instead, also a
significant amount of short-chain gaseous hydrocarbons and waxes are
produced. The waxes contain paraffinic hydrocarbons with very long
chain lengths that are solid at standard conditions. They can be further
processed using catalytic cracking or hydrocracking, which can yield
high quality fuels through isomerization [58-60]. The gaseous
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by-products on the other hand can often not be used on site. Therefore,
the stream of gaseous hydrocarbons should ideally be recycled in order
to generate new syngas for the fuel synthesis process to avoid flaring
these gases and increasing the carbon efficiency. Falter et al. [61] sug-
gested to treat gaseous short-chained by-products of the Fischer-Tropsch
process with a steam reformer, reconverting it to syngas, which can be
looped back into the Fischer-Tropsch reactor. Fan et al. [62] describe the
use of a redox material to treat C;—C4 FT by-products in a Coal-to-Liquids
process. Here a redox material, such as iron oxide is reduced, while the
hydrocarbons are converted to CO, and steam. The COs is not utilized
and has to be sequestered or would otherwise be emitted into the
environment. The steam could be used for power generation in a steam
turbine [63]. Re-oxidation of the redox material with steam generates
Hy which is fed to the FT synthesis [62,63]. Adelung et al. [64] inves-
tigated a reverse-water gas shift (RWGS) reactor for syngas generation
followed by FT synthesis and suggested to burn the gaseous FT products
to provide heat for the RWGS reaction. An oxyfuel burner is used for the
combustion of gaseous FT products. Generated CO, is fed back to the
RWGS reactor after a monoethanolamine absorption. This concept re-
sults in a carbon efficiency of 88%.

In the present work, we suggest a different approach, which com-
bines the advantages of a renewable redox cycle and redox reforming,
while reusing FT by-products in the redox cycle. As depicted in Fig. 1,
the by-products are fed to the reduction step of the redox cycles. Here
they act as reductant for a share of the redox material, which allows
higher degrees of reduction, lower reduction temperatures and higher
operation pressures. The by-products can be partially oxidized and
thereby directly converted to syngas (CO and Hjy) or they are fully
oxidized to CO3 and Hy0, which can be fed to the oxidation step, where
they are converted to syngas. Using the by-products as a reductant, they
are not only recycled and later on converted to the desired product, but
also the energy demand of the reduction step, which causes a large
portion of the process’ overall energy demand, can be decreased
considerably. The main steps of the suggested approach and their
respective function are summarised in Table 1.

In the framework of the present study we focus on a ceria-based
redox cycle, coupled to a Fischer-Tropsch process, in which the
gaseous short-chained by-products methane, ethane, propane and
butane are utilized as reductants. The process is however generally not
limited to this setup and can also be used with other synthesis processes,
which convert syngas and produce undesired by-products, which are
suitable candidates for the reduction of a redox material. The study aims
to evaluate the potential of the concept, assessing the reduction effec-
tiveness, energy savings and product composition of the modified

0,

CO,, H,0 o,

v

v
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Table 1
Main process steps of the suggested novel approach and their respective
function.

Process step Function

Oxidation Oxidation of redox material with H,O and CO,, forming
H, and CO (Reaction (1.1)).

Fuel synthesis step, e.g. Fischer-Tropsch-process,
forming hydrocarbons from H, and CO.

Short-chained volatile hydrocarbons are produced as an
unwanted by-product.

Volatile hydrocarbons are used as a reductant in the
reduction of the redox material.

Utilization of these hydrocarbons aims to significantly
increase the carbon efficiency. Increased carbon
efficiency can lead to a downscaled redox cycle (at same
fuel production rate), which is expected to result in
improved energy efficiency.

Reduction is split into a thermal reduction and a
thermochemical reduction.

Separates O, from the redox material at a high
temperature (Reaction (1.2)).

Is needed if not all the redox material is reduced
thermochemically.

Separates O, from the redox material with the help of a
reductant (Reaction (1.3)).

Aims to reduce energy demand of reduction, due to
beneficial operation conditions such as reduced
temperature, increased oxygen non-stoichiometry or
increased pressure.

Fuel synthesis

Hydrocarbon recycling

Reduction

Thermal reduction

Thermochemical
reduction

reduction step, for a simplified process design.
2. Methodology

In the present study, we investigate the potential of the proposed
thermochemical reduction on the basis of a continuously operated
process. Herein ceria is used as a redox material and is cycled between
reduction and oxidation reactors, for example in the form of particles or
mobile monolithic structures. For the reduction, a reactor array is
assumed to be available such that the available amount of short-chained
alkanes can be freely distributed between the reactors. The short-
chained alkanes are a by-product of a Fischer-Tropsch synthesis which
is considered as a coupled fuel-synthesis process. Note that the generic
model for the thermochemical reduction and the results described in this
work are typically also applicable for other continuous reactor designs
that allow co-feeding of the solid and gaseous reactants and the free
adjustment of the ratio of reductant to redox material. For the sake of

A

CaHansa N € [1, 4] (unreacted)

CO, H,

Oxidation

H, CO y

CyHovia NE[1, 4]

CyHona N> 4

|  FT-synthesis

) 4

Reaction (1.1)

H,0, CO, (unreacted)

Reaction (2.2)

Fig. 1. Schematic of the suggested novel approach. Th-Red.: thermal reduction, TC-Red.: thermochemical reduction.
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readability, our explanations will however be exemplified with only one
implementation, namely the reactor array mentioned above.

2.1. Material balances

A common approach to describe the product spectrum of Fischer-
Tropsch synthesis is the Anderson-Schulz-Flory (ASF) distribution.
The molar fraction xy of a component with a specific carbon number N is
related to the probability of chain growth a [58]:

xy=(1-a)a" . 2.1

The probability of chain growth a and thereby the obtained product
spectrum is defined by the process conditions. Higher process temper-
atures lead to a lower chain growth probability due to the increased
Brownian motion. Therefore, a higher process temperature shifts the
product spectrum to shorter carbon chains and increases the amount of
gaseous hydrocarbons in the product. Two general operational modes of
Fischer-Tropsch synthesis exist: high and low temperature Fischer-
Tropsch synthesis (HTFT and LTFT). Industrial HTFT is operated at
573-623 K and LTFT at 473-523 K [59]. The a-value for HTFT is in the
range of 0.65-0.70 and for LTFT in the range of 0.84-0.92 [58].

The product spectrum of the FT synthesis comprises a wide range of
hydrocarbons and oxygenates of different chain sizes. To reduce the
complexity, in this analysis the FT product is regarded as a mixture of
alkanes. Equation (2.2) shows the overall Fischer-Tropsch product for-
mation reaction for alkanes from hydrogen and carbon monoxide with a
stochiometric Hy:CO ratio of approximately 2:1 [58,59]:

(2N+1) H, + N CO — CyHap» + N H,0. (2.2)

International Journal of Hydrogen Energy 91 (2024) 1080-1092

Since the total number of carbon atoms is a constant throughout the
process, it is helpful to introduce a carbon atom-based molar flow rate
n.y for balance equations, where e.g. 1 mol/s of C;oH;2 equals 10 mol./
s. The fraction of a species with N carbon atoms with respect to the
overall number of carbon atoms is denoted as foy = rn/m.. Similar to
Xn, fen can be determined by the ASF distribution according to [58]

fon=N(1-a) " 2.3)

To understand how much reductant is available in the process, we
balance the amount of carbon. Here, the FT product distribution is
important and we summarize the fractions of short-chained alkanes that
can be used as reductant, namely C;-C4 alkanes, into the quantity ¢,
with

@=fe1 +fe2 +fez +fea 2.4
being the portion of the FT product that is recycled within the process.
For simplicity of the reactor models, the material flow of reductant is
modelled as an equivalent methane flow, as is explained in more detail
in Section 2.2.

According to Fig. 2 (a), the following balance equations can be
derived:

(2.5)

ﬁc.F = ﬁc.Pa
- -TC - -TC -TC
Nered =Ny, + (nc.F +Ngo, + nco) @. (2.6)

Using the methane conversion in the thermochemical reduction Xcy,
with

Fig. 2. Schematic of the carbon cycle and other material flows within the process for (a) the suggested novel approach and (b) the reference case. Th-Red.: thermal
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ﬂz;, = (1 _XCH4) ric,red 2.7)
and
fige, + oo = Xcn, Tered (2.8)
the amount of recycled reductant can be calculated as
. 7 .

=5 1 _ . 2.9
Ne red XCH4 (1 — (ﬂ) Ner ( )

Fig. 2 (b) shows a reference case without recycling of short-chained
hydrocarbons. According to Fig. 2 (b) and Equation (2.5), the carbon-
based feed 1. 5t that would be needed to produce the same amount of
product ni.p is given by

Ner

. (2.10)
-

NeFref = 1
The purpose of the reduction step is to create oxygen vacancies in the
redox material, which enable the material to split water and CO3 in the
oxidation step. In our novel approach, part of these vacancies is created
in a thermochemical (TC) reduction step. However, a portion of the
redox material still has to be reduced thermally (Th) as in the reference
case. To quantify the amount of vacancies that have to be created
thermochemically and thermally, we introduce the vacancy ratio ®:

-TC
(DTC — AaTC Meeria (211)
A(";ref ﬁceria,ref ’
-Th
(I)Th _ AéTh Meeria (212)

- . k)
Afsref Neeria,ref

where the expression in the denominator refers to the reference case
without recycling in Fig. 2 (b). Hence, the vacancy ratio describes the
number of vacancies that has to be created in the thermal and thermo-
chemical reduction, respectively, compared to the vacancies created
thermally in the reference case. The number of vacancies created in the

8¢ is calculated
in equilibrium calculations which are described below. n’c. can be
expressed using the ratio of ceria to reductant, which is an input

parameter in the equilibrium calculations. This yields

STC
TC [ Meeria 3
Ad (,1'c md) Ne red
TC __ EQ

3 ric,F.ref

reference case follows directly from the feed stream. A

) 7 (2.13)

where the index EQ refers to a molar ratio, calculated or used as an input
parameter in the equilibrium model, described in Section 2.3. The factor
3 accounts for the fact that with each carbon atom, which is converted in
the oxidation step, also two water molecules are converted to hydrogen
to maintain the desired Hy:CO ratio of 2:1. Hence, 3 oxygen atoms are
taken up by ceria per converted carbon atom. The Hy:CO ratio is ach-
ieved by splitting both H,O and COs in the oxidation. Using Equation
(2.9), (2.10) and (2.13) results in

AS™C (ﬁ) .
Ne red EQ
During the thermochemical reduction, methane can be oxidized
partially to syngas (SG), containing CO and Hy, or fully to its combustion
products (CP) CO; and Hj. The number of oxygen vacancies is linked to
the amount of CO, CO5, HyO and O; produced in the thermochemical
reduction:

@

orc—_9%
3 Xcu,

(2.14)

AS™C RTC

ceria

=Tigg + 2 Tigs, + o + 2 gy . (2.15)

To distinguish between oxygen vacancies that are associated with
conversion of methane to syngas and such that result from conversion of
methane to its combustion products we introduce
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P r-lTC
Qg = ( 0 > (2.16)
sG 3)(CH4 Me red EQ
and

-TC -TC

@ n n,

o 2 (7) +<—.”2°> . 217)
3AXCH“ Ne red EQ Ne red EQ

According to Equation (2.15), the total thermochemical vacancy
ratio @ also contains an expression for O,, which is neither included in
@;¢ nor in ®F5. For many points of operation, the oxygen concentration
in the product stream of the thermochemical reduction is however very
low. Therefore,

O™~ D + O (2.18)
holds for most points of operation.

Vacancies created by thermal reduction, are the total of all vacancies
needed to convert 3 ri g, 1'1282 and riﬁgo according to Fig. 2 (a) minus the
vacancies that were already create thermochemically. The latter are
given in Equation (2.15). Using the conversion of reducing agent, the
vacancy ratio for the thermal reduction ®™ reads

. . -TC
(I)Th _ 3 Ner — XCH4 Nered — 2 no2

- (2.19)
3 Ne F ref

For ®™ it is not relevant, whether the reducing agent is converted to
a syngas (CO + Hjy) or the combustion products (COy + H20) in the
thermochemical reduction. The reason for this is that conversion to the
combustion products does increase the number of vacancies created
thermochemically, but at the same time these additional vacancies are
needed to convert CO5 and H,0 to CO and Hj in the oxidation step as
depicted in Fig. 2 (a). Therefore, the same amount of thermally create
vacancies is necessary to convert the feed stream ri.z. Using Equations
(2.9) and (2.10), Equation (2.19) can be rearranged to

[

Similarly to the amount of CO, CO, and H,0 in Equations (2.16) and
(2.17), the amount of O, can be expressed via the ratio of O, to reductant
in the equilibrium calculations, i.e.

-TC
< n02 >
flc.red EQ

Equation (2.20) can then be rewritten using Equation (2.21) and
again Equation (2.9) to
-TC
(ix)
ric.red EQ

-TC
B 21,

3 T‘qu

O™ (1- ) (1 _ (2.20)

-TC .
h _ N red (2 21)
ﬁc.F

Ner

(2.22)

2.2. Reducing agent

Methane is used as a representative of short chained hydrocarbons
that can be used as a reductant. The available molar amount of methane
is approximated to be that of carbon atoms in all C;-C4 alkanes com-
bined. This assumption is in line with an oxygen balance for Reaction
(1.3). Since in this reaction, the number of oxygen atoms removed from
the redox material only depends on the number of carbon atoms, a
mixture of for example 1 mol C;H4 and 1 mol CoHg can reduce ceria to
the same extent as 3 mol of C;H4. However, the chemical potentials of
the different hydrocarbons, result in different reaction equilibria. Fig. 3
shows ARG’ of the oxidation of the relevant alkanes. For reference, the
expression —R T'In (K) for equal conversion of oxygen in all four re-
actions is included. Herein K is the equilibrium constant of reactions R1
— R4, given in the figure. Due to the different stoichiometric factors, this
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0 p— . . . : .
o 1

50 | -R1 ARG ] R CHy +5 0, — CO + 2H,
- D —R T In(K)
5 4100 ]
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Fig. 3. Illustration of the chemical equilibrium of the partial oxidation of different hydrocarbons derived from the concept of an Ellingham diagram. The intercept of
ArG* and —R T In(K) specifies the equilibrium of a reaction for that value of K. Data from FactSage 7 with database FactPS.

value is different for each reaction, resulting in different slopes for —
R T In(K). The intercept of ARG* and —R T In(K) denotes the equilibrium
of a reaction.

The graph shows that the same conversion of oxygen is achieved with
ethane at a higher temperature compared to methane and at an even
higher temperature for propane and butane. Given that the reactions are
exothermal, this means that at the same temperature, the longer chained
alkanes (C2-C4) can achieve a higher conversion suggesting they are
better reductants than methane and our approach to model the reduc-
tant as pure methane stream is a conservative estimate. The desired
product of the thermochemical reduction is syngas. As a side reaction
however, full oxidation of the reductant to its combustion products CO4
and H;O is possible. In this case, the reduction extent depends not only
on the number of carbon atoms, but also on the number of hydrogen
atoms according to

3+
Ad

1
N

AS

1
N

1 3 1
CeOz,,;ox + NCNHZNJrz;‘ CeOy_;5, , +CO, + (1 + ﬁ) H,O0.

(2.23)

red

Hence, methane might be a somewhat better reductant due to the
higher hydrogen to carbon ratio, when conversion to combustion
product takes place.

2.3. Reactor modelling

We use zero-dimensional reactor models in which chemical equi-
libria are assumed to be established. The thermochemical reduction is
modelled in Aspen Customer Modeler V10 [39]. For energetic calculations
a Python model [57] is used, in which the equilibrium of the oxidation
reaction is calculated with thermodynamic data from FactSage 7 with the
database FactPS. The equilibrium composition can be calculated with
the Gibbs free energy according to

ARG = RTln(H(pl")f’il)

(2.24)

where ¢; is the fugacity coefficient of component i. In reactions that
involve the redox material, due to the non-stoichiometric behaviour of
ceria, AgG" is a function of 5, which changes over the course of the re-
action. Hence, Equation (2.24) cannot be applied to such reactions
directly. Instead, Reaction (1.3) can be interpreted as the sum of Reac-
tion (1.2) and the gas-phase reaction
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1
Similarly, Reaction (1.1) is the sum of
1

and the reverse of Reaction (1.2). Equation (2.24) can then be used for
the two gas-phase reactions (2.25) and (2.26), while Reaction (1.2) and
its reverse reaction are described with a correlation by Bulfin et al. [9].
For the thermochemical reduction, Reaction (2.26) and the water-gas
shift reaction

are considered as side reactions.

The necessary amount of ceria is directly linked to the amount of
oxidation product 7iproq ox, i-€. Hz and CO and scales with the difference
in §-values in reduction and oxidation A§, according to

(’iprod,ox -2 ﬁOg.ox)

A5 , (2.28)

flceria =
where g2 0x denotes the amount of oxygen left in the product stream,
which is however virtually zero as almost all oxygen is removed from the
gas phase by ceria. Heating ceria from the oxidation to the reduction
temperature results in an energy demand Qeia, defined by

. . Tred
chria = Nceria / cp,ceria dT (229)

Tox
The reaction enthalpy of the thermal reduction according to Reaction
(1.2) depends on § and can be obtained by

) Ored
ARE™ = Feera / Ash(5) 46, (2.30)
Box

where Ash(5) is the incremental change of the reaction enthalpy with
respect to §, calculated with a polynomial by Bulfin et al. [65] fit to data
by Panlener et al. [6]. In case of the thermochemical reduction, the re-
action enthalpy can be written as the sum of the reaction enthalpies of
the thermal reduction step and the exothermal gas phase reaction (2.25):

TC

. - Th .
ARHred = ARHred + Mprod,ox ARhgam (231)
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with Aghgas < 0, calculated in FactSage 7. The reaction enthalpy for the
conversion of CH4 to CO5 and HO is neglected, because in the energy
assessment in Chapter 3.5, only points of operation are investigated in
which CHy is almost fully converted to CO and H.

Heat losses of the reactors are assumed to be limited to radiative heat
losses and are considered by means of the ideal efficiency for a black-
body receiver

T, - T

6( red — amb)

— 2.32
1y C . (2.32)

”rec:]' -

where ¢ is the Stefan-Boltzmann constant, Iy, is the insolation and C is
the concentration factor. From that, heat losses can be calculated as

Qloss = (i -1 (233)
n

rec

) (chria + ARHred)‘
More details on the described models can be found in Refs. [39,57].
3. Simulation results and discussion

In the following, we investigate the effect of adding a reductant on
the performance of the reduction step. For comparison, a reference case
with a purely thermal reduction step is defined. The impact of our novel
approach on reduction extent §,.q and reduction temperature Tyeq, the
number of thermochemically and thermally created oxygen vacancies,
represented by ®™¢ and ®™, the energy savings for the reduction step
and the product composition of the thermochemical reduction are dis-
cussed. Parameters for the reference case are listed in Table 2. Since the
new concept only affects the reduction, parameters of the oxidation
reactors are the same for reference case and novel approach.

3.1. Reduction performance

As shown in Fig. 4 (a), the reduction extent can be increased dras-
tically if enough reductant is used in the reduction step. Hence, the same
amount of syngas can be produced with less ceria, which reduces the
sensible heat needed to heat ceria from the oxidation to the reduction
temperature, which amounts to 66% of the overall heat demand of the
reduction step in the reference process. Fig. 4 (a) also reveals that for a
large range of the reductant amount, the total pressure in the reduction
reactor has virtually no effect on §,q. At a reductant amount close to
zero however, the vacuum case performs better than the high-pressure
cases. In this region, 5.4 approaches the value of a purely thermal
reduction step, in which &4 is considerably higher if a low total pressure
is set, which in this case equals the oxygen partial pressure. Therefore, a
certain amount of reductant is needed for the higher pressures to reach a
higher 5,4 than the reference case without reductant, represented by a
dotted black line in the illustration. The difference between operation at
atmospheric pressure and at 20 bar is negligible.

The expression of § as a function of temperature and pressure by
Bulfin et al. [9] that was used in the present study is a semi empirical
approach, which was fit to data by Panlener et al. [6] and Zinkevich
et al. [66] in the po,-range of 10”2 to 10~° bar. However, the physical

Table 2
Parameters of the reference case. Tyeq ref and Xox are chosen such that they match
5red,ref and 50x~

Parameter Meaning Value

Sred.ref Oxygen non-stoichiometry after reduction 0.025

Sox Oxygen non-stoichiometry after oxidation 0.005

DO, red ref Oxygen partial pressure in reduction reactors 1072 bar

Pox Total pressure in oxidation reactors 1.01325 bar
Tox Temperature in oxidation reactors 1073 K

Tred ref Temperature in reduction reactors 1791 K

Kox Conversion of H,0 or CO, in oxidation reactors 0.21

I C Concentrated solar flux entering receiver reactors 2.5 MW m 2

1086

International Journal of Hydrogen Energy 91 (2024) 1080-1092

basis of the equation allows extrapolation over the range of these
Po,-values to a certain degree, as long as § is not too high. In fact, for
calculations with . = 0.025, such as in Fig. 4 (b), we find the results to
be in good agreement with data presented in Ref. [66], even for a po, as
low as 10~2° bar. Also, for the calculations with variable S;eq at Treq =
1791 K, for example in Fig. 4 (a), the results are in good agreement with
abovementioned data for values of 5,4 up to approximately 0.32 which
correlates to approximately po, = 10712 bar. Even higher values of §;eq
are however not possible, even though they might be predicted by the
model, as such a strong reduction would cause an undesirable phase
change of the cerium oxide [66], which is not investigated in the present
study.

Utilizing a reductant, it is possible to increase the reduction extent
and/or decrease the reduction temperature. In the following, we discuss
an operation of the reactors with reductant at lower temperatures and
the same degree of reduction &4 as in the purely thermal reduction. The
results are given in Fig. 4 (b). Lower reduction temperatures signifi-
cantly reduce reradiation losses of the receiver, which are proportional
to Tfy. Also, at lower reduction temperatures, the gap between oxida-
tion and reduction temperature decreases and hence less sensible heat is
needed to heat up ceria after the oxidation.

Fig. 4 (b) shows the reduction temperature T,eq as a function of the
amount of reductant per mol of ceria, which is fed into the reactors.
Herein our standard reference case from Table 2 is compared to opera-
tion with reductant. In all cases, 6,.q = 0.025. At low amounts of
reductant, the necessary temperature decreases moderately before at
around 0.005 mol CH4 per mol ceria, a drastic temperature change is
observed, whereas at higher reductant-amounts the temperature curve
flattens again. This effect is caused by the strongly non-linear correlation
between 6req, Trea and Po, red, the latter being a result of the amount of
reductant and the respective chemical equilibrium. The impact of the
total pressure in the reduction chamber in Fig. 4 (b) is most apparent for
low reductant-amounts and negligible for a large portion of relevant
points of operation. This again shows that high pressure operation of the
thermochemical reduction might be a feasible option.

In summary, we find that a thermochemical reduction step can
significantly increase §;q or reduce Tyq. Given these results, combina-
tion of increased §,¢q and reduced T,eq also seems to be a viable option.
Finding the most suitable point of operation is an optimization problem
the solution to which is beyond the scope of this study.

The vacancy ratios ®' and ®™ represent the number of vacancies
created in the thermochemical and thermal reduction step in the novel
process, relative to the reference process. Therefore, ®™ and ®™ allow
to quantify the potential energy benefits of the novel approach. Using
@3¢ and @75 additionally reveals whether the reductant is converted to a
syngas (Hy + CO) or rather combustion products (H20 + COy). Fig. 5
depicts the different vacancy ratios and the reductant conversion for the
reduction at atmospheric pressure. Values for p,eq = 10~bar and pyeq =
20 bar are similar and point to the same general trends. As mentioned
above, a reactor array allows to divide the reducing agent freely between
the reactors, so that either a small amount of ceria can be reduced using
large amounts of reducing agent or a larger amount of ceria can be
reduced with smaller amounts of the reducing agent. The curves shown
in Fig. 5 help to understand the process’ behaviour at different ratios of
reducing agent to ceria. This behaviour is explained in the following,
starting at high ratios of methane to ceria moving to lower ratios, i.e.
going from right to left in Fig. 5: At high methane-to-ceria ratios, the
methane conversion is typically significantly below 1 and with respect to
the vacancy ratios, ®¢ ~ ®1$ and @S ~ 0 is found. The latter means
that virtually all of the reductant that is converted, is converted to Hy
and CO, while no H;0 and CO;, are produced. This product composition
can be explained with a shortage of oxygen, which results from the low
quantities of ceria compared to the reducing agent.

Moving towards smaller ratios of methane to ceria, the conversion
Xcp, increases, while ®™ stays constant and in a certain range also ®™¢
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Fig. 4. Effect of adding reducing agent to the reduction reaction for different p,.q. (a): reduction extent as a function of the amount of reducing agent at a constant
reduction temperature of 1791 K, i.e. identical to the reference case. The dotted horizontal line shows the reduction extent of the refence process. (b): reduction
temperature as a function of the amount of reducing agent at a constant reduction extent of 0.025, i.e. identical to the reference case. The horizontal lines show the
reduction temperature of the refence process and the oxidation temperature, respectively.
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Fig. 5. Vacancy ratio and reductant conversion as a function of the relative amount of reductant, for both HTFT and LTFT at p,eq = 1.01325 bar. Subfigures (a) and
(c) show a case with variable §,q and Tyeq = 1791 K as in Fig. 4 (a), whereas subfigures (b) and (d) show a case with variable T,eq and g = 0.025 as in Fig. 4 (b).

is almost constant. Constant ®™ and ®'C mean that the number of va- the thermochemical reduction reactors as indicated in Fig. 2 (a).
cancies created thermally and thermochemically does not change with Consequently, the total amount of converted CH4 and therefore the
increasing Xcy, . Reason for that is that unreacted CHy is cycled back into amount of thermochemically created vacancies is independent of Xcy,,
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which also follows from Equations (2.9) and (2.19).

At even lower methane-to-ceria ratios, ®'¢ and <I>E]‘§ increase, while
OIS decreases, especially where Xcu, ~ 1 is reached. Lower methane-to-
ceria ratios imply larger quantities of ceria per mol of CH,4 and with that
more oxygen is available to react with CH4, which is why the conversion
is high at low ratios of methane to ceria. Obviously, it is not possible to
achieve more than full conversion and consequently, if even more ox-
ygen is available than needed to reach almost full conversion of
methane, this oxygen surplus results in a shift to reaction products that
have a higher oxygen content, namely CO5 and Hy0. The additional
uptake of oxygen from the redox material increases ®¢, i.e. the number
of vacancies created thermochemically. Interestingly, ®™ does not
change and is still constant, meaning that the same number of thermally
created vacancies is needed even though more vacancies are created by
the thermochemical reduction. In other words, at these points of oper-
ation, the total number of necessary vacancies is higher. This effect is
due to the fact that CO5 and H,O that are produced in the thermo-
chemical reduction have to be converted to CO and Hs in the oxidation
step as depicted in Fig. 2 (a). For this, exactly the additionally created
vacancies are needed. In fact, we find 1 — ¢ < ®™© +®™ < 1 to be
fulfilled at all times. Since ¢, as defined in Equation (2.4), is the fraction
of short chained hydrocarbons in the FT product, it resembles the part
that is cycled back in the novel approach as a reductant and is not used in
the reference process. Hence, ®'¢ + ®™ = 1 — ¢ means that the neces-
sary number of vacancies in the novel process is reduced by the per-
centage of recycled FT product compared to the reference case. This
reduction results from the fact that the short-chained hydrocarbons are
not wasted and are instead converted to syngas and again fed to the FT
synthesis. As a result, compared to the reference process, the feed stream
n.r is reduced by the recycled reductant stream, or in relative measures
by ¢ and with it the number of vacancies needed to convert the feed
stream to syngas. This is however only the case, if the reductant is
converted to a syngas consisting of only CO and H,. If it is instead
converted to the combustion products CO; and H0, additional va-
cancies are needed, as explained above, to react these combustion
products to CO and Hj in the oxidation step. For a case in which the
reductant is fully converted to CO, and HyO, ri. r and the stream of CO,
and H50 that are both fed to the oxidation add up to the exact value of
the feed stream of the reference process. Therefore, in such a case, the
same number of vacancies would be needed in the novel approach and
the reference process, i.e. ®'C + ®™ = 1. From this discussion we can
conclude that there are no apparent benefits of a point of operation in
which the reductant is converted to CO5 and H5O rather than CO and Ho.
Conversion to the combustion products allows for more vacancies being
created in the thermochemical reduction, but at the same time, these
vacancies cannot be used to convert the feed stream to syngas and
consequently the scale of energy intensive thermal reduction cannot be
reduced. Additionally, the need to feed the combustion products to the
oxidation step increases the dimensions of oxidation reactors and might
require a more complex process design, including gas separation. An
incomplete conversion in the thermochemical reduction step, i.e. Xcy, <
1, also results in the need for gas separation and/or increased plant di-
mensions. Consequently, it appears to be the best option, to choose a
ratio of reductant to ceria at which Xcy, is close to 1 and @5 is close to 0.

At very low ratios of methane to ceria close to 0, ®'€ rises to very
high values, while ®™ drops drastically and can even fall below 0 as can
be seenin Fig. 5 (b) and (d). In this region, large concentrations of O3 can
be found in the product of the thermochemical reduction. The low
amount of reductant is not sufficient to reach a certain §,.4-value (in this
case 0.025) and thus high temperatures are needed to release the oxygen
from the solid as is depicted in Fig. 4 (b). At such high temperatures and
low quantities of reducing agent, the thermochemical reduction has
more the character of a thermal reduction in which oxygen is released as
O,. If very low ratios of methane to ceria are used, the available amount
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of reductant can be distributed over a large amount of ceria and thus
more vacancies can be created in the thermochemical reduction than
needed. Since ®™ is defined via the total number of vacancies needed in
the process minus the vacancies already created thermochemically, such
a point of operation results in ®™ < 0. In this case the sum ®™¢ + ®™ is
more representative for the necessary number of vacancies than the
individual terms ® and ®™ and 1 — ¢ < ®™ + ®™ < 1 still holds. In
fact, the sum of the two vacancy ratios is close to 1 in this region. Since
the thermochemical reduction would in this case rather act like a ther-
mal reduction, these very low ratios of methane to ceria do not resemble
a reasonable point of operation as the novel process is rather operated
like the reference process and the reductant cannot be fully utilized.

Fig. 5 also shows that ®TC reaches higher levels for HTFT than for
LTFT and ®™ vice versa, meaning that in a redox cycle coupled to HTFT,
less redox material has to be reduced via the energy intense thermal
reduction and more of the material is reduced in the less energy intense
thermochemical reduction. This effect follows from the higher share of
short chained hydrocarbons suitable as reductant in the HTFT product
compared to the LTFT product.

3.2. Energy assessment

As mentioned above, optimization of the system is beyond the scope
of this study. However, to give an impression of the impact that our
novel approach has on the energy efficiency, we select two cases, one for
increased 6..q and one for decreased T,eq and compare the energy de-
mand of their reduction steps to that of the reference case. Table 3
contains parameters for the reduction reactors in the two cases and the
resulting ®™ and ®'C that can be achieved for LTFT and HTFT,
respectively. All other parameters are the same as in the reference case,
given in Table 2.

The heat demand of the reduction step is given in Figs. 6 and 7.
Herein the heat demand is shown relative to that of the reference case.
The heat demand is divided into three parts: Qceia, the energy needed to
heat up ceria to the reduction temperature, according to Equation
(2.29), ApHyeq, the enthalpy of reaction for the actual reduction ac-
cording to Equations (2.30) and (2.31) and radiation losses Qloss through
the aperture according to Equation (2.33). Fig. 6 shows the energy de-
mand for three reduction reactors that create the same number of va-
cancies, either thermally (ref. case) or thermochemically (high 6,.q and
low Treq).

Fig. 6 shows that in the case with increased &4, the sensible heat for
ceria is greatly reduced as it scales with the amount of ceria, which is
low if a high 8,4 is achieved. Also, radiation losses are reduced, since the
overall energy demand is lower, while the ideal receiver efficiency stays
the same as for the reference case. The energy demand for the reduction-
reaction is in a similar order of magnitude as in the reference case,
because the same number of oxygen-vacancies is created. It is however
slightly reduced, because the exothermal contribution of the gas phase

reaction and the fact that ARI-'IrTel:i decreases to some extent with
increasing Syeq. Since the case with reduced T,eq represents a virtually
isothermal operating point, there is no need to heat ceria in-between
reduction and oxidation and the sensible heat demand vanishes. The
heat of reaction is almost the same as for the reference case and is only
slightly reduced by the exothermal gas phase reaction. Radiation losses
are significantly lower than in the reference case and also lower than in
the case with increased 6,4, because of the high receiver efficiency that
results from the low reduction temperature. All in all, the energy de-
mand to create a certain number of oxygen-vacancies in the redox ma-
terial is reduced to 17% and 10%, when only using thermochemical
reduction, compared to purely thermal reduction, for the “high ..4” and
“low Teq” case of Table 3, respectively.

When recycling gaseous FT products as a reductant, not all reactors
are operated with the reductant, but in some reactors the reduction is
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Table 3
Parameters for energy assessment.
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Case Ored Tred Pred

NcH,

MNceria

@Th @TC

HTFT LTFT HTFT LTFT

0.285
0.025

1791 K
1070K

103 bar
1073 bar

High 6req
Low Treq

0.25
0.0167

0.371
0.371
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purely thermal, equal to the reference case. Therefore, the overall heat
demand of the reduction is composed of a heat demand for thermal and
one for thermochemical reduction, scaling with ®™ and ®', respec-
tively. Fig. 7 (a) shows results for a process with HTFT with a = 0.70,
while results for a process including LTFT with @ = 0.84 are depicted in
Fig. 7 (b).

In the reference case, the short-chained hydrocarbons are wasted.
Recycling these hydrocarbons reduces the necessary feed stream, ac-
cording to Equation (2.10), by a factor of 1 — ¢ to 53% (HTFT) or 82%
(LTFT) of the value for the reference case. The redox cycle and hence the
thermal reduction step and its energy demand can be scaled down
accordingly. In addition, performing part of the reduction thermo-
chemically scales down the thermal reduction further @™<1 - (p).
Utilizing the reductant significantly reduces the heat demand of the
reduction step in both approaches, i.e. increased 5,4 and decreased Tieq-
Especially when coupling the thermochemical redox cycle to HTFT, as
shown in Fig. 7 (a), the energy demand is drastically lower than in the
reference case. Here, the total heat demand for the reduction, relative to
the reference case, is approximately 40% for the case with high .4 and
39% for the case with low T,eq. For a thermochemical cycle, which is
followed by LTFT, the heat demand is decreased to approximately 77%
or 76% of the energy demand of the reference case. Even though this is
still a substantial improvement, the effect is considerably less distinct
than for HTFT. Reason for that is the different product distribution of the
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Fig. 7. Relative energy demand of reduction step of novel approach containing both thermal (Th) and thermochemical (TC) reduction, compared to the reference
case for different operational modes for (a) HTFT with a = 0.70 and (b) LTFT with @« = 0.84. The magnified areas show the energy contributions for the thermo-

chemical reduction, which are minor compared to the thermal reduction.
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two FT modes. As mentioned above, in HTFT a larger portion of the
product consists of volatile hydrocarbons that can be used as reductant
compared to LTFT. Hence, ®'C is higher and ®™ is lower in that case,
meaning more syngas can be produced under the beneficial conditions
of the novel approach and less of the energy intense thermal reduction is
needed.

3.3. Syngas composition

The selectivity of the methane conversion towards CO and H, affects
the plant design. CO2 and HoO in the syngas don’t necessarily reduce the
syngas yield, because they can be recycled to the oxidation reactor
where they are converted to CO and Hy. However, this might require
large recycle streams and/or gas separation steps. Fig. 8 (a) shows the
product composition of the thermochemical reduction as a function of
Treq- High temperatures in the reaction of methane with oxygen (Reac-
tion (2.25)) favour the formation of Hy and CO over H,O and CO», while
the latter are dominant at lower temperatures [67]. However, a surplus
of oxygen shifts the product composition towards the combustion
products HoO and COs. Therefore, in the overall reduction reaction of
ceria with methane (Reaction (1.3) with N = 1), high temperatures can
favour the conversion of methane to HyO and CO5 as more oxygen is
released from ceria, which can be seen in Fig. 8 (a). The grey vertical line
represents the “low T,q” case from Table 3. This point of operation
yields a product composition of 62% Hj, 31% CO, 4.4% H30 and 2.4%
COa.

Fig. 8 (b) shows the product composition of the thermochemical
reduction as a function of 6,q and the grey vertical line represents the
“high &,eq4” case of Table 3, which was assessed in Fig. 7. For a given
temperature, high §,4-values are achieved at lower oxygen partial
pressure. Therefore, high oxygen concentrations and consequently a
shift to full combustion products are present at low values of §..4. The
aforementioned “high 54" case leads to a similar product composition
as the “low T.q” case of 63% Hs, 33% CO, 3.6% H0 and 0.5% COs.
Even higher values of 6,4 are, according to data presented in Ref. [66],
hardly possible as such strong degrees of reduction would result in an
undesired phase change of ceria.

4. Conclusion

A novel approach for solar fuel production via a ceria based redox
cycle and Fischer-Tropsch synthesis was proposed. Recycling of C;—Cy4
FT by-products and their utilization as a reductant to perform thermo-
chemical reduction of ceria was shown to decrease the energy demand of
areduction reactor compared to a thermal reduction step. Simulations in
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Aspen Custom Modeler and calculations in Python were conducted, from
which the following findings were obtained.

. By using by-products in a reactor, the reduction extent § can be
increased drastically compared to purely thermal redox cycles.

. Alternatively, the reduction of ceria can be operated at significantly
lower temperature than in a purely thermal reduction step. A com-
bination of somewhat increased § and reduced T,.q seems feasible as
well.

. High §-values and low temperatures increase the product purity in
the thermochemical reduction, i.e. less combustion products are
produced and the selectivity is shifted to Hy and CO.

. Only part of the total ceria mass used in the process can be reduced
thermochemically. Spreading the reductant over a larger amount of
ceria does not reduce the amount of ceria that has to be reduced
thermally as in this case more Hy0 and CO» are produced and have to
be converted to Hy and CO in the oxidation step, for which additional
oxygen-vacancies are needed.

. The proposed concept can enhance the efficiency of the reduction
step substantially. For the investigated points of operation, the en-
ergy demand for the reduction is decreased by up to 61%, when
coupled to HTFT and by up to 24%, when coupled to LTFT for
operation at 1072 bar.

. The thermochemical reduction can be performed at higher pressures
than the thermal reduction, so that the energy demand for
compression of syngas for the FT synthesis and operation of vacuum
pumps in the receiver reactor can be decreased.

Our investigation focused on the performance of the reduction step.
Potential future work could comprise a comprehensive system analysis,
including a comparison to other approaches of recycling C;—-C4 FT
products, such as steam reforming. We assumed that methane can be
used as a representative of C;—C4 alkanes and incomplete syngas con-
version in the Fischer-Tropsch process was not part of the analysis. A
more thorough investigation using a mixture of those alkanes and
unreacted syngas as reductant might give further insights into the pro-
cess in the future. Optimization with respect to overall system efficiency
as well as more sophisticated modes of operation, including strategies
for irradiation of the receiver array and buffering of by-products could
reveal the full potential of the concept.
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