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Abstract

Widespread adoption of solar-thermochemical fuel production depends on its economic
viability, largely driven by the efficiency of use of the available solar resource. Herein, we
analyze the efficiency of two-step cycles for thermochemical hydrogen production, with
emphasis on efficiency. Owing to water thermodynamics, isothermal H, production is shown to
be impractical and inefficient, irrespective of reactor design or reactive oxide properties, but an
optimal temperature difference between cycle steps, for which efficiency is the highest, can be
determined for a wide range of other operating parameters. A combination of well-targeted
pressure and temperature swing, rather than either individually, emerges as the most efficient
mode of operation of a two-step thermochemical cycle for solar fuel production.

1. Introduction

Solar fuel production has the potential to dramatically change the world’s energy posture:
from the prospecting and extraction of today, to renewable production using sunlight and
atmospheric gases in the future. The issue in solar fuel production is not one of mere feasibility,
as this can be accomplished via multiple pathways (e.g. thermochemical, electrochemical, even
biological), but one of practical economic viability, expressed via metrics such as the levelized
fuel cost, which is strongly tied to efficiency.

Two-step thermochemical fuel production processes are a conceptually simple and promising
approach: a working material (oxide) is partially or fully reduced at a high temperature, then
cooled and, in the case of water splitting, exposed to steam to be reoxidized and yield H,. The
reduction to practice of these theoretically efficient processes has, however, been challenging.
Existing working materials, for example, have a low reversible oxygen capacity, yielding little
H, per mole oxide per cycle. The large energy requirement for heating the reactive material
between cycle steps necessitates solid-solid heat recovery at high temperature. Also, maximizing
the per-cycle yield drives operation to very low thermal reduction pressures and very high
thermal reduction temperatures. The former require large vacuum pumps or high-purity sweep
gasses, and the latter lead to excessive aperture radiation losses and require the use of specialized
materials.

The current work was motivated by the understanding that the cost of solar collection is a
dominant overall cost factor for solar fuels in general, and for specifically proposed
thermochemistry-based system designs.? ® The implications of these and similar studies are that
efforts should focus on researching and designing for efficiency and ease of operation. It is
therefore of substantial importance for further progress in this field to develop methods for
determining the operating and design parameter space that maximize efficiency, given a reactor
type and working material properties.

The broad question of reactor efficiency has been examined in detail by Siegel et al., arriving
at the concept of the utilization coefficient as an indicator of achievable efficiency for a
reactor/material combination in a two-step thermochemical cycle.* In a recent analysis Miller et
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al. addresses efficiency from an even broader thermodynamic viewpoint, and establish a
framework for materials design.

In this work we search for a prescription for maximizing efficiency from the reactor design
and operation point of view. We consider two specific, yet important situations. Firstly, we
analyze the special case of isothermal water splitting (ITWS) in a two-step water splitting cycle,
because the analysis is completely independent of reactive material properties or reactor design,
making the results the most generally applicable. ITWS is also of added interest, having been
recently suggested by several groups as possibly advantageous compared to temperature swing
water splitting (TSWS).®® The results of this part of the analysis present a map of the relevant
operation parameter space, and the challenges in implementing the isothermal concept.

To address the subject of maximizing efficiency, including the comparison between
isothermal and temperature-swing operation, we analyze a two-step metal oxide reactor that uses
ceria as a working oxide to produce H, from H,0.? Even though the results are somewhat
specific, important generalizations can be made, especially with respect to optimal reactor
temperatures, and prospective reactive oxide materials. Thermodynamic similarities between
water and CO, splitting give confidence that the results and conclusions would be similar.

2. Approach

2.1 General thermodynamic considerations Reactions (1) and (2) below, which sum to
give reaction (3), generically describe a two-step thermochemical cycle for H,O splitting based
on a reactive metal oxide. Reaction (1) is an endothermic thermal reduction of the metal oxide
carried out at a temperature, Ttr. After removal of the evolved oxygen the reduced oxide reacts
mildly exothermically with H,O at temperature Tys to yield H; via reaction (2), and is restored to
its original state, ideally for indefinite reuse. The net result, reaction (3), is the splitting of H,O
(with separate recovery of H, and O;) driven by thermal energy:

1 1 1 . _
F——— MOy_s,,; = P MOy _s7r +502 (1) thermal reduction at T=T1g,

1 1 o _
F—— MO,_s,, + H,O — F—— MO,_s,, + H; (2) HLO splitting at T =Tyys,
H,O - H, + %02 (3) H20 thermolysis.

Here, &tr and dws are the extents of reduction of the oxide, following the thermal reduction and
water splitting steps. Their difference, A6=0orr-dws, is the reversible oxygen capacity, as realized
in the cycle. The oxygen partial pressure for the reduction reaction is po.

At any temperature the Gibbs free energies of the above reactions add up:

AG; = AG; — AG, (4),
meaning that reactions (1) and (2) are thermodynamically spontaneous only in distinct and non-
intersecting regions, i.e. AG; (Trr), AG,(Tys) < 0 only for AT=Trr-Tws>0. If the cycle is carried
out in these temperature regions, it is driven entirely by thermal energy, i.e. a primary heat
source. However, cyclically heating and cooling the oxide between Ttr and Tws opens the
possibility for thermal losses that may render H, production inefficient in practice.

At temperatures where reactions (1) and (2) are not spontaneous, additional energy must be
provided to the system (generally in some form other than heat, i.e. a secondary energy source)
in order to drive the reactions towards the same endpoints. The minimum amount of thermal
energy, Qmin that must be supplied to carry out the cycle in this general case is:

Page 2 of 16



Page 3 of 16

Physical Chemistry Chemical Physics

o 1- AGL (T AG, (T
Qmin(Trr, Tws) = AH (Trg) + (A6;i) C,AT + 10r) 25 Cws) (5).

m 1,

The 1 term on the right-hand side is simply the reduction endotherm. The 2™ term accounts for
thermal cycling, where C, is the molar specific heat capacity of the reactive oxide, Fy is the
molar fraction of the solid that is reactive (as opposed to inert), and & is the effectiveness of
solid-solid heat recovery. The 3™ and 4™ terms generically (the process is not specified) account
for the scenario(s) where reactions (1) and/or (2) are carried out at unfavorable temperatures, i.e.
when AG; (Trg) > 0 and/or AG,(Tys) > 0, and represent the minimum work must be performed
to drive reaction (1) and/or (2). This work is determined by AG; and/or AG, at the respective
conditions. Coefficients 77, and 7, account for losses in converting heat to the required amount

of work. Additionally, they implicitly include the possibility that waste heat (i.e. heat of
reoxidation and unrecovered oxide sensible heat) can be used to provide part of the work in the
3 and 4™ term. (See also discussion of eq. 11.) The limiting case (Qnin=AH;) applies to a
system operating in the favorable temperature regimes with ideal heat recovery (g=1).

To understand the implications of eq. 5, consider the situation where A7=0 (ITWS), at a
temperature intermediate to those of the thermodynamically favorable regimes. In this case, no
energy is required for thermal cycling (the 2™ term is zero), but work must be added to both
reactions (1) and (2). As T7r=Tws change in value, the 2" term remains zero and AG; and AG,
increase and decrease in opposition to one another. As shown in Section 3.1, the thermodynamic
limits of this special case can be determined without any knowledge of the reactor design or
properties of the working materials.

More interestingly, from an application perspective, if Tz is increased and Ty is decreased
to realize TSWS, the thermal cycling energy requirement (2™ term) becomes nonzero and grows,
but the work requirements embodied by AG; and AG, decrease and are eventually eliminated.
Thus, eq. 5 suggests that for a given material (defining the thermodynamics) and set of reactor
and process designs (defining the various efficiencies, practical and physical limitations,
parasitic losses, etc.) there should be such 77z and Ty, that minimize the sum of the last three
terms in eq. 5, and therefore Q.

2.2 Reactive oxide thermodynamics, reactor model, and efficiency definitions
Determining the conditions under which a two-step reactor operates at maximum efficiency
requires knowledge of the thermodynamic properties of the working material, as well as a reactor
model. Specific thermodynamic properties of reactive oxides are not generally known, and are
typically determined by extensive experimentation.'®*® Generalizations can therefore be made,
but there is no universal solution.

For the purpose of efficiency calculations, we assume CeO, as the active oxide, a
well-characterized candidate material for solar-thermochemical water splitting. The
thermodynamics of CeO, are obtained from the work of Zinkevich et al.®® These authors
performed a comprehensive, critical review of the thermodynamic literature concerning cerium
oxides and applied a Calphad analysis to derive models covering all relevant phases (including
both liquids and solids).”* This comprehensive approach covers the entire temperature range
relevant to our analysis, and is necessary to accurately describe non-stoichiometric phases, such
as the ceria fluorite phase (CeO,.5) of concern here, which persists from 6=0 to 6~0.3 at
1773 K.% This model also generally predicts lower values of &(p,T) than models based solely on
the experiments by Panlener *°, used in almost all previous studies.****° This difference leads to
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lower overall efficiency predictions for the comprehensive approach, but does not change the
conclusions of the analysis. The difference between ceria reduction models is illustrated in Fig. 3
in the next section.

| ' — L
thermal reduction —I—)Oz
at Trr, Poz
A
CEOZ—STR Qsu*Qrr
ER QTH
Qsu (]1302_8ws

H, production at Tys (Quox)

Figure 1. Reactor schematics. Heat exchangers and their effectiveness (&; and &gg) are indicated in the oxide
and steam flows. The input solar heat power Q; is used to add sensible heat to the ceria (Qsy) and to partially
reduce it (Qqgr). If the combined heat from the H, production reaction (Quox) and the unrecovered sensible heat of
the oxide (Qsy.), is insufficient to heat steam to Tws (Quao), part of Qry is used. For simplicity and because it is of
minor importance, heat recovery from the O, stream is not shown, but it is included in the calculations (cf. eq. 11).

The reactor, schematically illustrated in Fig. 1, is assumed to accomplish four primary unit
operations, common to many thermochemical reactor designs. These are a thermal reduction,
solid-solid heat recovery in a recuperator, H, production (water splitting), and a steam
pre-heating.’ During operation, concentrated solar radiation heats and thermally reduces the
reactive oxide in a thermal reduction chamber. The oxide then moves through the recuperator
(entering at the hot inlet) and then into an H, production chamber, where it is exposed to a
pre-heated steam flow in a countercurrent arrangement, producing H,. The reoxidized material is
then brought back to the reduction chamber, via the recuperator, where heat is exchanged
between the two oxide flows.

The reactor heat-to-H; efficiency or reactor efficiency, ng, is defined as:

Ny, HHV,, ©)
Qa '

where n is the hydrogen molar production rate, HHVy; is its higher heating value, and Q, is

the solar power at the reactor aperture. Efficiency calculations incorporate an important
assumption: Only solar primary energy is used for the entire operation of the reactor. This
includes all heat needs, such as thermal reduction, ceria and feedstock heating, and heat
equivalents of mechanical work, such as vacuum pumping, compression, oxide moving, etc.
Equally importantly, all major losses and inefficiencies are also included, (e.g. black body

TR
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radiation through the aperture at a concentration ratio C4=3000, conversion efficiency from heat
to mechanical work, etc.) Radiation losses are included in the reactor efficiency for completeness
and for ease of comparison with other work. The sensible heat of the product gasses is used to
preheat steam (with a gas-gas heat recovery effectiveness &sg), and to generate power.
Conduction losses through insulated reactor walls are considered negligible in a large device.
The sensible heat in the O, product is comparatively small, and its omission or inclusion has
little effect on the efficiency calculations.’

The H, molar production rate in eq. 6 can be expressed in terms of the heat input power (Q;,,

) and the heat required for production of 1 mol Hj (Qmor):

Qv
g == 7).
‘ Qmol ( )

After losses to aperture intercept (A=0.95) and thermal re-radiation (P,aq), Q;,, can be expressed
as:

n

QTH = A*QA — P (8)'
whereas Qo iS:

Qmol :QTR +QSH +QAUX (9)
Here the individual terms (roughly ordered by decreasing temperature) correspond to those in

eq. 5 as follows: Qrr=AH,(CeO,) is the thermal reduction endotherm. The energy required for
heating the oxide (sensible heat) from Tys to Ttr (@ssuming Fr=1) is:

C
Qsh :A—gAT(l—gR) (10),

where the molar heat capacity of CeO, is Cy=80 J/mol K.? Finally, Qaux encompasses the heat
equivalents of other, auxiliary, energy requirements:

QAUX = (QHZO + qump + Qmech + Qsep)_ (QMOX + QSH,L + QO2 ) (11)

Here Qu2o is the energy required to heat steam by AT\, 0=Tws-To, i.e. from ambient temperature
(To) to Tws, and it includes preheating by hot product streams. The heat equivalents of the
pumping of products (in both chambers) and mechanical and separation work are Qpump, Qmech,
and Qsep, respectively The negative terms represent the waste heat available from the product
gasses, mainly the H,O-H, mix, which consists of the heat released at Tys in the reoxidation
reaction, QMoszHr-AHCOHz, and the unrecovered sensible heat of the oxide, Qsp . Steam, in the
fuel production chamber, acts as both a reactant (oxidizer) and a coolant. The sensible heat in the
oxygen exhaust is Qo;.

Importantly, Qaux Is forced to be non-negative, i.e. it is set to zero when the waste heat
exceeds the first three terms in eq. 11, since heat at Tys cannot contribute to either Qg or Qsp.
The quantities in eg. 11 are heat equivalents, so conversion efficiency terms are included where
applicable, such as the conversion of heat to mechanical or pump work. An efficiency of 10%
was used for heat-to-pump work and for the oxide moving work. Thermal reduction and water
splitting are assumed to end in their thermodynamic equilibrium states, i.e. kinetic limitations are
not considered.

3. Results

3.1 Isothermal water splitting The appeal of ITWS lies in the perceived simplification of
reactor design and operation, as it eliminates the need for solid-solid heat recovery and,
depending on the design, the frequent temperature cycling of reactor components.
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Coincidentally, this special case lends itself to straightforward theoretical analysis. To begin, we
use well-known relationships for each of the reactions (1), (2), and (3):

AG' = —RTInK and AG° = AH®° —TAS° (12) and (13),
where R is the gas constant. The equilibrium constants for reactions (1) and (2) depend on the
reactant and product activities:

1/, Y a5 Y a5
= (a0.) <aMox‘51T/1:2 and - (aH2)<aM0x—6ws)1/A6 (14) and (15).
(aMOx—aws) (aHZO)(aMox—5TR)
At all relevant operating pressures, the gas activities can be expressed as partial pressures:
ao, = Po, and 2 — PHz (16) and (17),

ag,o PH,0
where py,is measured relative to standard pressure. Substituting eqgs. 12, 13, 16 and 17 into eq. 4
gives:

Y
1 amo.,,_ A8 . .
_RTiSO In (po/z) B RTiSOln LTRI = AH3 - TisoAS3 + RTiso In ( - ) +
: aMOx—5WS /A6 szO
Y as
amo,._
+RTysln (—W/) (18).
aMOx_STR A8

Here Tj,, is the isothermal operating temperature. Solving for Tjs, is facilitated by the exact
cancellation of the oxide terms on the left and right side of eq. 18, giving:

—AHj
Tiso -

1 P o
R(ln(po/zz)—ln<%zo>>—AS3
2

In Fig. 2a, based on eq. 19, we graphically show the relationship between Tis,(Nwm), and poz
(nwh=nn20/N2 In the oxidation step; ideal gas behavior is assumed SO pu2o/prH2 and Npo/Np, are
used interchangeably). It is evident from the figure that relaxing one parameter results in the
restriction of one or both of the other two. For example, decreasing Tis, requires either a po:
decrease or an ny increase, or both. Importantly, Fig. 2a strictly applies to an ideal isotherma
cyclel. A real isothermal cycle would require even more stringent operating conditions than an
ideal one (e.g. a higher Tis, at the same values of po, and nyn), for example due to Kinetic
limitations.

(19).
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Figure 2. (2) Relationship between Tis,(nyn) and po,. For the water splitting reaction constant thermodynamic
values of AH; = 250.8% and AS; = 57.35 . are assumed. These are the values at 1673 K and best represent

mol—K
the temperature range of practical interest. Adopting values for a different temperature introduces very small
differences in the results. The fading rectangle in (a) roughly indicates a reasonable operating parameter space for a
practical reactor and shows that ITWS largely falls outside of it. (b) Practical efficiency limits for ITWS. Efficiency
curves are plotted for n,;,<10°. The lack of results below certain Tis, for the higher po, values indicates that ITWS is
not possible for n,;,<10°. The efficiency scale in (b) was chosen for ease of comparison with Figs. 3, 4 and 5.

It is important to understand that the results in Fig. 2a are general in the sense that a cycle
represented by a valid combination of the three parameters can be performed by multiple
possible materials, which must satisfy eq. 4 at Tj;,. Conversely, this requirement means that an
isothermal cycle, defined by a point in the graph, cannot be realized by arbitrarily chosen
materials.

The high temperatures (in this case T7r=Tws=T1}s,), low po,, and high n,,, values indicated in
Fig. 2a, raise questions regarding the ultimate feasibility of ITWS. To understand the
implications of these results and to outline a realistic space of operating parameters, we consider
the practical limitations regarding 77z, po2, and n,.

Increasing Tis, corresponds to less strict po, (higher) and nyu (lower) requirements, and
isothermal temperatures as high as 2173 K have been considered.® ’ However, radiation losses
through the reactor aperture, as well as oxide sublimation and reactivity with reactor structures,
limit T1x to no more than 1773 K in devices of practical relevance.® To appreciate the challenge
of ITWS under the extreme conditions considered in the literature,® ” it is instructive to note that
at 2173 K, ceria has a vapor pressure pceo2~9.3 Pa,*® leading to a swift and irreversible oxide loss
via sublimation, as observed experimentally by Abanades et al.**

We assume that low po; is achieved by pumping, i.e. lowering of prg, the total pressure in
this step (therefore poz=prr). As shown in a previous analysis,® the heat equivalent of pump work
is not a major contributor to the total energy requirement, but the lowest prr is limited by other
factors, such as oxygen volumetric flow and entering the molecular flow regime, to no less than
1 Pa.
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The alternative, isothermal inert gas sweeping, was examined by Bader et al.®, who showed
that, even under best-case conditions, the amount of required N, by far exceeds the amount of the
H, product (nn2/np2=700). In addition to requiring an N purification plant, the only manner of
somewhat efficient ITWS was found to require exceptionally high levels of heat recovery
(>95%) between the incoming and outgoing N, gas — at Tis. Finally, the vast majority of the
products are the inert-oxygen mix and steam, not H,. We therefore do not consider sweeping an
option for ITWS.

The above practical limitations regarding Ttg and prr give context to the results in Fig. 2a:
For example, even for very low prr (e.g. 1 Pa), and the highest operationally relevant Tis, of
1773 K, large amounts of steam must be provided for a very low H, yield (nhw=nn2/NH20<<1);
i.e. the majority of the reactor “product” would then be unreacted steam, not H,. In short, ITWS
requires impractically high thermal reduction temperatures, or exceptionally low thermal
reduction pressures, or results in an exceptionally low H, fraction in the output stream. As the
derivation of eq. 19 shows, these results and associated limitations are a consequence of water
thermodynamics and the basic relationship for the Gibbs free energy of the reduction and
oxidation reactions (eg. 4), and can therefore not be circumvented by either redox material
choice or innovative reactor design.

For a deeper insight into the implications of the tradeoffs associated with ITWS, the low H,
fraction or high ny, values can be viewed in the context of separation work, i.e. the work that
must be performed to separate H, from the H,-poor output stream. Separation work is directly
related to efficiency, and practical ITWS efficiency limits, as defined in eq. 6, can be estimated
by including some well-established efficiencies of the constituent processes. Re-radiation losses
are given in eg. 8 (~Tiso4). Separation work (2nd law) depends on Tis,, Ny, and the final H, purity,
assumed here to be a modest x1,=99.9%. The practical separation efficiency (i.e. theoretical 2™
law work vs. actual work) is generally ~15%, albeit not at the high temperatures considered
here.?® The heat-to-power efficiency of a Rankine cycle in concentrated solar power plants,
necessary to perform pump and separation work, is at best ~40%. Finally, neglecting other work
and heat requirements, and keeping the assumption for the heat-to-pumping efficiency (10%)
from Section 2.2, we plot in Fig. 2b the practical limits for ITWS efficiency (7r).

The results show that the ITWS 7 values are low, even at high Tis, and low po. The limits
are almost independent of Tis, and depend very weakly on poz. In light of the outstanding
operating conditions shown in Fig. 2a, low efficiencies should not be surprising. The relative
insensitivity of the results on Tis, and po2 may, on the other hand, be initially unexpected. This,
however, is a manifestation of the mutual dependence of the operating conditions (poz, Nwn, and
Tiso), Which are dictated solely by water thermodynamics as expressed in eq. 19. Simply put, the
results in Fig. 2b show that, whether one in practice accepts higher re-radiation losses (to
increase Tis), Or chooses to invest work in pumping (to lower po2) or in H; separation (to allow
higher ny), the overall ITWS efficiency limit is roughly the same, in what can be viewed as a
thermodynamic zero-sum game.

3.2 Maximizing Efficiency The above results describe the conditions required for ITWS and
indicate the practical difficulties in realizing it, including inherent efficiency limitations. In this
section, we examine the effects of operational parameters on efficiency in the general case where
AT>0. In this case, we must include both material and reactor assumptions, as detailed in section
2.2.We limit prr to values between 1 Pa and 1 kPa - low enough to meaningfully facilitate
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thermal reduction, but not too low to be entirely unfeasible in a reactor in the field. Likewise, we
set Trr=1773 K.

To begin, in Fig. 3 we show the efficiency 7r(ptr), for several values of AT, &=0.5, and
&6=0.8. Two important features are immediately evident in the plot. Firstly, ITWS (4T=0)
yields the lowest efficiency for every prr in the range. Secondly, for ptr=75 Pa and above, ITWS
efficiency is zero, whereas TSWS (AT>0) for the same prr yields a positive efficiency.

The latter is a special case of a more general result, also evident in Fig. 3: for low values of
AT, the efficiency is zero above some critical prr. This stems from the presence of oxygen in
steam as a result of partial dissociation, characterized by a well-known pressure, pozq (€.9.
Po2,4(1773 K)=75 Pa). For some values of prr and Tws, the equilibrium oxygen pressure above
the oxide, P0,,Ce05 5. (Tws), exceeds po2d(Tws), leading to further oxide reduction (not

reoxidation) in steam, and yielding no H; product.
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Figure 3. Solid lines show the calculated reactor efficiency as function of prg, for several values of AT (left y-axis).
Note the nil efficiency for ITWS above prr=75 Pa, and the initial efficiency increase, followed by a decrease, as AT
increases from 0 K to 400 K. Dashed lines, on the right y-axis, show the extent of thermal reduction, &g (assuming
T1r=1773 K). The black dashed line is for the comprehensive model used in this work (based on Zinkevich et al. ),
whereas the white line is based on Panlener *° only.

We now aim to determine AT, defined as the value of AT(prr,&r,&c6) for which Qnmin (eq. 5)
is the smallest, and efficiency (7r) is the highest. To visually introduce the AT,y concept, we
invite the reader to follow the efficiency curves in Fig. 3, from yellow to black, at a constant prr.
A trend is evident: 7r(AT) initially increases and then decreases with AT. Focusing on this trend,
we show in Fig. 4 the efficiency as function of AT, nr(AT), for &g=0 and &=0.75, with two
values of g (0.8 and 0.6) and several values of prr. The chosen values for & and &g reflect the
awareness that heat recovery at high temperature is challenging, and a high effectiveness,
however desirable, may not be possible in practice.
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Figure 4. Calculated reactor efficiencies as a function of AT. Solid lines are for &5c=0.8, whereas dashed lines are
for £56=0.6. Thick lines are for =0, and thin ones for &g=0.75. Lines of the same color correspond to the same prg.

A peak efficiency, nr(ATop), exists for any of the combinations of prg, &, and &g in Fig. 4.
For the chosen range of parameters, AToy varies roughly between 180 K and 440 K.
Furthermore, for most regimes, ITWS efficiency is several-fold lower than that at ATy, and it
also yields the lowest efficiency for all & and &sg. This is especially pronounced for &;c=0.6.
Other trends are also apparent. For example, prr decrease and &z decrease generally lead to a
ATope decrease, whereas g decrease leads to a ATy increase. Efficiency generally increases
with decreasing prr, and increasing & and &sg. Conversely, the lowest efficiencies would be
realized at high (e.g. atmospheric) prr, in the absence of heat recovery.

Some of the efficiency curves in Fig.4 coincide. First, below ATqp(er=0),
nr(&r=0)=1nr(£&:=0.75). Second, above ATun(e56=0.6), 7r(&56=0.6)=71r(g56=0.8). Finally,
curves for prr and &=0 coincide with curves for 10*prg and &=0.75, below ATqp(prr,e-=0).
The first two coincidences result from the balance of energy requirements in the cycle, including
those that lead to low isothermal efficiency, and can be understood by considering the interplay
of factors that determine AT First, we recall that the unrecovered sensible heat of the reduced
oxide and the heat of the reoxidation reaction are used to preheat the steam feedstock to near Tys,
via the hot H,O-H, exhaust (Fig. 1). Furthermore, oxide reduction (Qg), oxide heating (Qsn),
and steam heating (Qu20) are by far the three largest energy requirements in the system
(depending on AT). Of these, Qsy and Qu2o Can be considered parasitic, since they do not
directly contribute to H, production (whereas Qg does, with an efficiency given by
HHV2/Qrr).° Therefore, at the point where Qsy and Qpzo are roughly balanced, the least amount
of direct solar input is required for steam heating or the least amount of the oxide sensible heat
has to be rejected, thus leading to peak efficiency.

The coinciding efficiencies in Fig. 4 can now be explained as follows: First, below ATy,
Q2o IS the largest energy requirement and it requires direct solar input (in addition to
preheating). Specifically, the region of coincidence, where 7r(g&r=0)=7r(&r=0.75), corresponds
to a situation in which direct solar input is required for steam heating irrespective of &. More
generally, below ATqx(sr=0), Qu2o is sufficiently large to make efficiency independent on &.
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The situation corresponds to a low and eventually zero 2" right-hand term in eq. 5 (at AT=0),
and a large 4™ term.

In light of this, the reasons behind the very low efficiency for ITWS are straightforward:
While no energy is needed to heat the oxide after the water splitting reaction (Qsy=0 in Fig. 1),
Quzo Is at its maximum, even with extensive preheating by the H,O-H; output. This is because,
at AT=0, both ny,, and AT are at their maximum values. Since Qsu, =0, virtually all of Qu20
requires direct solar input. This dominant role of Quzo in ITWS (but not for AT>AT,y) also
strongly cautions against omitting this energy requirement from efficiency calculations, as is
sometimes done.®

Second, for AT>AT,y, oxide heating is the largest energy requirement and it requires direct
solar input (to the extent that &z<1). In this region, Qu2o is small, mainly because, at low Tys,
comparatively little steam is needed to oxidize ceria back to equilibrium (ny is small), but also
because ATyo is smaller, compared to ITWS. Therefore, Qsu/Qr20>1. In fact, at AT>ATgy,
Qaux<0, necessitating heat rejection. Alternatively, this high quality waste heat can be used for
other purposes, even though it cannot directly increase reactor efficiency. This corresponds to a
small 4™ right-hand term in eq. 5 (compared to the 2™ term).

Lastly, coinciding efficiency curves for sg=0 and &=0.75 reflect the particulars of ceria
thermodynamics. As it happens, below ATqu(prr), decreasing prr by a factor of 10 is equivalent,
in efficiency terms, to increasing & from 0 to 0.75.

The high &sc required for efficient ITWS and low AT operation warrants some further
consideration. High levels of gas-gas heat recovery (>97%) are attainable at temperatures up to
roughly 923 K using stainless steel recuperators. At higher temperatures, creep and corrosion
limitations require the use of nickel alloys (up to =1273 K), and no recuperators operating at
1773 K (or higher!) have been reported.”® 2’ Since in ITWS Qo is the highest, the role of
gas-gas heat exchange is critical. For ITWS at prr=1 Pa, Tis,=1773 K and AT;,0=1475 K, nearly
100 mol of steam must be heated per mole of produced H, (Fig. 2a). The associated energy
requirement considerably exceeds the chemical energy content of the H, product, even for high
EGG-
The above further underscores the challenges associated with ITWS: If an exceptionally high
&G cannot be achieved in practice, the efficiencies for ITWS would be even lower than those
shown in Fig. 4. On the other hand, as AT increases (i.e. Tws decreases), higher &sc values
become more realistic. To account for this, we calculate efficiency in a more flexible fashion, by
using a variable &sg, such that it is realistic at both high and low Tws (Fig. 5).
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Figure 5. Calculated reactor efficiencies (left y-axis) as a function of AT, for &g linearly increasing from
&66(1773 K)=0.6 to &56(1273 K)=0.95. This roughly corresponds to a situation where heat from the output steam-H,
mixture is rejected above 1273 K. Solid lines are for =0, dashed lines are for &=0.75. The dash-dot line shows
& ON the right y-axis.

The results in Fig. 5 give insight into what might be expected in practice, and show an even
larger efficiency advantage of TSWS over ITWS. Although this analysis is for a pumped reactor,
it is worth repeating at this point that efficiently recovering heat from a sweep gas would face the
same obstacles as in the case of steam, with the added construction difficulty that it must be
performed at Trr, irrespective of AT. However, operating at AT, and under best-case conditions,
would significantly decrease sweep gas requirements compared to ITWS, thus much decreasing,
possibly even eliminating the need for heat recovery from the inert-oxygen exhaust and
associated hardware complications. An inert gas purification plant would still be necessary.

Solid-solid heat recovery being also challenging, we have consistently included the limiting
case of &=0. Understanding that &=0.75 is near the upper end of what may be possible in
practice, plots such as that in Fig. 5 can be helpful for roughly estimating maximum reactor
efficiency (for a CeO; cycle): for every prg, it lies approximately between the peaks of the
corresponding solid and dashed lines. The results in Figs. 4 and 5 in show that for ceria and
moderate values of the operating parameters, such as prr>10 Pa, &<0.5, and &55<0.7, efficiency
ranges roughly from 10 to 25%, whereas the AT, range is roughly between 250 K and 400 K.

It should be noted at this point that the assumption that all reactions end in their
thermodynamic equilibrium states is more important in ITWS, when 45 is small and the system
operates near equilibrium, than for AT>0, when A6 is comparatively large. Therefore, any
deviations from this assumption, as is certain to be the case in practice, would further disfavor
ITWS.

In addition to maximizing efficiency for a given reactor/material system, knowing AT, can
guide reactor design. This is illustrated in Fig. 6, showing 7r(A4Tee) as function of prg, for
several &z and egg. It is evident that, for a ceria-based reactor operating at ATqp, & influences
efficiency more than &sc does. For example, increasing & from 0 to 0.5 allows the same
efficiency to be achieved at a roughly 10 times higher prr. This type of plot can be used to help
evaluate the cost of achieving a certain prg, &, Or &g VS. corresponding efficiency benefits.
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Figure 6. Calculated reactor efficiencies at AT,y (ranging from 130 K to 460 K) as function of prr. The three groups
of lines correspond to three values of . Within the groups, solid lines correspond to £5c=0.9, dashed to £55=0.7,
and dash-dot lines to £;c=0.5.

4. Discussion

As seen in Fig. 2a, a reactor producing H, from H,O in an isothermal two-step cycle, must
operate at high thermal reduction temperatures, very low thermal reduction pressures, or at an
exceptionally high nyn,, or some combination of the three. These basic limitations are entirely a
consequence of water thermodynamics and cannot be circumvented by any material discovery or
innovative reactor design. High operating temperatures place extraordinary demands on reactor
materials, and require unrealistically high concentration ratios from the solar collector and
concentrator system. Low thermal reduction pressures require very large receivers and pumps —
an undertaking of possibly prohibitive cost. Finally, high values of n,,;, make water near ambient
temperature, not Hp, the main reactor product. This necessitates either high temperature H,
separation, or the addition of a high-throughput, high-efficiency steam heat recovery system,
which preheats the input water while cooling the output steam-H, mix. Each of these factors
complicate reactor and plant design and compromise economics: Therefore, when the entire
balance of plant is considered, ITWS makes matters more difficult, not easier, as one might
hope.

Further, in addition to posing extraordinary design and operational demands, ITWS offers no
efficiency payoff. On the contrary, it appears to be the most inefficient fashion of producing H,
from H,O in a two-step cycle (Figs.3 and 4). Even in the most favorable case, without
solid-solid heat recovery, ITWS with a high level of steam-steam heat recovery (5c=0.8), is less
efficient than TSWS at AT,y for a far more plausible s56=0.6 (Fig. 4). This disadvantage only
widens for &g>0 or when a realistic Tys-dependent &g is included (Figs. 4 and 5).

Recalling that the question in solar fuel production is not one of feasibility, but of efficient
solar utilization and minimization of the product cost, no ITWS advantages are evident in our
analysis. Rather, requiring that Trr=Tws Seems to be an unnecessary and counterproductive
limitation. On the other hand, TSWS at AT, maximizes solar resource utilization, and the
associated low steam requirement simplifies plant design and operation.

The very existence of ATy, may seem peculiar if one thinks of thermochemical reactors as
engines that reverse combustion, i.e. where heat is the input and fuel (chemical work) is the
output. It may initially appear most plausible that maximizing AT would also maximize
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efficiency. In the case of perfect heat recovery (er=&sc=1), this would be correct. It is because of
the reality of non-ideal heat recovery that ATy exists at all.

Some general implications regarding reactor operation follow from the above results. Under
all conditions, the slopes of the efficiency curves are shallower for AT>AT gy than for AT<AT .
Furthermore, the reasons for suboptimal efficiency are different in these two regions. For
AT>ATqy, the oxide heating requirement results in the production of high quality waste heat (at
Tws), which can be used elsewhere in the plant, even if not for H, production directly. For
AT<ATqp, however, efficiency decreases because of the steam heating requirement, with waste
heat available at low temperature (following steam-steam heat recovery) and of little value. This
suggests that it may be prudent to err on the side of AT>AT,p, rather than the opposite, in order
to achieve higher average efficiency under the variable environmental conditions present in
practice.

Even though the feasibility of thermochemical fuel production using ceria as a working oxide
has been demonstrated,?* 2 % a consensus exists regarding the need for material improvements.
Most notable of them is the need for a material that provides a higher A¢ at a higher prr and
lower T+1g than, for example, ceria, yet with similar kinetics and stability. In addition to the
possibility of less demanding operation (at a lower required T1g), a higher 46 would enable
higher vyields, so that less oxide must be heated per unit produced H, or fuel in general.
Importantly, this increase must not be offset by an equal increase in C, or more precisely Cp,AT
(cf. eq. 10 and compare, for example, C,, for ceria with that of LaMnOs or La,—,SrcMnQ3).?%
A material that reduces more easily than ceria (larger 6 under identical Ttgr and prg) will
generally also be more difficult to reoxidize, assuming similar and temperature independent
values for 4S. This assumption is justified as A4S is largely a function of the evolution of oxygen
into the gas phase.®® Operationally, this suggests that advanced materials may require a lower
Tws (larger AT) for reoxidation to achieve the same nyn2. In other words, an insufficiently large
AdC, increase could be offset by an increase in the the 2" right-hand term in eq. 5, and therefore
decrease efficiency.

Understanding this, it is to be expected that optimal operation with advanced materials is
likely to involve an increase of ATy, not its decrease in the direction of ITWS. Precise details
would additionally depend on reactor design and various internal efficiencies such as &, &sc, etc.
This also follows from general thermodynamic consideration regarding the maximum theoretical
efficiency of a two-step thermochemical process.” Because of strict thermodynamic limitations,
ITWS is unlikely to benefit from the use of advanced materials.

While some key design and operating parameters of a thermochemical reactor for two-step
H, production present obvious tradeoffs between difficulty and efficiency, AT is not one of them.
For example, the higher the degree of heat recovery (& or &sc), Which is increasingly difficult to
accomplish, the higher the efficiency. One must therefore find a balance that minimizes the
levelized cost of the H, product. The choice of AT is easier to make: operating difficulty being
largely independent of AT, it would always be advantageous to operate at AT for which
efficiency is the highest.

Finally, we note that even though much of this analysis is specific to CeO, as a reactive
oxide, it can be applied to any material for which sufficient thermodynamic information is
available. With appropriate small adaptations (mainly heat capacity and dissociation
coefficients), the analysis can also be applied to the solar-thermochemical production of CO
from CO,, with largely the same conclusions.
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4. Conclusions

The conditions (Tis,, Poz and ny,) required for isothermal two-step thermochemical water
splitting (Ttr=Tws) can be determined based on water thermodynamics and are highly mutually
dependent: choosing values for any two defines the third. This analysis shows that isothermal
water splitting is impractical, being a choice between high thermal reduction temperatures, very
low oxygen partial pressures for thermal reduction, or exceptionally high steam requirements
(i.e. high separation work) — or some combination of the three.

Isothermal water splitting is substantially less efficient than the same process at AT>0. This
is true even in the complete absence of solid-solid heat recovery in the latter case, and assuming
a high steam heat recovery effectiveness at high temperature. The low efficiency of ITWS is
primarily a result of the exceptionally high energy requirement for steam heating in the water
splitting step of the cycle.

Given a specific reactor/material combination, an optimal AT=Ttxr-Tws can be found to
maximize efficiency. For reasonable values of process parameters in a ceria-based cycle, this
AT ranges roughly between 250 K and 400 K, and is expected to increase in well-designed
advanced materials.

A combination of pressure and temperature swing, rather than either individually, is by a
wide margin the most efficient mode of operation of a two-step cycle thermochemical reactor for
hydrogen production. Efficiency being of paramount importance for the practical application of
this technology, temperature and pressure swing reactors appear to be the most promising
direction for future research and development.
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