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ABSTRACT

Redox cycles with reducible perovskite oxides of the form ABQCcan provide thermo-
chemical energy storage (TCES) with higher energy densitynd storage temperatures than
molten-salt systems for large-scale energy storage in centrating solar power (CSP). Per-
ovskites from earth abundant cations are desirable for cestective solutions, but such ma-
terials must demonstrate appropriate thermodynamics forigh speci ¢ TCES and favorable
kinetics for heat-driven reduction and exothermic re-oxi@tion. This dissertation explores the
thermodynamics and kinetics of doped CaMng particles for TCES redox cycles where par-
ticles are heated and reduced in N(Po, 10 # bar) to high temperatures (700 to 100(C)
in a solid-particle solar receiver. Chemical and sensibl@ergy stored in the reduced per-
ovskite particles is released as needed to a supercriticaD£power cycle via re-oxidation
and cooling of the material. Thermodynamics of Ga,Sr,MnO3z; (x = 0:05 and 01) and
CaCryMn; yO; (y =0:05 and 01) are characterized through thermogravimetric analysis
and calorimetry. Results indicate Ca ,Sr,MnO; compositions can store over 200 kJ kg
more speci c energy storage compared to inert particulate HS media forT 900 C; the
speci ¢ energy storage potential of CgSr,:MnO; at T = 900 C and Po, = 10 * bar
is 706 kJ kg 1. Challenges are expected achieving these high values ofrgpestorage in a
transport-limited receiver with low residence time for CSPRedox kinetics are explored in
a packed bed reactor with rapid heating capabilities. Redslin isothermal tests show that
oxidation is signi cantly faster than reduction. Modelingof packed bed experiments indicate
that reduction at T 800 C is limited by build-up of oxygen in the gas phase and equi-
librium thermodynamics between the solid and gas phases. ngsterm redox cycling tests,
which simulate a nominal TCES cycle, demonstrate excellenhemical stability for all mate-
rials. A standard deviation of 1.9% on the extent of reductio over 1000 cycles was observed

for Cag.9Sro:1MnO3 . Modeling e orts of the packed bed experiments allow for chacteri-



zation of redox kinetics, to be implemented in computatiodanodels for system component
design. One of the most promising compositions, g#r,,:MnNO3 , is implemented in a
1-D receiver model to explore designs and operating conditis for perovskite-based energy

storage systems.
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CHAPTER 1
INTRODUCTION

As worldwide energy consumption continually increases, thHegene ts of integrating re-
newable energy resources into the grid become ever more stgmt. These trends motivate
signi cant research e orts in renewable energy technologs, from generation to storage and
grid integration. Achieving high penetration of renewable$or power generation can sub-
stantially mitigate energy-related CQ emissions, projected to surpass 40 billion metric tons
by 2040 [1]. Integrating intermittent renewable power gemation for electricity requires
more exible and dynamic grids, which can take full advantag of the intermittent nature of
these resources without compromising reliability. In ordefor power generation from renew-
able sources such as wind and solar to achieve high penetatilarge-scale energy storage

facilities will need to be integrated [2, 3].
1.1 Thermal Energy Storage

Due to the intermittent nature of renewable energy sourcesich as wind and solar, energy
storage is critical to capturing a signi cant fraction of these resources. There are many types
of energy storage systems, from electrochemical to meclaahj but the most compatible pair-
ing for industrial-scale power cycles is thermal energy stge (TES) [3]. High-temperature
TES can provide heat to a power cycle working uid in place of @ombustor or nuclear
reactor. There are two main classi cations of TES, the seride component through heating
of the material and latent energy associated with endothermphase change. The two types
of TES can also be combined in materials as illustrated in Figel 1.1.

Sensible energy storage capacity depends on the speci c theg, which can vary with
temperature and phase. When a material phase is heated frorms®cold storage temperature
Tc to the hot temperature Ty, the sensible component of energy storage for that phase,

hsens is the integral of ¢, from T¢ to Ty. For the case shown in Figure 1.1 where there is
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Figure 1.1: The combination of sensible and latent energy séme in a single heating process.
The plot illustrates the evolution of the two types of TES, wih sensible energy storage
occurring via heating of the material, and latent energy indcing a constant temperature

jump in energy storage due to the phase change of the storagedia.

an endothermic phase change, may change between the two phases. when the material
undergoes a phase change such as a solid-to-liquid or stdigsolid phase change, the energy
storage depends on the phase change enthalpy,. 1.1 shows how the sensible phase change

occurs there is likely to be a signi cant change ir,.
Z T12 Z Th
Nsenst  Niatent = Co1dT + hyp(T12) + Cp2dT (1.1)

Tc Ti2

A signi cant amount of research has been published on all kils of sensible storage media,
from simple systems heating water or rock [4, 5], to higherrgerature systems involving
molten salts [5{7], and inert particulate media [8, 9]. Seval thermal energy storage media
are tabulated for comparison in Table 1.1. Molten salts for ES are nding application in
commercial power plants because of their high speci ¢ heaha transportability and heat
transfer properties as a uid. Molten salts generally haveigher ¢, compared to particulate
media, but lower Ty limits. Commonly used motlen nitrate salts haveTy limits due to
decomposition around 56QC [5, 6]. Although molten chlorides and carbonates decompose
at higher temperatures, they have corrosion and sensitiyitto impurities that limit their

current viability. Otherwise, they have the potential to provide T around 400C between



their melting point and decomposition limit [5, 6].

Table 1.1: Several types of thermal energy storage media witelevant minimum and maxi-
mum operating temperatures and values for speci ¢ heat, wita focus on materials suitable
for high temperature storage applications g 400 C).

Material Tc[Cl* Tul[Cl* ¢ [kd-kg *-K 11 hy [kI-kg 1J*
Gases
Air -191.6 - 1.12 (600C) -
Water/steam 0 - 2.42 (600C) 2257
Thermal Oils
Silicone Oil [5, 6] -20 400 2.1 -
Molten Salts [6]
Solar Salt 220 600 1.1 (60C) -
Hitec 142 535 1.56 (30@) -
Li-Na-K carbonates 400 800-850 1.4-1.5 (3@) -
Na-K-Zn chlorides 200 850 0.8 (300-600) -
Particles
CarboHSP [9] - 1600C 1.275 (700C) -
CarboAccucast [9] - 1600C  1.175 (700C) -
Alumina [8] - 2072C 0.8 -
Liquid Metals [6]
Na 100 883 1.25 (60@) -
Na-K -10 785 0.87 (60@C) -
Phase Change materiats [5] -
AlSi,, - 576 - 560
MgCl, - 714 - 452
Na,CO, - 854 - 276
K,COq - 897 - 236

*Assume a total pressure of 1 atm.
** Ty is temperature of phase change in this section.

Common inert particles for TES include simple metal oxidesush as alumina or silica,
or mixed metal oxide compositions such as the alumino-sdies used in proppants [9, 10].
These reelatively inert compositions generally have a verygh Ty limits well above 1000C
and ac, 1kJIkg?!K ' As a solid particulate media, transport is still possible v
a dense granular or uidized ow, given appropriately sizedarticles. If the particles are
too small (with diametersd, < 100mm), they behave more akin to dust with poor settling

gualities for storage and reliable transport. On the other &nd if the particles are too large,



particle heat transfer can be reduced.

Storage media that undergo a phase change includén . in the specic TES. During
a phase transition, the phase change material (PCM) geneliakemains at a constant tem-
perature as shown in Figure 1.1. In the case of mixtures, it isopsible for the temperature
to vary during a phase transition, which is not desirable forhese types of systems. On
the other hand, azeotropic mixtures do not have temperatureariations through changing
phases. Phase change processes usually provide more engegynit mass of material, which
can lead to smaller heat exchangers for energy recovery. Teally, in TES systems, PCMs
are preferred that have phase transitions with minimal volme change during phase transi-
tions. There are a large number of inorganic and organic comgnds that been explored as
PCM materials [4, 11], and some higher-temperature inorganPCMs are listed in Table 1.1.
Organic PCMs have too low thermal conductivities and too lowdecomposition temperature
to be e ective heat transfer and high-temperature TES mateals [5, 7]. Generally, there is
a tradeo between the higher TES of PCMs and the challenges oyclability and sensitivity

to impurities relative to the simpler sensible storage meali
1.2 Concentrating Solar Power and Thermal Energy Storage

Solar energy around the globe has the potential to satisfy &si cant amount of energy
demands worldwide [12, 13]. Due to the intermittency of salarradiance and its sensitivity
to geographical location, energy storage for temporal stifg of power generation and grid
balancing is critical to achieving high penetration of solaenergy in the grid. Furthermore,
large-scale on the scale of GWh can enable responses to shamtd long-term variations and
uncertainties to both solar input as well as grid load/demah [2]. In this regard, concentrat-
ing solar power (CSP) plants with TES can temporally shift lage amounts of solar power
generation to follow grid demands and to provide long-termetiability with respect to solar
irradiance intermittency and variability [2, 14]. Since a GP plant collects high-temperature
thermal energy from the sun, TES can be incorporated in an eient and cost-e ective

manner, compared to processes such as photovoltaics (PV) wheany energy captured is



immediately converted to electricity [14]. The issues withntegrating such systems arise
due to limitations in current power plants minimum generatbn rates, governed by slow
and ine cient start-up/shut-down procedures; in order to avoid shutting down, renewable
resources are often curtailed for continued traditional peer generation. Development of
high-capacity CSP plants with TES could ultimately help wih integration of other variable

generation sources, like wind or solar photovoltaics (PV) anthereby avoiding curtailment

[15, 16].

The importance of CSP and TES for decarbonization of the gridas bee recognized by
the U.S. Department of Energy (DOE). The SunShot Initiative $ a nationwide collaborative
U.S. DOE program established to drop costs of solar energy torapete with other forms of
energy by the end of the decade [16]. The SunShot Initiativeecognizes CSP with energy
storage as critical for high penetration of solar energy ollaypes. For CSP, the SunShot
goal is a levelized cost of electricity (LCOE) less than or eql to $0.06 per kWh, which is
broken down into speci c targets for each component of the ®plant. For thermal storage,
the system-level goals result in a target system price of 1&%/h with energetic e ciencies

95%, and a storage media capable of operating above 6D0

Thermal energy storage using molten salts has been incorptad into several CSP plants
worldwide [17{19]. The molten salt storage systems in cumeday, large-scale CSP applica-
tions, based on nitrate salt mixtures, have limitations wih maximum storage temperatures
below 600C due to corrosion and minimum storage temperatures above AC to avoid
freezing [20, 21]. Over a typical operating temperature rge, these nitrate-salt mixtures can
provide speci ¢ energy storage of about 500 kJ kg, but they can only drive low-temperature
(i.e., low-e ciency) conventional Rankine cycles. Ideall, the T; would be increased in order
to couple with more e cient power cycles such as air Brayton osupercritical CO, Brayton
(s-CO,) [14]. The low Ty means these systems do not meet the e ciency goals set forth |
the SunShot initiative [16]. To achieve these performanceatrics, there is ongoing research

in developing higher temperature salts [6], and explorindhé possibility of inert particulate



storage media [9, 18].

Inert particulate media for TES is a suitable high-temperaire heat transfer uid and
storage media [10, 14]. Compared to molten salts, partictéainert oxides have lower energy
density for the sameTc to Ty, but they have much higherTy limits in excess of 160QC
[10]. However, the lowerc,, requires a larger T to store similar amounts of energy in a
inert oxide-particle storage system. The oxides can provadmuch higherT, than molten
salts without the corrosion at elevatedT, in storage tanks and transport tubing [6, 18].
The particulate media listed in Table 1.1 is chemically steb to very high T and present no

corrosion challenges [9, 10].
1.3 Particle-based Thermochemical Energy Storage

In an e ort to develop a storage media with the high-temperaire range of inert particles
and higher speci c energy like molten salts, signi cant remarch e orts have characterized
materials and processes for thermochemical energy stordG€ES). TCES materials com-
bine sensible energy storage through heating of the samphgth additional chemical energy
storage attributed to a cyclable chemical reaction. Studsshave been published investigating
TCES systems based on carbonate decomposition [22, 23] ersible hydrides [24], ammonia
decomposition [25], sulfur dioxide disproportionation & and various metal oxides [27{29].
Many of these thermochemical storage systems currently bgiinvestigated are summarized
in Table 1.2. In all cases, the material undergoes a endoth@c chemical reaction powered
by solar radiation. The energy associated with this chemitahange is added to the sensible
component of energy storage, as shown in Eq. 1.2, and can beokered via the exothermic
reverse reaction. The chemical component of energy storagjgni cantly increases energy

density of the storage media at the expense of system comjlgx

Z TH Z [reac],
hiot = Nsenst  Nchem = c, dT +

Tc [reac]: S

reac

d[reac] (1.2)



Table 1.2: Several types of thermochemical energy storagedra with relevant cycle operat-
ing temperatures and pressures, as well as values for spedieat, with a focus on materials
suitable for high temperature storage applications.

Charge/Discharge Operating H
Reaction T[C] P [bar]  [kJ mol 1]
Gaseous System§/]
2NH;(@)+ H  N,(g)+2H,(9) 996 10-300 53
CH,(g)+H,O(@)+ H  3H,(g)+CO(g) 1496/1076 20-150 205
Hydroxides + Hydrides[7]
MgH,(s)+ H  Mg(s) + H,(g) 926/776 1-100 75
Ca(OH),(s)+ H  CaO(s)+ H,0(q) 996/571-946 0-2 104
Carbonates|7]
PbCO,(s)+ H  PbO(s) + CO,(g) 996/846 0-10 88
CaCOy(s)+ H  CaO(s)+ CO,(g) 1406/1429 0-1 178
Metal Oxides|[7, 28, 30]
Co0,(8)+ H  6Co0(s) + O,(g) 900-1446 0-1 205
BaO,(s)+ H  2BaO(s)+ 0,(9) 1236-1326 0-10 77
ABO, (s)+ H ABO, (s) + - 0,(9) 1250/200 1 100-375

*Charge T intended as energy storage step, dicharge is energy recgver

In the second term of Eg. 1.2 the chemical reaction for oxidés shown, where Heac
is the enthalpy of the reaction andMs is the molecular weight of the solid. With varying
material composition,Mg is not constant and must be included in the integral. This ecation
implies that the ¢, is strictly a function of temperature and Heqc is strictly a function of
reactant concentration. These are large assumptions as tbkemical reaction will usually
have an e ect onc, and varying temperature can e ect the reaction Kinetics.

Of the several TCES systems listed in Table 1, metal oxides Veathe advantage of not
requiring storage of gaseous products or reactants, whichopides a signi cant cost savings
for industrial-scale operations [31]. General Atomics pvaled the DOE with an extensive
study investigating simple metal oxides with multi-valentcations as storage materials [27].
The process of reduction (and energy storage) for simple rakbxides is described by R1,
where Hg is equal to the speci ¢ molar energy which could be theoretily recovered during

re-oxidation. Although some promising candidates were id&ed, such as manganese and



cobalt oxide, none were deemed a viable solution for largeake storage in CSP applications

due to high costs or poor cyclic stability with inadequate r@xidation kinetics [27, 32].

V4
MxOyz*+ Ho  MxOy+ 50z (R1)

Researchers have explored doped or mixed oxides in an e od improve cyclability for
TCES applications [19, 33{38]. Of the simple oxide system§o0;0,/CoO have the most
promise for implementation with high TCES [36, 38, 39], witra measured hchem Of -828
kJ kg * (205 kJ mol *-O) [35]. Cyclability of Co;04/CoO transition can be improved by
lowering the extent of reduction and thus also the speci c TES achieved in the cycle the
system is still competitive from this point of view [36, 39].Pilot-scale tests of CgO4/CoO
honeycomb structures resulted in just over 500 kJ kg of dissipated energy during re-
oxidation for cycles between 700 and 1000, with the material showing good cyclability at
approximately 60-70% of its redox-cycling potential [36]It is not TCES capacity, but the
high cost of cobalt prohibits a CqO,-based TCES system from meeting energy storage costs
speci ed by the DOE SunShot Initiative.

Recent studies are looking at mixed metal oxide structuresuch as perovskites, in the
search for improved TCES materials [28, 40, 41]. Perovskitide structures of the form
ABO3;, where A and B cations occupying di erent lattice sites, hae shown potential for
TCES due to their exible operating range and high oxygen madlhty [29, 41]. Compositions
with earth-abundant cations on the A and B-site can keep costrelatively low for a cost-
e ective storage option [40, 42]. Such compositions havedreexplored for chemical looping
with oxygen uncoupling [43{46] and air separation applicains [47, 48], where low-cost and
stable redox cyclability are also important. Although they ae metal oxides, the perovskite
structure undergoes reduction in a di erent fashion compad to single cation metal oxides,
such as cobalt oxide. While CgD, will undergo reduction at a speci ¢ temperature andPoy,
this process in a perovskite occurs continuously as a furanti of T and Po, as shown in Eq.

R2.



ABO3; Ho(;T)d ) * ABO;3 + 702(9) (R2)

Oxygen non-stoichiometry, measures the oxygen vacancies in the lattice, which can be
interpreted as the extent of reduction. The perovskite strcture can change phases during
this reduction process but these phase changes are mild rasturing of the lattices which
have relatively small latent enthalpies and can support a tge number of oxygen vacancies.
Furthermore, Hg is a function of . Multivalent cations like Mn, Co, or Fe on the B-site,
can permit large swings in without irreversible phase transitions, which can providéarger

hehem. The additional storage with  hghem COmes at the cost of system complexity due to
the need to controlPo, to get the fullest extent of reduction. While simple oxide sysms
will reduce in air at high enoughT, perovskites generally require a low oxygen environment
to induce the desired degrees of reduction for TCES. Providj a lowPo, sweep gas can be
a signi cant cost and cause of exergy destruction [29].

Implementing a TCES system with reducible metal oxide parties in a CSP plant is a
signi cant challenge. To date, demonstrations have been germed with CozO, and CuO
based systems, which will reduce in air at a certain tempenate [36, 37, 39]. Such a system
designed for perovskites has the added complexity of proind a low-Po, sweep gas, which
will have to be considered in overall system cost and e cielyd29]. Overall, systems for oxide
TCES could be relatively similar and will face many of the samchallenges, such as evolved
gas from the particles during reduction. Figure 1.2 is an ilkiration of a concept TCES
subsystem which could be implemented to provide storage edplities in a CSP plant. The
oxide must be heated to the desired temperature in the centraolar receiver, possibly in a
low oxygen environment. The particles would then be stored hot-storage tanks, which may
need to be sealed environments to prevent re-oxidation andliarge amount of heat release.
When it is desirable to recover the stored energy, the partes$ would be cooled and re-oxidized

in an air-fed reactor. This work focuses on the selection aratharacterization of perovkite



materials as the storage media for a TCES subsystem for CSK ahown in Figure 1.2.
Understanding material thermodynamics and surface kinescat relevant conditions will

guide design of critical system components illustrated in ure 1.2, such as the solar receiver.
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Figure 1.2: Schematic of a TCES sub-system using reducible@eskites and integrated with
a concentrating solar receiver to drive heating and reductn. The hot, reduced particles are
stored for subsequent re-oxidation in an air-fed uidized &d reactor for heat release to a

power cycles such as supercritical GGhown heret

1.4 High-Temperature Particle Receiver

The central solar receiver plays an important role in e cietly capturing concentrated
solar energy at highTy in a central tower CSP plant. For central-tower CSP plants that
use solid particles as both the heat transfer media in the relwer and the energy storage
media, particle receivers must be designed to capture thecident solar radiation e ciently
and to transfer the energy into the particles. Conventionateceivers use consist of some

con guration of tubes with a liquid heat transfer uid owin g through them, but recent

OTCES sub-system gure is credited to Dr. Robert J. Kee
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developments in particle-based receivers have exploredfpaulate media as the heat transfer
uid [10]. For particulate media, there are two main categades of receivers: direct and
indirect particle heating receivers. For direct particle eceivers the particles are directly
irradiated by the incident solar ux either in an open enviramment or through a transparent
window. The direct receiver eliminates some challenges asisted with material selection
and design of opaque receiver walls [10, 14]. With indirect p&le receivers, the solar
radiation is being absorbed by an intermediate external siace or wall before it is transfered
to the particulate media inside the enclosed ow path [49{51 If properly driven by gravity

and or air- ows, this enclosed ow of particulate media can b controlled given the right
particle size range and solids fraction to behave similartp a uid as a dense particle ow.

Challenges associated with particle receivers include losolar e ciencies, stable and
robust particle transport, and particle attrition [10, 52] However, the low cost and high
temperature limits of particulate media for TES provide valie for using particles as the heat
transfer uid and storage media, and this promotes further@search on particle receivers and
TES subsystems [9, 50]. In direct particle receivers, patte containment in wind can have
signi cant e ects disrupting ow. In indirect receivers, the extra heat transfer resistance
through the enclosure challenges thermal e ciencies [10Many of the inert ceramics consid-
ered for TES have good resistance to attrition and sinterinf®, 10], but this is an important
aspect to consider when developing new materials for this @ation.

Numerical models can aid design studies of particle receigan order to assess the po-
tential for high solar e ciency. The rst solar receiver models are falling particle receiver
model developed at Sandia National Laboratories for an enskd falling particle receiver
concept [53]. In this 2-D model formulation conservation e@tions are solved for both
solid and gas phases, with coupling through source terms. deatly, falling particle receiver
models have been setup with commercial CFD packages capalfiéandling two-phase ow
[50, 54]. In this case, model validation was possible at Saald on-sun testing facility based

on parameters such as patrticle velocity and outlet tempernate [54].
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For TCES subsystems and receivers that enable particle ré@mn, a thermochemical
model must be considered and coupled to gas and solid phasansport equations. Oles
and Jackson coupled a 1-D reacting falling particle model to@mplex heat transfer model
for solar fuel production with ceria at high operating tempeatures (900 - 1600C) [55]. Al-
brecht developed a 1-D receiver model for TCES with perové&s based on a counter ow
uidized bed concept [40, 56] where the particles are dirdgtirradiated. This model cou-
pled perovskite surface chemistry and thermodynamics witkolid and gas phase transport
equations to begin exploring feasible operating conditisn

Looking into indirect particle receivers, there are evenweer examples of numerical models
for CSP applications. NREL developed a near-blackbody reger concept with promising
results based on modeling simulations [57, 58]. These résulvere not veri ed with ex-
perimental measurements, where lower heat transfer coeents were observed [59]. There
are few other examples indirect receiver models based on arow uidized bed concept,
including a 0-D model for inert particles to estimate e ciercies based on heat transfer mea-
surements [51], and a series CSTR (Continuous Stirred TankeRctor) representation as part
of a full TCES system model to explore operating condition®$§]. To date, no design stud-
ies with spatially discretized models for indirectly radiged, reacting particle receivers have
been published. Such a model would be valuable for understiamg the costs and challenges
associated with receiver design for reacting particles @un, allowing for a comprehensive

comparison with competing technologies.

1.5 Perovskite Characterization

To determine the suitability of perovskite oxides as a TCES mdia for CSP applications
it is important to consider not only the energy density of thematerial, but also kinetic
properties which could e ect time scales of reduction and tis energy storage. The ideal
perovskite is a mixed metal oxide of the general form AB{Qwith cubic lattice structure [60],
shown in Figure 1.3. The two cations A and B are usually multialent, with A being the

larger of the two atoms.
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A cation
B cation
O anion

Figure 1.3: lllustration of ideal cubic perovskite structue, with the smaller B cation enclosed
in a Og octahedra and the larger A cations on each corner.

In this ideal con guration, the atomic spacing between the A9 and B-O ions is a known
constant value, and this relationship hold true:rp + ro = p?(rB + ro) [60, 61]. Most
naturally occurring perovskites however are not ideal, antthe inter-atomic forces result in a
distorted structure with varying con gurations, such as othorhombic or tetragonal phases
among others [60, 62]. Goldschmidt [63] benchmarked the peskite structure using this
ideal case by de ning a tolerance factor,, shown in Equation 1.3, where =1 corresponds

to an ideal cubic perovskite phase.

+
) ér?rB ‘:OI’O) -2)
As deviates from unity, distortion from the cubic structure ircreases. Too much dis-
tortion (approximately < 0:77) will prevent a stable perovskite phase from forming [64]
Stable perovskite phases with > 1 are not common and have only been observed with a
maximum = 1:05 [61].
Perovskite oxides were rst noted for their interesting magetic and structural properties,

with early worked focused on some materials changing magitestates and lattice structure

distortions [61, 63, 64]. Early researchers also recogmizeow mixing A or B-site cations
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can a ect material properties [61, 64]. More recent work chiacterized perovskites as mixed
ionic and electronic conductors (MIEC), where di erent ioiic and electronic conductivities
supported transport of multiple charge carriers through tke oxide lattice. The MIEC behav-
ior depends on the cations making up the structure [65, 66].h€ ionic conductivity of these
perovskite oxides has lead to their use in solid-oxide menalores and electrochemical cells
[67, 68], as well as applications in solar hydrogen produati [69, 70], and chemical looping
combustion [43, 45].

Perovskite oxides can have high oxide-ion mobility, and favable thermodynamics to
create adequate oxide vacancies for e ective oxide-ion oxide-vacancy conductivity. Al-
though few ABO; compositions have been investigated speci cally as a TCESeutia thus
far [28, 29, 71], numerous publications discuss the thermothmics and kinetics of oxygen
transport through the lattice [65, 72{77]. Many perovskitestructures can support signi -
cant oxygen non-stoichiometry (< 0:35) without changing phases. The high concentration
of oxide vacancies (VextO) and other cation defects allow the material to exist stablyn
the highly non-stoichiometric state. The defect formatiordepends on the accessible valence
states of the cation species, as the defect formation is charcompensated with electron
transport through the bulk. Interstitial defects have beenobserved for compositions with
high La content [73]. Generally, oxide vacancies are moreettmodynamically favorable and
thus more common [60].

Typically the thermodynamics of oxygen in ABQ perovskites are characterized ex-
perimentally by determining the equilibrium non-stoichimnetry, ¢q, at various T and P,
[72, 77, 78]. Partial molar reaction properties such as stdard entropy and enthalpy
( Ho and $Sp) of the redox reaction can be extracted by evaluating thernmttynamic deriva-
tives of the experimental data [28, 72, 74]. More recentlyxperimental data was t to a
two-reaction point defect model [40, 73, 79]. This more rigous representation of the mate-
rial thermodynamics includes a second charge compensatirgaction involving charge dis-

proportionation of B-site cations. Adding the thermodynans of this second reaction allows
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for extrapolation of the same partial molar quantities and btter ts to a broader range of

T and Po,. It is signi cantly easier from an experimental point of viev to derive partial
molar quantities associated with redox reaction from therogravimetric analysis compared
to measuring these values through rigorous solution caloretry. Although methods such as
adiabatic calorimetry [74, 80] or drop solution calorimetr [81, 82] have successfully measured
the heat of reaction for ABQ;  perovskites, these measurements are useful for integrated
values over the entire extent of reduction. However, the vaaiion of partial molar enthalpy
during reduction could be important for applications wherghe material is cycled without
necessarily being fully reduced.

Bulk transport and surface kinetics properties of non-stohiometric oxides are typically
derived from tting conductivity relaxation experiments [83{85]. Small perturbations in the
gas environment around the perovskite results in measurabthanges in ionic and/or elec-
tronic conductivity. From conductivity measurements, suface exchange and bulk di usion
coe cients can be tto an ambipolar di usion equation. While this method can accurately
represent the surface-gas dynamics for the measured coiadis, uniquely establishing ma-
terial properties which can be extrapolated to explore opating points is challenging. For
example conductivity relaxation methods cannot accuratglcapture exchange rates for large
changes in oxygen partial pressure. Transient conductiyitrelaxation measurements can
allow for larger changes in the gas environment when t to a Nast-Planck-Poisson (NPP)
bulk-transport model [86, 87]. The NPP simulates charged daft transport by including elec-
trostatic driving forces in the bulk lattice di usion model, as well as molar uxes driven by
species concentration gradients. Gauss' law plays the rakan electro-neutrality constraint
within the solid bulk phase, balancing the transport of chayed defects such as electrons
(€9 and/or electron holes (h) [67, 68]. This computational model formulation can predic
steady-state and transient behavior within MIEC materialswith multiple charge-carrying

species, assuming no defect-defect interactions [67].

15



The NPP model described in the previous paragraph was implented for BaZry.gY 0103
as an electrolyte membrane [68], an application which foass on the transport of protons
through the material. Although this is quite di erent from the TCES process investigated
in this work, the model provides a good basis to explore seaktypes of charge-carrying
defects. Merkle and Maier thoroughly explored the oxygen elxange reaction via "in situ”
optical spectroscopy for Fe-doped SrTi§) developing a thermodynamically consistent sur-
face rate expression and identifying the rate-limiting sggs for this material [88, 89]. Even
with small amounts of Fe doping the e ect of charge disproptionation is important, Ti is as-
sumed to not participate in charge compensating reaction8§, 89]. Adler published a study
for La; «SrkCoO; and La; «SrkFeO; where rate laws are derived from non-equilibrium
thermodynamics and transition state law [90]. More recemntl Albrecht developed a thermo-
dynamically consistent surface rate expression for Sr-degh CaMnQO;  with oxygen vacancy
and Po, dependence [40, 89]. His analysis provides a starting poinbrh which to develop

more complete material thermochemistry for TCES in doped G4nO3 in this study.

1.6 Material Selection

There are numerous multivalent cation options with the appypriate dimensions to form
the ABO; perovskite structure, each with di ering thermodynamic poperties. These num-
ber of options available, combined with the ability to substute some amount of the A
and/or B-site cations results in a staggering number of conagitions [61, 64]. Various stud-
ies have found that doping the perovskite structure with theppropriate elements can have
signi cant e ects ionic and electronic transport properties [72, 79, 91]. Even small levels of
dopant have been shown to alter properties of the perovskitallowing for some tuning of
the structure to the speci c application of interest. For example, doping can reduce the ten-
dency for irreversible phase transitions observed in redian of undoped CaMnQ  [76, 78].
Furthermore, substituting small levels of Mn with various nalti-valent cations resulted in
perovskites with vastly di erent thermodynamics of the re@dx process shown in Eq. (R2).

The exibility of these compositions in terms of operating svironment, along with high
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oxygen mobility, makes them interesting candidates as TCE®edia for CSP applications.

Many of the system operating conditions and material perfarance benchmarks refer-
enced in this study are set forth by the DOE SunShot Initiatie in an e ort to achieve
0.06%/kWh LCOE [16]. Approximate analysis of system costs idé ed the need for storage
media that costs below 25%/kg with 750 kJ kg of speci ¢ TCES between 500 and 90C
at Po, achievable in cost-e ective PSA systems at industrial scas. Po, 10 4 can be
achieved with some parasitic losses [56]. T®ar is probably a lower limit for Po, at in-
dustrial scales, and it may be preferable to operate at evengher Po,. [40, 56]. TheTy
range is motivated by the desire to integrate TCES with highe ciency supercritical CO,
cycles which have turbine inlet temperatures up to 75C [92, 93]. Exergetically e cient
integration of supercritical CO, cycles with high-temperature TCES suggests the need for
storage atTy as low as 800C and certainly below 1000C. Hotter Ty results in signi cant
exergy destruction during energy recovery [29].

Meeting these performance and cost targets for a particleasver and TCES subsystem
requires a reactive perovskite storage material with earthbundant cations to keep raw
material costs down and with high redox activity and speci cTCES within the preferred Ty
limits. The current work builds on earlier studies to exploe the use of doped CaMn®
for high-temperature TCES with oxide reduction below 110@ [29, 42]. The trivalent B-
site Mn cation allows provides high activity for low cost in @MnO3; , while the relatively
stable A-site Ca cation also keeps costs low. The capture ofetimochemical energy occurs
during heating in a solar receiver where perovskite reduoti kinetics will be important for
determining the partitioning between sensible (thermal) md chemical energy storage. The
selected material must have adequate surface chemistry amalk species transport properties
to achieve the desired reduction in a limited residence timgpical of central receivers for
CSP.

Chemical looping studies operating in similar temperatureegimes have largely targeted

doped calcium manganites, CaMn® , or doped strontium manganites, SrMn@ , where
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the dopant displaces a small fraction of the A or B-site catio[43{47]. Small levels of dopant
have been shown to alter properties of the perovskite, allovg for some level of tunability
of the structure to the specic application of interest. Forexample, doping can reduce
the tendency for irreversible phase transitions observed reduction of undoped CaMnQ
[76, 78]. Furthermore, substituting small levels of Mn withvarious multi-valent cations re-
sulted in perovskites with vastly di erent thermodynamicsof the redox process shown in
Eq. (R2). Variations on these compositions with A-site La-daing have shown improved
stability for high-temperature, solar-driven water spliting [69] and thermochemical energy
storage in air-Brayton power plants [28, 41] with solar reocesr operating temperatures above
1100 C for oxide reduction. These compositions are tailored foidgh enthalpies of reduction
and good high-temperature stability and thus sustain subattial reduction and chemical
energy storage at very high temperatures above 11@ As such, this study identi ed al-
ternative compositions that had lower enthalpies of redumn and higher reducibility than
other perovskites recently studied [41] to provide high spiec TCES at the relevant storage
temperatures.

Extensive exploration of B-site doped CaMn@ compositions identi ed CaCf,Mn; ;O3
as a promising candidate for TCES at the desired conditiong2]. This work builds upon the
experimental studies in [42] and the subsequent thermodyméc analysis in [40]. In addition,
A-site Sr doping is explored as an alternative way to stabikzCaMnQO; for redox cycling
for high speci ¢ TCES. Literature suggest Ba doping on the A is not suitable for the
temperatures of interest to this study [45], while La was natonsidered for its high cost and
applicability in higher temperature regimes [41]. Charaetization with thermogravimetric
analysis and di erential scanning calorimetry showed thatA-site doped Ca »SrMnOs3
with x 0.1 has promising thermodynamics for high specic TCES at thdesired condi-
tions for integration with supercritical CO, cycles. Similar compositions have been explored
for oxygen separation [47, 48], while both strontium and cabm manganite are very well

studied compositions [66, 76, 77, 91].
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1.7 Research Objectives

This study identi es and characterizes selected doped CaNdy perovskites with high
TCES in favorable redox cycles at temperatures compatibleithr supercritical CO, cycle r-
ing temperatures. Experimental characterization of the kietic response of doped CaMn{
provide a basis for developing appropriate modeling toolsrfassessing the potential for se-
lected compositions to operate in a particle receiver and TES subsystem as illustrated in
Figure 1.2. The compositions CaGMn; yO; with y 0.1 and Ca ,Sr,MnO3; with
x 0.1 have been the primary focus of this study, although otherompositions were also
investigated less thoroughly to evaluate the impact of dop#s on specic TCES and TCES
kinetics. The analysis and experimental procedures are ded by the characterization of
similar perovskites such as undoped CaMnO [62, 77, 78] and signi cantly expands on an
initial study of CaCryMn; O3 withy 0.1 [42]. The material models developed and
implemented on this data previously in [40] are expanded updere. The speci ¢ objectives

of this study are summarized as follows:

characterize experimentally thermodynamics of doped CaNdy redox reactions, in-
cluding equilibrium non-stoichiometry, ¢4, partial molar enthalpy of oxidation, Ho( ),

and phase change transitions and thermodynamics.

Develop packed bed experiments for assessment of kinetiginees and redox cycling of
best TCES candidates from a thermodynamic perspective, ima ort to characterize

time scales required for reduction in a particulate based TES subsystem.

Develop material models capable of extracting surface exaige and bulk di usion
properties for doped CaMn@ from packed bed experiments, building on the frame-

work laid out earlier [40].

Explore the e ect of particle morphology and operating conitions on achievable TCES

in a real system, taking advantage of the models developed packed bed experiments.
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The completion of these four tasks should paint a picture ragding the suitability of
perovskite oxides for industrial scale TCES. The thermodymics of oxygen incorporation
is well-studied process in many perovskites with establisd methods to measure theg,
as followed in this study. It is possible to derive values ofgptial molar enthalpy from

eq Measurements through the point-defect model ts, but calametry studies usually only

report integrated values across a full reduction or oxidatin step. A speci ¢ goal of this work
is to experimentally verify Hg( ) calculated with the point defect model, with calorimetry
measurements which span a range of oxygen non-stoichiormgetr

Doped CaMn(Q; compositions with promising redox thermodynamic propemdis are sub-
jected to more rigorous cyclic testing. A packed bed setup Wbe used to explore the per-
ovskites performance under various redox cycling conditis. The goal of these experiments
is twofold: provide valuable reduction and oxidation data oder isothermal conditions for
determination of surface and bulk transport properties, ahinvestigate the chemical stability
of perovskite when subject to long-term redox cycling.

The packed bed kinetics experiments will be supported withumerical simulation tools to
extract fundamental surface chemistry and solid bulk di usn properties. Models should as-
sess the importance of charged species transport on the glbledox reaction and ultimately
TCES. The goal is to develop a model which accurately captuse¢he pertinent physics at the
particle scale. This model ties together all of the experiméeal results to provide a realistic
numerical representation of the relevant perovskite theradynamic and kinetic properties.

Finally, the material properties characterized throughouthe manuscript are used in a
reduced order receiver model, in an attempt to understand wah a realistic reactor looks
like. Material properties from particle morphology to suréce kinetics are the driving force
behind the various system component designs. The solar rizee is the critical component
for functionality of a particulate-based TCES system, sire the particles must be heated
and reduced on-sun. Reduced order modeling of this compohprovides a means to begin

exploring operating conditions and component costs, to a&ss the viability of such a system.
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This dissertation is organized in the following sections. I@pter 2 provides an overview on
the material synthesis and characterization for the perokge samples tested. Chapter 3 out-
lines the experimental and modeling techniques used to masas equilibrium properties and
infer reaction thermodynamics. Chapter 4 describes the eapmental methods for testing
time scales of reduction and oxidation, as well as long-terredox cycling under conditions
expected in a CSP plant. Chapter 5 details the packed bed mddend tting process to
extract transport properties from the packed bed experimés. Finally, Chapter 6 describes

the solar receiver model and examples of useful design seglpossible with these tools.
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CHAPTER 2
MATERIAL SYNTHESIS AND PHASE IDENTIFICATION

This chapter outlines the synthesis and phase identi catio procedure for all materials
made for this study. A reliable and consistent synthesis peedure is essential for development
of phase-pure samples. Synthesis and ring of perovskiteidgs has signi cant e ects on
particle morphology. For this application, synthesized pevskite particles should be robust
with diameters grater than 100mm for e ective particle transport and minimal attrition
and sintering at elevated operating temperatures. Furthenore, perovskite oxides should be

90% phase pure to reliably characterize material thermodgmic kinetic properties. The
phase purity and morphology of tested particles are importa variables in tting models of
bulk and surface chemistry to particle-based kinetic studs. Developing an industrial-scale
process to produce particulate media for perovskite partes for TCES can learn from the

lab-scale and initial scale-up presented here, but such aro®t is left for future studies.
2.1 Solid-State Reaction Method

All perovskite materials produced at the laboratory scale we synthesized using a solid-
state reaction method (SSR) approach reported in the litetare [61, 94{96], in lab-scale
batches of approximately 15 g or 0.1 mol of perovskite. Thitusly focuses on A-site Sr-doped
and B-site Cr-doped CaMnQ . Other B-site doped CaMnQ@ , notably with Fe-doping,
were synthesized and tested, but the favorable performanoé CaCryMn; yO; withy
0.1 and Ca 4Sr,MnO3z; with x 0.1 led to these compositions being the primary focus of
testing and characterization. Low levels of doping on the Bite (withy  0.1) were selected
to maintain the high redox activity provided by the multivalent Mn cation.

The synthesis procedure involved mixing stoichiometric aounts of precursor powders
in 300 mL of isopropyl alcohol. The mixture was ball-milleddr 48 h using spherical AlO,

grinding media. All precursor material used in the synthesisf Cr- and Sr-doped CaMnQ
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are shown in Table 2.1. The solution was subsequently dried a vacuum oven at 85C
for approximately 48 hours until the slurry completely driel. This powdered product was
calcined twice at 1200C for 10 h, and the sintered material ground to particles afteeach
calcination cycle by hand using a mortar and pestle. After thesecond heating cycle, the
material was ground until the majority of particle fell in the desired size range. The targeted
particle diameter, d,, was an average 306m, but ner powders generated in the grinding
process were useful for experiments measuring equilibrigproperties. Di erent d, ranges
were separated into three groups via manual shaking througippropriately sized sieves as
follows: ne particles with d, < 250 nm, particles for kinetic testing between 250-426m,

and large particle above 42%m.

Table 2.1: Details of particle precursor powders used for Cand Sr-doped CaMnQ@ syn-
thesis via the SSR method.

Pre-cursor Purity Manufacturer

MnO, 99.9% Alfa Aesar
Cr,03 99.0% Alfa Aesar
Fe,Os 99.9% Alfa Aesar
SrCO; 99.9% Sigma-Aldrich
CaCGO; 99.5% Alfa Aesar

Scanning electron microscopy (SEM) images of perovskiterpales synthesized via the
methodology decribed above are illustrated in Figure 2.1. Hse images at 100x magni cation
reveal an irregular particle structure with high surface roghness and a noticeable amount
of ne particles clinging to the surface irregularities. Tle ne particles were not removed
during the manual sieving process, but can easily come loak&ing particle transport. The
lack of sphericity and ne particle agglomerates formed dimg this small-batch synthesis are
not encouraging, indicating the process will have to be reed for large-scale production.

The density of Ca.qSrp.sMnO;  was measured via helium pycnometry, resulting in

a density of 4635 kg m3. This value represents the true density of the solid phase by

IHelium pycnometry tests performed by PTL technologies, Project 35655-10.
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Figure 2.1: SEM image at 100x magni cation of as-synthesizedag.oSro.;MNO3  particles
calcined at 1200C.

eliminating the impact of pores present in the particle strature. This density value compares
very favorably to the theoretical density of the crystal stucture, calculated from lattice
parameters using Equation 2.1, wher#l is the molecular weight of the solidn.e is the
number of molecules per unit cellN is Avogrado's number andVee is the unit cell volume
determined from lattice parameters.

_ Ms Neell
theory = 7 s/
Y NA VceII

(2.1)

Assuming the crystal structure does not change signi cantlfrom undoped calcium mangan-
ite [62, 96], the expected theoretical density as a functioof doping with Eq. 2.1. Results
of this calculation for Sr-doped calcium manganite are showin Table 2.2. The density
increases with doping of the heavier Sr atoms. The theoredicvalue from Table 2.2 for 10%
Sr doping is 1.9% higher than the value measured with heliumygnometry, suggesting an

increase in unit cell volume with Sr-doping, per Eq. 2.1.
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Table 2.2: Theoretical density calculated for Ca,Sr,MnO3; compositions assuming the
lattice parameters for undoped calcium manganite [96].

X 0,00 0.05 0.10
[kg m 3] | 4573 4649 4725

2.2 Phase characterization with X-Ray Di raction

X-ray diraction (XRD) was used to assess phase purity and latte spacing of the
perovskite crystalline structures for various TCES mateal candidates. XRD scans were
performed on samples synthesized in the lab with a PANalytica{'pert PRO MRD using
Cu-K radiation. Diraction patterns ensured the primary phase @& the synthesized doped
CaMnO; samples was the perovskite phase. Figure 2.2 compares themetemperature
di ractograms for the most studied materials with A and B-ste doping prepared with solid-
state reaction, as well as a reference scans of undoped CaMnO[96] and CgMn;0O,
[97]. The comparison shows good major peak agreement for twhorhombic phase for
CaMnOs; , with only minor shifts due to lattice strain in all doped sanples. The peak
locations shift most noticeably for Cg.gsSr0.0sMnO3  sample on the major peaks at 34, 49,
and 61 degrees. For GaSr,.:MnO3 |, this shift is accompanied by peak broadening, which
appears to move the peak slightly closer to the location obsed in undoped CaMnQ
For the Cr-doped samples, a signi cant shoulder peak appeao of the major peak at
2 =34 ,identi ed as a secondary Ruddlesden-Popper phase. The emisity of this shoulder
peak appears to increase with Cr doping.

Calcination at lower temperatures for the Cr-doped CaMn@ resulted in a material
with higher amounts of a secondary GMnO, phase [42]. Figure 2.3 illustrates the dier-
ence in di raction patterns for a sample calcined at 110@ compared to one red at the nal
temperature selected for the process, 12@ Comparing to the reference CaMn@ scan,
the sample calcined at 120@ shows good major peak agreement, while many unidenti ed

peaks are present in the sample calcined at lower temperatst With calcination at this
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Figure 2.2: X-ray diraction patterns of as-synthesized dopd CaMnOs; perovskites cal-
cined at 1200C compared to reference scans of an undoped CaMnOsample [96] and the
main secondary Ruddlesden-Popper phase (Ban;0,) [97]. The small levels of doping in
these samples evidenced by the minor di erences between miction patterns, with very
good major peak agreement.

elevatedT, samples were determined to be around 90% phase pure throuéitveld re ne-
ment [98]. Since the counts achieved in these XRD scans were high enough to reliably
determine lattice parameters, the results of this re nemdnare omitted. The purpose of
these scans is mainly to ensure the primary phase was indeb&e desired perovskite phase.
The results indicate minor presence of a Ruddelsden-Poppgerase, CaMn,0-, and possibly

a spinel phase, CaMnO,; however these secondary phases make up less than 10% of the
material, and as such cannot be reliably characterized via XR It is likely that these minor
phases cause the shoulder peaks which appear o of the majarpvskite phase peak, and

is particularly noticeable the Cr-doped samples shown in Rige 2.2.

2.3 Particle Morphology

Particle morphology has signi cant e ects on the time-scals required for reduction and
therefore, TCES. Properties such as surface roughness amigstructure change the e ective

surface area exposed to the gas phase, while particle sizd porosity determine length scales
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Figure 2.3: X-ray diraction patterns of two samples of CaCg.osMngosO3  calcined at
1100C [42] and 1200C compared to a reference scan undoped CaMgO [96].

for solid bulk di usion. The particles synthesized in the |& were created by hand-grinding
the macro-porous sintered matrices of perovskite into pactes as described in Section 2.1.
The resulting shapes are not very spherical and can includelatively sharp edges as seen
in Figure 2.1. Such shapes are not ideal for mitigating pariie attrition during ow. Thus,
scale-up particle fabrication as discussed below requisnore controlled particle formation
process that encourages spherical shapes.

Mie scattering with a Microtrac S3500 particle size analyrzaevas used with modi ed Mie
theory for non-spherical particles to estimate distributins of e ective particle diameter,d,.
Measured diameter distribution for samples synthesized ite are illustrated in Figure 2.4.
The results for Cr-doped samples indicate a relatively laggpeak of ne particles centered
about 10mm, accounting for just over 5% of the particle count. These a particles likely cling
to the irregular surface of larger particles during the siewg process, making further shaking
ine ective. Although the peak of ne patrticles is signi cant in terms of particle number (as
plotted), in terms of mass these nes make up a negligible pan of the bed. The mean

diameter of the larger peak is 230 and 248n for CaCry.;Mng.9O3; and CaCry.g5Mng.0503
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respectively. The Sr-doped compositions did not retain asany ne particles during the
sieving process, with the vast majority of each sample beimpscribed by a single distribu-
tion peak. The mean diameter based on a volumetric distribign is 322 and 442mm for
Cag:9Sr:1MnO3z  and Cay.95Sr0.0sMnO3 |, respectively, with a standard deviation of 100

mm for both materials.
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Figure 2.4: Results of the particle size analysis for syntheed Cr-doped and Sr-doped
CaMnOs; compositions. For the Cr-doped CaMn@ , secondary peaks of ner particles
centered around 10m were missed by the sieving process.

It is also possible to estimate particle surface area fromeaimeasured size distributions in
Figure 2.4 assuming spherical particles with a smooth surfaend no porosity. More accurate
methods for calculating particle surface area include spalized techniques such as Brunauer-
Emmett-Teller (BET) theory, which describes the physical dsorption of gas molecules on
a solid surface. Analyzing gas adsorption and desorption tkerms with BET theory yields
useful information of speci c surface area, including swate roughness and pores penetrating
the surface. Further analysis on the same adsorption isotimes with Barrett, Joyner, and
Halend (BJH) theory also yields information regarding internepore volume and pore sizes.
Gas adsorption techniques are generally used to measure mmiand meso-pores, ranging
from approximately 0.001 - 1rm.

Another commonly used experimental technique to characteg pore structure of partic-

ulate media is Mercury Intrusion Porosimetry (MIP). For MIP, a packed bed is in Itrated
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with mercury at low pressure, under these conditions the ui does not enter pores less than
a few hundred microns in diameter. As the pressure is gradualincreased, the mercury
intrudes into smaller pores, yielding the total pore volumes a function of pore diameter.
MIP can detect pores across a wide range of pore diameteranfir0.0043 - 216mm. While gas
adsorption techniques are more appropriate for micro and m@-pores, the wide measurement
range of MIP means both these methods can be complementary.

To accurately characterize the pore structure of materialproduced on-site, a sample
of CayoSIp,:MnO3;  was characterized with gas adsorption techniqués as well as MIP3.
The BET analysis resulted in a measured surface area of 0.66m? g *, while the BJH
analysis resulted in a pore volume of 0.000729 g ! with an average pore diameter of
614 A. Analyzing the gas adsorption isotherms with BJH results in vales which are easily

comparable to the pore structure measured using MIP.
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Figure 2.5: Results of mercury intrusion porosimetry for GaSro.;MnO3  particles syn-

thesized in the lab. The measurement range of gas adsorptierperiments is also shown
on the plot. Di erential pore volume results are weighted taards pores with more surface
area, which is of particular interest for the packed bed expenents. Results show that the

majority of pores are on the order of Im in diameter.

Results for the MIP illustrated in Figure 2.5 for a bed of CggSrp.;MnO3 patrticles

show a much wider range of pore sizes than are accessible vg#s adsorption techniques,

2Gas adsorption isotherms and corresponding BET and BJH analysis perfored by Mr. Malcolm Davidson,
Chemical Engineering Department, Colorado School of Mines
3Mercury porosimetry tests performed by PTL technologies, Project35655A-44.
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which only measures sub-micron sized pores. The MIP resuligelded a packing density
( tap) 1526 kg m 2 which corresponds to a packed bed porosity of 64%. The resukhow
a dominant peak centered at 1.9 microns and spanning a largenge from 0.1 - 30, a

minor peak above 100m, and two smaller peaks below 0.trm. The MIP results separate
inter-particle porosity and surface roughness from intrgarticle porosity. The peak above
100 mm represents inter-particle porosity external to the partle morphology, which is an
important parameter when considering a packed bed of partes. The other peaks indicate
the intra-particle porosity associated with the internal @rticle morphology which is critical

in modeling the kinetics of particle reduction and re-oxid&on.

To assess particle morphology more fully, Figure 2.6 show SEikhages for the doped
CaMnO; particles of interest at 2000x magni catiot. SEM images reveal the basic particle
structure for Cag.oSrp.1MnO3 and both CaCrMn; O3 samples as an interconnected
network of grains in the size range of 1 to 5m. Images of CggsSrh.0sMnO3;  showed
these particles sintered more compared to other samples. éde particles appear to have
slightly larger grains, which could form a more robust partle with lower porosity. However,
these particles are still relatively porous and it remainsat be seen whether such grains could
withstand attrition over an extended period of time.

The porous particle structure seen in Figure 2.6 provides sigcant porosity and high
surface area to facilitate oxygen release and uptake duriggclical packed bed experiments.
The SEM images show good agreement with MIP results, indiéayy the majority of pores
centered around 1nm in diameter are internal pores. Combining BET and MIP meagse-
ments with the SEM images provide a complete picture of the p#cle morphology, results
inferred from these measurements are summarized in Tabl&2In order to sepatate intra-
and inter-particle pores, a cuto pore diamter must be seléed, where any pores smaller
than the cuto are considered within the particle. Based on he results in Figure 2.5, the

large peak centered at bm is all considered intra-particle porosity,resulting in auto at 40

4SEM images taken by Dr. Sandrine Ricote, Mechanical Engineering Depament, Colorado School of Mines
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Figure 2.6: SEM images at 2000x magni cation of CaGMn; yO; and Ca&.9Srp.1MnO3
particles as synthesized. Images reveal an interconnecteztwork of micron-scale grains and
similarly sized pore structures within the particle.

mm. As seen in Table 2.3, this value results in intra-particle grosity very close to that of the
total bed, suggesting signi cant overlap in pore diameterfor intra- and inter-particle pores.
The lack of a clear cuto makes sense given the irregular pacte shapes seen in Figure 2.1

and porous structure, but challenges separation of partelas opposed to bed properties.

The values in Table 2.3 are calculated by combining the poreea and volume measured
with adsorption techniques as well as MIP, resulting in a lgre measurement range from 0.001
- 216 nm. Although there is some overlap in these measurement rangtee MIP results are

reported as a function of pore radius, so the overlapping datan be removed. Table 2.3 lists
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Table 2.3: Internal and external pore structure for CgySrp.;MnO3  particles. The nal
column include both internal and external pores in terms ofhe bed volume.

Intra-Particle Inter-Particle Bed

o [%] 61.9 5.46 64.1
apore [M2 g 1] 0.735 0.002 0.737
Rpa [MM] 0.915 451 1.00
Rpy [mm] 1.30 54.65 5.98
[kg m 3] 1617 N.A. 1526

the porosity, speci c pore area and average pore radius famtia- and inter-particle pores.
Since the adsorption measurements focus on the smaller siaage of pores, the volume
added by these pores does not signi cantly change the ponyscalculated exclusively using
MIP. However these pores provide an important contributionn terms of surface area. The
density value provided for in the intra-particle column repesents the envelope density,eny,
where the particle volume includes internal voids; while # bed value represents the packed
bed density or tap density, p. A nal density value is calculated assuming all pores below
the lower limit of detection (0.001nm) are non-accessible pores within the particles, resulgn

in an solids density of 4253 kg ¥ or 8.2% void within the solid grains.
2.4 Discussion on Scaling Up

Industrial-scale production of robust perovskite partias will be critical to the imple-
mentation of a successful particulate-based TCES system. \i#hthe synthesis procedure
has obvious implications from a morphological point of viewdi erent methods can also
a ect ionic and electronic conductivities [96]. CoorsTek mnufactured approximately 60
kg of Ca.9Srp.:MnO3; for on-sun testing of a lab-scale receiver to demonstrate eéimo-
chemical energy capture Although these tests are not discussed in this manuscripthé
manufacturing process merits some attention.

The manufacturing procedure used by CoorsTek is summarized follows. Stoichiometric

amounts of precursor powders were ball milled in water usirgjumina grinding media. The

5Thanks to Brent Kinson, Devin Clay and Dr. Steve Landin for particle synthesis at CoorsTek.
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resulting mixture was spray dried then pelletized using a pprietary method. The pelletized
particles were then sintered for a single 10-hour cycle @t = 1275 C. For larger batches of
perovskite the sintering temperature was raised from thellascale value of 120@ to achieve
similar phase purity. SEM images of these particles are shown Figure 2.7. An image at
100x maginifaction, Figure 2.7(a), shows these particles veesigni cantly more sperical than
samples synthesized in the lab, with minimal nes clingingd the rough surface. Figure 2.7(a)
shows a high magni cation image at 2000x, revealing a relagly high porosity similar to
the Cag.95Srp.0sMNO3  particles from Figure 2.6. It should be noted there was a sigoant
degree of variation visible in the morphology among the pades synthesized by CoorsTek.
Some particles were very porous while others displayed a @ier degree of sintering. While
the porosity adds surface area for chemical reactions, itudd compromise the robustness of

the particle, leading to attrition.

Figure 2.7: SEM images of GaSr,.:MnO3 particles synthesized by CoorsTek at (a) 100x
magni cation and (b) 2000x magni cation.

The manufacturing process used by CoorsTek is a viable methéor large-scale produc-
tion of perovskite particles. In the time limitations of theproject, CoorsTek was not able to
re ne the pelletization process to produce the desired pacte diameter range (250 - 42B6m).
In this range particles are large enough for reliable transpt but small enough that bulk ion

di usion should not limit time scales of reduction. While this synthesis method generally
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produced particles larger than 42%m. Furthermore, the porosity of CoorsTek particles is
still relatively high, raising doubts about the structuresresistance to attrition. Compared
to particle synthesized in the lab, CoorsTek particles. wersigni cantly more spherical due
to the pelletization process used.

Particle morphology a ects the physical transport of partcles, as well as surface kinetics
and bulk ion transport through the material. Relatively poous patrticles, such as the ones
seen in this section, provide high surface area for e cienteduction, but could breakdown
in high-stress environments. Before large-scale produarti of perovskite particles for TCES,
it will be important to re ne the manufacturing process suchthat desirable particles are
produced. This includes investigating the e ects of highesintering temperatures on phase
purity and porosity of the synthesized material, as well as athods for ne-tuning particle

diameter.
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CHAPTER 3
THERMODYNAMIC CHARACTERIZATION

Many of the results presented in this chapter are published the peer-reviewed jour-
nals Solar Energy[71], and Applied Energy[99], as well aEECS Transactions [100].
This chapter provides more details regarding the experim&h methods, particularly

calorimetry measurements.

Determining the TCES potential of a perovskite compositiorrequires thorough char-
acterization of equilibrium thermodynamic properties, sch equilibrated values of oxygen
non-stoichiometry (¢q), over a range of temperaturesT) and O, partial pressures Ppoy).
The speci ¢ thermodynamic properties of the redox reactignrshown in a single-step global
expression for an undoped calcium manganite (CaMnrO) in R3, provide a basis for calcu-

lating theoretical limits of energy storage for the testedamposition.

CaMnOs; CaMnOs; + 702@) (R3)

For this study, thermodynamic characterization assessebé redox reaction thermody-
namics for various doped CaMn@ compositions to identify the most favorable thermody-
namics for TCES over relevantT and Po, conditions for CSP applications. Compositions
with favorable TCES thermodynamics are then selected formie-consuming kinetic char-
acterization of redox reactions as discussed in Chapter 4 é&stimate the fraction of ther-
modynamic TCES limit that can be achieved in a limited residece time for reduction and
reoxidation.

As discussed in Section 1.3, the energy stored in a single-phareactive oxide can be
conceptually separated into a sensible component from hewj and a chemical component
attributed to the reduction reaction. Equation 3.1 provides a mathematical representation of

perovskite based TCES assuming that a single phaggcan characterize the sensible heating.
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Z + 3TH ZTH;+
Ho gt + ¢, dTd (3.1)

Tc S Tc;

Niot =

In this simpli ed expression the sensible energy stored, Icalated with the second term, is a
function of the speci ¢ heat,c,, and particle temperature; the chemical storage is quanted
in the rst term. While Eq. 3.1 holds true theoretically, in practice these two components
cannot be readily separated experimentally. is a function of T as well asPo,, and ¢,
varies with , causing Hg to also vary with T. If the reactive oxide undergoes phase
transitions during reduction, both ¢, and Ho will likely change with the phases. Such
phase transitions have been observed for CaMgO [76, 78]. Under such conditions, the
calculation of hy; can be complicated and best done by a more rigorous assessnuén
the change in solids enthalpy over the reduction, heatingnd phase transitions as discussed
below and in previous references [29].

This chapter focuses on the characterization of importanthermodynamic properties
( Ho; So) and equilibrium non-stoichiometry, ¢4, in an e ort to assess and model the
redox process and speci ¢ TCES as a function ®fand P, for doped CaMnQ  perovskites.
These properties provide the basis for evaluating the e e@eness of di erent compositions
for TCES with a focus on CSP applications involving superdical-CO, power cycles. The
resulting speci c TCES provides an equilibrium thermodynmic limit for  hy, that can be

achieved in a time-limited solar receiver.
3.1 Experimental Methods

This section outlines the experimental procedures develeg to measure thermodynamic
properties of the synthesized perovskite samples. The budk experiments described in the
following sections were performed on a Setaram Labsys TGA/BS with a temperature
range from 0 - 1600C. The Labsys instrument allows the user to switch between rdalar
attachments giving it capabilities for thermogravimetricanalysis (TGA), as well as dier-

ential scanning calorimetry (DSC). In order to avoid signicant di usion gradients within
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the sample crucible through the particle bed, alumina samglcrucibles were lled approxi-
mately half-way with perovskite particles less than 256m in diameter. A half- lled bucket
required approximately 40 mg of particles in the DSC crucibbk and 150 mg in larger TGA
crucibles. All experiments were performed with a sweep gaswoof 100 standard mL min 2.
The Labsys has three main gas inlets and an auxiliary inlet f@as mixing. The desired gas
composition was achieved by owing a mixture of two gases. Bled gases for the experi-
ment were supplied from AirGas and included zero grade air (Z102), UHP N, (X0, 100
ppm), and a mixture of 1% Q in N,. Experiments were performed at an elevation of 5700
feet, which results in an ambient pressure generally arour@d83 bar.

The uncertainty in the UHP N, gas composition and varying ambient pressure must be
accounted for when calculating sweep gd%,. Reliable gas compositions can be achieved

through mixing of the UHP N, with a higher oxygen content gas, such as the 1%,@ N,.
3.1.1 Screening Experiments

Before rigorously testing a speci ¢ perovskite compositioto determine the relevant ther-
modynamic properties, a shorter screening experiment tosessed the reducibility of that
composition for a baseline€l; = 900 C. Favorable perovksites compositions were identi ed
with large degrees of reduction during heating in the TGA fnm 500 C in air (Po, = 0:17
bar due to elevation) and 900C at Po, 10 # bar, and are stable under cyclic conditions.
Screening tests are performed on the TGA instrument with tree goals in mind. The oxygen
non-stoichiometry, , represents the oxygen vacancies present in the perovska#ice at any
given time, and quanti es the amount of gaseous £evolved from the perovskite lattice.

First the sample is heated to 50QC in air and the mass signal allowed to stabilize, this
point serves as the reference point for subsequent mass noeasients with the assumption
that at this condition the perovskite is fully oxidized with = 0. The change in mass can
be directly correlated to through Equation 3.2, which is the ratio of oxygen leaving t&

perovskite over the initial sample mass converted to moles.
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(3.2)

Once a good reference mass signal is established, the sweeyPg, is lowered to approxi-
mately 10 4 bar. After 30 minutes under this reducing environment at 50@€ the material is
heated to the desired hot cycle temperatur&,, which is nominally 900C, at a rate of 10C
min 1. The material is reduced for 4 h afTy before reoxidation. Although this is generally
not enough time to reach equilibrium, the 4 h of reduction pnade a good measure of the
reductive potential of the tested perovskite compositionThe material is then reoxidized in
air at Ty in order to capture the extent of thermal reduction, beforeaoling back toT¢ in air
(under oxidizing conditions). Two cycles were performed bk-to-back to assess repeatabil-
ity. Perovskite compositions that displayed a large degres reduction and fully re-oxidized
were subject to more rigorous thermodynamic and kinetic checterization to quantify their

potential as a TCES media.
3.1.2 Phase Change Identi cation

Perovskites can undergo phase changes with increases ing@ty vacancy concentrations
in the lattice. Many perovskites, including CaMnQ , are orthorhombic at room temper-
ature, although the ideal lattice con guration would be culc [64, 96]. Researchers have
documented phase transitions for CaMn® is from orthorhombic to tetragonal and even-
tually cubic con gurations [62, 76, 91]. The Goldschmidt tterance factor provides some
measure of distortion of the crystal structure based on catn's atomic radii. When fully
oxidized a tolerance factor of 1 corresponds to a cubic latd. The greater the di erence of

from unity corresponds to higher distortion and eventuallya reorganization of the crystal
structure [63]. Although in doped perovskites is not always easily calculated frometpure
composition value due to additional distortion e ects fromdi erently sized cations [28],
for undoped perovskites provide a general guideline to imfdistortion of lightly doped sam-
ples as primarily used in this study. Perovskites with much less than 1, tend to form an

orthorhombic phase at room temperature, which is the caserfandoped CaMn(Q;  with
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a tolerance factor of 0.909. Since the transition from ortlmbombic to cubic phases is well
documented for undoped CaMn@ [62, 76, 91], lightly doped CaMn@ as investigated
here will also likely undergo phase transitions at similareimperatures.

For perovskite redox cycles in a TCES subsystem, any phaseadges during reduction
must be reversible to ensure that the full redox potential ofhe perovskite composition can
be repeatably realized. The phase change can be qualitativebserved with a DSC during
heating or cooling. Although this type of experiment is usubi performed via di erential
thermal analyis (DTA) [62], the two instruments are very simlar. In general, the heat ow
measured with a DTA instrument cannot be converted to mW but he sample temperature
measurement is more precise. For the purposes of identifyiff the phase change in this
study, the DSC provides adequately precise temperature nsaement. For these DTA
experiments performed with a DSC, a perovskite powder saneglis heated to 50CC in air
and the mass signal given time to stabilize; this point serseas the datum for subsequent
mass measurements. The sample is then heated to 1X00n a xed Py, composition at a
rate of 5C min ! before being cooled in the samBy, at the same ramp rate. Any phase
change is identi ed through peaks in the heat ow measuremenluring the heating/cooling

process.
3.1.3 Equilibrium Non-stoichiometry

The dependence of equilibrium oxygen non-stoichiometrye,, on Po, and T provides
insight regarding the chemical energy storage potential dhe perovskite compositions as
the integration limits for hcem in Eq. 3.1. If Hg is assumed to be constant, heen is
proportional to . Generally larger changes in at a given Po, and T suggest that less
energy is required to reduce the material, meaning a smalleHy. The challenge is nding
the correct balance of high reducibility and favorable region energetics for the application
of interest. Understanding how varies under di erent conditions is a key step towards

characterizing the reaction thermodynamics.
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In previous studies, researchers have measured as a function of Po, and T using
both Coulometric titration techniques [73, 76, 78] and TGA 28, 47]. For this work, ¢q
was measured using TGA between 500 and 10Q0in increments of 100C, while oxygen
content ranged fromPg, = 0:18 to 10 # bar with steps of varying size. AtTy = 700 C,
the perovskites tested exhibited ¢, 0:061 atPg, = 10 4. Thus, lower T did not display
enough mass change to warrant signi cant testing. The highetmperature limit is driven by
the supercritical-CO, power cycle ring temperature of 750C [93]. As Ty increases much
higher than the cycle ring temperature exergy losses becansigni cant [29].

To measure ¢4 the perovskite composition of interest was heated to 500 in air and
the mass signal given time to stabilize, as shown in Figure 8). This point serves as
the reference for non-stoichiometry calculations with Equion 3.2. The sample was then
heated to the desiredT in air. It is important to allow ample time for the material to reach
equilibrium after any step inT or Po, after the certain amount of reduction or oxidation with
changes to either variable. Once the mass measurement isbiaat the desiredT, the Po,
is lowered in incremental steps, as shown in Figure 3.1(b). ifially large steps are required
to induce a certain degree of reduction, but as the oxygen dent is lowered even smaller
steps result in a measurable mass change. The lower limit B§, in these experiments is
10 4 bar. After reduction is complete the sample is reoxidized ugj the same incremental
steps in reverse. By reducing and oxidizing the sample in p&® the equilibrium point at
eachPq; is approached from two directions, resulting in a higher dégy measurement. This
procedure is repeated for each desirddwith heating or cooling in air between eacf .

The raw data collected from a typical experiment at 90 is plotted in Figure 3.1(b).
This isotherm demonstrates how approachings from the reducting and reoxidizing direc-
tions at a given Po, can provide a more accurate assessment Qf. This is particularly
useful for cases when reduction continues at a slow rate for extended period of time, such
as the step att = 49 h in Figure 3.1(b). After the Po, is lowered below 10° bar, the sample

does not reach equilibrium during the 2.5 hours allotted foreduction, but .4 is achieved
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Figure 3.1: Raw data from a typical TGA experiment for measung ¢q of Cay.gMng,103
(a) The total experiment showing the reference points and rsa change as th®g, is varied
in steps for eachTl. (b) A close-up of the 900C isotherm detailing Po, of each condition.

after reoxidation resulting in a high delity data point. For many of the doped CaMnQ

compositions, reduction atPo, =10 “ bar and lower proceeds slowly and reaching, takes
a long time at Ty, as illustrated in Figure 3.1(b). Thus to get ¢ at the lowest Py, a
separate single-step reduction experiment was used to ma@&s ¢q. Cap.gMny.103  required

14 hours inPg, = 10 # at 900 C before completely equilibrating.
3.1.4 Enthalpy of Oxidation

To solve the rst term in Egq. 3.1 for calculating the chemicalcomponent of energy
storage hgnem, reliable measurements of the partial molar enthalpy of odtation, Hg, are
necessary. Calorimetry measures the heat of reaction, budsramonly accessible techniques,
such as di erential scanning calorimetry (DSC), are inhergly prone to inaccuracies. For this
reason, Hg is commonly derived from tting ¢ for a range of T and Po, [28, 29, 74, 77].
Due to the importance of Hg in calculating hehem, this study aimed to validate values
calculated from tting to ¢4 with calorimetry measurements. For perovskite reduction,

Ho varies with ¢4, and it is bene cial to also record the mass change during caimetry
measurements to get Hp as a function of . Combined TGA/DSC has the capability to
measure heat owing from the sample in addition to mass chargover small steps in .
Although the a more accurate method for measuring Ho for metal oxides is drop solution

or adiabatic calorimetry [74, 80, 101], these are extremetime-consuming to set up and
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establish with accuracy. On the other hand, measuring enth®y of the redox reaction in
DSC has less accuracy due to gas evolution/intake during nection/oxidation. Gas evolved
form the reaction can e ect the heat transfer characteristis of the DSC instrument in ways

not captured by standard calibration techniques involvingnelting metals.
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Figure 3.2: DSC sensitivity values determined by melting mats with known heats of fusion,
as well as reduction of simple metal oxides. There are sigoant discrepancies between the
two calibration curves, which are worst around 90C.

In order to successfully measure the heat of reaction for tlgas-evolving redox reaction,
an appropriate calibration of the DSC instrument is crucial Standard DSC calibration meth-
ods involve melting pure metals with known heats of fusion atarious temperatures. This
process is vastly di erent from the redox reaction with di eent heat transfer mechanisms to
the sample thermocouple. This discrepancy is illustrated iFigure 3.2, where the sensitivity
coe cients determined using a traditional melting metals alibration are compared to values
calculated using previously studied metal oxides [27]. Thdiscrepancy is most signi cant
at T > 700 C where the perovskite reduction begins to occur. For theseasons, DSC ex-
periments to measure Hg were calibrated with various oxide reduction processes lading
Co30,4 reduction as shown in Figure 3.2. Several calibration poinigere taken with cobalt
oxide, as it reduces at relevant temperatures for this studylhe heat of reaction for CgO,
is well documented and has been accurately measured with alv& calorimeter [35]. Such
a calibration experiment follows a similar process to the pavskite reduction, and the DSC

sensor will capture a similar fraction of the heat ow in bothcases to improve calibration
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With an adequate successful calibration from G@®, reduction, the voltage signal from
the DSC is converted to mW for measuring Ho in the doped CaMnQ;  compositions.
Generally, signle-cation oxides such as cobalt oxide cha&yghase when they reduce, as shown

in R4.
1
Co;0, 3CoO+ EOz;(g) (R4)

Reduction of CgO,4 occurs just above 90CC in air, and the reduction T varies with Pgy,.
This change in structure occurs relatively quickly and regis in a large release of heat and gas
during heating of the material. In comparison, perovskitedo not abruptly change phase at
a given tPo, and T but rather reduce in a continuous fashion during heating. Tik so-called
thermal reduction provides some exibility for driving reduction over a range ofT rather
than at a singleT. However, thermal reduction challenges the DSC measuremgnbecause
the capture of heat during reduction does not occur instanteously at a singleT during
heating, and thus is not fully distinguishable from the senisle heating of the perovskite,
from a heat ow perspective. Thermal reduction in doped CaM@; tested here required
that step changes inPg, be used for the DSC measurements. Because reoxidation was
much faster than reduction, reoxidation was used to obtainhgrp DSC peaks for assessing

Ho. Figure 3.3 shows two reoxidation steps for GaSr,,;MnO3z including a step from
Po2 = 0:002 bar to 0.01 bar (Figure 3.3(a)) and from 0.01 bar to 0.18 b&Figure 3.3(b)).
Long isothermal DSC experiments at highl can slowly damage the thermocouples and
degrade instrument sensitivity. As such, the perovskites we reduced in a single step and

then reoxidized in multiple steps to get di erent approximaions to Hg as a function of .

3.2 Specic Heat

The speci c heat of the perovskite,c,, is necessary for calculating the sensible compo-
nent of energy storage in Eq. 3.1. Measurements @f for CaMnOz; up to 380 C have

been reported for fully oxidized and highly reduced samplg8 = 2:562) of calcium
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Figure 3.3: Example of raw DSC data collected for GaSr,,;MnO3; at 900 C with two
di erent oxidizing steps in Poy, (a) from 0.002 to 0.01 bar and (b) from 0.01 to 0.18 bar.
The heat ow peak in (b) is much sharper and has a better signdb noise ratio, this step
appears to be more appropriate for DSC measurements at thismperature. In both cases
there is good agreement between the two experiments, and theat ow maintains a constant
base-line.

manganite [75]. The published results show thg of CaMnO; approaching its statistical

thermodynamic limit by 380 C, regardless of the oxidation state [75].

X
¢ =3R | Xil (3.3)

Because the temperatures of interest for TCES redox cycles CSP are above 38(, ¢, of
the lightly doped CaMnO; the statistical thermodynamic limits as represent in Eq. 3
is assumed valid at the conditions of interest. Using this siple model forc, neglects any
vibrational modes which could be accessed at high&t

The speci c heat on a mass basis must incorporate the molar sgM( ), as indicated

in Eqg. 3.4.
_ G
= (3.4)

For CaMnO; the statistical thermodynamic limit of ¢, for the fully oxidized sample is
Gy =0 = 872:1Jkg 'K 1. Atan estimated reduced state of = 0:2 the value for speci ¢ heat
is 1.8% lower,c,; =0:2=2856:3Jkg ! K !, where the variation is attributed completely

to the changes in species concentration. The decreasegirwith reduction implies that the
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sensible component of energy storage is over-estimated Isyrauch as 5% if a fully oxidized
value of ¢, is assumed. For comparisong, of fully oxidized Lay.sSr,.sMnO3; , another
commonly studied perovskite [69, 73], is 563.5 J kK !, and the value for Hitec molten
salt, a common TES media in operational CSP plants [6, 21], &aound 1450 J kg! K 1.
The ¢, for CaMnO; s relatively high for a perovskite due to the low molar massfdhe
Ca and Mn cations. Compared to the molten salt, the values atew as expected. From an
energy storage perspective, the di erence in sensible stge achieved when heating materials
is hopefully surpassed in magnitude by the chemical companealue to perovskite reduction
such that the speci c TCES is higher than molten salt speci csensible energy storage over

a similar T range.
3.3 Thermodynamic Modeling

Thermodynamic model of the perovskite compositions must pture the variation in
reaction properties with , as qualitatively observed with DSC measurements. Matetia
thermodynamics are rigorously modeled via a two-reactionopt defect model, commonly
implemented for various perovskites [29, 73, 79]. The mod=nsists of two defect reactions,

written in Kreger-Vink notation in R5 and R6.

1
502 * Vo +2Mn wn  Oo *2Mny, (R5)
2Mn,,,  Mn},, +Mn ,, (R6)

The rstreaction, the oxygen incorporation step, looks sirntar to the global redox reaction
with di erent notation. R5 is the exothermic oxygen incorpaation and its reverse is the
endothermic reduction. The incorporation reaction involes the uptake of oxygen from the
gas phase to Il vacancies in the perovskite lattice. From ahiermodynamic point of view,

is described as oxygen vacancies,V For these solid-state reactions it is important to

understand the di erent notations used for oxygen vacancéein Eq 3.5. The subscript L

45



denotes a lattice concentration (per mole of perovskite) aspposed to the more common
molar units (per unit volume). These two quantities are reled by the molar volumeV,,

(mols m 3).
=[Vol =[VolVn (3.9)

In Kreger-Vink notation V represents a vacancy, the subscpt indicates which lattice
site occupied (oxygen site), and the superscripts denotearlye; indicates positive charge
in reference to the standard state determined by the latticsite. For V, the oxygen lattice
site has a standard charge of 2- when an oxygen atom is presehherefore, the two positive
charges indicated on the vacancy result in a neutral site. laddition, Oand indicate nega-
tive and standard charge on the lattice site, respectivelyT he presence of a neutrally charged
vacancy implies that the two electrons localized on the oxgg anion must be redistributed
to maintain charge neutrality. This is accomplished via thesecond point-defect reaction, R6,
in which charge is redistributed among the Mn cations in a dsoportionation process.

Species balances for each reaction, Eqs. 3.8 and 3.9, as a&lexpressions of thermo-
dynamic equilibrium constants, Eqs. 3.6-3.7, and an electneutrality constraint, Equation
3.10, lead to an system of algebraic equations which can bdved for equilibrium species

concentrations, givenT and Po, [40].

2

KD;OX(T) = exp HOX +T Sox — [OO]L['\/InMn]Ll_2 (3.6)

RT Vo ILIMNg, IE Po;

_ _ Hys + T Sys  _ My, My, 1
Kp;dIS(T) =exp RT - [MnMn ]E (37)
3=[Vol +[Ocl (3.8)
1= [Mn Mn]L + [Mn Mn]L + [Mn (I\)/In]L (39)
2[VO ]L + [Mn Mn]L = [Mn E/In ]L (3'10)

These equations follow the convention used in [67] and [4@ferein each species is enclosed

with square brackets with the subscript L to indicate these wpntities refer to the lattice
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environment; i.e., the oxygen content in the lattice is iq«mc’%%. Equations 3.6-3.7 provide

a basis for tting the standard entropy and enthalpy of each eaction ( H,,, S

0X ! Hdis’
S4is)- The four reaction thermodynamic parameters in Equation8.6 and 3.7 are simulta-
neously solved with all of the site concentrations at each and Pg, by least-squares ts to
minimize the di erence between calculated and measured uals for ¢, in each prominent
crystalline phase, as shown in Eq. 3.11. Measured values fgy were acquired as described

in Section 3.1.3.

X
min [(3 [Vo ]L;expt) (3 [Vo ]L;calc)] (3-11)

The resulting constant values for H,,, S, Hgs and Sy, presume that any variation
in the partial molar enthalpy of oxidation, Hg, with respect to can be captured by the

variation in the extent of Mn disproportionation with changes in , as shown in Eq. 3.12.

@Mny, I,
»  @Vol

Ho represents the heat of reaction for the global redox reactidhat is qualitatively mea-

Ho = H Hdis (312)

sured as a function of by the DSC experiments. Its mean value over a range ofestimates
the speci ¢ TCES stored during reduction for a redox cycle.t$ variation with  arises be-
cause of the change in the extent of Mfi disproportionation as a function of . The sum
of the two heats associated with the two reactions are given Equation 3.12 as presented
in earlier references [29, 34]. While the energetics of thadividual point-defect reactions
may depend on , previous analysis of similar perovskites showed that assing constant
reaction energetics for the point-defect reactions workselito capture the variation of Hg
with respect to , T, and Po, [77, 102]. As formulated in Eq. 3.12, the variation in Hg is
entirely due to the partial derivative term, which represets the rate of disproportionation of
Mn#* with respect to oxygen vacancy formation in the bulk latticeereated during reduction.
Ho represents a direct measure of the energetics associatethwle total redox reaction,
and can be measured experimentally through DSC; it is the cigial property to calculate

energy storage based on Eq. 3.1, where we assume the partialan enthalpy is only a
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function of .

For a more complete model of the perovskite bulk, total solddenthalpy and entropy can
be computed as the sum of all species contributions, as shownEq. 3.17. The individual
contribution of each species is derived in a thermodynamiba consistent manner in [29].
Each species contribution is the sum of the enthalpy of forrtian and sensible components,
the results for species enthalpies are summarized in Eqs.133.16, and make-up a state
function for the perovskite enthalpy,hs = f (T; Po,;[Xi]L). While the statistical limit for
speci ¢ heat, ¢, = 3R, is used for most of the solid, reducible oxygenM§].  0.5) in the
lattice is assumed to have the same speci ¢ heat as the gas pbaxygen for thermodynamic

consistency [29].

ho, = :—2Lhoz(g) (To)+ Hut+ Hgst g%(T To)
¥ %Z[C[J\QTL]L hog (T) oy, (To) (3.13)
hy, =0 (3.14)
M, = N =3R(T To) (3.15)
Png. = hun,, = % Hyo +3R(T  To) (3.16)
hs = : [Xil hi(T) (3.17)

Equations 3.13 - 3.17 provide a more complete model of the naion in specic TCES
with T and than the integral Equation 3.1. Now, the variation in chemichand sensible
energy stored with and T can be calculated by solving for the two endpoint conditionsf
a particular reduction or reoxidation process as shown in Ec.18.

1

hoot = hs( + ;Th)+ > ho,, hs(:Tc) (3.18)

It may be desirable to extract the sensible component of hy,; for conceptual purposes.
This is achieved by calculating the solids species enthal@t the hot cycle temperature

assuming the species concentrations from the fully oxidizestate, as shown in Eq. 3.19.
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When computing the purely sensible component of energy stoggoxygen release/uptake

no longer need to be considered.
hsens= hs(;TH) hs(;Tc) (3.19)

To calculate the change inhg in Eg. (3.18) across the orthorhombic-tetragonal-cubic
phase transitions, the enthalpies for each phase must beaefnced to a common state. Since
the tetragonal phase exists over a narrow range ofduring heating or cooling for a given
Po2 (as observed in previous references for undoped CaMnO[77]), no values for HS
and HJ. are derived for this phase. Values dfs in the small region ofT and in which the
tetragonal phase is present are calculated with a linear etpolation the orthorhombic and
cubic phase enthalpies. This method provides a reasonabjgpeoximation because during
the transition from orthorhombic to cubic phases is small ( 0:02 to 004) for any given
Po> 10 4 bar. Energy associated with perovskite reduction throughht phase transition
plus the enthalpy associated with the crystalline restruciring determine the necessary shift
in hg values for the cubic phase reference state to align with theference for the orthorhombic
phase. Ifhg values for both phases are referenced to the same state, E8.18) is valid across

the phase transition.
3.4 Results

To determine the limits of TCES for doped CaMn@ important parameters include
equilibrium non-stoichiometry and partial molar enthalpyof oxidation. This section presents
experimental results along with model ts and calculationsised to assess the speci ¢ TCES

for each tested perovskite composition as a function @f; and P + O2.
3.4.1 Screening Experiments

Screening tests performed in the TGA approximate a cycle egpted in a TCES subsys-
tem for CSP with a supercritical CGQ power block at a ring temperatures up to 750C.

Because the speci c chemical energy storagehchem increases signi cantly above 80@ for
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the doped CaMnO3 tested in this study, the screeningly = 900 C was selected to bal-
ance the trade-o between increased exergy production anddreased speci ¢ TCES with
higher Ty. The high specic TCES achievable with hgem at Ty = 900 C may make the
added complexity of a reducedPo, gas supply worth additional xed and operating costs.
In the experiments presented here, a high-temperature lowof (10 4 bar) provided an
initial assessment of reduction and thus hchem.

Many B-site doped compositions were synthesized and scredmpreviously, with Cr-doped
CaMnO3 selected as the most promising candidates for TCES [42]. Ihi$ study, A-site
doped CaMnO3  compositions were also investigated for the same applicati while B-
site doped compositions were synthesized at a higher tematrre to mitigate the stability
issues as discussed in Chapter 2. Sr was selected as an ap@t@EpA-site dopant based on

previous results published for similar compositions [459]
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Figure 3.4: Results of screening test performed on the TGA tegess the extent of reduction
between 500C in air and 900 C at Po, = 10 4 bar, simulating the conditions expected in a
CSP plant. Results of undoped CaMn@ are compared to several compositions with low
levels of A- or B-site doping 10%.

Screening results for the most promising B-site doped CaMgO identi ed in [42] are
compared to A-site Sr doped compositions and an undoped calti manganite sample in
Figure 3.4. This tests demonstrates the impact of low leveld both A- and B-site doping

for CaMnOs; . The doping provides increased reduction and improved cwdlility over the
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undoped CaMnQ , as shown clearly for the screening conditions in Figure 3.Decom-
position of undoped CaMn@ to Ca,MnO, and CaMn,O, phases has been observed at
low Po, and high T [76, 78], and are the likely cause of the partial re-oxidatmoobserved
in Figure 3.4. Although the original CaMn(Q; phase can be recovered given enough time
in oxidizing conditions [78], this material does not posseshe redox cycling capabilities
required for TCES in the context of CSP.

Focusing on the previously studied B-site doped compositis [42], results for 5% Cr and
Fe are very similar. CaCg.0sMng.9s0O3 achieved atotal = 0:154, with 0.016 of the total
reduction occurring in air at Ty = 900 C. While the CaFe).gsMng.9s03 sample reached

= 0:152 and 0.030 aPp, = 10 4 and 0.18 bar, respectively. Although similar amounts of
total reduction were observed for both compositions, the Fdoped sample displayed a greater
extent of thermal reduction in air. Increasing the Cr dopingesulted in more reduction, with
CaCro.1Mng.9O3  achieving = 0:173, which is about 0.02 higher compared to the 5%
doped sample.

These results are disagreement with previously published@lues by Kharait [42], who
found that the 5% Cr doped composition calcined at 110G had a greater extent of reduction
compared to 5% Fe. The di erent screening tests results foraCry.0sMng.9503  calcined at
1100 and 120QC are illustrated in Figure 3.5. The sample calcined at 1100 achieves a
higher and reoxidizes slower compared to the higher calcinationngerature.

Looking at results for A-site Sr-doped compositions in Figurg.4, both samples achieve
a larger degree of reduction at the conditions of interest ogpared to the B-site Cr- and
Fe-doped compositions. Furthermore, both Sr-doped comptisns return to their initial
oxidation state after the rst cycle. Based on these resulfCa; xSrkMnO3 with x 0:1
are promising compositions for TCES, and further testing sluld be performed to assess the

storage potential of these materials.
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Figure 3.5: Results of screening test performed on the TGA tegess the extent of reduction
between 500C in air and 900 C at Py, = 10 “ bar. Results of CaCg.osMng.gsO3;  calcined
at 1100 and 1200C are compared to undoped CaMn© .

3.4.2 Phase Change Identi cation

Many perovskites, including undoped CaMn@ [76], change phase as vacancy con-
centrations increase during high-temperature reduction.The impact of the crystal phase
reordering on the material thermodynamics and redox cycldlly have not been well inves-
tigated. Generally, ts are performed on a single phase of ghmaterial for determination of
reaction thermodynamic parameters [75, 76]. In this work argle t was performed on all
measurements, assuming the energetics associated withrafiag phase are minor compared
to that of the redox reaction. This method is preferable for bilding a continuous TCES
model in and T space, as the phase change would be like a discontinuity ireth Hg curve.
Samples of doped CaMn® were heated to 110QC in air to evaluate any phase changes
present, the heat ow during heating and cooling from 750 to3D C is plotted in Figure 3.6.

Results from the DTA experiments suggest that a phase changecurs at relevantT
for the redox cycles in both Cr-doped compositions and g&Sry.osMnO3; . On the other
hand, no signi cant heat ow peaks were observed during heiaty of Ca).9Srp.;MnO3; to
1100C. Figure 3.6 is cut-o at 950 C for better readability, as there were no signi cant heat
ow peaks observed at higheiT for any of the tested compositions. The onset temperature

of each peak is not shown due to the inaccuracies associateithwdetermining T of the
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peak from the measurements. For all samples with a visible @abe change two peaks were
observed, which should represent the commonly document tisitions from orthorhombic to

tertragonal and eventually cubic phases [62, 76].
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Figure 3.6: DTA scans of doped CaMn® in air through the temperature region of interest.
The transition from orthorhombic to tetragonal and ultimately cubic crystal structures is
clearly visible during heating in both Cr doped sample as wehs CaSp.0sMng.9503 . In
cases with a phase transition, very similar peaks were obged during cooling of the sample,
suggesting the process is reversible.

The transition is very similar in shape and onseT for both Cr-doped samples, but there
are signi cant di erences compared to CggsSr.0sMnO3 . First of all the onset temperature
of the rst transition for Ca o.95Srp.0sMnO3z  occurs at approximately 865C, compared to
897 C for Cr-doped samples. The second peak (tetragonal to cupin the Cr-doped samples
has signi cant overlap with the rst peak, as they occur in rgid succession within 10C.
This is in contrast to the Sr-doped sample where the secondghkeis clearly separated by
several degrees. Furthermore, the second transition in tH&6 Sr-doped sample appears
much weaker compared to Cr-doped composition. It is hard toistinguish this peak from
the baseline for CggsSry.0sMnO3 . In comparison, the second peak is much more de ned
for the Cr-doped samples, but still signi cantly smaller tran the main peak associated with
the orthorhombic to tetragonal phase transition. Resultsrbm the DTA experiments also

suggest no such phase change occurs for they€ar,.:MnO3; , demonstrating that even
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small changes in doping can have large e ects on material tmeodynamics. These tests also
indicate some fundamental di erences regarding the e ectsf A and B-site doping on the
perovskite structure.

Similar DTA experiments with a sweep gas dPo, = 10 # bar assess the phase change in
the doped CaMnQ compositions under reducing conditions. Results for CaggsMng.g503
at Po, = 10 4, 0.01 and 0.18 bar are plotted in Figure 3.7, and are represative of the
trends observed in all materials with a phase change. As thi), is lowered, the heat ow
peaks tend to broaden and shift towards lower temperatures &een in Figure 3.7(a). The
major peak occurs at 897 in air, but shifts to 846 and eventually 819C as the Po; is
lowered to 102 then 10 # bar. In the low Po, cases, the second transition is very hard to
distinguish from the rst major peak. The heat ow measuremat in these cases is chal-
lenged by the reduction occurring during heat-up, shown inhe 3- plots in Figure 3.7(b).
The extent of endothermic reduction combined with the obseed peak broadening makes is
di cult to establish integration limits for the peak at Pg, = 10 4 bar. This is also evident
in Figure 3.7(b), where forPo, = 0:18 and 102 bar where distinct in ection points can be

seen at the peak locations.
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Figure 3.7: (a) Heat ow and (b) oxygen lattice concentration é&r DTA scans of
CaCryosMngosO3  in Pg, = 0:18, 102 and 10 # bar from 750 to 950C. The transition
peaks shift to lowerT as thePg; is reduced.
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Since these experiments were performed with a DSC instrungitis possible to integrate
the heat ow peaks associated with the phase change to calatd the energy absorbed or
released during the process. In this case, a standard DSCiloadtion was used (melting
metals with known heats of fusion), as there are no signi caigas dynamics associated with
the phase change. For CaGpsMnggsOs , the two peaks observed during heat up in air
were integrated to a combined 8 kJ kg', although the rst peak accounts for a signi cant
portion of this. Experiments were also run with heat up at loer Po, = 10 # bar, shown in
Figure 3.7, inducing a signi cant amount of reduction even atdwer temperatures. In this
case, the phase change is less noticeable from both a heat amd mass loss perspective, due
to the extent of oxygen vacancy generation. ABq, decreases, the phase change heat ow
peaks shift towards lower temperatures, and the two peakseamdistinguishable from each
other. The trends observed for CaGlysMng.g503  plotted in Figure 3.7 are representative

of the results for all other materials which underwent the phise transition.

3.4.3 Equilibrium Non-stoichiometry

To derive the relevant thermodynamic properties to calcute TCES, equilibrium O non-
stoichiometry, 4, Was measured as a function df and P, for favorable doped CaMnQ@
compositions determined from the screening test. Varyindhé Po, in slow steps for both
reduction and re-oxidation at isothermal conditions enaleld the perovskite to reach ¢4 for
a broad range of conditions. These tests were veri ed by compng measurements for a
Cap:6Sr0:sMnO3  sample with recently published data obtained using Coulortre titration
[79], as shown in Figure 3.8. Although it is not as convenient toollect a signi cant number
of equilibrium data points in the TGA compared to the Coulomgic titration cell, the
measurement still accurately captures the extent of reduon.

Measuring ¢q Vs. Poy for various T provided valuable equilibrium data to t the reaction
thermodynamic properties from the 2-step point defect motielescribed above in Section
3.3. Experiments were performed foily ranging from 700 - 1000C with partial oxygen

pressures from air down to 10* bar. The materials under investigation do not reduce
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Figure 3.8: Oxygen non-stoichiometry as a function oPg, at 800 and 900C for
Cag:6Sro:.sMnO3z  measured via Coulometric titration [79] and TGA. The nature 6 the
Coulomteric titration experiment allows for much smaller &ps in oxygen partial pressure,
but both sets of data are in excellent agreement.

signi cantly for temperatures below 700C. The high T limit was selected due to evidence
of decomposition of the perovskite phase at loRo, and high T, similar to that observed in
undoped CaMnQ [76, 78]. The possible decomposition of doped CaMgO compositions
is discussed in greater detail later in the chapter. Resulfsr ¢q vs. Po, experiments along
with corresponding point-defect model ts for orthorhomb¢ and cubic crystalline are shown
in Figure 3.9. Trends in oxygen non-stoichiometry can be adeagtely captured with a single
t on all non-stoichiometry data as well as with a separate s for each crystalline phase, as
plotted in Figure 3.9.

The measured ¢q and t-calculated values for both Ca ,SKMnO3; and CaCr,Mn; O3
compositions are presented in Figure 3.9 for various isotimes as a function ofPg,. Due to
the low levels of doping the plots are similar for all samplebut the small di erences in ¢4
can have signi cant impacts in terms of energy storage per E®.1. All materials undergo
minimal reduction at 700C for Po, 10 2. The onset of reduction occurs at a highePg,
for Cag.9Srp:;MnO3; compared to all other compositions which undergo phase trsitions.
For these materials (Cg.95Sr0.0sMnO3 and CaCrMn; (O3 ) the transition region is indi-
cated by a dotted line, and signi cantly higher degrees of daiction are observed in the cubic

phase. The phase change generally occurred in between geteequilibrium conditions, al-
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Figure 3.9: Oxygen non-stoichiometry as a function oPo, at various temperatures for
CaCryMn; yO3 with a) y =0:05and b)y =0:1, and Ca ,SxMnO3z; with c) x =0:05
and d) x = 0:1. Point-defect thermodynamic model results (solid linesare generated by
tting Hox» Sox,» Hadis and Sgis to the experimental data (circles). The dotted line
indicates areas over which the phase change occurs.

though one point in the 800C isotherm for Cay.g5Srp.0sMnO3  was not considered in the
thermodynamic ts due to it's close proximity to the transition region. As theT is increased
to 800 C, a degree of thermal reduction is visible in the A-site dopeda; xSr,MnOz com-
positions, while higherT is required for vacancy formation in the B-site doped compiti®ns
without lowering Po,. These results point to the varying e ects of small levels ok or B-site
doping which will be explored further throughout the manusapt.

Results of ¢ experiments are also summarized in Table 3.1, with values B, = 10 *
bar and air tabulated for each composition. The largest obsed degree of reduction for

Cag-95Sro.0sMnO3;  at T = 1000 C, with = 0:306 and 0.123 measured By, = 10 * and
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0.18 bar, respectively. While the Cr-doped samples are thedbtg@erforming TCES materials
from the available earth-abundant B-site dopants [42], thé\-site doped Ca »SrKMnOs3
have larger values of ¢q for all conditions tested. Furthermore, a large extent of th extra
reduction observed in the Sr-doped compositions occurs thelly in air. For both A- and
B-site doping, the 10% compositions tends to reduce more atler temperatures, while the

5% compositions achieve higher,q at 1000 C.

Table 3.1: Summary of . measurements for doped CaMng compositions. Results are
shown forPg, =10 4 and 0.18 bar at various temperatures.

Poz Tu [ C]

Material [bar] 700 800 900 1000
CaCIoMIosOs 35 0001 0,008 0,038 6080
CaCro.05sMNg:9503 ]601; %%]6% %%%% %]6%3;- %203797
CoosS0:MI0s 01 Gors 0031 0073 0110
ConesStoMnO, 10 ¢ 0036 0141 0.218 0.306

0.18 0.011 0.025 0.070 0.123

Table 3.2 provides the best-t values of Ho, Sox, Hgis and Sgs for R5 and R6.
Figure 3.9 shows excellent agreement for the ts with experiemtal data, capturing the
increase in ¢q as T increases in air before lowering the oxygen environment. iBhsuggests
that a TCES subsystem based on these materials, particulsgrCa; Sr,MnO3; , could store
some amount of chemical energy without any need to providerfa reducedPq,. While this
could simplify system design and operation without the pasitics associated with a PSA
for extracting O, from the air, results show that a reducedPo, provides signi cantly more
reduction and as such, more chemical energy storage at a givie. This relationship suggests
a cost driven optimization problem speci c to the system regjrements to balance the degree
of energy storage and the penalty associated with providirigw oxygen sweep gas.

During the TGA experiments to measure ¢4, the reduction steps down inPo, and the

subsequent re-oxidation steps back up iBo, were taken over multiple hours at constant .
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Table 3.2: Thermodynamic parameters of O incorporation aniin disproportionation re-
actions derived from ts to measured ¢4 for relevant crystalline phases. The phase column
indicates the speci c phase for the tted values, O - orthorbmbic, C - cubic and O+C
indicates ts values obtained by performing a single pointiefect model t on the entire data

set.

0] 0 0 0
H (04 H dis Sox Sdis

Material Phase  [kJ mol1] [Jmol 1K 1
@) -198.3 3.2 -60.3 -484
CaCrg.1Mng.90O3 C -167.6 8.8 -68.7 -23.9

Oo+C -1140 -789 -259 -941

@) -204.3 121 -167.1 51.9

CaCrg.05Mng.0503 C -171.9 3.7 -72.6 -28.8

Oo+C -1339 -70.3 -423 -88.3

Cag.9Sry:1MnO3 Oo+C -168.4 -71.3 -79.7 -104.3
@) -266.6 175 -152.6 -190.8

Cap.95S15:0sMnO3 C -199.8 384 -108.1 -5.9
Oo+C -183.2 -76.2 -943 -102.9

For all doped CaMn(Q; at T < 1000C, minimal hysteresis was observed as depicted for
the Cay.9Srp:;;MnO3; at 1000 C in Figure 3.10(a). On the other hand, referring to the same
gure, hysteresis was observed during re-oxidation of GgSry.osMNO3 , with the sample
not returning to its oxidized state in the 5 hours allotted fo the nal step in oxygen partial
pressure fromPg, = 0:01 to air. Similar phenomena was observed for both Ca®in; O3
compositions forTy 1000 as illustrated in Figure 3.10(b). All samples returned to thei
oxidized state at 1000C after isothermal re-oxidation in air for 10 hours. Similahysteresis
has been observed in re-oxidation of undoped CaMgO [66, 75, 91], and is attributed to
partial decomposition of the perovskite phase to CaM©®, and Ca,MnO,. However, long
exposure in air at 1000C appears to recover the perovskite phase such that it can Il a
similar reduction curve in subsequent cycles.

While repeatable redox cycles for the lower 5% Sr and Cr dopednsples are possible,
the slow re-oxidation suggests that these levels of doping dhot provide adequate phase
stability for fast re-oxidation kinetics at high-T and low Pgo,. As such, this could limit its

e ectiveness for a large-scale TCES subsystem in a CSP planConsidering the calcine
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temperature of 1200C used during synthesis of all samples, it is plausible thahé& material
begins to degrade as it nears the calcinatioh in a reducing environment. What is important
is the e ect of these partial phase changes on reduction kities and thermodynamics under
cyclic conditions. These results suggest the importance rgorous kinetic and redox cycling
studies to assess the feasibility of di erent perovskite ocapositions for large-scale TCES in

CSP and other applications.
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Figure 3.10: Oxygen non-stoichiometry as a function oPoy, at 1000C for (a)
Ca; xSkMnO; and (b) CaCryMn; yO; . Both Cr doped compositions as well as the
5% Sr doped sample show signi cant hysteresis during re-dation.

3.4.4 Enthalpy of Oxidation

From the tted reaction thermodynamic parameters, the partal molar enthalpy of oxida-
tion, Ho, is calculated using Equation 3.12, where the variation in Ho is entirely due to
the rate of change of MA" with respect to oxygen vacancies in the bulk lattice creatediring
reduction. Since the reaction parameters (Hox, Sox, Hdis, Sqis) are approximated as
constant values, it is assumed all the variation of Hg is captured by the partial derivative
term. The resulting variation of Hg as a function of is plotted in the curves for di er-
ent T in Figure 3.11 for both Ca ,SrMnO; and CaCgMn; yOs; . For all materials,

Ho tends to decrease in magnitude as oxygen vacancies are adatlt is interesting that

a similar trend is observed in CgySrp.;MnO3; although this material does not undergo a
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phase change. In this case Hy decreases in magnitude by 70.8 kJ mdi while smoothly
transitioning from low and T values to a reduced state. The shape of these partial molar
enthalpy plots is driven by the partial derivative term of [Mny,,]. with respect to [V, ]
from Eq. 3.12, suggesting the shift in magnitude observed inHg is due to varying levels
of Mn disproportionation. Since no phase change was detett@ith the DTA instrument in
Cag:9Srp:1MnO3  the Mn disproportionation results in a Hg with this particular shape.

All materials which undergo a phase change have similar plotsith the transition region
indicated by a dashed line. For the Cr-doped samples, the traition occurs at relevant
in two isotherms (700 and 80QC), whereas for Cg.gsSry.0sMNO3  only the 700 C isotherm
captures the phase change. Generally,Ho of the room temperature orthorhombic phase
has a higher magnitude compared to the cubic phase and minimariation with . For
Cag.05Srp.0sMNO3;  the magnitude of Ho decreases by 68.6 kJ mot from = 0to 0.3
compared to 26.0 kJ mol! and 20.3 kJ mol * for CaCry.1Mng9O3; and CaCly.0sMng.0503
respectively. For comparison, Hg calculated using a single t for all data points is also plot-
ted as a thin red line. These single-phase ts are similar irhape to the Ca.9Srp.:MnO3
While the single-phase ts capture the general trend of deasing magnitude with increasing

, it is evident each t would result in signi cantly di erent values for energy storage. In
comparison, with a phase change the decrease in magnitudé&iauted to Mn disproportion-
ation occurs in a single step, resulting in relatively conant values for the individual cubic
and orthorhombic ts outside of this step. When applicable, wo-phase ts are used for the
remaining thermodynamic calculations.

To qualitatively validate the calculated Hgo curves from the point-defect model, DSC
experiments were performed as described in Section 3.1.&hvwncremental reoxidation steps.
Figure 3.11 plots the experimental data at various steps ofto compare with the calculated
curves of Hg. The horizontal bars in Figure 3.11 represent the range ofover which the
measurement was performed, while the vertical error bars asure the inherent uncertainty

in the peak integration and calibration for the actual measement. While it is desirable to
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Figure 3.11: Enthalpy of oxidation Ho as a function of oxygen non-stoichiometry for
CaCryMn; yO; with a) y = 0:05 and b)y = 0:1, as well as Ca ,Sr,MnO3;  with c)

x =0:05 and d)x = 0:1. The solid lines are functions derived from the tted thernachemical
models to di erent crystalline phases. The dotted lines indate the transition region between
orthorhombic and cubic phases. Points showHq values derived from DSC measurements
with the horizontal bars representing the range of for a given measurement and the vertical
bar representing the uncertainty in Hgo from the peak integration.

take smaller steps in to validate the plots generated by the point-defect model,ush steps
present a challenge due to the smaller response induced ie stample from both a mass and
heat ow perspective. Although DSC measurements have sigmiant uncertainty and do not
rigorously validate the point-defect model, the DSC measements capture the functional
dependence of Hp vs. calculated with the model parameters. DSC measurements \ger
futher challenged by the transition from orthorhombic to cbic phases, resulting in the most
consistent dataset for CgoSrp.:MnO3;  with no crystalline restructuring. However, with
the exception of some measurements at largdor Cag.95Srp:0sMnO3 , and during the phase

transition of CaCry.;Mng9Oz , the model curve ts within the uncertainty bounds of the
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DSC measurements. For these points taken during the phaseadge, measured values were
signi cantly higher than the model prediction due to the exta energy associated with the
transition. Unfortunately the ideal conditions for DSC measrements coincided with the
intersection of single-phase and two-phase ts, so caloratry were not useful in determining
which tis more appropriate.

The experimentally derived thermodynamic parameters canebused to calculate equilib-
rium limits of specic TCES between two redox cycle endpoirst This can be accomplished
from the functional relationship of Ho with T and , or using Eqg. 3.18 and calculating the
solids enthalpy from the state-function. This indicates ote again a departure from Eq. 3.1
where Hg is strictly a function of , all subsequent calculations are performed using the
point defect model and state function for total solids enth@y. For coupling a perovskite-
based subsystem to a supercritical-CQpower block, the low-temperature state was xed at
Tc =500 Cin air. A contour map of the total (sensible + chemical) enagy storage potential
for Ca; «SrkMnO3 , is shown in Figure 3.12 along with the endpoints of a nominalJES
cycle. The contour lines in Figure 3.12 provide a useful visliEation of the relationship
betweenT, Pg,, and hy .

In Figure 3.12(a) the composition with no phase change is ptetl, Cay.9Srp:;:MnO3 . As
the material moves from state 1 to state 2, the contour linega nitially perpendicular to the
temperature axis; once the material begins reducing &t > 600 C, the chemical energy terms
begin to induce some curvature in the contour lines at the loRg,. The contour line slopes
become shallower as the material reduces more, indicating encreased variation of hyy
with partial oxygen pressure, other than temperature. In geeral, Figure 3.12 showcases the
exibility of these perovskite compositions, which can st@ signi cant quantities of energy
under a wide range of applicable conditions. For example,émominal cycle shown on the
contour plot corresponds to hy, 710 kJ kg %, the same speci ¢ TCES could be achieved
with Ty = 1000 C andPo, 10 2 bar if these conditions are preferable. On the other hand,

in Figure 3.12(b) the selected composition, GasSry.0sMnO3 , undergoes the orthorhombic
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Figure 3.12: Map of TCES potential for Ca ,SixMnO3; with (a) x = 0.05 and (b) x =
0.1, calculated using the point-defect model and speciegtaipy equations. For the nominal
redox cycle shown, state 1 and 2 represent the oxidized colidte and reduced hot state,
respectively.

to cubic phase change previously discussed. This transiii@auses a sharp change in the
contour lines slope, indicating the rates of energy storagggni cantly increase in the cubic
phase.

The calculated speci ¢ storage capacity of all the Sr and Gteped CaMnQ samples are
listed in Table 3.3 for a range of high temperaturesy up to 1000C at a xed reducing Po, =
10 4 bar. Values are calculated using two-phase ts when applibke. Table 3.3 also calls out
the amount of speci c energy stored through chemical reduoin at the thermodynamic limit.

For Cap.9Sro:1MnO3 , hehem IS always larger than the sensible energy stored regardless
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Th. CagosSro:0sMNO3  stores 47% chemical energy at 800, but this fraction steadily

increases with temperature passing 50% fdar > 880 C. On the other hand in Cr-doped
compositions the fraction of chemical energy storage is$atan 50% of the total, resulting in
these materials storing signi cantly less energy than eitr Sr-doped composition. Although
only a few points are shown in the Table 3.3, energy contour & for each material are
very similar in shape to Figure 3.12, with the appropriate adjstments for the magnitude of

energy stored which can be inferred from Table 3.3.

Table 3.3: Specic energy storage based on thermodynamienlts for Ca; SrMnOs3

CaCryMn, yO; and other high-temperature energy storage materials for aow-

temperature of 500C in air. Chemical storage for the perovskites and GO, assumes
reduction at given Ty in Po, =10 4 bar.

Material Tu [ C] 800 850 900 950 1000
hovem [KJ kg 1] 143 179 217 254 292
CaCroaMnosOs hot [KJ kg 1] 400 480 562 645 727
hovem [KJ kg 1] 134 174 214 256 296
CaCro0sMNo9s0s hot [KJ kg 1] 391 474 559 645 731
herem [KJ kg 1] 275 325 371 414 455
C20:95101MNO3 hot [KJkg 1] 524 616 706 792 877
horem [KJ kg 1] 228 287 348 408 464
C20:955T0:0sMNO3 hot [KJ kg 1] 482 584 689 793 895
o0 horem [KJ kg 1] 844 844 844 844 844
0s%4 heot [k kg 1] 1084 1122 1161 1199 1238

Al O hchem [k‘] kg 1] - - - - -
2es hot [KJ kg 1] 366 428 492 555 619

1 - - - - -

LiNaK-CO Nenem [kJ kg "]

hot [KIJ kg 1] 435 508 - - .

The speci c TCES values of select doped CaMnO compositions are compared in Ta-
ble 3.3 to values for CgO,4, one of the most studied simple metal oxides with high speci
TCES [27, 35, 39]. CgO,4 reduces to Co0 in air at 885 C but at Ty below 750 C in
Poz = 10 4 bar [35]. CaqQ., like all single-cation reducible oxides, reduces with a pke
transition at a single temperature for a givenPo,, whereas perovskites undergo reduction

over a temperature range. Thus, for consistency, @0, reduction in Table 3.3 was assumed
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to occur before allTy at Po, = 10 4 bar, and its  hehem appears for allTy given. CgO,,
with its very high  hehem = 844 kJ kg 1, provides a higher hehem and  hy than the doped
CaMnO; . However, its very high cost and limited redox stability wherfully reduced raise
guestions about its viability for utility-scale CSP storag [27]. Recent progress on improving
cyclability of the C030,4/3-CoO redox [34, 39] suggests that this system might have apy+
bility for smaller systems where higher storage costs may baerated. There is no doubt
that the thermodynamic potential for TCES with CozO4 is very high, with several studies
using the material for reactor design [36, 38]. However, theoxidation kinetics have been
shown to be a limiting factor which will need to be consideresh TCES subsystem design
[103]. Alternative reducible simple metal oxides, notably KO, and BaO, are not shown in
Table 3.3 because of their inability to show viable cyclabiy [27, 32].

To show the value of perovskite-based speci ¢ TCES in compaon to more common inert
storage media, Table 3.3 also shows the speci ¢ sensiblerage of inert ALO3 particles [8]
and of LiNaK carbonate salts up to their approximate stabiliy limit in CO , environments
( 850C) [6]. Table 3.3 shows that additional chemical energy stage gives Sr-doped
CaMnO; as well as CgO, the potential to store more energy per kg and operate at
higher Ty compared to the molten salts. While the Cr-doped compositiencan go to higher
temperatures, they do not store enough chemical energy torospete at lowerTy. Notably,
Cag.05Srh.0sMNO3  provides specic TCES = 895 kJ kg?! for Ty = 1000 C, where 52%
is chemical energy stored through perovskite reduction. Ehtotal TCES value at Ty =
1000 C is 2% higher than Ca.9Sr5.:MnO3z  which performs better at lowerT, and 22% more
compared to CaCg.0sMng.9503 . With the high thermodynamic limits for speci c TCES,
the question remains how close these limits could be apprbad in a real TCES subsystem,
particularly for CSP where the heat addition would likely beprovided in a particle receiver

with limited residence time.
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3.5 Comparison of Energy Storage Media

The chemical stability and redox thermodynamics of the dogeCaMnO;  perovskites
investigated in this study suggest these materials can prole high specic TCES in CSP
applications with high-temperature storage atT, 1000C. Current molten-salt storage
technologies havdy, limits around 600 C and can only drive steam Rankine power cycles [6,
20, 21] with their limited electrical energy e ciencies. Nekgeneration storage systems target
higher Ty to couple with more e cient power cycles such as supercritad-CO, [92, 93] or air
Brayton [38, 41]. Many other storage materials are being imgtigated for this application
including (but not limited too) simple metal oxides such as 6,0, [35, 38, 39], molten chloride
and carbonate salts with higher operating temperatures [604], and inert particulate media
[10, 54]. To compare these di erent high-temperature eneygtorage materials, their h
are compared in Figure 3.13(a), assuming a reference stateTef = 500 C in air, which
is relevant for coupling with a supercritical-CQ power cycle. The materials selected for
comparison include the best performing A- and B-site doped mpositions characterized in
this study, a high-temperature carbonate salt mixture (LiCO; Na,CO; K,CO;) [104],
the most promising simple metal oxide composition G®, [35], and a low molar mass inert
particulate media Al,O5. Figure 3.13(a) demonstrates the bene ts of the additionalhemical
storage component, which causes the perovskite composigao increase the rate of energy
storage asT increases above 65C. This boost in energy storage comes at the expense of
system complexity, mainly due to the lowPo, sweep gas required for reduction. For GO,,
reduction occurs abruptly at a speci ed temperature causga large increase in hyy, and
allowing this material to have the highest speci c storagealues. The relatively highc, of
the carbonate salt gives this material the highest speci crergy storage at low temperatures
until the  hgrem comes into play for CQO,. However, these carbonate salts are not stable
at Ty 850 C and even at lower temperature, corrosion issues remain esplved before

they will be considered for large-scale applications [105]
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For a large-scale, high-temperature, energy storage sub®m, material cost and system
complexity will be critical for determining economic viadity. The estimated cost per kWh of
thermal energy stored is plotted in Figure 3.13(b). Genergll material costs are estimated
from the latest material commodity pricing data [106], but ér the carbonate salt price
has been well documented in the literature [104]. For perdutes, a manufacturing cost of
$0.3/kg is assumed. Although CgO, has the highest hy: on a per mass basis, the cost of
Co;0, makes it the poorest option considering storage energy stdrper dollar. On the other
hand, the very low cost of alumina € $1/kg) results in this material o ering the cheapest
storage alternative. The relatively low cost of the metal déons selected in this study allows
the perovskite compositions to outperform C@®,, while the high-T operating capability and
demonstrated long-term cyclability give the perovskitesraadvantage over the carbonate salt.
Comparing the two perovskites, the lower price of Cr compaddo Sr reduces the performance
di erence on a per cost basis between GgSro.0sMnNnOz; and CaCr.;Mng.gO3 , but the
superior thermodynamics of the Sr-doped CaMn{ still provides slightly chepaer storage

at Ty where signi cant reduction occurs.

Figure 3.13: Comparison of a) hyy, b) estimated cost per kWh stored and c) volumetric en-
ergy density for several selected TES and TCES materialscinding promising A- and B-site
doped CaMnQ characterized in this study. TCES materials (CgO,, CaCry.1Mng.9O3
Cag.95Srh.0sMNO3 ) assume a reductiorPo, = 10 # bar.
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Energy storage subsystem complexity can add signi cant basnd operating costs. Form
this point of view the doped CaMnQ  perovskites require a sweep gas witPo, = 10 “ bar
to achieve the hy, plotted in Figure 3.13. Providing a lowPg, sweep gas can incur non-
negligible parasitic power losses, approaching 20% of thewer cycle output forPg, = 10 4
bar at Ty =900 C [29]. Parasitic losses decrease signi cantly for a sweegsgvith a higher
Po2 = 10 2 bar [29, 56]. This trade-o presents an interesting optimiation problem to
balance the extent of reduction (and thus hgnem) achievable with the perovskite composition
with the parasitic losses associated with a lo®y, sweep gas. C@, redox cycles do not
encounter this issue as C®, can reduce in air at higherT (890 C). On the other hand,
Co;0, reduction kinetics present further challenges, and on-swemonstrations with CgO,
have achieved no more than 60% of the total possibleh¢em [39]. The best perovskite
composition studied here CggsSro.0sMNO3z  achieved 80% of its hehem thermodynamic
limit with only 60 s of reduction in a non-optimized, packedsed con gurationat Ty, 900C
at Po, = 10 4 bar. Further trade-o studies are exploring the possibilites of reduction at
higher Po, as a more cost-e ective and energy e cient TCES subsystem Isad on these
Sr-doped CaMnQ@ compositions.

Another important aspect to consider which can signi cantlyimpact the cost and system
design is the storage volume. The energy storage potential each material is plotted on a
volumetric basis in Figure 3.13(c). In this case the trends gbrved are similar to those seen
in Figure 3.13(a) comparing on a mass basis, with the exceptiof perovskite compositions,
which are the worst performing materials on a volumetric bas This drop in performance
is due to the high void fraction of a perovskite particle bedmeasured to be 64% through
MIP in Chapter 2. The majority of these materials (all exceptfor the carbonate salt) will
likely be implemented in particulate systems, meaning theapped density, ,, must be
considered in the volume calculation. For the perovskite nierials investigated in this study
the high porosity results in a low ,, lowering energy density on a volumetric basis. For

Al,O; and Co;0,, a packed void fraction of 36% is used, which is typical for aapked bed
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of spherical particles [107]. This di erence of 28% is deasdme in the storage tank and
severely decreases the volumetric energy density of petdss synthesized thus far. As
manufacturing processes for perovskite oxides are re ned produce more spherical, denser
particles the volumetric energy density should also increa. While molten salts generally
have lower densities compared to metal oxide compositioribe void fraction in particle beds
results in carbonate salt compositions having a density silar to ,, for Al,O;. The high
density of Cg,0, means this material stores signi cantly more energy than bkbther options
on a volumetric basis, while also being the most energy dense a mass basis. The main
issue with CqO, is the high cost seen Figure 3.13(b), but the high energy detyssuggests
this could be a great option for smaller systems where higheost of the storage media may
be tolerable.

For implementation of TCES redox cycles in a commercial-deasubsystem, the lifetime of
the storage media is critical. The 1000 redox cycles for boGaCr,Mn; O3 (y =0:05; 0:1)
and Ca 4,Sr,MnO3z; (x = 0:05 0:1) demonstrate the potential for these perovskites to
provide good chemical stability. Such long-term cyclic shility has not been demonstrated
for Co;0,, and is a known issue with other simple metal oxide compogitis such as MpO,
[33]. In the case of molten salts, corrosion of storage tan&ad transport lines are major
lifetime concerns [105], which prevent these high-salts from being implemented in TES
systems today. Inert particulate media is likely the simplgt high-T system compared in
Figure 3.13, but also o ers the lowest hy,. Concerns for such a system include particle
attrition which also remains a concern to be addressed for ES subsystems based on redox
cycles with oxide particles. The extent of attrition for all oxide materials will be heavily
in uenced by manufacturing processes and remains a criticepic for further investigation

before commercial scale-up may begin.
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CHAPTER 4
REDOX KINETICS EXPERIMENTS

Many results presented in this chapter have been published the peer-reviewed
journals Solar Energy [71], and Applied Energy [99]. This chapter builds on those
publications with more extensive discussion and additiohaesults for more detailed

kinetics analysis.

4.1 Introduction

CSP plants and other large-scale applications of TCES based reactive perovskites will
require adequate residence times at conditions both to 1) dteand reduce the oxide particles
for high sensible and chemical energy storage and 2) to cooldare-oxidize the particles
for subsequent energy release. In a CSP plant, a central sotaceiver exposes the oxide
perovskites to high temperature and as needed, oy, to drive chemical reduction. To
transfer solar radiation to energy in oxides the receiver nganvolve a falling particle stream
[54, 55], an on-sun xed bed reactor [10, 34], or a uidized deof particles [7, 10, 56]. E ective
capture of radiation into chemical energy of the reduced parskite requires a composition
with appropriate thermodynamics, as determined in ChapteB and with adequately fast
reduction kinetics. Quantifying redox kinetics of the redaible oxide, such as the doped
CaMnOs; compositions in this study, is essential for performing reoer and reoxidation
reactor design. This chapter discusses redox cycling exijpeents in an annular packed bed
reactor to assess the kinetics of reduction and re-oxidatidor Cr and Sr-doped CaMnQ

In this study, packed beds of selected doped CaMrO particles are used to simulate re-
dox cycling conditions expected in a TCES subsystem for CSIA.a CSP plant, the particles,
typically with a mean d, > 200 nm, would be rapidly heated in a receiver toly, 900 C
in a low Po, sweep-gas ow. After collection and storage in a high-tempature insulated

tank, the reduced particles would be re-oxidized in a heat elxanger that drives a high-
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temperature power plant, such as a supercritical-COpower cycle with ring temperatures
< 750C [93, 108, 109]. After the heat exchanger, the re-oxidizedrfiales are stored in a
relatively cold-temperature tank before being transport to the receiver for on-sun reduc-
tion. The cold-temperature storage may still be relativelhigh-temperature, such as 50@
for a supercritical-CG, cycle. The cold and hot storage tanks permit a temporal decpling
of the solar energy capture and the power generation.

For both the reduction and re-oxidation reactors, gas-phasmass transport, surface ki-
netics and solid bulk di usion can play important roles in déermining time scales necessary
for reduction and re-oxidation of the perovskite particlesParticle morphology also plays a
signi cant role in the kinetic rates and transport processg and as such, particle morphology
must be well characterized to interpret kinetic measuremeémnd develop models for the re-
duction and re-oxidation processes. Particle surface rdugess and bed pore structures will
a ect the area of contact between the solid and gas phases aslvas the mechanism sweep
and evolved gas transport through the packed bed. The inteshparticle pore structure will
also impact bulk and gas species di usion into and out of theggticle.

To evaluate rates of oxygen release and uptake expected fapdd CaMnQ in the
context of a central solar receiver, the packed bed set-upgsides a holistic test to charac-
terize the importance of surface reaction rates and bulk vaocy di usion at this scale as
a basis for subsequent modeling of larger scale reactors. Wloxide-ion transport proper-
ties are often derived from fundamental bulk phase experimis [85, 86], it is not clear how
well these properties translate to transport through a polgrystalline particulate media with
varying pore structure. Redox cycling experiments over a rge of T and Po, assess the
kinetic limitations of the doped CaMnQ; patrticles and allow tting to identify the kinetic
and ion-di usion parameters that a ect the time scales of rduction and reoxidation. An
appropriate model of the packed bed experiments is used to the sensitive parameters to
the experimental results. This chapter focuses on the seputesting, and data processing of

the packed bed experiments, whereas the modeling e orts Wie discussed in the following
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chapter. By testing particles under conditions comparabléo those expected in a TCES
system, these experiments yield useful information regang time scales of energy storage

and release of the perovskite particles.
4.2 Experimental Setup

Packed bed experiments with multiple redox cycles up to 1000 were performed with
particles of the preferred doped CaMn@ perovskite compositions, notably CgySrp:;MnO3
Cag.g5Srh.0sMNO3 , CaCry.1Mng9O3z , and CaCryg5Mng.95s03 , which exhibited the best
thermodynamics for speci ¢ TCES. To extract surface kineti parameters and bulk-phase
transport from a packed bed model, some mean physical propes, such as active surface
area-to-volume ratio, particle porosity, and solid lengttscales for bulk-ion transport, must

be characterized.
4.2.1 Particle and Packed Bed Properties

Experiments were performed using GaSr,.;MnO; particles synthesized as described
in Section 2.1, with the particle size distribution illustated in Figure 2.4. Control experi-
ments were also run with essentially inert CarboAccucast |eparticles to quantify transient
system response to gaBo, switching and provide a baseline relative to reactive paxcies.
CarboAccucast ID50 particles have a packed bed density (tapg density, ) of 2002 kg
m 2 and a composition of 75% AlO3, 11% SiQ, 3% TiO, and 9% FeO3 [110].

To gain similar measurements for the doped CaMnQO perovskite particles, mercury
intrusion porosimetry (MIP) tests shown previously in Figue 2.5 were performed. MIP
measurements gave a packed-bed density of 1526 kg3nGequivalent to a bed porosity of
64%, which includes both intra- and inter-particle pores. MP indicated a particle envelope
density, v = 1617 kg m 3, which includes only intra-particle porosity. The bulk desity for
the Cay.9Srp.1MnO;  particles measured was 4253 kg miwhich is 10% below the theoretical
density theory = 4725 kg m 3 based on the XRD lattice parameters. The combination of

envelope and bulk density measurements indicates an intpaiticle porosity of 62%.
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For the reactive perovskite particles, reaction rates arerpportional to the active surface
area over which the reaction can occur. The surface area paritubed volume, ay, is an
important for model parameter for the packed bed simulatios External surface area can be
estimated from patrticle size distributions assuming sphieal particles, but the full surface
areaay including internal pore surface area must be measured witik@erimental techniques
such as MIP and BET, as discussed in Chapter 2. Particle sizesttibutions are known
for all perovskite compositions of interest (Figure 2.4). M? and BET measurements of
Cap:9Si:iMn3  gave a speci ¢ surface area@yoe = 0:737 nt g 1. Eq. 4.1 shows how this

measurement is related to the important bed propertyay .

ay = (4 1)

Where m; is the mass of solid particles in the bedveq is the total bed volume, and 4 is
the porosity or void fraction of the bed. As discussed in Chagt 2, detailed porosymetry and
BET measurements were only performed for GaSro.;MnO3 particles, assuming values are
similar for other materials synthesized in the same fashionThe speci c surface area and
particle diameter for each sample tested in the packed bedeasummarized in Table 4.1.
Although each material is assumed to have the same specic fage area, dierent bed

packings still result in varying values foray

Table 4.1: Average particle diameter, standard deviation gfarticle diameter, and speci c
surface area for each material tested in the packed bed exjpeznt.

Material Opavg [MM] 4 [MM]  ay [m ]
CaCrg.1Mng.9O3 222 113 5256(150
Cacro;o5Mno;g503 249 141 5946(150
Cag.05S19:95sMNO3 442 106 1175(150
Cap.9Srp:1MnO3 322 97 6.426(19

In the experimental con guration, the packed bed of partiéds was radiatively heated
from the outer surface with a halogen lamp backed with paralio gold-plated mirrors which

focuses visible and near-infrared light between 320-110énronto the central line of the
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furnace over a 10-cm length. Over this range of wavelengthguartz absorbs very little
radiation, with transmissivity values above 90%. Thus, theadiative heating reaches the
particles directly in the annular reactor. In addition, theradiation heats the central alumina
tube upstream of the particles which allows the gases to efjbrate with the furnace set
temperature before reaching the packed bed. The optical tkiness of the perovskite particle
bed based ond, = 300 nm at varying bed porosity is shown in Figure 4.1 based on
formulation provided previously [55]. Results suggest thdor a bed porosity = 0:6, the

optical thickness is close to the 2 mm thickness of the annslu

Figure 4.1: Normal penetration of irradiation into a bed of péicles with d, = 300 nm and
a range of void fractions.

The bed length impacts the mass and species transport and ghithe measurablePg;
signal out. As the perovskite reduces, evolved,@as increases th®q, in the downstream
region of the bed which lowers the driving force for and thuste of reduction. High ow rate
of low-Po, sweep gas and a shorter bed can mitigate this mass-transpémitation during
reduction. However, too high a ow rate can reduce th€o, signal at the outlet such that
the signal to noise ratio makes it di cult to integrate over time and get the instantaneous
mean bed oxygen non-stoichiometry. Assuming mean values for © generation due to
reduction throughout the bed, it is possible to estimate the&X o, signal expected at reactor
outlet as a function of bed length, results of this calculatin are shown in Figure 4.2. For

an inlet Xo, = 10 4, a mean Q generation rate of 10* mol s * m 2 increases @ content
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by approximately an order of magnitude for a bed length of 1 mmOn the other hand, a
mean G generation rate of 10°® mol s * m 2 a 40 mm bed only result inXg, =6 10 4
at the outlet. Examining Figure 4.2, a bed length between 15 @20 mm should result in a
discernible change in @ content for lower generation rates, while limiting the bedraction

exposed to large amounts of evolved gas for cases with highetes.

Figure 4.2: Estimated molar oxygen concentration and senswoltage at the reactor outlet
as a function of bed length for several assumed constans @eneration rates. For a higher
oxygen generation values a shorter bed still shows a largerniease in oxygen content which
can e ect reduction in particles downstream. For the lower gneration rates, a longer bed is
required to achieve a larger change iK o,.

A photographic image of a packed bed of doped CaMgO particles in Figure 4.3 shows
how the annular bed is packed around a central alumina tube treeen quartz wool packings.
Approximately 1 gram of material with particle diameters mosly between 250 and 425m
packed into an annular bed 16 - 21 mm long. The inner and outeiasneter of the annular
bed are 6.2 mm and 10.2 mm, respectively for a bed thickness2omm.

Phase and morphological stability of the perovskite partles after extensive redox cycling
is assessed by XRD scans (PANalytical X'pert PRO MRD) using Cu-Kradiation and by
particle size measurements with a Microtrac S3500 laser daction particle analyzer. The
X-ray di ractograms and particle-size distributions afterredox cycling were compared with
those taken on the same particles before redox cycling. Tleesnalyses were performed after

static redox cycling tests and as such do not capture the impaof possible particle attrition
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Figure 4.3: Picture of a bed of perovskite particles packedstalled in the sample quartz
tube and furnace. The thermocouples t along the grooved atnina tube, which forms the
inner radius of the annular bed. Regions of quartz wool regtt the particles from moving
under owing conditions. The gold-plated hot zone ensuresuniform radiative ux entering
the bed.

associated with active particle transport at high temperatres as reported in previous studies

of similar compositions for chemical looping [43].
4.2.2 Experimental Rig, Control and Instrumentation

The packed bed was held in between two sections of quartz waold pressed against
a downstream quartz fritz. An alumina tube (6.2 mm outer diamir) along the central
axis had grooves cut into its surface that held three K-typehermocouples. Temperature
measurements were taken at the bed inlet, midpoint, and oel. The packed bed was heated
inside the near-IR radiant furnace (Ulvac Riko VHT-44). This funace consists of a circular
array of four quartz lamps with gold-plated parabolic mirres which line-focus radiant energy
along a 10-cm long heated zone, allowing for rapid heating thfe bed. Temperature was
controlled using the inlet thermocouple by the Ulvac Riko sypied controller.

Multiple Brooks 5850E mass ow controllers maintained gasow through the packed bed
as mixtures of UHP N and dry air that provide ranges ofPo, to as low as 104 bar. For the
experiments reported here, total inlet ow was kept constarat 500 SCCM. Rapid switching
between oxidizing and reducing ows at di erentPo, was handled with two separate three-

way pneumatic valves as shown in Figure 4.4. The ows remainednstant even when not
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Figure 4.4. Diagram of the packed bed experimental set up foedting oxidation and reduc-
tion kinetics of perovskite oxides. Only compositions whicwere deemed suitable as a TCES
media after extensive TGA and DSC experiments, namely Cr arfsi-doped CaMnQ , were
tested in the packed bed.

supplied to the reactor in order to limit pressure uctuations associated with changing set-
points of the mass- ow controllers. Minimal dead-volume ktereen the two gas- ow inlets
reduced, the time for the incoming gases to switch at the retac inlet.

Po> at the reactor exhaust is measured using an electrochemi€al sensor from CoorsTek
made with a YSZ-based oxide-ion conducting ceramic coatedtivplatinum electrodes [111].
The oxygen sensor outputs a voltage signal which can be corted to Po, based on the
Nernst equation, shown below in Eq. 4.2.

RT P
VOZ = In 02, ref

=" e (4.2)

Where, F is the Faraday constant andPq;, e refers to the room partial oxygen pressure. To
ensure excellent agreement with the actual sensor used, g sensor was also calibrated
by allowing the voltage signal to equilibrate at several knan Po, steps in the region of
interest (0.0001 - 0.21 bar). Using this method it is importanto allow ample time for the
sensor to equilibrate when decreasing the,; . The outlet voltage and InPo, form a linear

calibration curve to convert voltage to partial O, pressure.
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Reactor exhaust total pressurd® is measured using a di erential Omegadyne pressure
transducer, referenced to the room atmosphere, upstreamtbe electrochemical @ sensor,
allowing for more precise conversion froffo; (et to mole fraction. Figure 4.4 shows a diagram
of the packed-bed experimental set-up with all instrumentaon. Experimental data are
collected with Dataforth signal conditioners providing arpli ed signals to a 16-bit National
Instruments 6201 PCI-E data acquisition board that commuriates with a LabView program.
The same LabView program provides control signals for the eteonic mass ow controllers

and the gas switching valves.

4.2.3 Test Conditions

Isothermal redox cycling of packed beds of A-site Sr-doped K8aO; and B-site Cr-
doped CaMnQ, provided measurements for evaluating kinetic rates of thel drent com-
positions with promising specic TCES in the temperature rage of interest for driving
supercritical-CO, power cycles. Particle diameters were chosen to simulaterfiele sizes
needed for adequate transport in a full-scale system with &mtral solar receiver for particle
heating, although bulk oxide-ion di usion can impact kineic rates for particles in this size
range. The particle size and surface area properties for neatls tested in the kinetics rig
are summarized in Table 4.1. Computational models of the pead bed experiments with
and without bulk oxide-ion di usion indicated that the particle bulk is primarily important
only for reduction at temperatures below 80@ [40]. These studies suggest that results can
be tted well to axially discretized reacting ow models by \arying kinetic parameters [40].
Details regarding this model and the impact of particle sizand intra-particle di usion on
redox cycling and TCES will be discussed in the following cpéer.

Cyclic reduction and re-oxidation under isothermal condibns were performed for a range
of temperatures between 700 and 100D. The packed bed was heated to the desired temper-
ature in either air or 1% G, in N5, and allowed 5 minutes for the temperature to equilibrate.
Once the bed is in thermal equilibrium, a switch to the reduddbn low-Po, gas, experiments

were performed reducing aPg, = 10 % and 10 2 bar. Each redox cycle consisted of ve
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minutes of reduction and ve minutes of oxidation. Although te isothermal cycling experi-
ments are extremely valuable for assessing kinetic pararaet under various conditions, the
mean reduction rates from these packed bed experiments daot mepresent general kinetic
limits on rate of reduction or speci c TCES in a composition an be achieved in a full-scale
system wherePg, exposure may be very di erent. The reduction and reOoxidatin rate mea-

surements are tied to the speci c geometry and ow con gurabns of this reactor. Modeling

of the full-packed bed with adequate axial discretizatiorsinecessary to extract useful kinetic
parameters for reduction and re-oxidation of the di erent dped CaMnQ,  perovskites.

The packed bed reactor was also used for long-term cyclic oxdtesting of the doped
CaMnO; compositions under cyclic temperature conditions charastistic of a TCES sub-
system in a CSP plant for driving a supercritical-CQ power block. The cyclic redox testing
for phase durability involved reduction of the perovskite acked bed in UHP N (Po, 10 4
bar) with an initial 30 s hold at 500 C before heating from 500 to 90@ at 100 C/min and
a subsequent hold at 90@ for 150 s. Re-oxidation of the perovskite bed then followeal
similar pattern with a rapid switch to dry air at 900 C for 30 s and a subsequent cooling
down to 500 C at -100 C/min and a hold in air at 500 C for 150 s. For stability tests, each
material was subject to 1000 redox cycles in 100 cycle incrents to allow for intermittent
visual assessment of bed degradation or discoloration dugitesting.

Figure 4.5 shows examples of the cyclic evolution of oxygenmstoichiometry with tem-
perature cycling during the redox experiments of GaSr,,;MnO3; over a representative 10
cycles. The cyclic plot in Figure 4.5 shows a signi cant tranent gradient for for this
composition even after a 150 s hold at 900. This implies that Cag.9Srp.:MnO3;  does not
reach its equilibrium even after this length of exposure t®o, 10 4 bar. On the other
hand, re-oxidation at 500C does reach an equilibrium state where is essentially zero.

Temperature was monitored in three locations throughout th bed length during en-
dothermic reduction and exothermic re-oxidation. The temerature of the reactor was based

on the inlet T,. Although the tests are considered isothermal, transient teperature uctua-
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Figure 4.5: Absolute and temperature pro le shown for a sample 10 redox cycles beten
500 C in air and 900 Cin Po, 10 “ bar for durability testing of Cag.oSro.1MnO3

tions due to the heats of reaction were observed for all test®nly the control thermocouple
at the inlet remained at the desired temperature. Measuredemmperature signals at the
middle and exit of the particle bed during "isothermal” reda cycling of Cay.gSro.;MnO;
for reduction at Po, = 10 # bar and oxidation in air are plotted in Figure 4.6(a) and (b),
respectively. The heater controlled inlet temperature hasictuations in the rst 20 seconds
as the controller responds to the initial reaction peak, buafter this settling time the inlet
temperature is very stable for both reducing and oxidizinglpts. The midpoint and outlet
temperatures show heating during endothermic reduction abke heater puts in energy to
o0 set the cooling at the inlet due to the endothermic reducon. For the rapid re-oxidation,
the controller does not reason adequately fast and the midbmt and outlet temperatures
peak by 10 C and 5 C respectively before gradually cooling over the next 100 Shese
trends in measured temperature along the bed are represeinta of the trends observed for
all isothermal redox cycles, and the relatively uniform teqmeratures with a small short spike
induced in the rst few seconds of exothermic re-oxidationuggest that the experiments can

be approximated as isothermal tests.
4.3 Data Analysis

Proper analysis of the outletPo, data collected from redox cycling tests requires an

assessment of transients in the downstreaf, electrochemical sensor response to a sudden

81



Figure 4.6: Temperature prole measured during (a) reductio and (b) oxidation of
Cag.9Srp:1MnO3  particles at 900C. Temperature measurements are taken at three loca-
tions spread along the bed length, with heater control progied by the inlet thermocouple.

switch in the inlet gas- ow Po,. These rapid switches occur during the redox cycling betwee
high-Po, ows for re-oxidation and lowPo, ows for reduction. The exhaustO, sensor has

a delayed response to the switch due to the ow residence tintarough the system, as
well as capacitive/chemical transients in the solid-oxideensor. To determine the impact of
gas switching independent of @uptake or release, inert beds were tested under the same
conditions as reactive beds to observe the sensor respomrs@gients to switching.

An essentially inert bed of the Carbo Accucast ID50 particles ave tested at all of the
various switching conditions between oxidizing and reduwj ows to provide a background
signal to subtract from the reactive perovskite bedPo, data, as shown in Figure 4.7. The
corrected signal from the reactive perovskite particle beddetermined the Q uptake and
release based on an oxygen molar balance. The outlef §lgnal response to a sudden drop
in inlet-sweep-gasPo, illustrated in Figure 4.7(a) shows a slow steady decline iAo, which
has not reached steady-state even after 60 s. This responseslower than the inert bed's
response to a step input from low to highPo, (Figure 4.7(b)), which reaches very close
to the steady value within 20 s. The di erence between the imeoutlet Pg, response and
the reactive bed outletPg, response as illustrated by the curves in Figure 4.7 repressrd

measure of the @ generated during reduction, or incorporated into the solifbr re-oxidation.
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Figure 4.7: Response of electrochemical @ensor to step change in oxygen concentration
for (a) decreasing and (b) increasing oxygen concentratioboth steps were between air and
Po2 =10 4. The inert curve deviates from a step response due to deadwwle in the system
and transient response of the electrochemical sensor.

A control volume analysis of reactive packed bed results ifé conservation equations
necessary to calculate @generated or adsorbed by the perovskite bed. For this analys
1-D plug ow is assumed due to the thin cross-sectional ared the packed bed (2 mm)
and relatively high gas throughput, with space velocities étween 100,000 and 150,000 h
Furthermore, the sweep gas is assumed to be ideal. Eqgs. 4.4 &b are a total molar balance
and Reynold's transport theorem applied to moles of Othe particle bed, respectively. The
bed-averaged oxygen generation termg,, must be solved for in order to quantify the extent

of reaction achieved in the packed bed.

I:)OZVbed g
No) = NXgp = ———= 4.3
No2 = NX o2 AT (4.3)
No2.out = So28y Vbed + No2iin (4.4)
@
(_@Oi = No2jin + So2&Vhed  No2,0ut (4.5)

In Egs. 4.3 { 4.5, Vhed; ¢ and npin are known quantities. Since the ow is measured in
standard units it is readily converted to a molar rate, at stadard conditions 1 mol = 22414
cm®. Setting the time derivative in Eq. 4.5 to zero and combinindegs. 4.3 { 4.5 results in

an expression for the measg, using only measurable or known values.
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Nin (Xo2i X
5_02 — in ( 02,in 02,out) (46)
avaed (1 XOZ,out)

In Eqg. 4.6, the Xo20ut IS extracted from the electrochemical oxygen sensor and psere
transducer at the outlet gas ow. X3, is taken from the outlet signal from the inert run
to account for the system ow response. The observesd, for Cag.9Sr::MnO3; , calculated
using di erent methods of determination fora,, are compared in Figure 4.8. Since surface
area measurements include surface roughness and mescespales, the calculated value
for particle surface area is signi cantly larger than the ve calculated from the particle
size distribution, resulting in lower molar uxes. Furthemore, using only the surface area
identi ed using BET measurements does not capture the larggores (with diameters> 10
mm) present in the particle, and the resultingso, di er by an order of magnitude based on
the di erent surface area values from accounts BET and MIP nasurements. These results

demonstrate the importance of, to accurately determinesg, during redox cycling.

Figure 4.8: Measuredp, for Cay.qSrp.1MnO; at T =900 C and Po, = 10 “ bar calculated
using di erent particle surface areas.

The average non-stoichiometry in the perovskite bed is calated by integrating mean

So, over time.
Z

M
= Mo Sppas— dt (4.7)
Mg

Substituting in the expression for mearsg, from eq. (4.6) gives
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Z

No2in (XOZin XOZout)Ms
=M ' ' —~>—dt: 4.8
© 1 XOZ,out Mg ( )
In Eq. 4.8, the particle surface area does not a ect the evdion of . The extent of

reduction only depends on the molar rate of ©generated in mol s!, not the ux value in

molm 2s 1,
4.4  |sothermal Experiments

Isothermal redox cycling kinetics tests are useful for excting sensitive kinetic and bulk
di usion parameters. These tests cycle the bed between highreduced and oxidized states
at a specied T by cyclic switching between a high?o, ow (often air) and a low-Pg, ow.
The tests here were typically performed by switching gas osvin 300 s intervals.

Results for redox cycling between air andPo, = 10 4 bar are summarized in Ta-
ble 4.2 for the four doped CaMn@ compositions tested most fully in this study { notably
Cap:9Srp:1MnO3  , Cag.g5Srp:0sMnO3  , CaCrp.1Mng.9O3 , and CaCry.psMng.9s03 . The re-
sults in Table 4.2 are averaged over ten cycles. No samplescresd > 90% of the thermo-
dynamic ¢q in the 300 s of reduction time period. CgosSrp.0sMNO3  consistently achieved
the highest fraction of ¢4 (88-89% after 300 s at all; 800 C). Results for both Sr-doped
compositions were not sensitive to variations iy, with conversion fractions consistently
between 78-79% after 300 s for @gSrg.1:MnO3  forall Ty 800 C. The Cay.95Srg.0sMnO3
demonstrated superior reduction kinetics of for TCES than &.9Sr,,;MnO3; , consistently
achieving 10% more of the available oxygen vacancies.

CaCrp.1Mng.g03 and CaCry.psMng.9s03  behaved in a similar fashion during reduc-
tion, with conversion rates increasing withTy up to 900 C, and leveling o at higher Ty.
CaCry.1Mng.903 showed higher integrated as shown in Figure 4.9 because of its higher
pre-reduction in air at all Ty. The generation rates of @ for CaCry.1Mng.9O3  were slightly
lower than for CaCry.0sMng.es03 at Ty 850 C, and CaCr.;MngoO3; was particularly

slower to reduce atTy = 800 C with only 18% and 44% of the possibles, achieved after
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60 and 300 s, respectively. These slower rates at lowB; may have been indicative of
CaCry.1Mng.903 not having changed phases fully to the high-temperature cubphase at
800 C. At higher Ty, reduction in air may enable the orthorhombic-tetragonatubic phase
change, which may allow for more rapid oxide di usion and/orsurface reduction upon a
step drop inPo,. The DTA plots in Figure 3.7 indicate that the phase change ppitates

relatively fast reduction.

Peak rates observed for CaGpsMng.9s03  reduction are 20 - 30% higher compared to
those for the 10% Cr doped composition, but the shape of allymen generation curves are
very alike, with peak O, generation observed within 5 s of switching gases and decayio
below 10 ° mol s * m ? within 15 s. The similarities in instantaneous Q release result in
similarly shaped reduction curves, with the main noticeabl di erence being the conversion
percentage detailed in Table 4.2.

Figure 4.9 also plots the evolution of and instantaneous rates of gaseous,@ptake
during isothermal re-oxidation cycles for CaGy;Mng.9Oz and CaCry.gsMng.9s03 . Re-
oxidation kinetics are important for energy recovery to thepower cycle, but re-oxidation
reactor/heat exchangers are not limited by the receiver osdn residence times for reduction.
In general, mean re-oxidation rates of ©@uptake are signi cantly higher than reduction
rates, particularly for CaCry.0sMn.9503 . CaCro,0sMng.5s03  recovers its ¢q within 10 s of
exposure to air for allT, tested. CaCrk.1Mng.9O3 has a relatively slower reoxidation rate
but still recovers its ¢4 in air within 20 s although 4 is reached faster a3y decreases. These
fast re-oxidation rates suggest that a reactor/heat exch@er may manage its exothermic heat
release by controlling gas-phase mass transfer of © the particle since re-oxidation occurs
so fast.

Comparison of the bed-averaged Ogeneration and uptake rates for both Cr-doped
CaMnOs; shows peak re-oxidation rates that are 2-3X higher than thegak reduction
rates. Peak re-oxidation rates are not sensitive td largely because they approach the

limit set by noyin for CaCry.gsMng.gsO3  for all Ty. The mass-transfer limit rates based on
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Table 4.2: Summary of isothermal kinetics results betwed?y,, = 0:17 and 10 * for all com-
positions tested. Values of achieved at various times throughout the reduction experiemt,

along with the percentage of total

achieved (conversion %). Values at = O indicate

the equilibrium non-stoichiometry in air at the speci ed tanperature, while values atl
correspond to ¢q at Po; = 10 *

Composition Reduction Th
Time [s] 800C 900C 950 C
0 0.008 (7%) 0.025 (14%) 0.063 (31%)
CaCresMnosOs 60 0.027 (18%) 0.106 (54%) 0.120 (40%)
: : 300 0.054 (44%) 0.135 (74%) 0.150 (61%)
1 0.112 0.174 0.205
0 0.004 (4%) 0.037 (23%) 0.054 (28%)
CaCryocMneesOs 60 0.034 (32%) 0.103 (52%) 0.119 (46%)
: - 300 0.063 (64%) 0.133 (77%) 0.150 (68%)
1 0.098 0.163 0.196
800C 900C 1000C
0 0.031 (22%) 0.074 (34%) 0.118 (42%)
CaneSioMnO 60 0.085 (49%) 0.148 (52%) 0.204 (52%)
9701 3 300 0.117 (78%) 0.186 (79%) 0.248 (79%)
1 0.141 0.216 0.283
0 0.025 (18%) 0.074 (33%) 0.126 (42%)
CouesSTn e MNO 60 0.081 (49%) 0.160 (59%) 0.230 (58%)
19510:05 3 300 0.126 (88%) 0.207 (89%) 0.284 (89%)
1 0.139 0.223 0.303

No2in With airis 1.1 10 * mol m 2 s ! for oxidation in air, where the material uptakes all
the available gas phase © For CaCry;Mng.9O3 , the peak oxidation rates are less than
CaCrg.05Mng.9s03 and the peak rates is followed by a relatively slow decay ové to 20 s
in the measured rates. The lower rates observed during reidation for CaCry.1Mng.9O3

at 800 C could be caused by the lower conversion achieved at that tperature as seen in

Table 4.2.

Isothermal redox cycling test results for CgSrp.;MnO3z;  and Cay.g5Sr.0sMnO3;  are
plotted in Figure 4.10 for cycling between air andPo, = 10 4 bar. The temperature range
for these tests was expanded down to 700 and up to 1000to explore the possibility of

bulk-particle diusion limits for reduction below 800 C [40]. For these A-site Sr-doped
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Figure 4.9: Instantaneous oxygen generation and cumulativeobserved during reduction at
Po> = 10 4 bar (left) and re-oxidation in air (right) for both Cr-doped calcium manganite
compositions at various temperatures. Rates of Oelease increase with temperature until
900 C before leveling o .

compositions, increased doping (10% Sr vs. 5% Sr) accelethteduction rates as well as
re-oxidation rates. Like with B-sited doped CaCyMn; ,O3 , the O, generation rate during
reduction peaked within 5 s of exposure to the oWy, for the A-site doped Ca ,Sr,MnO3
and peak rates monotonically increase witfy. Higher degrees of reduction are observed for
the higher-doped CgySrp.:MnO3; at Ty 800 C, but at higher Ty, Cag.95Sr0.0sMnO3
shows higher reduction in part because of thein air after re-oxidation.

Re-oxidation of Ca.9Srp.;MnO3; and Cay.g5Sro.0sMnO3 , shown in Figure 4.10(b) and
(d), show similar trends to the CaCyMn; yO3 samples, but for A-site doping, the higher
doped Ca.9Sro.;MnO3;  sample exhibits faster reoxidation rates. This is di erenfrom the

trend observed in B-site Cr doped samples, where re-oxidatiwas faster for CaCg.osMng.9503
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Figure 4.10: Instantaneous oxygen generation and cumulagiv observed during reduction at
Po2 =10 4 bar (left) and re-oxidation in air (right) for both Sr-doped CaMnO; composi-
tions at various temperatures. Rates of @release and cumulative increase monotonically
with temperature.

Peak oxygen uptake for CgySro.;MnO3  during oxidation for all Ty approaches the mass-
transfer limited value based omg, i, . The mass-transfer limited re-oxidation of CggSro.;MnOs3
is completed within 10 s or exposure in air, which di ers fronthe re-oxidation of Cay.g5Sr.0sMNO3
Re-oxidation of Ca.95Srp.0sMNO3z  shows a more gradual peak (except 8t = 700 C) with
lower peak rates and a gradual decay as re-oxidation proceemver the rst 10 to 20 s in air.
For the 5% Sr-doped composition the rates of Quptake increase withT, as does the time
required for full re-oxidation.

As oxygen vacancies are created, chemical energy is storedhie perovskite lattice ac-
cording to eq. 3.1. Figure 4.11 plots the mean chemical energyhchem, Stored in the doped

CaMnO; particles during isothermal packed bed experiments, assurg a reference state
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of 500 C in air is fully oxidized ( =0and heem = 0. Because of the variation of Hg with
and with di erent phases, as plotted in Figure 3.11, the evolion of hgpem iS NOt propor-
tional to , as indicated by comparing Figure 4.10(a) and Figure 4.11(ajt Ty = 900 C,
both Sr-doped CaMn@ compositions reduce to similar, but Cag.g5Sr0.0sMNO3z  achieves
Nehem = 179:5 kJ kg * over 300 s of reduction compared to hepem = 153:2 kJ kg * for
Cag:9Srp:1Mn0O3 . Cag.95Sr0.0sMnO3  has a higher mean Hg as plotted earlier in Fig-
ure 3.11.

Figure 4.11: (a) Evolution of chemical energy storage duringduction at P, = 10 4 bar
and (b) energy release with re-oxidation in air for Sr-dopechlcium manganite compositions
at various temperatures. The higher levels of reduction abWwerT result in Cag.gSrp.;MNnOs3
storing signi cantly more energy in these transient teststil T 900 C.

Assuming that the Mn cation defects equilibrate very quicklywith the oxide vacancy
concentration during reduction, kinetically limited specc TCES values over the 300 s of
reduction for this reactor con guration are calculated usig the point-defect model with
Eq. 3.18. This assumption will be explored further in a subgeaent chapter with the appro-
priate modeling tools. The packed bed reactor limitationsra in part impacted by the fact
that the downstream particles are impacted by the upstream £gas release during reduction
and thus these results are speci ¢ to the 2-cm long reactor cguration. Nonetheless, rela-
tive comparisons provide a basis for comparing and assegsihe di erent doped CaMnOs
perovskites. Table 4.3 provides a summary of hy, achieved during isothermal tests be-

tween Pg, = 0:17 bar and 104 bar, which includes both sensible and chemical storage, in
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contrast to Figure 4.11 which only shows hgem due to reduction for the Sr-doped com-
positions. The sensible energy storage is principally a fotion of T, and thus does not
change from the thermodynamic values derived from Table 3.3’ he percentage of storage
potential achieved in 300 s of reduction for both CaGMn; O3 compositions peak around
75% atTy =900 C and drop o when T increases to 95CC. In contrast, Cay.9Sro.;MnO3
consistently reaches 80% of its thermodynamic energy stgealimit for all T, tested. The
consistent performance of GaSr,.;MnO; relative to the Cr-doped compositions may be
attributed to the fact that does not undergo any sharp phaseransitions during the re-
duction process. CagsSro.0sMnO3  consistently achieves the highest fraction> 90%) of
equilibrium  hgper, for the 300 s of reduction. However, GasSro.0sMnO3z  has a lower ther-
modynamic limit for  hgem than Cag.9Sre::MnO3  which makes the latter more favorable
for TCES subsystems withT; 900 C.

The dependence of kinetic parameters oRp, and were explored experimentally by
increasing the reductionPg, to 10 2 bar for isothermal redox cycling. Figure 4.12 shows the
transient evolution of and mean hgnen, during isothermal redox cycling of CggeSro.;MnO3
with reduction at Po, = 10 2 bar and re-oxidation in air. The higherPg, would require
smaller parasitic losses for @ separation from air in an industrial scale TCES systems.
Providing a low-Pg, sweep gas can be a signi cant exergy parasitic [29] partieuly at
Po2 = 10 4 bar. However, at higherPgo, = 10 2 bar, high Ty become important for sig-
ni cant reduction to occur. Results for Ty < 800 C are omitted due to the insigni cant
levels of reduction measured. Unlike results &g, = 10 * bar in Figure 4.10, reduction at
Po2 = 10 2 bar reaches very near equilibrium within the rst 30 secondsPeak O, genera-
tion rates at the two di erent reducing conditions are simiar at all T; 800 C, but decay
at a faster rate for reduction atPg, = 10 2 bar. With initial rates of O, release (and thus
chemical energy storage) aPo, = 10 2 bar comparable to those achieved at lower oxygen
content, TCES systems at highePg, for Cay.9Srp.;MnO3z may o er a balance of improved

TCES potential over inert particle TES and reaction conditons with lower balance-of-plant
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Table 4.3: Summary of energy storage in isothermal redox diyg tests betweenPg, = 0:17
bar and 10 # bar for all compositions tested. Values of hy, in kJ kg ! are shown at various
times throughout the reduction experiment and calculatedrébm the species concentrations
and enthalpy values. Values at = 0 indicate the energy stored due to reduction in air at
the speci ed temperature and sensible energy captured dog heating, while values atl
are the maximum achievable speci c energy storage. Percages in parentheses show the
fraction of the thermodynamic limit of the speci ¢ chemicalenergy hchem Captured during

that time of reduction.

Composition Reduction Th
P Time [s]  800C 900 C 950 C
0 265 373 468
60 291 (19%) 477 (55%) 537 (39%)
CaCro1MNoOs 300 329 (47%) 512 (73%) 573 (59%)
1 400 562 645
0 259 399 463
60 305 (35%) 481 (51%) 545 (45%)
CaCro.0sMNo9s0s 300 347 (67%) 520 (76%) 584 (67%)
1 391 559 645
800 C 900C _ 1000C
0 371 524 667
60 450 (51%) 620 (53%) 776 (52%)
C20:95101MNO3 300 493 (79%) 669 (80%) 832 (79%)
1 524 706 877
0 295 483 639
60 405 (59%) 602 (58%) 789 (59%)
C20:955l0:0sMNO3 300 468 (92%) 670 (91%) 870 (90%)
1 482 689 895

parasitics for the TCES subsystem.

Additional experiments to assess dependence of kinetic paraters onPo, were explored
experimentally by reducing inPo, = 10 # bar and decreasing the re-oxidationPo, = 10 2
bar for isothermal redox cycling. Due to the poor performarmcof B-site Cr-doped samples in
cycles reducing aPp, = 10 # bar, as seen in Table 4.3, many of these alternate experiments
were not performed for those compositions. Results for £g5r.;MnO3; are plotted in
Figure 4.13. Although the Pq, tested in this case is not driven by e ciency concerns for

system implementation, they provide valuable data to assedulk and surface transport
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Figure 4.12: Cumulative (top) and instantaneous Q generation (bottom) during reduction
at Po, = 10 2 bar (left) and re-oxidation in air (right) for Ca.9Sr,,:MnO3; at various
temperatures.

properties under varying conditions. These tests, whereras not the oxidizing gas, have
a signicant in the oxidized state. For all temperatures, the peak ©generation rates
measured were an order of magnitude smaller than the corresyling rates in Figure 4.10
with reduction at the samePg, but oxidation in air. The oxygen vacancies at the oxidized
state will impact the surface kinetics and bulk ionic transprt. During re-oxidation at Pg, =
10 2 bar, the peak rates observed appear independent B, but the rate decays with an
average peaksp, of 4.7 0:1 10 6 mol m 2 s 1. This rate is only 7% lower than the mass
transfer limited rate of O, uptake based on cohoi,. This suggests that the packed bed
con guration is again operating near mass transfer limitedates even at the lowerPq;.

The measured @ generation rates as a function of for Cag.9Srp.;MnO3; at Ty =900 C

under the varying Po, tested are compared in Figure 4.14. During reduction (Figure¥4(a)),
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Figure 4.13: Cumulative (top) and instantaneous Q generation (bottom) during reduction
Po2 = 10 4 bar (left) and re-oxidation at Po, = 10 2 bar (right) for Cag.9Srp1MnO;  at
various temperatures.
So, appears to depend on more so thanPg,, as rates between di erent experiments are
similar when the concentrations of oxide vacancies are slari Rates during re-oxidation do
not all display the same trends. For the two experiments rexalizing in air, the plots overlap
once eq < 0:02. Whereas the experiment re-oxidizing &0, = 10 2 bar has signi cantly
lower rates with the reduced @ availability in the sweep gas. Figure 4.14(b) shows the
lowering of G, generation rates as ¢q is approached during re-oxidation. These results
indicate the re-oxidation process is partially controlledy surface rates or bulk di usion as
approaches its equilibrium value.

Isothermal redox cycling of doped CaMng@ at a range ofTy and Pg; indicate signi cant

di erences between the reduction and oxidation processesr fall compositions tested. Re-

oxidation kinetics are quite fast and approach mass-traref limitations in the 2-cm packed
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Figure 4.14: Q generation as a function of for CaygSr.;MnO3; at 900 C during (a)
reduction and (b) re-oxidation after variousPo, steps.

bed con guration. All doped CaMnO; tested require less than 20 seconds to return to
eq IN @ir. Longer time scales required for high degrees of redion challenge solar receiver
design because of the need for adequate time on-sun to previdgh reduction and thus high

speci c TCES.
4.5 Redox Cycling Performance

The redox stability of the doped CaMnQ@Q particles in terms of morphological structure
and phase purity was evaluated using the packed bed experimed setup with 1000 non-
isothermal redox cycles, as illustrated earlier in Figure 8. This cycle simulates conditions
expected in a CSP plant where the particles are reduced in ant&l receiver and re-oxidized
in a heat exchanger/reactor that provides heat on demand fax closed supercritical-CQ
Brayton power cycle. These high e ciency cycles re at tempgatures around 750C [92, 93],
motivating a cycle betweenTcs = 500 C and T¢ = 900 C. For redox stability tests, packed
beds of the doped CaMn@ particles are reduced at &£, = 10 4 bar during rapid heating
to Ty, and reoxidation occurs in air during cool-down back tdc.

Figure 4.15 shows the variation in during heating and reduction (averaged over 100
cycles) as a function of time for both Ca Sr,MnO3; and CaCrMn; O3 compositions.

The consistency in the curves over 1000 cycles is evident fat compositions, although
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more so for Ca.9Srp::MnO3;  which had a standard deviation in maximum (= 0:16) for
the cycles of 0.003 (1.9%). GasSr.0sMnO3; has a standard deviation in maximum (=
0:19) of 0.008 (4.17%), although the larger variance is mosttjue to lower reduction in the
rst few hundred cycles. This may indicate slow equilibraton of partial phase transitions
as observed in undoped CaMn9 [76] and the lower Sr-doping may be less e ective at
suppressing or accelerating these transitions. After 400dags the variation in maximum for
Cag.95Sr0:0sMnO3  has stabilized above 0.19. This corresponds to a speci Qi¢hem Of 310
klkg tanda hg of 650 kJ kg 1. These values are within 10% of the thermodynamic
limits for hy in Table 3.3. Cag.9Sr.;MnO3z  reduced to a lower maximum ( 0:16)
during the redox cycle, which corresponded to hgnemn 235 kJ kg and hyy 570 kJ
kg 1. This corresponds to 60% and 80% of the thermodynamic limifer hgem and g
respectively. Comparing these results to the isothermalgts in Figure 4.10 and Figure 4.11
the Cag.95Sr0.0sMNO3z  achieves similar levels of reduction compared to the 9@isothermal
run, while for Cay.9Srp.1MnQO3; the absolute value after reduction was about 0.04 lower in
the non-isothermal tests.

During the non-isothermal redox cycles, Ca@GrMng.gO3 and CaCry.gsMng.es03  achieved
a higher percentage of the thermodynamic limit of speci c TES as presented in Table 3.3.
The redox cycling tests for B-site Cr doped CaMng were performed on a di erent sample
than the isothermal redox cycles, because of improvementsde to the rig allowing for faster
and more repeatable gas switching. Both compositions denstrated good cyclic stability,
with standard deviations of 3.2% and 6.2% for the average maxum for CaCry.;Mng.9O03
(0.175) and CaCp.gsMng.9s03  (0.18), respectively. CaCgi1Mng9O3 showed more re-
peatability over 1000 redox cycles. The CaGpsMng.9503  sample showed signi cant vari-
ation in levels of reduction through the rst 500 cycles, a nr@ stable value of 0.18 after
these repetitions. This is slightly above the thermodynamic limit achievable for aB00 C,
and may be caused by slight temperature excursion. Howevehgtcause of this slight excess

in reduction remains unclear. The maximum of 0.175 for CaCg.1Mng.9O3 is just below
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Figure 4.15: 100 cycle averages of cumulative and temperature pro le during reduction
over 1000 cycles reducing while heating from 500 to 9@for Ca ,SKMnO3; with a)
x =0:05 and b)x = 0:1 as well as CaCMn; O3 withc) y=0:05and d)y =0:1

the ¢4 = 0:181 for these conditions. = 0:175 at 900C corresponds to a speci ¢ TCES of
approximately 562 kJ kg *.

Table 4.4 provide a statistical summary of the 1000 redox cgs between 500 and 90Q
for both Ca; xSrkMnO3; and CaCrMn; O3 compositions. Results indicate that the
higher doping concentration lead to more stable redox cyefj performance with both A- and
B-site dopants, although all tested compositions perforrdewell in this regard with a max-
imum standard deviations of 6.2% for CaGlosMng.9s03 . Cr-doped CaMn(Q; achieved
higher fractions of the equilibrium hy but their lower equilibrium values did not allow
them to surpass the cycle-limited hy, achieved by Sr-doped CaMn@ which have higher
thermodynamic limits of hy.

Figure 4.16(a) shows that signi cant Q release from reduction of the Sr-doped CaMnO
begins when the perovskites reach around 650 Cay.9Srp;MNO3;  begins reducing at lower

temperatures than Ca.g5Srp.0sMnO3; . As T increases and @ generation rates increase,
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Table 4.4: Summary of redox cycling tests results for dopeda®IinO; compositions with
reduction at Po, = 10 “# during heating from 500 to 900C. Average and standard deviation
( ) over 1000 cycles, compared tq,, determined using the point-defect model.

Material CaCrg.1Mng.g0O3 CaCrg.05Mng.9503 Cag.9Sry:1MnO3 Cag:95Sr9.0sMNnO5

g 0.175 0.194 0.159 0.194
0.006 (3.2%) 0.012 (6.2%) 0.003 (1.9%) .008 (4.17%)
o 0.181 0.168 0.216 0.225

faster reduction is observed for GasSry:0sMnO3  resulting in an higher maximum . Based
on particle-size distribution and approximate surface aeeof the packed bed, the maximum
reduction rates achieved are always below 10mol-O, m 2 s !, which is an order of mag-
nitude lower than the peak rates observed in isothermal test The lower rates are due to
reduction starting at lower temperatures with rates steadly increasing until T is reached.
The peak rates observed in isothermal tests (Figure 4.10) accafter a large step input in
Po, at the Ty for reduction. For the non-isothermal tests, reduction camues at Ty = 900 C
for the entire 150 s for both CggsSry.0sMnO3 and Ca&.9Srp.:MnO3  indicating that the
particles still have capacity to store more chemical energyp reach their thermodynamic

equilibrium limits.

Figure 4.16: Instantaneous rates of ©generation during (a) reduction atPo, = 10 4 bar
and (b) oxidation in air averaged over 100 non-isothermal dex cycles of CggSry:1MNnO3

In this test reduction is initially limited by temperature rather than surface kinetics or mass
transfer, resulting in about 1.5 orders of magnitude di erece between peak generation rates
for reduction and oxidation.
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The instantaneous oxygen uptake during re-oxidation, plted in Figure 4.16(b), shows
that re-oxidation occurs in two distinct steps. Due to the raid re-oxidation rates, both Sr-
doped compositions reacheq for air at Ty before the packed bed begins cooling. Once the
temperature is lowered a secondary peak at lower rates ocgwver a longer time period as
the perovskite gradually equilibrates as.y decreases to near zero with temperature. Results
for Cag.9Sre:1MnO3 indicate faster re-oxidation for both the isothermal and coling peaks
compared to C@.95Sr0.0sMNnO3z , which con rms the isothermal redox trends in Figure 4.10.

A typical reduction temperature cycle is plotted in Figure 417, along with a breakdown
of the cumulative speci ¢ energy stored throughout the pross. The hehem Curve is similar
to the evolution in Figure 4.15. Sincec, does not vary signi cantly over the range of
temperatures, the sensible energy stored increases lingavith T. The rate of energy storage
is highest during heating when rates of ©generation are also at their peak as shown in
Figure 4.16(a). Once the particles reachy, the rate of reduction and therefore the rate of
conversion of thermal energy to chemical energy slows, whiesults in an abrupt decrease
in the rate of total energy uptake. A solar receiver or highemperature heat exchanger could
be designed to hold particle temperature at a desired limignd these results suggest that
may not be desirable. The possibility of both gas-phase andl&l-phase di usion processes
limiting chemical energy storage suggests that design oflaoreceivers for these materials
should facilitate particle-particle and gas-particle segration. Such design studies remain
critical for the feasibility of these perovskites as the bas for large-scale TCES in CSP
plants and other applications.

Upon exposure to air, the reduced material releases large amts of chemical energy
stored at Ty due to rapid re-oxidation. In this particular cycle, the maerial reoxidizes in
two distinct steps due to the thermal component of reduction When the sample is rst
exposed to air there is a large release of chemical energyTat, this is followed a more
gradual release of sensible and chemical energy as the sa&wolols and re-oxidizes with the

decreasing temperature. Rapid reoxidation of the doped Cal®d; can facilitate reactor
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Figure 4.17: Breakdown of energy storage achieved with £&&r,.:MnO3  during (a) reduc-
tion at Po, = 10 “ bar for a cycling experiment between 500 and 90D and (b) oxidation in
air during cooling. The highest rate of energy storage ocauduring heating, once the per-
ovskite begins reducing signi cantly. For re-oxidation, tlere is a large initial energy release
at high temperature, followed by a more gradual decrease ihamical energy storage during
cool down.

designs based on Pmass-transfer where the rate of heat release is controllegd ®, mass
transfer to optimize heat release to the power block.

After the 1000 redox cycles, the particulate samples were sceed by room-temperature
XRD, tested for particle size distribution, and new SEM image taken to assess phase and
morphological stability. Although static packed bed expements are not an assessment of
particle attrition resistance for a full-scale system, theprovide excellent insight to the chem-
ical stability of the perovskite structure. For Ca 4Sr,MnO3; , XRD scans in Figure 4.18(a)
suggest the phase purity of the sample remained virtually uitared through cycling. The
main di erences before and after testing for CgysSro.0sMNnO3z  scans are in the peaks at
2 = 34 , which broadened and lowered in intensity. Conversely, thipeak increased in
intensity for Cag.oSro.:MnO3z . Although phase transitions likely occur at the highT and
lower P, of the redox cycling, these phase transitions are reversbhnd the orthorhombic
room-temperature phase is recovered upon cooling. The rtsdor CaCryMn; O3 in Fig-
ure 4.18(b) also show phase stability under the non-isothraal redox cycling conditions. The
CaCrg.1Mng.gO3 particles displayed particularly good stability, with only a small growth

of the major peak at 2 =49 . For the lower-doped CaCg.0sMng.95s03 , the di ractograms

100



Figure 4.18: XRD scans of (a) CaySrMnO3z with x = 0:05 and 01 and (b)
Ca; yCryMnO3; with y = 0:05 and 01 before and after 1000 redox cycles. The di er-
ences between pre- and post-cycle scans are generally veigamfor all materials. The
biggest discrepancy occurs in GasCrq.0sMnO3 , where the shoulder peak at 2 = 33
experiences signi cant growth.

show more changes before and after cycling with an increassparation between the shoul-

der peak o of the main peak at 2 = 34 and an increase in magnitude of that shoulder

peak.

Figure 4.19: CaCg.0sMng.9s0O3  after 1000 redox cycles in a packed bed with reduction
during heating from 500 to 900C and oxidation in air during cool-down. Results are repre-
sentative of the level of attrition observed for all partiats. .

Particle size analysis indicated minimal changes to the piasle diameter (d,) distributions

before and after cycling. Figure 4.19 comparef distribution for CaCr.gsMng.9s03  before
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and after the 1000 non-isothermal redox cycles and shows imial change. A minor decrease
in the fraction of particles with d, > 400 m is observed, and a portion of these appear to
have broken to sizes below 20@m. Assuming smooth spherical particles, this change in the
d, distribution increased particle surface areay by only 10%. The packed bed experimental
set-up does not rigorously test resistance to attrition, ahthe particulate media would likely
encounter much more damaging conditions in a full TCES systewith the potential for
more substantial changes iml, distribution over redox cycles.

Although attrition is not likely in this con guration, sinte ring of particles in the packed
bed is a concern. SEM images for an A-site and B-site doped peskite sample are shown
in Figure 4.20, images are compared for a single A-site and Besdoped sample at 1000x
magni cation. After 1000 redox cycles, the Sr-doped CaMn shows signs of sintering
at the surface, although not enough to signi cantly alter tle porous particle structure. In
comparison, images of Cr-doped particles do not di er sigeantly from those taken prior
to cycling. These results suggest Cr doping could deter paie sintering to some extent.
In general, particle morphology, including the pore struetre, held up very well over 1000
redox cycles, and the slight di erences in durability do nota ect the superiority of A-site
Sr-doping for this application.

All doped CaMnO; compositions performed very well over 1000 redox cycles eriins of
repeatability and chemical stability, with a maximum standard deviation of 6.2% over 1000
cycles. C@.9Sr.:MnO3;  showed the most consistent performance during non-isotineal re-
dox cycling based on the extent of reduction over all cycle€ag.95Cro.0sMnO3 is the only
material which displayed evidence of some phase decompiositafter cycling; more precise
crystallographic testing is required to determine the ext# of this decomposition and its
e ects e ect on energy storage potential. The repeatabilit and phase stability observed
during redox cycling are important properties for large-sde TCES in CSP, which values
reliable storage at a low-cost. Long-term chemical staliyfiand attrition are two major con-

cerns for implementation of a particle-based TCES system.h€& 1000 redox cycles presented
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Figure 4.20: SEM images at 1000x magni cation of CagiMng.9O3 and Ca&).9Sro.:MnO3
particles before and after 1000 redox cycles in a packed bedhweduction during heating
from 500 to 900C and oxidation in air during cool-down.

in this chapter indicate that Cay.9Srp::MNnO3 , Cag.g5Sre.0sMNO3 , and CaCry.;Mng.903
can be reliably without phase decomposition and with high dgees of reduction and speci c
TCES at possible CSP storage subsystem design conditionoimnally 500 C in air and
900C at Po, =10 4 bar) .
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CHAPTER 5
PACKED BED MODEL

Fitting appropriate material kinetic models to transient reduction and oxidation data
allows for determination of surface chemistry and/or bulktansport parameters. This chapter
describes a packed bed model and the tting process to inferaterial transport properties
from the packed bed experiments. The content builds on preaxis modeling e orts described

in detail in [40]. Novel components of the model include:
a particle model with internal porosity for intra-particle gas phase transport,

Alternate surface model which is separate from the particleutk and allows for build-up

of surface species.
Simulation of non-isothermal ramping experiments.

The model was rewritten in Python programming language, imeasing accessibility for
future development and compatibility with kinetics and themodynamic software such as
Cantera [112].

Modeling the packed bed reduction and reoxidation experimes provides a basis for
comparing surface kinetics and bulk di usion properties ofested doped CaMn@ com-
positions. The resulting surface chemistry and oxide-ionutkk di usion parameters can be
implemented in reactor design studies of TCES subsystem cpaments, such as solar par-
ticle receivers for reduction and reoxidation reactor/hgaexchanger for driving a thermal
power cycles. The packed bed experiments for tting materia parameters are performed
on porous particles of the doped CaMn® that showed the most signi cant reduction in
thermodynamic screening tests reported in the previous gbir.

The porous particles were formed of interconnected graingtween 1 and 10mm with

pores of similar size for relatively high surface area andaimsport of gaseous ©out of
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(during reduction) and into (during reoxidation) the bulk of the particles. With tting the
kinetic experiments, subsequent kinetic modeling e ortoicus primarily on Cay.oSro.;MnO3
which has the highest specic TCES forTy = 900 C and Po, = 10 # bar. Furthermore,
Cag:9Srp:1MnO3  does not undergo a phase change during the redox cycles over temper-
ature range of interest in this study. The location of this tansition in many of the doped
CaMnOs; studied limits the available data for tting, since dierent ts should be per-
formed for each crystalline phase. With characterization ahe particle pore structure as
discussed in Chapters 2 and 3, structure-independent suréachemistry can be derived for
modeling the e ects of particle size and structure on redoxycle performance as presented
in the following chapter. This chapter details the experimas and tting process to derive

such kinetic parameters.
5.1 Packed Bed Model Theory

The packed bed redox cycling experiments of the doped CaMgO particles reported
in the previous chapter provide mean reduction and reoxid@n rates at variousT and Pg,
for comparing with computational models. The comparison axperiments to packed bed
simulations are used to t surface kinetics and bulk ionic @nsport properties that may in
turn be used to model full-scale particle receivers or reddation reactor/heat exchangers

for driving power cycles.
5.1.1 Gas Phase

The gas-phase ow through a densely packed particle bed care lireated with vari-
ous porous media ow models including Darcys law, Brinkmangeations, or a Dusty-Gas
Model (DGM). The Dusty-Gas Model provides a convenient fraework in which to couple
pressure-driven ows with di usive species transport andd chosen as the basis for modeling
a homogenized 1-D ow through the packed particle beds in thistudy. For the DGM of
the packed bed experiments, the governing equations for tigas-phase are set as transient

1-D, axially discretized mass, gas species, and momentumdrees (Eq. 5.1 { 5.3) under
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the assumption that radial variation in the narrow (2 mm) anmular channel being negligibly

small.

@ g g) %g @k %g D(an
Do, ™ g™ M " wgs (5.1)
@t K @X k i=1
. M’xn
A g@gth,k) + %x: ayM Viisi fork=1:Kq (5.2)

i=1

The narrow annular packed bed is well suited for a 1-D spatidiscretization because of the
large ~ for the isothermal cycling tests presented in Chapter 4.

In its most general form, gas-phase mass conservation, EdlL,Sncludes a surface-to-gas
reaction rate term, vi;s;, for Ny, reactions betweerk, gas phase species, as well as the
super cial mass ux for each of species,j In this particular case, there is only one surface-
to-gas reaction, notably Q adsorption-desorption between the perovskite surface arie
surrounding gas ow. In Eq. 5.1, 4 is the gas volume fraction, 4 is the gas densityM is
the molar mass of specids. The particle surface area per volumeagy, is related to quantities
measured through BET and MIP @y = 0:737 nt g ). Species conservation equations
must be written for each component, and include only the spiec reactions and mass ux
for speciesk, as shown in Eq. 5.2, where the mass fraction of the speci edexies isYgy.

The DGM provides a momentum balance for ow through porous ntka in cases where
di usion is not governed by a single mechanism. In this ow rgime both binary di usion due
to molecule-molecule interactions and Knudsen di usion daito molecule-wall interactions
are important factors driving mass transfer. The DGM consis of Eg. 5.3, on the left
hand side there are ux terms for molecular and Knudsen di uen, balanced by species and

pressure gradient terms on the right hand side.

[X+1D§ DIE;Kn dx DE;Kn dx

XX Xdd, J _ dXd X Bgdpy fork=1:Kq  (5.3)

16 k
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The species mass ux Jin eq. 5.3 equals the molar ux by the molar mass of species k.,
Jk =j«M«. In Eq. 5.3, [Xt] is the total molar concentration in the gas phase, anBy, is the
e ective di usivity of species k and is calculated using Eg5.4. Dy, depends on bed porosity
¢ and tortuosity, , as well as the standard binary di usion coe cients,D?. D¢ can be
calculated from kinetic theory for ideal gas binary mixture [113]. For this study, the only
relevant D(k’I if for O, and N,. The e ective Knudsen di usion coe cient can be calculated

with Eq. 5.5, wheredpre is the mean pore diameter.

Dy

Dy (5.4)

[
la
O
X
&
I

(5.5)

e
k;Kn —

Species concentration gradients drive molecular di usionKnudsen di usion, on the other
hand, is driven by the gas-molecule interactions with the pe-wall surface, which is why
Df.xn (EQ. 5.5) is directly proportional to the average pore radisi (Ryo =1 nm from Chap-
ter 2). Knudsen di usion becomes important wherR, , is similar in magnitude to the mean
free path of the gas molecules. Since the packed bed includeside range of pore diameters,
from a few nm to several microns, it is appropriate to model b mechanism for di usion.
Both di usion coe cients (Eqgs. 5.4 and 5.5) are multiplied by the factor -2 to account
for the irregular path through the porous media. The tortuosy, , is a ratio of distance a
gas molecule must travel through the bed compared to the bedngth. Common values for
range from approximately from 1.5-4, and many studies relat to 4 [114]. In Egs. 5.4
and 5.5, 4 includes both intra- and inter-particle porosity accessike to the gas phase. The
packed bed is modeled using a single porosity value with ncstiinction between intra- and

inter-particle ows.
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5.1.2 Perovskite Surface

The perovskite particle surface, both externally and in thgores, links the solid bulk to
the gas phase through @ adsorption and desorption reactions. An elementary mechamn
for the oxidation and reduction reactions has been proposégl Merkle and Maier for another
perovskite Fe-doped SrTiQ [88, 89], shown in R7-R10, where (g) indicates gas speciebeT
mechanism has been adopted for a Mn-based perovskite here amcludes Qg adsorption
(R7), charge transfer between adsorbedZ0 and multi-valent Mn cations (R8), dissociation
of adsorbed Q into O ions (R9), and incorporation of O into the bulk through near

surface vacancies (R10).

Ozg Oy +Mny, (R7)
03 0O, +Mn?. (R8)
0: 20 (R9)
O +Vy Oy +Mny, (R10)

This sequence of reactions provides a basis for deriving @&thhodynamically consistent sur-
face rate expression. Merkle et al. derived a fundamentatesexpression assuming the charge
transfer (R8) is the rate-limiting step [88, 89], which wasdapted for Sr-doped CaMn@ by
Albrecht [40]. Several surface rate expressions are comghie [40], including the expression
derived from the above mechanism and a variable order rate@rssion which maintained
thermodynamic consistency through the point-defect therodynamic equilibrium constants
(Kpox and K g4is). For this work, modeling e orts will focus on the rate exprasion derived
from the elementary reaction above, due to its ability to cajpire the very fast oxidation
better than other expressions [34].

The expression derived from R7 - R10 provides the basis for atarial model which could
be augmented with other reactions as necessary. The rate exgsion in eq. 5.6 assumes that

charge transfer (R8) is the rate-limiting step, and correling the global reaction from R7 -
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R10 to the point-defect reaction parametersK,o.x and K 4is). More details regarding this

derivation and a comparison to other expressions can be falim [40].
[

2 !
[Mnl(\)lln]E 1 [OO]L [MnMn]E
[MnMn]L K2xK g,dis [Mn(l\)/ln ]E [VO ]L

Sox = kf,ox Poz (5.6)

P,0X

To implement the rate expression, eq. 5.6, requires all sbistate point-defect species con-
centrations. The site concentrations can be found from theogmt-defect model described
in Egs. 3.6 { 3.10 ifT and ([V].) are known state variables. However, the point-defect
equations represent equilibrium species concentrationghich applies only if other solid state
species respond very rapidly to changes in i.e., oxide vacancy site concentrations. The
thermodynamic parameters for the point-defect reactionsra known from Table 3.2. The
global reaction rate constank; o« is described with an Arrhenius expression shown in Eq. 5.7,
and the parameterskf%ox and E, ox can be tto mean sy data collected from the pack-bed
experiments over a range of, or tting the rate constant k;o term for eachT and then

deriving ki, and E, .

Kiox = Kiox €XP (5.7)

The perovskite surface is characterized by a molar surfacéesdensity, ,, which is the
moles of perovskite per unit particle surface area and a sack lattice site fraction, K], .
The extent of reduction on the surface is thus captured usingq. 5.8, where {}.VO IS

' r=rp

the bulk oxide vacancy ux from the particle surface into thebulk. The subscript b denotes

a bulk phase ux compared to the unscripted gas phase molar xes.

dX]
<L = Jbv

p dt Vo r=rp S_OX (58)

The particle surface is separated from the outermost bulk de, which allows for a build-up

of adsorbed oxygen species on the surface.
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5.1.3 Perovskite Bulk

Modeling non-stoichiometric oxide bulk phases involveséhtransport of charge and point-
defects in response to chemical and electric potential giadts. These gradients or driving
forces can arise due to surface reactions that exchange atydrom the near surface bulk to
the gas-phase. Transport of oxide ions or vacancies and apea cation species are important
for assessing the availability of bulk-phase species in mearface regions to participate in
surface reactions. Due to the porous particle structure, ®&p gas in ltrates the particle
envelope and length scales for bulk ion transport are sigiantly reduced on the order of 1
mm, the approximate grain size.

The simplest particle model assumes that bulk transport isaét relative to surface reac-
tions and thus bulk-phase properties are essentially unifo. This lumped particle model
captures the variation of non-stoichiometry in the bulk asdllows [40].

Pok - &y s 59)
t s

where V,, is the molar volume of the perovskite, which relates solid ae volumetric con-

centrations, [Xi], to lattice site concentrations in M98~ [Xil. = Vim[Xi]. Although
concentration gradients in the bulk phase are consideredgimgible, this model can capture
variations between the particle surface due to an incorpdian resistance into the bulk phase
together with an appropriate di usion mechanism.

Di usion between the particle surface and bulk can be destred as pure chemical di usion
of oxide vacancies. In doped CaMng , the Mn cation participates in charge compensation
through disproportionation (R6), previous models assumehat electronic charge hopping
was fast enough such that the disproportionation reaction aintains equilibrium with [V 5 ]
[40]. In this case, electric potential gradients are not ceidered, and di usion uxes are

simply a function of temperature and oxide vacancy conceftions as in eq. 5.10.

Ea;V

RT

1@
Jb;vor = D\c;o eXp 0 V—@IVO ]L (510)
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where D\‘}o is the oxygen vacancy diusion pre-exponential, and,,y  is the activation
energy for vacancy hopping through the lattice. These two ting parameters characterize
the bulk oxide-vacancy transport due to concentration gradnts.

More sophisticated models consider transport of chargermpensating defects, which in
this case, would be charge-carrying Mn species. Fluxes of $kospecies are calculated using
eqg. 5.11 [67, 68].

Ea'k 1 zF
— — X + —[X 511
RT V. r Xl RT[ kLT ( )

Jpk = DR exp

In Eg. 5.11, F is Faraday's constant andz, is the charge associated with speciés When
modeling transport of multiple solid species Gauss's lanh@wn in eq. 5.12, relates the electric
eld to the local charge density determined by species comteations. Eq. 5.11 includes a
ux term due to concentration gradients similar to Eq. 5.10,and a second term driven by
the electrostatic potential gradient,r . Accounting for bulk transport of charge carrying
defects results in an additional two tting parameters, a pe-exponential term and activation

energy, for each additional mobile species.

X
ro("or )= F i [X] (5.12)

where", and", are the relative material and vacuum permittivities respeovely. The coupled
Egs. 5.11 and 5.12 together form a set of governing equatiolesmed the Nernst-Planck-
Poisson (NPP) model, which has been previously implementear fnon-stoichiometric oxides
where charge compensating defects are important, includira perovskite of the type ABQ
[67, 68, 87]. Considering this constraint and lattice sitedbances, it is only necessary to
model transport of a single Mn cation, thereforé =V o ; Mn,, .Appropriate bulk di usion
models will be explored based on applicable packed bed résul

Solid phase conservation equations determine how intern@olar uxes change species
concentrations over time throughout the bulk lattice. A geeral expression for the temporal

variation of speciesk can be written as follows:
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@gkt] =1 Jox (5.13)

The equations for each particle node are developed from Eql3 using a nite volume

approach. The boundary conditions include a symmetry corithn at the particle center,

which imposes no ux as shown below.

@X«]
@r r=0

=0 (5.14)

At the near-surface node, the surface species concentragoestablish a transient driving

force. Eq. 5.8 is re-written as a bulk phase boundary condi for speciek as follows:

o = + 5 (5.15)

The simplest case consists of a single bulk phase node, ailmvmolar uxes between the
surface and particle bulk. Thus still allowing for a build-upof species on the surface. The
di usion rate can be set to much higher than the surface chestry rate in order for the bulk
phase chemistry to equilibrate with the surface quickly.

Implementing a particle model which includes both surfacenemistry and bulk di usion
of only oxygen vacancies results in four tting parameters faen using the elementary rate
expression, Eq. 5.6. Two more tting parameters are requideto model transport of charge

compensating defects through M, .
5.1.4 Intra-Particle Model

Due to the porous nature of the synthesized particles as claaterized experimentally in
Chapter 2, gas-phase transport through internal particle gres can have signi cantly di erent
properties compared to the bulk packed bed ow. In Section 5.1, intra-particle ows are
assumed negligible, i.e., the pressure drop across a pdetics small compared to the axial
pressure drop though the bed. In order to relax this assumpti, intra-particle ows through

the particle should be modeled in a separate domain. The maiherence when modeling
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intra- as opposed to inter-particle ow is the pore structue described by parameters such
as the average pore radiudRp, or permeability, B4. These variables may di er by orders
of magnitude when comparing intra- and inter particle poresand signi cantly a ect the
mechanism for gas transport in and out of the particle.

Intra-particle ows are modeled in a similar fashion to the blk bed ow using the Dusty-
Gas model, which couples pressure-driven ows with di use/species transport. Considering
the smaller pore radius and decreased permeability of intgzarticle pores one would expect
di usive transport, particularly Knudsen di usion, to dom inate gas transport; however the
signi cant gas build-up expected during reduction will lilely result in pressure-driven uxes
as well. An intra-particle model is implemented in the packeted algorithm to understand
the importance of gas transport out of the particle structue, and what e ects this may have
on the packed bed experimental results. The intra-particlmodel consists of a porous, spher-
ical particle with unique pore structure and ow parameters All reactions are considered to
occur inside the particle, where the evolved gas creates agsure driving force to push gas
out into the bulk ow, coupling the two domains.

The governing equations for gas phase transport inside themnticle structure are very
similar to the equations discussed in Section 5.1.1. Massservation, species conservation
and the dusty gas momentum balance are written in Egs. 5.16 18, where all gradients
are now discretized in the radial direction. Since the donmaifor the particle model is the
particle itself, the surface area per unit volume parametea, must also be divided by s so
the quantity is normalized by the particle volume instead othe bed volume. In Eg. 5.18,
the di usion coe cients and permeability (Dg.,; Dgy,: Bg) will be signi cantly di erent
compared to values calculated for inter-particle pores. Eg5.16 and 5.17, the surface reaction
rate s; is calculated as described in Section 5.1.2, however the foge surface is now in

contact with the intra-particle gas environment.
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The mass ux calculated at the particle surface using Eq. 581 denotedmf;,o,obecomes asource
term for the bulk particle mass and species conservation egjions, shown in Egs. 5.19 and

5.20, respectively.

@(gg)_'_%g@_mooo

@, @x " o
@ g gYok) ., @« _ 000 — 1.
=t o ™ for k = 1::K, (5.20)

5.2  Solution Algorithm

The equations described in the previous section are solvesing a nite volume approach
on the mesh shown in Figure 5.1, where node locations indicatby the dots. There are
two half-cells on each end of the packed bed. The quartz woaicadead volume in the
experimental rig are not considered, since these e ects s be subtracted out with the
inert bed subtraction as described in Chapter 4. Boundary oditions are speci ed as an
inlet mass ux based on the parameters shown in Figure 5.1, amiessure outlet. The outlet
pressure is slightly higher (500-1000 Pa) than atmosphenicessure due to the @ sensor at
the outlet.

To determine an appropriate number of nodes, a mesh indepemte study was performed
with isothermal reduction of Ca.9Srp:1MnO3 at 900 C in Po, = 10 4 bar. The relative

change between solutions with di erence numbers of nodes p#otted in Figure 5.2, this
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Figure 5.1: lllustration of meshing strategy, boundary coritions, and state variables solved
at each node for the packed bed model.

parameter was calculated based on the volume-averaged dedt each time step. The plotted
value is the percent change calculated when the number of rexdis increased from 11 to 21,
21 to 41 up to 161 nodes. The odd number of nodes is selected ttuthe half-cells on each
end as seen in Figure 5.1. The relative change between solnsigs below 1% in all cases for
a 1.9 cm bed, which is considered within experimental unceaitty for the packed bed rig.
Simulations in the 2-cm bed are run with 41 nodes based on tleesesults and considering
computational time. This results in a cell size of 478m, similar in magnitude to the particle
diameter. Simulations for beds with di erent lengths are pdormed while keeping the cell
size constant and adjusting the number of nodes accordingly

For the intra-particle model, the particle is assumed sph&al and discretized radially as
illustrated in Figure 5.3. Boundary conditions at the partide surface for Egs. 5.16 and 5.17
must couple the intra-particle model to the bulk packed bed ow occuring through inter-
particle pores. At the particle center, there is a symmetriboundary condition resulting
in no uxes. Generally, mass tranport from a solid surface isogerned by the Sherwood

number, a non-dimensional parameter indicating the ratiofaconvective and di usive mass
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Figure 5.2: Mesh independence study for packed bed model. Tiedative change in solution
is determined based on the mean di erence between volume eaged (t) when the number
of nodes is doubled.

transfer rates. Due to the high amount of gas evolution whicinduces high convective
uxes, the Sherwood number is assumed in nite at the parti@d surface, meaning the gas-

phase mass fractions and pressure at the particle surface aquivalent to values for the bulk

inter-particle ow.

Figure 5.3: lllustration of meshing strategy and boundary ceulitions for the intra-particle
model.

5.3  Fitting Approach

The packed bed model is t to isothermal redox cycling data msented in Chapter 4 by

minimizing the residuals between model results and expermmtal data points. The objective
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function is written in Eq. 5.21. The time steps () vary based on the evolution of (t), and the
weights, W;, for each time step can be modi ed to prioritize regions wherkinetic limitations

dominate.

X
min [( exp;t=i sim;t:i) V\/i]2 (5.21)

The main parameters for the packed bed simulations of g&r.;MnO; are summarized

in Table 5.1.

Table 5.1: Model parameters for simulations of isothermaledox cycling tests of
Cap.oSr:1MnO;  particles.

Parameter Value
Outlet pressure Pout 0.82 atm
Bed length L 1.9, 0.6 cm
Bed tortuosity 15
Bed gas volume fraction g 0.641
Speci c particle surface area  ayore 0.737ntg !
Mean particle diameter dp 322 mm
Mean pore radius Rp.a 1.0mm
Perovskite site density b 1.17 10 ® kmol m ?

Before tting properties, simulations are performed with he surface reaction and di u-
sion rates set to very high values. In these cases oxygen eegdl during reduction quickly
raises the sweep gaBo,, lowering the thermodynamic driving force for the redox rezion
downstream. Results limited by this phenomena are refered tas thermodynamically or
mass-transfer limited. As seen in Figure 5.4, the general trés observed in the packed bed
experiments at various conditions are captured by this thenodynamically limited simula-
tion. Model results matched not only the relatively slow redction well but also the fast
re-oxidation, as shown in Figure 5.4(b) and (d). Fitting the tlermodynamically limited
simulation to reduction experiments at 102 bar, Figure 5.4(c), is challenging due to the
measured not reaching thermodynamic equilibrium, with an average cset 0.012 below
the ¢4 measurements presented in Chapter 3. Although the model capes time scales of

reduction and oxidation well, the discrepancies once eqbilium is reached challenges the
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minimization algorithm. This error, which becomes signi ant during reduction at 10 ? bar
with lower | is attributed to mismatches in ow properties between thenert and reactive

beds.

Figure 5.4: Thermodynamically limited model results for a 8.cm bed of Cg.9Srp.110MnO;
particles compared to isothermal redox cycling data at vawus temperatures during (a)
reduction in Po, = 10 4 bar after oxidation in air, (b) oxidation in air after reduction in
Po> = 10 4, (c) reduction in Py, = 10 2 bar after oxidation in air, and (d) reduction in
Po2 = 10 4 bar after oxidation in 10 2 bar.

Model results suggest that only reduction irPg, = 10 # bar at Ty 800 C is limited
either by surface reactions or bulk transport. In Figure 5.4), O, generation during reduc-
tion occurs at a slower rate in the experiment compared to th&mulation for T, 800 C.
However, asTy increases above 80CQ experimental results are very similar to the thermo-
dynamically limited case.

In an attempt to nd conditions where kinetics and/or bulk tr ansport are the rate-limiting
factor, experiments were performed on a shorter bed (0.6 cof)the same CggSry.;:MNnO3

particles with reduction in Po, = 10 # bar and oxidation in air. The thermodynamically
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limited model results for this case are compared to experimtal data in Figure 5.5. With a

shorter bed length, less gas is generated to achieve the sd@vel of reduction, thus increasing
thermodynamically limited rates for reduction. Compariso of the model and experimental
results for reduction in Figure 5.5 shows a signi cant oversgdiction for the thermodynami-

cally limited model results for the 0.6 cm bed. Thus, resultfr the 0.6 cm long bed provide
a more suitable data set for tting kinetic and bulk-transpat parameters, since the solution
loses sensitivity to the tting parameters of interest in thermodynamically limited regimes

for the longer bed. Data for shorter beds is only available f@€ay.oSrp.;MnO3  to date.

Figure 5.5: Thermodynamically limited model results (lings for a 0.6 cm bed of
Cap.oSr:1MnO;  particles compared to isothermal redox cycling data (cirek) at various
temperatures during reduction inPo, = 10 4 bar after oxidation in air.

Based on the results plotted in Figure 5.4 and Figure 5.5, indl ts are performed on the 0.6
cm bed data with reduction inPg, = 10 4 bar and oxidation in air, with the assumption that

surface reactions are rate-limiting. Only the reduction isised for the optimization process
since the re-oxidation in air is still in large-part mass-tnsfer limited, even for the shorter
bed. For increased model stability during tting, ts were performed on the temperature

speci c rate, k;ox, as opposed to tting Eq. 5.7 directly.
5.4 Results & Discussion

Fits to packed bed experimental data are performed with and iout the intra-particle

model to assess the importance of gas phase transport withire particle structure. For the
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simplest case, all the pores in the bed are modeled via an age pore radius calculated
based on area, and there is no distinction between inter- arntra-particle pores, this case
is called the single pore model. For the more complex caseetDGM model is written

in two di erent domains with varying pore structure, this case is referred to as the intra-
particle model. Important parameters considered to di eretiate the pore structure for each
model and domain are summarized in Table 5.2. This includesehaverage pore radius
based on areaR; ., and the intra-particle void fraction, 4, which characterize the mean

cross-sectional ow area and volume of gas within the parte, respectively.

Table 5.2: Modeling parameters to describe the pore structiof Ca).9Srp.,;MNO3  particles.
The nal column is used for the single pore model and includeslues for both internal and
external pores

Intra-Particle Inter-Particle Bed

o [%] 61.9 5.46 64.1
apore [M2 0 1] 0.737 - 0.737
Rpa [MM] 0.915 451 1.00

5.4.1 Single Pore Model

Optimized reaction rates and corresponding Arrhenius exmsion ts for tested Cay.gSrp:;:MNnOs3
particles determined with the single pore model are plotteth Figure 5.6. The rates show a
decreasing trend with temperature, except for staying refizely constant between 700 and
800 C. As T increases past 80 rates begin to monotonically decrease. This change is
slope challenges ts with the Arrhenius expression (Eg. 5.,7\vhich predicts linear behavior
on a log scale.

The decreasing reaction rates observed in Figure 5.6 sugg@st non-physical, negative
activation energy. The decreasing rates with increasingy are often modeled as a positive
Eaox, and a negative temperature exponent as in Eq. 5.7. In this &a, the relatively high
magnitude of the negative slope yields a best- t line with ngative E, .x and no temperature

exponent. The resulting R value of 0.845 is signi cantly a ected by the 700C data point.
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Figure 5.6: Arrhenius plot for global oxidation reaction of CggSr,.;MNnO3;  determined by
tting to 0.6 cm packed bed isothermal redox cycling data.

The tting parameters which produce the best ts to the expeimental data are detailed in

Table 5.3.

Table 5.3: Fitting parameters determined through by minimimg the di erence between
experimental data and model results for isothermal redox cling tests of Ca.gSr.:MnO3
particles.

Parameter Kfox Eaox D\‘}o Eaox
[mol, s, bar] [kIJmol?!] [m?s 1] [kJmol 1]

Fit Value 1:042 10° -113.6 not t not t

Model results for isothermal redox cycling tests are compaat to experimental data in
Figure 5.7. The trends observed in the experimental data aretured very well by the
computational model. The slower rates on the reduction plotompared to the thermody-
namically limited case in Figure 5.5 do not impact the fast ogiation in Figure 5.7(b). At
1000 C, there are some minor discrepancies comparing to experintad data, with initial rates
of both reduction and oxidation underestimated in the compational simulation. Overall,
the excellent agreement between model results and experittad data in Figure 5.7 suggests
the surface reaction model with fast di usion captures treds in reaction rates at conditions
relevant for TCES. These results are heavily in uenced by # particle structure, where the

high surface area to volume ratio results in short length skes for bulk ion di usion.
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Figure 5.7: Measured cumulative during (a) reduction and (b) oxidation of 0.6 cm packed
bed of Ca.9Sr.;MnO; particles at various T compared to computational model results.
Results for 0.6 cm bed after

With the surface reaction rate ts from the shorter bed tests wre used to simulate 1.9
cm bed data and are shown in Figure 5.8. For the longer bed, mddesults tend to under-
estimate reduction at higherT for cases with reduction inPo, = 10 4, Figure 5.8(a) and
(d). In these cases, a thermodynamically limited model dedged the experimental data
well as seen in Figure 5.4. At lowell and the conditions plotted in Figure 5.8(b) and (c),
the model results represent the experimental data well; isiparticularly encouraging to see
the fast time scales of oxidation and reduction aPo, = 10 2 bar una ected by the updated
surface chemistry.

The transport properties determined by tting to isotherma redox cycling tests can be
used to estimate performance in system component models.r FFoost TCES applications,
such as CSP, the perovskite will be reduced during heatingich as the ramping temperature
tests performed in the packed bed and analyzed in Chapter 4.h&se experiments simulate
the nominal TCES cycle with reduction inPg, = 10 4 bar during heating from 500C to
900 C and re-oxidation in air during cooling back to 500C. Model results simulating this
cycle are compared to experimental data in Figure 5.9. The medgenerated plots do a
relatively good job of capturing experimental data for the an-isothermal reduction cycle,
with sum of residuals squared values of® 10 ®and 54 10 2 for the thermodynamically

limited and kinetic t cases, respectively. The thermodynaically limited solution is close
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Figure 5.8: Model results for a 1.9 cm bed of GaSr,;10MnO;  particles using t pa-

rameters from Table 5.3 compared to isothermal redox cyctrdata at various temperatures
during (a) reduction in Po, = 10 4 bar after oxidation in air, (b) oxidation in air after

reduction in Po, = 10 4, (c) reduction in Po, = 10 2 bar after oxidation in air, and (d)

reduction in Po, = 10 # bar after oxidation in 10 2 bar.

to experimental data at the onset of reduction at lowl, but ultimately overestimates the
degree of reduction by 7.8% at the nallTy. On the other hand, model results for the case
with tted surface chemistry match the experimental data afer 200 s very well. The sum
of residuals in this case totaled to almost half that of the termodynamically limited case,
indicating less overall error.

The reduction and re-oxidation rates of CgySrp.;MNnO3  with the highest speci ¢ TCES
are fast enough to approach the thermodynamic limits at higkemperature conditions rele-
vant for CSP (Ty from 800 C to 1000 C) . While this challenged kinetic ts, surface chemistry
appears to be fast and this is encouraging for TCES reactorgign. The kinetics are tto an
Arrhenius expression, although the negative activation engy means this is simply a repre-
sentation of the measured surface rates, and not a physicabdel for the reduction reaction.

Reaction rate dependence on oxide vacancies aPgh is captured by the thermodynamically
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Figure 5.9: Evolution of and temperature pro le during reduction of Ca.9Sro.;MnO3
particles at Po, = 10 4 bar measured in the packed bed experiment compared to model
results using the transport properties from Table 5.3 and foa thermodynamically limited
case with fast surface kinetics.

consistent term in Eq. 5.6, derived by relating the global duction reaction for Sr-doped
CaMnOs; to the forward rate parameters of the mechanism R7 - R10 [409]8 Although

this representation of material kinetics does not imply a fadamental understanding of sur-
face chemistry and bulk di usion in these perovskite compdgns, Figure 5.9 indicates the
model is reliable over the range of operating conditions eagted for TCES. Furthermore,
these results show that a thermodynamically limited modelan yield reasonable approxima-

tions for perovksite reduction and oxidation at these contions.
5.4.2 Intra-Particle Model

Before attempting ts with the intra-particle domain added to the algorithm, packed
bed model results for both approaches using the using t pamseters from Table 5.3 are
compared in Figure 5.10(a). All results in this section focusnothe 0.6 cm bed data based
on the discussion in the previous section. Results show iatparticle transport noticeably
slows down reduction rates fo 800 C. Although gas phase molecular di usion is faster
at higher T, there is signi cantly more oxygen generated at these coriiins, all of which
must be swept out of the particle structure. At 700C, K:ox t with the single pore model

yields results much closer to experimental data compared togher temperatures; although
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intra-particle gas transport still had an e ect as evidencd by a 12% decrease in compared

to single pore model results.

Figure 5.10: Measured evolution of during of Cay.9Sro.;MnO3  particles at variousT com-
pared to computational model results with intra-particle tansport using the pore structure
from Table 5.2 assuming (a) surface kinetics from Table 5.and (b) mass-transfer limited
reduction.

Similar model results for a thermodynamically limited caseof the intra-particle model
are plotted Figure 5.10(b). In this case contrary to Figure 5(a), all isotherms with T
800 C match experimental data well whereas the 70Q isotherm approaches equilibrium
signi cantly faster. At high temperatures, transport of ewlved gas out of the porous particle
structure could be a limiting factor. In contrast when compang results at 700C, the
shape of experimental and simulated isotherms indicate gblphase transport limitations.
Figure 5.10(b) suggests the negativ&, . seen in Table 5.3 is caused by mass transfer
limitations, not material transport properties.

Results using the intra-particle model are very sensitiveotthe pore structure parameters
input to the solver, seen in Table 5.2. The pore structure of&.9Sr,.;MnO3;  was character-
ized through MIP in Chapter 2, however these measurements dot necessarily distinguish
between inter- and intra-particle porosity. In order to catulate properties for the two di er-
ent computational domains a cuto pore radius must be seleetl, R, i, Wherein any pores
smaller than the cuto are considered intra-particle poresvhile larger pores are attributed

to inter-particle porosity. Values of § and Ry, for both inter- and intra-particle domains
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Figure 5.11: (a) Void fraction and (b) average pore radius bad on area for both inter-
and intra-particle domains calculated based on the MIP datérom Chapter 2 for di erent
cuto pore radii. Any pores with radius smaller than the cuto are considered part of the
intra-particle domain.

are plotted as a function ofR, ¢ in Figure 5.11, indicating most pores are found in the 1-5
mm range. Values in Table 5.2 are calculated witR, ¢ 20 nm selected based on the rate
of change of pore volume as a function of pore diameter, rdsuy in a cuto point where
intra-particle properties are relatively constant. Conslering the rough particle structure
made up of interconnected grains with similar diameter to th measured poresRp . IS a
very uncertain parameter.

Packed bed model results with parameters calculated based @i erent values of Ry ¢y
are compared in Figure 5.12, where both cases are limited byetitnodynamics and mass
transfer to the gas phase. When modeling intra-particle gashpse transport an uncertain
parameterR, ¢ is introduced, and model results are very sensitive to thisapameter. If the
majority of pores are considered intra-particle pores, sh@s in Figure 5.12(b), experimental
results forT 800 C are well captured by a thermodynamically limited model. IRy cu
is lowered, more pores make up inter-particle void space aretuction proceeds faster with
similar reaction rates such as Figure 5.12(a). Since the iatparticle porosity only varies
from 55 to 62% forR, ¢, values of 2 and 20w, it is di cult to select an appropriate value
based on particle morphology. To gain a better understandinof the e ects of Ry c,:, model

results looking at both cases plotted in Figure 5.12 are disssed.
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Figure 5.12: Thermodynamically limited evolution of during reduction of Ca.9Sro.;MnO3
particles at variousT from intra-particle model assuming (a)Rpcst =2 mMm and (b) Rpcut =
20 mm.

Fitted values for ko using the intra-particle model are compared to values fromhe
single pore model in Figure 5.13. WitlR,c, =2 nm, tted parameters were very similar
to results from the single pore model. At these conditionsheé evolved gas is able to ow
out of the patrticle structure without signi cantly changing the time scales of reduction. The
relatively low value of R, ¢« means many inter- and intra-particle pores are of similar z¢

based on Figure 5.3, resulting in e cient mass transfer betvem the two domains.

Figure 5.13: Comparison of tted values fok;o, between 700 and 100€ determined using
the single pore model and the intra-particle model with two iderent values for Rp cy: .

IncreasingR, ¢, t0 20 m yields the pore structure in Table 5.2, and Figure 5.13 showtted

ks ox also increase for alll with the exception of 800C. In this case, the pore structure results
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in thermodynamically limited reduction rates close to exp@nental data for T 800C as
seen in Figure 5.10(b); however, the sensitivity of the residl function to k¢ in this region
allowed for parameter tting, suggesting these results argery close to conditions where
kinetics are still important. Fitted expressions with the irra-particle model in both cases
are still ill represented by Arrhenius expression due to theegative activation energy from
800-1000C and apparent discontinuity at 800C. Modeling of intra-particle gas transport
suggests this discontinuity is due to mass-transfer limiteons sweeping evolved oxygen out
of the particle structure. At 700 C, the amount of evolved gas is signi cantly lower and

surface kinetics and/or solid-phase bulk ion di usion becue rate-limiting.
5.4.3 Conclusion

Modeling of packed bed experiments indicated relatively $a& redox kinetics which re-
sulted in mass-transfer limited oxidation and reduction fiomany conditions tested. Rates of
oxygen generation were not well captured by an Arrhenius exgssion, these rates generally
decreased with temperature but remained constant betwee@@and 800C. At 700 C, bulk-
phase di usion limitations are a possible cause of the disatinuity observed in Figure 5.6.
Including pure oxygen vacancy di usion in the model as desbed in Section 5.1.3 allows for
tting of the reduction isotherm, but cannot capture expermental trends as the time-scales
for re-oxidation greatly increase. Simulations includingntra-particle gas-phase transport
signi cantly a ected reduction rates for T 800 C, where large amounts of gas evolution
are observed. At these temperatures, reduction may be masansfer limited even in the
shorter 0.6 cm bed based on intra-particle gas transport. Ehparticle model provides an
alternate explanation for the discontinuity observed in ted surface rates in Figure 5.13,
suggesting only the 70QC data is limited by surface kinetics.

The modeling e orts described in this chapter describe therhe scales of reduction and
oxidation at the tested conditions, but were unable to extret fundamental surface kinet-
ics and bulk di usion parameters. The relatively fast surfae kinetics are encouraging for

perovskite reduction on-sun, but resulted in many packed desxperiments limited by mass-
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transfer and thermodynamics as opposed to transport progess. Future e orts should focus
on experimental techniques with greater sensitivity for &t surface kinetics at the conditions
of interest, keeping in mind progress with manufacturing operovskite particles. A more
complex bulk transport model may be required for di erent pdicle structures, since the
oxide vacancy di usion model presented in this chapter camt reproduce the fast oxidation
observed in experiment. Previous studies suggest an amUdgrodi usion model for bulk ion

transport can explain similar phenomena for other ionic contting materials [86, 87, 115].
Such a model will be critical for studies involving denser pécles, and to fully understand

the e ects of particle morphology on redox kinetics.
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CHAPTER 6
SOLAR RECEIVER MODELING

For CSP plants to become viable at commercial scales, the eder should achieve high
solar e ciencies while keeping costs manageable. E ciengl heating and reducing perovskite
particles in a central receiver presents a signi cant chahge for particle-based TCES sub-
systems. Reduced-order models of the receiver can aid destydies by exploring parameter
space (in terms of receiver geometry, particle morphologgnd operating conditions) at rel-
atively low computational cost. Literature on computatioral studies of particle receivers is
relatively limited, with the majority focusing on direct particle receivers. Examples of direct
particle receivers include falling curtains of inert partles [50, 54, 116], as well as enclosed
uidized particle designs for solar fuel production [55] ah TCES [56]. There are even fewer
examples of indirect particle receiver models, such as thear-blackbody concept developed
at NREL [57, 58]. Initial modeling studies for the narrow-chanel uidized bed concept
of interest were not spatially discretized, but part of a fullTCES system model to explore
operating conditions and assess parasitic loads [56].

The 1-D receiver model presented here is based on a countew uidized bed concept
[51]. Fluidized beds have been studied extensively in litétae and there are several examples
of computational simulations capturing the two-phase ow 117{120], including cases with
reacting particles [121{123]. However, there are limited amples of discretized receiver
models analyzing uidized bed designs for concentrating lso power applications [40, 56].
The modeling e orts here build on previous studies which amgzed the heat transfer to inert

and Cay.9Sro:;MnO3;  patrticles in narrow uidized beds [51, 56] as follows:

coupling of particle-wall heat transfer relation [51] with uidized reacting particles,

where heat transfer is strongly coupled to uidization paraneters.
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Inclusion of solid phase momentum equation, making the vofdaction a state variable

which varies along the receiver length.

Flexibility to vary particle morphology, helping to understand the importance of pa-

rameters such as speci c surface area and particle diametar heat and mass transfer.

The model is used to identify design parameters and operagjrconditions which take ad-
vantage of Ca.9Srp,:MnO3; thermodynamics and surface kinetics to provide high spec

TCES at temperatures relevant for powering supercriticaO, cycles.
6.1 Receiver Model Theory

Receiver modeling implements models for the perovskite fimeodynamics and kinetics
presented in previous chapters with two-phase transport agtions for uidizing gas and
solid particles. Compared to the packed bed model, the namwechannel uidized bed design
includes a net particle ow down uidized by a counter ow gasas illustrated in Figure 6.1.
Particles can be introduced into a counter ow gas stream athie top of the narrow channel,
and if the gas stream maintains an appropriate ow-rate notdo high above the minimum
required for uidization, the particles can continue in a nedownward ow during uidization.
This concept was recently demonstrated with inert particleat lab scale [51] and was explored
as part of a full TCES subsystem model for reacting particlg86]. The left-hand-side vertical
cutaway view in Figure 6.1 illustrates the injection of gas uphrough a ow distributor in
the bottom of the channel bed and the injection of particlestathe top of the bed. An
appropriately sized porous mesh at the top of the bed allowbé gas to be separated from
the incoming particle ow.

An external wall of the narrow-channel uidized bed receivereceives concentrated solar
radiation that may be spread by angled walls in a cavity as sk in the horizontal cross-
section of the receiver concept on the right-hand-side of kigg 6.1. The spreading of the
cavity aperture incident solar ux €9, to a larger area reduces the external wall temperature,

and the combination of the angle for the ux spreading ratio ,x and the solar concentrating
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ratio will depend on the wall-particle heat transfer to maitain the external receiver wall
temperaturesT,, within material limits. For structural metallic superalloys, T,, will likely
need to be below 110@ and preferably below 105@C [124]. As discussed previously by
a simple rst-order analysis of a narrow-channel uidized bd receiver with inert particles
[51], higher heat transfer rates between the externally hisal wall and the uidized particles
allows for higher solar concentrations at the samg, and therefore improved receiver solar
eciency - In this chapter, a more rigorous vertically discretized D model of the
narrow uidized bed channel with reactive perovskite partles is presented and results for

Tw and ¢qar are explored as a function of operating conditions and pacte properties.

Figure 6.1: Illustration of uidized bed receiver concept bsed on narrow-channel geometry.
The slanted wall design spread the incident solar ux to a m& manageable value. The
receiver model describes a single panel of the triangularagied receiver structure. The ow
path for particles and gases within the channel is illustratd on the left.

The counter ow arrangement minimized excess heat loss todhgas-phase which cools as
it rises through the particle bed. This occurs because the &eexchange between the rising

gas and the falling uidized patrticles is so high that the twoows are largely equilibrated in
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temperature. The equations governing the mass, momentunpexcies, and energy of the two
ows and the necessary closure relations for the 1-D partelreceiver model are described in

the following subsections.
6.1.1 Fluidizing Conditions

Fluidized bed models must account for the transition from stéonary to uidized states,
which occurs at the minimum uidization velocity, Uy¢. Upon uidization, the governing
equations for both solid and gas phases change signi canfipm a xed bed. As such, it is
important for a model to assess if the conditions sustain dization. To this end, the Ergun

equation, Eq. 6.1, describes pressure drop through a statary bed.

2 2
Poo150, 2 Uoygg5 o 9

VAR QR (o d ©1)

sand ¢g(=1 ) are the solids and gas volume fractions respectively, is the super cial
gas velocity in the vertically upward direction based on thdull cross-sectional area of the
channel. AsUy increases above a minimum uidization velocityys, the gas begins to lift
the stationary bed of particles, e ectively uidizing it. At this point the pressure drop can be
estimated based on the particle weight as shown in Eq. 6.2. Wheethe subscript s indicates
the solid phase and g is gas, whilg represents acceleration due to gravity.

P
—y:j:( ss 999 (6.2)

Setting the Py in Egs. 6.1 and 6.2 equal results in a quadratic expressiondetermine the
minimum uidization velocity Uy = Uy;. Once uidized, the particle-wall and particle-gas
heat transfer coe cients can be described by known empiritaelations [51, 125, 126].

At Uy > U ¢ where uidization occurs, Eq. 6.2 no longer accurately captes the relation-
ship Py, because it neglects convective and stress terms that appéathe gas momentum
equation. Eg. 6.2 has been shown a reasonable rst approxitiwan for P, across the bed,

but is insu cient to adequately model momentum conservatio in the gas ow and particu-
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larly under consideration where particle-gas mass exchangccurs due to solid-gas reactions
[127]. Thus, for the uidized bed model here, P, and s are modeled with momentum

equations for both solid and gas phases.
6.1.2 Gas Phase Equations

Mass and species transport are modeled based on the vertig#krstitial velocity, vy
= U—;’ For steady-state simulations of the uidized bed in the naiow-channel receiver, the

governing equations for gas-phase mass and species coavers reduce to Egs. 6.4 and 6.5,

respectively.

000 %Q D(rxn
mgen = ay M Vkii Si (63)

k i=1

d( g gVo)
s %) = g 64)
" |
d V Y . xXn

( g éyg k,g) = ayMy Vi:i Si (65)

The solid bulk-gas chemical reactions provide mass and si@scsource terms respectively in
Egs. 6.4 and 6.5. Under conditions of rapid heating where rection rates produce large
uxes of gas-phase @, this source term may be signi cantly large and impact locabed
properties such as s and vg. The surface area per unit volumeay, is a function of 4 and
apore, Which is a particle property characterized in Chapter 2.

Eq. 6.6 models gas-phase momentum conversation with the @sgption that viscous

e ects between the gas and the wall in the narrow channels i®gligibly small.

d VgV dpP
%= gy Mo W g g0+ (Ver vomE (6.6)

Where momentum ux due to reactions is added at the solids vetdy when rates are positive

(into gas) or subtracted at the gas velocity when rates are gative. This is accomplished
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with the logical variables and , where =1 , as shown below in Eqg. 6.7.

1. f 000>
= | mge”, 0 (6.7)
0; otherwise

The drag coe cient, , is the dominant force in most uidized bed con gurations.  is
determined based on a modi ed form of the Ergun equation (Ed.1) for 4 < 0:8, and from
falling sphere drag correlations in other cases [118, 127].

Eqg. 6.8 represents the gas-phase energy equation for a 1-btoa volume in the uidized

bed.

@ g gvghg) _ d dTy
@y = dy gdy + a,hp (Teg  Ty) (6.8)

In this formulation, convective heat transfer between the @ and wall is neglected, as it
is small compared to particle-wall convective and radiates heat exchange [51, 128]. Heat
transfer between the solid and gas phases is determined byetparticle-gas heat transfer
coe cient, h,, which depends on the particle diameted,. For d, < 500 nm of interest in
this study, h, can be large and further, is multiplied by the large particlesurface area per
unit volume a,. Under such conditions, this terms dominates the other termsuch as the
conduction term. The e ects of the largeh, and a, results in rapid equilibration of Tgy and
T4 once the solids are introduced into the top of the bed. This demonstrated in the model
results presented below.

Boundary conditions for Egs. 6.4, 6.5 and 6.8 are speci ed ltie inlet mass ow rate,
temperature and composition of the gas ow, respectively,tahe bottom of the receiver.
The pressure outlet boundary condition for Eq. 6.6 is de nedct the top of the receiver
channel where the gas ow exits through a porous medium. Thigutlet allows gas to exit
while keeping solids constrained in the bed channel. At lowdynold's numbers Reyy: =
MQW < 1), pressure drop through the porous medium is governed by i2g's law, Eq. 6.9.

The outlet pressure downstream of the porous medium is sped as the boundary condition.

135



I:)g,out _ I, gUg Zg out

6.9
Zy out Ygout  Bpout (6.9)

The length ratio in the left hand side of Eq. 6.9 accounts fotie porous media outlet having a
di erent cross-sectional area than the bed channel, assumgi the width remains unchanged.
The permeability, By .t , iS @ property of the porous media calculated using Eq. 6.1There
are many available correlations for permeability as a funicin of void fraction, g4, and
pore diameter,D .., depending on material and pore structure.

éouthout
B, = . d 6.10
°= T80 gou)? (6.10)

6.1.3 Solid Phase Equations

This subsection presents the conservation equations for ssa species and thermal energy
transport in the solid-phase uidized particle ow. Egs. 611 and 6.12 govern the net ow

rate of solid particle mass and bulk species through the uided bed.

@ s svs) -

5 mggg | (6.11)
" Nn ’
@ Sé; k,S) — aVMk Vk;i§i_ (612)

i=1

The solid-phase conservation equations are also developesihg the interstitial velocity v

to capture variations with 5. The solid phase density also becomes an important variable
due to the net ow rate of solids. During reduction, the densy and molecular weight of the
solid both vary as functions of . This model does not capture turbulent ow features such
as movement of bubbles with lower particle concentrations ithe uidized solid, but simply

describes the average mass ux of solids through the bed.
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The mass fraction of the solid phaseY,.s is calculated from the lattice site fraction
([Xk]L) as shown in Eq. 6.13. Sinc¥,.s is a function of the molar mass of specids species
conservation equations cannot be solved for §Y, sinceMy, = 0. Eq. 6.12 is solved for
[Oo]L, and all other solid species are assumed to equilibrate ribaly fast in comparison.
The remaining species can be solved for as a function op[|Q and Tgyg.

_ XMk

Y,.
s Msiq

(6.13)

There is only one particle surface reaction rates,, in the receiver, and the rate is calcu-
lated from the tted parameters determined in the previous lapter. Due to minimal e ects
of the intra-particle model on tted transport parameters a seen in Chapter 5, and the
chaotic particle movement in a uidized bed setting, no inta-particle model is considered.
Boundary conditions for the solid phase mass and speciesdmales include known mass ow
rate with known [Og]. at the solids inlet at the top of the bed as illustrated in Figue 6.1.
Mass and species transport equations are coupled to consgiion of solid-phase momentum
as shown in Eq. 6.14.

d VsV dP q
( sd;s s) _ soot y(Vg Vo) s s0 Fuar + G( g)d—; (Vs+ Vgmise (6.14)

The solid-phase momentum equation includes a term for theasktic modulus, G( ), to
capture the solid stresses which become important near thagked bed void fraction [118,
127]. The simple model used foG( 4), shown in Eq. 6.15, neglects any viscous e ects
similar to the gas phase momentum. This model is based on a qumawation factor c and a

reference void fraction which is closely related to the packed void fraction cauginthe

k) gl
term to become signi cant near this value [127]. Momentum ™ due to reactions is equal
and opposite the gas phase term. Wall collisions in the solithase may become important for

the narrow channel geometry of interest, and can be calcuéat through Eq. 6.16. The model
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will be used to determine if dissipating forces due to wall 8ions, F4, are signi cant at

the conditions of interest.

G( o) = Goe (s o) (6.15)
2f VsV
Foal = ——=>22 53 == (6.16)
h

The boundary conditions for the solid-phase momentum equah are speci ed as a known
solids fraction at the gas inlet.

Finally, Eq. 6.17 presents the thermal energy conservatiomeation for the solid phase.

@ s sVshs) — d deId

@y dy °© dy

h
+ 5 (Twime Tsw) - avhp (Tsa T) (6.17)
z

The particle-gas heat transfer coe cient, hy,, couples the solid and gas phase energy equa-
tions, while h,, represents the combined convective and e ective radiativieeat transfer co-

e cient between the external irradiated wall and the particle ow. The e ective heat con-
ductivity of the particle ow, ., is governed by uidization parameters, and calculated as
a function of gas conductivity and porosity based on empirat correlations [117, 118]. The
inlet solid temperature provides a boundary condition for §. 6.17 for the solid particle ow

entering at the top of the receiver channel as illustrated ifrigure 6.1.
6.1.4 Wall-Particle Heat Transfer

The receiver is heated by a uniform solar uxd®,, at the cavity aperture as shown
in Figure 6.1. The angled receiver wall geometry spreadg,, by a factor, ., = -,
which reduces the received wall heat ux and allowd,, to more readily stay below wall
material limits at high solar concentrations into the caviy aperture. As T, increases a
larger fraction of the heat ux into the angled external wall surface is radiated back out

through the cavity or convected to surrounding air via conv&ion (natural and forced). The
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remainder of the external radiative heat ux conducts throgh the receiver wall and into the
uidized bed via the particles. The fraction ofcS,, that passes into the particles for sensible
heating and endothermic chemical reduction provides the rasure for the solar e ciency
solar Of the particle receiver. Fluid dynamics of the bed plays an iportant role in achieving
high particle-wall heat transfer coe cients h,, and thereby loweringT,, and increasing sojar
[51, 56].

The receiver wall is vertically discretized in the same fagn as the uidized bed channel,
1-D in the y-direction. An average wall temperature for eachetl, T,,, is solved as the state
variable. Assuming a linear temperature pro le ofl,, based on the wall conductivity ,, and
thickness z,, the interior and exterior wall temperature, Ty, i,y and Ty ext respectively, for
each cell can be calculated as needed for the wall energy exaes with the external air and

with the internal particle ow as shown in Eq. 6.18.

00
_;V (Tw,ext Tw,int) = M henv (Tw,ext Tw,env) ! ernv Tv‘\t,ext Tvi,env (6-18)

W ux

Conduction along the receiver wall in the y-direction is inaded in Eg. 6.18 and tends to
even outT,, over the height. The resulting equation which governs the ¢al averageT,,,

with the radiative and convective terms at the wall surfaceds provided in Eq. 6.19.

d dT, 1 0
e w 2 = OSOIar + hw (Tw,int Tsld) + henv (Tw|ext Tw,env) + " WFenv Tvl\},ext Tvl\t,env

dy Zy  ux
(6.19)

The particle-wall convection and radiation heat transfers captured by the locah,, (T int
Tsqq). The correlation used forh,,, described in Egs. 6.20 { 6.23, was developed for narrow-
channel uidized beds with a net ow out with concentrated star applications in mind [51].

It is separated into radiative and convective componentd),,, and hy, ., respectively. The
total h,, was measured experimentally, then the radiative contribiudn subtracted out in

order to t a correlation for h, [51]. In order to replicate experimental data for,, the
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same particle-wall radiation model should be used, as shownEq. 6.23.

Nug 1+ —2— =0:8782), “*%CAr,, %6 (6.20)
2C;s g
Nug = Dweth (6.21)
g
hw,r =" avg Tv\zl,int + Tszld (Tw,int + Tsia) (6.22)
hw = hwy + hye (6.23)

Important non-dimensional variables for calculatingh,, in Eq. 6.23 include the Archimedes
number for laminar conditions (due to smalld,), Aram, which is the ratio of of body forces
due to buoyancy and viscosity, as well as the excess velopiﬂg,, which is a measure of
velocity relative to the minimum uidization velocity. Fur thermore the average emissivity,
"avg, IS calculated as a function of both wall and particle emissty. Expressions for these

parameters are written in Egs. 6.24 { 6.26.

P o
d
1=3
0y = <Cpie (U  Unmi) (6.25)
99
||avg = Ilwl + ||S 1 1 (626)

Once the solution is obtained 4o, IS calculated as the ratio of heat into the particle to
total heat on the receiver wall per Eq. 6.27. The gas phase istrconsidered for e ciency

calculations.

solar = (rﬂs,ouths,out . rDls,lin hs,in) spread (6.27)
0soolar Xy

6.2 Geometry and Mesh

The receiver geometry for the base case considered is a regtdar uidized bed with

a narrow channel (aspect ratio = 20). The narrow channel degi encourages particle-wall
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contact, enhancing heat transfer to the storage media. Thesd volume and receiver wall are
discretized in the y-direction with half-cells at the two bandaries as illustrated in Figure 6.2.
The wall and uidized bed domains are coupled via the partiel wall heat transfer coe cient,

h,,, as described in the previous section.

Figure 6.2: lllustration of receiver channel geometry and rshing strategy. The two meshes
represent the receiver wall and bed channel, with details tife state variables solved on each
mesh.

Before doing parametric studies to explore design options,is important to check the
solution is grid independent. Results of a grid independestudy are shown in Figure 6.3.
The relative change in solution variables from 41 to 81 nodés 0.25%, compared to 0.13%
when increasing from 81 to 161 nodes. The computational cast solving the system with
161 nodes and the minimal change in solution lead to the sdiea of a 41 node mesh. This

corresponds to 5 cm nodes (2.5 cm at the boundaries) for theseacase conditionly =2 m.
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Figure 6.3: Grid independence study performed on the base ead the solar receiver model.
The change in solution is calculated as the average relatideerence of all variables inter-
polated to the smallest mesh size.

6.3 Results & Discussion

The 1-D receiver model developed in this chapter provides aperful tool to identify
appropriate operating conditions and important trends wih respect to the e ects of particle
properties and receiver geometry on important recover perinance parameters such asgar,
maximum T,,, specic TCES (i.e. hyy) in the particles, and required gas ow ratemg;, to
sustain the bed. A baseline case was selected with paramstexpected to yield reasonable
performance considering a desired TCES cycle between 3D air and 900 C. All modeling
results are for the material Cg9Srp.;:MnO3; , with thermodynamic and surface reaction
properties taken from Chapters 3 and 5. The input parameter®r this case are detailed in
Table 6.1. The wall material properties are taken from Haynez30 [129], which is a Ni-based
superalloy being considered for receiver wall structures30].

Starting from these reference conditions, selected desigarameters and operating can
be varied to explore the e ects on heat transfer and TCES. Thistudy here will explore
general operating conditions and the e ects of particle draeter and morphology. Results
for the base case are summarized in Figure 6.4. At these comalis, the solar e ciency is

solar = 86:7%, while the particle outlet temperature isTgyq = 850 C. The selected reference
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Table 6.1: Solar receiver model parameters for the referencase.

Variable Symbol Value
Nodes N 41
Channel length ly 20m
Channel width Iy 1.0 m
Channel depth I, 5.0 mm
Wall thickness Zw 0.5cm
Wall emissivity "W 0.9
Packed bed porosity pack 0.49
Particle diameter d, 260 Mm
Porosity of gas outlet structure g.out 0.50
Pore diameter of gas outlet structure Dp.out 80 nm
Thickness of gas outlet structure Xg,out 0.5 cm
Height of gas outlet channel lg,0ut 2.5 cm
Perovskite molar volume Vi 3.19 (10 ?) m® kmol *?
Internal particle solid fraction sjint 0.91
Speci ¢ surface area of particle Apore 55ng!?
Particle heat conductivity s 50Wm'K?
Particle emissivity " 0.9

Heat transfer coe cient to environment Nenv 1I0Wm 2K 1
Temperature of surrounding environment  Tepy 300 K
Incident solar radiation o0 1200 suns
Flux spreading factor X 5.0
Outlet pressure Pg.out 0.82 bar
Inlet temperature Tin 773.15 K
Inlet gas mass ow rate Mgiin 0.0108 kg st
Inlet O, concentration X o02,in 0.01
Inlet solid mass ow rate Ms;in 1.0kg s?

parameters result in a design where the perovskite is heatemlan acceptable temperature,
but the extent of reduction is relatively low with a maximum ron-stoichiometry, = 0:029.
These parameters results in 416 kW stored in the particlesr o hyy = 416 kJ kg * at the
base mass ow rate.

Overall, results shown in Figure 6.4 indicate the uidized be design can e ciently heat
particles to the desired temperature, but achieving largealues of could be challenging.
The uidized bed con guration results in high particle-wal heat transfer coe cient above

1000 W m 2. Another interesting feature of the solution is the jump in val fraction observed
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Figure 6.4: Summary of solar receiver model results with inpparameters from Table 6.1.
(a) Solid and gas velocities, void fraction, and pressureoalg the receiver height, (b) tem-
peratures and particle-wall heat transfer coe cient, and €¢) oxygen vacancies.

at the gas inlet (y=0), where a boundary condition enforceshe packed bed void fraction.
The void fraction increases from the packed bed value of 499 to 75-80% in the remaining
channel length. This jump in void fraction causes similar dcontinuities in the results for
velocity and pressure, also plotted in Figure 6.4(a). The flowing sections present results of

parametric studies for some major parameters from Table 6.1
6.3.1 Operating Conditions

The main operating conditions explored in this work include.,, Mg,in, Ms,n, and
Xozin. FOr the purposes of this initial study, the selected varidbs are varied individually
in order to observe general trends and identify suitable pameters for the nominal TCES
cycle considered throughout the manuscript. A more rigorguoptimization involving more
variables is reserved for future research.

One of the more important parameters to consider is the inotht radiation, &9, ex-

pressed in unit of suns (1 sun 1® W m 2). In a CSP plant, this value can be e ectively
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controlled by adding or removing heliostats re ecting sumght to the central receiver. Re-
sults at varying concentration factors are plotted in Figure5.5. Results show thath,, and
the overall receiver temperature increase proportionallwith ¢®... Both the outlet Ty and
maximum wall temperatures heat up with higher solar concerdtions. The maximumT,, at
1800 suns is 126 with an average wall temperature of 109&. Previous studies suggest
this material should not operate much hotter than 110GC, so 1400 suns apears to be the

maximum concentration at these conditions.

Figure 6.5: Receiver model results showing (a) outléiyy, maximum T,,, and the average
particle-wall heat transfer coe cient hy, and (b) outlet oxide vacancies and receiver solar
e ciency o for varying incident solar irradiation.

Referring to Figure 6.5(b), we see the e ciency is relativelyconstant, only decreasing
from at 86.7% to 85.9% as9., increases from 1000 to 1800 suns. Although thermal losses
increase with hotter receiver temperatures, the highdr,, compensates by getting more heat
into the perovskite particles. This is captured by the outlevalues of and Tgq4, Which

constantly increase with®d

lar*
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The next parameter explored using the solar receiver modslinlet sweep gas ow rate,
Mg.in. Results for this study are summarized in Figure 6.6. The owate varies from 0.0052
to 0.0365 kg s?, for solid-gas mass ratios from 191 down to 27. The heat trdas coe cient
increases signi cantly as the sweep gas is lowered, resudfiin cooler wall temperature and
higher e ciency at lower ow rates. Interestingly, the outlet Tgq showed little sensitivity to
this parameter. The cooler wall temperatures results in an@ency 0.5% higher than the
base case at the lowest ow rate, 0.00432 kg’s Surprisingly, the solution showed relatively
low sensitivity to variations in gas ow rate compared tog?).,. An unusual feature observed
in this parametric study is the apparent discontinuity in results as the ow rate is increased
past 0.02 kg st. The solution jumps from a regime withTgq ot = 855 C and o, = 0:030 to
one with Tggout = 836 C and o, = 0:044. At lower ow rates, the model tends to partition
more energy to sensible heating of the particles, as the inlew rate is increased to 0.0209
kg s ! the best solution resulted in higher reduction, but lower paicle temperature. This
tradeo is illustrated in the values for e ciency which remain relatively constant between
the two points.

The solids mass ow rate was also varied in a separate studyn this case,mg;, does
not have a signi cant e ect on the uidization properties of the bed, but the residence
time of the particles is inversly proportional to this varidle. Results with varyingms;, are
plotted in Figure 6.7, indicating the model is very sensitivéo this parameter. As thems,
decreases, the perovskite undergoes signi cantly more tedion compared to the base case,
but e ciency also decreases from 86.7% down to 81.1% whems;, = 0:5 kg s 1. Referring
to Figure 6.7(a), it is evident the e ciency is lowered due to avery high maximum Ty ex; Of
1267 C. This wall temperture is very close to the melting temperatre of Haynes 230 and
not sustainable [129]. While the lower mass ow rate encourag reduction, not enough heat
is removed from the wall to keep temperatures manageable. Attugh there is less specic
energy stored per particle due to the low levels of reducitpit appears the added thermal

mass of the higher mass ow rates helps with e ciency.
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Figure 6.6: Receiver model results showing (a) outléiyy, maximum T,,, and the average
particle wall heat transfer coe cient; as well as (b) outlet oxygen vacancies and e ciency
along the receiver height for varying inlet gas ow rates b&teen 250 and 1750 SLPM.

For the base case, a sweep gas, ©oncentration of 1% was selected based on results
published by Dr. Albrecht [40], which suggest lower oxygen goentrations do not improve
performance. Model results varying the inlet oxygen conceations are shown in Figure 6.8.
These results con rm that even with an inlet sweep gas of lowexygen content (100 ppm
0O.,), the oxygen evolved during perovskite reduction raises ¢hsweep gaX o, two orders
of magnitude after the rst node. For this reason the oxygenacancies generated in both
cases are very similar, with the lower sweep gas only resngiin 2.6e-5 more O vacancies
generated. A lower oxygen content sweep gas could be moreatiee with gas management

strategies to remove evolved oxygen from the uidized bed.
6.3.2 E ects of Particle Morphology

Particle morphology has signi cant e ects on both reactiorrates and solid phase proper-

ties such as the envelope density. For the base case, the dele particle properties describe
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Figure 6.7: Receiver model results showing (a) outléiiyy, maximum T,,, and the average
particle wall heat transfer coe cient; as well as (b) outlet oxygen vacancies and e ciency
along the receiver height for varying solid mass ow rates.

dense, spherical particles, similar to inert particles udefor inert TES systems in CSP ap-
plications [9, 10, 51]. The particle diameter is an importanvariable a ecting both the
two-phase ow and heat transfer to the particles.

Results for varying particle sizes are summarized in Figure®% As the particle size
decreases, the solar e ciency tends to increase, up to a maxim 87.7% atd, = 170 nm.
The variation in e ciency is attributed to the proportional increase observed i, due to
the smaller particle size [51], as seen in Figure 6.9(a). Thatlet Tgq is the least sensitive
parameter plotted in Figure 6.9(a), increasing € from the base case at the smallest particle
diameter from the base case, while increasinlg has little e ect. In comparison the maximum
wall temperature decreases proportionally with the partie diameter. The heat transfer
coe cient is the most sensitive parameter, reaching the higest average value of 1129 W ni

for d, =170 nm.
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Figure 6.8: Receiver model results showing (a) sweep gés, and (b) oxygen vacancies
along the receiver height for varying Q content in the sweep gas inlet.

Referring to Figure 6.9(b), the higher e ciency points at smédl d, have a lower maximum
T and higher outlet Ty compared to the base results at 266m. The higher e ciency is
completely attributed to the changes in temperature and,,, since the observed outlet
was consistent with varyingd,. These results suggest that smaller particle diameters rds
in higher solar e ciency with lower wall temperatures. Smader particles are theoretically
favorable for reaction rates as well, with smaller di usiodength scales and increased surface
area, although no bulk transport e ects are captured by thisnodel. Larger particle sizes
were selected in this study for reliable transport and resihce to attrition, suggesting a need
for further studies assessing these issues before deteingnan ideal particle size for this
application.

Another particle property investigated with the solar recaier model is the internal parti-

cle solid fraction, ¢j. Since bulk ion transport is assumed to be fast in this studyarying
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Figure 6.9: Receiver model results showing (a) outléiiyy, maximum T,,, and the average
particle wall heat transfer coe cient; as well as (b) outlet oxygen vacancies and e ciency
along the receiver height withd, ranging from 170 - 38Gm.

sint proportionally changes the particle envelope density, witno e ect on reaction rates.
Results, plotted in Figure 6.10, suggest that this parametdras little e ect on the solution.
Varying s from 0.9 down to 0.7 results in a 0.8% increase in the heat trsfier coe cient.
For any reasonable value of s, the solid phase density is still several orders of magnitad
larger than the gas phase, resulting in a similar solution vem the particle bulk is simpli ed
in this fashion.

The last parameter varied using the receiver model is the spe& particle surface area,
apore, N important parameter for calculatingay. Increasing particle surface area increases
the available area for reactions and particle-gas contaodrf heat transfer. Results for this
parametric study are plotted in Figure 6.11. For this case a ®&p gas ow rate of 1500 SLPM
was selected (0.0261 kg &), because with the base case ow rate of 500 SLPM th&,, was
not su cient too sweep evolved oxygen from the increased daice area. Results suggest

apore has signi cant e ects on the level of reduction, due to the inreased area for reactions.
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Figure 6.10: Receiver model results showing (a) outldty, maximum T,,, and the average
particle wall heat transfer coe cient; as well as (b) outlet oxygen vacancies and e ciency
along the receiver height for di erent internal particle stid fractions.

For a,ore = 1000, which is close to the measured value for perovskitemthesized in the lab
(apore = 737 m? kg * from Chapter 2), o is 75% of the equilibrium value for the outlefTq.
Although perovskite particles with more active surface aregenerate more oxygen vacancies,
the solar e ciency is relatively constant, and the particle outlet temperature decreases to
make up for the extra chemical energy storage. These resuitslicate that particles with
higher surface area allow the receiver to take advantage oérpvskite thermodynamics by
storing a greater fraction of energy chemically. However garles with higher surface area

likely have smaller grains and could break down at a fastertea
6.3.3 Summary of Parametric Studies

The variables varied for parametric studies in the previousvo sections are summarized
in Table 6.2. In this work, only a few of the major variables $ted in Table 6.1 were explored,

giving some useful insight regarding the use of perovskitanicles in a uidized bed receiver.
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Figure 6.11: Receiver model results showing (a) outldty, maximum T,, and the average
particle wall heat transfer coe cient; as well as (b) outlet oxygen vacancies and e ciency
along the receiver height with increasing speci ¢ particlsurface area.

However, there are still many input parameters which were natvestigated, and this receiver
model provides a framework to perform a multitude of desigriidies. The parametric studies
in this work focused on a few major operating conditions andapticle properties.

Model results with varying operating conditions indicatecthallenges achievingeq in the
receiver length, even aPo, = 10 2 bar. Cases where more oxygen vacancies are generated
generally have higher temperatures approaching the limitsf operation for Haynes 230.
Large increases in temperature and reduction were obsenvied higher ¢£3,, and lowermg .
Variations to the sweep gas ow rate had relatively small e ets on receiver performance,
however an interesting transition between solution with derent levels of hghem @and  hgens
occurs asmyg, increased past 0.02 kg 8. This transition resulted in higher with lower
Tqq, and demonstrates the importance ofmgj, for interactions between the solid and gas

phases.
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Table 6.2: Solar receiver model parameters varied for parainc studies.

Variable  Base value Values tested
d, 260 mm 140, 200, 260, 320, 380
s int 0.91 0.70, 0.75, 0.80, 0.85, 0.91
Apore 55nmg!? 5.5, 10, 50, 100, 500, 1000
0 ar 1200 suns 1000, 1200, 1400, 1600, 1800
Mg,in 0.0108 kg s* 0.0052, 0.0108, 0.0209, 0.0261, 0.0313, 0.0365
X o02.in 0.01 0.01, 0.0001
Ms in 1.0kgs? 0.5, 0.75, 1.0, 1.25

Parametric studies looking at particle properties suggeshanufacturing of appropriate
particles will be critical for e cient energy storage; spetcally, ayoe andd, had a signi cant
e ects on the solution. Conversely, i was the least sensitive parameter tested, including
operating conditions. A more complex particle model is likg required to understand any
eects six may have on receiver performance. Such a particle model abuhclude bulk
ion transport, but also stress analysis to understand padie attrition. Changes ind, had
signi cant impacts on heat transfer to the bed and thus e ciency, but little e ect of the
extent of reduction. It is possible that a more complex partie model including bulk ion
di usion would result in greater sensitivity of the extent d reduction to particle size. In
this model, the parametera,,e has signi cant e ects on the extent of reduction whenmg,
was also increased. ASyoe increased from 10 to 1000 mg ! the extent of reduction
almost doubled ( from 0.030 to 0.056) even with a 4@ decrease in outleflTy4. Questions
remain if high surface area particles such as the ones syrttzed in this study will be able
to withstand a high stress environment such as uidized beds'hese results further indicate
the importance of developing manufacturing processes forrpeskite particles to understand
both costs and morphology.

Results from these simulations are summarized in Figure 6,Mhere the outletTgq and

solar @re plotted as a function of hy,. Figure 6.12 indicates the solids outleT increases
linearly with  hy, while the e ciency is relatively constant for many of the caditions

tested. An outlier point with outlet Tgq > 1100C achieved the lowest e ciency and the

153



highest hy, however this is an unrealistic operating condition apprazing the particle
sintering temperature and well above the receiver wall lirg. The highest hy,; achieved
with a max T,a below 1150C is 544 kJ kg ! by lowering the solids mass ow rate to
0.75 kg s?; this case is also the lowest e ciency out of the cases with eeptable Ty .
Many of the simulations resulted in a similar hy; to the base case (416 kJ kgd), with
e ciencies varying between 86 and 88%. The spread in e ciencindicates the possibility to
nd conditions which take better advantage of perovskite termodynamics to achieve higher

htot Wlth better solar-

Figure 6.12: Summary of receiver model results showing e aiey and outlet particle tem-
perature for all cases described in Table 6.2. Cases wehre thaximum wall temperature is
above the operating temperature for the wall material are olicated by red symbols.

In conclusion, the parametric studies in this chapter expted the e ects of major op-
erating conditions and particle properties on receiver prmance. Results indicate that
particle properties such asd, and a,.e Can have signi cant e ects on heat transfer and
extent of reaction in the receiver, improving e ciency unde the right conditions. Of the
operating conditions explored, the solids mass ow rate anuhcident ¢?9,, were the most
sensitive parameters. Generally, cases with highemh,; had lower 44, suggesting the need
for a proper optimization scheme to identify favorable opating conditions. Due to the large

number of variables, many of which have not been explored ihis study, the model should
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be implemented in an optimization algorithm to fully undersand the state variable space.
Some important design parameters not explored here whichutd have signi cant e ects
on receiver performance include geometric parameters suh x or |l,, and di erent gas

outlet mesh locations to manage evolved gas.
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CHAPTER 7
CONCLUSIONS

The work presented in this manuscript has developed a basinderstanding of the poten-
tial of selected doped CaMn@ particles as a media for high-temperature thermochemical
energy storage (TCES) in CSP applications, particularly ioTCES subsystems integrated
with supercritical-CO, closed-Brayton power cycles with ring temperatures betwen 700C
and 750C. To date, this work has resulted in archival journal publiations [71, 99], as well as
a peer-reviewed ECS Transactions paper [100]. Furthermotie indirect receiver model for
TCES in Chapter 6 will also be completed for a journal publidéon. The following sections

summarize important results and identi es areas for furtheresearch.
7.1 Summary of Signi cant Results

Redox cycles with doped CaMn@ present a promising approach to high-temperature
energy storage particularly in concentrating solar plantsvith super-critical-CO, power cy-
cles. A-site doped Ca S,MnO3; and various B-site doped CaMgMn; ,O; with Me
=Cr, Ti,and Fe and y  0:1 were screened for high reducibility at 90C and low oxygen
partial pressuresPg, down to 10 # bar. The most favorable compositions from screening,
i.e., Ca xSkMnO; (x = 0:05 0:1) and CaCyxMn; (O3 (y = 0:05 0:1) were tested
extensively to determine thermodynamic and kinetic propées at conditions relevant for
CSP applications. The signi cant ndings from this researb endeavor are summarized as

follows:

identi ed Ca; «SrKMnO3z (x =0:05; 0:1) as promising compositions for thermochem-
ical energy storage aPo, 10 4 and Ty =800 1000C, building an energy storage

map as a function ofT and Po;.
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Developed methodology to calculate energy storage throutiie orthorhombic-tetragonal-
cubic phase transition observed in many perovskite comptisns based on a point-

defect model and calorimetry measurements.

Demonstrated through modeling of experimental results thaeduction and oxidation
of Ca; x\SrkMnO; atT 800C andPy, 10 4 bar are governed by thermodynam-

ics and mass-transfer to the gas phase.

Developed a steady-state, 1-D, spatially discretized soleeceiver model based on a
narrow uidized bed concept, this is a powerful tool for stuges with both inert and

reacting oxide patrticles.

Parametric studies using receiver model with varying partle morphology suggests
smaller particles can enhance heat transfer and more specsurface area favors chem-
ical energy storage as opposed to sensible, taking advargagf perovskite thermody-

namics.

Ca; xSkMnO; (x = 0:05 0:1) and CaCyMn; O3 (y = 0:05 0:1) were charac-
terized fully for thermodynamic limits of speci c thermoclemical energy storage by tting
a two-reaction point-defect model to equilibrium oxygen no-stoichiometry over a broad
range of temperature T =700 1000C) and Po, (10 4 0:17 bar). Thermodynamic ts
were derived for each stable crystalline phase observed hiuit the conditions of interest.
Most screened compositions, namely @&Sro.0sMnO3;  and both CaCr.gsMng.os03;  and
CaCry.1Mng.903 , experienced transitions from a distorted orthorhombic pdise at room tem-
perature up to 750 C, through a brie y occupied tetragonal phase, to a high-teperature
cubic phase during reduction abovdy = 700 C. The thermodynamic ts agreed well with
calorimetry measurements, indicating the partial molar ethalpy of reduction decreases as
more vacancies are generated and the perovskite transit®from the orthorhombic to cu-
bic phases. When integrated across an appropriate redox @cthe enthalpy of reduction

provided adequate chemical energy stored to make these peskites attractive candidates
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for redox cycles in TCES subsystems, particularly when colgal with heat release to a
supercritical-CO, cycle. Of the materials tested, CggsSry.0sMNO3  provided the highest
speci ¢ TCES with a thermodynamic limit of 895 kJ kg ! for the cold storage temperature
Tc =500 C, the hot storage temperatureT; = 1000 C, and the sweep ga®o, = 10 * bar.
However, Ca.9Srp.:MnO3; gave higher speci c TCES at loweiTy 900 C, which are more
appropriate for integrating a TCES subsystem e ciently with a supercritical-CQ, cycle. At
Ty =900 C, Cay9Sro,:MnO3;  provided speci ¢ TCES thermodynamic limit of 706 kJ kg?
in the nominal TCES cycle with heating fromT¢ = 500 C. While the Sr-doped compositions
consistently store over 50% of the captured energy as chealienergy due to reduction, more
rigorous thermodynamic testing of Cr-doped compositionshewed this family of materials
did not have a large enough chemical component of energy stge to compete with the
Sr-doped compositions or other non-reacting sensible saige materials such as AD3 with
high speci c heat capacities for sensible thermal energycsage..

In a TCES subsystem for CSP, residence times for reduction éduoxidation of the doped
CaMnO; perovskites may be limited. To better understand kinetic thitations, perovskite
compositions of interest were cycled in a packed bed reacteith realistic particle diameters
for large-scale TCES subsystemsl{ between 150 and 45ém). Isothermal redox cycling of
selected doped CaMn@ perovskites revealed reduction occurs at much slower ratésn
re-oxidation for all compositions, which suggests that redtion kinetics will be the limiting
factor for TCES approaching its thermodynamic limit in a paticle receiver with limited
residence time. During reduction, both CgySrp.;MnO3; and Cay.gsSro.0sMnO3  packed
beds achieved higher fractions of their thermodynamic lirts for energy storage after 60 and
300 s inPgp; = 10 “ bar at all temperatures 800 C compared to Cr-doped CaMn@
perovskites. Superior kinetics and higher equilibrium lints for speci ¢ energy storage make
Ca; xSkMnO3; more attractive candidates than CaCyMn; yO; for TCES redox cycles

with Ty from 800 to 1000C and Po, 10 * bar.
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Long-term durability of the storage media is also a conceroif commercial-scale storage
systems. The selected doped CaMnrO compositions were tested for phase stability with
1000 non-isothermal redox cycles in the packed bed setup.siBks showed that 10% doping
for both Cr- and Sr-doped CaMnQ@ resulted in a more stable material over 1000 rapid redox
cycles. Nonetheless, all materials displayed good stahjlivith the highest recorded standard
deviation of 6.2% for CaCg.0sMng.05s03 . After cycling, X-Ray Di raction scans revealed
excellent phase stability for all materials; while SEM imags and particle size measurements
showed a small degree of sintering in Sr-doped compositioi$ie packed bed results suggest
the doped CaMnQ compositions have adequate chemical stability for many red cycles
at Ty 900C andPo, 10 “ bar, while more comprehensive tests are required to better
understand stability of particle morphology, particularly with the porous structures tested
here.

Computational modeling of packed bed experiments provideimeans to extract surface
reaction data for the most promising storage material, GaSr,.;MnO3; . Due to the porous
nature of the synthesized particles, a single surface re@et model coupled with point-defect
thermodynamics captured packed bed redox cycling data veryell. Results showed that
oxidation is mass-transfer limited and even reduction ragewere close to the thermodynamic
limits at Po, = 10 4 bar. While it is positive that surface kinetics are fast enouy to
encounter this issue, no information regarding bulk partle transport could be extracted
from the packed bed experiments. Surface reaction parametet to the isothermal redox
cycling data resulted in an excellent reproduction of the meisothermal redox cycle data
with reduction during heat-up, e ectively simulating the nominal TCES cycle.

Thermodynamics and surface kinetics of the best performimgaterial overall, Ca.9Sro.;MnO3
were implemented in a steady-state, 1-D, indirect solar reiver model based on a narrow
uidized bed design. This model provides capabilities to grore suitable design parameters
and operating conditions for perovskite reduction on-surReceiver modeling con rmed e -

ciently reducing perovskite particles on-sun to be a chailging task. To achieve high levels

159



of reduction it is helpful to operate at low solids mass ow res. Smaller, more porous par-
ticles tend to achieve better performance, but there are gs#ons regarding the long-term
durability of such particles in a high stress environment g as a uidized bed. This model
lays the framework to perform extensive design studies ondltentral receiver for both inert

and reacting patrticles.

7.2 Potential Future Work

Comparing the doped CaMnQ@ perovskites evaluated in this work to other high-
temperature energy storage media being considered for CSpphcations, suggests that in
particular, the Ca; ,SrKMnO; (x = 0:05; 0:1) compositions merit further evaluation for
potential in CSP and other applications where high- energy storage with speci ¢ energy
is critical. Signi cant technical and economic issues mudbe addressed before potential
scale-up of a TCES storage based on Sr-doped CaMnOredox cycles. These studies must
include particle receiver/reactor design for e cient enegy capture, storage and eventual re-
lease. During on-sun reduction this includes a better undganding of bulk- ion transport
which could a ect rates in denser particles and determine ko more robust morphologies
may be allowed to mitigate potential particle attrition. Particle receivers, in particular, must
be studied for e ectively managing gas evolved during redtion, and mitigating parasitic
losses due to the sweep gas. Fast reoxidation rates couldnaétiate some of these issues in
the energy recovery reactor.

To address these challenges, more detailed studies on pekite reduction kinetics and
bulk ion transport, which capture the e ect of varying particle morphology, will be critical.
Parameters such as particle diameter and internal void frion have signi cant e ects on
both rates of reaction and uidization parameters, and willultimately determine the ideal
reactor design. The receiver model presented in this manugt is a good starting point,
but more comprehensive material models including bulk traport will be required to fully
understand the e ects of particle morphology during on-sumeduction. To aid this task,

e ective perovskite manufacturing processes to consistnproduce particles with desirable
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morphology and minimize potential particle attrition mustbe explored. Both receiver design
and manufacturing processes tasks are linked by the imporntee of particle morphology,
which signi cantly a ects performance on-sun, and guideshe manufacturing process.

The nal step for evaluating a TCES subsystem based on perdkite redox cycles involves
total system costs, including particle manufacturing and perating costs. The comparative
plot in Figure 3.13 is only the beginning of a techno-economamalysis to determine the most
cost-e ective storage system. In this manuscript, we compa mostly material properties,
however each system has complexities and advantages whictpact capitol and recurring
costs in varying ways, and many factors such as manufactugmand operational costs must be
considered. For example, the relatively high speci c eneygstorage in Sr-doped CaMn@
could be o set by the more complex receiver required to redacthe perovskite on-sun or
high manufacturing costs to produce desirable particles,hife the relatively simple two-tank
molten salt system has limited operating temperatures andhg-term durability concerns due
to corrosion. A comprehensive comparison of the various TE&chnologies must include all
of these factors. The high speci ¢ energy storage capacityé phase stability of Sr-doped
CaMnOs; perovskites at temperatures applicable for CSP, provide drsng incentive to
continue development of perovskite-based redox cycles forst-e ective high-temperature

energy storage.
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