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ABSTRACT

Redox cycles with reducible perovskite oxides of the form ABO3 can provide thermo-

chemical energy storage (TCES) with higher energy density and storage temperatures than

molten-salt systems for large-scale energy storage in concentrating solar power (CSP). Per-

ovskites from earth abundant cations are desirable for cost-e�ective solutions, but such ma-

terials must demonstrate appropriate thermodynamics for high speci�c TCES and favorable

kinetics for heat-driven reduction and exothermic re-oxidation. This dissertation explores the

thermodynamics and kinetics of doped CaMnO3� � particles for TCES redox cycles where par-

ticles are heated and reduced in N2 (PO2 � 10� 4 bar) to high temperatures (700 to 1000� C)

in a solid-particle solar receiver. Chemical and sensible energy stored in the reduced per-

ovskite particles is released as needed to a supercritical CO2 power cycle via re-oxidation

and cooling of the material. Thermodynamics of Ca1� xSrxMnO3� � (x = 0:05 and 0:1) and

CaCryMn1� yO3� � (y = 0:05 and 0:1) are characterized through thermogravimetric analysis

and calorimetry. Results indicate Ca1� xSrxMnO3� � compositions can store over 200 kJ kg� 1

more speci�c energy storage compared to inert particulate TES media forT � 900� C; the

speci�c energy storage potential of Ca0:9Sr0:1MnO3� � at T = 900� C and PO2 = 10� 4 bar

is 706 kJ kg� 1. Challenges are expected achieving these high values of energy storage in a

transport-limited receiver with low residence time for CSP. Redox kinetics are explored in

a packed bed reactor with rapid heating capabilities. Results in 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. Long-term redox cycling tests,

which simulate a nominal TCES cycle, demonstrate excellentchemical stability for all mate-

rials. A standard deviation of 1.9% on the extent of reduction over 1000 cycles was observed

for Ca0:9Sr0:1MnO3� � . Modeling e�orts of the packed bed experiments allow for characteri-
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zation of redox kinetics, to be implemented in computational models for system component

design. One of the most promising compositions, Ca0:9Sr0:1MnO3� � , is implemented in a

1-D receiver model to explore designs and operating conditions for perovskite-based energy

storage systems.
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CHAPTER 1

INTRODUCTION

As worldwide energy consumption continually increases, thebene�ts of integrating re-

newable energy resources into the grid become ever more signi�cant. These trends motivate

signi�cant research e�orts in renewable energy technologies, from generation to storage and

grid integration. Achieving high penetration of renewablesfor power generation can sub-

stantially mitigate energy-related CO2 emissions, projected to surpass 40 billion metric tons

by 2040 [1]. Integrating intermittent renewable power generation for electricity requires

more 
exible and dynamic grids, which can take full advantage of the intermittent nature of

these resources without compromising reliability. In order for power generation from renew-

able sources such as wind and solar to achieve high penetration, large-scale energy storage

facilities will need to be integrated [2, 3].

1.1 Thermal Energy Storage

Due to the intermittent nature of renewable energy sources such 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 mechanical, but the most compatible pair-

ing for industrial-scale power cycles is thermal energy storage (TES) [3]. High-temperature

TES can provide heat to a power cycle working 
uid in place of acombustor or nuclear

reactor. There are two main classi�cations of TES, the sensible component through heating

of the material and latent energy associated with endothermic phase change. The two types

of TES can also be combined in materials as illustrated in Figure 1.1.

Sensible energy storage capacity depends on the speci�c heat, cp, which can vary with

temperature and phase. When a material phase is heated from some cold storage temperature

TC to the hot temperature TH , the sensible component of energy storage for that phase,

� �hsens is the integral of cp from TC to TH . 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 storage in a single heating process.
The plot illustrates the evolution of the two types of TES, with sensible energy storage
occurring via heating of the material, and latent energy inducing a constant temperature
jump in energy storage due to the phase change of the storage media.

an endothermic phase change,cp may change between the two phases. when the material

undergoes a phase change such as a solid-to-liquid or solid-to-solid phase change, the energy

storage depends on the phase change enthalpy,�h1,2. 1.1 shows how the sensible phase change

occurs there is likely to be a signi�cant change incp.

� hsens + � hlatent =
Z T1,2

TC

cp,1dT + h1,2(T1,2) +
Z TH

T1,2

cp,2dT (1.1)

A signi�cant amount of research has been published on all kinds of sensible storage media,

from simple systems heating water or rock [4, 5], to higher temperature systems involving

molten salts [5{7], and inert particulate media [8, 9]. Several thermal energy storage media

are tabulated for comparison in Table 1.1. Molten salts for TES are �nding application in

commercial power plants because of their high speci�c heat and transportability and heat

transfer properties as a 
uid. Molten salts generally have higher cp compared to particulate

media, but lower TH limits. Commonly used motlen nitrate salts haveTH limits due to

decomposition around 560� C [5, 6]. Although molten chlorides and carbonates decompose

at higher temperatures, they have corrosion and sensitivity to impurities that limit their

current viability. Otherwise, they have the potential to provide � T around 400� C between
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their melting point and decomposition limit [5, 6].

Table 1.1: Several types of thermal energy storage media with relevant minimum and maxi-
mum operating temperatures and values for speci�c heat, with a focus on materials suitable
for high temperature storage applications (TH � 400� C).

Material TC [� C]* TH [� C]* cp [kJ-kg� 1-K � 1] hfg [kJ-kg� 1]*
Gases

Air -191.6 - 1.12 (600� C) -
Water/steam 0 - 2.42 (600� C) 2257

Thermal Oils
Silicone Oil [5, 6] -20 400 2.1 -

Molten Salts [6]
Solar Salt 220 600 1.1 (600� C) -

Hitec 142 535 1.56 (300� C) -
Li-Na-K carbonates 400 800-850 1.4-1.5 (300� C) -
Na-K-Zn chlorides 200 850 0.8 (300-600� C) -

Particles
CarboHSP [9] - � 1600� C 1.275 (700� C) -

CarboAccucast [9] - � 1600� C 1.175 (700� C) -
Alumina [8] - 2072� C 0.8 -

Liquid Metals [6]
Na 100 883 1.25 (600� C) -

Na-K -10 785 0.87 (600� C) -
Phase Change materials** [5] -

AlSi12 - 576 - 560
MgCl2 - 714 - 452

Na2CO3 - 854 - 276
K2CO3 - 897 - 236

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

Common inert particles for TES include simple metal oxides such as alumina or silica,

or mixed metal oxide compositions such as the alumino-silicates used in proppants [9, 10].

These reelatively inert compositions generally have a very high TH limits well above 1000� C

and a cp � 1 kJ kg� 1 K � 1. As a solid particulate media, transport is still possible with

a dense granular or 
uidized 
ow, given appropriately sizedparticles. If the particles are

too small (with diametersdp < 100 mm), they behave more akin to dust with poor settling

qualities for storage and reliable transport. On the other hand if the particles are too large,
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particle heat transfer can be reduced.

Storage media that undergo a phase change include ��hlatent in the speci�c TES. During

a phase transition, the phase change material (PCM) generally remains at a constant tem-

perature as shown in Figure 1.1. In the case of mixtures, it is possible for the temperature

to vary during a phase transition, which is not desirable for these types of systems. On

the other hand, azeotropic mixtures do not have temperaturevariations through changing

phases. Phase change processes usually provide more energyper unit mass of material, which

can lead to smaller heat exchangers for energy recovery. Typically, in TES systems, PCMs

are preferred that have phase transitions with minimal volume change during phase transi-

tions. There are a large number of inorganic and organic compounds that been explored as

PCM materials [4, 11], and some higher-temperature inorganic PCMs 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 materials [5, 7]. Generally, there is

a tradeo� between the higher TES of PCMs and the challenges ofcyclability and sensitivity

to impurities relative to the simpler sensible storage media.

1.2 Concentrating Solar Power and Thermal Energy Storage

Solar energy around the globe has the potential to satisfy a signi�cant amount of energy

demands worldwide [12, 13]. Due to the intermittency of solar irradiance and its sensitivity

to geographical location, energy storage for temporal shifting of power generation and grid

balancing is critical to achieving high penetration of solar energy in the grid. Furthermore,

large-scale on the scale of GWh can enable responses to short-and long-term variations and

uncertainties to both solar input as well as grid load/demand [2]. In this regard, concentrat-

ing solar power (CSP) plants with TES can temporally shift large amounts of solar power

generation to follow grid demands and to provide long-term reliability with respect to solar

irradiance intermittency and variability [2, 14]. Since a CSP plant collects high-temperature

thermal energy from the sun, TES can be incorporated in an e�cient and cost-e�ective

manner, compared to processes such as photovoltaics (PV) where any energy captured is
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immediately converted to electricity [14]. The issues withintegrating such systems arise

due to limitations in current power plants minimum generation 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 power generation. Development of

high-capacity CSP plants with TES could ultimately help with integration of other variable

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

[15, 16].

The importance of CSP and TES for decarbonization of the gridhas bee recognized by

the U.S. Department of Energy (DOE). The SunShot Initiative is a nationwide collaborative

U.S. DOE program established to drop costs of solar energy to compete with other forms of

energy by the end of the decade [16]. The SunShot Initiative recognizes CSP with energy

storage as critical for high penetration of solar energy of all types. For CSP, the SunShot

goal is a levelized cost of electricity (LCOE) less than or equal to $0.06 per kWh, which is

broken down into speci�c targets for each component of the CSP plant. For thermal storage,

the system-level goals result in a target system price of 15$/kWh with energetic e�ciencies

� 95%, and a storage media capable of operating above 600� C.

Thermal energy storage using molten salts has been incorporated into several CSP plants

worldwide [17{19]. The molten salt storage systems in current-day, large-scale CSP applica-

tions, based on nitrate salt mixtures, have limitations with maximum storage temperatures

below 600� C due to corrosion and minimum storage temperatures above 100� C to avoid

freezing [20, 21]. Over a typical operating temperature range, these nitrate-salt mixtures can

provide speci�c energy storage of about 500 kJ kg� 1, but they can only drive low-temperature

(i.e., low-e�ciency) conventional Rankine cycles. Ideally, the TH would be increased in order

to couple with more e�cient power cycles such as air Brayton or supercritical CO2 Brayton

(s-CO2) [14]. The low TH means these systems do not meet the e�ciency goals set forth in

the SunShot initiative [16]. To achieve these performance metrics, there is ongoing research

in developing higher temperature salts [6], and exploring the possibility of inert particulate
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storage media [9, 18].

Inert particulate media for TES is a suitable high-temperature heat transfer 
uid and

storage media [10, 14]. Compared to molten salts, particulate inert oxides have lower energy

density for the sameTC to TH , but they have much higherTH limits in excess of 1600� C

[10]. However, the lowercp, requires a larger �T to store similar amounts of energy in a

inert oxide-particle storage system. The oxides can provide much higherTH than molten

salts without the corrosion at elevatedTH in storage tanks and transport tubing [6, 18].

The particulate media listed in Table 1.1 is chemically stable 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-temperature range of inert particles

and higher speci�c energy like molten salts, signi�cant research e�orts have characterized

materials and processes for thermochemical energy storage(TCES). TCES materials com-

bine sensible energy storage through heating of the sample,with additional chemical energy

storage attributed to a cyclable chemical reaction. Studies have been published investigating

TCES systems based on carbonate decomposition [22, 23], reversible hydrides [24], ammonia

decomposition [25], sulfur dioxide disproportionation [26] and various metal oxides [27{29].

Many of these thermochemical storage systems currently being investigated are summarized

in Table 1.2. In all cases, the material undergoes a endothermic chemical reaction powered

by solar radiation. The energy associated with this chemical change is added to the sensible

component of energy storage, as shown in Eq. 1.2, and can be recovered via the exothermic

reverse reaction. The chemical component of energy storagesigni�cantly increases energy

density of the storage media at the expense of system complexity.

� htot = � hsens + � hchem =
Z TH

TC

cp dT +
Z [reac]2

[reac]1

� �hreac

M s
d[reac] (1.2)

6



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

Charge/Discharge Operating �H
Reaction T [� C]* P [bar] [kJ mol� 1]

Gaseous Systems[7]
2 NH3(g) + � H � N2(g) + 2H 2(g) 996 10-300 53

CH4(g) + H 2O(g) + � H � 3 H2(g) + CO( g) 1496/1076 20-150 205
Hydroxides + Hydrides[7]

MgH2(s) + � H � Mg(s) + H 2(g) 926/776 1-100 75
Ca(OH)2(s) + � H � CaO(s) + H2O(g) 996/571-946 0-2 104

Carbonates[7]
PbCO3(s) + � H � PbO(s) + CO2(g) 996/846 0-10 88
CaCO3(s) + � H � CaO(s) + CO2(g) 1406/1429 0-1 178

Metal Oxides[7, 28, 30]
Co3O4(s) + � H � 6CoO(s) + O2(g) 900-1446 0-1 205
BaO2(s) + � H � 2BaO(s) + O2(g) 1236-1326 0-10 77

ABO3� � (s) + � H � ABO3� � � � � (s) + � �
2 O2(g) 1250/200 1 100-375

*Charge T intended as energy storage step, dicharge is energy recovery.

In the second term of Eq. 1.2 the chemical reaction for oxidesis shown, where �H reac

is the enthalpy of the reaction andM s is the molecular weight of the solid. With varying

material composition,M s is not constant and must be included in the integral. This equation

implies that the cp is strictly a function of temperature and � H reac is strictly a function of

reactant concentration. These are large assumptions as thechemical reaction will usually

have an e�ect oncp and varying temperature can e�ect the reaction kinetics.

Of the several TCES systems listed in Table 1, metal oxides have the advantage of not

requiring storage of gaseous products or reactants, which provides a signi�cant cost savings

for industrial-scale operations [31]. General Atomics provided 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 metal oxides is described by R1,

where � HO is equal to the speci�c molar energy which could be theoretically recovered during

re-oxidation. Although some promising candidates were identi�ed, such as manganese and
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cobalt oxide, none were deemed a viable solution for large-scale storage in CSP applications

due to high costs or poor cyclic stability with inadequate re-oxidation kinetics [27, 32].

MxOy+ z + � HO � MxOy +
z
2

O2(g) (R1)

Researchers have explored doped or mixed oxides in an e�ort to improve cyclability for

TCES applications [19, 33{38]. Of the simple oxide systems,Co3O4/CoO have the most

promise for implementation with high TCES [36, 38, 39], witha measured �hchem of -828

kJ kg� 1 (� 205 kJ mol� 1-O) [35]. Cyclability of Co3O4/CoO transition can be improved by

lowering the extent of reduction and thus also the speci�c TCES achieved in the cycle the

system is still competitive from this point of view [36, 39].Pilot-scale tests of Co3O4/CoO

honeycomb structures resulted in just over 500 kJ kg� 1 of dissipated energy during re-

oxidation for cycles between 700 and 1000� C, 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 Co3O4-based TCES system from meeting energy storage costs

speci�ed by the DOE SunShot Initiative.

Recent studies are looking at mixed metal oxide structures,such as perovskites, in the

search for improved TCES materials [28, 40, 41]. Perovskiteoxide structures of the form

ABO3, where A and B cations occupying di�erent lattice sites, have shown potential for

TCES due to their 
exible operating range and high oxygen mobility [29, 41]. Compositions

with earth-abundant cations on the A and B-site can keep costs relatively low for a cost-

e�ective storage option [40, 42]. Such compositions have been explored for chemical looping

with oxygen uncoupling [43{46] and air separation applications [47, 48], where low-cost and

stable redox cyclability are also important. Although they are metal oxides, the perovskite

structure undergoes reduction in a di�erent fashion compared to single cation metal oxides,

such as cobalt oxide. While Co3O4 will undergo reduction at a speci�c temperature andPO2,

this process in a perovskite occurs continuously as a function of T and PO2 as shown in Eq.

R2.
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ABO3� � �
Z � +� �

�
� HO(�; T ) d� �� *) �� ABO3� � � � � +

� �
2

O2(g) (R2)

Oxygen non-stoichiometry,� measures the oxygen vacancies in the lattice, which can be

interpreted as the extent of reduction. The perovskite structure can change phases during

this reduction process but these phase changes are mild restructuring of the lattices which

have relatively small latent enthalpies and can support a large number of oxygen vacancies.

Furthermore, � HO 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 providelarger

� hchem. The additional storage with � hchem comes at the cost of system complexity due to

the need to controlPO2 to get the fullest extent of reduction. While simple oxide systems

will reduce in air at high enoughT, perovskites generally require a low oxygen environment

to induce the desired degrees of reduction for TCES. Providing a low-PO2 sweep gas can be

a signi�cant cost and cause of exergy destruction [29].

Implementing a TCES system with reducible metal oxide particles in a CSP plant is a

signi�cant challenge. To date, demonstrations have been performed with Co3O4 and CuO

based systems, which will reduce in air at a certain temperature [36, 37, 39]. Such a system

designed for perovskites has the added complexity of providing a low-PO2 sweep gas, which

will have to be considered in overall system cost and e�ciency [29]. Overall, systems for oxide

TCES could be relatively similar and will face many of the same challenges, such as evolved

gas from the particles during reduction. Figure 1.2 is an illustration of a concept TCES

subsystem which could be implemented to provide storage capabilities in a CSP plant. The

oxide must be heated to the desired temperature in the central solar receiver, possibly in a

low oxygen environment. The particles would then be stored in hot-storage tanks, which may

need to be sealed environments to prevent re-oxidation and alarge amount of heat release.

When it is desirable to recover the stored energy, the particles would be cooled and re-oxidized

in an air-fed reactor. This work focuses on the selection andcharacterization of perovkite
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materials as the storage media for a TCES subsystem for CSP, as shown in Figure 1.2.

Understanding material thermodynamics and surface kinetics at relevant conditions will

guide design of critical system components illustrated in Figure 1.2, such as the solar receiver.

Figure 1.2: Schematic of a TCES sub-system using reducible perovskites and integrated with
a concentrating solar receiver to drive heating and reduction. The hot, reduced particles are
stored for subsequent re-oxidation in an air-fed 
uidized bed reactor for heat release to a
power cycles such as supercritical CO2 shown here.1

1.4 High-Temperature Particle Receiver

The central solar receiver plays an important role in e�ciently capturing concentrated

solar energy at highTH in a central tower CSP plant. For central-tower CSP plants that

use solid particles as both the heat transfer media in the receiver and the energy storage

media, particle receivers must be designed to capture the incident solar radiation e�ciently

and to transfer the energy into the particles. Conventionalreceivers use consist of some

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

0TCES sub-system �gure is credited to Dr. Robert J. Kee
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developments in particle-based receivers have explored particulate media as the heat transfer


uid [10]. For particulate media, there are two main categories of receivers: direct and

indirect particle heating receivers. For direct particle receivers the particles are directly

irradiated by the incident solar 
ux either in an open environment or through a transparent

window. The direct receiver eliminates some challenges associated with material selection

and design of opaque receiver walls [10, 14]. With indirect particle receivers, the solar

radiation is being absorbed by an intermediate external surface 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 be controlled given the right

particle size range and solids fraction to behave similarlyto a 
uid as a dense particle 
ow.

Challenges associated with particle receivers include lowsolar 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 value for using particles as the heat

transfer 
uid and storage media, and this promotes further research on particle receivers and

TES subsystems [9, 50]. In direct particle receivers, particle containment in wind can have

signi�cant e�ects disrupting 
ow. In indirect receivers, t he extra heat transfer resistance

through the enclosure challenges thermal e�ciencies [10].Many of the inert ceramics consid-

ered for TES have good resistance to attrition and sintering[9, 10], but this is an important

aspect to consider when developing new materials for this application.

Numerical models can aid design studies of particle receivers in 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 enclosed falling particle receiver

concept [53]. In this 2-D model formulation conservation equations are solved for both

solid and gas phases, with coupling through source terms. Recently, falling particle receiver

models have been setup with commercial CFD packages capable of handling two-phase 
ow

[50, 54]. In this case, model validation was possible at Sandia's on-sun testing facility based

on parameters such as particle velocity and outlet temperature [54].
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For TCES subsystems and receivers that enable particle reaction, a thermochemical

model must be considered and coupled to gas and solid phase transport equations. Oles

and Jackson coupled a 1-D reacting falling particle model to acomplex heat transfer model

for solar fuel production with ceria at high operating temperatures (900 - 1600� C) [55]. Al-

brecht developed a 1-D receiver model for TCES with perovskites based on a counter
ow


uidized bed concept [40, 56] where the particles are directly irradiated. This model cou-

pled perovskite surface chemistry and thermodynamics withsolid and gas phase transport

equations to begin exploring feasible operating conditions.

Looking into indirect particle receivers, there are even fewer examples of numerical models

for CSP applications. NREL developed a near-blackbody receiver concept with promising

results based on modeling simulations [57, 58]. These results were not veri�ed with ex-

perimental measurements, where lower heat transfer coe�cients were observed [59]. There

are few other examples indirect receiver models based on a narrow 
uidized bed concept,

including a 0-D model for inert particles to estimate e�ciencies based on heat transfer mea-

surements [51], and a series CSTR (Continuous Stirred Tank Reactor) representation as part

of a full TCES system model to explore operating conditions [56]. To date, no design stud-

ies with spatially discretized models for indirectly radiated, reacting particle receivers have

been published. Such a model would be valuable for understanding the costs and challenges

associated with receiver design for reacting particles on-sun, allowing for a comprehensive

comparison with competing technologies.

1.5 Perovskite Characterization

To determine the suitability of perovskite oxides as a TCES media 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 thus energy storage. The ideal

perovskite is a mixed metal oxide of the general form ABO3 with cubic lattice structure [60],

shown in Figure 1.3. The two cations A and B are usually multi-valent, with A being the

larger of the two atoms.
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Figure 1.3: Illustration of ideal cubic perovskite structure, with the smaller B cation enclosed
in a O6 octahedra and the larger A cations on each corner.

In this ideal con�guration, the atomic spacing between the A-O and B-O ions is a known

constant value, and this relationship hold true: rA + rO =
p

2 (rB + rO) [60, 61]. Most

naturally occurring perovskites however are not ideal, andthe inter-atomic forces result in a

distorted structure with varying con�gurations, such as orthorhombic or tetragonal phases

among others [60, 62]. Goldschmidt [63] benchmarked the perovskite 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.

� =
rA + rOp
2 (rB + rO)

(1.3)

As � deviates from unity, distortion from the cubic structure increases. 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 magnetic and structural properties,

with early worked focused on some materials changing magnetic states and lattice structure

distortions [61, 63, 64]. Early researchers also recognized how mixing A or B-site cations
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can a�ect material properties [61, 64]. More recent work characterized perovskites as mixed

ionic and electronic conductors (MIEC), where di�erent ionic and electronic conductivities

supported transport of multiple charge carriers through the oxide lattice. The MIEC behav-

ior depends on the cations making up the structure [65, 66]. The ionic conductivity of these

perovskite oxides has lead to their use in solid-oxide membranes and electrochemical cells

[67, 68], as well as applications in solar hydrogen production [69, 70], and chemical looping

combustion [43, 45].

Perovskite oxides can have high oxide-ion mobility, and favorable thermodynamics to

create adequate oxide vacancies for e�ective oxide-ion or oxide-vacancy conductivity. Al-

though few ABO3 compositions have been investigated speci�cally as a TCES media thus

far [28, 29, 71], numerous publications discuss the thermodynamics 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 (VtextO) and other cation defects allow the material to exist stablyin

the highly non-stoichiometric state. The defect formationdepends on the accessible valence

states of the cation species, as the defect formation is charge compensated with electron

transport through the bulk. Interstitial defects have beenobserved for compositions with

high La content [73]. Generally, oxide vacancies are more thermodynamically favorable and

thus more common [60].

Typically the thermodynamics of oxygen in ABO3� � perovskites are characterized ex-

perimentally by determining the equilibrium non-stoichiometry, � eq, at various T and PO2

[72, 77, 78]. Partial molar reaction properties such as standard entropy and enthalpy

(� HO and � SO) of the redox reaction can be extracted by evaluating thermodynamic deriva-

tives of the experimental data [28, 72, 74]. More recently, experimental data was �t to a

two-reaction point defect model [40, 73, 79]. This more rigorous representation of the mate-

rial thermodynamics includes a second charge compensatingreaction involving charge dis-

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

T and PO2. It is signi�cantly easier from an experimental point of view to derive partial

molar quantities associated with redox reaction from thermogravimetric analysis compared

to measuring these values through rigorous solution calorimetry. Although methods such as

adiabatic calorimetry [74, 80] or drop solution calorimetry [81, 82] have successfully measured

the heat of reaction for ABO3� � perovskites, these measurements are useful for integrated

values over the entire extent of reduction. However, the variation of partial molar enthalpy

during reduction could be important for applications wherethe material is cycled without

necessarily being fully reduced.

Bulk transport and surface kinetics properties of non-stoichiometric oxides are typically

derived from �tting conductivity relaxation experiments [83{85]. Small perturbations in the

gas environment around the perovskite results in measurable changes in ionic and/or elec-

tronic conductivity. From conductivity measurements, surface exchange and bulk di�usion

coe�cients can be �t to an ambipolar di�usion equation. While this method can accurately

represent the surface-gas dynamics for the measured conditions, uniquely establishing ma-

terial properties which can be extrapolated to explore operating points is challenging. For

example conductivity relaxation methods cannot accurately capture exchange rates for large

changes in oxygen partial pressure. Transient conductivity relaxation measurements can

allow for larger changes in the gas environment when �t to a Nernst-Planck-Poisson (NPP)

bulk-transport model [86, 87]. The NPP simulates charged defect 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 roleof an electro-neutrality constraint

within the solid bulk phase, balancing the transport of charged defects such as electrons

(e0) and/or electron holes (h� ) [67, 68]. This computational model formulation can predict

steady-state and transient behavior within MIEC materialswith multiple charge-carrying

species, assuming no defect-defect interactions [67].
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The NPP model described in the previous paragraph was implemented for BaZr0:9Y0:1O3� �

as an electrolyte membrane [68], an application which focuses on the transport of protons

through the material. Although this is quite di�erent from th e TCES process investigated

in this work, the model provides a good basis to explore several types of charge-carrying

defects. Merkle and Maier thoroughly explored the oxygen exchange reaction via "in situ"

optical spectroscopy for Fe-doped SrTiO3, developing a thermodynamically consistent sur-

face rate expression and identifying the rate-limiting steps for this material [88, 89]. Even

with small amounts of Fe doping the e�ect of charge disproportionation is important, Ti is as-

sumed to not participate in charge compensating reactions [88, 89]. Adler published a study

for La1� xSrxCoO3� � and La1� xSrxFeO3� � where rate laws are derived from non-equilibrium

thermodynamics and transition state law [90]. More recently, Albrecht developed a thermo-

dynamically consistent surface rate expression for Sr-doped CaMnO3� � with oxygen vacancy

and PO2 dependence [40, 89]. His analysis provides a starting point from which to develop

more complete material thermochemistry for TCES in doped CaMnO3� � in this study.

1.6 Material Selection

There are numerous multivalent cation options with the appropriate dimensions to form

the ABO3 perovskite structure, each with di�ering thermodynamic properties. These num-

ber of options available, combined with the ability to substitute some amount of the A

and/or B-site cations results in a staggering number of compositions [61, 64]. Various stud-

ies have found that doping the perovskite structure with theappropriate 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 perovskite, allowing 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 reduction of undoped CaMnO3� � [76, 78].

Furthermore, substituting small levels of Mn with various multi-valent cations resulted in

perovskites with vastly di�erent thermodynamics of the redox process shown in Eq. (R2).

The 
exibility of these compositions in terms of operating environment, along with high
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oxygen mobility, makes them interesting candidates as TCESmedia for CSP applications.

Many of the system operating conditions and material performance benchmarks refer-

enced in this study are set forth by the DOE SunShot Initiative in an e�ort to achieve

0.06$/kWh LCOE [16]. Approximate analysis of system costs identi�ed the need for storage

media that costs below 25$/kg with 750 kJ kg� 1 of speci�c TCES between 500 and 900� C

at PO2 achievable in cost-e�ective PSA systems at industrial scales. PO2 � 10� 4 can be

achieved with some parasitic losses [56]. 10� 4bar is probably a lower limit for PO2 at in-

dustrial scales, and it may be preferable to operate at even higher PO2. [40, 56]. TheTH

range is motivated by the desire to integrate TCES with high-e�ciency supercritical CO2

cycles which have turbine inlet temperatures up to 750� C [92, 93]. Exergetically e�cient

integration of supercritical CO2 cycles with high-temperature TCES suggests the need for

storage atTH as low as 800� C and certainly below 1000� C. Hotter TH results in signi�cant

exergy destruction during energy recovery [29].

Meeting these performance and cost targets for a particle receiver and TCES subsystem

requires a reactive perovskite storage material with earth-abundant cations to keep raw

material costs down and with high redox activity and speci�cTCES within the preferred TH

limits. The current work builds on earlier studies to explore the use of doped CaMnO3� �

for high-temperature TCES with oxide reduction below 1100� C [29, 42]. The trivalent B-

site Mn cation allows provides high activity for low cost in CaMnO3� � , while the relatively

stable A-site Ca cation also keeps costs low. The capture of thermochemical energy occurs

during heating in a solar receiver where perovskite reduction kinetics will be important for

determining the partitioning between sensible (thermal) and chemical energy storage. The

selected material must have adequate surface chemistry andbulk species transport properties

to achieve the desired reduction in a limited residence timetypical of central receivers for

CSP.

Chemical looping studies operating in similar temperature regimes have largely targeted

doped calcium manganites, CaMnO3� � , or doped strontium manganites, SrMnO3� � , where
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the dopant displaces a small fraction of the A or B-site cation [43{47]. Small levels of dopant

have been shown to alter properties of the perovskite, allowing for some level of tunability

of the structure to the speci�c application of interest. For example, doping can reduce

the tendency for irreversible phase transitions observed inreduction of undoped CaMnO3� �

[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-doping have shown improved

stability for high-temperature, solar-driven water splitting [69] and thermochemical energy

storage in air-Brayton power plants [28, 41] with solar receiver operating temperatures above

1100� C for oxide reduction. These compositions are tailored for high enthalpies of reduction

and good high-temperature stability and thus sustain substantial reduction and chemical

energy storage at very high temperatures above 1100� C. As such, this study identi�ed al-

ternative compositions that had lower enthalpies of reduction and higher reducibility than

other perovskites recently studied [41] to provide high speci�c TCES at the relevant storage

temperatures.

Extensive exploration of B-site doped CaMnO3� � compositions identi�ed CaCryMn1� yO3� �

as a promising candidate for TCES at the desired conditions [42]. This work builds upon the

experimental studies in [42] and the subsequent thermodynamic analysis in [40]. In addition,

A-site Sr doping is explored as an alternative way to stabilize CaMnO3� � for redox cycling

for high speci�c TCES. Literature suggest Ba doping on the A-site is not suitable for the

temperatures of interest to this study [45], while La was notconsidered for its high cost and

applicability in higher temperature regimes [41]. Characterization with thermogravimetric

analysis and di�erential scanning calorimetry showed thatA-site doped Ca1� xSrxMnO3� �

with x � 0.1 has promising thermodynamics for high speci�c TCES at the desired condi-

tions for integration with supercritical CO2 cycles. Similar compositions have been explored

for oxygen separation [47, 48], while both strontium and calcium 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 CaMnO3� � perovskites with high

TCES in favorable redox cycles at temperatures compatible with supercritical CO2 cycle �r-

ing temperatures. Experimental characterization of the kinetic response of doped CaMnO3� �

provide a basis for developing appropriate modeling tools for assessing the potential for se-

lected compositions to operate in a particle receiver and TCES subsystem as illustrated in

Figure 1.2. The compositions CaCryMn1� yO3� � with y � 0.1 and Ca1� xSrxMnO3� � with

x � 0.1 have been the primary focus of this study, although othercompositions were also

investigated less thoroughly to evaluate the impact of dopants on speci�c TCES and TCES

kinetics. The analysis and experimental procedures are guided by the characterization of

similar perovskites such as undoped CaMnO3� � [62, 77, 78] and signi�cantly expands on an

initial study of CaCr yMn1� yO3� � with y � 0.1 [42]. The material models developed and

implemented on this data previously in [40] are expanded upon here. The speci�c objectives

of this study are summarized as follows:

� characterize experimentally thermodynamics of doped CaMnO3� � redox reactions, in-

cluding equilibrium non-stoichiometry,� eq, partial molar enthalpy of oxidation, � HO(� ),

and phase change transitions and thermodynamics.

� Develop packed bed experiments for assessment of kinetic regimes and redox cycling of

best TCES candidates from a thermodynamic perspective, in an e�ort to characterize

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

� Develop material models capable of extracting surface exchange and bulk di�usion

properties for doped CaMnO3� � from packed bed experiments, building on the frame-

work laid out earlier [40].

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

in a real system, taking advantage of the models developed for packed bed experiments.
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The completion of these four tasks should paint a picture regarding the suitability of

perovskite oxides for industrial scale TCES. The thermodynamics of oxygen incorporation

is well-studied process in many perovskites with established methods to measure the� eq

as followed in this study. It is possible to derive values of partial molar enthalpy from

� eq measurements through the point-defect model �ts, but calorimetry studies usually only

report integrated values across a full reduction or oxidation step. A speci�c goal of this work

is to experimentally verify � HO(� ) calculated with the point defect model, with calorimetry

measurements which span a range of oxygen non-stoichiometry.

Doped CaMnO3� � compositions with promising redox thermodynamic properties are sub-

jected to more rigorous cyclic testing. A packed bed setup will be used to explore the per-

ovskites performance under various redox cycling conditions. The goal of these experiments

is twofold: provide valuable reduction and oxidation data under isothermal conditions for

determination of surface and bulk transport properties, and investigate the chemical stability

of perovskite when subject to long-term redox cycling.

The packed bed kinetics experiments will be supported with numerical simulation tools to

extract fundamental surface chemistry and solid bulk di�usion properties. Models should as-

sess the importance of charged species transport on the global redox reaction and ultimately

TCES. The goal is to develop a model which accurately captures the pertinent physics at the

particle scale. This model ties together all of the experimental results to provide a realistic

numerical representation of the relevant perovskite thermodynamic and kinetic properties.

Finally, the material properties characterized throughoutthe manuscript are used in a

reduced order receiver model, in an attempt to understand what a realistic reactor looks

like. Material properties from particle morphology to surface kinetics are the driving force

behind the various system component designs. The solar receiver is the critical component

for functionality of a particulate-based TCES system, since the particles must be heated

and reduced on-sun. Reduced order modeling of this component provides a means to begin

exploring operating conditions and component costs, to assess the viability of such a system.
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This dissertation is organized in the following sections. Chapter 2 provides an overview on

the material synthesis and characterization for the perovskite samples tested. Chapter 3 out-

lines the experimental and modeling techniques used to measure equilibrium properties and

infer reaction thermodynamics. Chapter 4 describes the experimental methods for testing

time scales of reduction and oxidation, as well as long-termredox cycling under conditions

expected in a CSP plant. Chapter 5 details the packed bed model and �tting process to

extract transport properties from the packed bed experiments. Finally, Chapter 6 describes

the solar receiver model and examples of useful design studies possible with these tools.
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CHAPTER 2

MATERIAL SYNTHESIS AND PHASE IDENTIFICATION

This chapter outlines the synthesis and phase identi�cation procedure for all materials

made for this study. A reliable and consistent synthesis procedure is essential for development

of phase-pure samples. Synthesis and �ring of perovskite oxides has signi�cant e�ects on

particle morphology. For this application, synthesized perovskite particles should be robust

with diameters grater than 100mm for e�ective particle transport and minimal attrition

and sintering at elevated operating temperatures. Furthermore, perovskite oxides should be

� 90% phase pure to reliably characterize material thermodynamic kinetic properties. The

phase purity and morphology of tested particles are important variables in �tting models of

bulk and surface chemistry to particle-based kinetic studies. Developing an industrial-scale

process to produce particulate media for perovskite particles for TCES can learn from the

lab-scale and initial scale-up presented here, but such an e�ort is left for future studies.

2.1 Solid-State Reaction Method

All perovskite materials produced at the laboratory scale were synthesized using a solid-

state reaction method (SSR) approach reported in the literature [61, 94{96], in lab-scale

batches of approximately 15 g or 0.1 mol of perovskite. This study focuses on A-site Sr-doped

and B-site Cr-doped CaMnO3� � . Other B-site doped CaMnO3� � , notably with Fe-doping,

were synthesized and tested, but the favorable performanceof CaCryMn1� yO3� � with y �

0.1 and Ca1� xSrxMnO3� � with x � 0.1 led to these compositions being the primary focus of

testing and characterization. Low levels of doping on the B-site (with y � 0.1) were selected

to maintain the high redox activity provided by the multivalent Mn cation.

The synthesis procedure involved mixing stoichiometric amounts of precursor powders

in 300 mL of isopropyl alcohol. The mixture was ball-milled for 48 h using spherical Al2O3

grinding media. All precursor material used in the synthesisof Cr- and Sr-doped CaMnO3� �
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are shown in Table 2.1. The solution was subsequently dried in a vacuum oven at 85� C

for approximately 48 hours until the slurry completely dried. This powdered product was

calcined twice at 1200� C for 10 h, and the sintered material ground to particles after each

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, dp, was an average 300mm, but �ner powders generated in the grinding

process were useful for experiments measuring equilibriumproperties. Di�erent dp ranges

were separated into three groups via manual shaking throughappropriately sized sieves as

follows: �ne particles with dp < 250 mm, particles for kinetic testing between 250-425mm,

and large particle above 425mm.

Table 2.1: Details of particle precursor powders used for Cr- and Sr-doped CaMnO3� � syn-
thesis via the SSR method.

Pre-cursor Purity Manufacturer
MnO2 99.9% Alfa Aesar
Cr2O3 99.0% Alfa Aesar
Fe2O3 99.9% Alfa Aesar
SrCO3 99.9% Sigma-Aldrich
CaCO3 99.5% Alfa Aesar

Scanning electron microscopy (SEM) images of perovskite particles synthesized via the

methodology decribed above are illustrated in Figure 2.1. These images at 100x magni�cation

reveal an irregular particle structure with high surface roughness and a noticeable amount

of �ne particles clinging to the surface irregularities. The �ne particles were not removed

during the manual sieving process, but can easily come looseduring particle transport. The

lack of sphericity and �ne particle agglomerates formed during this small-batch synthesis are

not encouraging, indicating the process will have to be re�ned for large-scale production.

The density of Ca0:9Sr0:1MnO3� � was measured via helium pycnometry1, resulting in

a density of 4635 kg m� 3. This value represents the true density of the solid phase by

1Helium pycnometry tests performed by PTL technologies, Project 35655-10.
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Figure 2.1: SEM image at 100x magni�cation of as-synthesizedCa0:9Sr0:1MnO3� � particles
calcined at 1200� C.

eliminating the impact of pores present in the particle structure. This density value compares

very favorably to the theoretical density of the crystal structure, calculated from lattice

parameters using Equation 2.1, whereM s is the molecular weight of the solid,ncell is the

number of molecules per unit cell,NA is Avogrado's number andVcell is the unit cell volume

determined from lattice parameters.

� theory =
M s ncell

NA Vcell
(2.1)

Assuming the crystal structure does not change signi�cantlyfrom undoped calcium mangan-

ite [62, 96], the expected theoretical density as a functionof doping with Eq. 2.1. Results

of this calculation for Sr-doped calcium manganite are shown in Table 2.2. The density

increases with doping of the heavier Sr atoms. The theoretical value from Table 2.2 for 10%

Sr doping is 1.9% higher than the value measured with helium pycnometry, 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 Ca1� xSrxMnO3� � 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 di�raction (XRD) was used to assess phase purity and lattice spacing of the

perovskite crystalline structures for various TCES material candidates. XRD scans were

performed on samples synthesized in the lab with a PANalyticalX'pert PRO MRD using

Cu-K � radiation. Di�raction patterns ensured the primary phase of the synthesized doped

CaMnO3� � samples was the perovskite phase. Figure 2.2 compares the room-temperature

di�ractograms for the most studied materials with A and B-site doping prepared with solid-

state reaction, as well as a reference scans of undoped CaMnO3� � [96] and Ca3Mn3O7

[97]. The comparison shows good major peak agreement for theorthorhombic phase for

CaMnO3� � , with only minor shifts due to lattice strain in all doped samples. The peak

locations shift most noticeably for Ca0:95Sr0:05MnO3� � sample on the major peaks at 34, 49,

and 61 degrees. For Ca0:9Sr0:1MnO3� � , this shift is accompanied by peak broadening, which

appears to move the peak slightly closer to the location observed in undoped CaMnO3� � .

For the Cr-doped samples, a signi�cant shoulder peak appears o� of the major peak at

2� = 34� , identi�ed as a secondary Ruddlesden-Popper phase. The intensity of this shoulder

peak appears to increase with Cr doping.

Calcination at lower temperatures for the Cr-doped CaMnO3� � resulted in a material

with higher amounts of a secondary Ca2MnO4 phase [42]. Figure 2.3 illustrates the di�er-

ence in di�raction patterns for a sample calcined at 1100� C compared to one �red at the �nal

temperature selected for the process, 1200� C. Comparing to the reference CaMnO3� � scan,

the sample calcined at 1200� C shows good major peak agreement, while many unidenti�ed

peaks are present in the sample calcined at lower temperatures. With calcination at this

25



Figure 2.2: X-ray di�raction patterns of as-synthesized doped CaMnO3� � perovskites cal-
cined at 1200� C compared to reference scans of an undoped CaMnO3� � sample [96] and the
main secondary Ruddlesden-Popper phase (Ca3Mn3O7) [97]. The small levels of doping in
these samples evidenced by the minor di�erences between di�raction patterns, with very
good major peak agreement.

elevatedT, samples were determined to be around 90% phase pure throughReitveld re�ne-

ment [98]. Since the counts achieved in these XRD scans were not high enough to reliably

determine lattice parameters, the results of this re�nement are omitted. The purpose of

these scans is mainly to ensure the primary phase was indeed the desired perovskite phase.

The results indicate minor presence of a Ruddelsden-Popperphase, Ca3Mn2O7, and possibly

a spinel phase, Ca2MnO4; however these secondary phases make up less than 10% of the

material, and as such cannot be reliably characterized via XRD. It is likely that these minor

phases cause the shoulder peaks which appear o� of the major perovskite phase peak, and

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

2.3 Particle Morphology

Particle morphology has signi�cant e�ects on the time-scales required for reduction and

therefore, TCES. Properties such as surface roughness and pore structure change the e�ective

surface area exposed to the gas phase, while particle size and porosity determine length scales
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Figure 2.3: X-ray di�raction patterns of two samples of CaCr0:05Mn0:95O3� � calcined at
1100� C [42] and 1200� C compared to a reference scan undoped CaMnO3� � [96].

for solid bulk di�usion. The particles synthesized in the lab were created by hand-grinding

the macro-porous sintered matrices of perovskite into particles as described in Section 2.1.

The resulting shapes are not very spherical and can include relatively sharp edges as seen

in Figure 2.1. Such shapes are not ideal for mitigating particle attrition during 
ow. Thus,

scale-up particle fabrication as discussed below requiresa more controlled particle formation

process that encourages spherical shapes.

Mie scattering with a Microtrac S3500 particle size analyzer was used with modi�ed Mie

theory for non-spherical particles to estimate distributions of e�ective particle diameter,dp.

Measured diameter distribution for samples synthesized on-site are illustrated in Figure 2.4.

The results for Cr-doped samples indicate a relatively large peak of �ne particles centered

about 10mm, accounting for just over 5% of the particle count. These �ne particles likely cling

to the irregular surface of larger particles during the sieving process, making further shaking

ine�ective. Although the peak of �ne particles is signi�cant in terms of particle number (as

plotted), in terms of mass these �nes make up a negligible portion of the bed. The mean

diameter of the larger peak is 230 and 249mm for CaCr0:1Mn0:9O3� � and CaCr0:05Mn0:95O3� �
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respectively. The Sr-doped compositions did not retain as many �ne particles during the

sieving process, with the vast majority of each sample beingdescribed by a single distribu-

tion peak. The mean diameter based on a volumetric distribution is 322 and 442mm for

Ca0:9Sr0:1MnO3� � and Ca0:95Sr0:05MnO3� � , respectively, with a standard deviation of� 100

mm for both materials.

Figure 2.4: Results of the particle size analysis for synthesized Cr-doped and Sr-doped
CaMnO3� � compositions. For the Cr-doped CaMnO3� � , secondary peaks of �ner particles
centered around 10mm were missed by the sieving process.

It is also possible to estimate particle surface area from the measured size distributions in

Figure 2.4 assuming spherical particles with a smooth surface and no porosity. More accurate

methods for calculating particle surface area include specialized techniques such as Brunauer-

Emmett-Teller (BET) theory, which describes the physical adsorption of gas molecules on

a solid surface. Analyzing gas adsorption and desorption isotherms with BET theory yields

useful information of speci�c surface area, including surface roughness and pores penetrating

the surface. Further analysis on the same adsorption isotherms with Barrett, Joyner, and

Halend (BJH) theory also yields information regarding internal pore volume and pore sizes.

Gas adsorption techniques are generally used to measure micro and meso-pores, ranging

from approximately 0.001 - 1mm.

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

ulate media is Mercury Intrusion Porosimetry (MIP). For MIP, a packed bed is in�ltrated
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with mercury at low pressure, under these conditions the 
uid does not enter pores less than

a few hundred microns in diameter. As the pressure is gradually increased, the mercury

intrudes into smaller pores, yielding the total pore volumeas a function of pore diameter.

MIP can detect pores across a wide range of pore diameters from 0.0043 - 216mm. While gas

adsorption techniques are more appropriate for micro and meso-pores, the wide measurement

range of MIP means both these methods can be complementary.

To accurately characterize the pore structure of materialsproduced on-site, a sample

of Ca0:9Sr0:1MnO3� � was characterized with gas adsorption techniques2, as well as MIP3.

The BET analysis resulted in a measured surface area of 0.0616 m2 g� 1, while the BJH

analysis resulted in a pore volume of 0.000729 cm3 g� 1 with an average pore diameter of

614 �A. Analyzing the gas adsorption isotherms with BJH results in values which are easily

comparable to the pore structure measured using MIP.

Figure 2.5: Results of mercury intrusion porosimetry for Ca0:9Sr0:1MnO3� � particles syn-
thesized in the lab. The measurement range of gas adsorptionexperiments is also shown
on the plot. Di�erential pore volume results are weighted towards pores with more surface
area, which is of particular interest for the packed bed experiments. Results show that the
majority of pores are on the order of 1mm in diameter.

Results for the MIP illustrated in Figure 2.5 for a bed of Ca0:9Sr0:1MnO3� � particles

show a much wider range of pore sizes than are accessible withgas adsorption techniques,

2Gas adsorption isotherms and corresponding BET and BJH analysis performed 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 resultsyielded a packing density

(� tap ) 1526 kg m� 3 which corresponds to a packed bed porosity of 64%. The results show

a dominant peak centered at 1.9 microns and spanning a large range from 0.1 - 30mm, a

minor peak above 100mm, and two smaller peaks below 0.1mm. The MIP results separate

inter-particle porosity and surface roughness from intra-particle porosity. The peak above

100 mm represents inter-particle porosity external to the particle morphology, which is an

important parameter when considering a packed bed of particles. The other peaks indicate

the intra-particle porosity associated with the internal particle morphology which is critical

in modeling the kinetics of particle reduction and re-oxidation.

To assess particle morphology more fully, Figure 2.6 show SEMimages for the doped

CaMnO3� � particles of interest at 2000x magni�cation4. SEM images reveal the basic particle

structure for Ca0:9Sr0:1MnO3� � and both CaCryMn1� yO3� � samples as an interconnected

network of grains in the size range of 1 to 5mm. Images of Ca0:95Sr0:05MnO3� � showed

these particles sintered more compared to other samples. These particles appear to have

slightly larger grains, which could form a more robust particle with lower porosity. However,

these particles are still relatively porous and it remains to be seen whether such grains could

withstand attrition over an extended period of time.

The porous particle structure seen in Figure 2.6 provides signi�cant porosity and high

surface area to facilitate oxygen release and uptake duringcyclical packed bed experiments.

The SEM images show good agreement with MIP results, indicating the majority of pores

centered around 1mm in diameter are internal pores. Combining BET and MIP measure-

ments with the SEM images provide a complete picture of the particle morphology, results

inferred from these measurements are summarized in Table 2.3. In order to sepatate intra-

and inter-particle pores, a cuto� pore diamter must be selected, where any pores smaller

than the cuto� are considered within the particle. Based on the results in Figure 2.5, the

large peak centered at 1mm is all considered intra-particle porosity,resulting in acuto� at 40

4SEM images taken by Dr. Sandrine Ricote, Mechanical Engineering Department, Colorado School of Mines
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Figure 2.6: SEM images at 2000x magni�cation of CaCryMn1� yO3� � and Ca0:9Sr0:1MnO3� �

particles as synthesized. Images reveal an interconnectednetwork 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 porosity very close to that of the

total bed, suggesting signi�cant overlap in pore diametersfor intra- and inter-particle pores.

The lack of a clear cuto� makes sense given the irregular particle shapes seen in Figure 2.1

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

The values in Table 2.3 are calculated by combining the pore area and volume measured

with adsorption techniques as well as MIP, resulting in a large measurement range from 0.001

- 216mm. Although there is some overlap in these measurement ranges, the MIP results are

reported as a function of pore radius, so the overlapping data can be removed. Table 2.3 lists
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Table 2.3: Internal and external pore structure for Ca0:9Sr0:1MnO3� � particles. The �nal
column include both internal and external pores in terms of the bed volume.

Intra-Particle Inter-Particle Bed
� g [%] 61.9 5.46 64.1

apore [m2 g� 1] 0.735 0.002 0.737
Rp,a [mm] 0.915 45.1 1.00
Rp,V [mm] 1.30 54.65 5.98
� [kg m� 3] 1617 N.A. 1526

the porosity, speci�c pore area and average pore radius for intra- and inter-particle pores.

Since the adsorption measurements focus on the smaller sizerange of pores, the volume

added by these pores does not signi�cantly change the porosity calculated exclusively using

MIP. However these pores provide an important contribution in terms of surface area. The

density value provided for in the intra-particle column represents the envelope density,� env,

where the particle volume includes internal voids; while the bed value represents the packed

bed density or tap density,� tap . A �nal density value is calculated assuming all pores below

the lower limit of detection (0.001mm) are non-accessible pores within the particles, resulting

in an solids density of 4253 kg m� 3 or 8.2% void within the solid grains.

2.4 Discussion on Scaling Up

Industrial-scale production of robust perovskite particles will be critical to the imple-

mentation of a successful particulate-based TCES system. While the synthesis procedure

has obvious implications from a morphological point of view, di�erent methods can also

a�ect ionic and electronic conductivities [96]. CoorsTek manufactured approximately 60

kg of Ca0:9Sr0:1MnO3� � for on-sun testing of a lab-scale receiver to demonstrate thermo-

chemical energy capture5. Although these tests are not discussed in this manuscript, the

manufacturing process merits some attention.

The manufacturing procedure used by CoorsTek is summarizedas follows. Stoichiometric

amounts of precursor powders were ball milled in water usingalumina 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 proprietary method. The pelletized

particles were then sintered for a single 10-hour cycle atT = 1275� C. For larger batches of

perovskite the sintering temperature was raised from the lab-scale value of 1200� C to achieve

similar phase purity. SEM images of these particles are shown in Figure 2.7. An image at

100x maginifaction, Figure 2.7(a), shows these particles were signi�cantly more sperical than

samples synthesized in the lab, with minimal �nes clinging to the rough surface. Figure 2.7(a)

shows a high magni�cation image at 2000x, revealing a relatively high porosity similar to

the Ca0:95Sr0:05MnO3� � particles from Figure 2.6. It should be noted there was a signi�cant

degree of variation visible in the morphology among the particles synthesized by CoorsTek.

Some particles were very porous while others displayed a greater degree of sintering. While

the porosity adds surface area for chemical reactions, it could compromise the robustness of

the particle, leading to attrition.

Figure 2.7: SEM images of Ca0:9Sr0:1MnO3� � particles synthesized by CoorsTek at (a) 100x
magni�cation and (b) 2000x magni�cation.

The manufacturing process used by CoorsTek is a viable method for 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 particle diameter range (250 - 425mm).

In this range particles are large enough for reliable transport 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 425mm. 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. were signi�cantly more spherical due

to the pelletization process used.

Particle morphology a�ects the physical transport of particles, as well as surface kinetics

and bulk ion transport through the material. Relatively porous particles, such as the ones

seen in this section, provide high surface area for e�cient reduction, but could breakdown

in high-stress environments. Before large-scale production 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 highersintering temperatures on phase

purity and porosity of the synthesized material, as well as methods for �ne-tuning particle

diameter.
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CHAPTER 3

THERMODYNAMIC CHARACTERIZATION

Many of the results presented in this chapter are published in the peer-reviewed jour-

nals Solar Energy [71], andApplied Energy [99], as well asECS Transactions [100].

This chapter provides more details regarding the experimental methods, particularly

calorimetry measurements.

Determining the TCES potential of a perovskite compositionrequires thorough char-

acterization of equilibrium thermodynamic properties, such equilibrated values of oxygen

non-stoichiometry (� eq), over a range of temperatures (T) and O2 partial pressures (PO2).

The speci�c thermodynamic properties of the redox reaction, shown in a single-step global

expression for an undoped calcium manganite (CaMnO3� � ) in R3, provide a basis for calcu-

lating theoretical limits of energy storage for the tested composition.

CaMnO3� � 
 CaMnO3� � � � � +
� �
2

O2(g) (R3)

For this study, thermodynamic characterization assesses the redox reaction thermody-

namics for various doped CaMnO3� � compositions to identify the most favorable thermody-

namics for TCES over relevantT and PO2 conditions for CSP applications. Compositions

with favorable TCES thermodynamics are then selected for time-consuming kinetic char-

acterization of redox reactions as discussed in Chapter 4 toestimate the fraction of ther-

modynamic TCES limit that can be achieved in a limited residence time for reduction and

reoxidation.

As discussed in Section 1.3, the energy stored in a single-phase, reactive oxide can be

conceptually separated into a sensible component from heating and a chemical component

attributed to the reduction reaction. Equation 3.1 provides a mathematical representation of

perovskite based TCES assuming that a single phasecp can characterize the sensible heating.
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� htot =
Z � +� �;T H

�;T C

� HO

M s
d�dT +

Z TH ;� +� �

TC ;�
cp dTd� (3.1)

In this simpli�ed expression the sensible energy stored, calculated with the second term, is a

function of the speci�c heat,cp, and particle temperature; the chemical storage is quanti�ed

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 asPO2, and cp

varies with � , causing � HO to also vary with T. If the reactive oxide undergoes phase

transitions during reduction, both cp and � HO will likely change with the phases. Such

phase transitions have been observed for CaMnO3� � [76, 78]. Under such conditions, the

calculation of � htot can be complicated and best done by a more rigorous assessment of

the change in solids enthalpy over the reduction, heating, and phase transitions as discussed

below and in previous references [29].

This chapter focuses on the characterization of important thermodynamic properties

(� HO; � SO) and equilibrium non-stoichiometry, � eq, in an e�ort to assess and model the

redox process and speci�c TCES as a function ofT andPO2 for doped CaMnO3� � perovskites.

These properties provide the basis for evaluating the e�ectiveness of di�erent compositions

for TCES with a focus on CSP applications involving supercritical-CO2 power cycles. The

resulting speci�c TCES provides an equilibrium thermodynamic limit for � htot that can be

achieved in a time-limited solar receiver.

3.1 Experimental Methods

This section outlines the experimental procedures developed to measure thermodynamic

properties of the synthesized perovskite samples. The bulkof experiments described in the

following sections were performed on a Setaram Labsys TGA/DSC, with a temperature

range from 0 - 1600� C. The Labsys instrument allows the user to switch between modular

attachments giving it capabilities for thermogravimetricanalysis (TGA), as well as di�er-

ential scanning calorimetry (DSC). In order to avoid signi�cant di�usion gradients within
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the sample crucible through the particle bed, alumina sample crucibles were �lled approxi-

mately half-way with perovskite particles less than 250mm in diameter. A half-�lled bucket

required approximately 40 mg of particles in the DSC crucibles and 150 mg in larger TGA

crucibles. All experiments were performed with a sweep gas 
ow of 100 standard mL min� 1.

The Labsys has three main gas inlets and an auxiliary inlet for gas mixing. The desired gas

composition was achieved by 
owing a mixture of two gases. Bottled gases for the experi-

ment were supplied from AirGas and included zero grade air (21% O2), UHP N2 (X O2 � 100

ppm), and a mixture of 1% O2 in N2. Experiments were performed at an elevation of 5700

feet, which results in an ambient pressure generally around0.83 bar.

The uncertainty in the UHP N2 gas composition and varying ambient pressure must be

accounted for when calculating sweep gasPO2. Reliable gas compositions can be achieved

through mixing of the UHP N2 with a higher oxygen content gas, such as the 1% O2 in N2.

3.1.1 Screening Experiments

Before rigorously testing a speci�c perovskite composition to determine the relevant ther-

modynamic properties, a shorter screening experiment to assessed the reducibility of that

composition for a baselineTH = 900� C. Favorable perovksites compositions were identi�ed

with large degrees of reduction during heating in the TGA from 500� C in air (PO2 = 0:17

bar due to elevation) and 900� C at PO2 � 10� 4 bar, and are stable under cyclic conditions.

Screening tests are performed on the TGA instrument with these goals in mind. The oxygen

non-stoichiometry,� , represents the oxygen vacancies present in the perovskitelattice at any

given time, and quanti�es the amount of gaseous O2 evolved from the perovskite lattice.

First the sample is heated to 500� C in air and the mass signal allowed to stabilize, this

point serves as the reference point for subsequent mass measurements 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 the

perovskite over the initial sample mass converted to moles.
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� � =
� m
minit

M s

MO
(3.2)

Once a good reference mass signal is established, the sweep gasPO2 is lowered to approxi-

mately 10� 4 bar. After 30 minutes under this reducing environment at 500� C the material is

heated to the desired hot cycle temperatureTH , which is nominally 900� C, at a rate of 10� C

min� 1. The material is reduced for 4 h atTH before reoxidation. Although this is generally

not enough time to reach equilibrium, the 4 h of reduction provide a good measure of the

reductive potential of the tested perovskite composition.The material is then reoxidized in

air at TH in order to capture the extent of thermal reduction, before cooling back toTC in air

(under oxidizing conditions). Two cycles were performed back-to-back to assess repeatabil-

ity. Perovskite compositions that displayed a large degreeof reduction and fully re-oxidized

were subject to more rigorous thermodynamic and kinetic characterization to quantify their

potential as a TCES media.

3.1.2 Phase Change Identi�cation

Perovskites can undergo phase changes with increases in oxygen vacancy concentrations

in the lattice. Many perovskites, including CaMnO3� � , are orthorhombic at room temper-

ature, although the ideal lattice con�guration would be cubic [64, 96]. Researchers have

documented phase transitions for CaMnO3� � is from orthorhombic to tetragonal and even-

tually cubic con�gurations [62, 76, 91]. The Goldschmidt tolerance factor� provides some

measure of distortion of the crystal structure based on cation's atomic radii. When fully

oxidized a tolerance factor of 1 corresponds to a cubic lattice. 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 from the pure

composition value due to additional distortion e�ects fromdi�erently sized cations [28], �

for undoped perovskites provide a general guideline to infer distortion 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 case for undoped CaMnO3� � with
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a tolerance factor of 0.909. Since the transition from orthorhombic to cubic phases is well

documented for undoped CaMnO3� � [62, 76, 91], lightly doped CaMnO3� � as investigated

here will also likely undergo phase transitions at similar temperatures.

For perovskite redox cycles in a TCES subsystem, any phase changes during reduction

must be reversible to ensure that the full redox potential ofthe perovskite composition can

be repeatably realized. The phase change can be qualitatively observed with a DSC during

heating or cooling. Although this type of experiment is usually performed via di�erential

thermal analyis (DTA) [62], the two instruments are very similar. In general, the heat 
ow

measured with a DTA instrument cannot be converted to mW but the sample temperature

measurement is more precise. For the purposes of identifying if the phase change in this

study, the DSC provides adequately precise temperature measurement. For these DTA

experiments performed with a DSC, a perovskite powder samples is heated to 500� C in air

and the mass signal given time to stabilize; this point serves as the datum for subsequent

mass measurements. The sample is then heated to 1100� C in a �xed PO2 composition at a

rate of 5� C min� 1 before being cooled in the samePO2 at the same ramp rate. Any phase

change is identi�ed through peaks in the heat 
ow measurement during the heating/cooling

process.

3.1.3 Equilibrium Non-stoichiometry

The dependence of equilibrium oxygen non-stoichiometry,� eq, on PO2 and T provides

insight regarding the chemical energy storage potential ofthe perovskite compositions as

the integration limits for � hchem in Eq. 3.1. If � HO is assumed to be constant, �hchem is

proportional to � � . Generally larger changes in� at a given PO2 and T suggest that less

energy is required to reduce the material, meaning a smaller� HO. The challenge is �nding

the correct balance of high reducibility and favorable reaction 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� eq as a function of PO2 and T using

both Coulometric titration techniques [73, 76, 78] and TGA [28, 47]. For this work, � eq

was measured using TGA between 500 and 1000� C in increments of 100� C, while oxygen

content ranged fromPO2 = 0:18 to 10� 4 bar with steps of varying size. AtTH = 700� C,

the perovskites tested exhibited� eq � 0:061 at PO2 = 10� 4. Thus, lower T did not display

enough mass change to warrant signi�cant testing. The high temperature limit is driven by

the supercritical-CO2 power cycle �ring temperature of 750� C [93]. As TH increases much

higher than the cycle �ring temperature exergy losses become signi�cant [29].

To measure� eq the perovskite composition of interest was heated to 500� C in air and

the mass signal given time to stabilize, as shown in Figure 3.1(a). This point serves as

the reference for non-stoichiometry calculations with Equation 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 PO2 after the certain amount of reduction or oxidation with

changes to either variable. Once the mass measurement is stable at the desiredT, the PO2

is lowered in incremental steps, as shown in Figure 3.1(b). Initially large steps are required

to induce a certain degree of reduction, but as the oxygen content is lowered even smaller

steps result in a measurable mass change. The lower limit ofPO2 in these experiments is

10� 4 bar. After reduction is complete the sample is reoxidized using the same incremental

steps in reverse. By reducing and oxidizing the sample in steps, the equilibrium point at

eachPO2 is approached from two directions, resulting in a higher �delity measurement. This

procedure is repeated for each desiredT with heating or cooling in air between eachT.

The raw data collected from a typical experiment at 900� C is plotted in Figure 3.1(b).

This isotherm demonstrates how approaching� eq from the reducting and reoxidizing direc-

tions at a given PO2 can provide a more accurate assessment of� eq. This is particularly

useful for cases when reduction continues at a slow rate for an extended period of time, such

as the step att = 49 h in Figure 3.1(b). After the PO2 is lowered below 10� 3 bar, the sample

does not reach equilibrium during the 2.5 hours allotted forreduction, but � eq is achieved
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Figure 3.1: Raw data from a typical TGA experiment for measuring � eq of Ca0:9Mn0:1O3� � .
(a) The total experiment showing the reference points and mass change as thePO2 is varied
in steps for eachT. (b) A close-up of the 900� C isotherm detailing PO2 of each condition.

after reoxidation resulting in a high �delity data point. For many of the doped CaMnO3� �

compositions, reduction atPO2 = 10� 4 bar and lower proceeds slowly and reaching� eq takes

a long time at TH , as illustrated in Figure 3.1(b). Thus to get � eq at the lowest PO2, a

separate single-step reduction experiment was used to measure � eq. Ca0:9Mn0:1O3� � required

14 hours inPO2 = 10� 4 at 900� C before completely equilibrating.

3.1.4 Enthalpy of Oxidation

To solve the �rst term in Eq. 3.1 for calculating the chemicalcomponent of energy

storage � hchem, reliable measurements of the partial molar enthalpy of oxidation, � HO, are

necessary. Calorimetry measures the heat of reaction, but commonly accessible techniques,

such as di�erential scanning calorimetry (DSC), are inherently prone to inaccuracies. For this

reason, � HO is commonly derived from �tting � eq for a range ofT and PO2 [28, 29, 74, 77].

Due to the importance of � HO in calculating � hchem, this study aimed to validate values

calculated from �tting to � eq with calorimetry measurements. For perovskite reduction,

� HO varies with � eq, and it is bene�cial to also record the mass change during calorimetry

measurements to get �HO as a function of� . Combined TGA/DSC has the capability to

measure heat 
owing from the sample in addition to mass change over 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 extremelytime-consuming to set up and
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establish with accuracy. On the other hand, measuring enthalpy of the redox reaction in

DSC has less accuracy due to gas evolution/intake during reduction/oxidation. Gas evolved

form the reaction can e�ect the heat transfer characteristics of the DSC instrument in ways

not captured by standard calibration techniques involvingmelting metals.

Figure 3.2: DSC sensitivity values determined by melting metals with known heats of fusion,
as well as reduction of simple metal oxides. There are signi�cant discrepancies between the
two calibration curves, which are worst around 900� C.

In order to successfully measure the heat of reaction for thegas-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 atvarious temperatures. This

process is vastly di�erent from the redox reaction with di�erent heat transfer mechanisms to

the sample thermocouple. This discrepancy is illustrated in Figure 3.2, where the sensitivity

coe�cients determined using a traditional melting metals calibration are compared to values

calculated using previously studied metal oxides [27]. Thediscrepancy is most signi�cant

at T > 700� C where the perovskite reduction begins to occur. For these reasons, DSC ex-

periments to measure �HO were calibrated with various oxide reduction processes including

Co3O4 reduction as shown in Figure 3.2. Several calibration pointswere taken with cobalt

oxide, as it reduces at relevant temperatures for this study. The heat of reaction for Co3O4

is well documented and has been accurately measured with a Calvet calorimeter [35]. Such

a calibration experiment follows a similar process to the perovskite 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 Co3O4 reduction, the voltage signal from

the DSC is converted to mW for measuring �HO in the doped CaMnO3� � compositions.

Generally, signle-cation oxides such as cobalt oxide change phase when they reduce, as shown

in R4.

Co3O4 � 3CoO +
1
2

O2;(g) (R4)

Reduction of Co3O4 occurs just above 900� C in air, and the reduction T varies with PO2.

This change in structure occurs relatively quickly and results in a large release of heat and gas

during heating of the material. In comparison, perovskitesdo not abruptly change phase at

a given tPO2 and T but rather reduce in a continuous fashion during heating. This 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 measurements, because

the capture of heat during reduction does not occur instantaneously at a singleT during

heating, and thus is not fully distinguishable from the sensible heating of the perovskite,

from a heat 
ow perspective. Thermal reduction in doped CaMnO3� � tested here required

that step changes inPO2 be used for the DSC measurements. Because reoxidation was

much faster than reduction, reoxidation was used to obtain sharp DSC peaks for assessing

� HO. Figure 3.3 shows two reoxidation steps for Ca0:9Sr0:1MnO3� � including a step from

PO2 = 0:002 bar to 0.01 bar (Figure 3.3(a)) and from 0.01 bar to 0.18 bar(Figure 3.3(b)).

Long isothermal DSC experiments at highT can slowly damage the thermocouples and

degrade instrument sensitivity. As such, the perovskites were reduced in a single step and

then reoxidized in multiple steps to get di�erent approximations to � HO as a function of� .

3.2 Speci�c Heat

The speci�c heat of the perovskite, �cp, is necessary for calculating the sensible compo-

nent of energy storage in Eq. 3.1. Measurements of �cp for CaMnO3� � up to 380� C have

been reported for fully oxidized and highly reduced samples(3 � � = 2:562) of calcium
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Figure 3.3: Example of raw DSC data collected for Ca0:9Sr0:1MnO3� � at 900� C with two
di�erent oxidizing steps in PO2, (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 signalto noise ratio, this step
appears to be more appropriate for DSC measurements at this temperature. In both cases
there is good agreement between the two experiments, and theheat 
ow maintains a constant
base-line.

manganite [75]. The published results show thecp of CaMnO3� � approaching its statistical

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

�cp = 3 �R
X

i

[X i ]L (3.3)

Because the temperatures of interest for TCES redox cycles in CSP are above 380� C, cp of

the lightly doped CaMnO3� � the statistical thermodynamic limits as represent in Eq. 3.3

is assumed valid at the conditions of interest. Using this simple model forcp neglects any

vibrational modes which could be accessed at higherT.

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

in Eq. 3.4.

cp =
�cp

M s
(3.4)

For CaMnO3� � the statistical thermodynamic limit of cp for the fully oxidized sample is

cp;� =0 = 872:1 J kg� 1 K � 1. At an estimated reduced state of� = 0:2 the value for speci�c heat

is 1.8% lower,cp; � = 0:2 = 856:3 J kg� 1 K � 1, where the variation is attributed completely

to the changes in species concentration. The decrease incp with reduction implies that the
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sensible component of energy storage is over-estimated by as much as 5% if a fully oxidized

value of cp is assumed. For comparison,cp of fully oxidized La0:6Sr0:4MnO3� � , another

commonly studied perovskite [69, 73], is 563.5 J kg� 1 K � 1, and the value for Hitec molten

salt, a common TES media in operational CSP plants [6, 21], isaround 1450 J kg� 1 K � 1.

The cp for CaMnO3� � is relatively high for a perovskite due to the low molar mass of the

Ca and Mn cations. Compared to the molten salt, the values arelow as expected. From an

energy storage perspective, the di�erence in sensible storage achieved when heating materials

is hopefully surpassed in magnitude by the chemical component due 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 capture the variation in

reaction properties with � , as qualitatively observed with DSC measurements. Material

thermodynamics are rigorously modeled via a two-reaction point defect model, commonly

implemented for various perovskites [29, 73, 79]. The modelconsists of two defect reactions,

written in Kr•oger-Vink notation in R5 and R6.

1
2

O2(g) + V ��
O + 2Mn 0

Mn � O�
O + 2Mn �

Mn (R5)

2Mn�
Mn � Mn0

Mn + Mn �
Mn (R6)

The �rst reaction, the oxygen incorporation step, looks similar to the global redox reaction

with di�erent notation. R5 is the exothermic oxygen incorporation and its reverse is the

endothermic reduction. The incorporation reaction involves the uptake of oxygen from the

gas phase to �ll vacancies in the perovskite lattice. From a thermodynamic point of view,

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

understand the di�erent notations used for oxygen vacancies in Eq 3.5. The subscript L
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denotes a lattice concentration (per mole of perovskite) asopposed to the more common

molar units (per unit volume). These two quantities are related by the molar volumeVm

(mols m� 3).

� = [V ��
O ]L = [V ��

O ]Vm (3.5)

In Kr•oger-Vink notation V represents a vacancy, the subscript indicates which lattice

site occupied (oxygen site), and the superscripts denote charge; � indicates positive charge

in reference to the standard state determined by the latticesite. For V��
O the oxygen lattice

site has a standard charge of 2- when an oxygen atom is present. Therefore, the two positive

charges indicated on the vacancy result in a neutral site. Inaddition, 0and � indicate nega-

tive and standard charge on the lattice site, respectively.The presence of a neutrally charged

vacancy implies that the two electrons localized on the oxygen 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 disproportionation process.

Species balances for each reaction, Eqs. 3.8 and 3.9, as wellas expressions of thermo-

dynamic equilibrium constants, Eqs. 3.6-3.7, and an electro-neutrality constraint, Equation

3.10, lead to an system of algebraic equations which can be solved for equilibrium species

concentrations, givenT and PO2 [40].

Kp;ox(T) = exp
�

� � H �
ox + T� S�

ox

RT

�
=

[O�
O]L [Mn�

Mn ]2L
[V ��

O ]L [Mn0
Mn ]2LP1=2

O2

(3.6)

Kp;dis(T) = exp
�

� � H �
dis + T� S�

dis

RT

�
=

[Mn0
Mn ]2L [Mn�

Mn ]L
[Mn�

Mn ]2L
(3.7)

3 = [V ��
O ]L + [O �

O]L (3.8)

1 = [Mn �
Mn ]L + [Mn �

Mn ]L + [Mn 0
Mn ]L (3.9)

2[V��
O ]L + [Mn �

Mn ]L = [Mn 0
Mn ]L (3.10)

These equations follow the convention used in [67] and [40],wherein each species is enclosed

with square brackets with the subscript L to indicate these quantities refer to the lattice
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environment; i.e., the oxygen content in the lattice is in kmol O
kmol ABO 3

. Equations 3.6-3.7 provide

a basis for �tting the standard entropy and enthalpy of each reaction (� H �
ox, � S�

ox, � H �
dis,

� S�
dis). The four reaction thermodynamic parameters in Equations3.6 and 3.7 are simulta-

neously solved with all of the site concentrations at eachT and PO2 by least-squares �ts to

minimize the di�erence between calculated and measured values for � eq in each prominent

crystalline phase, as shown in Eq. 3.11. Measured values for� eq were acquired as described

in Section 3.1.3.

min
X

[(3 � [V ��
O ]L;expt ) � (3 � [V ��

O ]L;calc)] (3.11)

The resulting constant values for �H �
ox, � S�

ox, � H �
dis, and � S�

dis presume that any variation

in the partial molar enthalpy of oxidation, � HO, with respect to � can be captured by the

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

� HO = � H �
ox �

@[Mn�
Mn ]L

@[V ��
O ]L

� H �
dis (3.12)

� HO represents the heat of reaction for the global redox reaction that is qualitatively mea-

sured as a function of� by the DSC experiments. Its mean value over a range of� estimates

the speci�c TCES stored during reduction for a redox cycle. Its variation with � arises be-

cause of the change in the extent of Mn4+ disproportionation as a function of� . The sum

of the two heats associated with the two reactions are given in Equation 3.12 as presented

in earlier references [29, 34]. While the energetics of the individual point-defect reactions

may depend on� , previous analysis of similar perovskites showed that assuming constant

reaction energetics for the point-defect reactions works well to capture the variation of � HO

with respect to � , T, and PO2 [77, 102]. As formulated in Eq. 3.12, the variation in �HO is

entirely due to the partial derivative term, which represents the rate of disproportionation of

Mn4+ with respect to oxygen vacancy formation in the bulk latticecreated during reduction.

� HO represents a direct measure of the energetics associated with the total redox reaction,

and can be measured experimentally through DSC; it is the critical property to calculate

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

For a more complete model of the perovskite bulk, total solids enthalpy and entropy can

be computed as the sum of all species contributions, as shownin Eq. 3.17. The individual

contribution of each species is derived in a thermodynamically consistent manner in [29].

Each species contribution is the sum of the enthalpy of formation and sensible components,

the results for species enthalpies are summarized in Eqs. 3.13-3.16, and make-up a state

function for the perovskite enthalpy,�hs = f (T; PO2; [X i ]L ). While the statistical limit for

speci�c heat, �cp = 3R, is used for most of the solid, reducible oxygen ([V ��
O ]L � 0.5) in the

lattice is assumed to have the same speci�c heat as the gas phase oxygen for thermodynamic

consistency [29].

�hO�
O

=
1
2

�h�
O2(g)

(To) + � H �
ox + � H �

dis +
5
2

3R
[O�

O]L
(T � To)

+
1
2 � [V ��

O ]L
2[O�

O]L

�
�hO2(g)

(T) � �h�
O2(g)

(To)
�

(3.13)

�hV ��
O

= 0 (3.14)
�hMn �

Mn
= �hCa�

Ca
= 3R(T � To) (3.15)

�hMn 0
Mn

= �hMn �
Mn

=
1
2

� H �
dis + 3R(T � To) (3.16)

�hs =
X

i

[X i ]L �hi (T) (3.17)

Equations 3.13 - 3.17 provide a more complete model of the variation in speci�c TCES

with T and � than the integral Equation 3.1. Now, the variation in chemical and sensible

energy stored with� and T can be calculated by solving for the two endpoint conditionsof

a particular reduction or reoxidation process as shown in Eq. 3.18.

� �htot = �hs(� + � �; T H) +
1
2

� � �hO2(g)
� �hs(�; T C) (3.18)

It may be desirable to extract the sensible component of ��htot for conceptual purposes.

This is achieved by calculating the solids species enthalpyat the hot cycle temperature

assuming the species concentrations from the fully oxidized state, as shown in Eq. 3.19.
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When computing the purely sensible component of energy storage, oxygen release/uptake

no longer need to be considered.

� �hsens = �hs(�; T H) � �hs(�; T C) (3.19)

To calculate the change in�hs in Eq. (3.18) across the orthorhombic-tetragonal-cubic

phase transitions, the enthalpies for each phase must be referenced to a common state. Since

the tetragonal phase exists over a narrow range of� during heating or cooling for a given

PO2 (as observed in previous references for undoped CaMnO3� � [77]), no values for �H 0
ox

and � H 0
dis are derived for this phase. Values of�hs in the small region ofT and � in which the

tetragonal phase is present are calculated with a linear interpolation the orthorhombic and

cubic phase enthalpies. This method provides a reasonable approximation because �� during

the transition from orthorhombic to cubic phases is small (� 0:02 to 0:04) for any given

PO2 � 10� 4 bar. Energy associated with perovskite reduction through the phase transition

plus the enthalpy associated with the crystalline restructuring determine the necessary shift

in �hs values for the cubic phase reference state to align with the reference for the orthorhombic

phase. If�hs values for both phases are referenced to the same state, Eq. (3.18) is valid across

the phase transition.

3.4 Results

To determine the limits of TCES for doped CaMnO3� � important parameters include

equilibrium non-stoichiometry and partial molar enthalpyof oxidation. This section presents

experimental results along with model �ts and calculationsused to assess the speci�c TCES

for each tested perovskite composition as a function ofTH and P + O2.

3.4.1 Screening Experiments

Screening tests performed in the TGA approximate a cycle expected in a TCES subsys-

tem for CSP with a supercritical CO2 power block at a �ring temperatures up to 750� C.

Because the speci�c chemical energy storage �hchem increases signi�cantly above 800� C for
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the doped CaMnO3� � tested in this study, the screeningTH = 900� C was selected to bal-

ance the trade-o� between increased exergy production and increased speci�c TCES with

higher TH . The high speci�c TCES achievable with � hchem at TH = 900� C may make the

added complexity of a reducedPO2 gas supply worth additional �xed and operating costs.

In the experiments presented here, a high-temperature low PO2 (� 10� 4 bar) provided an

initial assessment of reduction �� and thus � hchem.

Many B-site doped compositions were synthesized and screened previously, with Cr-doped

CaMnO3� � selected as the most promising candidates for TCES [42]. In this study, A-site

doped CaMnO3� � compositions were also investigated for the same application, while B-

site doped compositions were synthesized at a higher temperature to mitigate the stability

issues as discussed in Chapter 2. Sr was selected as an appropriate A-site dopant based on

previous results published for similar compositions [45, 79].

Figure 3.4: Results of screening test performed on the TGA to assess the extent of reduction
between 500� C in air and 900� C at PO2 = 10� 4 bar, simulating the conditions expected in a
CSP plant. Results of undoped CaMnO3� � are compared to several compositions with low
levels of A- or B-site doping� 10%.

Screening results for the most promising B-site doped CaMnO3� � identi�ed in [42] are

compared to A-site Sr doped compositions and an undoped calcium manganite sample in

Figure 3.4. This tests demonstrates the impact of low levels of both A- and B-site doping

for CaMnO3� � . The doping provides increased reduction and improved cyclability over the
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undoped CaMnO3� � , as shown clearly for the screening conditions in Figure 3.4.Decom-

position of undoped CaMnO3� � to Ca2MnO4 and CaMn2O4 phases has been observed at

low PO2 and high T [76, 78], and are the likely cause of the partial re-oxidation observed

in Figure 3.4. Although the original CaMnO3� � phase can be recovered given enough time

in oxidizing conditions [78], this material does not possess the redox cycling capabilities

required for TCES in the context of CSP.

Focusing on the previously studied B-site doped compositions [42], results for 5% Cr and

Fe are very similar. CaCr0:05Mn0:95O3� � achieved a total � � = 0:154, with 0.016 of the total

reduction � � occurring in air at TH = 900� C. While the CaFe0:05Mn0:95O3� � sample reached

� � = 0:152 and 0.030 atPO2 = 10� 4 and 0.18 bar, respectively. Although similar amounts of

total reduction were observed for both compositions, the Fe-doped sample displayed a greater

extent of thermal reduction in air. Increasing the Cr dopingresulted in more reduction, with

CaCr0:1Mn0:9O3� � achieving � � = 0:173, which is about 0.02 higher compared to the 5%

doped sample.

These results are disagreement with previously published values by Kharait [42], who

found that the 5% Cr doped composition calcined at 1100� C had a greater extent of reduction

compared to 5% Fe. The di�erent screening tests results for CaCr0:05Mn0:95O3� � calcined at

1100 and 1200� C are illustrated in Figure 3.5. The sample calcined at 1100� C achieves a

higher � � and reoxidizes slower compared to the higher calcination temperature.

Looking at results for A-site Sr-doped compositions in Figure3.4, both samples achieve

a larger degree of reduction at the conditions of interest compared to the B-site Cr- and

Fe-doped compositions. Furthermore, both Sr-doped compositions return to their initial

oxidation state after the �rst cycle. Based on these results, Ca1� xSrxMnO3� � with x � 0:1

are promising compositions for TCES, and further testing should 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 to assess the extent of reduction
between 500� C in air and 900� C at PO2 = 10� 4 bar. Results of CaCr0:05Mn0:95O3� � calcined
at 1100 and 1200� C are compared to undoped CaMnO3� � .

3.4.2 Phase Change Identi�cation

Many perovskites, including undoped CaMnO3� � [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 cyclability have not been well inves-

tigated. Generally, �ts are performed on a single phase of the material for determination of

reaction thermodynamic parameters [75, 76]. In this work a single �t was performed on all �

measurements, assuming the energetics associated with changing phase are minor compared

to that of the redox reaction. This method is preferable for building a continuous TCES

model in � and T space, as the phase change would be like a discontinuity in the � HO curve.

Samples of doped CaMnO3� � were heated to 1100� C in air to evaluate any phase changes

present, the heat 
ow during heating and cooling from 750 to 950� C is plotted in Figure 3.6.

Results from the DTA experiments suggest that a phase changeoccurs at relevantT

for the redox cycles in both Cr-doped compositions and Ca0:95Sr0:05MnO3� � . On the other

hand, no signi�cant heat 
ow peaks were observed during heating of Ca0:9Sr0:1MnO3� � to

1100� C. Figure 3.6 is cut-o� at 950� C for better readability, as there were no signi�cant heat


ow peaks observed at higherT for any of the tested compositions. The onset temperature

of each peak is not shown due to the inaccuracies associated with determining T of the
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peak from the measurements. For all samples with a visible phase change two peaks were

observed, which should represent the commonly document transitions from orthorhombic to

tertragonal and eventually cubic phases [62, 76].

Figure 3.6: DTA scans of doped CaMnO3� � 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 well as CaSr0:05Mn0:95O3� � . In
cases with a phase transition, very similar peaks were observed during cooling of the sample,
suggesting the process is reversible.

The transition is very similar in shape and onsetT for both Cr-doped samples, but there

are signi�cant di�erences compared to Ca0:95Sr0:05MnO3� � . First of all the onset temperature

of the �rst transition for Ca 0:95Sr0:05MnO3� � occurs at approximately 865� C, compared to

897� C for Cr-doped samples. The second peak (tetragonal to cubic) in the Cr-doped samples

has signi�cant overlap with the �rst peak, as they occur in rapid succession within 10� C.

This is in contrast to the Sr-doped sample where the second peak is clearly separated by

several degrees. Furthermore, the second transition in the5% Sr-doped sample appears

much weaker compared to Cr-doped composition. It is hard to distinguish this peak from

the baseline for Ca0:95Sr0:05MnO3� � . In comparison, the second peak is much more de�ned

for the Cr-doped samples, but still signi�cantly smaller than the main peak associated with

the orthorhombic to tetragonal phase transition. Results from the DTA experiments also

suggest no such phase change occurs for the Ca0:9Sr0:1MnO3� � , demonstrating that even
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small changes in doping can have large e�ects on material thermodynamics. These tests also

indicate some fundamental di�erences regarding the e�ectsof A and B-site doping on the

perovskite structure.

Similar DTA experiments with a sweep gas ofPO2 = 10� 4 bar assess the phase change in

the doped CaMnO3� � compositions under reducing conditions. Results for CaCr0:05Mn0:95O3� �

at PO2 = 10� 4, 0.01 and 0.18 bar are plotted in Figure 3.7, and are representative of the

trends observed in all materials with a phase change. As thePO2 is lowered, the heat 
ow

peaks tend to broaden and shift towards lower temperatures as seen in Figure 3.7(a). The

major peak occurs at 897� C in air, but shifts to 846 and eventually 819� C as the PO2 is

lowered to 10� 2 then 10� 4 bar. In the low PO2 cases, the second transition is very hard to

distinguish from the �rst major peak. The heat 
ow measurement in these cases is chal-

lenged by the reduction occurring during heat-up, shown in the 3-� plots in Figure 3.7(b).

The extent of endothermic reduction combined with the observed peak broadening makes is

di�cult to establish integration limits for the peak at PO2 = 10� 4 bar. This is also evident

in Figure 3.7(b), where forPO2 = 0:18 and 10� 2 bar where distinct in
ection points can be

seen at the peak locations.

Figure 3.7: (a) Heat 
ow and (b) oxygen lattice concentration for DTA scans of
CaCr0:05Mn0:95O3� � in PO2 = 0:18, 10� 2 and 10� 4 bar from 750 to 950� C. The transition
peaks shift to lowerT as thePO2 is reduced.
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Since these experiments were performed with a DSC instrument, it is possible to integrate

the heat 
ow peaks associated with the phase change to calculate the energy absorbed or

released during the process. In this case, a standard DSC calibration was used (melting

metals with known heats of fusion), as there are no signi�cant gas dynamics associated with

the phase change. For CaCr0:05Mn0:95O3� � , the two peaks observed during heat up in air

were integrated to a combined 8 kJ kg� 1, although the �rst peak accounts for a signi�cant

portion of this. Experiments were also run with heat up at lower PO2 = 10� 4 bar, shown in

Figure 3.7, inducing a signi�cant amount of reduction even at lower temperatures. In this

case, the phase change is less noticeable from both a heat 
owand mass loss perspective, due

to the extent of oxygen vacancy generation. AsPO2 decreases, the phase change heat 
ow

peaks shift towards lower temperatures, and the two peaks are indistinguishable from each

other. The trends observed for CaCr0:05Mn0:95O3� � plotted in Figure 3.7 are representative

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

3.4.3 Equilibrium Non-stoichiometry

To derive the relevant thermodynamic properties to calculate TCES, equilibrium O non-

stoichiometry, � eq, was measured as a function ofT and PO2 for favorable doped CaMnO3� �

compositions determined from the screening test. Varying the PO2 in slow steps for both

reduction and re-oxidation at isothermal conditions enabled the perovskite to reach� eq for

a broad range of conditions. These tests were veri�ed by comparing measurements for a

Ca0:6Sr0:4MnO3� � sample with recently published data obtained using Coulometric titration

[79], as shown in Figure 3.8. Although it is not as convenient tocollect a signi�cant number

of equilibrium data points in the TGA compared to the Coulometric titration cell, the

measurement still accurately captures the extent of reduction.

Measuring� eq vs. PO2 for variousT provided valuable equilibrium data to �t the reaction

thermodynamic properties from the 2-step point defect model described above in Section

3.3. Experiments were performed forTH ranging from 700 - 1000� C with partial oxygen

pressures from air down to 10� 4 bar. The materials under investigation do not reduce
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Figure 3.8: Oxygen non-stoichiometry as a function ofPO2 at 800 and 900� C for
Ca0:6Sr0:4MnO3� � measured via Coulometric titration [79] and TGA. The nature of the
Coulomteric titration experiment allows for much smaller steps in oxygen partial pressure,
but both sets of data are in excellent agreement.

signi�cantly for temperatures below 700� C. The high T limit was selected due to evidence

of decomposition of the perovskite phase at lowPO2 and high T, similar to that observed in

undoped CaMnO3� � [76, 78]. The possible decomposition of doped CaMnO3� � compositions

is discussed in greater detail later in the chapter. Resultsfor � eq vs. PO2 experiments along

with corresponding point-defect model �ts for orthorhombic and cubic crystalline are shown

in Figure 3.9. Trends in oxygen non-stoichiometry can be adequately captured with a single

�t on all non-stoichiometry data as well as with a separate �ts for each crystalline phase, as

plotted in Figure 3.9.

The measured� eq and �t-calculated values for both Ca1� xSrxMnO3� � and CaCryMn1� yO3� �

compositions are presented in Figure 3.9 for various isotherms as a function ofPO2. Due to

the low levels of doping the plots are similar for all samples, but the small di�erences in � eq

can have signi�cant impacts in terms of energy storage per Eq. 3.1. All materials undergo

minimal reduction at 700� C for PO2 � 10� 2. The onset of reduction occurs at a higherPO2

for Ca0:9Sr0:1MnO3� � compared to all other compositions which undergo phase transitions.

For these materials (Ca0:95Sr0:05MnO3� � and CaCryMn1� yO3� � ) the transition region is indi-

cated by a dotted line, and signi�cantly higher degrees of reduction are observed in the cubic

phase. The phase change generally occurred in between selected equilibrium conditions, al-
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Figure 3.9: Oxygen non-stoichiometry as a function ofPO2 at various temperatures for
CaCryMn1� yO3� � with a) y = 0:05 and b) y = 0:1, and Ca1� xSrxMnO3� � with c) x = 0:05
and d) x = 0:1. Point-defect thermodynamic model results (solid lines)are generated by
�tting � Hox, � Sox, � Hdis and � Sdis to the experimental data (circles). The dotted line
indicates areas over which the phase change occurs.

though one point in the 800� C isotherm for Ca0:95Sr0:05MnO3� � 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 dopedCa1� xSrxMnO3� � com-

positions, while higherT is required for vacancy formation in the B-site doped compositions

without lowering PO2. These results point to the varying e�ects of small levels ofA or B-site

doping which will be explored further throughout the manuscript.

Results of� eq experiments are also summarized in Table 3.1, with values atPO2 = 10� 4

bar and air tabulated for each composition. The largest observed degree of reduction for

Ca0:95Sr0:05MnO3� � at T = 1000� C, with � = 0:306 and 0.123 measured inPO2 = 10� 4 and
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0.18 bar, respectively. While the Cr-doped samples are the best performing TCES materials

from the available earth-abundant B-site dopants [42], theA-site doped Ca1� xSrxMnO3� �

have larger values of� eq for all conditions tested. Furthermore, a large extent of the extra

reduction observed in the Sr-doped compositions occurs thermally in air. For both A- and

B-site doping, the 10% compositions tends to reduce more at lower temperatures, while the

5% compositions achieve higher� eq at 1000� C.

Table 3.1: Summary of� eq measurements for doped CaMnO3� � compositions. Results are
shown forPO2 = 10� 4 and 0.18 bar at various temperatures.

PO2 TH [� C]
Material [bar] 700 800 900 1000

CaCr0:1Mn0:9O3� �
10� 4 0.030 0.109 0.181 0.233
0.18 0.001 0.008 0.038 0.080

CaCr0:05Mn0:95O3� �
10� 4 0.019 0.108 0.163 0.239
0.18 0.001 0.008 0.031 0.077

Ca0:9Sr0:1MnO3� �
10� 4 0.064 0.141 0.230 0.279
0.18 0.013 0.031 0.073 0.119

Ca0:95Sr0:05MnO3� �
10� 4 0.036 0.141 0.218 0.306
0.18 0.011 0.025 0.070 0.123

Table 3.2 provides the best-�t values of �Hox, � Sox, � Hdis and � Sdis for R5 and R6.

Figure 3.9 shows excellent agreement for the �ts with experimental data, capturing the

increase in� eq as T increases in air before lowering the oxygen environment. This suggests

that a TCES subsystem based on these materials, particularly Ca1� xSrxMnO3� � , could store

some amount of chemical energy without any need to provide for a reducedPO2. While this

could simplify system design and operation without the parasitics associated with a PSA

for extracting O2 from the air, results show that a reducedPO2 provides signi�cantly more

reduction and as such, more chemical energy storage at a given T. This relationship suggests

a cost driven optimization problem speci�c to the system requirements to balance the degree

of energy storage and the penalty associated with providinglow oxygen sweep gas.

During the TGA experiments to measure� eq, the reduction steps down inPO2 and the

subsequent re-oxidation steps back up inPO2 were taken over multiple hours at constantT.
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Table 3.2: Thermodynamic parameters of O incorporation andMn disproportionation re-
actions derived from �ts to measured� eq for relevant crystalline phases. The phase column
indicates the speci�c phase for the �tted values, O - orthorhombic, C - cubic and O+C
indicates �ts values obtained by performing a single point-defect model �t on the entire data
set.

� H 0
ox � H 0

dis � S0
ox � S0

dis
Material Phase [kJ mol� 1] [J mol� 1 K � 1]

CaCr0:1Mn0:9O3� �

O -198.3 3.2 -60.3 -48.4
C -167.6 8.8 -68.7 -23.9

O+C -114.0 -78.9 -25.9 -94.1

CaCr0:05Mn0:95O3� �

O -204.3 12.1 -167.1 51.9
C -171.9 3.7 -72.6 -28.8

O+C -133.9 -70.3 -42.3 -88.3
Ca0:9Sr0:1MnO3� � O+C -168.4 -71.3 -79.7 -104.3

Ca0:95Sr0:05MnO3� �

O -266.6 17.5 -152.6 -190.8
C -199.8 38.4 -108.1 -5.9

O+C -183.2 -76.2 -94.3 -102.9

For all doped CaMnO3� � at T < 1000� C, minimal hysteresis was observed as depicted for

the Ca0:9Sr0:1MnO3� � at 1000� C in Figure 3.10(a). On the other hand, referring to the same

�gure, hysteresis was observed during re-oxidation of Ca0:95Sr0:05MnO3� � , with the sample

not returning to its oxidized state in the 5 hours allotted for the �nal step in oxygen partial

pressure fromPO2 = 0:01 to air. Similar phenomena was observed for both CaCryMn1� yO3� �

compositions forTH � 1000� as illustrated in Figure 3.10(b). All samples returned to their

oxidized state at 1000� C after isothermal re-oxidation in air for 10 hours. Similarhysteresis

has been observed in re-oxidation of undoped CaMnO3� � [66, 75, 91], and is attributed to

partial decomposition of the perovskite phase to CaMn2O4 and Ca2MnO4. However, long

exposure in air at 1000� C appears to recover the perovskite phase such that it can follow a

similar reduction curve in subsequent cycles.

While repeatable redox cycles for the lower 5% Sr and Cr doped samples are possible,

the slow re-oxidation suggests that these levels of doping do not provide adequate phase

stability for fast re-oxidation kinetics at high-T and low PO2. As such, this could limit its

e�ectiveness for a large-scale TCES subsystem in a CSP plant. Considering the calcine

59



temperature of 1200� C used during synthesis of all samples, it is plausible that the material

begins to degrade as it nears the calcinationT in a reducing environment. What is important

is the e�ect of these partial phase changes on reduction kinetics and thermodynamics under

cyclic conditions. These results suggest the importance ofrigorous kinetic and redox cycling

studies to assess the feasibility of di�erent perovskite compositions for large-scale TCES in

CSP and other applications.

Figure 3.10: Oxygen non-stoichiometry as a function ofPO2 at 1000� C for (a)
Ca1� xSrxMnO3� � and (b) CaCryMn1� yO3� � . Both Cr doped compositions as well as the
5% Sr doped sample show signi�cant hysteresis during re-oxidation.

3.4.4 Enthalpy of Oxidation

From the �tted reaction thermodynamic parameters, the partial 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 Mn5+ with respect to oxygen vacancies in the bulk lattice createdduring

reduction. Since the reaction parameters (�Hox, � Sox, � Hdis, � Sdis) are approximated as

constant values, it is assumed all the variation of �HO is captured by the partial derivative

term. The resulting variation of � HO as a function of� is plotted in the curves for di�er-

ent T in Figure 3.11 for both Ca1� xSrxMnO3� � and CaCryMn1� yO3� � . For all materials,

� HO tends to decrease in magnitude as oxygen vacancies are created. It is interesting that

a similar trend is observed in Ca0:9Sr0:1MnO3� � although this material does not undergo a
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phase change. In this case �HO decreases in magnitude by 70.8 kJ mol� 1 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 [Mn�
Mn ]L with respect to [V��

O ]L

from Eq. 3.12, suggesting the shift in magnitude observed in� HO is due to varying levels

of Mn disproportionation. Since no phase change was detected with the DTA instrument in

Ca0:9Sr0:1MnO3� � the Mn disproportionation results in a � HO with this particular shape.

All materials which undergo a phase change have similar plots, with the transition region

indicated by a dashed line. For the Cr-doped samples, the transition occurs at relevant�

in two isotherms (700 and 800� C), whereas for Ca0:95Sr0:05MnO3� � 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 minimal variation with � . For

Ca0:95Sr0:05MnO3� � the magnitude of � HO decreases by 68.6 kJ mol� 1 from � = 0 to 0.3

compared to 26.0 kJ mol� 1 and 20.3 kJ mol� 1 for CaCr0:1Mn0:9O3� � and CaCr0:05Mn0:95O3� � ,

respectively. For comparison, �HO calculated using a single �t for all data points is also plot-

ted as a thin red line. These single-phase �ts are similar in shape to the Ca0:9Sr0:1MnO3� � .

While the single-phase �ts capture the general trend of decreasing 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 magnitude attributed to Mn disproportion-

ation occurs in a single step, resulting in relatively constant values for the individual cubic

and orthorhombic �ts outside of this step. When applicable, two-phase �ts are used for the

remaining thermodynamic calculations.

To qualitatively validate the calculated � HO curves from the point-defect model, DSC

experiments were performed as described in Section 3.1.4, with incremental reoxidation steps.

Figure 3.11 plots the experimental data at various steps of� to compare with the calculated

curves of � HO. The horizontal bars in Figure 3.11 represent the range of� over which the

measurement was performed, while the vertical error bars measure the inherent uncertainty

in the peak integration and calibration for the actual measurement. While it is desirable to
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Figure 3.11: Enthalpy of oxidation � HO as a function of oxygen non-stoichiometry for
CaCryMn1� yO3� � with a) y = 0:05 and b) y = 0:1, as well as Ca1� xSrxMnO3� � with c)
x = 0:05 and d)x = 0:1. The solid lines are functions derived from the �tted thermochemical
models to di�erent crystalline phases. The dotted lines indicate the transition region between
orthorhombic and cubic phases. Points show �HO 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 � HO from the peak integration.

take smaller steps in� to validate the plots generated by the point-defect model, such steps

present a challenge due to the smaller response induced in the sample from both a mass and

heat 
ow perspective. Although DSC measurements have signi�cant uncertainty and do not

rigorously validate the point-defect model, the DSC measurements capture the functional

dependence of �HO vs. � calculated with the model parameters. DSC measurements were

futher challenged by the transition from orthorhombic to cubic phases, resulting in the most

consistent dataset for Ca0:9Sr0:1MnO3� � with no crystalline restructuring. However, with

the exception of some measurements at large� for Ca0:95Sr0:05MnO3� � , and during the phase

transition of CaCr0:1Mn0:9O3� � , the model curve �ts within the uncertainty bounds of the
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DSC measurements. For these points taken during the phase change, measured values were

signi�cantly higher than the model prediction due to the extra energy associated with the

transition. Unfortunately the ideal conditions for DSC measurements coincided with the

intersection of single-phase and two-phase �ts, so calorimetry were not useful in determining

which �t is more appropriate.

The experimentally derived thermodynamic parameters can be used to calculate equilib-

rium limits of speci�c TCES between two redox cycle endpoints. This can be accomplished

from the functional relationship of � HO with T and � , or using Eq. 3.18 and calculating the

solids enthalpy from the state-function. This indicates once again a departure from Eq. 3.1

where � HO is strictly a function of � , all subsequent calculations are performed using the

point defect model and state function for total solids enthalpy. For coupling a perovskite-

based subsystem to a supercritical-CO2 power block, the low-temperature state was �xed at

TC = 500� C in air. A contour map of the total (sensible + chemical) energy storage potential

for Ca1� xSrxMnO3� � , is shown in Figure 3.12 along with the endpoints of a nominal TCES

cycle. The contour lines in Figure 3.12 provide a useful visualization of the relationship

betweenT, PO2, and � htot .

In Figure 3.12(a) the composition with no phase change is plotted, Ca0:9Sr0:1MnO3� � . As

the material moves from state 1 to state 2, the contour lines are initially perpendicular to the

temperature axis; once the material begins reducing atT > 600� C, the chemical energy terms

begin to induce some curvature in the contour lines at the lowPO2. The contour line slopes

become shallower as the material reduces more, indicating an increased variation of � �htot

with partial oxygen pressure, other than temperature. In general, Figure 3.12 showcases the


exibility of these perovskite compositions, which can store signi�cant quantities of energy

under a wide range of applicable conditions. For example, the nominal cycle shown on the

contour plot corresponds to �htot � 710 kJ kg� 1, the same speci�c TCES could be achieved

with TH = 1000� C and PO2 � 10� 2 bar if these conditions are preferable. On the other hand,

in Figure 3.12(b) the selected composition, Ca0:95Sr0:05MnO3� � , undergoes the orthorhombic
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Figure 3.12: Map of TCES potential for Ca1� xSrxMnO3� � with (a) x = 0.05 and (b) x =
0.1, calculated using the point-defect model and species enthalpy equations. For the nominal
redox cycle shown, state 1 and 2 represent the oxidized cold state and reduced hot state,
respectively.

to cubic phase change previously discussed. This transition causes a sharp change in the

contour lines slope, indicating the rates of energy storagesigni�cantly increase in the cubic

phase.

The calculated speci�c storage capacity of all the Sr and Cr-doped CaMnO3� � samples are

listed in Table 3.3 for a range of high temperaturesTH up to 1000� C at a �xed reducing PO2 =

10� 4 bar. Values are calculated using two-phase �ts when applicable. Table 3.3 also calls out

the amount of speci�c energy stored through chemical reduction at the thermodynamic limit.

For Ca0:9Sr0:1MnO3� � , � hchem is always larger than the sensible energy stored regardlessof
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TH . Ca0:95Sr0:05MnO3� � stores 47% chemical energy at 800� C, but this fraction steadily

increases with temperature passing 50% forT > 880� C. On the other hand in Cr-doped

compositions the fraction of chemical energy storage is less than 50% of the total, resulting in

these materials storing signi�cantly less energy than either Sr-doped composition. Although

only a few points are shown in the Table 3.3, energy contour maps for each material are

very similar in shape to Figure 3.12, with the appropriate adjustments for the magnitude of

energy stored which can be inferred from Table 3.3.

Table 3.3: Speci�c energy storage based on thermodynamic limits for Ca1� xSrxMnO3� � ,
CaCryMn1� yO3� � and other high-temperature energy storage materials for a low-
temperature of 500� C in air. Chemical storage for the perovskites and Co3O4 assumes
reduction at givenTH in PO2 = 10� 4 bar.

Material TH [� C] 800 850 900 950 1000

CaCr0:1Mn0:9O3� �
� hchem [kJ kg� 1] 143 179 217 254 292
� htot [kJ kg� 1] 400 480 562 645 727

CaCr0:05Mn0:95O3� �
� hchem [kJ kg� 1] 134 174 214 256 296
� htot [kJ kg� 1] 391 474 559 645 731

Ca0:9Sr0:1MnO3� �
� hchem [kJ kg� 1] 275 325 371 414 455
� htot [kJ kg� 1] 524 616 706 792 877

Ca0:95Sr0:05MnO3� �
� hchem [kJ kg� 1] 228 287 348 408 464
� htot [kJ kg� 1] 482 584 689 793 895

Co3O4
� hchem [kJ kg� 1] 844 844 844 844 844
� htot [kJ kg� 1] 1084 1122 1161 1199 1238

Al 2O3
� hchem [kJ kg� 1] - - - - -
� htot [kJ kg� 1] 366 428 492 555 619

LiNaK-CO3
� hchem [kJ kg� 1] - - - - -
� htot [kJ kg� 1] 435 508 - - -

The speci�c TCES values of select doped CaMnO3� � compositions are compared in Ta-

ble 3.3 to values for Co3O4, one of the most studied simple metal oxides with high speci�c

TCES [27, 35, 39]. Co3O4 reduces to 3:CoO in air at 885 � C but at TH below 750� C in

PO2 = 10� 4 bar [35]. Co3O4, like all single-cation reducible oxides, reduces with a phase

transition at a single temperature for a givenPO2, whereas perovskites undergo reduction

over a temperature range. Thus, for consistency, Co3O4 reduction in Table 3.3 was assumed
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to occur before allTH at PO2 = 10� 4 bar, and its � hchem appears for allTH given. Co3O4,

with its very high � hchem = 844 kJ kg� 1, provides a higher � hchem and � htot than the doped

CaMnO3� � . However, its very high cost and limited redox stability whenfully reduced raise

questions about its viability for utility-scale CSP storage [27]. Recent progress on improving

cyclability of the Co3O4/3 :CoO redox [34, 39] suggests that this system might have applica-

bility for smaller systems where higher storage costs may betolerated. There is no doubt

that the thermodynamic potential for TCES with Co3O4 is very high, with several studies

using the material for reactor design [36, 38]. However, the reoxidation kinetics have been

shown to be a limiting factor which will need to be consideredin TCES subsystem design

[103]. Alternative reducible simple metal oxides, notably MnO2 and BaO2 are not shown in

Table 3.3 because of their inability to show viable cyclability [27, 32].

To show the value of perovskite-based speci�c TCES in comparison to more common inert

storage media, Table 3.3 also shows the speci�c sensible storage of inert Al2O3 particles [8]

and of LiNaK carbonate salts up to their approximate stability limit in CO 2 environments

(� 850� C) [6]. Table 3.3 shows that additional chemical energy storage gives Sr-doped

CaMnO3� � as well as Co3O4 the potential to store more energy per kg and operate at

higher TH compared to the molten salts. While the Cr-doped compositions can go to higher

temperatures, they do not store enough chemical energy to compete at lowerTH . Notably,

Ca0:95Sr0:05MnO3� � provides speci�c TCES = 895 kJ kg� 1 for TH = 1000� C, where 52%

is chemical energy stored through perovskite reduction. The total TCES value at TH =

1000� C is 2% higher than Ca0:9Sr0:1MnO3� � which performs better at lowerT, and 22% more

compared to CaCr0:05Mn0:95O3� � . With the high thermodynamic limits for speci�c TCES,

the question remains how close these limits could be approached in a real TCES subsystem,

particularly for CSP where the heat addition would likely beprovided in a particle receiver

with limited residence time.

66



3.5 Comparison of Energy Storage Media

The chemical stability and redox thermodynamics of the doped CaMnO3� � perovskites

investigated in this study suggest these materials can provide high speci�c TCES in CSP

applications with high-temperature storage atTH � 1000� C. Current molten-salt storage

technologies haveTH limits around 600� C and can only drive steam Rankine power cycles [6,

20, 21] with their limited electrical energy e�ciencies. Next-generation storage systems target

higher TH to couple with more e�cient power cycles such as supercritical-CO2 [92, 93] or air

Brayton [38, 41]. Many other storage materials are being investigated for this application

including (but not limited too) simple metal oxides such as Co3O4 [35, 38, 39], molten chloride

and carbonate salts with higher operating temperatures [6,104], and inert particulate media

[10, 54]. To compare these di�erent high-temperature energy storage materials, their � htot

are compared in Figure 3.13(a), assuming a reference state ofTC = 500� C in air, which

is relevant for coupling with a supercritical-CO2 power cycle. The materials selected for

comparison include the best performing A- and B-site doped compositions characterized in

this study, a high-temperature carbonate salt mixture (Li2CO3 � Na2CO3 � K2CO3) [104],

the most promising simple metal oxide composition Co3O4 [35], and a low molar mass inert

particulate media Al2O3. Figure 3.13(a) demonstrates the bene�ts of the additional chemical

storage component, which causes the perovskite compositions to increase the rate of energy

storage asT increases above 650� C. This boost in energy storage comes at the expense of

system complexity, mainly due to the low-PO2 sweep gas required for reduction. For Co3O4,

reduction occurs abruptly at a speci�ed temperature causing a large increase in �htot , and

allowing this material to have the highest speci�c storage values. The relatively highcp of

the carbonate salt gives this material the highest speci�c energy storage at low temperatures

until the � hchem comes into play for Co3O4. However, these carbonate salts are not stable

at TH � 850� C and even at lower temperature, corrosion issues remain unresolved before

they will be considered for large-scale applications [105].
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For a large-scale, high-temperature, energy storage subsystem, material cost and system

complexity will be critical for determining economic viability. The estimated cost per kWh of

thermal energy stored is plotted in Figure 3.13(b). Generally, material costs are estimated

from the latest material commodity pricing data [106], but for the carbonate salt price

has been well documented in the literature [104]. For perovskites, a manufacturing cost of

$0.3/kg is assumed. Although Co3O4 has the highest � htot on a per mass basis, the cost of

Co3O4 makes it the poorest option considering storage energy stored per 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 cations selected in this study allows

the perovskite compositions to outperform Co3O4, while the high-T operating capability and

demonstrated long-term cyclability give the perovskites an advantage over the carbonate salt.

Comparing the two perovskites, the lower price of Cr compared to Sr reduces the performance

di�erence on a per cost basis between Ca0:95Sr0:05MnO3� � and CaCr0:1Mn0:9O3� � , but the

superior thermodynamics of the Sr-doped CaMnO3� � still provides slightly chepaer storage

at TH where signi�cant reduction occurs.

Figure 3.13: Comparison of a) �htot , b) estimated cost per kWh stored and c) volumetric en-
ergy density for several selected TES and TCES materials, including promising A- and B-site
doped CaMnO3� � characterized in this study. TCES materials (Co3O4, CaCr0:1Mn0:9O3� � ,
Ca0:95Sr0:05MnO3� � ) assume a reductionPO2 = 10� 4 bar.
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Energy storage subsystem complexity can add signi�cant base and operating costs. Form

this point of view the doped CaMnO3� � perovskites require a sweep gas withPO2 = 10� 4 bar

to achieve the � htot plotted in Figure 3.13. Providing a low-PO2 sweep gas can incur non-

negligible parasitic power losses, approaching 20% of the power cycle output forPO2 = 10� 4

bar at TH = 900� C [29]. Parasitic losses decrease signi�cantly for a sweep gas with a higher

PO2 = 10� 2 bar [29, 56]. This trade-o� presents an interesting optimization problem to

balance the extent of reduction (and thus �hchem) achievable with the perovskite composition

with the parasitic losses associated with a low-PO2 sweep gas. Co3O4 redox cycles do not

encounter this issue as Co3O4 can reduce in air at higherT (890� C). On the other hand,

Co3O4 reduction kinetics present further challenges, and on-sundemonstrations with Co3O4

have achieved no more than 60% of the total possible �hchem [39]. The best perovskite

composition studied here Ca0:95Sr0:05MnO3� � achieved 80% of its �hchem thermodynamic

limit with only 60 s of reduction in a non-optimized, packed-bed con�guration at TH � 900� C

at PO2 = 10� 4 bar. Further trade-o� studies are exploring the possibilities of reduction at

higher PO2 as a more cost-e�ective and energy e�cient TCES subsystem based on these

Sr-doped CaMnO3� � compositions.

Another important aspect to consider which can signi�cantlyimpact the cost and system

design is the storage volume. The energy storage potential for each material is plotted on a

volumetric basis in Figure 3.13(c). In this case the trends observed are similar to those seen

in Figure 3.13(a) comparing on a mass basis, with the exception of perovskite compositions,

which are the worst performing materials on a volumetric basis. This drop in performance

is due to the high void fraction of a perovskite particle bed,measured 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 the tapped density, � tap , must be

considered in the volume calculation. For the perovskite materials investigated in this study

the high porosity results in a low� tap , lowering energy density on a volumetric basis. For

Al 2O3 and Co3O4, a packed void fraction of 36% is used, which is typical for a packed bed
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of spherical particles [107]. This di�erence of 28% is dead volume in the storage tank and

severely decreases the volumetric energy density of perosvkites synthesized thus far. As

manufacturing processes for perovskite oxides are re�ned to produce more spherical, denser

particles the volumetric energy density should also increase. While molten salts generally

have lower densities compared to metal oxide compositions,the void fraction in particle beds

results in carbonate salt compositions having a density similar to � tap for Al 2O3. The high

density of Co3O4 means this material stores signi�cantly more energy than all other options

on a volumetric basis, while also being the most energy denseon a mass basis. The main

issue with Co3O4 is the high cost seen Figure 3.13(b), but the high energy density suggests

this could be a great option for smaller systems where highercost of the storage media may

be tolerable.

For implementation of TCES redox cycles in a commercial-scale subsystem, the lifetime of

the storage media is critical. The 1000 redox cycles for bothCaCryMn1� yO3� � (y = 0:05; 0:1)

and Ca1� xSrxMnO3� � (x = 0:05; 0:1) demonstrate the potential for these perovskites to

provide good chemical stability. Such long-term cyclic stability has not been demonstrated

for Co3O4, and is a known issue with other simple metal oxide compositions such as Mn2O3

[33]. In the case of molten salts, corrosion of storage tanksand transport lines are major

lifetime concerns [105], which prevent these high-T salts from being implemented in TES

systems today. Inert particulate media is likely the simplest high-T system compared in

Figure 3.13, but also o�ers the lowest �htot . Concerns for such a system include particle

attrition which also remains a concern to be addressed for TCES 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 critical topic 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 in the peer-reviewed

journals Solar Energy [71], and Applied Energy [99]. This chapter builds on those

publications with more extensive discussion and additional results for more detailed

kinetics analysis.

4.1 Introduction

CSP plants and other large-scale applications of TCES basedon reactive perovskites will

require adequate residence times at conditions both to 1) heat and reduce the oxide particles

for high sensible and chemical energy storage and 2) to cool and re-oxidize the particles

for subsequent energy release. In a CSP plant, a central solar receiver exposes the oxide

perovskites to high temperature and as needed, lowPO2 to drive chemical reduction. To

transfer solar radiation to energy in oxides the receiver may involve a falling particle stream

[54, 55], an on-sun �xed bed reactor [10, 34], or a 
uidized bed of particles [7, 10, 56]. E�ective

capture of radiation into chemical energy of the reduced perovskite requires a composition

with appropriate thermodynamics, as determined in Chapter3 and with adequately fast

reduction kinetics. Quantifying redox kinetics of the reducible oxide, such as the doped

CaMnO3� � compositions in this study, is essential for performing receiver and reoxidation

reactor design. This chapter discusses redox cycling experiments in an annular packed bed

reactor to assess the kinetics of reduction and re-oxidation for Cr and Sr-doped CaMnO3� � .

In this study, packed beds of selected doped CaMnO3� � particles are used to simulate re-

dox cycling conditions expected in a TCES subsystem for CSP.In a CSP plant, the particles,

typically with a mean dp > 200 mm, would be rapidly heated in a receiver toTH � 900� C

in a low PO2 sweep-gas 
ow. After collection and storage in a high-temperature insulated

tank, the reduced particles would be re-oxidized in a heat exchanger that drives a high-
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temperature power plant, such as a supercritical-CO2 power cycle with �ring temperatures

< 750� C [93, 108, 109]. After the heat exchanger, the re-oxidized particles are stored in a

relatively cold-temperature tank before being transported to the receiver for on-sun reduc-

tion. The cold-temperature storage may still be relativelyhigh-temperature, such as 500� C

for a supercritical-CO2 cycle. The cold and hot storage tanks permit a temporal decoupling

of the solar energy capture and the power generation.

For both the reduction and re-oxidation reactors, gas-phase mass transport, surface ki-

netics and solid bulk di�usion can play important roles in determining time scales necessary

for reduction and re-oxidation of the perovskite particles. Particle morphology also plays a

signi�cant role in the kinetic rates and transport processes, and as such, particle morphology

must be well characterized to interpret kinetic measurement and develop models for the re-

duction and re-oxidation processes. Particle surface roughness and bed pore structures will

a�ect the area of contact between the solid and gas phases as well as the mechanism sweep

and evolved gas transport through the packed bed. The internal particle pore structure will

also impact bulk and gas species di�usion into and out of the particle.

To evaluate rates of oxygen release and uptake expected for doped CaMnO3� � in the

context of a central solar receiver, the packed bed set-up provides a holistic test to charac-

terize the importance of surface reaction rates and bulk vacancy di�usion at this scale as

a basis for subsequent modeling of larger scale reactors. While oxide-ion transport proper-

ties are often derived from fundamental bulk phase experiments [85, 86], it is not clear how

well these properties translate to transport through a polycrystalline particulate media with

varying pore structure. Redox cycling experiments over a range of T and PO2 assess the

kinetic limitations of the doped CaMnO3� � particles and allow �tting to identify the kinetic

and ion-di�usion parameters that a�ect the time scales of reduction and reoxidation. An

appropriate model of the packed bed experiments is used to �tthe sensitive parameters to

the experimental results. This chapter focuses on the set-up, testing, and data processing of

the packed bed experiments, whereas the modeling e�orts will be discussed in the following
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chapter. By testing particles under conditions comparableto those expected in a TCES

system, these experiments yield useful information regarding 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� C were performed with

particles of the preferred doped CaMnO3� � perovskite compositions, notably Ca0:9Sr0:1MnO3� � ,

Ca0:95Sr0:05MnO3� � , CaCr0:1Mn0:9O3� � , and CaCr0:05Mn0:95O3� � , which exhibited the best

thermodynamics for speci�c TCES. To extract surface kinetic parameters and bulk-phase

transport from a packed bed model, some mean physical properties, such as active surface

area-to-volume ratio, particle porosity, and solid length-scales for bulk-ion transport, must

be characterized.

4.2.1 Particle and Packed Bed Properties

Experiments were performed using Ca0:9Sr0:1MnO3� � particles synthesized as described

in Section 2.1, with the particle size distribution illustrated in Figure 2.4. Control experi-

ments were also run with essentially inert CarboAccucast ID50 particles to quantify transient

system response to gasPO2 switching and provide a baseline relative to reactive particles.

CarboAccucast ID50 particles have a packed bed density (tapped density, � tap ) of 2002 kg

m� 3 and a composition of 75% Al2O3, 11% SiO2, 3% TiO2 and 9% Fe2O3 [110].

To gain similar measurements for the doped CaMnO3� � perovskite particles, mercury

intrusion porosimetry (MIP) tests shown previously in Figure 2.5 were performed. MIP

measurements gave a packed-bed density of 1526 kg m� 3 (equivalent to a bed porosity of

64%, which includes both intra- and inter-particle pores. MIP indicated a particle envelope

density, � env = 1617 kg m� 3, which includes only intra-particle porosity. The bulk density for

the Ca0:9Sr0:1MnO3� � particles measured was 4253 kg m� 3 which 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 intra-particle porosity of 62%.
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For the reactive perovskite particles, reaction rates are proportional to the active surface

area over which the reaction can occur. The surface area per unit bed volume, aV , is an

important for model parameter for the packed bed simulations. External surface area can be

estimated from particle size distributions assuming spherical particles, but the full surface

areaaV including internal pore surface area must be measured with experimental techniques

such as MIP and BET, as discussed in Chapter 2. Particle size distributions are known

for all perovskite compositions of interest (Figure 2.4). MIP and BET measurements of

Ca0:9Sr0:1Mn3� � gave a speci�c surface area,apore = 0:737 m2 g� 1. Eq. 4.1 shows how this

measurement is related to the important bed property,aV .

aV =
msapore

Vbed
(4.1)

Where ms is the mass of solid particles in the bed,Vbed is the total bed volume, and� g is

the porosity or void fraction of the bed. As discussed in Chapter 2, detailed porosymetry and

BET measurements were only performed for Ca0:9Sr0:1MnO3� � particles, assuming values are

similar for other materials synthesized in the same fashion. The speci�c surface area and

particle diameter for each sample tested in the packed bed are summarized in Table 4.1.

Although each material is assumed to have the same speci�c surface area, di�erent bed

packings still result in varying values foraV

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

Material dp,avg [mm] � dp [mm] aV [m� 1]
CaCr0:1Mn0:9O3� � 222 113 5.256(105)

CaCr0:05Mn0:95O3� � 249 141 5.946(105)
Ca0:05Sr0:95MnO3� � 442 106 1.175(105)
Ca0:9Sr0:1MnO3� � 322 97 6.426(104)

In the experimental con�guration, the packed bed of particles was radiatively heated

from the outer surface with a halogen lamp backed with parabolic gold-plated mirrors which

focuses visible and near-infrared light between 320-1100 nm onto the central line of the

74



furnace over a 10-cm length. Over this range of wavelengths,quartz absorbs very little

radiation, with transmissivity values above 90%. Thus, theradiative 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 equilibrate with the furnace set

temperature before reaching the packed bed. The optical thickness of the perovskite particle

bed based ondp = 300 mm at varying bed porosity � is shown in Figure 4.1 based on

formulation provided previously [55]. Results suggest that for a bed porosity � = 0:6, the

optical thickness is close to the 2 mm thickness of the annulus.

Figure 4.1: Normal penetration of irradiation into a bed of particles with dp = 300 mm and
a range of void fractions.

The bed length impacts the mass and species transport and thus the measurablePO2

signal out. As the perovskite reduces, evolved O2 gas increases thePO2 in the downstream

region of the bed which lowers the driving force for and thus rate of reduction. High 
ow rate

of low-PO2 sweep gas and a shorter bed can mitigate this mass-transportlimitation during

reduction. However, too high a 
ow rate can reduce thePO2 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 O2 generation due to

reduction throughout the bed, it is possible to estimate theX O2 signal expected at reactor

outlet as a function of bed length, results of this calculation are shown in Figure 4.2. For

an inlet X O2 = 10� 4, a mean O2 generation rate of 10� 4 mol s� 1 m� 2 increases O2 content
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by approximately an order of magnitude for a bed length of 1 mm. On the other hand, a

mean O2 generation rate of 10� 6 mol s� 1 m� 2 a 40 mm bed only result inX O2 = 6 � 10� 4

at the outlet. Examining Figure 4.2, a bed length between 15 and 20 mm should result in a

discernible change in O2 content for lower generation rates, while limiting the bed fraction

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

Figure 4.2: Estimated molar oxygen concentration and sensorvoltage at the reactor outlet
as a function of bed length for several assumed constant O2 generation rates. For a higher
oxygen generation values a shorter bed still shows a large increase in oxygen content which
can e�ect reduction in particles downstream. For the lower generation rates, a longer bed is
required to achieve a larger change inX O2.

A photographic image of a packed bed of doped CaMnO3� � particles in Figure 4.3 shows

how the annular bed is packed around a central alumina tube between quartz wool packings.

Approximately 1 gram of material with particle diameters mostly between 250 and 425mm

packed into an annular bed 16 - 21 mm long. The inner and outer diameter of the annular

bed are 6.2 mm and 10.2 mm, respectively for a bed thickness of2 mm.

Phase and morphological stability of the perovskite particles after extensive redox cycling

is assessed by XRD scans (PANalytical X'pert PRO MRD) using Cu-K� radiation and by

particle size measurements with a Microtrac S3500 laser di�raction particle analyzer. The

X-ray di�ractograms and particle-size distributions after redox cycling were compared with

those taken on the same particles before redox cycling. These analyses were performed after

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

associated with active particle transport at high temperatures 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 wooland pressed against

a downstream quartz fritz. An alumina tube (6.2 mm outer diameter) along the central

axis had grooves cut into its surface that held three K-type thermocouples. Temperature

measurements were taken at the bed inlet, midpoint, and outlet. The packed bed was heated

inside the near-IR radiant furnace (Ulvac Riko VHT-44). This furnace consists of a circular

array of four quartz lamps with gold-plated parabolic mirrors which line-focus radiant energy

along a 10-cm long heated zone, allowing for rapid heating ofthe bed. Temperature was

controlled using the inlet thermocouple by the Ulvac Riko supplied controller.

Multiple Brooks 5850E mass 
ow controllers maintained gas 
ow through the packed bed

as mixtures of UHP N2 and dry air that provide ranges ofPO2 to as low as 10� 4 bar. For the

experiments reported here, total inlet 
ow was kept constant at 500 SCCM. Rapid switching

between oxidizing and reducing 
ows at di�erentPO2 was handled with two separate three-

way pneumatic valves as shown in Figure 4.4. The 
ows remainedconstant even when not
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Figure 4.4: Diagram of the packed bed experimental set up for testing oxidation and reduc-
tion kinetics of perovskite oxides. Only compositions which were deemed suitable as a TCES
media after extensive TGA and DSC experiments, namely Cr andSr-doped CaMnO3� � , 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 between the two gas-
ow inlets

reduced, the time for the incoming gases to switch at the reactor inlet.

PO2 at the reactor exhaust is measured using an electrochemicalO2 sensor from CoorsTek

made with a YSZ-based oxide-ion conducting ceramic coated with platinum electrodes [111].

The oxygen sensor outputs a voltage signal which can be converted to PO2 based on the

Nernst equation, shown below in Eq. 4.2.

� VO2 =
RT
4F

ln
PO2,ref

PO2
(4.2)

Where, F is the Faraday constant andPO2,ref refers to the room partial oxygen pressure. To

ensure excellent agreement with the actual sensor used, theO2 sensor was also calibrated

by allowing the voltage signal to equilibrate at several known PO2 steps in the region of

interest (0.0001 - 0.21 bar). Using this method it is important to allow ample time for the

sensor to equilibrate when decreasing thePO2,ref . The outlet voltage and lnPO2 form a linear

calibration curve to convert voltage to partial O2 pressure.
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Reactor exhaust total pressureP is measured using a di�erential Omegadyne pressure

transducer, referenced to the room atmosphere, upstream ofthe electrochemical O2 sensor,

allowing for more precise conversion fromPO2,ref to mole fraction. Figure 4.4 shows a diagram

of the packed-bed experimental set-up with all instrumentation. Experimental data are

collected with Dataforth signal conditioners providing ampli�ed signals to a 16-bit National

Instruments 6201 PCI-E data acquisition board that communicates with a LabView program.

The same LabView program provides control signals for the electronic mass 
ow controllers

and the gas switching valves.

4.2.3 Test Conditions

Isothermal redox cycling of packed beds of A-site Sr-doped CaMnO3� � and B-site Cr-

doped CaMnO3� � provided measurements for evaluating kinetic rates of the di�erent com-

positions with promising speci�c TCES in the temperature range of interest for driving

supercritical-CO2 power cycles. Particle diameters were chosen to simulate particle sizes

needed for adequate transport in a full-scale system with a central solar receiver for particle

heating, although bulk oxide-ion di�usion can impact kinetic rates for particles in this size

range. The particle size and surface area properties for materials tested in the kinetics rig

are summarized in Table 4.1. Computational models of the packed bed experiments with

and without bulk oxide-ion di�usion indicated that the part icle bulk is primarily important

only for reduction at temperatures below 800� C [40]. These studies suggest that results can

be �tted well to axially discretized reacting 
ow models by varying kinetic parameters [40].

Details regarding this model and the impact of particle sizeand intra-particle di�usion on

redox cycling and TCES will be discussed in the following chapter.

Cyclic reduction and re-oxidation under isothermal conditions were performed for a range

of temperatures between 700 and 1000� C. The packed bed was heated to the desired temper-

ature in either air or 1% O2 in N2, and allowed 5 minutes for the temperature to equilibrate.

Once the bed is in thermal equilibrium, a switch to the reduction low-PO2 gas, experiments

were performed reducing atPO2 = 10� 4 and 10� 2 bar. Each redox cycle consisted of �ve
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minutes of reduction and �ve minutes of oxidation. Although the isothermal cycling experi-

ments are extremely valuable for assessing kinetic parameters under various conditions, the

mean reduction rates from these packed bed experiments do not represent general kinetic

limits on rate of reduction or speci�c TCES in a composition can be achieved in a full-scale

system wherePO2 exposure may be very di�erent. The reduction and re0oxidation rate mea-

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

of the full-packed bed with adequate axial discretization is necessary to extract useful kinetic

parameters for reduction and re-oxidation of the di�erent doped CaMnO3� � perovskites.

The packed bed reactor was also used for long-term cyclic redox testing of the doped

CaMnO3� � compositions under cyclic temperature conditions characteristic of a TCES sub-

system in a CSP plant for driving a supercritical-CO2 power block. The cyclic redox testing

for phase durability involved reduction of the perovskite packed bed in UHP N2 (PO2 � 10� 4

bar) with an initial 30 s hold at 500� C before heating from 500 to 900� C at 100� C/min and

a subsequent hold at 900� C for 150 s. Re-oxidation of the perovskite bed then followeda

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 increments to allow for intermittent

visual assessment of bed degradation or discoloration during testing.

Figure 4.5 shows examples of the cyclic evolution of oxygen non-stoichiometry with tem-

perature cycling during the redox experiments of Ca0:9Sr0:1MnO3� � over a representative 10

cycles. The cyclic plot in Figure 4.5 shows a signi�cant transient gradient for � for this

composition even after a 150 s hold at 900� C. This implies that Ca0:9Sr0:1MnO3� � does not

reach its equilibrium � even after this length of exposure toPO2 � 10� 4 bar. On the other

hand, re-oxidation at 500� C does reach an equilibrium state where� is essentially zero.

Temperature was monitored in three locations throughout the bed length during en-

dothermic reduction and exothermic re-oxidation. The temperature of the reactor was based

on the inlet Tin . Although the tests are considered isothermal, transient temperature 
uctua-
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Figure 4.5: Absolute� and temperature pro�le shown for a sample 10 redox cycles between
500 � C in air and 900 � C in PO2 � 10� 4 bar for durability testing of Ca0:9Sr0:1MnO3� � .

tions due to the heats of reaction were observed for all tests. Only the control thermocouple

at the inlet remained at the desired temperature. Measured temperature signals at the

middle and exit of the particle bed during "isothermal" redox cycling of Ca0:9Sr0:1MnO3� �

for reduction at PO2 = 10� 4 bar and oxidation in air are plotted in Figure 4.6(a) and (b),

respectively. The heater controlled inlet temperature has
uctuations in the �rst 20 seconds

as the controller responds to the initial reaction peak, butafter this settling time the inlet

temperature is very stable for both reducing and oxidizing plots. The midpoint and outlet

temperatures show heating during endothermic reduction asthe heater puts in energy to

o�set the cooling at the inlet due to the endothermic reduction. For the rapid re-oxidation,

the controller does not reason adequately fast and the mid-point and outlet temperatures

peak by � 10� C and 5� C respectively before gradually cooling over the next 100 s.These

trends in measured temperature along the bed are representative of the trends observed for

all isothermal redox cycles, and the relatively uniform temperatures with a small short spike

induced in the �rst few seconds of exothermic re-oxidation suggest that the experiments can

be approximated as isothermal tests.

4.3 Data Analysis

Proper analysis of the outletPO2 data collected from redox cycling tests requires an

assessment of transients in the downstreamO2 electrochemical sensor response to a sudden
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Figure 4.6: Temperature pro�le measured during (a) reduction and (b) oxidation of
Ca0:9Sr0:1MnO3� � particles at 900� C. Temperature measurements are taken at three loca-
tions spread along the bed length, with heater control provided by the inlet thermocouple.

switch in the inlet gas-
ow PO2. These rapid switches occur during the redox cycling between

high-PO2 
ows for re-oxidation and low-PO2 
ows for reduction. The exhaustO2 sensor has

a delayed response to the switch due to the 
ow residence timethrough the system, as

well as capacitive/chemical transients in the solid-oxidesensor. To determine the impact of

gas switching independent of O2 uptake or release, inert beds were tested under the same

conditions as reactive beds to observe the sensor response transients to switching.

An essentially inert bed of the Carbo Accucast ID50 particles were tested at all of the

various switching conditions between oxidizing and reducing 
ows to provide a background

signal to subtract from the reactive perovskite bedPO2 data, as shown in Figure 4.7. The

corrected signal from the reactive perovskite particle beds determined the O2 uptake and

release based on an oxygen molar balance. The outlet O2 signal response to a sudden drop

in inlet-sweep-gasPO2 illustrated in Figure 4.7(a) shows a slow steady decline inPO2 which

has not reached steady-state even after 60 s. This response is slower than the inert bed's

response to a step input from low to highPO2 (Figure 4.7(b)), which reaches very close

to the steady value within 20 s. The di�erence between the inert outlet PO2 response and

the reactive bed outletPO2 response as illustrated by the curves in Figure 4.7 represents a

measure of the O2 generated during reduction, or incorporated into the solidfor re-oxidation.
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Figure 4.7: Response of electrochemical O2 sensor to step change in oxygen concentration
for (a) decreasing and (b) increasing oxygen concentration, both steps were between air and
PO2 = 10� 4. The inert curve deviates from a step response due to dead volume in the system
and transient response of the electrochemical sensor.

A control volume analysis of reactive packed bed results in the conservation equations

necessary to calculate O2 generated or adsorbed by the perovskite bed. For this analysis,

1-D plug 
ow is assumed due to the thin cross-sectional area of the packed bed (2 mm)

and relatively high gas throughput, with space velocities between 100,000 and 150,000 h� 1.

Furthermore, the sweep gas is assumed to be ideal. Eqs. 4.4 and 4.5 are a total molar balance

and Reynold's transport theorem applied to moles of O2 the particle bed, respectively. The

bed-averaged oxygen generation term,�_sO2, must be solved for in order to quantify the extent

of reaction achieved in the packed bed.

_nO2 = _nX O2 =
PO2Vbed� g

�RT
(4.3)

_nO2,out = �_sO2avVbed + _nO2,in (4.4)
@_nO2

@t
= _nO2,in + �_sO2avVbed � _nO2,out (4.5)

In Eqs. 4.3 { 4.5, Vbed; � g and _nO2,in are known quantities. Since the 
ow is measured in

standard units it is readily converted to a molar rate, at standard conditions 1 mol = 22414

cm3. Setting the time derivative in Eq. 4.5 to zero and combiningEqs. 4.3 { 4.5 results in

an expression for the mean�_sO2 using only measurable or known values.
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�_sO2 =
_nin (X O2,in � X O2,out )
avVbed (1 � X O2,out )

(4.6)

In Eq. 4.6, the X O2,out is extracted from the electrochemical oxygen sensor and pressure

transducer at the outlet gas 
ow. X O2,in is taken from the outlet signal from the inert run

to account for the system 
ow response. The observed�_sO2 for Ca0:9Sr0:1MnO3� � , calculated

using di�erent methods of determination forav, are compared in Figure 4.8. Since surface

area measurements include surface roughness and meso-scale pores, the calculated value

for particle surface area is signi�cantly larger than the value calculated from the particle

size distribution, resulting in lower molar 
uxes. Furthermore, using only the surface area

identi�ed using BET measurements does not capture the larger pores (with diameters> 10

mm) present in the particle, and the resulting�_sO2 di�er by an order of magnitude based on

the di�erent surface area values from accounts BET and MIP measurements. These results

demonstrate the importance ofav to accurately determine�_sO2 during redox cycling.

Figure 4.8: Measured�_sO2 for Ca0:9Sr0:1MnO3� � at T = 900� C and PO2 = 10� 4 bar calculated
using di�erent particle surface areas.

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

�_sO2 over time.

� � = MO

Z
�_sO2as

M s

ms
dt (4.7)

Substituting in the expression for mean�_sO2 from eq. (4.6) gives

84



� � = MO

Z
_nO2,in (X O2,in � X O2,out )

1 � X O2,out

M s

ms
dt : (4.8)

In Eq. 4.8, the particle surface area does not a�ect the evolution of � � . The extent of

reduction only depends on the molar rate of O2 generated in mol s� 1, not the 
ux value in

mol m� 2 s� 1.

4.4 Isothermal Experiments

Isothermal redox cycling kinetics tests are useful for extracting sensitive kinetic and bulk

di�usion parameters. These tests cycle the bed between highly reduced and oxidized states

at a speci�ed T by cyclic switching between a high-PO2 
ow (often air) and a low-PO2 
ow.

The tests here were typically performed by switching gas 
ows in 300 s intervals.

Results for redox cycling between air andPO2 = 10� 4 bar are summarized in Ta-

ble 4.2 for the four doped CaMnO3� � compositions tested most fully in this study { notably

Ca0:9Sr0:1MnO3� � , Ca0:95Sr0:05MnO3� � , CaCr0:1Mn0:9O3� � , and CaCr0:05Mn0:95O3� � . The re-

sults in Table 4.2 are averaged over ten cycles. No samples reached > 90% of the thermo-

dynamic � eq in the 300 s of reduction time period. Ca0:95Sr0:05MnO3� � consistently achieved

the highest fraction of� eq (88-89% after 300 s at allTH � 800� C). Results for both Sr-doped

compositions were not sensitive to variations inTH , with conversion fractions consistently

between 78-79% after 300 s for Ca0:9Sr0:1MnO3� � for all TH � 800� C. The Ca0:95Sr0:05MnO3� �

demonstrated superior reduction kinetics of for TCES than Ca0:9Sr0:1MnO3� � , consistently

achieving 10% more of the available oxygen vacancies.

CaCr0:1Mn0:9O3� � and CaCr0:05Mn0:95O3� � behaved in a similar fashion during reduc-

tion, with conversion rates increasing withTH up to 900� C, and leveling o� at higher TH .

CaCr0:1Mn0:9O3� � showed higher integrated� as shown in Figure 4.9 because of its higher

pre-reduction in air at all TH . The generation rates of O2 for CaCr0:1Mn0:9O3� � were slightly

lower than for CaCr0:05Mn0:95O3� � at TH � 850� C, and CaCr0:1Mn0:9O3� � was particularly

slower to reduce atTH = 800� C with only 18% and 44% of the possible� eq achieved after
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60 and 300 s, respectively. These slower rates at lowerTH may have been indicative of

CaCr0:1Mn0:9O3� � not having changed phases fully to the high-temperature cubic phase at

800� C. At higher TH , reduction in air may enable the orthorhombic-tetragonal-cubic phase

change, which may allow for more rapid oxide di�usion and/orsurface reduction upon a

step drop in PO2. The DTA plots in Figure 3.7 indicate that the phase change precipitates

relatively fast reduction.

Peak rates observed for CaCr0:05Mn0:95O3� � reduction are 20 - 30% higher compared to

those for the 10% Cr doped composition, but the shape of all oxygen generation curves are

very alike, with peak O2 generation observed within 5 s of switching gases and decaying to

below 10� 5 mol s� 1 m� 2 within 15 s. The similarities in instantaneous O2 release result in

similarly shaped reduction curves, with the main noticeable di�erence being the conversion

percentage detailed in Table 4.2.

Figure 4.9 also plots the evolution of� and instantaneous rates of gaseous O2 uptake

during isothermal re-oxidation cycles for CaCr0:1Mn0:9O3� � and CaCr0:05Mn0:95O3� � . Re-

oxidation kinetics are important for energy recovery to thepower cycle, but re-oxidation

reactor/heat exchangers are not limited by the receiver on-sun residence times for reduction.

In general, mean re-oxidation rates of O2 uptake are signi�cantly higher than reduction

rates, particularly for CaCr0:05Mn0:95O3� � . CaCr0:05Mn0:95O3� � recovers its� eq within 10 s of

exposure to air for allTH tested. CaCr0:1Mn0:9O3� � has a relatively slower reoxidation rate

but still recovers its � eq in air within 20 s although � eq is reached faster asTH decreases. These

fast re-oxidation rates suggest that a reactor/heat exchanger may manage its exothermic heat

release by controlling gas-phase mass transfer of O2 to the particle since re-oxidation occurs

so fast.

Comparison of the bed-averaged O2 generation and uptake rates for both Cr-doped

CaMnO3� � shows peak re-oxidation rates that are 2-3X higher than the peak reduction

rates. Peak re-oxidation rates are not sensitive toT largely because they approach the

limit set by _nO2,in for CaCr0:05Mn0:95O3� � for all TH . The mass-transfer limit rates based on
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Table 4.2: Summary of isothermal kinetics results betweenPO2 = 0:17 and 10� 4 for all com-
positions tested. Values of� achieved at various times throughout the reduction experiment,
along with the percentage of total � � achieved (conversion %). Values att = 0 indicate
the equilibrium non-stoichiometry in air at the speci�ed temperature, while values at1
correspond to� eq at PO2 = 10� 4

Composition
Reduction TH

Time [s] 800� C 900� C 950� C
0 0.008 ( 7%) 0.025 (14%) 0.063 (31%)

CaCr0:1Mn0:9O3� �
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%)

CaCr0:05Mn0:95O3� �
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

800� C 900� C 1000� C
0 0.031 (22%) 0.074 (34%) 0.118 (42%)

Ca0:9Sr0:1MnO3� �
60 0.085 (49%) 0.148 (52%) 0.204 (52%)
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%)

Ca0:95Sr0:05MnO3� �
60 0.081 (49%) 0.160 (59%) 0.230 (58%)
300 0.126 (88%) 0.207 (89%) 0.284 (89%)
1 0.139 0.223 0.303

_nO2,in with air is 1.1� 10� 4 mol m� 2 s� 1 for oxidation in air, where the material uptakes all

the available gas phase O2. For CaCr0:1Mn0:9O3� � , the peak oxidation rates are less than

CaCr0:05Mn0:95O3� � and the peak rates is followed by a relatively slow decay over10 to 20 s

in the measured rates. The lower rates observed during re-oxidation for CaCr0:1Mn0:9O3� �

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

Table 4.2.

Isothermal redox cycling test results for Ca0:9Sr0:1MnO3� � and Ca0:95Sr0:05MnO3� � are

plotted in Figure 4.10 for cycling between air andPO2 = 10� 4 bar. The temperature range

for these tests was expanded down to 700 and up to 1000� C to explore the possibility of

bulk-particle di�usion limits for reduction below 800� C [40]. For these A-site Sr-doped
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Figure 4.9: Instantaneous oxygen generation and cumulative� observed during reduction at
PO2 = 10� 4 bar (left) and re-oxidation in air (right) for both Cr-doped calcium manganite
compositions at various temperatures. Rates of O2 release increase with temperature until
900� C before leveling o�.

compositions, increased doping (10% Sr vs. 5% Sr) accelerated reduction rates as well as

re-oxidation rates. Like with B-sited doped CaCryMn1� yO3� � , the O2 generation rate during

reduction peaked within 5 s of exposure to the low-PO2 for the A-site doped Ca1� xSrxMnO3� �

and peak rates monotonically increase withTH . Higher degrees of reduction are observed for

the higher-doped Ca0:9Sr0:1MnO3� � at TH � 800� C, but at higher TH , Ca0:95Sr0:05MnO3� �

shows higher reduction in part because of the� in air after re-oxidation.

Re-oxidation of Ca0:9Sr0:1MnO3� � and Ca0:95Sr0:05MnO3� � , shown in Figure 4.10(b) and

(d), show similar trends to the CaCryMn1� yO3� � samples, but for A-site doping, the higher

doped Ca0:9Sr0:1MnO3� � sample exhibits faster reoxidation rates. This is di�erentfrom the

trend observed in B-site Cr doped samples, where re-oxidation was faster for CaCr0:05Mn0:95O3� � .
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Figure 4.10: Instantaneous oxygen generation and cumulative � observed during reduction at
PO2 = 10� 4 bar (left) and re-oxidation in air (right) for both Sr-doped CaMnO3� � composi-
tions at various temperatures. Rates of O2 release and cumulative �� increase monotonically
with temperature.

Peak oxygen uptake for Ca0:9Sr0:1MnO3� � during oxidation for all TH approaches the mass-

transfer limited value based on _nO2,in . The mass-transfer limited re-oxidation of Ca0:9Sr0:1MnO3� �

is completed within 10 s or exposure in air, which di�ers fromthe re-oxidation of Ca0:95Sr0:05MnO3� � .

Re-oxidation of Ca0:95Sr0:05MnO3� � shows a more gradual peak (except atTH = 700� C) with

lower peak rates and a gradual decay as re-oxidation proceeds over the �rst 10 to 20 s in air.

For the 5% Sr-doped composition the rates of O2 uptake increase withTH as does the time

required for full re-oxidation.

As oxygen vacancies are created, chemical energy is stored inthe perovskite lattice ac-

cording to eq. 3.1. Figure 4.11 plots the mean chemical energy, � hchem, stored in the doped

CaMnO3� � particles during isothermal packed bed experiments, assuming a reference state
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of 500� C in air is fully oxidized (� = 0 and � hchem = 0. Because of the variation of �HO with

� and with di�erent phases, as plotted in Figure 3.11, the evolution of � hchem is not propor-

tional to � , as indicated by comparing Figure 4.10(a) and Figure 4.11(a).At TH = 900� C,

both Sr-doped CaMnO3� � compositions reduce to similar� , but Ca0:95Sr0:05MnO3� � achieves

� hchem = 179:5 kJ kg� 1 over 300 s of reduction compared to �hchem = 153:2 kJ kg� 1 for

Ca0:9Sr0:1MnO3� � . Ca0:95Sr0:05MnO3� � has a higher mean �HO as plotted earlier in Fig-

ure 3.11.

Figure 4.11: (a) Evolution of chemical energy storage duringreduction at PO2 = 10� 4 bar
and (b) energy release with re-oxidation in air for Sr-dopedcalcium manganite compositions
at various temperatures. The higher levels of reduction at lowerT result in Ca0:9Sr0:1MnO3� �

storing signi�cantly more energy in these transient tests until T � 900� C.

Assuming that the Mn cation defects equilibrate very quicklywith the oxide vacancy

concentration during reduction, kinetically limited speci�c TCES values over the 300 s of

reduction for this reactor con�guration are calculated using the point-defect model with

Eq. 3.18. This assumption will be explored further in a subsequent chapter with the appro-

priate modeling tools. The packed bed reactor limitations are in part impacted by the fact

that the downstream particles are impacted by the upstream O2 gas release during reduction

and thus these results are speci�c to the 2-cm long reactor con�guration. Nonetheless, rela-

tive comparisons provide a basis for comparing and assessing the di�erent doped CaMnO3� �

perovskites. Table 4.3 provides a summary of �htot achieved during isothermal tests be-

tween PO2 = 0:17 bar and 10� 4 bar, which includes both sensible and chemical storage, in
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contrast to Figure 4.11 which only shows �hchem due to reduction for the Sr-doped com-

positions. The sensible energy storage is principally a function of � T, and thus does not

change from the thermodynamic values derived from Table 3.3. The percentage of storage

potential achieved in 300 s of reduction for both CaCryMn1� yO3� � compositions peak around

75% atTH = 900� C and drop o� when TH increases to 950� C. In contrast, Ca0:9Sr0:1MnO3� �

consistently reaches 80% of its thermodynamic energy storage limit for all TH tested. The

consistent performance of Ca0:9Sr0:1MnO3� � relative to the Cr-doped compositions may be

attributed to the fact that does not undergo any sharp phase transitions during the re-

duction process. Ca0:95Sr0:05MnO3� � consistently achieves the highest fraction (> 90%) of

equilibrium � hchem for the 300 s of reduction. However, Ca0:95Sr0:05MnO3� � has a lower ther-

modynamic limit for � hchem than Ca0:9Sr0:1MnO3� � which makes the latter more favorable

for TCES subsystems withTH � 900� C.

The dependence of kinetic parameters onPO2 and � were explored experimentally by

increasing the reductionPO2 to 10� 2 bar for isothermal redox cycling. Figure 4.12 shows the

transient evolution of� and mean � hchem during isothermal redox cycling of Ca0:9Sr0:1MnO3� �

with reduction at PO2 = 10� 2 bar and re-oxidation in air. The higherPO2 would require

smaller parasitic losses for O2 separation from air in an industrial scale TCES systems.

Providing a low-PO2 sweep gas can be a signi�cant exergy parasitic [29] particularly at

PO2 = 10� 4 bar. However, at higherPO2 = 10� 2 bar, high TH become important for sig-

ni�cant reduction to occur. Results for TH < 800� C are omitted due to the insigni�cant

levels of reduction measured. Unlike results atPO2 = 10� 4 bar in Figure 4.10, reduction at

PO2 = 10� 2 bar reaches very near equilibrium within the �rst 30 seconds. Peak O2 genera-

tion rates at the two di�erent reducing conditions are similar at all TH � 800� C, but decay

at a faster rate for reduction atPO2 = 10� 2 bar. With initial rates of O 2 release (and thus

chemical energy storage) atPO2 = 10� 2 bar comparable to those achieved at lower oxygen

content, TCES systems at higherPO2 for Ca0:9Sr0:1MnO3� � may o�er a balance of improved

TCES potential over inert particle TES and reaction conditions with lower balance-of-plant
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Table 4.3: Summary of energy storage in isothermal redox cycling tests betweenPO2 = 0:17
bar and 10� 4 bar for all compositions tested. Values of �htot in kJ kg� 1 are shown at various
times throughout the reduction experiment and calculated from the species concentrations
and enthalpy values. Values att = 0 indicate the energy stored due to reduction in air at
the speci�ed temperature and sensible energy captured during heating, while values at1
are the maximum achievable speci�c energy storage. Percentages in parentheses show the
fraction of the thermodynamic limit of the speci�c chemicalenergy � hchem captured during
that time of reduction.

Composition
Reduction TH

Time [s] 800� C 900� C 950� C
0 265 373 468

CaCr0:1Mn0:9O3� �
60 291 (19%) 477 (55%) 537 (39%)
300 329 (47%) 512 (73%) 573 (59%)
1 400 562 645
0 259 399 463

CaCr0:05Mn0:95O3� �
60 305 (35%) 481 (51%) 545 (45%)
300 347 (67%) 520 (76%) 584 (67%)
1 391 559 645

800� C 900� C 1000� C
0 371 524 667

Ca0:9Sr0:1MnO3� �
60 450 (51%) 620 (53%) 776 (52%)
300 493 (79%) 669 (80%) 832 (79%)
1 524 706 877
0 295 483 639

Ca0:95Sr0:05MnO3� �
60 405 (59%) 602 (58%) 789 (59%)
300 468 (92%) 670 (91%) 870 (90%)
1 482 689 895

parasitics for the TCES subsystem.

Additional experiments to assess dependence of kinetic parameters onPO2 were explored

experimentally by reducing inPO2 = 10� 4 bar and decreasing the re-oxidationPO2 = 10� 2

bar for isothermal redox cycling. Due to the poor performance of B-site Cr-doped samples in

cycles reducing atPO2 = 10� 4 bar, as seen in Table 4.3, many of these alternate experiments

were not performed for those compositions. Results for Ca0:9Sr0:1MnO3� � are plotted in

Figure 4.13. Although thePO2 tested in this case is not driven by e�ciency concerns for

system implementation, they provide valuable data to assess bulk and surface transport
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Figure 4.12: Cumulative� (top) and instantaneous O2 generation (bottom) during reduction
at PO2 = 10� 2 bar (left) and re-oxidation in air (right) for Ca 0:9Sr0:1MnO3� � at various
temperatures.

properties under varying conditions. These tests, where air is not the oxidizing gas, have

a signi�cant � in the oxidized state. For all temperatures, the peak O2 generation rates

measured were an order of magnitude smaller than the corresponding rates in Figure 4.10

with reduction at the samePO2 but oxidation in air. The oxygen vacancies at the oxidized

state will impact the surface kinetics and bulk ionic transport. During re-oxidation at PO2 =

10� 2 bar, the peak rates observed appear independent ofTH , but the rate decays with an

average peak�_sO2 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 O2 uptake based on cotnO2,in . This suggests that the packed bed

con�guration is again operating near mass transfer limitedrates even at the lowerPO2.

The measured O2 generation rates as a function of� for Ca0:9Sr0:1MnO3� � at TH = 900� C

under the varyingPO2 tested are compared in Figure 4.14. During reduction (Figure 4.14(a)),
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Figure 4.13: Cumulative� (top) and instantaneous O2 generation (bottom) during reduction
PO2 = 10� 4 bar (left) and re-oxidation at PO2 = 10� 2 bar (right) for Ca0:9Sr0:1MnO3� � at
various temperatures.

�_sO2 appears to depend on� more so thanPO2, as rates between di�erent experiments are

similar when the concentrations of oxide vacancies are similar. Rates during re-oxidation do

not all display the same trends. For the two experiments re-oxidizing in air, the plots overlap

once� � � eq < 0:02. Whereas the experiment re-oxidizing atPO2 = 10� 2 bar has signi�cantly

lower rates with the reduced O2 availability in the sweep gas. Figure 4.14(b) shows the

lowering of O2 generation rates as� eq is approached during re-oxidation. These results

indicate the re-oxidation process is partially controlledby surface rates or bulk di�usion as

� approaches its equilibrium value.

Isothermal redox cycling of doped CaMnO3� � at a range ofTH and PO2 indicate signi�cant

di�erences between the reduction and oxidation processes for all compositions tested. Re-

oxidation kinetics are quite fast and approach mass-transfer limitations in the 2-cm packed
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Figure 4.14: O2 generation as a function of� for Ca0:9Sr0:1MnO3� � at 900� C during (a)
reduction and (b) re-oxidation after variousPO2 steps.

bed con�guration. All doped CaMnO3� � tested require less than 20 seconds to return to

� eq in air. Longer time scales required for high degrees of reduction challenge solar receiver

design because of the need for adequate time on-sun to provide high reduction and thus high

speci�c TCES.

4.5 Redox Cycling Performance

The redox stability of the doped CaMnO3� � particles in terms of morphological structure

and phase purity was evaluated using the packed bed experimental setup with 1000 non-

isothermal redox cycles, as illustrated earlier in Figure 4.5. This cycle simulates conditions

expected in a CSP plant where the particles are reduced in a central receiver and re-oxidized

in a heat exchanger/reactor that provides heat on demand fora closed supercritical-CO2

Brayton power cycle. These high e�ciency cycles �re at temperatures around 750� C [92, 93],

motivating a cycle betweenTC = 500� C and TC = 900� C. For redox stability tests, packed

beds of the doped CaMnO3� � particles are reduced at aPO2 = 10� 4 bar during rapid heating

to TH , and reoxidation occurs in air during cool-down back toTC.

Figure 4.15 shows the variation in� during heating and reduction (averaged over 100

cycles) as a function of time for both Ca1� xSrxMnO3� � and CaCryMn1� yO3� � compositions.

The consistency in the curves over 1000 cycles is evident forall compositions, although
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more so for Ca0:9Sr0:1MnO3� � which had a standard deviation in maximum� (= 0 :16) for

the cycles of 0.003 (1.9%). Ca0:95Sr0:05MnO3� � has a standard deviation in maximum� (=

0:19) of 0.008 (4.17%), although the larger variance is mostlydue to lower reduction in the

�rst few hundred cycles. This may indicate slow equilibration of partial phase transitions

as observed in undoped CaMnO3� � [76] and the lower Sr-doping may be less e�ective at

suppressing or accelerating these transitions. After 400 cycles the variation in maximum� for

Ca0:95Sr0:05MnO3� � has stabilized above 0.19. This corresponds to a speci�c �hchem of � 310

kJ kg� 1 and a � htot of � 650 kJ kg� 1. These values are within 10% of the thermodynamic

limits for � htot in Table 3.3. Ca0:9Sr0:1MnO3� � reduced to a lower maximum� (� 0:16)

during the redox cycle, which corresponded to �hchem � 235 kJ kg� 1 and � htot � 570 kJ

kg� 1. This corresponds to 60% and 80% of the thermodynamic limitsfor � hchem and � htot

respectively. Comparing these results to the isothermal tests in Figure 4.10 and Figure 4.11

the Ca0:95Sr0:05MnO3� � achieves similar levels of reduction compared to the 900� C isothermal

run, while for Ca0:9Sr0:1MnO3� � the absolute� value after reduction was about 0.04 lower in

the non-isothermal tests.

During the non-isothermal redox cycles, CaCr0:1Mn0:9O3� � and CaCr0:05Mn0:95O3� � achieved

a higher percentage of the thermodynamic limit of speci�c TCES as presented in Table 3.3.

The redox cycling tests for B-site Cr doped CaMnO3� � were performed on a di�erent sample

than the isothermal redox cycles, because of improvements made to the rig allowing for faster

and more repeatable gas switching. Both compositions demonstrated good cyclic stability,

with standard deviations of 3.2% and 6.2% for the average maximum � for CaCr0:1Mn0:9O3� �

(0.175) and CaCr0:05Mn0:95O3� � (0.18), respectively. CaCr0:1Mn0:9O3� � showed more re-

peatability over 1000 redox cycles. The CaCr0:05Mn0:95O3� � sample showed signi�cant vari-

ation in levels of reduction through the �rst 500 cycles, a more stable value of 0.18 after

these repetitions. This� is slightly above the thermodynamic limit achievable for at900� C,

and may be caused by slight temperature excursion. However, the cause of this slight excess

in reduction remains unclear. The maximum� of 0.175 for CaCr0:1Mn0:9O3� � 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 900� C for Ca1� xSrxMnO3� � with a)
x = 0:05 and b)x = 0:1 as well as CaCryMn1� yO3� � with c) y = 0:05 and d)y = 0:1

the � eq = 0:181 for these conditions.� = 0:175 at 900� C corresponds to a speci�c TCES of

approximately 562 kJ kg� 1.

Table 4.4 provide a statistical summary of the 1000 redox cycles between 500 and 900� C

for both Ca1� xSrxMnO3� � and CaCryMn1� yO3� � compositions. Results indicate that the

higher doping concentration lead to more stable redox cycling performance with both A- and

B-site dopants, although all tested compositions performed well in this regard with a max-

imum standard deviations of 6.2% for CaCr0:05Mn0:95O3� � . Cr-doped CaMnO3� � achieved

higher fractions of the equilibrium � htot but their lower equilibrium values did not allow

them to surpass the cycle-limited �htot achieved by Sr-doped CaMnO3� � which have higher

thermodynamic limits of � htot .

Figure 4.16(a) shows that signi�cant O2 release from reduction of the Sr-doped CaMnO3� �

begins when the perovskites reach around 650� C. Ca0:9Sr0:1MnO3� � begins reducing at lower

temperatures than Ca0:95Sr0:05MnO3� � . As T increases and O2 generation rates increase,
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Table 4.4: Summary of redox cycling tests results for doped CaMnO3� � compositions with
reduction at PO2 = 10� 4 during heating from 500 to 900� C. Average� and standard deviation
(� ) over 1000 cycles, compared to� eq determined using the point-defect model.

Material CaCr0:1Mn0:9O3� � CaCr0:05Mn0:95O3� � Ca0:9Sr0:1MnO3� � Ca0:95Sr0:05MnO3� �

� avg 0.175 0.194 0.159 0.194
� 0.006 (3.2%) 0.012 (6.2%) 0.003 (1.9%) .008 (4.17%)

� eq 0.181 0.168 0.216 0.225

faster reduction is observed for Ca0:95Sr0:05MnO3� � resulting in an higher maximum� . Based

on particle-size distribution and approximate surface area of the packed bed, the maximum

reduction rates achieved are always below 10� 5 mol-O2 m� 2 s� 1, which is an order of mag-

nitude lower than the peak rates observed in isothermal tests. The lower rates are due to

reduction starting at lower temperatures with rates steadily increasing until TH is reached.

The peak rates observed in isothermal tests (Figure 4.10) occur after a large step input in

PO2 at the TH for reduction. For the non-isothermal tests, reduction continues at TH = 900� C

for the entire 150 s for both Ca0:95Sr0:05MnO3� � and Ca0:9Sr0:1MnO3� � indicating that the

particles still have capacity to store more chemical energyto reach their thermodynamic

equilibrium limits.

Figure 4.16: Instantaneous rates of O2 generation during (a) reduction atPO2 = 10� 4 bar
and (b) oxidation in air averaged over 100 non-isothermal redox cycles of Ca0:9Sr0:1MnO3� � .
In this test reduction is initially limited by temperature r ather than surface kinetics or mass
transfer, resulting in about 1.5 orders of magnitude di�erence between peak generation rates
for reduction and oxidation.
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The instantaneous oxygen uptake during re-oxidation, plotted in Figure 4.16(b), shows

that re-oxidation occurs in two distinct steps. Due to the rapid re-oxidation rates, both Sr-

doped compositions reach� eq for air at TH before the packed bed begins cooling. Once the

temperature is lowered a secondary peak at lower rates occurs over a longer time period as

the perovskite gradually equilibrates as� eq decreases to near zero with temperature. Results

for Ca0:9Sr0:1MnO3� � indicate faster re-oxidation for both the isothermal and cooling peaks

compared to Ca0:95Sr0:05MnO3� � , which con�rms the isothermal redox trends in Figure 4.10.

A typical reduction temperature cycle is plotted in Figure 4.17, along with a breakdown

of the cumulative speci�c energy stored throughout the process. The � hchem curve is similar

to the � evolution in Figure 4.15. Sincecp does not vary signi�cantly over the range of

temperatures, the sensible energy stored increases linearly with T. The rate of energy storage

is highest during heating when rates of O2 generation are also at their peak as shown in

Figure 4.16(a). Once the particles reachTH , the rate of reduction and therefore the rate of

conversion of thermal energy to chemical energy slows, which results in an abrupt decrease

in the rate of total energy uptake. A solar receiver or high-temperature heat exchanger could

be designed to hold particle temperature at a desired limit,and these results suggest that

may not be desirable. The possibility of both gas-phase and solid-phase di�usion processes

limiting chemical energy storage suggests that design of solar receivers for these materials

should facilitate particle-particle and gas-particle separation. Such design studies remain

critical for the feasibility of these perovskites as the basis for large-scale TCES in CSP

plants and other applications.

Upon exposure to air, the reduced material releases large amounts of chemical energy

stored at TH due to rapid re-oxidation. In this particular cycle, the material 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 energy atTH , this is followed a more

gradual release of sensible and chemical energy as the sample cools and re-oxidizes with the

decreasing temperature. Rapid reoxidation of the doped CaMnO3� � can facilitate reactor
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Figure 4.17: Breakdown of energy storage achieved with Ca0:9Sr0:1MnO3� � during (a) reduc-
tion at PO2 = 10� 4 bar for a cycling experiment between 500 and 900� C and (b) oxidation in
air during cooling. The highest rate of energy storage occurs during heating, once the per-
ovskite begins reducing signi�cantly. For re-oxidation, there is a large initial energy release
at high temperature, followed by a more gradual decrease in chemical energy storage during
cool down.

designs based on O2 mass-transfer where the rate of heat release is controlled by O2 mass

transfer to optimize heat release to the power block.

After the 1000 redox cycles, the particulate samples were scanned by room-temperature

XRD, tested for particle size distribution, and new SEM images taken to assess phase and

morphological stability. Although static packed bed experiments are not an assessment of

particle attrition resistance for a full-scale system, they provide excellent insight to the chem-

ical stability of the perovskite structure. For Ca1� xSrxMnO3� � , XRD scans in Figure 4.18(a)

suggest the phase purity of the sample remained virtually unaltered through cycling. The

main di�erences before and after testing for Ca0:95Sr0:05MnO3� � scans are in the peaks at

2� = 34� , which broadened and lowered in intensity. Conversely, this peak increased in

intensity for Ca0:9Sr0:1MnO3� � . Although phase transitions likely occur at the highT and

lower PO2 of the redox cycling, these phase transitions are reversible and the orthorhombic

room-temperature phase is recovered upon cooling. The results for CaCryMn1� yO3� � in Fig-

ure 4.18(b) also show phase stability under the non-isothermal redox cycling conditions. The

CaCr0:1Mn0:9O3� � particles displayed particularly good stability, with only a small growth

of the major peak at 2� = 49� . For the lower-doped CaCr0:05Mn0:95O3� � , the di�ractograms
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Figure 4.18: XRD scans of (a) Ca1� xSrxMnO3� � with x = 0:05 and 0:1 and (b)
Ca1� yCryMnO3� � with y = 0:05 and 0:1 before and after 1000 redox cycles. The di�er-
ences between pre- and post-cycle scans are generally very minor for all materials. The
biggest discrepancy occurs in Ca0:95Cr0:05MnO3� � , where the shoulder peak at 2� = 33�

experiences signi�cant growth.

show more changes before and after cycling with an increasedseparation 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: CaCr0:05Mn0:95O3� � after 1000 redox cycles in a packed bed with reduction
during heating from 500 to 900� C and oxidation in air during cool-down. Results are repre-
sentative of the level of attrition observed for all particles. .

Particle size analysis indicated minimal changes to the particle diameter (dp) distributions

before and after cycling. Figure 4.19 comparesdp distribution for CaCr 0:05Mn0:95O3� � before
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and after the 1000 non-isothermal redox cycles and shows minimal change. A minor decrease

in the fraction of particles with dp > 400 mm is observed, and a portion of these appear to

have broken to sizes below 200mm. Assuming smooth spherical particles, this change in the

dp distribution increased particle surface areaaV by only 10%. The packed bed experimental

set-up does not rigorously test resistance to attrition, and the particulate media would likely

encounter much more damaging conditions in a full TCES system with the potential for

more substantial changes indp 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 perovskite sample are shown

in Figure 4.20, images are compared for a single A-site and B-site doped sample at 1000x

magni�cation. After 1000 redox cycles, the Sr-doped CaMnO3� � shows signs of sintering

at the surface, although not enough to signi�cantly alter the porous particle structure. In

comparison, images of Cr-doped particles do not di�er signi�cantly from those taken prior

to cycling. These results suggest Cr doping could deter particle sintering to some extent.

In general, particle morphology, including the pore structure, 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 CaMnO3� � compositions performed very well over 1000 redox cycles in terms of

repeatability and chemical stability, with a maximum standard deviation of 6.2% over 1000

cycles. Ca0:9Sr0:1MnO3� � showed the most consistent performance during non-isothermal re-

dox cycling based on the extent of reduction over all cycles.Ca0:95Cr0:05MnO3� � is the only

material which displayed evidence of some phase decomposition after cycling; more precise

crystallographic testing is required to determine the extent of this decomposition and its

e�ects e�ect on energy storage potential. The repeatability and phase stability observed

during redox cycling are important properties for large-scale TCES in CSP, which values

reliable storage at a low-cost. Long-term chemical stability and attrition are two major con-

cerns for implementation of a particle-based TCES system. The 1000 redox cycles presented
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Figure 4.20: SEM images at 1000x magni�cation of CaCr0:1Mn0:9O3� � and Ca0:9Sr0:1MnO3� �

particles before and after 1000 redox cycles in a packed bed with reduction during heating
from 500 to 900� C and oxidation in air during cool-down.

in this chapter indicate that Ca0:9Sr0:1MnO3� � , Ca0:95Sr0:05MnO3� � , and CaCr0:1Mn0:9O3� �

can be reliably without phase decomposition and with high degrees of reduction and speci�c

TCES at possible CSP storage subsystem design conditions (nominally 500� C in air and

900� C at PO2 = 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 bulk transport parameters. This chapter

describes a packed bed model and the �tting process to infer material transport properties

from the packed bed experiments. The content builds on previous 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 particle bulk and allows for build-up

of surface species.

� Simulation of non-isothermal ramping experiments.

The model was rewritten in Python programming language, increasing accessibility for

future development and compatibility with kinetics and thermodynamic software such as

Cantera [112].

Modeling the packed bed reduction and reoxidation experiments provides a basis for

comparing surface kinetics and bulk di�usion properties oftested doped CaMnO3� � com-

positions. The resulting surface chemistry and oxide-ion bulk di�usion parameters can be

implemented in reactor design studies of TCES subsystem components, such as solar par-

ticle receivers for reduction and reoxidation reactor/heat exchanger for driving a thermal

power cycles. The packed bed experiments for �tting materials parameters are performed

on porous particles of the doped CaMnO3� � that showed the most signi�cant reduction in

thermodynamic screening tests reported in the previous chapter.

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

pores of similar size for relatively high surface area and transport of gaseous O2 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�orts focus primarily on Ca0:9Sr0:1MnO3� �

which has the highest speci�c TCES forTH = 900� C and PO2 = 10� 4 bar. Furthermore,

Ca0:9Sr0:1MnO3� � does not undergo a phase change during the redox cycles over the temper-

ature range of interest in this study. The location of this transition in many of the doped

CaMnO3� � studied limits the available data for �tting, since di�erent �ts should be per-

formed for each crystalline phase. With characterization ofthe particle pore structure as

discussed in Chapters 2 and 3, structure-independent surface chemistry can be derived for

modeling the e�ects of particle size and structure on redox cycle performance as presented

in the following chapter. This chapter details the experiments and �tting process to derive

such kinetic parameters.

5.1 Packed Bed Model Theory

The packed bed redox cycling experiments of the doped CaMnO3� � particles reported

in the previous chapter provide mean reduction and reoxidation rates at variousT and PO2

for comparing with computational models. The comparison ofexperiments to packed bed

simulations are used to �t surface kinetics and bulk ionic transport properties that may in

turn be used to model full-scale particle receivers or re-oxidation reactor/heat exchangers

for driving power cycles.

5.1.1 Gas Phase

The gas-phase 
ow through a densely packed particle bed can be treated with vari-

ous porous media 
ow models including Darcys law, Brinkman equations, or a Dusty-Gas

Model (DGM). The Dusty-Gas Model provides a convenient framework in which to couple

pressure-driven 
ows with di�usive species transport and is chosen as the basis for modeling

a homogenized 1-D 
ow through the packed particle beds in this study. For the DGM of

the packed bed experiments, the governing equations for thegas-phase are set as transient

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

small.
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The narrow annular packed bed is well suited for a 1-D spatialdiscretization because of the

large � r
L for the isothermal cycling tests presented in Chapter 4.

In its most general form, gas-phase mass conservation, Eq. 5.1, includes a surface-to-gas

reaction rate term, vk;i _si , for Nrxn reactions betweenK g gas phase species, as well as the

super�cial mass 
ux for each of species, jk . In this particular case, there is only one surface-

to-gas reaction, notably O2 adsorption-desorption between the perovskite surface andthe

surrounding gas 
ow. In Eq. 5.1,� g is the gas volume fraction,� g is the gas density,M k is

the molar mass of speciesk. The particle surface area per volume,aV , is related to quantities

measured through BET and MIP (apore = 0:737 m2 g� 1). Species conservation equations

must be written for each component, and include only the speci�c reactions and mass 
ux

for speciesk, as shown in Eq. 5.2, where the mass fraction of the speci�ed species isYg;k .

The DGM provides a momentum balance for 
ow through porous media in cases where

di�usion is not governed by a single mechanism. In this 
ow regime both binary di�usion due

to molecule-molecule interactions and Knudsen di�usion due to molecule-wall interactions

are important factors driving mass transfer. The DGM consists of Eq. 5.3, on the left

hand side there are 
ux terms for molecular and Knudsen di�usion, balanced by species and

pressure gradient terms on the right hand side.

X

l6= k

[X l ]Jk � [X k ]Jl

[X T ]D e
kl

+
Jk

D e
k;Kn

= �
d[X k ]

dx
�

[X k ]
D e

k;Kn

Bg

�
dpg

dx
for k = 1::K g (5.3)
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The species mass 
ux Jk in eq. 5.3 equals the molar 
ux by the molar mass of species k, i.e.,

Jk = j kM k . In Eq. 5.3, [X T ] is the total molar concentration in the gas phase, andD e
kl is the

e�ective di�usivity of species k and is calculated using Eq.5.4. D e
kl depends on bed porosity

� g and tortuosity, � , as well as the standard binary di�usion coe�cients, D 0
kl . D 0

kl can be

calculated from kinetic theory for ideal gas binary mixtures [113]. For this study, the only

relevant D 0
kl if for O2 and N2. The e�ective Knudsen di�usion coe�cient can be calculated

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

D e
kl =

� g

�
D o

kl (5.4)

D e
k;Kn =

� g

�
Dk;Kn =

� g

�
2Rp,a

3

s
8 �RT
�M k

(5.5)

Species concentration gradients drive molecular di�usion. Knudsen di�usion, on the other

hand, is driven by the gas-molecule interactions with the pore-wall surface, which is why

D e
k;Kn (Eq. 5.5) is directly proportional to the average pore radius (Rp,a = 1 mm from Chap-

ter 2). Knudsen di�usion becomes important whenRp,a is similar in magnitude to the mean

free path of the gas molecules. Since the packed bed includesa wide range of pore diameters,

from a few nm to several microns, it is appropriate to model this mechanism for di�usion.

Both di�usion coe�cients (Eqs. 5.4 and 5.5) are multiplied by the factor � g

� to account

for the irregular path through the porous media. The tortuosity, � , is a ratio of distance a

gas molecule must travel through the bed compared to the bed length. Common values for

� range from approximately from 1.5-4, and many studies relate � to � g [114]. In Eqs. 5.4

and 5.5,� g includes both intra- and inter-particle porosity accessible to the gas phase. The

packed bed is modeled using a single porosity value with no distinction between intra- and

inter-particle 
ows.
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5.1.2 Perovskite Surface

The perovskite particle surface, both externally and in thepores, links the solid bulk to

the gas phase through O2 adsorption and desorption reactions. An elementary mechanism

for the oxidation and reduction reactions has been proposedby Merkle and Maier for another

perovskite Fe-doped SrTiO3� � [88, 89], shown in R7-R10, where (g) indicates gas species. The

mechanism has been adopted for a Mn-based perovskite here and includes O2(g) adsorption

(R7), charge transfer between adsorbed O2�
2 and multi-valent Mn cations (R8), dissociation

of adsorbed O�
2 into O � ions (R9), and incorporation of O� into the bulk through near

surface vacancies (R10).

O2(g) � O�
2 + Mn �

Mn (R7)

O2�
2 � O�

2 + Mn 0
Mn (R8)

O2�
2 � 2O� (R9)

O� + V ��
O � O�

O + Mn �
Mn (R10)

This sequence of reactions provides a basis for deriving a thermodynamically consistent sur-

face rate expression. Merkle et al. derived a fundamental rate expression assuming the charge

transfer (R8) is the rate-limiting step [88, 89], which was adapted for Sr-doped CaMnO3� � by

Albrecht [40]. Several surface rate expressions are compared in [40], including the expression

derived from the above mechanism and a variable order rate expression which maintained

thermodynamic consistency through the point-defect thermodynamic equilibrium constants

(K p,ox and K p,dis). For this work, modeling e�orts will focus on the rate expression derived

from the elementary reaction above, due to its ability to capture the very fast oxidation

better than other expressions [34].

The expression derived from R7 - R10 provides the basis for a material model which could

be augmented with other reactions as necessary. The rate expression in eq. 5.6 assumes that

charge transfer (R8) is the rate-limiting step, and correlating the global reaction from R7 -
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R10 to the point-defect reaction parameters (K p,ox and K p,dis). More details regarding this

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

_sox = kf,ox

 

PO2
[Mn0

Mn ]2L
[Mn�

Mn ]L
�

1
K 2

p,oxK 3
p,dis

[O�
O]L

2[Mn�
Mn ]2L

[Mn0
Mn ]2L [V ��

O ]L

!

(5.6)

To implement the rate expression, eq. 5.6, requires all solid-state point-defect species con-

centrations. The site concentrations can be found from the point-defect model described

in Eqs. 3.6 { 3.10 ifT and � ([V ��
O]L ) are known state variables. However, the point-defect

equations represent equilibrium species concentrations,which 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 reactions are known from Table 3.2. The

global reaction rate constantkf,ox is described with an Arrhenius expression shown in Eq. 5.7,

and the parametersk1
f,ox and Ea,ox can be �t to mean _sox data collected from the pack-bed

experiments over a range ofT, or �tting the rate constant kf,ox term for eachT and then

deriving k1
f,ox and Ea,ox.

kf,ox = k1
f,ox exp

�
� Ea,ox

RT

�
(5.7)

The perovskite surface is characterized by a molar surface site density, � p, which is the

moles of perovskite per unit particle surface area and a surface lattice site fraction, [X k ]L .

The extent of reduction on the surface is thus captured usingEq. 5.8, where Jrb;V ��
O

�
�
�
r =r p

is

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 
uxes.

� p
d[X k ]L

dt
= J r

b;V ��
O

�
�
�
r =r p

� _sox (5.8)

The particle surface is separated from the outermost bulk node, 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 involves the transport of charge and point-

defects in response to chemical and electric potential gradients. These gradients or driving

forces can arise due to surface reactions that exchange oxygen from the near surface bulk to

the gas-phase. Transport of oxide ions or vacancies and charged cation species are important

for assessing the availability of bulk-phase species in near-surface regions to participate in

surface reactions. Due to the porous particle structure, sweep gas in�ltrates the particle

envelope and length scales for bulk ion transport are signi�cantly reduced on the order of 1

mm, the approximate grain size.

The simplest particle model assumes that bulk transport is fast relative to surface reac-

tions and thus bulk-phase properties are essentially uniform. This lumped particle model

captures the variation of non-stoichiometry in the bulk as follows [40].

d[V ��
O ]L

dt
=

aV

� s
Vm _sox (5.9)

where Vm is the molar volume of the perovskite, which relates solid state volumetric con-

centrations, [X k ], to lattice site concentrations in kmol k
kmol ABO 3

, [X k ]L = Vm[X k ]. Although

concentration gradients in the bulk phase are considered negligible, this model can capture

variations between the particle surface due to an incorporation resistance into the bulk phase

together with an appropriate di�usion mechanism.

Di�usion between the particle surface and bulk can be described as pure chemical di�usion

of oxide vacancies. In doped CaMnO3� � , the Mn cation participates in charge compensation

through disproportionation (R6), previous models assume that electronic charge hopping

was fast enough such that the disproportionation reaction maintains equilibrium with [V ��
O ]L

[40]. In this case, electric potential gradients are not considered, and di�usion 
uxes are

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

Jb;V ��
O

r = ~D o
V ��

O
exp

�
� Ea;V ��

O

RT

�
1

Vm

@
@r

[V ��
O ]L (5.10)
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where ~D o
V ��

O
is the oxygen vacancy di�usion pre-exponential, andEa;V ��

O
is the activation

energy for vacancy hopping through the lattice. These two �tting parameters characterize

the bulk oxide-vacancy transport due to concentration gradients.

More sophisticated models consider transport of charge-compensating defects, which in

this case, would be charge-carrying Mn species. Fluxes of those species are calculated using

eq. 5.11 [67, 68].

Jb;k = D o
k exp

�
� Ea;k

RT

�
1

Vm

�
r [X k ]L +

zkF
RT

[X k ]L r �
�

(5.11)

In Eq. 5.11, F is Faraday's constant andzk is the charge associated with speciesk. When

modeling transport of multiple solid species Gauss's law, shown in eq. 5.12, relates the electric

�eld to the local charge density determined by species concentrations. 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 pre-exponential term and activation

energy, for each additional mobile species.

r � (" r"or �) = � F
X

zk [X k ] (5.12)

where" r and "o are the relative material and vacuum permittivities respectively. The coupled

Eqs. 5.11 and 5.12 together form a set of governing equationstermed the Nernst-Planck-

Poisson (NPP) model, which has been previously implemented for non-stoichiometric oxides

where charge compensating defects are important, including a perovskite of the type ABO3

[67, 68, 87]. Considering this constraint and lattice site balances, it is only necessary to

model transport of a single Mn cation, thereforek = V ��
O ; Mn0

Mn .Appropriate bulk di�usion

models will be explored based on applicable packed bed results.

Solid phase conservation equations determine how internalmolar 
uxes change species

concentrations over time throughout the bulk lattice. A general expression for the temporal

variation of speciesk can be written as follows:
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@[X k ]
@t

= r Jb;k : (5.13)

The equations for each particle node are developed from Eq. 5.13 using a �nite volume

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

which imposes no 
ux as shown below.

@[X k ]
@r

�
�
�
�
r =0

= 0 (5.14)

At the near-surface node, the surface species concentrations establish a transient driving

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

Jr
b;k

�
�
r =r p

= � k
d� k

dt
+ _sk (5.15)

The simplest case consists of a single bulk phase node, allowing molar 
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 chemistry rate in order for the bulk

phase chemistry to equilibrate with the surface quickly.

Implementing a particle model which includes both surface chemistry and bulk di�usion

of only oxygen vacancies results in four �tting parameters when using the elementary rate

expression, Eq. 5.6. Two more �tting parameters are required to model transport of charge

compensating defects through Mn0Mn .

5.1.4 Intra-Particle Model

Due to the porous nature of the synthesized particles as characterized experimentally in

Chapter 2, gas-phase transport through internal particle pores can have signi�cantly di�erent

properties compared to the bulk packed bed 
ow. In Section 5.1.1, intra-particle 
ows are

assumed negligible, i.e., the pressure drop across a particle is small compared to the axial

pressure drop though the bed. In order to relax this assumption, intra-particle 
ows through

the particle should be modeled in a separate domain. The maindi�erence when modeling
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intra- as opposed to inter-particle 
ow is the pore structure described by parameters such

as the average pore radius,Rp,a or permeability, Bg. These variables may di�er by orders

of magnitude when comparing intra- and inter particle pores, and 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 bulk bed 
ow using the Dusty-

Gas model, which couples pressure-driven 
ows with di�usive species transport. Considering

the smaller pore radius and decreased permeability of intra-particle 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 likely result in pressure-driven 
uxes

as well. An intra-particle model is implemented in the packedbed algorithm to understand

the importance of gas transport out of the particle structure, and what e�ects this may have

on the packed bed experimental results. The intra-particlemodel 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 a pressure driving force to push gas

out into the bulk 
ow, coupling the two domains.

The governing equations for gas phase transport inside the particle structure are very

similar to the equations discussed in Section 5.1.1. Mass conservation, species conservation

and the dusty gas momentum balance are written in Eqs. 5.16 - 5.18, where all gradients

are now discretized in the radial direction. Since the domain for the particle model is the

particle itself, the surface area per unit volume parameter, aV must also be divided by� s so

the quantity is normalized by the particle volume instead ofthe bed volume. In Eq. 5.18,

the di�usion coe�cients and permeability ( D e
k;Kn ; De

k;Kn ; Bg) will be signi�cantly di�erent

compared to values calculated for inter-particle pores. Eqs. 5.16 and 5.17, the surface reaction

rate _si is calculated as described in Section 5.1.2, however the particle 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. 5.18, denotedm000
ip , becomes a source

term for the bulk particle mass and species conservation equations, shown in Eqs. 5.19 and

5.20, respectively.
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+
K gX

k

@jk
@x

= m000
ip (5.19)
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= m000
ip for k = 1::K g (5.20)

5.2 Solution Algorithm

The equations described in the previous section are solved using a �nite volume approach

on the mesh shown in Figure 5.1, where node locations indicated by the dots. There are

two half-cells on each end of the packed bed. The quartz wool and dead volume in the

experimental rig are not considered, since these e�ects should be subtracted out with the

inert bed subtraction as described in Chapter 4. Boundary conditions are speci�ed as an

inlet mass 
ux based on the parameters shown in Figure 5.1, andpressure outlet. The outlet

pressure is slightly higher (500-1000 Pa) than atmosphericpressure due to the O2 sensor at

the outlet.

To determine an appropriate number of nodes, a mesh independence study was performed

with isothermal reduction of Ca0:9Sr0:1MnO3� � at 900� C in PO2 = 10� 4 bar. The relative

change between solutions with di�erence numbers of nodes isplotted in Figure 5.2, this
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Figure 5.1: Illustration of meshing strategy, boundary conditions, and state variables solved
at each node for the packed bed model.

parameter was calculated based on the volume-averaged delta at each time step. The plotted

value is the percent change calculated when the number of nodes is increased from 11 to 21,

21 to 41 up to 161 nodes. The odd number of nodes is selected dueto the half-cells on each

end as seen in Figure 5.1. The relative change between solutions is below 1% in all cases for

a 1.9 cm bed, which is considered within experimental uncertainty for the packed bed rig.

Simulations in the 2-cm bed are run with 41 nodes based on these results and considering

computational time. This results in a cell size of 475mm, similar in magnitude to the particle

diameter. Simulations for beds with di�erent lengths are performed while keeping the cell

size constant and adjusting the number of nodes accordingly.

For the intra-particle model, the particle is assumed spherical and discretized radially as

illustrated in Figure 5.3. Boundary conditions at the particle surface for Eqs. 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 symmetricboundary condition resulting

in no 
uxes. Generally, mass tranport from a solid surface is governed by the Sherwood

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

transfer rates. Due to the high amount of gas evolution whichinduces high convective


uxes, the Sherwood number is assumed in�nite at the particle surface, meaning the gas-

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

inter-particle 
ow.

Figure 5.3: Illustration of meshing strategy and boundary conditions for the intra-particle
model.

5.3 Fitting Approach

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

minimizing the residuals between model results and experimental data points. The objective
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function is written in Eq. 5.21. The time steps (i ) vary based on the evolution of� (t), and the

weights,Wi , for each time step can be modi�ed to prioritize regions where kinetic limitations

dominate.

min
X

i

[(� exp;t= i � � sim;t= i ) Wi ]
2 (5.21)

The main parameters for the packed bed simulations of Ca0:9Sr0:1MnO3� � are summarized

in Table 5.1.

Table 5.1: Model parameters for simulations of isothermal redox cycling tests of
Ca0:9Sr0:1MnO3� � particles.

Parameter Value
Outlet pressure Pout 0.82 atm

Bed length L 1.9, 0.6 cm
Bed tortuosity � 1.5

Bed gas volume fraction � g 0.641
Speci�c particle surface area apore 0.737 m2 g� 1

Mean particle diameter dp 322mm
Mean pore radius Rp,a 1.0 mm

Perovskite site density �p 1.17� 10� 8 kmol m� 2

Before �tting properties, simulations are performed with the surface reaction and di�u-

sion rates set to very high values. In these cases oxygen evolved during reduction quickly

raises the sweep gasPO2, lowering the thermodynamic driving force for the redox reaction

downstream. Results limited by this phenomena are refered to as thermodynamically or

mass-transfer limited. As seen in Figure 5.4, the general trends observed in the packed bed

experiments at various conditions are captured by this thermodynamically limited simula-

tion. Model results matched not only the relatively slow reduction well but also the fast

re-oxidation, as shown in Figure 5.4(b) and (d). Fitting the thermodynamically limited

simulation to reduction experiments at 10� 2 bar, Figure 5.4(c), is challenging due to the

measured� not reaching thermodynamic equilibrium, with an average o�set 0.012 below

the � eq measurements presented in Chapter 3. Although the model captures time scales of

reduction and oxidation well, the discrepancies once equilibrium is reached challenges the

117



minimization algorithm. This error, which becomes signi�cant during reduction at 10� 2 bar

with lower � � , is attributed to mismatches in 
ow properties between the inert and reactive

beds.

Figure 5.4: Thermodynamically limited model results for a 1.9 cm bed of Ca0:9Sr0:110MnO3� �

particles compared to isothermal redox cycling data at various temperatures during (a)
reduction in PO2 = 10� 4 bar after oxidation in air, (b) oxidation in air after reduction in
PO2 = 10� 4, (c) reduction in PO2 = 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 inPO2 = 10� 4 bar at TH � 800� C is limited

either by surface reactions or bulk transport. In Figure 5.4(a), O2 generation during reduc-

tion occurs at a slower rate in the experiment compared to thesimulation for TH � 800� C.

However, asTH increases above 800� C 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 cm)of the same Ca0:9Sr0:1MnO3� �

particles with reduction in PO2 = 10� 4 bar and oxidation in air. The thermodynamically
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limited model results for this case are compared to experimental data in Figure 5.5. With a

shorter bed length, less gas is generated to achieve the samelevel of reduction, thus increasing

thermodynamically limited rates for reduction. Comparison of the model and experimental

results for reduction in Figure 5.5 shows a signi�cant over-prediction for the thermodynami-

cally limited model results for the 0.6 cm bed. Thus, resultsfor the 0.6 cm long bed provide

a more suitable data set for �tting kinetic and bulk-transport 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 for Ca0:9Sr0:1MnO3� � to date.

Figure 5.5: Thermodynamically limited model results (lines) for a 0.6 cm bed of
Ca0:9Sr0:1MnO3� � particles compared to isothermal redox cycling data (circles) at various
temperatures during reduction inPO2 = 10� 4 bar after oxidation in air.

Based on the results plotted in Figure 5.4 and Figure 5.5, initial �ts are performed on the 0.6

cm bed data with reduction inPO2 = 10� 4 bar and oxidation in air, with the assumption that

surface reactions are rate-limiting. Only the reduction isused for the optimization process

since the re-oxidation in air is still in large-part mass-transfer limited, even for the shorter

bed. For increased model stability during �tting, �ts were performed on the temperature

speci�c rate, kf,ox , as opposed to �tting Eq. 5.7 directly.

5.4 Results & Discussion

Fits to packed bed experimental data are performed with and without the intra-particle

model to assess the importance of gas phase transport withinthe particle structure. For the
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simplest case, all the pores in the bed are modeled via an average pore radius calculated

based on area, and there is no distinction between inter- andintra-particle pores, this case

is called the single pore model. For the more complex case, the DGM 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�erentiate the pore structure for each

model and domain are summarized in Table 5.2. This includes the average pore radius

based on area,Rp,a, and the intra-particle void fraction, � g, which characterize the mean

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

Table 5.2: Modeling parameters to describe the pore structure of Ca0:9Sr0:1MnO3� � particles.
The �nal column is used for the single pore model and includesvalues for both internal and
external pores

Intra-Particle Inter-Particle Bed
� g [%] 61.9 5.46 64.1

apore [m2 g� 1] 0.737 - 0.737
Rp,a [mm] 0.915 45.1 1.00

5.4.1 Single Pore Model

Optimized reaction rates and corresponding Arrhenius expression �ts for tested Ca0:9Sr0:1MnO3� �

particles determined with the single pore model are plottedin Figure 5.6. The rates show a

decreasing trend with temperature, except for staying relatively constant between 700 and

800� C. As T increases past 800� C rates begin to monotonically decrease. This change is

slope challenges �ts with the Arrhenius expression (Eq. 5.7), which predicts linear behavior

on a log scale.

The decreasing reaction rates observed in Figure 5.6 suggestto a non-physical, negative

activation energy. The decreasing rates with increasingT are often modeled as a positive

Ea,ox, and a negative temperature exponent as in Eq. 5.7. In this case, the relatively high

magnitude of the negative slope yields a best-�t line with negative Ea,ox and no temperature

exponent. The resulting R2 value of 0.845 is signi�cantly a�ected by the 700� C data point.
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Figure 5.6: Arrhenius plot for global oxidation reaction of Ca0:9Sr0:1MnO3� � determined by
�tting to 0.6 cm packed bed isothermal redox cycling data.

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

Table 5.3.

Table 5.3: Fitting parameters determined through by minimizing the di�erence between
experimental data and model results for isothermal redox cycling tests of Ca0:9Sr0:1MnO3� �

particles.

Parameter ko
f,ox Ea,ox

~D o
V ��

O
Ea,ox

[mol, s, bar] [kJ mol� 1] [m2 s� 1] [kJ mol� 1]
Fit Value 1:042� 10� 9 -113.6 not �t not �t

Model results for isothermal redox cycling tests are compared to experimental data in

Figure 5.7. The trends observed in the experimental data are captured very well by the

computational model. The slower rates on the reduction plotcompared to the thermody-

namically limited case in Figure 5.5 do not impact the fast oxidation in Figure 5.7(b). At

1000� C, there are some minor discrepancies comparing to experimental data, with initial rates

of both reduction and oxidation underestimated in the computational simulation. Overall,

the excellent agreement between model results and experimental data in Figure 5.7 suggests

the surface reaction model with fast di�usion captures trends in reaction rates at conditions

relevant for TCES. These results are heavily in
uenced by the particle structure, where the

high surface area to volume ratio results in short length scales 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 Ca0:9Sr0:1MnO3� � 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 were used to simulate 1.9

cm bed data and are shown in Figure 5.8. For the longer bed, model results tend to under-

estimate reduction at higherT for cases with reduction inPO2 = 10� 4, Figure 5.8(a) and

(d). In these cases, a thermodynamically limited model described the experimental data

well as seen in Figure 5.4. At lowerT and the conditions plotted in Figure 5.8(b) and (c),

the model results represent the experimental data well; it is particularly encouraging to see

the fast time scales of oxidation and reduction atPO2 = 10� 2 bar una�ected by the updated

surface chemistry.

The transport properties determined by �tting to isothermal redox cycling tests can be

used to estimate performance in system component models. For most TCES applications,

such as CSP, the perovskite will be reduced during heating; such as the ramping temperature

tests performed in the packed bed and analyzed in Chapter 4. These experiments simulate

the nominal TCES cycle with reduction inPO2 = 10� 4 bar during heating from 500� C to

900� C and re-oxidation in air during cooling back to 500� C. Model results simulating this

cycle are compared to experimental data in Figure 5.9. The model-generated plots do a

relatively good job of capturing experimental data for the non-isothermal reduction cycle,

with sum of residuals squared values of 9:5� 10� 3 and 5:4� 10� 3 for the thermodynamically

limited and kinetic �t cases, respectively. The thermodynamically limited solution is close
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Figure 5.8: Model results for a 1.9 cm bed of Ca0:9Sr0:110MnO3� � particles using �t pa-
rameters from Table 5.3 compared to isothermal redox cycling data at various temperatures
during (a) reduction in PO2 = 10� 4 bar after oxidation in air, (b) oxidation in air after
reduction in PO2 = 10� 4, (c) reduction in PO2 = 10� 2 bar after oxidation in air, and (d)
reduction in PO2 = 10� 4 bar after oxidation in 10� 2 bar.

to experimental data at the onset of reduction at lowT, but ultimately overestimates the

degree of reduction by 7.8% at the �nalTH . On the other hand, model results for the case

with �tted surface chemistry match the experimental data after 200 s very well. The sum

of residuals in this case totaled to almost half that of the thermodynamically limited case,

indicating less overall error.

The reduction and re-oxidation rates of Ca0:9Sr0:1MnO3� � with the highest speci�c TCES

are fast enough to approach the thermodynamic limits at high-temperature conditions rele-

vant for CSP (TH from 800� C to 1000� C) . While this challenged kinetic �ts, surface chemistry

appears to be fast and this is encouraging for TCES reactor design. The kinetics are �t to an

Arrhenius expression, although the negative activation energy means this is simply a repre-

sentation of the measured surface rates, and not a physical model for the reduction reaction.

Reaction rate dependence on oxide vacancies andPO2 is captured by the thermodynamically
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Figure 5.9: Evolution of � and temperature pro�le during reduction of Ca0:9Sr0:1MnO3� �

particles at PO2 = 10� 4 bar measured in the packed bed experiment compared to model
results using the transport properties from Table 5.3 and for a thermodynamically limited
case with fast surface kinetics.

consistent term in Eq. 5.6, derived by relating the global reduction reaction for Sr-doped

CaMnO3� � to the forward rate parameters of the mechanism R7 - R10 [40, 89]. Although

this representation of material kinetics does not imply a fundamental understanding of sur-

face chemistry and bulk di�usion in these perovskite compositions, Figure 5.9 indicates the

model is reliable over the range of operating conditions expected for TCES. Furthermore,

these results show that a thermodynamically limited model can yield reasonable approxima-

tions for perovksite reduction and oxidation at these conditions.

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 parameters from Table 5.3 are

compared in Figure 5.10(a). All results in this section focus on the 0.6 cm bed data based

on the discussion in the previous section. Results show intra-particle transport noticeably

slows down reduction rates forT � 800� C. Although gas phase molecular di�usion is faster

at higher T, there is signi�cantly more oxygen generated at these conditions, all of which

must be swept out of the particle structure. At 700� C, kf,ox �t with the single pore model

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

to single pore model results.

Figure 5.10: Measured evolution of� during of Ca0:9Sr0:1MnO3� � particles at variousT com-
pared to computational model results with intra-particle transport using the pore structure
from Table 5.2 assuming (a) surface kinetics from Table 5.3,and (b) mass-transfer limited
reduction.

Similar model results for a thermodynamically limited cases of the intra-particle model

are plotted Figure 5.10(b). In this case contrary to Figure 5.10(a), all isotherms with T �

800� C match experimental data well whereas the 700� C isotherm approaches equilibrium

signi�cantly faster. At high temperatures, transport of evolved gas out of the porous particle

structure could be a limiting factor. In contrast when comparing results at 700� C, the

shape of experimental and simulated isotherms indicate solid phase transport limitations.

Figure 5.10(b) suggests the negativeEa,ox seen in Table 5.3 is caused by mass transfer

limitations, not material transport properties.

Results using the intra-particle model are very sensitive to the pore structure parameters

input to the solver, seen in Table 5.2. The pore structure of Ca0:9Sr0:1MnO3� � was character-

ized through MIP in Chapter 2, however these measurements donot necessarily distinguish

between inter- and intra-particle porosity. In order to calculate properties for the two di�er-

ent computational domains a cuto� pore radius must be selected, Rp,cut , wherein any pores

smaller than the cuto� are considered intra-particle poreswhile larger pores are attributed

to inter-particle porosity. Values of � g and Rp,a for both inter- and intra-particle domains
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Figure 5.11: (a) Void fraction and (b) average pore radius based on area for both inter-
and intra-particle domains calculated based on the MIP datafrom 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 ofRp,cut in Figure 5.11, indicating most pores are found in the 1-5

mm range. Values in Table 5.2 are calculated withRp,cut � 20 mm selected based on the rate

of change of pore volume as a function of pore diameter, resulting in a cuto� point where

intra-particle properties are relatively constant. Considering the rough particle structure

made up of interconnected grains with similar diameter to the measured pores,Rp,cut is a

very uncertain parameter.

Packed bed model results with parameters calculated based on di�erent values of Rp,cut

are compared in Figure 5.12, where both cases are limited by thermodynamics and mass

transfer to the gas phase. When modeling intra-particle gas phase transport an uncertain

parameterRp,cut is introduced, and model results are very sensitive to this parameter. If the

majority of pores are considered intra-particle pores, such as in Figure 5.12(b), experimental

results for T � 800� C are well captured by a thermodynamically limited model. IfRp,cut

is lowered, more pores make up inter-particle void space andreduction proceeds faster with

similar reaction rates such as Figure 5.12(a). Since the intra-particle porosity only varies

from 55 to 62% forRp,cut values of 2 and 20mm, it is di�cult to select an appropriate value

based on particle morphology. To gain a better understanding of the e�ects ofRp,cut , model

results looking at both cases plotted in Figure 5.12 are discussed.
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Figure 5.12: Thermodynamically limited evolution of� during reduction of Ca0:9Sr0:1MnO3� �

particles at variousT from intra-particle model assuming (a)Rp,cut = 2 mm and (b) Rp,cut =
20 mm.

Fitted values for kf,ox using the intra-particle model are compared to values from the

single pore model in Figure 5.13. WithRp,cut = 2 mm, �tted parameters were very similar

to results from the single pore model. At these conditions, the evolved gas is able to 
ow

out of the particle structure without signi�cantly changing the time scales of reduction. The

relatively low value of Rp,cut means many inter- and intra-particle pores are of similar size

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

Figure 5.13: Comparison of �tted values forkf,ox between 700 and 1000� C determined using
the single pore model and the intra-particle model with two di�erent values for Rp,cut .

IncreasingRp,cut to 20 mm yields the pore structure in Table 5.2, and Figure 5.13 shows�tted

kf,ox also increase for allT with the exception of 800� C. In this case, the pore structure results
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in thermodynamically limited reduction rates close to experimental data for T � 800� C as

seen in Figure 5.10(b); however, the sensitivity of the residual function to kf,ox in this region

allowed for parameter �tting, suggesting these results arevery close to conditions where

kinetics are still important. Fitted expressions with the intra-particle model in both cases

are still ill represented by Arrhenius expression due to the negative activation energy from

800-1000� C and apparent discontinuity at 800� C. Modeling of intra-particle gas transport

suggests this discontinuity is due to mass-transfer limitations 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 become rate-limiting.

5.4.3 Conclusion

Modeling of packed bed experiments indicated relatively fast redox kinetics which re-

sulted in mass-transfer limited oxidation and reduction for many conditions tested. Rates of

oxygen generation were not well captured by an Arrhenius expression, these rates generally

decreased with temperature but remained constant between 700 and 800� C. At 700� C, bulk-

phase di�usion limitations are a possible cause of the discontinuity observed in Figure 5.6.

Including pure oxygen vacancy di�usion in the model as described in Section 5.1.3 allows for

�tting of the reduction isotherm, but cannot capture experimental trends as the time-scales

for re-oxidation greatly increase. Simulations includingintra-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 mass-transfer limited even in the

shorter 0.6 cm bed based on intra-particle gas transport. The particle model provides an

alternate explanation for the discontinuity observed in �tted surface rates in Figure 5.13,

suggesting only the 700� C data is limited by surface kinetics.

The modeling e�orts described in this chapter describe the time scales of reduction and

oxidation at the tested conditions, but were unable to extract fundamental surface kinet-

ics and bulk di�usion parameters. The relatively fast surface kinetics are encouraging for

perovskite reduction on-sun, but resulted in many packed bed experiments limited by mass-
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transfer and thermodynamics as opposed to transport properties. Future e�orts should focus

on experimental techniques with greater sensitivity for fast surface kinetics at the conditions

of interest, keeping in mind progress with manufacturing ofperovskite particles. A more

complex bulk transport model may be required for di�erent particle structures, since the

oxide vacancy di�usion model presented in this chapter cannot reproduce the fast oxidation

observed in experiment. Previous studies suggest an ambipolar di�usion model for bulk ion

transport can explain similar phenomena for other ionic conducting materials [86, 87, 115].

Such a model will be critical for studies involving denser particles, 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 receiver should achieve high

solar e�ciencies while keeping costs manageable. E�ciently heating and reducing perovskite

particles in a central receiver presents a signi�cant challenge for particle-based TCES sub-

systems. Reduced-order models of the receiver can aid design studies by exploring parameter

space (in terms of receiver geometry, particle morphology,and operating conditions) at rel-

atively low computational cost. Literature on computational 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 particles [50, 54, 116], as well as enclosed


uidized particle designs for solar fuel production [55] and TCES [56]. There are even fewer

examples of indirect particle receiver models, such as the near-blackbody concept developed

at NREL [57, 58]. Initial modeling studies for the narrow-channel 
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 counter-
ow 
uidized bed concept

[51]. Fluidized beds have been studied extensively in literature 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 examples of discretized receiver

models analyzing 
uidized bed designs for concentrating solar power applications [40, 56].

The modeling e�orts here build on previous studies which analyzed the heat transfer to inert

and Ca0:9Sr0:1MnO3� � particles 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 parameters.
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� Inclusion of solid phase momentum equation, making the voidfraction 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 diameteron heat and mass transfer.

The model is used to identify design parameters and operating conditions which take ad-

vantage of Ca0:9Sr0:1MnO3� � thermodynamics and surface kinetics to provide high speci�c

TCES at temperatures relevant for powering supercritical-CO2 cycles.

6.1 Receiver Model Theory

Receiver modeling implements models for the perovskite thermodynamics and kinetics

presented in previous chapters with two-phase transport equations for 
uidizing gas and

solid particles. Compared to the packed bed model, the narrow-channel 
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 at the top of the narrow channel,

and if the gas stream maintains an appropriate 
ow-rate not too high above the minimum

required for 
uidization, the particles can continue in a net downward 
ow during 
uidization.

This concept was recently demonstrated with inert particles at lab scale [51] and was explored

as part of a full TCES subsystem model for reacting particles[56]. The left-hand-side vertical

cutaway view in Figure 6.1 illustrates the injection of gas upthrough a 
ow distributor in

the bottom of the channel bed and the injection of particles at the top of the bed. An

appropriately sized porous mesh at the top of the bed allows the gas to be separated from

the incoming particle 
ow.

An external wall of the narrow-channel 
uidized bed receiverreceives concentrated solar

radiation that may be spread by angled walls in a cavity as shown in the horizontal cross-

section of the receiver concept on the right-hand-side of Figure 6.1. The spreading of the

cavity aperture incident solar 
ux q00
solar to a larger area reduces the external wall temperature,

and the combination of the angle for the 
ux spreading ratio� 
ux and the solar concentrating

131



ratio will depend on the wall-particle heat transfer to maintain the external receiver wall

temperaturesTw within material limits. For structural metallic superalloys, Tw will likely

need to be below 1100� C and preferably below 1050� C [124]. As discussed previously by

a simple �rst-order analysis of a narrow-channel 
uidized bed receiver with inert particles

[51], higher heat transfer rates between the externally heated wall and the 
uidized particles

allows for higher solar concentrations at the sameTw and therefore improved receiver solar

e�ciency � solar. In this chapter, a more rigorous vertically discretized 1-D model of the

narrow 
uidized bed channel with reactive perovskite particles is presented and results for

Tw and � solar are explored as a function of operating conditions and particle properties.

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

The counter
ow arrangement minimized excess heat loss to the gas-phase which cools as

it rises through the particle bed. This occurs because the heat exchange between the rising

gas and the falling 
uidized particles is so high that the two
ows are largely equilibrated in
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temperature. The equations governing the mass, momentum, species, and energy of the two


ows and the necessary closure relations for the 1-D particle receiver model are described in

the following subsections.

6.1.1 Fluidizing Conditions

Fluidized bed models must account for the transition from stationary to 
uidized states,

which occurs at the minimum 
uidization velocity, Umf . Upon 
uidization, the governing

equations for both solid and gas phases change signi�cantlyfrom a �xed bed. As such, it is

important for a model to assess if the conditions sustain 
uidization. To this end, the Ergun

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

� Pb

� yb
= 150

� 2
s

(� g)3

� gUg

d2
p

+ 1:75
� s

(� g)3

� gU2
g

dp
(6.1)

� s and � g (= 1 � � s) are the solids and gas volume fractions respectively.Ug is the super�cial

gas velocity in the vertically upward direction based on thefull cross-sectional area of the

channel. AsUg increases above a minimum 
uidization velocityUmf , the gas begins to lift

the stationary bed of particles, e�ectively 
uidizing it. A t this point the pressure drop can be

estimated based on the particle weight as shown in Eq. 6.2. Where the subscript s indicates

the solid phase and g is gas, whileg represents acceleration due to gravity.

� Pb

� yb
= ( � s� s � � g� g) g (6.2)

Setting the � Pb in Eqs. 6.1 and 6.2 equal results in a quadratic expression todetermine the

minimum 
uidization velocity Ug = Umf . Once 
uidized, the particle-wall and particle-gas

heat transfer coe�cients can be described by known empirical relations [51, 125, 126].

At Ug > U mf where 
uidization occurs, Eq. 6.2 no longer accurately captures the relation-

ship � Pb because it neglects convective and stress terms that appearin the gas momentum

equation. Eq. 6.2 has been shown a reasonable �rst approximation for � Pb across the bed,

but is insu�cient to adequately model momentum conservation in the gas 
ow and particu-
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larly under consideration where particle-gas mass exchange occurs due to solid-gas reactions

[127]. Thus, for the 
uidized bed model here, �Pb 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 verticalinterstitial velocity, vg

= Ug

� g
. For steady-state simulations of the 
uidized bed in the narrow-channel receiver, the

governing equations for gas-phase mass and species conversation reduce to Eqs. 6.4 and 6.5,

respectively.

m000
gen = av

K gX

k

M k

 
N rxnX

i =1

vk;i _si

!

(6.3)

d(� g� gvg)
dy

= m000
gen (6.4)

d(� g� gvgYk;g)
dy

= aV M k

 
N rxnX

i =1

vk;i _si

!

(6.5)

The solid bulk-gas chemical reactions provide mass and species source terms respectively in

Eqs. 6.4 and 6.5. Under conditions of rapid heating where reduction rates produce large


uxes of gas-phase O2, this source term may be signi�cantly large and impact localbed

properties such as� s and vg. The surface area per unit volume,aV , is a function of � g and

apore, which is a particle property characterized in Chapter 2.

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

e�ects between the gas and the wall in the narrow channels is negligibly small.

d (� g� gvgvg)
dy

= � � g
dP
dy

� � y(vg � vs) � � g� gg + ( �v s + ��v g)m000
gen (6.6)

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

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

� =

(
1; if m000

gen > 0

0; otherwise
(6.7)

The drag coe�cient, � y, is the dominant force in most 
uidized bed con�gurations. � y is

determined based on a modi�ed form of the Ergun equation (Eq.6.1) for � g < 0:8, and from

falling sphere drag correlations in other cases [118, 127].

Eq. 6.8 represents the gas-phase energy equation for a 1-D control volume in the 
uidized

bed.

@(� g� gvghg)
@y

= �
d
dy

�
� g

dTg

dy

�
+ avhp (Tsld � Tg) (6.8)

In this formulation, convective heat transfer between the gas and wall is neglected, as it

is small compared to particle-wall convective and radiative heat exchange [51, 128]. Heat

transfer between the solid and gas phases is determined by the particle-gas heat transfer

coe�cient, hp, which depends on the particle diameterdp. For dp < 500 mm of interest in

this study, hp can be large and further, is multiplied by the large particlesurface area per

unit volume av. Under such conditions, this terms dominates the other termssuch as the

conduction term. The e�ects of the largehp and av results in rapid equilibration of Tsld and

Tg once the solids are introduced into the top of the bed. This isdemonstrated in the model

results presented below.

Boundary conditions for Eqs. 6.4, 6.5 and 6.8 are speci�ed bythe inlet mass 
ow rate,

temperature and composition of the gas 
ow, respectively, at the bottom of the receiver.

The pressure outlet boundary condition for Eq. 6.6 is de�nedat the top of the receiver

channel where the gas 
ow exits through a porous medium. Thisoutlet allows gas to exit

while keeping solids constrained in the bed channel. At low Reynold's numbers (Reout =

� gUgD p,out

� g
< 1), pressure drop through the porous medium is governed by Darcy's law, Eq. 6.9.

The outlet pressure downstream of the porous medium is speci�ed as the boundary condition.
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� Pg,out

� zg,out
=

lz
� yg,out

� gUg� zg,out

Bp,out
(6.9)

The length ratio in the left hand side of Eq. 6.9 accounts for the porous media outlet having a

di�erent cross-sectional area than the bed channel, assuming the width remains unchanged.

The permeability, Bp,out , is a property of the porous media calculated using Eq. 6.10.There

are many available correlations for permeability as a function of void fraction, � g,out , and

pore diameter,Dp,out , depending on material and pore structure.

Bp =
� 2

g,out D
2
p,out

180(1� � g,out )2
(6.10)

6.1.3 Solid Phase Equations

This subsection presents the conservation equations for mass, species and thermal energy

transport in the solid-phase 
uidized particle 
ow. Eqs. 6.11 and 6.12 govern the net 
ow

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

@(� s� svs)
@y

= � m000
gen (6.11)

@(� s� svsYk;s)
@y

= � aV M k

 
N rxnX

i =1

vk;i _si

!

(6.12)

The solid-phase conservation equations are also developedusing the interstitial velocity vs

to capture variations with � s. The solid phase density also becomes an important variable

due to the net 
ow rate of solids. During reduction, the density 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 in the 
uidized solid, but simply

describes the average mass 
ux of solids through the bed.
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The mass fraction of the solid phase,Yk;s is calculated from the lattice site fraction

([X k ]L ) as shown in Eq. 6.13. SinceYk;s is a function of the molar mass of speciesk, species

conservation equations cannot be solved for [VO]L , sinceMV O = 0. Eq. 6.12 is solved for

[OO]L , and all other solid species are assumed to equilibrate relatively fast in comparison.

The remaining species can be solved for as a function of [OO]L and Tsld.

Yk;s =
[X k ]LM k

M sld
(6.13)

There is only one particle surface reaction rate, _sox in the receiver, and the rate is calcu-

lated from the �tted parameters determined in the previous chapter. Due to minimal e�ects

of the intra-particle model on �tted transport parameters as seen in Chapter 5, and the

chaotic particle movement in a 
uidized bed setting, no intra-particle model is considered.

Boundary conditions for the solid phase mass and species balances include known mass 
ow

rate with known [OO]L at the solids inlet at the top of the bed as illustrated in Figure 6.1.

Mass and species transport equations are coupled to conservation of solid-phase momentum

as shown in Eq. 6.14.

d(� s� svsvs)
dy

= � � s
dP
dy

+ � y(vg � vs) � � s� sg � Fwall + G(� g)
d� g

dy
� (�v s + ��v g)m000

gen (6.14)

The solid-phase momentum equation includes a term for the elastic modulus, G(� g), to

capture the solid stresses which become important near the packed bed void fraction [118,

127]. The simple model used forG(� g), shown in Eq. 6.15, neglects any viscous e�ects

similar to the gas phase momentum. This model is based on a compaction factor c and a

reference void fraction,� �
g, which is closely related to the packed void fraction causing the

term to become signi�cant near this value [127]. Momentum 
ux due to reactions is equal

and opposite the gas phase term. Wall collisions in the solidphase may become important for

the narrow channel geometry of interest, and can be calculated through Eq. 6.16. The model

137



will be used to determine if dissipating forces due to wall collisions, Fwall , are signi�cant at

the conditions of interest.

G(� g) = Goe� c(� g � � �
g) (6.15)

Fwall =
2f s� s� svsvs

Dh
(6.16)

The boundary conditions for the solid-phase momentum equation are speci�ed as a known

solids fraction at the gas inlet.

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

@(� s� svshs)
@y

= �
d
dy

�
� e�

dTsld

dy

�
+

hw

lz
(Tw,int � Tsld) � aV hp (Tsld � Tg) (6.17)

The particle-gas heat transfer coe�cient,hp, couples the solid and gas phase energy equa-

tions, while hw represents the combined convective and e�ective radiativeheat transfer co-

e�cient between the external irradiated wall and the particle 
ow. The e�ective heat con-

ductivity of the particle 
ow, � e� , is governed by 
uidization parameters, and calculated as

a function of gas conductivity and porosity based on empirical correlations [117, 118]. The

inlet solid temperature provides a boundary condition for Eq. 6.17 for the solid particle 
ow

entering at the top of the receiver channel as illustrated inFigure 6.1.

6.1.4 Wall-Particle Heat Transfer

The receiver is heated by a uniform solar 
uxq00
solar at the cavity aperture as shown

in Figure 6.1. The angled receiver wall geometry spreadsq00
solar by a factor, � 
ux = 1

sin � ,

which reduces the received wall heat 
ux and allowsTw to more readily stay below wall

material limits at high solar concentrations into the cavity aperture. As Tw 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 convection (natural and forced). The
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remainder of the external radiative heat 
ux conducts through the receiver wall and into the


uidized bed via the particles. The fraction ofq00
solar that passes into the particles for sensible

heating and endothermic chemical reduction provides the measure for the solar e�ciency

� solar of the particle receiver. Fluid dynamics of the bed plays an important role in achieving

high particle-wall heat transfer coe�cients hw and thereby loweringTw and increasing� solar

[51, 56].

The receiver wall is vertically discretized in the same fashion as the 
uidized bed channel,

1-D in the y-direction. An average wall temperature for each cell, Tw, is solved as the state

variable. Assuming a linear temperature pro�le ofTw based on the wall conductivity� w and

thickness � zw, the interior and exterior wall temperature,Tw,int and Tw,ext respectively, for

each cell can be calculated as needed for the wall energy exchanges with the external air and

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

� w

� zw
(Tw,ext � Tw,int ) =

q00
solar

� 
ux
� henv (Tw,ext � Tw,env) � �" wFenv

�
T4

w,ext � T4
w,env

�
(6.18)

Conduction along the receiver wall in the y-direction is included in Eq. 6.18 and tends to

even out Tw over the height. The resulting equation which governs the local averageTw,

with the radiative and convective terms at the wall surfaces, is provided in Eq. 6.19.

d
dy

�
� w

dTw

dy

�
= �

1
� zw

�
q00

solar

� 
ux
+ hw (Tw,int � Tsld) + henv (Tw,ext � Tw,env) + �" wFenv

�
T4

w,ext � T4
w,env

�
�

(6.19)

The particle-wall convection and radiation heat transfer is captured by the localhw(Tw,int �

Tsld). The correlation used forhw, described in Eqs. 6.20 { 6.23, was developed for narrow-

channel 
uidized beds with a net 
ow out with concentrated solar applications in mind [51].

It is separated into radiative and convective components,hw,r and hw,c, respectively. The

total hw was measured experimentally, then the radiative contribution subtracted out in

order to �t a correlation for hw,c [51]. In order to replicate experimental data forhw the
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same particle-wall radiation model should be used, as shownin Eq. 6.23.

Nud

�
1 +

� g

2cp;s� g

�
= 0:8782̂U� 0:1366

g Ar lam
0:346 (6.20)

Nud =
hw,cdp

� g
(6.21)

hw,r = �" avg
�
T2

w,int + T2
sld

�
(Tw,int + Tsld) (6.22)

hw = hw,r + hw,c (6.23)

Important non-dimensional variables for calculatinghw in Eq. 6.23 include the Archimedes

number for laminar conditions (due to smalldp), Ar lam , which is the ratio of of body forces

due to buoyancy and viscosity, as well as the excess velocity, Ûg, 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 emissivity. Expressions for these

parameters are written in Eqs. 6.24 { 6.26.

Ar lam =

p
d3

pg(� s � � g)

�
(6.24)

Ûg =
�

� scp;s

g� g

� 1=3

(Ug � Umf ) (6.25)

"avg =
�
" � 1

w + " � 1
s

� � 1
(6.26)

Once the solution is obtained� solar is calculated as the ratio of heat into the particle to

total heat on the receiver wall per Eq. 6.27. The gas phase is not considered for e�ciency

calculations.

� solar =
( _ms,ouths,out � _ms,inhs,in)� spread

q00
solarlx ly

(6.27)

6.2 Geometry and Mesh

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

a narrow channel (aspect ratio = 20). The narrow channel design encourages particle-wall
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contact, enhancing heat transfer to the storage media. The bed volume and receiver wall are

discretized in the y-direction with half-cells at the two boundaries as illustrated in Figure 6.2.

The wall and 
uidized bed domains are coupled via the particle wall heat transfer coe�cient,

hw, as described in the previous section.

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

Before doing parametric studies to explore design options,it is important to check the

solution is grid independent. Results of a grid independecestudy are shown in Figure 6.3.

The relative change in solution variables from 41 to 81 nodesis 0.25%, compared to 0.13%

when increasing from 81 to 161 nodes. The computational costof solving the system with

161 nodes and the minimal change in solution lead to the selection of a 41 node mesh. This

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

6.3 Results & Discussion

The 1-D receiver model developed in this chapter provides a powerful tool to identify

appropriate operating conditions and important trends with respect to the e�ects of particle

properties and receiver geometry on important recover performance parameters such as� solar,

maximum Tw, speci�c TCES (i.e. � htot ) in the particles, and required gas 
ow rate _mg,in to

sustain the bed. A baseline case was selected with parameters expected to yield reasonable

performance considering a desired TCES cycle between 500� C in air and 900� C. All modeling

results are for the material Ca0:9Sr0:1MnO3� � , with thermodynamic and surface reaction

properties taken from Chapters 3 and 5. The input parametersfor this case are detailed in

Table 6.1. The wall material properties are taken from Haynes230 [129], which is a Ni-based

superalloy being considered for receiver wall structures [130].

Starting from these reference conditions, selected designparameters and operating can

be varied to explore the e�ects on heat transfer and TCES. This study here will explore

general operating conditions and the e�ects of particle diameter and morphology. Results

for the base case are summarized in Figure 6.4. At these conditions, the solar e�ciency is

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

Variable Symbol Value
Nodes N 41
Channel length ly 2.0 m
Channel width lx 1.0 m
Channel depth lz 5.0 mm
Wall thickness � zw 0.5 cm
Wall emissivity "w 0.9
Packed bed porosity � pack 0.49
Particle diameter dp 260mm
Porosity of gas outlet structure � g,out 0.50
Pore diameter of gas outlet structure Dp,out 80 mm
Thickness of gas outlet structure �xg,out 0.5 cm
Height of gas outlet channel lg,out 2.5 cm
Perovskite molar volume Vm 3.19 (10� 2) m3 kmol� 1

Internal particle solid fraction � s,int 0.91
Speci�c surface area of particle apore 5.5 m2 g� 1

Particle heat conductivity � s 5.0 W m� 1 K � 1

Particle emissivity " s 0.9
Heat transfer coe�cient to environment henv 10 W m� 2 K � 1

Temperature of surrounding environment Tenv 300 K
Incident solar radiation q00

solar 1200 suns
Flux spreading factor � 
ux 5.0
Outlet pressure Pg,out 0.82 bar
Inlet temperature Tin 773.15 K
Inlet gas mass 
ow rate _mg,in 0.0108 kg s� 1

Inlet O2 concentration X O2,in 0.01
Inlet solid mass 
ow rate _ms,in 1.0 kg s� 1

parameters result in a design where the perovskite is heatedto an acceptable temperature,

but the extent of reduction is relatively low with a maximum non-stoichiometry, � = 0:029.

These parameters results in 416 kW stored in the particles, or � htot = 416 kJ kg� 1 at the

base mass 
ow rate.

Overall, results shown in Figure 6.4 indicate the 
uidized bed design can e�ciently heat

particles to the desired temperature, but achieving large values of� could be challenging.

The 
uidized bed con�guration results in high particle-wall heat transfer coe�cient above

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

at the gas inlet (y=0), where a boundary condition enforces the packed bed void fraction.

The void fraction increases from the packed bed value of 49% up to 75-80% in the remaining

channel length. This jump in void fraction causes similar discontinuities in the results for

velocity and pressure, also plotted in Figure 6.4(a). The following 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_q00
solar, _mg,in , _ms,in, and

X O2,in . For the purposes of this initial study, the selected variables are varied individually

in order to observe general trends and identify suitable parameters for the nominal TCES

cycle considered throughout the manuscript. A more rigorous optimization involving more

variables is reserved for future research.

One of the more important parameters to consider is the incident radiation, _q00
solar, ex-

pressed in unit of suns (1 sun� 105 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 sunlight to the central receiver. Re-

sults at varying concentration factors are plotted in Figure6.5. Results show thathw and

the overall receiver temperature increase proportionallywith _q00
solar. Both the outlet Tsld and

maximum wall temperatures heat up with higher solar concentrations. The maximumTw at

1800 suns is 1267� C with an average wall temperature of 1098� C. Previous studies suggest

this material should not operate much hotter than 1100� C, so 1400 suns apears to be the

maximum concentration at these conditions.

Figure 6.5: Receiver model results showing (a) outletTsld, maximum Tw, and the average
particle-wall heat transfer coe�cient hw, and (b) outlet oxide vacancies and receiver solar
e�ciency � solar 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% as _q00
solar increases from 1000 to 1800 suns. Although thermal losses

increase with hotter receiver temperatures, the higherhw compensates by getting more heat

into the perovskite particles. This is captured by the outlet values of � and Tsld, which

constantly increase with _q00
solar.
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The next parameter explored using the solar receiver model is inlet sweep gas 
ow rate,

_mg,in . Results for this study are summarized in Figure 6.6. The 
ow rate varies from 0.0052

to 0.0365 kg s� 1, for solid-gas mass ratios from 191 down to 27. The heat transfer coe�cient

increases signi�cantly as the sweep gas is lowered, resulting in cooler wall temperature and

higher e�ciency at lower 
ow rates. Interestingly, the outlet Tsld showed little sensitivity to

this parameter. The cooler wall temperatures results in an e�ciency 0.5% higher than the

base case at the lowest 
ow rate, 0.00432 kg s� 1. Surprisingly, the solution showed relatively

low sensitivity to variations in gas 
ow rate compared to _q00
solar. An unusual feature observed

in this parametric study is the apparent discontinuity in results as the 
ow rate is increased

past 0.02 kg s� 1. The solution jumps from a regime withTsld,out = 855� C and � out = 0:030 to

one with Tsld,out = 836� C and � out = 0:044. At lower 
ow rates, the model tends to partition

more energy to sensible heating of the particles, as the inlet 
ow rate is increased to 0.0209

kg s� 1 the best solution resulted in higher reduction, but lower particle 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 study. In this case, _ms,in 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 variable. Results with varying _ms,in are

plotted in Figure 6.7, indicating the model is very sensitiveto this parameter. As the _ms,in

decreases, the perovskite undergoes signi�cantly more reduction compared to the base case,

but e�ciency also decreases from 86.7% down to 81.1% when _ms,in = 0:5 kg s� 1. Referring

to Figure 6.7(a), it is evident the e�ciency is lowered due to avery high maximum Tw,ext of

1267� C. This wall temperture is very close to the melting temperature of Haynes 230 and

not sustainable [129]. While the lower mass 
ow rate encourages reduction, not enough heat

is removed from the wall to keep temperatures manageable. Although there is less speci�c

energy stored per particle due to the low levels of reduciton, it 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) outletTsld, maximum Tw, 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 between 250 and 1750 SLPM.

For the base case, a sweep gas O2 concentration of 1% was selected based on results

published by Dr. Albrecht [40], which suggest lower oxygen concentrations do not improve

performance. Model results varying the inlet oxygen concentrations are shown in Figure 6.8.

These results con�rm that even with an inlet sweep gas of lower oxygen content (100 ppm

O2), the oxygen evolved during perovskite reduction raises the sweep gasX O2 two orders

of magnitude after the �rst node. For this reason the oxygen vacancies generated in both

cases are very similar, with the lower sweep gas only resulting in 2.6e-5 more O vacancies

generated. A lower oxygen content sweep gas could be more e�ective 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 reactionrates and solid phase proper-

ties such as the envelope density. For the base case, the selected particle properties describe
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Figure 6.7: Receiver model results showing (a) outletTsld, maximum Tw, 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 used for inert TES systems in CSP ap-

plications [9, 10, 51]. The particle diameter is an important variable a�ecting both the

two-phase 
ow and heat transfer to the particles.

Results for varying particle sizes are summarized in Figure 6.9. As the particle size

decreases, the solar e�ciency tends to increase, up to a maximum 87.7% atdp = 170 mm.

The variation in e�ciency is attributed to the proportional increase observed inhw due to

the smaller particle size [51], as seen in Figure 6.9(a). The outlet Tsld is the least sensitive

parameter plotted in Figure 6.9(a), increasing 9� C from the base case at the smallest particle

diameter from the base case, while increasingdp has little e�ect. In comparison the maximum

wall temperature decreases proportionally with the particle diameter. The heat transfer

coe�cient is the most sensitive parameter, reaching the highest average value of 1129 W m� 2

for dp = 170 mm.
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Figure 6.8: Receiver model results showing (a) sweep gasX O2 and (b) oxygen vacancies
along the receiver height for varying O2 content in the sweep gas inlet.

Referring to Figure 6.9(b), the higher e�ciency points at small dp have a lower maximum

Tw and higher outlet Tsld compared to the base results at 260mm. The higher e�ciency is

completely attributed to the changes in temperature andhw, since the observed outlet�

was consistent with varyingdp. These results suggest that smaller particle diameters result

in higher solar e�ciency with lower wall temperatures. Smaller particles are theoretically

favorable for reaction rates as well, with smaller di�usionlength scales and increased surface

area, although no bulk transport e�ects are captured by thismodel. Larger particle sizes

were selected in this study for reliable transport and resitance to attrition, suggesting a need

for further studies assessing these issues before determining an ideal particle size for this

application.

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

cle solid fraction,� s,int . Since bulk ion transport is assumed to be fast in this study,varying
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Figure 6.9: Receiver model results showing (a) outletTsld, maximum Tw, and the average
particle wall heat transfer coe�cient; as well as (b) outlet oxygen vacancies and e�ciency
along the receiver height withdp ranging from 170 - 380mm.

� s,int proportionally changes the particle envelope density, with no e�ect on reaction rates.

Results, plotted in Figure 6.10, suggest that this parameterhas little e�ect on the solution.

Varying � s,int from 0.9 down to 0.7 results in a 0.8% increase in the heat transfer coe�cient.

For any reasonable value of� s,int , the solid phase density is still several orders of magnitude

larger than the gas phase, resulting in a similar solution when the particle bulk is simpli�ed

in this fashion.

The last parameter varied using the receiver model is the speci�c particle surface area,

apore, an important parameter for calculatingaV . Increasing particle surface area increases

the available area for reactions and particle-gas contact for heat transfer. Results for this

parametric study are plotted in Figure 6.11. For this case a sweep gas 
ow rate of 1500 SLPM

was selected (0.0261 kg s� 1), because with the base case 
ow rate of 500 SLPM thePO2 was

not su�cient too sweep evolved oxygen from the increased surface area. Results suggest

apore has signi�cant e�ects on the level of reduction, due to the increased area for reactions.
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Figure 6.10: Receiver model results showing (a) outletTsld, maximum Tw, 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 solid fractions.

For apore = 1000, which is close to the measured value for perovskites synthesized in the lab

(apore = 737 m2 kg� 1 from Chapter 2), � out is 75% of the equilibrium value for the outletTsld.

Although perovskite particles with more active surface areagenerate more oxygen vacancies,

the solar e�ciency is relatively constant, and the particleoutlet temperature decreases to

make up for the extra chemical energy storage. These resultsindicate that particles with

higher surface area allow the receiver to take advantage of perovskite thermodynamics by

storing a greater fraction of energy chemically. However particles with higher surface area

likely have smaller grains and could break down at a faster rate.

6.3.3 Summary of Parametric Studies

The variables varied for parametric studies in the previoustwo sections are summarized

in Table 6.2. In this work, only a few of the major variables listed in Table 6.1 were explored,

giving some useful insight regarding the use of perovskite particles in a 
uidized bed receiver.
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Figure 6.11: Receiver model results showing (a) outletTsld, maximum Tw, 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�c particlesurface area.

However, there are still many input parameters which were notinvestigated, and this receiver

model provides a framework to perform a multitude of design studies. The parametric studies

in this work focused on a few major operating conditions and particle properties.

Model results with varying operating conditions indicatedchallenges achieving� eq in the

receiver length, even atPO2 = 10� 2 bar. Cases where more oxygen vacancies are generated

generally have higher temperatures approaching the limitsof operation for Haynes 230.

Large increases in temperature and reduction were observedfor higher q00
solar and lower _ms,in.

Variations to the sweep gas 
ow rate had relatively small e�ects on receiver performance,

however an interesting transition between solution with di�erent levels of � hchem and � hsens

occurs as _ms,in increased past 0.02 kg s� 1. This transition resulted in higher � with lower

Tsld, and demonstrates the importance of _ms,in for interactions between the solid and gas

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

Variable Base value Values tested
dp 260mm 140, 200, 260, 320, 380

� s,int 0.91 0.70, 0.75, 0.80, 0.85, 0.91
apore 5.5 m2 g� 1 5.5, 10, 50, 100, 500, 1000
q00

solar 1200 suns 1000, 1200, 1400, 1600, 1800
_mg,in 0.0108 kg s� 1 0.0052, 0.0108, 0.0209, 0.0261, 0.0313, 0.0365

X O2,in 0.01 0.01, 0.0001
_ms,in 1.0 kg s� 1 0.5, 0.75, 1.0, 1.25

Parametric studies looking at particle properties suggestmanufacturing of appropriate

particles will be critical for e�cient energy storage; speci�cally, apore and dp had a signi�cant

e�ects on the solution. Conversely,� s,int was the least sensitive parameter tested, including

operating conditions. A more complex particle model is likely required to understand any

e�ects � s,int may have on receiver performance. Such a particle model could include bulk

ion transport, but also stress analysis to understand particle attrition. Changes in dp 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 particle model including bulk ion

di�usion would result in greater sensitivity of the extent of reduction to particle size. In

this model, the parameterapore has signi�cant e�ects on the extent of reduction when _mg,in

was also increased. Asapore increased from 10 to 1000 m2 g� 1 the extent of reduction

almost doubled (� from 0.030 to 0.056) even with a 40� C decrease in outletTsld. Questions

remain if high surface area particles such as the ones synthesized in this study will be able

to withstand a high stress environment such as 
uidized beds. These results further indicate

the importance of developing manufacturing processes for perovskite particles to understand

both costs and morphology.

Results from these simulations are summarized in Figure 6.12, where the outletTsld and

� solar are plotted as a function of � htot . Figure 6.12 indicates the solids outletT increases

linearly with � htot , while the e�ciency is relatively constant for many of the conditions

tested. An outlier point with outlet Tsld > 1100� C achieved the lowest e�ciency and the
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highest � htot , however this is an unrealistic operating condition approaching the particle

sintering temperature and well above the receiver wall limits. The highest � htot achieved

with a max Twall below 1150� C is 544 kJ kg� 1 by lowering the solids mass 
ow rate to

0.75 kg s� 1; this case is also the lowest e�ciency out of the cases with acceptable Twall .

Many of the simulations resulted in a similar �htot to the base case (416 kJ kg� 1), with

e�ciencies varying between 86 and 88%. The spread in e�ciency indicates the possibility to

�nd conditions which take better advantage of perovskite thermodynamics to achieve higher

� htot with better � solar.

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

In conclusion, the parametric studies in this chapter explored the e�ects of major op-

erating conditions and particle properties on receiver performance. Results indicate that

particle properties such asdp and apore can have signi�cant e�ects on heat transfer and

extent of reaction in the receiver, improving e�ciency under the right conditions. Of the

operating conditions explored, the solids mass 
ow rate andincident q00
solar were the most

sensitive parameters. Generally, cases with higher �htot had lower� solar suggesting the need

for a proper optimization scheme to identify favorable operating conditions. Due to the large

number of variables, many of which have not been explored in this study, the model should
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be implemented in an optimization algorithm to fully understand the state variable space.

Some important design parameters not explored here which could have signi�cant e�ects

on receiver performance include geometric parameters suchas � 
ux or lz, 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 basic understanding of the poten-

tial of selected doped CaMnO3� � particles as a media for high-temperature thermochemical

energy storage (TCES) in CSP applications, particularly for TCES subsystems integrated

with supercritical-CO2 closed-Brayton power cycles with �ring temperatures between 700� C

and 750� C. To date, this work has resulted in archival journal publications [71, 99], as well as

a peer-reviewed ECS Transactions paper [100]. Furthermore, the indirect receiver model for

TCES in Chapter 6 will also be completed for a journal publication. The following sections

summarize important results and identi�es areas for further research.

7.1 Summary of Signi�cant Results

Redox cycles with doped CaMnO3� � present a promising approach to high-temperature

energy storage particularly in concentrating solar plantswith super-critical-CO2 power cy-

cles. A-site doped Ca1� xSrxMnO3� � and various B-site doped CaMeyMn1� yO3� � with Me

= Cr, Ti, and Fe and y � 0:1 were screened for high reducibility at 900� C and low oxygen

partial pressuresPO2 down to 10� 4 bar. The most favorable compositions from screening,

i.e., Ca1� xSrxMnO3� � (x = 0:05; 0:1) and CaCryMn1� yO3� � (y = 0:05; 0:1) were tested

extensively to determine thermodynamic and kinetic properties at conditions relevant for

CSP applications. The signi�cant �ndings from this research endeavor are summarized as

follows:

� identi�ed Ca 1� xSrxMnO3� � (x = 0:05; 0:1) as promising compositions for thermochem-

ical energy storage atPO2 � 10� 4 and TH = 800 � 1000� C, building an energy storage

map as a function ofT and PO2.
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� Developed methodology to calculate energy storage throughthe orthorhombic-tetragonal-

cubic phase transition observed in many perovskite compositions based on a point-

defect model and calorimetry measurements.

� Demonstrated through modeling of experimental results that reduction and oxidation

of Ca1� xSrxMnO3� � at T � 800� C and PO2 � 10� 4 bar are governed by thermodynam-

ics and mass-transfer to the gas phase.

� Developed a steady-state, 1-D, spatially discretized solar receiver model based on a

narrow 
uidized bed concept, this is a powerful tool for studies with both inert and

reacting oxide particles.

� Parametric studies using receiver model with varying particle morphology suggests

smaller particles can enhance heat transfer and more speci�c surface area favors chem-

ical energy storage as opposed to sensible, taking advantage of perovskite thermody-

namics.

Ca1� xSrxMnO3� � (x = 0:05; 0:1) and CaCryMn1� yO3� � (y = 0:05; 0:1) were charac-

terized fully for thermodynamic limits of speci�c thermochemical energy storage by �tting

a two-reaction point-defect model to equilibrium oxygen non-stoichiometry � over a broad

range of temperature (T = 700 � 1000� C) and PO2 (10� 4 � 0:17 bar). Thermodynamic �ts

were derived for each stable crystalline phase observed within the conditions of interest.

Most screened compositions, namely Ca0:95Sr0:05MnO3� � and both CaCr0:05Mn0:95O3� � and

CaCr0:1Mn0:9O3� � , experienced transitions from a distorted orthorhombic phase at room tem-

perature up to � 750� C, through a brie
y occupied tetragonal phase, to a high-temperature

cubic phase during reduction aboveTH = 700� C. The thermodynamic �ts agreed well with

calorimetry measurements, indicating the partial molar enthalpy of reduction decreases as

more vacancies are generated and the perovskite transitions from the orthorhombic to cu-

bic phases. When integrated across an appropriate redox cycle, the enthalpy of reduction

provided adequate chemical energy stored to make these perovskites attractive candidates
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for redox cycles in TCES subsystems, particularly when coupled with heat release to a

supercritical-CO2 cycle. Of the materials tested, Ca0:95Sr0:05MnO3� � provided the highest

speci�c TCES with a thermodynamic limit of 895 kJ kg� 1 for the cold storage temperature

TC = 500� C, the hot storage temperatureTH = 1000� C, and the sweep gasPO2 = 10� 4 bar.

However, Ca0:9Sr0:1MnO3� � gave higher speci�c TCES at lowerTH � 900� C, which are more

appropriate for integrating a TCES subsystem e�ciently with a supercritical-CO2 cycle. At

TH = 900� C, Ca0:9Sr0:1MnO3� � provided speci�c TCES thermodynamic limit of 706 kJ kg� 1

in the nominal TCES cycle with heating fromTC = 500� C. While the Sr-doped compositions

consistently store over 50% of the captured energy as chemical energy due to reduction, more

rigorous thermodynamic testing of Cr-doped compositions showed this family of materials

did not have a large enough chemical component of energy storage to compete with the

Sr-doped compositions or other non-reacting sensible storage materials such as Al2O3 with

high speci�c heat capacities for sensible thermal energy storage..

In a TCES subsystem for CSP, residence times for reduction and oxidation of the doped

CaMnO3� � perovskites may be limited. To better understand kinetic limitations, perovskite

compositions of interest were cycled in a packed bed reactorwith realistic particle diameters

for large-scale TCES subsystems (dp between 150 and 450mm). Isothermal redox cycling of

selected doped CaMnO3� � perovskites revealed reduction occurs at much slower ratesthan

re-oxidation for all compositions, which suggests that reduction kinetics will be the limiting

factor for TCES approaching its thermodynamic limit in a particle receiver with limited

residence time. During reduction, both Ca0:9Sr0:1MnO3� � and Ca0:95Sr0:05MnO3� � packed

beds achieved higher fractions of their thermodynamic limits for energy storage after 60 and

300 s inPO2 = 10� 4 bar at all temperatures � 800� C compared to Cr-doped CaMnO3� �

perovskites. Superior kinetics and higher equilibrium limits for speci�c energy storage make

Ca1� xSrxMnO3� � more attractive candidates than CaCryMn1� yO3� � for TCES redox cycles

with TH from 800 to 1000� C and PO2 � 10� 4 bar.
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Long-term durability of the storage media is also a concern for commercial-scale storage

systems. The selected doped CaMnO3� � compositions were tested for phase stability with

1000 non-isothermal redox cycles in the packed bed setup. Results showed that 10% doping

for both Cr- and Sr-doped CaMnO3� � resulted in a more stable material over 1000 rapid redox

cycles. Nonetheless, all materials displayed good stability with the highest recorded standard

deviation of 6.2% for CaCr0:05Mn0:95O3� � . After cycling, X-Ray Di�raction scans revealed

excellent phase stability for all materials; while SEM images and particle size measurements

showed a small degree of sintering in Sr-doped compositions. The packed bed results suggest

the doped CaMnO3� � compositions have adequate chemical stability for many redox cycles

at TH � 900� C and PO2 � 10� 4 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 provideda means to extract surface

reaction data for the most promising storage material, Ca0:9Sr0:1MnO3� � . Due to the porous

nature of the synthesized particles, a single surface reaction model coupled with point-defect

thermodynamics captured packed bed redox cycling data verywell. Results showed that

oxidation is mass-transfer limited and even reduction rates were close to the thermodynamic

limits at PO2 = 10� 4 bar. While it is positive that surface kinetics are fast enough to

encounter this issue, no information regarding bulk particle transport could be extracted

from the packed bed experiments. Surface reaction parameters �t to the isothermal redox

cycling data resulted in an excellent reproduction of the non-isothermal redox cycle data

with reduction during heat-up, e�ectively simulating the nominal TCES cycle.

Thermodynamics and surface kinetics of the best performingmaterial overall, Ca0:9Sr0:1MnO3� � ,

were implemented in a steady-state, 1-D, indirect solar receiver model based on a narrow


uidized bed design. This model provides capabilities to explore suitable design parameters

and operating conditions for perovskite reduction on-sun.Receiver modeling con�rmed e�-

ciently reducing perovskite particles on-sun to be a challenging task. To achieve high levels
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of reduction it is helpful to operate at low solids mass 
ow rates. Smaller, more porous par-

ticles tend to achieve better performance, but there are questions regarding the long-term

durability of such particles in a high stress environment such as a 
uidized bed. This model

lays the framework to perform extensive design studies on the central receiver for both inert

and reacting particles.

7.2 Potential Future Work

Comparing the doped CaMnO3� � perovskites evaluated in this work to other high-

temperature energy storage media being considered for CSP applications, suggests that in

particular, the Ca1� xSrxMnO3� � (x = 0:05; 0:1) compositions merit further evaluation for

potential in CSP and other applications where high-T energy storage with speci�c energy

is critical. Signi�cant technical and economic issues mustbe addressed before potential

scale-up of a TCES storage based on Sr-doped CaMnO3� � redox cycles. These studies must

include particle receiver/reactor design for e�cient energy capture, storage and eventual re-

lease. During on-sun reduction this includes a better understanding of bulk- ion transport

which could a�ect rates in denser particles and determine how 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 reduction, and mitigating parasitic

losses due to the sweep gas. Fast reoxidation rates could eliminate some of these issues in

the energy recovery reactor.

To address these challenges, more detailed studies on perovskite 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 fraction 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 manuscript is a good starting point,

but more comprehensive material models including bulk transport will be required to fully

understand the e�ects of particle morphology during on-sunreduction. To aid this task,

e�ective perovskite manufacturing processes to consistently produce particles with desirable
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morphology and minimize potential particle attrition must be explored. Both receiver design

and manufacturing processes tasks are linked by the importance of particle morphology,

which signi�cantly a�ects performance on-sun, and guides the manufacturing process.

The �nal step for evaluating a TCES subsystem based on perovskite redox cycles involves

total system costs, including particle manufacturing and operating costs. The comparative

plot in Figure 3.13 is only the beginning of a techno-economicanalysis to determine the most

cost-e�ective storage system. In this manuscript, we compare mostly material properties,

however each system has complexities and advantages which impact capitol and recurring

costs in varying ways, and many factors such as manufacturing and operational costs must be

considered. For example, the relatively high speci�c energy storage in Sr-doped CaMnO3� �

could be o�set by the more complex receiver required to reduce the perovskite on-sun or

high manufacturing costs to produce desirable particles, while the relatively simple two-tank

molten salt system has limited operating temperatures and long-term durability concerns due

to corrosion. A comprehensive comparison of the various TEStechnologies must include all

of these factors. The high speci�c energy storage capacity and phase stability of Sr-doped

CaMnO3� � perovskites at temperatures applicable for CSP, provide a strong incentive to

continue development of perovskite-based redox cycles forcost-e�ective high-temperature

energy storage.
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