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MOTIVATION FOR HIGH-
TEMPERATURE PEROVSKITE 
STORAGE MEDIA
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Where can thermal/thermochemical storage make an 
impact in solar-thermal technologies? 
 Concentrating solar power (CSP) electricity generation

 Intermittent, diurnal nature requires energy storage to:

1. Increase the duration of electricity generation (increased capacity factor)

2. Shift the period of operation to peak demand
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BSM6 high temperatures, large chemicalmpotential gradients.
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Where can thermal/thermochemical storage make an 
impact in solar-thermal technologies? 
 Concentrating solar power electricity generation

 Intermittent, diurnal nature requires energy storage to:

1. Increase the duration of electricity generation (increased capacity factor)

2. Shift the period of operation to peak demand

– Requirement to increase solar electricity integration into the U.S. grid!!!

Interested in total storage (sensible + chemical enthalpy)!
4



Where can thermal/thermochemical storage make an 
impact in solar-thermal technologies? 
 Energy carriers in thermochemical cycles

 Especially of interest for water-splitting hydrogen production

5



Motivation for the development of reactive particles
 Energy carriers in thermochemical cycles

 Especially of interest for water-splitting hydrogen production
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Only interested in chemical enthalpy!

Both applications share several desirable materials properties:
• Tunability of material thermodynamics
• Rapid kinetics
• Adequate oxygen capacity
• Low cost



Perovskites can posses many of the desired qualities
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Oxidation: ������ + � 2��(�) ↔ ���� + ∆�⁄

� is the site concentration of oxygen 
vacancies

 Materials tunability
 Dopants easily introduced into A and B sites

 Fast kinetics
 “Continuous” reaction characteristics

 No discrete phase change

 Mixed ionic/electronic conductivity 
(MIEC)

 Ambi-polar transport enables oxygen 
diffusion from bulk to skin or vice versa

 Adequate oxygen capacity
 Typically observe maximum oxygen 

nonstoichiometric of δ = 0.2 to 0.5

 Cost can be reduced by using earth-
abundant cations
 Ca, Al, K, etc.

BSM1
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BSM1 Change this to reduction instead of oxidation. Easier to discuss what ABO3 is and how vacancies are indroduced.
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Synthesis and phase characterization

 Materials synthesized using an aqueous (Pechini) method

 X-ray diffraction on pellets was used for phase identification

 Compositions nomenclature: AaA’a’BbB’b’O3-δ

 Ex: La0.7Sr0.3Co0.3Fe0.7O3-δ: LSCM7337

 2 main materials families investigated
 LaaSrbCocMdO3-δ : M = Fe, Mn

 ~ 50 compositions

 Ex: LSCF3773, LSCM2891

 CaaA’bXcMndO3-δ : A’ = Sr, La, Y; X = Al, Ti, Co

 ~25 compositions

 Ex: CaAl0.2Mn0.803-δ: CAM28

8



Thermogravimetric analysis used to characterize 
oxygen vacancy concentration

 Equilibrium concentration observed by measuring a change in 
mass as a function of oxygen partial pressure and temperature

 5 temperatures, 4 oxygen partial pressures at each temperature

 Material allowed ample time to reach a steady-state mass

BSM2
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Equilibrium TGA data used to estimate 
thermodynamic parameters

 Thermodynamic parameters extracted by van’t Hoff approach:
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 Enthalpy determined by slope, entropy by intercept for each value of δ
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Enthalpies from van’t Hoff are given for a specific 
oxygen non-stoichiometry

 Partial molar: describes energy to remove a mole of O2 at a 
specific δ

 Enthalpies must be integrated over δ to describe continuous 
reaction by series of discrete reactions

11



Enthalpies from van’t Hoff are given for a specific 
oxygen non-stoichiometry

 Partial molar: describes energy to remove a mole of O2 at a 
specific δ

 Total energy storage: enthalpies must be integrated over δ to 
describe continuous reaction by series of discrete reactions
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Important for 
chemical 

manipulations 
(steam-splitting, 

etc.) Important for 
energy storage



thermodynamic limits which inhibit further increases 
in reaction enthalpy

 ABO3 + ΔH ↔ ABO3-δ + δ/2 O2(g)

 Gas species dominates entropy term (largest # degrees-of-freedom)

 Entropy change between two solid compositions likely << entropy in diatomic 
gas particle

 At equilibrium (onset of reduction) ΔGred = 0 =  ΔHred – T ΔSred,
 For two compositions at equilibrium with nearly equal entropy, a change 

in reduction enthalpy necessitates a change in reduction temperature
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Total storage capacity

 Heat capacity similar for materials of the same family
 Same number of atoms in lattice, similar molecular weight
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∆����� = ∫ �� � ��
��

��
~ 875 kJ/kg between 200 and 1250 °C

∆������ = ∆�����+	∆���������~900 + 350 = 1350	��/��

Molten salt energy density ~ 400-450 kJ/kg



APPLICATIONS FOR HIGH-
TEMPERATURE PEROVSKITE 
STORAGE MEDIA

15



Concentrating Solar Power

 Closed moving particle, open air-
Brayton cycle proposed
 Direct irradiation of thermal storage media

 Mitigate re-radiation as compared to high-
temperature indirect receivers

 Requires no storage of gasses

 Requires no condensation of working fluid

 Working fluid assumes multiple roles

 Heat transfer fluid and reactant stream

 Compression of air favorably shifts re-
oxidation reaction thermodynamics

 Takes advantage of high storage 
temperatures

 Air-Brayton turbines operating between 900-
1200 °C

16



Concentrating Solar Power

 Closed moving particle, open air-
Brayton cycle proposed
 Direct irradiation of thermal storage media

 Mitigate re-radiation as compared to high-
temperature indirect receivers

 Requires no storage of gasses

 Requires no condensation of working fluid

 Working fluid assumes multiple roles

 Heat transfer fluid and reactant stream

 Compression of air favorably shifts re-
oxidation reaction thermodynamics

 Takes advantage of high storage 
temperatures

 Air-Brayton turbines operating between 900-
1200 °C
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Recovery of heat: Powering the Air-Brayton turbine

18

Counter-flow air/particle operation desired
• Allows maximum reactor outlet temperature
• Must mitigate entrainment



Recovery of heat: Powering the Air-Brayton turbine

19

Counter-flow air/particle operation 
desired
• Allows maximum reactor outlet 

temperature
• Must mitigate entrainment



Recovery of heat: Powering the Air-Brayton turbine

20

Babiniec et al., ASME Power & Energy 2016, Paper No. 
ES2016-59646, pp. V001T04A021; doi:10.1115/ES2016-
59646



Hydrogen production

 Main goal: Alleviate extreme environments required in typical 
ceria-based cycles

 Want to harness advantages of our materials
 Fast kinetics

 High oxygen vacancy capacities relative to ceria

 Decreased reduction temperature

21
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 Typically, perovskite MIECs cannot 
maintain these advantages while 
enabling spontaneous water 
splitting
 High ΔH required pushes reduction 

temperature higher



Enabling perovskite MIEC water splitting – coupled 
thermochemical/electrochemical hybrid cycle

22

Electrical work required

���	 ↔ 1 2⁄ �� + ��� ΔG=2?? kJ/mol-O

Direct electrolysis utilizing the chemical energy stored in the reduced solid-oxide:
�����	 +	���	 ↔ ��� + ��� ΔG ~ 10-50 kJ/mol-O

Picture and reference from 
Palumbo patent



Enabling perovskite MIEC water splitting – coupled 
thermochemical/electrochemical hybrid cycle

23

MOx → MOx-δ

Heat 
input

O2(g)

H2O (g)

H2(g)

MOx-δ +H2O→ 
H2+MOx

PCM

Electrical work required



Promising efficiencies predicted

 Parametric thermodynamic study completed
 System efficiencies including particle/steam thermodynamics

 Losses: Thermal-to-electric, heat recovery losses, pumping losses, boiler losses, 
etc.

 Provisional patent filed, manuscript prepared for submission

24



Conclusions

 Identified two applications for high-temperature reactive 
particles

 Identified perovskites as a viable candidate as material for 
particles

 Discussed the synthesis and characterization of perovskites
 Apparent limit in reduction enthalpy

 Identified CAM28, CYM91 as highest reaction enthalpies with reduction 
temperature < 1300 °C

 Demonstrated methods for how such particles could be used
 Counter-flow particle/air reoxidation reactor for Air-Brayton turbines

 Coupled thermochemical/electrochemical cycle for hydrogen production

25
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Supplementary material
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Table 2. Redox properties of CXM materials

Material

MW 

(g/mol)

Single 

Phase?

Tred in air

(°C)

δmax

(1250 °C, 

pO2 = 0.001)
Reduction enthalpy 
@ δmax (kJ/kg-ABO3)

Ca0.9Y0.1MnO3 (CYM910) 147.9 Y 966 0.31 399
CaAl0.2Mn0.8O2.9 (CAM28) 135.8 Y 759 0.29 280

Ca0.9Y0.1Al0.2Mn0.8O3 (CYAM9128) 142.3 Y 800 0.31 339
CaZr0.2Mn0.8O3 (CZrM28) 150.3 N 867 0.27 297

Table 1. Redox properties of LSCF materials

Material

MW 

(g/mol)

Single 

Phase?

Tred in air

(°C)

δmax

(1250 °C, 

pO2 = 0.001)
Reduction enthalpy 
@ δmax (kJ/kg-ABO3)

La0.2Sr0.8Co0.8Fe0.2O3 (LSCF2882) 204.2 Y 357 0.48 220

La0.3Sr0.7Co0.9Fe0.1O3 (LSCF3791) 209.6 Y 352 0.46 264

La0.3Sr0.7Co0.7Fe0.3O3 (LSCF3773) 209.0 Y 348 0.45 262



Design challenges and limiting factors

 Thermo/hydrodynamic challenges

 Counterflow operation limits gas velocity
 Must avoid particle entrainment

 Spatial particle homogeneity important for heat transfer

 Pressure drop must be limited
 Fluid delivered to turbine at T and P near design point

28

Tightly-coupled thermal-fluid problem:
Need to control particle motion and residence time in a way that minimizes pressure 

drop and maximizes heat transfer to deliver turbine gas at ≥ 1200 °C.



Reaction must be understood before 
modeling can be considered

 Cyclic reduction/oxidation of perovskite oxides (ABO3)
 NOT a discrete phase change! Continuous across all thermodynamic states!

 Material does not decompose (i.e. A → B + C)

 Oxygen vacancies are generated as oxygen is evolved from the solid while 
reducing and vice-versa when oxidizing

29

Oxidation: ������ + � 2��(�) ↔ ���� + ∆�⁄
� is the site concentration of oxygen vacancies

Reaction is reversible, oxidation is fast (seconds) in strongly-oxidizing conditions



Characterizing reaction enthalpy -
Measurements

We can measure oxygen loss and uptake as a function of 
thermodynamic state (temperature, pO2) using thermogravimetric 
analysis (TGA)
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Characterizing reaction enthalpy –
Thermodynamics

31

ln ��� = 2
−∆��

��
+

∆��

�

Reduction: ���� + ΔH ↔ ������ +	� 2��(�)⁄

� =
������

� �⁄ ∙ ���� �⁄

����
� �⁄

= 	 �
����

��

���
�/� = 	 �

����
��

Δ�� = Δ�� − �Δ��



Measuring kinetics

 Attempted to measure oxidation kinetics in TGA by 
isothermal gas switch from pO2 = 0.001 to 0.9 atm
 Reaction rate is significantly faster than gas switchover time

 Rate is thermodynamically limited a time scale of multiple seconds

32

����������	�������� =
� − ���

��� − ���

Data courtesy Prof. Loutzenhiser, Georgia Tech



Psuedo-equilibrium kinetic description
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• Mechanism for reaction implemented using psuedo-equilbrium
kinetics (quasi-thermodynamically limited)

���� = 	 �������� − �(�������� − ������������)

The new value for δ due to oxidation is modeled as:

where δequilibrium is well described using curve fits from the equilibrium TGA 
experiments. 
• The change in delta can be used to calculate gaseous oxygen consumption and 

heat generation. 
• The β term describes the “progress” towards equilibrium, and can be used to 

adjust the reaction rate.

 What we have now

 ΔH(δ)

 δ(T, pO2)

 r(T, pO2, δ)

Used to calculate δeq



Two reactor configurations considered
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Moving packed-bed Gravity-driven flow

Pros: Particle velocity/residence time 
control, spatially homogenous
Cons: Pressure drop high if fluid 
velocity too high, axial heat transfer 
through solids phase Pros: Can operate in disperse particle 

regime, low pressure drop
Cons: Limited particle control, 
entrainment must be avoided



Moving packed-bed: Pressure drop severely 
limits allowable fluid velocity

35

∆�

�
=

150�

��
�

1 − � �

�� �� +
1.75�

��

1 − �

�� ��
�

Low fluid velocity leads to large reactor 
diameter and extremely slow particle flow 

(~30 min residence time in some cases) 



Gravity-driven flow: Minimal particle control, 
but higher limiting velocities

36

Designing reactor hydrodynamics 
to slow particle is risky, very 

sensitive to particle size variation

�� = �
cos	(�)2���

����
�

�� − ��

��
�



Sloped reactor exhibits poor heat transfer

37

Vertical orientation necessary to 
increase particle dispersion and 

heterogeneous heat transfer



1-D model development
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���

��
= −

ℎ �� − �� ��

�̇���,�
+

(1 − ��,�)∆����

��,�	��

���

��
= −
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+

��,�	∆����
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���
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�� − ��

��
−
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2����

Buoyancy term ≈ 1

�� =
��

��

Assumptions:
• Steady-state
• Adiabatic (insulating reactor walls), Axial conduction is negligible (Pe >>1)
• Convection-dominated particle heat transfer (lumped capacitance)
• Particle volume fraction constant along reactor length



Heterogeneous heat transfer coefficient
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 Gunn correlation used (D.J. Gunn Int. J. Heat Mass Transfer, 
1977)

��� = 7 − 10�� + 5��
� 1 + 0.7���

�.����/� + 1.33 − 2.4�� + 1.2��
� ���

�.����/�

Ai = interface area density =  
6��

��

Particle surface area 
per cell volume

ℎ� =
��

��
�� ∙ ���

��� =
�� �� + �� ��

��

���� = ℎ�(�� − ��) in W/m3



Python script
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Python script

41



Python script
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1-D model results
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Without exothermic reaction With exothermic reaction



Stochastic investigation - PR 16.7 – 500 
simulations
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PR 16.7 – 500 simulations
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Stochastic investigation - PR 1.0 – 500 
simulations
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PR 1.0 – 500 simulations
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Description of 3-D model
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• ANSYS Fluent commercial code is used to model the fluid properties 
and the interactions between fluid and particle phase
• Eulerian-Eulerian approach taken – particle phase approximated as a 

“fluid”
• Same conservation equations used for both phases
• Constitutive relationships describe solid particle phase properties

• Granular kinetic theory
• Momentum transfer between particle and fluid phase, 
• Heat transfer between particle and fluid phases
• Particle “shear stress” described by frictional stress

• Reaction implemented using a custom-written UDF
• Reaction treated as quasi-thermodynamically limited



Eulerian-Eulerian approximation
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Two sets of conservation equations coupled through volume 
fractions for each phase

- Continuity: 

- Momentum:

- Energy:

�

��
���� + � ∙ ������ = 0

�

��
������ + � ∙ �������� = −���� + � ∙ �� + ����� + ��� �� − ��

�

��
������ + � ∙ �������� = −����� + � ∙ �� + ����� + ��� �� − ��

�

��
������ + � ∙ �������� = � ∙ ����,������ − ℎ�� �� − ��



Constitutive relationships – Heat, Momentum
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 Momentum exchange between phases (Gidaspow)

 Heat exchange (Gunn)

��� =

18

���
1 + 0.15 �����

�.��� ���� �� − ��

��
									�� > 0.8

150�� 1 − �� ��

����
� + 1.75

���� �� − ��

��
																				�� ≤ 0.8

��� = 7 − 10�� + 5��
� 1 + 0.7���

�.����/� + 1.33 − 2.4�� + 1.2��
� ���

�.����/�

ℎ�� =
��

��
�� ��� Ai = interface area density =  

6��

��

Particle surface area 
per cell volume

��� = ℎ�� �� − �� (volumetric heat rate)



Constitutive relationships – Granular theory
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 Granular energy treated analogous to molecular diffusion, 
“granular temperature”

3

2

�

��
����Θ� + � ∙ ������Θ� = ��� + �� ∶ 	��� + ��Θ� − ���

− 3���Θ�

Θ� =
1

3
��,���,� Granular temperature function of particle velocity

Transport equation accounts for diffusion of kinetic energy, collisional dissipation, and 
solid-fluid exchange

� =
15������ Θ��

4 41 − 33�
1 +

12

5
�� 4� − 3 ����,�� +

16

15�
41 − 33� �����,��

���
=

12 1 − ���
� ��,��
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����

�Θ�
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��,�� = 1 − �� ��,���⁄
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Constitutive relationships – Solid viscosity
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�� = ��,��� + ��,��� + ��,��

��,��� =
10���� �Θ�

96�� 1 + ��� ��,��
1 +

4

5
����,�� 1 + ���

�

��,��� =
4

5
��������,�� 1 + ���

Θ�

�

� �⁄

Effective solid “viscosity” needed to calculate shear stress 
tensor in momentum continuity equation



Treatment of reaction by UDF
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• Oxidation kinetics are fast, thermodynamically limiting in our 
experiments – Accurate oxidation kinetic rates unavailable

• Mechanism for reaction implemented using psuedo-equilbrium
kinetics (quasi-thermodynamically limited)

���� = 	 �������� − �(�������� − ������������)

The new value for δ (for oxidation) due to oxidation is 
modeled as:

• The change in delta in the computational cell is used to calculate gaseous 
oxygen consumption and heat generation in each computational cell. 

• The β term describes the “progress” towards equilibrium in each cell, and can 
be used to adjust the reaction rate.

� =
�

������
∗ �������_��������

To ensure equal reaction rates at any time step:



UDF flow diagram
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Simplified flow diagram of custom reaction UDF algorithm



Testing UDF for appropriate behavior
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Start at t=0 with known 
particle and air mass in 

container, particle δ = 0.3, 
Tparticle and Tair = 300 K

Engineering estimation of behavior:
ΔHδ=0.3= 340,000 J/kg
mCAM28 = 4.4027x10-7 kg
mair = 1.2x10-6 kg
nair = 4.15x10-5 mol
nO2 = 8.72x10-6 mol
cp,air ~ cp,CAM28 = 1100 J/kg-K

∆� =
∆�	����

���� + ������ 	��
= ~84.5	�

Expected Tequil ~ 384.5 K

nO2, cons = 4.86x10-7 mol
Expected mole fractionO2 = 0.198

Testing the reaction UDF for accuracy

Simulation results:
Average temp of particles and air = 391.5 K
Mole fractionO2 = 0.19



Optimizing the 3-D reactor geometry
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A parametric analysis was conducted 
on the design geometry

• 8 total geometries analyzed
• Varied diameters:

• Main tube
• Inlets and outlets

• Varied particle inlet, air outlet 
locations

• Particle reaction NOT included
• Recorded: 

• Outlet temperatures of particles 
and air

• Pressure drop across reactor

Steady state particle volume fraction



Realization of ROx geometry

57

• Single monolith part not feasible due to size 
and complexity

• Segmented reactor approach taken
• Several smaller parts easier to manufacture 

via additive manufacturing (Robocasting) or 
by off-the-shelf tubes

• Thermal stresses alleviated by expansion 
between segments

• Mullite chosen as construction material
• Operation up to 1400 °C
• Good thermal shock resistance
• Low thermal conductivity compared to 

alumina
• Inexpensive

Geometry must be modified for fabrication feasibility



3-D CAD/Meshing, simulation boundary 
conditions

58

• Meshing done using ANSYS Workbench meshing software
• Default settings used on main tube
• Smaller features refined using “edge meshing” refinement

• Total number of elements = 72,408

Boundary conditions:
• Air in: �̇ = 0.003	kg/s, 670 K, pO2 = 0.21 atm, P = 16.7 atm
• Air out: Pressure outlet, P = 16.7 atm
• Particle in: �̇ = 0.0045	kg/s, 1323 K, δ = 0.32
• Particle out: Only particles removed 



3-D results – Good particle/fluid dispersion
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Particle volume fraction Particle oxygen non-
stoichiometry (δ)

Fluid Temperature (K)Exotherm (W/m2)



3-D results – Heat transfer metrics
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Fluid Temperature (K)

Parameter Value

Air outlet temp (°C) 1275.45 ± 23.98

Particle outlet temp (°C) 965.97 ± 23.50

δ out 0.071 ± 0.005

Effectiveness 78.2%

Power transferred to fluid 3.05 kW

� =
�̇

�̇���
=

�̇���̅,� ��,�� − ��,���

���� ��,�� − ��,�� + �̇�∆����

where ����is the lesser value between 
�̇���̅,� and �̇���̅,�. 

Fluid Pressure (Pa)



Bench-scale instrumentation flow diagram
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Reactor instrumentation:
• Mass flow controllers

• Air, oxygen blend
• Nitrogen blanket

• Inline gas heater
• Simulates 

compressor preheat
• Thermocouples

• 3 fluid outlet
• 1 particle outlet
• 1 particle reduction

• DAQ for T/C logging

One “floating” thermocouple has been added to probe insulation 
temperature in multiple spots to provide a heat loss estimate



Mock-up of ROx reactor
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Air inlet

Air outlet

Particle outlet

Particle 
reduction 
chamber

Particle inlet 
funnel

N2 blanket for 
reductionN2 out

Detail of Robocasting segments
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Future work – data collection for model 
validation

• Model validation approach
• Validate and modify particle/fluid heat transfer 

coefficients using data from the inert test (at two 
different lengths)

• Infer particle oxidation rate using the performance 
difference between pO2 runs of 0.21 atm and 0.9 atm

• Use validated model to scale geometry to 100 kWth reactor

Lreactor

(fluid in to fluid out)

�̇�
�̇�

� = 1.0
�̇�

�̇�
� = 1.5

�̇�
�̇�

� = 2.0

20 inches Inert
pO2 = 0.21 atm
pO2 = 0.9 atm

Inert
pO2 = 0.21 atm
pO2 = 0.9 atm

pO2 = 0.21 atm
pO2 = 0.9 atm

14 inches Inert
pO2 = 0.21 atm 
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