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Abstract

The International Energy Agency (IEA) recommends that the establishment of a low-carbon
economy supported by renewable energy sources as the necessary path to reach the scenario of
net zero emissions by 2050. Energy storage will be key for the massive deployment of renewable
energy sources, contributing decisively to the mitigation of climate change. The use of solar
resource will become one of the most widespread technologies/renewable sources, given its wide
availability and cost reduction in the last decade. Energy storage is essential to improve
dispatchability in concentrated solar power (CSP) plants. The first and second generation of CSP
plants already apply thermal storage in the form of sensible heat mainly through the use of molten
salts. Prospects for the next generation of CSP plants indicate an increase in the implementation
of high-temperature thermal energy storage to integrate highly efficient power cycles. The state of
the art and future research lines of the thermal energy storage technologies integrated into the
CSP plants have been summarized in the following review:

e Pascual S, Lisbona P, Romeo LM. Thermal energy storage in concentrating solar power
plants: A review of European and North American R&D projects. Energies 2022, 15, 8570.

The most promising thermal energy storage technology for the third generation of CSP
plants is the gas-solid based thermochemical energy storage (TCES) systems. The Calcium Looping
(Cal) process based on a carbonation-calcination gas-solid reaction is one of the potential TCES
systems to be integrated into CSP plants, given its high storage capacity and high operating
temperature. This PhD Thesis presents innovative technical solutions to improve the energy
efficiency of calcium cycles such as TCES systems. Specifically, an innovative option for the
improvement of energy efficiency related to the circulation of non-reactive solids in the Cal process
is proposed for the very first time and thoroughly assessed. Moreover, the real dynamic operation
of the CaL TCES is addressed, comprising the variability of energy demand and solar resource.

The research included in this PhD Thesis was developed in the Mechanical Engineering
Department of the School of Engineering and Architecture of the Universidad de Zaragoza, within
the Program of Renewable Energy and Energy Efficiency. This PhD Thesis has been fully funded by
the Programa de Formacion de Profesorado Universitario (FPU) of the Spanish Ministry of Science,
Innovation and Universities, from October 2018 to March 2023.

This PhD Thesis addresses the improvement of energy efficiency in the Cal process
operating as a TCES, influenced by the circulation of non-reactive material. Up to now, research in
literature was focused on the assessment of conventional CaL TCES configurations, where partially
carbonated solids are circulated throughout the whole system. The dynamic operation of the
conventional system is analyzed based on solar resource availability without accounting for energy
demand. Under the present work a step further is taken, energy efficiency is enhanced by means
of a novel management of unreacted solids and a systematic methodology to define the dynamic



operating pattern of the CaL TCES system considering the solar resource availability and the
electricity price market is established.

As a starting point, the energy requirements of the conventional CaL TCES system
proposed in the literature are assessed. Solids circulate within the system and are stored or
retrieved from silos depending on the availability of solar resource and the energy demand. The
objective of this first stage was to lay the foundations of this PhD Thesis, analyzing the energy
efficiency when storing and retrieving gas and solid materials to and from the storage tanks. As a
result of this work, the following paper was published:

e Bailera M, Pascual S, Lisbona P, Romeo LM. Modelling Calcium Looping at industrial
scale for energy storage in concentrating solar power plants. Energy 2021, 225, 120306.

After analyzing the energy requirements of the conventional CaL TCES system, a novel CaL
TCES configuration is proposed within the next step of the PhD Thesis. The energy efficiency is
enhanced through the recirculation of unreacted CaO into the carbonator. A solid-solid classifier
based on density difference is included in the CaL TCES scheme to ideally and completely separate
the unreacted CaO particles from partially carbonated ones. Additionally, the energy efficiency and
plant equipment size are compared under both CaL TCES configurations (conventional and novel)
under the same operating conditions and plant equipment assumptions. The second objective is
to assess the effect of the carbonated solids separation on the plant size and energy savings,
setting up those operating maps which maximize energy efficiency of the CalL TCES system. The
published papers related to this second stage of the PhD Thesis are:

e Pascual S, Lisbona P, Bailera M, Romeo LM. Design and operational performance
maps of Calcium Looping thermochemical energy storage for concentrating solar power
plants. Energy 2021, 220, 119715.

e Pascual S, Lisbona P, Romeo LM. Operation maps in Calcium Looping thermochemical
energy storage for concentrating solar power plants. Journal of Energy Storage 2022, 55,
105771.

The simulation results of the CaL TCES system were supported by an experimental stage.
The objective of the experimental campaign was to determine the sorbent carbonation degree
under real operating conditions of the CaL TCES system and to assess the technical feasibility of
the carbonated solids separation. The sorbent behaviour was analyzed under CaL TCES conditions
(850 °C for carbonation and 950 °C for calcination, both under pure CO2 atmosphere) in lab scale
facilities based on fluidized bed reactors, assuming operating behaviour close to large scale.
Moreover, the bulk density and the minimum fluidization velocity were measured for calcined and
carbonated particles to assess the potential separation of unreacted CaO and partially carbonated
material by density difference. Additionally, a new methodology and an empirical equation to
estimate sorbent conversion based on experimental bulk density were developed and validated.
This experimental stage was carried out during an international research stay at the Universita
degli Studi di Napoli Federico Il (UNINA) and the Institute for Research on Combustion (IRC-CNR)
of Italy, giving rise to two following papers, one presented at an international conference and one
published in a scientific journal:

e Pascual S, Di Lauro F, Lisbona P, Romeo LM, Tregambi C, Montagnaro F, Solimene R,
Salatino P. Improvement of performance of fluidized bed Calcium Looping for
thermochemical solar energy storage: Modelling and experiments. Proceedings of 10t
European Combustion Meeting 2021.
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e Tregambi C, Di Lauro F, Pascual S, Lisbona P, Romeo LM, Solimene R, Salatino P,
Montagnaro F. Solar-driven Calcium Looping in fluidized beds for thermochemical energy
storage. Chemical Engineering Journal 2023, 466, 142708.

The last stage of the present PhD Thesis focuses on the dynamic operation of the CaL
TCES system along the day and year. The objective was to establish the methodology to define the
system operation which maximizes the daily incomes of the CSP plant considering the variability of
solar supply and energy demand. The real operating pattern and the size required for the plant
equipment are the result of applying the operating methodology based on solar resource availability
and electricity price market. Higher revenue for the CSP plant could come from a CalL TCES system
which minimizes the non-reactive solids convey within the system. The last stage of the present
PhD Thesis has led to the publication of one more research paper:

e Pascual S, Lisbona P, Romeo LM. Optimized Ca-looping thermochemical energy
storage under dynamic operation for concentrated solar power. Journal of Energy Storage
2023. Accepted for publication.
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Resumen

La Agencia Internacional de la Energia (IEA) sefala la necesidad de establecer una
economia basada en bajas emisiones de carbono y utilizacion de recursos renovables, con el fin
de alcanzar el escenario de cero emisiones netas para el ano 2050. Por tanto, el almacenamiento
de energia sera clave para el despliegue masivo de energias renovables, contribuyendo de forma
decisiva a la mitigacion del cambio climatico. El aprovechamiento de los recursos solares a través
de tecnologia de energia solar de concentracion serd una de las fuentes renovables mas
extendidas, dada su amplia disponibilidad y reduccion de costes en la Gltima década. La mejora
de la capacidad de despacho en las plantas de energia solar de concentracién (CSP) esta
supeditada al almacenamiento de energia. La primera y segunda generacion de centrales CSP ya
utilizan almacenamiento térmico en forma de calor sensible, principalmente sales fundidas. Las
perspectivas para la préoxima generacion de plantas de CSP indican un aumento en la
implementacion de almacenamiento de energia térmica a alta temperatura, integrando ciclos de
energia altamente eficientes. El estado del arte y futuras lineas de investigacion de las tecnologias
de almacenamiento de energia térmica integradas en las plantas CSP se han recogido y publicado
en la siguiente revision:

e Pascual S, Lisbona P, Romeo LM. Thermal energy storage in concentrating solar power
plants: A review of European and North American R&D projects. Energies 2022, 15, 8570.

La tecnologia de almacenamiento de energia térmica mas prometedora para la tercera
generacion de plantas de CSP se basa en sistemas gas-s6lido de almacenamiento de energia
termoquimica (TCES). El ciclo de calcio (Calcium Looping - Cal) basado en la reaccién gas-sélido
de carbonatacién-calcinacion es uno de los potenciales sistemas TCES a integrar en plantas CSP,
dada su alta capacidad de almacenamiento y alta temperatura de operacion. Esta Tesis Doctoral
presenta soluciones técnicas novedosas con el objetivo de mejorar la eficiencia energética de
ciclos de calcio como sistemas TCES. En concreto, se propone y se analiza por primera vez una
opcién innovadora para la mejora de la eficiencia energética basada en la gestion dela circulacion
de sélidos no reactivos en el proceso CalL. Ademas, se aborda el funcionamiento dinamico del
sistema CalL TCES bajo condiciones reales de operacion, considerando la variabilidad de la
demanda energética y del recurso solar.

La investigacion incluida en esta Tesis Doctoral se ha desarrollado en el Departamento
de Ingenieria Mecanica de la Escuela de Ingenieria y Arquitectura de la Universidad de Zaragoza,
dentro del Programa de Energias Renovables y Eficiencia Energética. Los estudios de doctorado
han sido financiados por el Programa de Formacion de Profesorado Universitario (FPU) del
Ministerio de Ciencia, Innovacion y Universidades de Espana, desde octubre de 2018 hasta marzo
de 2023.



La presente Tesis Doctoral aborda la mejora de la eficiencia energética del proceso Cal
operando como sistema TCES mediante una gestion mejorada dela circulacion de material no
reactivo. Hasta ahora, la investigacion realizada en este ambito se ha centrado en la evaluacion
de configuraciones convencionales del sistema CalL TCES, en las cuales los sélidos parcialmente
carbonatados circulan por todo el sistema. Por otra parte, el funcionamiento dinamico del sistema
convencional se ha analizado Unicamente en funcién de la disponibilidad del recurso solar sin
tener en cuenta la demanda de energia. En el presente trabajo se da un paso mas, (i) mejorando
la eficiencia energética mediante un novedoso manejo de sélidos sin reaccionar y (ii) definiendo
el patron dindmico de operacion del sistema CaL TCES, considerando la disponibilidad del recurso
solar y el precio de la electricidad en el mercado.

Como punto de partida, se evallan los requerimientos energéticos del sistema CaL TCES
convencional propuesto en bibliografia. Los sélidos circulan dentro del sistema y se almacenan o
recuperan de los silos segln la disponibilidad del recurso solar y la demanda de energia. El objetivo
de este primer paso es sentar las bases de la Tesis Doctoral, analizando la eficiencia energética
en funcion de la gestion de las sustancias almacenadas (gas y materiales sélidos) hacia y desde
los tanques de almacenamiento. Como resultado de este trabajo, se publicé el siguiente articulo:

e Bailera M, Pascual S, Lisbona P, Romeo LM. Modelling Calcium Looping at industrial
scale for energy storage in concentrating solar power plants. Energy 2021, 225, 120306.

Tras analizar las necesidades energéticas del sistema CaL TCES convencional, se propone
una novedosa configuracién en el siguiente bloque de esta Tesis Doctoral. La eficiencia energética
se mejora a través de la recirculacion al carbonatador del CaO que no ha reaccionado. Se incluye
un clasificador sélido-s6lido basado en la diferencia de densidades, con el fin de separar las
particulas de CaO sin reaccionar de las parcialmente carbonatadas. Ademas, se comparan la
eficiencia energética y el tamano de los equipos de la planta entre ambas configuraciones CalL
TCES (convencional y nueva propuesta) bajo las mismas condiciones de operacién de los equipos
de la planta. El segundo objetivo es evaluar el efecto de la separacion de sélidos carbonatados
sobre el tamano de la planta y el ahorro energético, estableciendo aquellos mapas operativos que
maximicen la eficiencia energética del sistema CalL TCES. Los trabajos publicados relacionados
con esta segunda etapa de la Tesis Doctoral son:

e Pascual S, Lisbona P, Bailera M, Romeo LM. Design and operational performance
maps of Calcium Looping thermochemical energy storage for concentrating solar power
plants. Energy 2021, 220, 119715.

e Pascual S, Lisbona P, Romeo LM. Operation maps in Calcium Looping thermochemical
energy storage for concentrating solar power plants. Journal of Energy Storage 2022, 55,
105771.

Los resultados de la simulacién del sistema CaL TCES han sido complementados por una
campana experimental. Los objetivos de la etapa experimental son (i) determinar el grado de
carbonatacion del sorbente en condiciones reales de funcionamiento del sistema CalL TCES vy (ii)
evaluar la viabilidad técnica de la separacion de sélidos carbonatados. El comportamiento del
sorbente se analiz6 bajo condiciones CaL como sistema TCES (850 °C carbonatacion y 950 °C
calcinacion, en atmoésfera de CO2 puro) en reactores de lecho fluidizado escala laboratorio,
asumiendo un comportamiento operativo escalable a gran escala. Ademas, se midieron tanto la
densidad aparente como la velocidad minima de fluidizacion de particulas calcinadas y
carbonatadas para evaluar el potencial de separacién del CaO parcialmente carbonatado con
diferente contenido de CaCOs por diferencia de densidad. Adicionalmente, se desarrolld y valido
una nueva ecuacion empirica para estimar la conversion del sorbente en funcion de la densidad



aparente experimental. Esta etapa experimental se llevd a cabo durante una estancia de
investigacion internacional en la Universita degli Studi di Napoli Federico Il (UNINA) y el Institute
for Research on Combustion (IRC-CNR) de Italia, dando lugar los siguientes trabajos, uno
presentado en conferencia internacional y otro publicado en revista cientifica:

e Pascual S, Di Lauro F, Lisbona P, Romeo LM, Tregambi C, Montagnaro F, Solimene R,
Salatino P. Improvement of performance of fluidized bed Calcium Looping for
thermochemical solar energy storage: Modelling and experiments. Proceedings of 10t
European Combustion Meeting 2021.

e Tregambi C, Di Lauro F, Pascual S, Lisbona P, Romeo LM, Solimene R, Salatino P,
Montagnaro F. Solar-driven Calcium Looping in fluidized beds for thermochemical energy
storage. Chemical Engineering Journal 2023, 466, 142708.

El dltimo bloque de la presente Tesis Doctoral se centra en el funcionamiento dinamico
del sistema CaL TCES a lo largo del dia y del afio. El objetivo es establecer una metodologia que
establezca la operacion del sistema maximizando los ingresos diarios de la planta CSP teniendo
en cuenta la variabilidad del suministro solar y la demanda de energia. Como resultado de la
aplicacion de la metodologia desarrollada, se obtiene el patrén de operacion real y el tamano
requerido para los equipos de la planta en base a la disponibilidad del recurso solar y el precio del
mercado eléctrico. Los mayores ingresos para la planta de CSP provendran de un sistema Cal
TCES que minimiza el transporte de sélidos no reactivos dentro del sistema. Este Gltimo bloque de
la Tesis Doctoral ha dado lugar a la publicacién de un articulo cientifico mas:

e Pascual S, Lisbona P, Romeo LM. Optimized Ca-looping thermochemical energy
storage under dynamic operation for concentrated solar power. Journal of Energy Storage
2023. Aceptado para publicacion.
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Conclusions

The main aim of this PhD Thesis is the improvement of the energy efficiency of the Calcium
Looping (CaL) process as thermochemical energy storage (TCES) system and the in-depth study of
its operation in transient mode. The research has been focused on the effect of (i) non-reactive
solids management on energy efficiency, (ii) the solids and gas flows management between
reactors and storage on the setting up of operating maps which maximize energy efficiency and
(iii) the variability of solar resource and electricity prices on the system operation which maximizes
revenues. Moreover, real conditions of solar energy availability and daily electricity price evolution
are used to determine the operational behaviour of a CaL TCES system which optimizes the
economic feasibility of the system.

The efficiency improvement of the CaL TCES system is obtained through an enhanced
solids management after carbonation step. Partial carbonation degree, which depends on the
sorption activity of the sorbent, generates a mixed stream of reacted/unreacted sorbent after
carbonation step. Sorbents are gradually deactivated and the sorption activity is reduced with the
number of carbonation/calcination cycles. The experimental tests showed an average sorption
activity of 25% after 20 cycles in an electrically heated fluidized bed using only limestone as bed
inventory. CaL TCES conditions were set during the experimental tests: 850 °C during carbonation
and 950 °C during calcination under pure CO2 atmosphere. The circulation of the unreacted
material to the calciner and limestone storage tank increases energy losses in the CaL TCES
system. Thus, the inclusion of a novel solid-solid classifier after carbonation reactor is a promising
alternative to separate carbonated material, recirculating the not-carbonated material into the
carbonator. The ideal full separation of unreacted and carbonated material assumed in the
calculations yielded positive results, reducing the size of the plant equipment by up to 74% and
generating significant energy savings. The efficiency is 11 and 28 average points higher for energy
storage and energy availability respectively, compared to the conventional CaL TCES configuration
proposed in literature. The technical feasibility of the solid-solid separation unit was experimentally
assessed, given the positive effects on energy cost of the CalL TCES system. The difference between
the experimental minimum fluidization velocity of carbonated and unreacted particles could
promote their separation in a solid-solid fluidized bed classifier, partially separating by density
difference the more carbonated particles from the less carbonated ones. The solid-solid fluidized
bed classifier could be the suitable technology to partially separate carbonated granular solids by
density difference, given the significant difference between the minimum fluidization velocity of
both carbonated and calcined material.

The influence of the solids and gas management to/from storage tanks on the CaL TCES
system efficiency has been assessed under different combinations of solar resource availability
and energy demand. Besides the energy savings generated by reducing the convey of unreacted
solids, an exhaustive analysis was performed to set up the operation map which maximizes the

Xiii



energy performance of the CaL TCES system. A large number of different operating points may lead
to the same amount of stored and retrieved energy for each pair of reactor loads (calciner and
carbonator). The operating points considered to define the operation maps meet technical and
design criteria defined in the framework of the PhD Thesis. The technical and design criteria are
related to the plant equipment of the CaL TCES system and include (i) the control of the direction
of the heat flows, (ii) the limitation of their minimum load to encourage proper system operation or
reduction of excessive energy consumption and (iii) the management of the gas and solids from
and to the storage tanks. Then, the amount of stored energy was quantified for the operational
points analyzed within the energy storage operation mode. The thermal energy availability was
estimated for all the possible operating points within the energy retrieval operation mode. The
selected operating map maximizes the energy storage efficiency under energy storage operation
mode and the thermal energy availability efficiency under energy retrieval operation mode.

Once the optimized operational maps were established, a novel methodology to determine
the most profitable dynamic operation of the CaL TCES system was created and applied to a
specific case study. The daily income was maximized, taking into account (i) the maximum energy
efficiencies for the operating points, (ii) the conservation of stored energy from one day to the
following one and (iii) the influence of the hourly variability of solar resource and electricity prices.
More energy is retrieved when demand is larger, achieving greater stability in operation with
uniform electricity price profiles and greater availability of solar resources. Energy retrieval is
concentrated at the beginning and end of the day under sharply price profiles, increasing the
number of hours under full energy storage mode without operating the carbonator or energy
retrieval operation mode. The obtained daily operating pattern which maximizes the daily income
included a limited number of operation points which only correspond to threshold points within
the defined operation map. Most of carbonator/calciner loads combinations are not included in
the optimized daily pattern of operation points. Only those situations in which one of the reactors
is completely off are considered in the optimized pattern. The highest efficiencies are not found at
these extreme operating points. However, the present PhD Thesis assesses how to operate the CalL
TCES system to obtain the maximum energy efficiency under those extreme points belonging to full
operation modes: storage and retrieval. The full storage operation mode takes place when
carbonator is shut down, while the full energy retrieval operation mode comprises operating points
without solar resource availability. The real incomes obtained by the CaL TCES system could vary
between the revenues from the conventional and the novel configurations analysed in the present
PhD Thesis.

The present PhD Thesis has contributed to discover how to enhance the energy efficiency
of the CaL TCES system under the assessment of the dynamic operation based on the instability
of the solar resource and the electricity market. The CaL process is a promising mid-term candidate
to store thermal energy in CSP plants. Undoubtedly, the proposal for partial separation of
carbonated solids still requires to be addressed from the design and economic point of view.
However, the assessment of the novel CaL TCES configuration points out the potential energy
savings achievable by the CSP plants coupled with CalL TCES system. Moreover, the novel operating
methodology enables approaching the operation of CaL TCES systems close to reality, contributing
to the development of Cal technology as thermal energy storage in large-scale CSP plants.
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Conclusiones

Los principales objetivos de la Tesis Doctoral son (i) la mejora de la eficiencia energética
del ciclo de calcio (Calcium Looping - Cal) como sistema de almacenamiento termoquimico de
energia (TCES) y (ii) el estudio en profundidad de su funcionamiento en régimen transitorio. La
investigacion se ha centrado en el efecto de (i) una gestion diferente de los sélidos no reactivos
sobre la eficiencia energética, (ii) la gestion de los flujos de sélidos y gases entre reactores y
almacenamiento en el establecimiento de mapas operativos que maximicen la eficiencia
energética y (iii) la variabilidad del recurso solar y los precios de la electricidad en la operacion del
sistema, maximizando los ingresos. Adicionalmente, las condiciones realistas de disponibilidad de
energia solar y la evolucion diaria del precio de la electricidad podrian permitir la definicion del
comportamiento operativo de un sistema CalL TCES que optimice la viabilidad econémica del
sistema.

La mejora de la eficiencia energética del sistema CalL TCES se ha centrado en la gestion
de sélidos tras la reacciéon de carbonatacién. La carbonatacion parcial, que depende de la
actividad de sorcion del sorbente, produce una corriente de mezcla de sorbente carbonatado y no
carbonatado tras la etapa de carbonatacion. Los sorbentes se desactivan gradualmente y la
actividad de sorcion se reduce con el nimero de ciclos de carbonatacion/calcinacion. Los
resultados experimentales de la Tesis mostraron una actividad de sorcién promedio del 25% tras
20 ciclos en un lecho fluidizado calentado eléctricamente, empleando Unicamente caliza como
material de lecho. En el transcurso de las pruebas experimentales se establecieron las siguientes
condiciones: 850 °C durante la carbonatacion y 950 °C durante la calcinacion, bajo atmésfera de
CO2. La circulacion del material que no reacciona en la carbonatacién hacia el calcinador y el
tanque de almacenamiento de piedra caliza aumenta las pérdidas de energia en el sistema CalL
TCES. La inclusién de un novedoso clasificador s6lido-s6lido después del reactor de carbonatacion
es una propuesta prometedora para separar el material tras la carbonatacion, recirculando el
material no carbonatado al carbonatador. La separacion completa de CaO no carbonatado y
material parcialmente carbonatado arrojé resultados positivos, reduciendo el tamafno del equipo
de la planta hasta en un 74% y generando importantes ahorros de energia. En comparacion con
la configuracién CalL TCES convencional propuesta en literatura, la eficiencia de almacenamiento
energético y la eficiencia de disponibilidad energética son 11 y 28 puntos promedio superiores,
respectivamente. Considerando los efectos positivos en el coste energético del sistema CalL TCES,
se evalub experimentalmente la viabilidad técnica de la unidad de separacion sélido-sélido. La
diferencia entre la velocidad minima experimental de fluidizacién de particulas carbonatadas y no
carbonatadas podria promover su separacion en un clasificador de lecho fluidizado sélido-sélido,
separando parcialmente por diferencia de densidad las particulas mas carbonatadas de las menos
carbonatadas. El clasificador de lecho fluidizado sélido-sélido podria representar una tecnologia
adecuada para separar parcialmente los sélidos granulares carbonatados por diferencia de
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densidad, dada la diferencia significativa entre la velocidad minima de fluidizacién del material
carbonatado y calcinado.

Se ha evaluado la influencia de la gestion de sélidos y gases hacia y desde los tanques
de almacenamiento en la eficiencia del sistema CaL TCES bajo diferentes combinaciones de
disponibilidad de recurso solar y demanda energética. Ademas del ahorro energético generado por
la reduccién de la cantidad de sélidos inertes transportados, se realiz6 un analisis exhaustivo para
establecer el mapa de operacion que maximizase el rendimiento energético del sistema CaL TCES.
Un gran ndmero de puntos de operacion diferentes conducen a la misma cantidad de energia
almacenada y recuperada para cada par de cargas en los reactores (calcinador y carbonatador).
Los puntos de operacion considerados para definir los mapas de operacion cumplen criterios
técnicos y de diseno. Los criterios técnicos y de diseno que se han fijado sobre los equipos de
planta del sistema CaL TCES implican (i) controlar su comportamiento, (ii) limitar su carga para
favorecer el correcto funcionamiento del sistema o reducir el consumo excesivo de energia vy (iii)
gestionar los gases y sélidos desde y hacia los tanques de almacenaje. La cantidad de energia
almacenada se cuantificd para los puntos operativos analizados dentro del modo de operacion de
almacenamiento de energia. La disponibilidad de energia térmica se estimé para todos los
posibles puntos de operacion dentro del modo de operacion de recuperacion de energia. El mapa
operativo definido maximiza la eficiencia de almacenamiento de energia en el modo de operacion
de almacenamiento de energia y la eficiencia de disponibilidad de energia térmica en el modo de
operacion de recuperacion de energia.

Una vez establecidos los mapas operativos optimizados, se creé una nueva metodologia
para determinar la operacion dindmica del sistema CaL TCES mas rentable, aplicandose
posteriormente a un caso de estudio especifico. El ingreso diario se maximizé teniendo en cuenta
(i) las méaximas eficiencias energéticas para los puntos de operacion, (ii) la conservacion de la
energia almacenada de un dia al siguiente y (iii) la influencia de la variabilidad horaria del recurso
solar y precios de la electricidad. La recuperacion de energia es superior a mayor incremento de
demanda, logrando una mayor estabilidad en la operacién con perfil uniforme de precios de
electricidad y una mayor disponibilidad de recurso solar. La recuperacion de energia se concentra
al principio y al final del dia bajo perfiles de precios variables y picos maximos y minimos marcados,
lo que aumenta la cantidad de horas en modo de almacenamiento de energia total o en modo de
operacion de recuperacion de energia. El patron de operacion diario demuestra la operatividad del
sistema CalL TCES a través de puntos extremos dentro del mapa de operacion definido que
maximiza la eficiencia del sistema. Las eficiencias mas elevadas no se encuentran en estos puntos
de operacion extremos. Sin embargo, la presente Tesis Doctoral evallia como operar el sistema
CaL TCES para obtener la maxima eficiencia energética en aquellos puntos extremos
pertenecientes a los modos de almacenamiento y recuperacion totales. El modo de operacién de
almacenamiento total tiene lugar cuando se apaga el carbonatador, mientras que el modo de
operacion de recuperacion de energia total comprende puntos de operacion sin disponibilidad de
recurso solar. Los ingresos reales obtenidos por el sistema CalL TCES podrian variar entre los
ingresos generados en las configuraciones convencional y novedosa analizadas en la Tesis
Doctoral.

La presente Tesis Doctoral ha contribuido a descubrir como mejorar la eficiencia
energética del sistema CaL TCES mediante una evaluacion del funcionamiento dinamico basada
en la inestabilidad del recurso solar y el mercado eléctrico. El proceso CalL es un candidato
prometedor a medio plazo para almacenar energia térmica en plantas CSP. Sin duda, la propuesta
de separacion parcial de sélidos carbonatados alin requiere ser abordada desde el punto de vista
de diseno y econémico. Sin embargo, la evaluacién de la nueva configuracion CalL TCES propuesta
sefala los posibles ahorros de energia que pueden lograr las plantas CSP junto con el sistema CalL
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TCES. Ademas, la nueva metodologia operativa permite acercar la operacion de los sistemas CalL
TCES a la realidad, contribuyendo al desarrollo de la tecnologia CaL como almacenamiento de
energia térmica en plantas CSP a gran escala.
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1. General introduction

The Intergovernmental Panel on Climate Change (IPCC) highlights the importance of
mitigating greenhouse gases (GHG) emissions through the higher penetration of renewable energy
sources (RES) in the energy mix [1]. RES, excluding hydropower, only contributed by 13.17% to
global electricity production in 2021 [2], estimating an increased share of 20% by 2023 in 50 world
regions [3]. The global renewable power capacity must increase threefold to achieve the carbon
neutrality scenario by 2050 [4]. The International Energy Agency (IEA) roadmap to reach net zero
emissions by 2050 includes targets related to (i) the extension of energy storage to support power
network/grid and (ii) the implementation of a low-carbon economy [5]. Aligned with these targets,
the European Commission (EC) promotes policies for decarbonization of energy sectors such as (i)
minimizing GHG emission by at least 55% up to year 2030 and (ii) raising the share of RES in the
energy mix [6]. Meeting both objectives is essential in the fight against climate change, as well as
in the improvement of Europe's energy autonomy even more in the current era of energy crisis.

Within RES, solar power will play a significant role in the future economy, given its
worldwide availability. Moreover, the solar-based RES have a promising future due to the
exponential growth of the global concentrating solar power (CSP) plants [7] caused by the drop of
their average investment/capital costs by 70% in the last decade [4]. However, the intermittence
in the electrical supply is the major issue to be solved to massively deploy solar energy. The energy
storage was already proposed in 2017 by the EC as a solution for variability in renewable energy
production [8]. Thermal energy storage (TES) integrated into CSP plants allows for (i) better
load/discharge efficiencies and lower capital cost than mechanical or chemical storage systems
[9] and (ii) lower annual price variability than fossil fuels [10]. The TES CSP plants consist of a solar
field, a heat transfer fluid (HTF), a storage system and a power block [11]. The solar radiation is
concentrated onto a receiver to heat up the HTF at high temperature. The hot transport fluid
transfers thermal energy to a TES system and/or to a thermodynamic cycle for electrical generation
[12]. The stored energy is retrieved when electricity production is required and solar resource is
total or partially unavailable, enhancing the dispatchability of the CSP plants [13]. The amount of
thermal energy stored is subjected to the thermophysical properties of the storage medium (i.e.
specific heat, temperature range, amount of stored energy) [14]. The TES systems are classified
according to the load/discharge physical phenomena in sensible heat storage (SHS), latent heat
storage (LHS) and thermochemical energy storage (TCES).

SHS materials store/retrieve the thermal energy by heating/cooling their mass, given their
high specific heat (131-4187 J/kgK). Most of the SHS systems are commercial and low cost, being
molten salts the most widespread medium. Moreover, molten salts can be used as HTF and TES
to enhance the dispatchability of CSP plants. Their major drawback is the narrow operating
temperature range (290-565 °C) to prevent material solidification and degradation [15].
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Secondly, LHS materials store/retrieve the thermal energy during phase change given
their high latent heat (112-260 kJ/kg), minimizing oscillations in energy production [16]. Organic,
inorganic or eutectic Phase Change Materials (PCMs) with volume variations from solid to liquid
phase transition below 10% are used as LHS [17]. However, their low thermal conductivity and
instability at high temperatures are their major drawbacks [18,19] Heat transfer structures such
as shell and tubes enhance the heat exchange [20,21].

Lastly, TCES systems store/retrieve thermal energy through a cyclic process based on
reversible chemical reactions, working at high temperatures up to 1300 °C. The energy density of
TCES (about 240-1090 kWh/t [22]) is almost 10 times higher than energy density of SHS (1001-
4453 kJ/m3K [16]) and 5 times higher than that of LHS (50 to 150 kWh/t [17,23]), providing long-
term storage with minimal heat losses. However, technical aspects of TCES systems such as
reactors design, reaction control and process integration must be still addressed to be more
efficient. The CSP plants will require TCES systems in which heat and mass transfer are enhanced.
The improvement in the stability of the cycles in the reversible reactions and the reduction in the
cost of TCES materials will play a crucial role in the development of CSP plants, whose production
depends on the variability of solar resource [22]. The transient state of TCES process must be
assessed to simulate the real operation of the CSP plants with TES systems.

1.1. State of the art of thermal energy storage in
concentrating solar power plants

The state of the art of the integration of thermal energy storage in solar power plants was
thoroughly reviewed to settle the existing knowledge on the topic. The status of TES in the main
CSP plants and its prospects have been reviewed and carefully presented. The information was
gathered from (i) the current worldwide commercial CSP plants [24] and (ii) the main worldwide
TES CSP research and development (R&D) projects located in Europe and North America [25,26].
These regions present a greater development in the field of CSP technology, contributing to almost
two thirds of the total installed CSP power [24]. The results of this status and future prospective of
thermal energy storage in concentrated solar power plants was gathered and published in the
review paper “Thermal energy storage in concentrating solar power plants: A review of European
and North American R&D projects” 2022, Energies, 15, 8570 [27].

TES has been proposed as a solution for the intermittency in power production of CSP
plants. More than half of the ongoing worldwide CSP facilities integrate TES systems to manage
power generation [9]. SHS, LHS and TCES are the most analyzed and developed TES systems to
date with different pathways of integration with CSP plants. The main features of previous and
future generation of CSP facilities have been reviewed, including (i) the implemented concentrating
solar power technology in the solar field, (ii) the integrated TES medium to store/release thermal
energy (SHS, LHS or TCES), (iii) the connection through the HTF between the solar field and the TES
system, highlighting if the HTF is used as a means of heat transport and energy storage, (iv) the
performed configuration to integrate the TES system into the CSP plant, according to the natural
state of the storage medium: fluid (active storage) or solid (passive storage) and (v) the coupled
power cycle to the CSP plant to produce electricity maximizing thermal to electrical performance.
Table 1 shows the most widespread elements of the current state and the future directions of these
TES systems for first/second and third generation of CSP plants, respectively.
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Table 1. Characteristics of the current and the future third generation of CSP plants.

Elements State of the art Prospective

CSP technology e Parabolic through collectors e Parabolic through collectors
e Solar power tower

TES medium e SHS: conventional molten e SHS: rocks, solid particles, liquid metals, new
salts, water molten salts
e LHS: PCMs
e TCES: redox, hydroxide, carbonate
HTF e Thermal oil (#TES)* e Air, CO2 (#TES)*
o Water (=TES)S e Molten salts, solid particles, TCES systems (=TES)$

TES CSP e 2-tank active indirect e Single-tank thermocline & passive storage
integration e Steam accumulator ¢ Passive storage
Power block e Steam Rankine e CO2 Brayton or supercritical

* Same substance used as storage medium (TES) and heat transfer medium (HTF).
8 The TES medium and the HTF are different substances.

The current commercial facilities are part of the first and second generation of CSP plants,
including large molten salt-based TES [28] or water as TES and HTF to direct steam generation in
the receiver [15]. Molten salts are currently integrated in a 2-tank indirect active storage format,
implementing a steam Rankine based power cycle and a solar field with parabolic through
collectors as CSP technology, which are connected by thermal oil as HTF [24]. The 2-tank format
includes separated hot and cold tanks, being the hot tank charged with thermal energy while the
cold tank contains the discharged molten salt [29,30]. Water is the second most used SHS medium
as steam accumulator format to provide a direct steam generation [24]. Limitations related to
properties (i.e. high freezing point of common molten salts, low thermal conductivity of water) and
high cost associated to conventional molten salts and pressurized storage tanks for water led
research efforts to develop new TES materials for the next generation of CSP plants [29,30].

Low-cost materials (i.e. natural rocks [16,31], solid particles [32,33], liquid metals [34])
and new high-temperature resistance molten salts up to 740 °C will be the future options for SHS
media in CSP plants [35,36], being able to save 35% of the cost using single-tank format. The
stored heat is stratified in the single tank creating a thermal gradient [29,30]. Improved heat
transfer ratio and lower storage cost would be achieved using high-temperature PCMs as LHS [37].
The storage size and associated costs for the next third generation of CSP facilities could be
minimized through a new configuration coupling passive storage and single-tank thermocline
systems using molten salts as SHS and HTF and PCMs as LHS. The passive storage consists of a
simple and compact storage unit which is charged and discharged by circulating the HTF [29,30].
The use of air, CO2 or even TES as HTF could minimize the cost of electricity production. Moreover,
the thermophysical properties of PCMs will be enhanced embedding nanoparticles in their
structure [38]. However, the emerging set of TES technologies with the greatest future potential is
the TCES system as passive storage configuration. Advantageous characteristics of the TCES
systems make them the most investigated ones during the last decade, such as low-cost storage
media, high working temperatures, high energy density, seasonal storage with minimal energy
losses [29,30]. As the development of reaction control involving TCES systems progresses, lower
storage cost is expected compared to SHS and LHS materials [39]. Moreover, high-efficient power
blocks (i.e. Brayton or supercritical CO2 cycles) could be coupled to CSP facilities with TCES
integration, enhancing the overall plant efficiency.

The future third generation of CSP plants will focus on the inclusion of (i) non-corrosive,
high operational durability and high energy density TES materials, (ii) HTFs with high working
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temperature and low operational degradability and (iii) more efficient thermodynamic cycles such
as Brayton or supercritical [40]. Thus, the ongoing TES CSP R&D projects could lead the projection
of future CSP plants, including high operating temperature (i) CSP technologies (i.e. solar power
tower or parabolic through collectors), (ii) TCES systems (i.e. hydroxide, carbonate and redox) and
(iii) power blocks such as supercritical CO2.

TCES is the most preferred option as TES for the next generation of CSP plants, working
above 800 °C [16,41] and enhancing the CSP conversion efficiency [42]. Among the TCES systems,
gas-solid reactions are the most promising given their high reaction enthalpy and their simplicity in
storage and transport as the products can be easily separated. Within gas-solid based TCES
systems, one of the main challenges is the energy performance of the associated CSP plants.

The present PhD Thesis addresses the main issues of TCES systems based on reversible
gas-solid reactions, specifically the Calcium Looping (Cal) process. The cyclic degradability of the
CaL sorption material determines the amount of inert material circulating in the system which
negatively influences the energy efficiency of the system. A new and optimized strategy for solids
management can enhance the energy efficiency in the CSP plant. Thus, the influence of the solar
resource variability and the circulation of inert material within the CaL TCES system are assessed
to enhance the efficiency of the CSP plants.

1.2. Calcium Looping as thermochemical energy storage

The present PhD Thesis addresses those issues related to the dynamic operation and
energy improvement of TCES systems (i.e. degradability, stability and lifetime of reversible reaction
cycles) are addressed through the application of Cal technology.

The Cal gas-solid reaction has been extensively investigated in the last decade for its
application as post combustion carbon capture integrated in the energy sector (i.e. fossil-fuel based
power plants [43] or cement plants [44]). The technical feasibility of Cal process as carbon capture
system in coal-fired power plants has been assessed in literature through process simulation,
showing lower efficiency penalties (between 6 and 7% points) than other CO2 capture systems [45].
The net efficiency penalty associated to CO2 capture can be minimal (2.4% points) [46], providing
calcination thermal energy requirements from a combustor [47]. Additionally, recent literature
shows the potential of CalL technology for carbon dioxide (CO2) capture to achieve zero or negative
emissions bioenergy systems from wastes [48] or biomass [49] energy transformation.

Despite CalL system as a TCES was first proposed in 1974 by Barker [50], the greatest
research interest emerged in recent years in support of solar-based RES as CSP. The Cal reaction
(Equation (1)) may be the basis of a TCES system which easily integrates thermal energy in CSP
plants, given its high reaction enthalpy and associated energy density between 390 and 490 kWh/t
[22,51,52]. Another great advantage of CalL as TCES is the use of limestone as sorbent rich in
calcium carbonate (CaCOs), which is non-toxic, cheap (< 10 €/t CaCOs) and abundant [53]. Thus,
the CalL technology could play a key role in both (i) the decarbonization of energy-intensive sectors
and (ii) enhancing the dispatch capacity of CSP plants.

CaCO3(5) S Caly) + €O, (g AHp = +178 kJ /mol (1)
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The CalL process as TCES is based on the reversible cyclic calcination-carbonation
reaction. Calcination reaction of limestone (Equation (1)) occurs at 920-950 °C forming calcium
oxide (Ca0) and CO2. The required heat is supplied by solar energy in the CSP plant when available
[54]. The solar energy invested in the endothermic calcination process must be stored and later
retrieved in the carbonator step. Thus, calcination products, CaO and CO2, are fully or partially
stored in separated tanks, diverting the rest to the carbonator to release thermal energy. The stored
energy is recovered when electricity is required under total or partial solar resource unavailability.
A minimum operating load could be maintained to avoid costly power plant shutdowns. The energy
storage density defined as the chemical and sensible energy stored per unit mass CaO can reach
1419 MJ/m3, being almost 2 times higher typical molten salts [55]. The thermal energy is retrieved
in the carbonator reactor to provide thermal energy to an associated power cycle which supplies
the electricity demand. The carbonation process takes place when CaO partially reacts with CO2 to
form CaCOs at 600 - 850 °C (reverse Equation (1)), releasing high temperature heat [56]. A
conceptual diagram of the CaL TCES system is shown in Figure 1.
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Figure 1. CaL TCES conceptual diagram.

The major drawback of the Cal reaction is the decay of sorbent capacity of CaO material
with the number of cycles [57,58]. The loss of CaO reactivity is induced by thermal and chemical
sintering caused by loss of porosity and pore plugging [59-62]. The CaO activity during carbonation
step is subjected to the operating conditions of the CalL process for TCES applications, such as
calcination/carbonation temperature (920-950 °C and 600-850 °C, respectively) and reactors
atmosphere (100% CO2) [54,56]. Nevertheless, the recovery of solar energy at high temperature
in the carbonation step could allow the integration of high-efficient power cycles (i.e. Brayton) [63].
The loss of sorbent reactivity is one of the main issues to be solved. The sorbent conversion decay
has been deeply investigated in literature, obtaining well-adjusted models under CO2 capture
conditions. However, the scarcity of experimentation under energy storage conditions narrows
down the development of sorbent deactivation modelling for CalL operation as TCES. Different
solutions have been investigated in literature to limit or prevent the drop in CaO activity: (i)
limestone pretreatments [64] (i.e. mechanical [65,66], thermal [55,67], steam [68-70]), (ii)
doped or modified sorbents [71,72], even adding inert stabilizers/promoters [73] (i.e. ZrO2 [74-
76], Al203 [76,77], eutectic alkali chloride salts [78]), (iii) improvements in natural limestone [61],
or (iv) development of synthetic Ca-based sorbents [79], even introducing dark inert materials to
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enhance the absorption of solar radiation [71,80,81]. Most of the sorbent activity enhancement
techniques have been developed for CO2 capture, such as (i) mechanical [65,66], thermal [55] and
steam [70] pretreatments or (ii) doping of sorbents with ZrO> [74,76], Al203[76,77]. Under TCES
conditions, another technique to minimize the sintering issue at high operating temperatures, and
therefore the deactivation of the sorbent, is to pressurize the calciner and carbonator reactors.
Ortiz et al. proposed the calcination reaction in a low-pressure (0.01 bar) entrained flow reactor at
765 °C, reducing energy losses and CaO sintering [82].

Partially carbonated particles are found after the exothermic carbonation reaction,
coexisting CaO and CaCOs in the same particle. The carbonated solids are stored or directed to the
calciner during sunlight hours, closing the loop. The circulation and storage of unreacted solid
material could negatively affect system efficiency [83]. The lower CaO reactivity, the larger amount
of inactive solid material convey to the calciner [84]. As discussed above, the sorbent conversion
is not complete and unreacted solids circulate throughout the CaL TCES system. The present PhD
Thesis focuses on the issues raised by the efficiency improvement associated to the solids
management.

Up to now, research efforts are aimed at scaling the CalL system as TCES, making it
economically feasible. Primarily, the limitations in heat transfer during carbonation and calcination
are some of the main problems to be solved. Moreover, several research lines have been carried
out in recent years are presented below, proposing different operational schemes to couple the
CSP plant with (i) the storage system based on CaL and (ii) a high-efficient power block to produce
electricity.

Regarding reactors design for TCES, research has focused so far on small-scale
experimental tests and large-scale simulations. Experimental research on CalL TCES is scarce,
limiting the validation of larger-scale reactor models [85,86]. Paul Scherrer Institute tested the
solar calcination at 54 kW in a window-less cyclone gas-particle separator, reaching 85% of sorbent
conversion and an energy efficiency of 88%. The solar calcination results led the up-scaling up to
55 MW under computational fluid dynamics simulations using a falling particle receiver [87].
Moreover, Lisbona et al. simulated a 3-stage solar falling particle calciner to keep the temperature
profile almost isothermal and avoid excessive sorbent degradation, achieving an energy storage
efficiency of 98.9% [54]. Fluidized bed (FB) has also been widely investigated for CaL TCES, given
its proper gas-solid heat transfer [86]. Padula et al. simulated an autothermal FB to enhance the
overall TCES efficiency [88]. While Tregambi et al. tested in lab-scale a FB heated by a solar
simulator at 940-950 °C under CO2, validating the loss of sorbent reactivity given the harsh
temperature conditions [62]. Sarrion et al. also verified the sintering issue caused by high
calcination temperatures (950 °C under pure CO2) through an experimental test in a
thermogravimetric analyzer [79]. The indirectly irradiated fluidized beds can be the most suitable
calciner design for up-scaling the CalL TCES, once issues related to particle attrition and high
temperature resistance of reactor components are addressed [89]. The carbonation reaction has
been tested at 10 kW within the SOlar Calcium-looping integRAtion for ThermoChemical Energy
Storage (SOCRATCES) project [90] in an entrained flow reactor cooled by air through external coils,
using the air in a Stirling engine to produce power [91]. Bailera et al. found from simulations that
those carbonators cooled by external coils cannot properly recover the exothermal energy at
industrial scale (100 MW), leading to unreasonable dimensions (7 m in diameter and 52 m in
length) [92]. Therefore, other potential configurations for heat removal must be evaluated at
industrial carbonators for CaL TCES. The implications of reactor design in the overall efficiency of
the large-scale plants must be considered: (i) a suitable design to evacuate the thermal energy
during carbonation [92] and (ii) the complexity of reaching a smooth temperature profile in the
calciner [54]. Even so, the CaL TCES technology is currently in a demonstration scale, being slightly
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above similar energy storage technologies based on endothermic-exothermic thermochemical
reactions [93].

Several process schemes have been proposed in literature for the integration of the CalL
TCES system in CSP plants. The aim of these studies is to enhance the dispatchability, minimize
the capital cost of the CSP facilities and assess the overall efficiency improvement of CSP plant
with highly efficient power cycles. The capacity factor improvement is estimated through (i) the
complementation of solar-based RES, CSP and photovoltaic [94,95], (ii) the oversizing of the solar
field within the CSP plant [96] and/or (iii) the integration between CSP and combined cycle plants
[97,98]. The hybrid solar-based configuration proposed by Bravo et al. achieved a capacity factor
up to 73% [94], which is comparable to conventional thermal energy systems. Besides, the
operational strategy for maximizing the annual net power supplied led to an overall efficiency upper
bound of 33.8% through a multi-objective optimization. The target variables are related to
economics and energy, such as (i) the plant investment cost, (ii) the levelized cost of electricity
(LCOE) and (ii) the mismatch between power supply and energy demand defined as loss of power
supply capacity (LPSC). The main objective is to minimize the value of the target variables given as
input data (i) the hourly variability of solar radiation, (ii) the minimum continuous energy demand
of the plant and (iii) the financial data. The optimized results provided the hourly energy flows and
the technical and economic performance of the hybrid solar power plant [95]. The electricity
demand during the day was supplied by both solar-based RES, while the energy stored during
sunlight hours in the CaL TCES system is recovered when solar energy is unavailable [94,95]. The
solar field oversizing allows to store during the sunlight hours the amount of CaO required when
solar energy is unavailable, as investigated Tregambi et al. [96]. A daylight duration of 12.1 h is
considered at steady state operation to produce methane, providing the CO2 stream to a power to
gas station from a CalL process based carbon capture performed by concentrated solar power [96].
The most recent configuration of CSP with combined power plant was investigated by Ortiz et al.,
reaching an overall efficiency of 45% [98]. The CSP plant supplies thermal energy to the combined
power block and the storage system. The CaO is discharged during the night when the CSP plant is
shutdown [97]. The hourly energy flows to/from storage and performance behaviour of the CalL
solar combined cycle was obtained for four selected days with different daily solar resource profiles
within a year, discharging at a constant rate the energy stored during sunlight hours [98]. Moreover,
a low-pressure calcination was also proposed by Ortiz et al. [82] to enhance the sorbent conversion
into the CaL solar combined cycle. An overall efficiency above 30% was achieved after analyzing
the pattern of storage, power and efficiency of typical days for spring and summer. Again, the
energy stored during the hours of sunlight is used proportionally in the hours without solar resource,
neglecting demand patterns to establish the best operating strategies [82]. Secondly, the power
blocks implemented in the simulations performed by these works are a combination of steam
Rankine cycle and CO2 Brayton cycles. The most reliable power block to be coupled with CSP plants
is the steam Rankine cycle, given its wide deployment in first and second generation plants [99].
Even so, CO2 power cycles have recently been assessed to enhance the overall efficiency of CSP
plants (net electric production to net solar thermal input) up to (i) 40.4% in the case of supercritical
CO2 cycles [100] and (ii) 31-44% for CO2 Brayton cycle [95,101-103]. Moreover, the cheapest
alternative when comparing helium and CO2 for supercritical cycles is CO2 [63].

The key motivation of this PhD Thesis is the improvement of the integration and operation
of the CalL process as TCES into CSP plants. Under the development of the present PhD Thesis,
novel solids management strategies have been addressed to enhance the energy performance of
the CaL TCES system as well as the size reduction of the plant equipment affected by the circulation
of inactive solids. Moreover, the dynamic operation of the CaL TCES system has been deeply
assessed to improve its financial feasibility, being hourly and seasonally variable both the solar
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resource and the electricity demand influenced by energy prices. Thus, the next section describes
the work develop during the PhD Thesis to solve the gaps found in the literature related the CalL
TCES in CSP.

1.3. Operational optimization in Calcium Looping as
thermochemical energy storage

In general, the CaL TCES system has been assessed under stationary operation in
literature. The hourly, daily, seasonally and yearly variability of the solar resource has been
considered only in recent research to find the best design and the optimum required size for large-
scale plants, minimizing investment cost. However, most of these works proposed oversized CSP
systems or CSP supported by other energy sources, mainly renewables. The energy stored in the
Cal TCES system during daytime with solar availability is proportionally recovered during periods
without total or partial solar resource. Thus, operation at different loads during the day is not
contemplated. The design and size of the plant equipment could be strongly influenced by the
dynamic operation of the CaL TCES system that, in turn, is influenced by the instability of the solar
resource. Besides, the process configurations investigated in these works explore the effect on the
efficiency of the CaL TCES system of the circulation of non-reactive particles. The potential
reduction of unreacted material conveyed to the calciner and storage tank of carbonate is a hot
topic to be assessed.

The core target of this PhD Thesis is the proposal and assessment of a novel integration
scheme of CalL technology as a TCES in a CSP plant, enhancing the system efficiency and
maximizing the daily income from the electricity sale for any availability of solar resource. The new
configuration could lead to the minimization of energy losses associated to the circulation and
storage of unreacted/not-carbonated solids in a large-scale CaL TCES system. Therefore, the
present PhD Thesis addresses two main gaps found in literature: (i) the assessment of the CalL
TCES system efficiency subjected to solids management and (ii) the real operation of the CaL TCES
system under dynamic operation according to solar resource availability and price variability in the
electricity market. The innovative contributions of the present PhD Thesis lie in improving the
energy efficiency of the CaL TCES system, as well as in determining the optimized CaL TCES
operational map and transient pattern of operation along the day considering energy demand and
solar availability.

Once the State of the art of thermal energy storage in concentrating solar power plants is
presented in previous section, the technical advances of the PhD Thesis are structured in three
main sections to achieve the main goal. The first stage is devoted to the energy assessment of the
large-scale Calcium Looping process as thermochemical energy storage under conventional
configuration. Within the second stage, a novel solids management strategy is proposed in a new
CaL TCES configuration, enhancing the system performance and minimizing energy losses related
to the circulation of unreacted solids. Finally, a methodology to set the most profitable dynamic
operation is proposed to improve the energy and economic savings for the novel CaL TCES
configuration integrated into CSP plants. The results of the research developed during this PhD
Thesis have been disseminated in six papers indexed in the Journal of Citation Reports (JCR), being
four already published and two under review, and five international conferences, as shown in Table
2.
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The State of the art of thermal energy storage in concentrating solar power plants section
presents an extent review of the prospective of TES in the next third generation of CSP plants,
including information related to the complete and ongoing worldwide research and development
(R&D) TES CSP projects. The review paper was published in Energies in 2022.

First section of technical advances (Energy assessment of Calcium Looping based
thermochemical storage system) includes a novel carbonator modelling to enhance the heat
removal and its implications related to efficiency and sizing in a conventional CaL TCES process
scheme at industrial scale. The obtained results about the novel carbonator design were presented
in the 32nd International Conference on Efficiency, Cost, Optimization, Simulation and
Environmental Impact of Energy Systems, which was held in 2019. The first energy assessment of
the conventional CaL TCES configuration was exposed in the 34 Congress of Aportando Valor al
CO2, which took place in 2019. The carbonator modelling coupled with the CaL TCES system at
large-scale to assess the required storage size for the minimum technical partial load and the
nominal load was presented in the 33 International Conference on Efficiency, Cost, Optimization,
Simulation and Environmental Impact of Energy Systems, taking place in 2020. The implications
of the carbonator in CaL TCES system at industrial scale on the system efficiency were published
in Energy in 2021.

Second section of technical progresses (Novel Calcium Looping thermochemical storage
proposed configuration) comprehends the main part of the present PhD Thesis. The novel
configuration proposed for CaL TCES system was published in Energy in 2021. While, the
comparison in size and efficiency between the conventional and the novel CalL TCES configuration
under the same operational conditions and the operating maps resulting for maximizing the system
efficiency were published in Journal of Energy Storage in 2022. An experimental campaign was
performed given the positive effects on the efficiency improvement of the novel configuration. Lab-
scale tests for CalL process provided results for carbonation degree evolution at simulation
conditions for reactors and the density of carbonated and calcined particles, which were presented
in the 10t European Combustion Meeting, which was held in 2021. As a result of the experimental
tests, the preliminary design of a unit for the separation of carbonated solids by density difference
was exposed in the 24t Fluidized Bed Conversion Conference, tanking place in 2022. As a final
point of this experimental campaign, the minimum fluidization velocity of the carbonated and
calcined particles was measured, confirming the potential partial separation for cycled particles in
a paper published in Chemical Engineering Journal within 2023.

Finally, the dynamic operation of the novel CaL TCES configuration as the ideal situation
was assessed and economically optimized within the last section of technical advances of the
present PhD Thesis (Operational methodology and economic implications). The methodology
applied was based on (i) the maximization of daily incomes under any solar radiation and electricity
sales prices and (i) the operating maps which maximized the system efficiency. The economic
assessment of the final CaL TCES design has been accepted for publication in Journal of Energy
Storage in 2023.

For future work, a kinetic model for carbonation reaction and the separation degree of
carbonated particles must be addressed as a result of the experimental campaign at a lab-scale.
The kinetic model to be developed could be validated for a relatively large number of
carbonation/calcination cycles under CaL TCES conditions. Additionally, an average separation
degree of carbonated material could be obtained by applying a partial separation model. The partial
separation model could also be developed after experimental validation of partial classification
between more and less carbonated particles. The carbonation and partial separation models could
be applied to the simulation of the CaL TCES system under the novel configuration proposed in this
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PhD Thesis. Likewise, the methodology developed in the framework of the present PhD Thesis
could be implemented again for energy and economic assessment of the CaL TCES system under
partial separation of carbonated material. The CaL TCES simulation model for industrial scale could
provide results closer to reality, applying future models to develop (carbonation kinetics for TCES
and partial separation of carbonated material) and methodology defined under the present PhD
Thesis related to operational optimization of the CaL TCES system.

Table 2. Structure of the present PhD Thesis.

Section Papers Conferences
State of the art of thermal energy  “Thermal energy storage in

storage in concentrating solar concentrating solar power plants:

power plants A review of European and North

American R&D projects” 2022,
Energies, 15, 8570.

Energy assessment of Calcium “Modelling Calcium Looping at “On the modelling of a lime

Looping based thermochemical industrial scale for energy storage carbonator operating in a

energy storage in concentrating solar power concentrated solar power plant
plants” 2021, Energy, 225, for energy storage” 32nd ECOS
120306. 2019

“Calcium Looping como uso
directo del CO2z para el
almacenamiento de energia
solar” 3rd Aportando valor CO2
2019

“Solar Calcium Looping energy
storage: Preliminary comparison
between pilot and large scale”
33rd ECOS 2020

Novel Calcium Looping “Design and operational
thermochemical storage proposed performance maps of Calcium
configuration Looping thermochemical energy

storage for concentrating solar
power plants” 2021, Energy, 220,

119715
Integration and  “Operation maps in Calcium
operating Looping thermochemical energy
alternatives storage for concentrating solar

power plants” 2022, Journal of
Energy Storage, 55, 105771

Technical “Solar-driven Calcium Looping in  “Improvement of performance of
feasibility of fluidized beds for thermochemical fluidized bed Calcium Looping for
carbonated energy storage” 2023, Chemical  thermochemical solar energy
solids Engineering Journal, 466, storage: Modelling and
separation 142708 experiments” 10th ECM 2021

“New strategies for solids
management in a Ca-looping
based TCES System” 24th FBC
2022
Operational methodology and “Optimized Ca-looping
economic implications thermochemical energy storage
under dynamic operation for
concentrated solar power” 2023,
Journal of Energy Storage,
Accepted for publication
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1.3.1. Energy assessment of Calcium Looping based
thermochemical storage system

The most widespread TES within R&D projects in the last decade are the TCES. The third
generation of CSP plants will require high temperature resistance TES materials to enable the
implementation of high-efficient power blocks. Different research proposed several integrations
between the CSP plant, the CaL TCES system and the power block to produce electricity. Among
CalL TCES system, most of the configurations proposed in literature involve two main reactors
(carbonator and calciner) with an independent intermediate storage of CO2, CaO and partially
carbonated particles (mixture of CaO and CaCOs). Moreover, the implications of the reactors design
on the efficiency of the CaL TCES system are not implemented in the simulations at large-scale
performed in these works. Thus, the first contribution is to establish the initial design of the scheme
proposed in the literature as a reference case. The conventional scheme of the CalL TCES process
is energetically and operationally assessed, contemplating carbonator design implications when
up-scaling to industrial scale. New variables are defined to better characterize the streams
conveyed from and to the storage tanks and therefore the stored volume. The circulation of gas
and solids in the CaL TCES system could define the stored and recovered thermal energy, as well
as the efficiency of storage and retrieval processes.

Figure 2 illustrates the conventional CalL TCES configuration, considering a 100 MW of
solar power at calciner receiver (Q.;) for nominal load. The calciner reactor operates at 950 °C and
carbonator at 850 °C, both under CO2 atmosphere. A CaO average activity of 13.54% into the
carbonator was assumed [92], considering an input of 1% of fresh limestone into calciner. To
maintain the mass balance in the calciner, a CaO flow is purged. The intermediate storage tanks
conditions are (i) 200 °C for carbonated particles from carbonator (ST1: CaCOs/Ca0 + Ca0) and
calcium oxide from calciner (ST2: Ca0) and (ii) 100 °C and 73 bar for CO2 from calciner, being
previously compressed and cooled in one stage (CCT). A discharging expansion (DE) is required to
feed the CO2 at carbonator conditions from CO2 storage tank (ST3). Heat losses of 2% are
considered for the heat exchangers which release thermal energy (EE). The heat exchangers
named energy required (ER) release or demand thermal energy, except for ER-CaCO3 which always
requires heat input. The same heat exchanger cannot work releasing and requiring energy. A
stream always demands or releases energy under all conditions, being a limitation in the design of
a heat exchanger. Research presented in the literature only shows the operation of the heat
exchangers under steady state in the CaL TCES system, ignoring the behaviour under transient
mode of those heat exchangers located between the reactors and the storage tanks. The software
Engineering Equation Solver (EES) was used to model the conventional CaL TCES configuration
[104].

The solar resource variability influences the operating mode of the system: storage (Figure
2 (a)) or retrieval (Figure 2 (b)). The energy storage operation mode (ESOM) comprises the
operation of the CaL TCES system under carbonator energy demand below nominal power. While
energy retrieval operation mode (EROM) considers operation points of the CaL TCES system when
solar availability is lower than nominal. Storage and discharge fractions are defined to determine
(i) the thermal energy paths, (ii) the solids and gas streams to and from the storage tanks, (iii) the
volume required for the storage tanks and (iv) how the CaL TCES system works. The input variables
in the energy are the available solar energy (Q..) and the energy demand from the carbonator
(Qcr)- The mass and energy flows for each CaL TCES equipment are obtained as a result. The
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storage and discharge fractions have been defined to set the operation maps of the CaL TCES
system, given the wide possibilities of operation.
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Figure 2. Conventional CaL TCES operation scheme under storage (a) and retrieval (b) operation modes.

When energy demand from carbonator decays below nominal, part of the captured solar
energy is directed to energy storage (Figure 2 (a)). A storage fraction of lime and COz flows, f; cq0
and fs co2 in (Equation (2)) respectively, are sent to storage tanks ST2 and ST3. These fractions
are defined as the ratio between the flow of CaO and CO2 diverted to their corresponding storage
tanks related and the maximum possible flow of CaO and CO2 formed after calcination reaction
(nominal operation of 100 MWhn), respectively. Carbonated material must be discharge from ST1
to form CaO and CO2, storing the energy not required by the carbonator in the ST2 and ST3 tanks.
The discharge fraction of carbonated solids, f;cn cacos in (Equation (3)), are the ratio between the
carbonated material discharged from ST1 and the maximum amount of solids could fed the storage
tank ST1 from carbonator when operates at full load.
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Whenever solar energy is not enough to supply the energy demand in the carbonator
(Figure 2 (b)), CaO and CO2 are proportionally discharged from ST2 and ST3 to keep a constant
inlet CaO/CO2 molar ratio (R) of 6.8. The assumed value for R ensures a carbon capture efficiency
of 90% during the carbonation stage. The discharge fraction of CaO and CO2, fycn.cao @Nd fach,coz
in (Equation (4)), defines the ratio between CaO and CO2 discharged from ST2 and ST3 and the
maximum flowrate of CaO and CO: diverted from calciner at nominal load (100 MW), respectively.
The insufficient availability of solar energy diverts part of the carbonated material to storage (ST1).
The storage fraction of carbonated material, fqcqc03 in (Equation (5)), represents the mass
flowrate ratio between carbonated solids diverted to ST1 from carbonator and the maximum
stream could leave the carbonator at full operating capacity.

_ _ Macncao _ Machco2
facncao = facncoz = == (4)
M st,max,cao0 M st,max,co2

f _ Myt cacos
st,CaC03 — _.
m st,max,CaC0O3

(5)

A novel carbonator modelling was proposed to quantify the implications of the partial load
operation on the efficiency and storage tanks size of the CaL TCES conventional configuration at
industrial scale under energy storage and retrieval operation modes. The operation load of both
reactors (calciner/carbonator) are defined as the ratio between the input mass flow and the
nominal input mass flow of carbonated material for calciner and CaO/CO2 streams for carbonator.
The minimum technical partial load of carbonator could influence storage tank size and the
minimum thermal energy retrieved from carbonator to the power cycle. The carbonator was
modelled as an entrained flow reactor, considering reaction kinetics from Ortiz et al. [56], gas and
solid phase and heat transfer mechanism. The gas phase model provides information to the solid
phase step to determine the velocity of the particles, according to Wen et al. [105]. The mole flows
from both gas and solid phase were counted in the heat transfer module to compute reactor
temperature. Moreover, the kinetic model receives information related to residence time to obtain
sorbent conversion. The results of conversion and reactor temperature were reintroduced into the
modules until they converged. A multi-tube configuration for heat transfer (i) conserving
temperature profile was designed to scale up to large scale (100 MWw) and (ii) keeping constant
reactor length and velocity of gas-solid mixture relationship and ratio between reactor length and
diameter of enclosure [1086]. As a result, the carbonator dimensions for industrial scale would be
15 m in height and 3.3 m in diameter, resembling the behaviour of the small scale reactor with
residence times between 6.5 and 7.5 s and carbonation conversion of 13.5%. Under nominal
conditions, 80 MW are available from carbonator to be diverted to a power cycle. The minimum
technical partial load of carbonator to couple a power block is set at 0.239, retrieving 40 MW to
operate the power cycle with the minimum cooling flow requirements in the carbonator (half of its
nominal value) [107].

The energy implications of the carbonator modelling on the CalL TCES system efficiency
were assessed at a single operating point for each pair of carbonator/calciner loads (L-g and L¢; ).
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The definition of two efficiencies provides information of the energy feasibility of the CaL TCES
system: storage and available thermal energy efficiencies. The energy analysis carried out through
the definition of efficiencies was published within the research paper “Modelling Calcium Looping
at industrial scale for energy storage in concentrating solar power plants” 2021, Energy, 225,
120306 [108]. Under ESOM, the lime and CO2 storage fraction (fs cq0) cOunterbalances the
discharge of carbonated solids from ST1 (fucn caco3), beINg the lime and CO2 discharge fraction
(fach,cao) @nd the carbonated storage fraction (5 caco3) €qual to zero. The discharge fraction value
of carbonated material (f4cn cacos) COrresponds to the difference between calciner and carbonator
loads. Under EROM, the lime and CO2 storage fraction (f.cq0) and the discharge of carbonated
solids from ST (facn cacos) are set to zero, being the lime and CO2 discharge fraction (fycn.cao)
equal to the carbonated storage fraction (f;. caco3) €qual to zero. The discharge fraction value of
carbonated material (fg.p cacos) COrresponds to the difference between calciner and carbonator
loads. Table 3 shows the operational points initially evaluated to define the operation map for
conventional CalL TCES systems.

Table 3. Operation points assessed under each operation mode for conventional CaL TCES configuration.

Operating parameters Operation mode

Energy storage Energy retrieval
(ESOM) (EROM)
Reactor loads
Calciner load (L) Oto1l
Carbonator load (L¢g) Oto1l
Storage/Discharge fractions
Ca0 storage fraction (fs¢.cao) (Lep-Ler) 0
CaO discharge fraction (facn cao) 0 (Lcr-Legr)
Carbonated solids storage fraction (fs¢ cacos) 0 (Ler-Leg)
Carbonated solids discharge fraction (fgcn cacos) (Lcr-Legr) 0

Figure 3 shows the resulting operation maps under storage and retrieval operation modes
through storage and discharge fractions. The green zone represents the fractions which define the
optimized operation under ESOM. The blue area depicts the flows management between reactors
and storage tanks under an optimized EROM.
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Figure 3. Operation maps for conventional CaL TCES scheme.
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The lower the carbonator demand and the greater the solar energy availability, the greater
discharge from storage tank ST1 and greater storage of CaO (ST2) and CO2 (ST3) after calcination.
The higher carbonator demand and the lower solar energy availability, the higher discharge from
storage tanks ST2 (Ca0) and ST3 (CO2) and higher storage of partially carbonated solids into
storage tank ST1 after carbonation step, given the low operating load on the calciner. These
operation maps provide information about how operate the CaL TCES system and manage the gas
and solids streams to/from the storage tanks to obtain an energetically optimized storage or
retrieval process.

The efficiency during the storage step (n,:) compares the stored energy and the net energy
consumed in the storage process. Figure 4 illustrates the maximum storage efficiency distribution
for each operation point gathered in the optimized operation maps under ESOM.
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Figure 4. Storage efficiency under ESOM.

The maximum storage efficiency (76%) is reached for (1, 0.9) calciner and carbonator
loads (s¢max in Figure 4), corresponding to the minimum specific storage consumption (SSC). The
SSC determines the thermal and electrical energy invested during ESOM to store the mass unit of
CaO. This term is useful to provide the energy consumption associated to the lime discharged from
ST2 during EROM. The SSC ranges between 770-1324 MJ/tcao for high/zero carbonator loads,
respectively. Figure 5 represents the thermal energy availability efficiency (n,,) related to the
operation maps obtained for ESOM and EROM.
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Figure 5. Thermal energy availability efficiency under ESOM and EROM.
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The available thermal energy efficiency (n,,,) for ESOM compares the available heat to the
thermal energy invested in the CalL TCES system for calcination reaction and solids preheating
before calcination from storage tank ST1. The thermal availability efficiency (n,,) under EROM
considers the relation between heat available from the carbonator and EE heat exchangers and
the thermal energy consumed. The thermal available energy efficiency profiles are similar for both
energy operation modes: storage and retrieval. The minimum energy available efficiency (55%) is
reached when solar energy is unavailable and the energy demand is maximum (74, min in Figure
5). The highest thermal availability efficiencies are achieved for similar calciner/carbonator loads
since the lower management of solids from/to storage tanks.

Regarding storage tanks size of CO2 (ST3), CaO (ST2) and carbonated material (ST1)
(Equation (6)), the storage and discharge fractions define the inlet/outlet flowrates, while the
number of hours provides the time interval to integrate.

Ve (8) = j

The maximum storage flowrate of CO2 and CaO takes place when calciner operates at
nominal load and carbonator operates at minimum load (0.239) under ESOM. A density of 2710
kg/m3 and 1800 kg/m?3 are considered for CaCOs and CaO0, respectively. The maximum storage
stream of carbonated solids is given under EROM when carbonator operates at nominal load and
no solar resource is available. The size of the storage tanks ST1 and ST2 for 15 hours of operation
up to 11400 m3 and 5700 m3 with a void fraction inside the tank of 30% [109]. While the CO>
density is defined at storage conditions (100 °C and 73 bar), reaching a storage tank ST3 volume
of 8256 m3. Table 4 shows a summary of the results obtained for the energy implications on the
conventional CaL TCES system.

o, — i
("f“) dt + Vo (6)

0

Table 4. Results summary for energy assessment of conventional CaL TCES configuration.

Main conventional CaL TCES configuration results

Efficiencies* Range (min/max) (%)
Energy storage (ns¢) 46/76
Thermal energy availability (1,4,,) 55/90

Volume tanks$ Required volume (m3)
Carbonated material storage tank (ST1) 11400
CaO storage tank (ST2) 5700
CO2 storage tank (ST3) 8256

* Comprising minimum carbonator partial load of 23.9%.
§ Assuming a void fraction of 30% and a storage time of 15 h.

The influence of the reactor design at large scale on (i) the available heat and (ii) the partial
load operation of the CaL TCES system were quantified in this study. One single operating point
was assessed for each pair of calciner/carbonator loads, being able to operate some heat
exchangers releasing or demanding energy, subsequently hindering the design of thermal energy
integration. Secondly, the large size required for storage shows the high circulation of solids
between the storage tanks and the reactors which energetically penalize the CaL TCES system.
Therefore, a novel CaL TCES configuration was proposed and studied to enhance energy efficiency
associated to solids management.
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1.3.2. Novel Calcium Looping thermochemical storage
proposed configuration

The high circulation and storage of unreacted inert solids in the conventional CaL TCES
configuration open a window for finding operational strategies which improve the efficiency of the
CaL TCES system. The second contribution of the present PhD Thesis is to enhance energy
efficiency subjected to the convey of unreacted inert solids in the CaL TCES system. A novel CaL
TCES configuration scheme was proposed to evaluate the effect of an ideal total separation of
carbonated/reacted and not-carbonated/unreacted solids at the outlet of the carbonator on the
plant dimensions. Moreover, the operational behaviour of the novel CaL TCES configuration was
preliminary assessed under a wide range of operating points for each operation mode, (i) allowing
simultaneous energy storage/release and (ii) assuming nominal loads for calciner under ESOM
and for carbonator under EROM.

Figure 6 illustrates the proposed novel CaL TCES configuration. The solar power at calciner
receiver (Qc) for nominal load at 100 MWu. The analysed operating conditions of reactors (i.e.
temperature, atmosphere), number of storage tanks, heat exchangers and the compression-
cooling train (CCT) are analogous to those of the conventional CaL TCES system.

Since there are no literature regarding kinetic models of the CaL process based on TCES,
a carbonation model derived from carbon capture conditions has been implemented. The Ca0
average activity (22.6%) during carbonation step was determined applying extremely conservative
constrains: (i) the kinetic model described by Grasa et al. for carbon capture conditions (650 °C
and 10-15%v CO2 concentration) [110] and (ii) age distribution of solids inventory computed when
no solid material is stored into storage tanks [111]. The carbonator kinetic model includes a
deactivation constant of 0.52 and a residual conversion of 7.5% [110]. A CaO purge flow of 4% of
the total CaO formed after calcination and a constant CaO/CO2 molar ratio (R) of 4.26 entering the
carbonator were assumed to ensure a carbon capture at carbonator of 90%. A carbonator nominal
power of 88.33 MW (Qcr) is reached by applying the carbonator model when the maximum flow
rate of the calcination products (CaO and COz) is introduced in the carbonator. The definition of the
parameters of the carbonator model is gathered in the research paper “Design and operational
performance maps of Calcium Looping thermochemical energy storage for concentrating solar
power plants” 2021, Energy, 220, 119715 [112].

For the very first time in literature, a new equipment named solid-solid separation unit
(SSU in Figure 6) was integrated after the carbonation stage to fully separate the carbonated
material into (i) unreacted solids (CaO) and (ii) completely carbonated solids (CaCO3s/Ca0). The
unreacted CaO is recirculated into the carbonator while the carbonated material is directed to
storage tank ST1 or to the calciner. The total separation of carbonated material could redefine the
energy consumptions and plant dimensions under the most advantageous situation. The software
Engineering Equation Solver (EES) were used to model the novel CaL TCES configuration [104].

The present novel CaL TCES configuration (Figure 6) continues with the same operating
points methodology, considering the definitions of storage/discharge fractions to/from the storage
tanks, respectively. The value of storage and discharge fractions were discretized in ten steps from
0 to 1 to assess the whole range of operating points which lead to a given combination of
calciner/carbonator loads. Moreover, the discharge fractions must be below the value of the
storage fraction, preventing the discharge of more material than stored.
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Figure 6. Novel CaL TCES configuration scheme under storage (a) and retrieval (b) operation modes.

Under ESOM, the whole range between 0 and 1 of the CaO and CO2 discharge fractions
(fach,cao) is assessed for each value of the CaO and CO:2 storage fraction (fs¢cq0), @assuming a
complete circulation of carbonated material from SSU to calciner (f; cqaco3 = O) which operates at
nominal power (100 MW). The resulting operation maps provide information about the range of
the size of the plant equipment when calciner operates at nominal conditions.

Under EROM, the whole range of the CaCOs discharge fraction (fzcn cacos) between O and
1 is assessed by each value of the CaCOs storage fraction (fs; c40), @ssuming a directly circulation
of calcination products (CaO and CO2) to carbonator (fscq0 = 0), Which operates at nominal load
(88.33 MW4). The resulting operation maps provide information about the range of the size of the
plant equipment when carbonator operates at nominal conditions. Table 5 shows the operational
points initially evaluated to assess the influence of storage/discharge fractions combinations on
the equipment size.
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Table 5. Operation points assessed under each operation mode for novel CaL TCES configuration.

Operating parameters Operation mode
Energy storage Energy retrieval
(ESOM) (EROM)
Reactor loads
Calciner load (L¢y) 1 Oto1l
Carbonator load (Lcg) Oto1l 1
Storage/Discharge fractions
CaO storage fraction (fs¢ cao) facn,cacoz t0 1 0
CaO0 discharge fraction (fycn,cao) O 1t0 Leg (being <fiscao) (1-L¢y)
Carbonated material storage fraction (fs¢ cqcos) 0 fachcao 101
Carbonated material discharge fraction (fycn cacos) (1-Lcg) 0 to Ly, (being <fi cacos)

The volume required for the storage tanks were lower than 2795 m3 for the solids (1515
m3 ST1 and 1280 m3 ST2) and over 10000 m3 for CO2, considering the same storage conditions
and storage time (15 hours) as the conventional CaL TCES scheme. The maximum flows leaving
the calciner directed to ST2 and ST3 are obtained when calciner operates at nominal load and
carbonator is shut down. The carbonated stream stored in ST1 is maximum when carbonator
operates at nominal load and solar energy is totally unavailable. The size reduction of the solids
storage tanks (ST1 and ST2) is significant. This size is minimized when the carbonator is off in both
Cal TCES configurations.

Regarding heat exchangers, the size range has been analyzed under more operating
points than the conventional CaL TCES system. The maximum required sizes are identified for the
heat exchangers located before and after the storage tanks, which can be found under EROM or
ESOM (i.e. the maximum power demanded from ER-CaCOs heat exchanger is 41.38 MWin,
achieving (i) under ESOM when the calciner operates at nominal load and the carbonator is shut-
down or (ii) under EROM when both reactors operate at nominal load and the carbonated material
are directed to ST1 prior to being fed into the calciner). Table 6 shows a summary of the results
obtained for the sizing of the novel CaL TCES system.

Table 6. Results summary of the dimensioning of novel CaL TCES configuration.

Main novel CaL TCES configuration results
Heat exchanger size* Range (min/max) (MWin)

CO2 heat recovery directed to ST3 (EE-CO2) 0/-24.22
CO2 preheating before carbonation step (ER-CO2) -3.10/20.52
Ca0 heat recovery directed to ST2 (EE-Ca0) 0/-20.50
CaO preheating before carbonation step (ER-Ca0) -2.91/18.02
Carbonated solids heat recovery directed to ST2 (EE-CaCO3) 0/-40.55
Carbonated solids preheating before calcination step (ER-CaC03) 0/41.38
Volume tanks?$ Required volume (m3)
Carbonated material storage tank (ST1) 1515
CaO storage tank (ST2) 1280
CO2 storage tank (ST3) 10436

* Heat exchangers affected by storage/discharge fractions. Energy demand (-) and energy retrieval (+).
8 Assuming a void fraction of 30% and a storage time of 15 h.
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The effect of the solid-solid separation unit (SSU) on the equipment size was quantified in
this study. This assessment of the operating maps evidences the reduction of energy consumption
and equipment size in the novel CalL TCES scheme. Thus, the inclusion of the SSU could promote
energy savings for the CaL TCES system, given the reduction of the storage tanks size due to the
non-circulation of unreacted solids between reactors. However, the energy profit provided by the
implementation of the SSU and its technical feasibility must be exhaustively assessed. Therefore,
a comparison between the conventional and novel CaL TCES configuration was proposed under
the same operating conditions in the next study to assess the effect of the carbonated solids
separation on the energy requirements and plant sizing. The study must be extended to each pair
of possible carbonator/calciner loads between O and 1, selecting for the definition of the operation
maps those operation points which maximize the storage efficiency for ESOM and the thermal
energy available efficiency for EROM. Moreover, the operational behaviour of the heat exchangers
named ER must be technically suitable. Regarding the storage conditions of CO2 and its prior
compression-cooling stage, the storage tank size and energy requirement must be minimized,
respectively. Finally, the separation of the partially carbonated solids must be experimentally tested
to assess the technical feasibility of a fluidized bed classifier to separate the carbonated solids by
density difference.

1.3.2.1. Integration and operating alternatives

The energy and size savings of the total separation of carbonated solids were quantified
compared to the conventional CaL TCES system under the same operating conditions. The
operation maps of both CalL TCES configurations could illustrate the maximum efficiencies of the
CaL TCES system. The third and fourth contributions of this PhD Thesis are (i) to quantify the effect
of the carbonated solids separation on the energy efficiency and equipment size and (ii) to define
the operation maps under both CaL TCES configurations which maximize the energy storage
efficiency under ESOM and thermal energy availability efficiency under EROM. Moreover, the
operating points selected under each pair of carbonator/calciner loads must meet specific
technical, energy, design criteria and equipment load limitations which have been structured into
a clear methodology to define the optimized operation maps.

Both CaL TCES configurations (see Figure 2 and Figure 6) share the operating conditions
of (i) calciner and carbonator reactors, (ii) storage tanks and CCT and (iii) heat exchangers.

The calciner size is set at 100 MWt under nominal conditions (Q; ), operating at 950 °C
in a pure CO2 atmospheric pressure [113]. The carbonation reaction occurs at 850 °C and a CO2
concentration of 100%y at 1.2 bar to enhance solids circulation between reactors [102].

The average sorbent activity was computed by the carbonator model defined by Grasa et
al. under carbon capture terms (650 °C and CO2 concentration of 10-15%v) [110]. The reactive
particles age distribution within carbonator was also defined under a conservative situation when
solid material conveys directly between reactors [111]. The carbonator kinetic model parameters
were setto 0.52 for the deactivation constant and 7.5% for residual conversion [110]. The constant
Ca0/CO2 molar ratio (R) entering the carbonator was established at 4.26 for both CaL TCES
configurations: conventional (Figure 2) and novel (Figure 6). As a result, the average sorbent activity
was 20.4% and 22.6%, assuming a CaO purge of 3.09% and 4% for conventional and novel
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configuration, respectively. The carbonator nominal power (Q.g) reached 69 and 88.33 MW for
conventional and novel CaL TCES scheme, respectively.

The solids storage conditions (ST1 and ST2 in Figure 2 and Figure 6) were set at 200 °C
under atmospheric pressure, a temperature within the range proposed in the literature from
ambient to 200-700 °C [114]. The ST3 stored CO2 at 35 °C and 75 °C, after being compressed and
cooled (CCT) in four interleaved stages with a pressure ratio of 3 under each compression stage to
limit energy demand. When CO2 must be discharged from ST3, the discharging expansion (DE)
composed by an expansion valve and a heat exchanger which reduces the temperature and
pressure of the gas to ambient and carbonator pressure conditions (1.2 bar), respectively.

Regarding heat exchangers, those named EE were able to release thermal energy
comprising a 2% of heat losses. Among the heat exchangers named ER, ER-CaCO3 always
demanded thermal energy and the rest required or provided thermal energy. Both configurations
were simulated with Engineering Equation Solver (EES) software [104], extracting CO2 properties
from EES internal data and solid substances (lime [115] and limestone [116]) properties from
external data sources.

The operation maps under both CaL TCES configurations are defined by the storage and
discharge fractions for each pair of calciner/carbonator load which provide the highest efficiency
and fulfil the technical criteria. The criteria for operating point selection were described within the
research paper “Operation maps in Calcium Looping thermochemical energy storage for
concentrating solar power plants” 2022, Journal of Energy Storage, 55, 105771 [117]. Table 7
shows the operating points assessed under both CaL TCES configurations.

Table 7. Operation points assessed under each operation mode for conventional and novel CaL TCES
configurations.

Operating parameters Operation mode

Energy storage Energy retrieval
(ESOM) (EROM)
Reactor loads
Calciner load (L¢;) Oto1 0to <Lcg
Carbonator load (L¢g) Oto<L¢p Oto1l
Storage/Discharge fractions
CaO storage fraction (fs¢cqo) facn,cacos 10 L¢y, 0
CaO0 discharge fraction (fzcn cao) 010 Leg (being <fiyca0) (Ler-Ler)
Carbonated material storage fraction (fs¢ cqcos) 0 facn,cao 10 Lcr
Carbonated material discharge fraction (facn cacos) (Lep-Ler) 0to Ly, (being <fit cacos)

Under ESOM, the storage fraction of carbonated material was assumed zero (fs; cqaco3 =
0) and the discharge fraction from ST1 counterbalance the load difference between calciner and
carbonator reactors (facn cacos = Lcr — Ler)-

The ESOM operating map (see Figure 7) defined by CaO storage and discharge fractions
(fst.caor facn,cao) Must comprise the operating points which (i) maximize the energy storage
efficiency, (ii) keep the ER heat exchangers always demanding thermal energy, (iii) ensure a
continuous flow of recoverable energy, limiting the minimum load of 50% to EE-CO2, EE-Ca0 and
carbonator and (iv) minimize the thermal energy consumption, limiting the maximum load of 50%
to ER-CaCO3.
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Figure 7. Operation maps under ESOM for both CaL TCES configurations: conventional and novel.

The maximum storage efficiency map (7s¢ max) @and the stored power under each CalL TCES
configuration are illustrated in Figure 8. Under both CalL TCES configurations, conventional (SC1)
and novel (SC2), the lowest values within the maximum storage efficiency map are reached when
the difference between the loads of both reactors is minimal. Under both CaL TCES configurations,
the pair of carbonator/calciner loads of 0.5/0.6 is the least efficient within the maximum storage
efficiency map, reaching an efficiency of 48% for SC1 and a 64% for SC2 within the storage stage.
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Figure 8. Maximum energy storage efficiency under ESOM for conventional (SC1) and novel (SC2) CaL
TCES configurations.

The energy storage efficiency under novel configuration (SC2 in Figure 8) is greater than
in conventional configuration (SC1 in Figure 8). The maximum energy storage efficiency under SC2
(76%) is reached when calciner operates at nominal load and carbonator load is 0.7. A maximum
energy storage efficiency of 62% is achieved for SC1, being the pair of carbonator/calciner loads
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0.8/1. The energy consumption is lower when total carbonated solid separation is considered,
given the removal of preheating requirements of unreacted/inert material before calcination.
Moreover, the energy that can be potentially stored increases under novel configuration (SC2). The
recirculation of unreacted material into the carbonator reduces energy requirements of inert solids
preheating prior calcination step, being able to calcinate 20% more limestone under SC2.

Under EROM, the CaO storage fraction was assumed zero (fs; cqo = 0) and the discharge
fraction from ST2 counterbalances the load difference between carbonator and calciner reactors

(fach,cao = Lcr — Ler)-

The EROM operating map (see Figure 9) defined by storage and discharge fractions of
carbonated material (fs¢ cacoz facn,cacos) iNcludes those operating points which (i) maximize the
thermal energy availability efficiency, (ii) keep the ER heat exchangers always demanding thermal
energy, (iii) ensure a continuous flow of recoverable energy, limiting the minimum load of 50% to
EE-CaCO3, and carbonator and (iv) minimize the thermal energy consumption, limiting the
maximum load of 50% to ER-CaCO3.
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Figure 9. Operation maps under EROM for conventional (SC1) and novel (SC2) CaL TCES configurations.

The map of maximum energy retrieval efficiencies (14, may) and the retrieved power from
storage under each CaL TCES configuration are illustrated in Figure 10. Higher thermal energy
availability efficiency is reached when the amount of retrieved energy is diminished under the novel
CaL TCES configuration (SC2). The lower circulation of solids through the ER-Ca0O heat exchanger
implies lower energy requirements to preheat this stream. The highest values within the maximum
energy retrieval efficiency map are reached when the difference between the calciner/carbonator
is minimal. A maximum thermal energy availability efficiency of 86% and 91% are reached for a
pair of carbonator/calciner loads of 0.7/0.6, under SC1 and SC2 respectively.

Under both CaL TCES configurations, the maximum thermal energy availability is reduced
for lower calciner and higher carbonator loads (see Figure 10). The lowest maximum energy
retrieval efficiencies are found when calciner is shut down under both CalL TCES configurations,
being 56% for SC1 and 68% for SC2. Since solar resource is unavailable, the carbonator thermal
energy demand is supplied by stored energy from storage tanks ST2 and ST3 (see Figure 2 and
Figure 6).

23



Operational optimization of a Calcium Looping-based thermal storage system in concentrated solar power plants

1.0 1.0

Zog L Navmax Z ggl | Nav,max
E . SC1(-) § o8 SC2 (-)
5 [ o056 5 | [ 068
g & 069 £ 077 0.78
Fe} Ko}

g 06 '.0_81 g 0.6 4 ».0.88

0.5+ VAR 0.86 (p— e 0.81

0.0 0.1 02 03 04 05 06 0.7 08 09 1.0 0.0 0.1 02 03 04 05 06 0.7 0.8 09 1.0
Calciner load (-) Calciner load (-)

10 | ) " ) . ) -@ Rulsassi 1.0 § Released
—~ O, Power b O Power
- ; Q'Q,;9°‘§' sc1 g °° SO scz
S o8 L (MW) 0O g8 Lo(Mw)
oal 5 <
g7 " [ 750 £,; o> 9.64
< 29.95 § 38.56
206 < P 5239 5 06 & - 67.49
2 R 39 3 <
3 05 -74.84 o o e -96.41

0.0 0.1 02 03 04 05 06 0.7 08 09 1.0 0.0 01 02 03 04 05 06 07 08 09 1.0
Calciner load (-) Calciner load (-)

Figure 10. Maximum energy storage efficiency under EROM for conventional (SC1) and novel (SC2) CaL
TCES configurations.

Regarding heat exchangers size, the CO2 storage line showed an increase of 15% from
conventional to novel CaL TCES configuration. The CO2 stream after calcination step is higher under
novel CaL TCES configuration, given the increase amount of calcined material. The total separation
of carbonated solids could reduce down to 53% the heat exchangers from carbonated solids
storage line and to 74% the equipment related to CaO storage line. The effect of the SSU was
clearly reflected in the size of the equipment affected by solid streams. Table 8 collects the range
size of the main equipment situated between the storage tanks and the reactors and the
efficiencies under both CaL TCES configurations.

Table 8. Results summary of the effect of carbonated solids separation after carbonation step.

CaL TCES configuration
Main results of conventional and novel CaL TCES configuration
Conventional Novel
Heat exchanger size* Range (min/max) (MWin)

CO2 heat recovery directed to ST3 (EE-C0O2) 0/-21.14 0/-24.33
CO2 preheating before carbonation step (ER-CO2) 0.33/19.52 0.38/22.46
Ca0 heat recovery directed to ST2 (EE-Ca0) 0/-78.88 0/-20.50
CaO preheating before carbonation step (ER-CaO) 0.22/69.32 0.06/18.01
Carbonated solids heat recovery directed to ST2 (EE-CaCO3) 0/-85.86 0/-40.51
)

Carbonated solids preheating before calcination step (ER-CaCO3 0/43.81 0/20.67
Efficiencies$ Range (min/max) (%)
Energy storage (ns¢) 48/62 64/76
Thermal energy availability (n4,,) 56/86 67/91

* Heat exchangers affected by storage/discharge fractions. Energy demand (-) and energy retrieval (+).
§ Minimum carbonator partial load of 50%.

The present PhD Thesis has shed light on the threshold values of the equipment size and
the energy savings that could be achieved. Under both CalL TCES configurations, operating maps
were defined, maximizing the system efficiency. The energy saving is possible with the reduction
of the circulation of unreacted solids between reactors. After analyzing the favourable energy
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results, an experimental campaign was performed (i) to assess the technical feasibility of
carbonated solids separation based on density differences and (ii) to validate the carbonator model
simulation.

1.3.2.2. Technical feasibility of carbonated solids
separation

The promising results obtained from the CalL TCES simulations under both configurations
(conventional and novel) promoted an experimental analysis to validate the model results. Thus,
the fifth contribution of this PhD Thesis under the experimental campaign is (i) to determine the
experimental carbonation degree under CaL TCES conditions and (ii) to assess the technical
feasibility of carbonated solids separation by density difference. The sorbent deactivation with
carbonation/calcination cycles has been thoroughly tested under carbon capture conditions.
However, the experimental CaO deactivation under CaL as TCES has been scarcely studied in
literature. Moreover, the effect of the sorbent conversion on the particle density distribution and
the minimum fluidization velocity of carbonated and calcined material were investigated. A novel
and suitably adjusted carbonation degree characterization was developed in relation with the
particle bulk density for large-scale CalL TCES systems. The promising positive effect of the total
separation of carbonated solids on the energy efficiency and size of the CalL TCES system promoted
the experimental assessment of the technical feasibility of the SSU. A correlation analysis between
the particle density and the minimum fluidization velocity of carbonated and calcined material was
performed to validate the separation by density difference on the solid-solid classifier.

Sorbent degradation assessment under solar calcination conditions

The carbonation degree was determined under carbonation and calcination conditions
assumed in the CaL TCES simulation scheme (see Figure 2 and Figure 6). Three experimental tests
were performed using two lab-scale facilities: electrically heated fluidized bed (EHFB) [118] and
directly irradiated fluidized bed (DIFB) [62]. The description of both facilities was presented in the
international conference paper “Improvement of performance of fluidized bed Calcium Looping for
thermochemical solar energy storage: Modelling and experiments” 2021, proceedings of 10t
European Combustion Meeting [119]. The solid inventory of two of the experimental tests was a
mixture of limestone and sand, taking place in each FB reactor. The third experimental test was
performed in the EHFB using only limestone as inventory. The main difference between the lab-scale
reactors is the energy supply mode during calcination step. The EHFB receives thermal energy during
calcination reaction without solar flux effect. The DIFB simulates a solar radiation to cover the
energy demand at calcination step. The effect of the solar radiation on the sorbent conversion was
assessed during the first 20 carbonation/calcination cycles. The materials, experimental
conditions and procedure and data characterization appear in the research paper “Solar-driven
Calcium Looping in fluidized beds for thermochemical energy storage” 2023, Chemical
Engineering Journal, 466, 142708 [120]. The experimental carbonation degree was computed by
the Equation (7), including the weight change between carbonated (m¢“?) and calcined (m¢®¥€)
material after each reaction step for each cycle (N). The CaO content (x.,0) in the calcined natural
Italian limestone selected for the experimental test is 97.4%. MW in the Equation (7) stands for
molecular weight.
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The experimental data for carbonation degree computed by Equation (7) under the three
tests were adjusted according to a deactivation model based on initial activity decay (IAD), applying
Equation (8).

Xy =X,N7* (8)

The parameters used for the sorbent deactivation model (IAD) were the initial activity constant
(X;1) and the decay constant (k). The best fitting values for the three carbonation degree experimental
tests are presented in Table 9.

Table 9. Best fitting parameters for the IAD model.

IAD sorbent deactivation model parameters X1 () k()
Limestone and sand inventory
Directly irradiated fluidized bed (DIFB) 0.61 1.02
Electrically heated fluidized bed (EHFB) 0.60 0.658
Limestone inventory
Electrically heated fluidized bed (EHFB) 0.62 0.435

The fitting curves of the obtained experimental carbonation degree data under each of the
20 analyzed cycles is illustrated in Figure 11.
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Figure 11. Fitting of experimental carbonation degree data.
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The CaO average conversion achieves the 14% and 16% for DIFB and EHFB using sand and
limestone as bed inventory, respectively. The EHFB experimental test with only limestone reaches the
25% of sorbent average conversion during the 20 calcination/carbonation cycles.

The CaO activity decays more sharply when limestone and sand are mixed in the bed
inventory. A mechanochemical interaction between sand and lime could be the cause during the
fluidization, forming calcium silicates, also observed by Valverde et al. [121]. The limestone inventory
suffers a sintering resistance of 34% and 57% higher than the inventory composed by sand and
limestone (EHFB and DIFB, respectively). Thus, the carbonator modelling must be governed by the
sorbent deactivation model with parameters related to the limestone inventory.

Relationship between carbonation degree and bulk density

Besides the carbonation degree measurement by weight change between
calcined/carbonated material from experimental data characterization, the relationship between bulk
density and conversion decay was investigated. These results were used to define a new equation
which allows the estimation of the conversion decay from bulk density. The bulk density of carbonated
and calcined material was measured after each reaction step performed in the EHFB facility,
comprising both bed inventories: (i) limestone and (ii) limestone and sand.

The bulk density of carbonated material under limestone bed inventory decays with the
number of cycles upon loss of sorbent activity, keeping the density of carbonated particles practically
constant after a first increase due to loss of porosity (see Figure 12). However, the bulk density when
the bed inventory includes sand, increases for calcined material and keeps constant for carbonated
particles. Once again, the physical interaction of sand with carbonated and calcined particles is
corroborated, reducing its porosity and increasing its density as shown in Figure 12.

Figure 12. Bulk and particle density of carbonated and calcined material under both bed inventories.
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A novel correlation between the sorbent conversion and the bulk density was developed and
shown in Equation (9), given the influence shown of the carbonation degree on the particle density
throughout the 20 cycles analyzed.

X = (Pﬁarbvﬁarb _Pfla—lfvﬁglf) MW¢q0 - (Pf]arb ) MWe¢q0
N = _

=~ 9)
lcy cal (
PEIVRES XcaoMWeo, XcaoMWeo,
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Thus, the experimental carbonation degree data can be quantified through the bulk density
of carbonated (p¥?) and calcined (p°%¢) material, assuming zero change in volume occupied by the
bed of carbonated (V°4"?) and calcined (V ¢%¢) material.

Figure 13 illustrates the adequate/suitable approximation of the calculation of the CaO
conversion, applying both data characterization methods: weight change method (dots) and bulk
density (line).
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Figure 13. Experimental carbonation degree data determined by weight change and bulk density.

The measurement of the carbonation degree by means of the bulk density represents a new
alternative to be applied even in large-scale CalL TCES plants, simply requiring sampling the bed before
and after each carbonation stage and measuring its density.

Relationship between particle density and minimum fluidization velocity

In order to assess the technical feasibility of carbonated particles separation, the minimum
fluidization velocity of carbonated and calcined particles was experimentally determined, measuring
the pressure drop vs. the superficial gas velocity.

Figure 14 shows the experimental minimum fluidization velocity of carbonated and calcined
particles computed by analysing the curves of pressure drop vs. superficial CO2 velocity for a bed
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inventory of limestone. The minimum fluidization velocity of calcined particles hardly shows any
variation during the 20 cycles analyzed, increasing by less than 8%. The greatest difference in
minimum fluidization velocity between the initial and final cycle is found within the carbonated
particles, decreasing a 20%. Thus, the difference of minimum fluidization velocity between calcined
and carbonated particles is wider for more reactive particles than less reactive ones. This difference
ranges from 3.7 m/s for fresh material to 1.5 m/s for highly-cycled material.
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Figure 14. Experimental minimum fluidization velocity for carbonated and calcined particles.

Experimental measurements of particle size and density of carbonated and calcined particles
were essential to determine the theoretical curve of the minimum fluidization velocity (Grace equation
[122]). The particle size was defined by the Sauter diameter, post-processing particle size distribution
data obtained after each carbonation and calcination cycle. The particle density (see Figure 12) for
carbonated (p,‘j"‘”’ )and calcined (pgalc) material was quantified through their respective bulk densities
by Equation (10), assuming a typical constant bed voidage for packed bed of 0.41 for both calcined

(e£9%) and carbonated (s£%7) material.

calc carb
cale _ __PN . carb _ _ PN (10)
PpN~ = 1 — gealc ” PpN = 1 — gearb
bedN bedN

A satisfactory/suitable adjustment of the Grace curve based on semi-empirical correlations
was illustrated in Figure 14. The influence of the particle density on the minimum fluidization velocity
of both carbonated and calcined material was satisfactorily evidenced.

As expected, the experimental minimum fluidization velocity follows the same trend as the
particle density defined by Equation (10), both for carbonated and calcined particles comprising only
limestone as bed inventory. Thus, the carbonated material after carbonation step could be separated
by density difference in a solid-solid fluidized bed classifier [123].
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Table 10 shows the main results provided by the experimental tests related to carbonation
degree, particle density and minimum fluidization velocity for carbonated and calcined material of the
CaL process as TCES system.

Table 10. Summary results from experimental campaign of the Cal as TCES.

Main results from experimental test of the CalL as TCES system

Carbonation sorption activity (%) 1st/20th cycle Average
DIFB (limestone+ sand) 61/4 14
EHFB (limestone + sand) 60/8 16
EHFB (limestone) 62/14 25
Particle density* (kg/m3) 1st/20th cycle Difference
Calcined particles 1847/1906 59 (+3%)
Carbonated particles 2474/2186 288 (-12%)
Minimum fluidization velocity* (m/s) 1st/20th cycle Difference
Calcined particles 6.5/7 0.5 (+7%)
Carbonated particles 10.2/8.5 1.7 (-17%)

*Bed inventory only limestone.

The experimental campaign carried out to determine the carbonation degree was achieved
under the conditions of the CalL process as TCES at a laboratory scale. Moreover, the facilities
implemented to perform the test (DIFB and EHFB) allow to evaluate operating conditions resembling
real situation. Most of existing research has developed the sorbent deactivation models from
experimental data obtained by thermogravimetric analysis [56,60,124], where operating conditions
are more controlled than in FB. Thus, the experimental sorbent activity obtained for the limestone bed
approximates the conversion expected under a large-scale operation.

The second test measured bulk density of carbonated and calcined particles. It served to
generate a new characterization model for the carbonation degree, as well as to satisfactorily correlate
the physical properties of granular solids with the minimum fluidization velocity. Additionally, the
physical interaction between sand and limestone was verified, negatively penalizing the sorbent
activity by reducing its porosity.

The last experimental procedure carried out related to carbonated solids separation confirms
the potential partial separation of more and less carbonated particles. The partial separation could be
achieved by particle density differences in a fluidized bed classifier [123]. The particle density and the
minimum fluidization velocity could be the characteristic parameters used to monitor and control the
operation of the solid-solid classifier based on density difference to partially separate the particles
after carbonation step.

The experimental results of sorbent deactivation under TCES were applied to the next PhD
Thesis step through the implementation of a new carbonation model based on experimental
carbonation degree to the simulation of the novel CalL TCES configuration. An operational methodology
to maximize the economic profit of the novel CaL TCES scheme must be defined. This methodology
could be based on the optimized operation maps which maximize the energy savings and reduces the
equipment plant size. The maximum economic profit of the CaL TCES could be assessed considering
an ideal total separation of carbonated solids.
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1.3.3. Operational methodology and economic implications

The operation of the novel configuration of the CaL TCES system with total carbonated
solid separation is economically assessed in this section. The real operation of a CaL TCES with
solid separation could only lead to a partial separation of carbonated solids as confirmed with
experimental test results. Thus, the income for the CSP plant with complete separation of solids
could represent the maximum possible revenue under an ideal scenario. The effect of the seasonal
variability of solar resource and electricity prices could be accounted to assess the most profitable
operation of a CSP plant with a CaL TCES. The final contribution of the present PhD Thesis is
focused on the definition of a methodology to define the operation pattern which maximizes the
daily incomes and CalL TCES system efficiency for any daily solar radiation and electrical prices.

The novel CalL TCES configuration (see Figure 6) was selected to apply the methodology
developed during the last stage of this PhD Thesis. The operational conditions (temperature and
pressure) of reactors, storage tanks and heat exchangers are described in section Integration and
operating alternatives. The reactor sizes were defined by (i) maximizing the solar calciner power in
a certain location and (ii) applying a carbonator model adjusted to the sorbent activity experimental
data obtained during carbonation. The calciner size was computed by the direct normal irradiation
(DNI) of the location which was selected, assuming (i) a heliostats area of 290482 m2 and (ii)
annual optical and thermal efficiencies of 64.7% and 92.8%, respectively [125]. Figure 15 shows
the Load Duration Curve, representing the number of operating hours per year in which a specific
solar power is available. The maximization of the solar thermal energy input (grey area in Figure
15) provides the optimal calciner size in a formal way, resulting 100 MWu. Thus, the grey area
(EcLnom) i the solar thermal energy supplied at nominal load, whereas the stripped area
represents the solar thermal energy supplied to the calciner at partial load (E¢p pqrt)- The surplus
solar resource above the calciner nominal load is discarded (E¢y, gsc)-

180

160

140

120 4 ECL.disc

100 fm——m——m————————
80
60

CL,nom
40

Available solar power (MW)

CL,part
201

T —==-

0 560 1000‘15'00 2000 2500 3000 3500 4000
Operating hours (h)

Figure 15. Load Duration Curve for calciner optimal size assessment.

The experimental sorbent deactivation considered was based on the results obtained for
limestone and sand inventory using the EHFB facility. These preliminary experimental results were
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reported in a conference paper [119] prior to the final results shown in section Technical feasibility
of carbonated solids separation. The experimental carbonation degree obtained under the EHFB
conditions was tuned adjusting to the kinetic model developed by Valverde et al. [126,127] for CaL
as TCES. The reactive particles age distribution for carbonation was also defined under the
conservative situation of direct circulation between reactors [111]. The carbonator model
parameters were set to 1.10 for the deactivation constant and 6% for residual conversion. The
constant CaO/CO2 molar ratio (R) entering the carbonator was established at 7.28. The assumed
value for R ensures a carbon capture efficiency of 90% in carbonator reactor. As a result, the
average sorbent activity was 13.21%, assuming a CaO purge of 4% and reaching a carbonator
nominal power (Q.g) of 88 MW. A detailed description of the reactor sizes definition appears in
the research paper “Optimized Ca-looping thermochemical energy storage under dynamic
operation for concentrated solar power” 2023, Journal of Energy Storage, accepted for publication.

The defined methodology has a wide application, being able to manage inputs from any
location and electricity price market. A specific case study was analysed to apply the defined
methodology in order to obtain quantitative results under a specific availability of solar resource
and energy demand. The variable inputs included in the CaL TCES operational methodology were:
(i) the solar resource variability in a selected location and (ii) the electricity price governed by the
country in which the location is situated. A location within the Spanish province of Seville
(37.443°N, 6.25°W) was selected to extract the daily solar resource input from the Photovoltaic
Geographical Information System (PVGIS) tool of EC [128]. The electricity price (EP) was gathered
from the Spanish electrical grid [129] during a standard year without accounting for the effect of
international situations (i.e. war, pandemic). Eight representative days were selected within a year
to validate the developed operating methodology, comprising maximum and minimum of DNI and
EP within each season of a year.

The target variable is the daily income calculated as the sum of the 24t hourly incomes
per day. The hourly income is defined as the product of the electric energy retrieval and the EP,
assuming a thermal to electrical performance relative to the steam Rankine power block (35.55%)
[99]. The energy retrieval comes from the carbonator (Q.r) or the energy released by EE heat
exchangers and carbonator (Q,4y)- Thus, the income accounts for the electricity production from
the energy recovered from the carbonator only (In.z) or from the combined energy available in the
system of the EE heat exchangers and the carbonator (In,y,). Moreover, two main operation
constraints were imposed: (i) the daily stored energy must be preserved and (ii) the operation maps
within each operation mode must be used to choose the operation point. The energy stored at the
end of the day corresponds to the available energy in the storage tank at the beginning of the day.
The full energy storage mode is contemplated, when the calciner is operated and carbonator is
shut down. Even so, the operating points must keep the ER heat exchangers always demanding
thermal energy and whenever possible ensure a continuous flow of recoverable energy with
minimal consumption, limiting to 50% (i) the minimum load of EE-CO2, EE-Ca0O, EE-CaCO3 and
carbonator and (ii) the maximum load of ER-CaCO3. Moreover, the operating point under each
calciner/carbonator load must maximize the energy storage for ESOM and the thermal energy
availability for EROM.

The objective of developing this methodology is to maximize the daily income per
representative day as target variable. A genetic method included in the EES software [130] and
developed by the National Center for Atmospheric Research (NCAR) [131] was applied to maximize
the target variable. The genetic method algorithm requires (i) independent input variables and (ii)
three internal parameters to identify the optimal value for the variable to be maximized (number of
individuals, number of generations and the maximum mutation rate). The carbonator loads for
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each hour per day are the independent variables, setting the lower and the upper threshold to O
and 1, respectively. The maximum values were assigned for each internal parameters (individuals:
250, generations: 2048 and maximum mutation rate: 0.7), achieving greater robustness in the
calculations. The optimal solution for the maximization of the daily income (target variable) was
found when calculations finished. The results extracted from the operational methodology were
daily profiles of (i) the energy retrieval based on EP, (ii) the CO2, Ca0 and partially carbonated solids
stored and (iii) the operating pattern. Table 11 shows the main results from the operational method
based on the daily variability of the solar resource and EP.

Table 11. Summary results from applying operational methodology to novel CaL TCES configuration.

Main operational method results

Energy retrieval vs EP* Average DNI EP profile
Minor carbonator outages Medium-High Pronounced peaks
Carbonator operates from sunrise to end day High Uniform
Production concentration start and end day Medium- high Pronounced peaks
Production concentration end day Low Pronounced peaks

Volume tanks?®

Required volume (m3)

Carbonated material storage tank (ST1) 651.34
CaO storage tank (ST2) 596.36
CO2 storage tank (ST3) 2232.23
Operating pattern Average DNI EP profile
Major operation under ESOM High Uniform
Major operation under full ESOM Low Pronounced peaks
Major operation under EROM Low Pronounced peaks (end day)

* Comprising minimum carbonator partial load O or greater than 50%.
§ Assuming a void fraction of 30% and densities for CO2 (pcoz 35°c,750an = 273.71 kg CO2/m3 [117], CaO and CaCOs (op,ca0 =

1793 kg CaO/m3 and pp,cacoz = 2930 kg CaCO3/m3 [119]).
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Figure 16. Energy retrieval (a) and incomes (b) obtained under high DNI and uniform EP profile.
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Figure 17. Energy retrieval (a) and incomes (b) obtained under medium DNI and sharp EP profile.

The energy retrieval matches with hours of maximum EP to obtain the maximum income.
The higher the number of hours with available solar resource and uniform EP profile (Figure 16),
fewer outages in energy recovery from the carbonator. When EP profile is sharp (Figure 17), the
energy retrieval is concentrated in the hours with highest EP, usually during early morning and/or
at the end of the day. The energy retrieval is only from EE-Ca0, EE-Ca0O-P and EE-CO2 (see Figure
6) when the novel CaL TCES scheme operates within full ESOM. Thus, the energy retrieval can be

continuous from sunrise to the end of the day when carbonator operates within the highest EP
hours per day.
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Figure 18. Energy storage/discharge (a) and stored volume profiles (b) under representative day reporting
required storage tanks size.

The maximum energy stored per day indicates the required size for the storage tanks
(Figure 18). The maximum volume stored for gas and solids within the assessed representative
days takes place during a day with sharp EP profile and average solar resource. The inclusion of
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the SSU leads a size reduction between 13% and 45.5% for solids storage tanks ST1 (carbonated
material) and ST2 (CaO0), respectively, comparing with data found in literature [98].

The higher solar resource availability, the greater number of operating hours of the CalL
TCES system under ESOM (Figure 19). When the highest EP are concentrated from the second half
of the day, the CaL TCES system operates under full ESOM from the beginning of the day until
carbonator starts the operation (Figure 19). Under EROM, the maximum thermal energy availability
occurs when the difference between carbonator and calciner load is minimum. The obtained daily
operating pattern which maximize the daily income (see Figure 19) only included a limited number
of operation points which correspond to threshold points within the defined operation map. Most
of carbonator/calciner loads combinations are not included in the optimized daily pattern of
operation points. Most of those situations considered in the optimized pattern correspond to (i)
full storage operation mode and (ii) full retrieval operation mode without availability of solar energy.
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Figure 19. Operating pattern under high DNI (a) and EP pronounced peaks at the end of day (b).

The final stage of the present PhD Thesis points out the importance of assessing the
dynamic operation of a CaL TCES system under transient state. A methodology based on the hourly,
daily and seasonally variability of the solar resource and the electricity prices has been defined.
The energy retrieval from the CalL TCES system takes places maximizing the daily income to be
economically profitable. Moreover, the CaL TCES system operates maximizing the energy savings
and minimizing the size of the plant equipment, providing the operating range of the heat
exchanger network through the resulting operating pattern. The methodology applied to define the
operation pattern of the novel CaL TCES configuration leads to the maximum economic profit
reachable. The real CalL TCES configuration with a partial separation of carbonated solids could
achieve lower incomes than the results presented for the complete separation of carbonated
solids. However, higher energy efficiency and smaller plant size than the conventional configuration
could be guaranteed.

Future work should address the real operation of CaL TCES system with partial separation.
A partial separation degree between more and less carbonated material from carbonator should
be computed and a carbonator kinetic model could be developed, comprising the experimental
results obtained under the Cal conditions as TCES.
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2. Published papers

The international conference and JCR journal papers published during the present PhD
Thesis which are included in the compendium of publications of this PhD Thesis manuscript are
presented in this section.

The first published JCR journal paper is included in the section Energy assessment in
Calcium Looping based thermochemical energy storage within the present manuscript.

e Bailera M, Pascual S, Lisbona P, Romeo LM. Modelling Calcium Looping at industrial
scale for energy storage in concentrating solar power plants. Energy (2021), 225,
120306.

https://doi.org/10.1016/j.energy.2021.120306

The following four publications are incorporated in the section Novel Calcium Looping
thermochemical storage proposed configuration, being three of them JCR journal papers and one
an international conference paper.

e Pascual S, Lisbona P, Bailera M, Romeo LM. Design and operational performance
maps of Calcium Looping thermochemical energy storage for concentrating solar power
plants. Energy (2021), 220, 119715.

https://doi.org/10.1016/j.energy.2020.119715

e Pascual S, Lisbona P, Romeo LM. Operation maps in Calcium Looping thermochemical
energy storage for concentrating solar power plants. Journal of Energy Storage (2022),
55, 105771.

https://doi.org/10.1016/j.est.2022.105771

e Pascual S, Di Lauro F, Lisbona P, Romeo LM, Tregambi C, Montagnaro F, Solimene R,
Salatino P. Improvement of performance of fluidized bed Calcium Looping for
thermochemical solar energy storage: Modelling and experiments. Proceedings of 10t
European Combustion Meeting (2021), pp. 1430-1435.

e Tregambi C, Di Lauro F, Pascual S, Lisbona P, Romeo LM, Solimene R, Salatino P,
Montagnaro F. Solar-driven Calcium Looping in fluidized beds for thermochemical energy
storage. Chemical Engineering Journal (2023), 466, 142708.
https://doi.org/10.1016/j.cej.2023.142708

One more published JCR journal paper is dedicated to the section State of the art of
thermal energy storage in concentrating solar power plants.
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e Pascual S, Lisbona P, Romeo LM. Thermal energy storage in concentrating solar power
plants: A review of European and North American R&D projects. Energies (2022), 15,
8570.

https://doi.org/10.3390/en15228570

The remaining paper Optimized Ca-looping thermochemical energy storage under
dynamic operation for concentrated solar power which are included in the compendium of
publications has been accepted for publication in Journal of Energy Storage in 2023. The JCR
journal research paper is the core of the last PhD thesis section Operational methodology and
economic implications. A copy of the acceptance letter for the last paper to be published can be
found in Appendix A of the present PhD thesis.
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ABSTRACT

Ca-Looping represents one of the most promising technologies for thermochemical energy storage. This
process based on the carbonation-calcination cycle of CaO offers a high potential to be coupled with solar
power plants for its long-term storage capacity and high temperatures. Previous studies analyzed
different configurations of CalL integrated into power cycles aiming to improve efficiency. However, most
of these assessments based on lumped models did not account for scale effect in the most critical reactor.
In this work, a detailed 1D-model of a large-scale carbonator is included in the comprehensive model of
the integrated facility. The results obtained served to assess the available heat, the minimum technical
part load of this equipment, the required size of the storage tanks and the overall efficiency of the plant.
The main issue in the operation of large-size carbonator is the heat removal, thus a multi-tube internally
cooled reactor is proposed. The designed carbonator provides 80 MWth at nominal operation and
40 MWth at minimum part load operation. The sizing of storage tanks depends on the operation
management, ranging between 5700—11,400 m? for 15 h. Different efficiencies of the system were
defined and presented through operating maps, as a function of the reactor loads.

© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Deploying renewable energy sources (RES) contributes to the
decarbonisation of energy systems [1]. However, curtailments are
necessary when RES represent above 10% of the annual electricity
generation [2], since operators only control 5-10% of wind and
solar dispatch [3]. To face this situation, the European Commission
proposed energy storage as solution [4] since 10—20% variable RES
shares are estimated for about 50 regions in the world by 2023 [5].

In this study, we focus on concentrating solar power (CSP)
plants. Dispatch of CSP has a peak around noon and significant
variations over minutes or hours due to cloud coverage. To manage
electricity production, half of the CSP plants worldwide use thermal
energy storage (TES) [6]. TES systems retain thermal energy within
specific materials and release it when needed. According to the
physical phenomena occurring while absorbing/releasing the en-
ergy, thermal energy storage is classified in sensible TES, latent TES
and thermochemical energy storage (TCES).

Sensible TES use materials with high specific heat (131—4187 J/

* Corresponding author.
E-mail address: mbailera@unizar.es (M. Bailera).

https://doi.org/10.1016/j.energy.2021.120306

kg-K) to store/release the energy by heating/cooling their mass.
These systems are simple, reliable and cheap, but the energy stor-
age density is low (10014453 kj/m>-K) [7]. Most of sensible TES
used in commercial CSP plants are based on molten salts [8],
combining two tanks (packed beds) of high and low temperature
for short- and long-term storage [9].

Latent TES use materials with high latent heat (112—260 kJ/kg),
to store/release the energy during phase transitions at constant
temperature, what reduces fluctuations in electricity production
[7]. Phase change takes place between liquid and solid, in order to
have small variations in volume (<10%) [10] and high energy stor-
age densities (50—150 kWh/t). However, the low thermal conduc-
tivity of these materials (<0.5 W/m-K) prolongs the time of
charging and discharging energy [7]. To obtain large heat exchange
surfaces in latent TES, shell and tubes configurations are commonly
used [11, 12].

Thermochemical energy storage systems are based upon
reversible chemical reactions (endothermic in one direction and
exothermic in the other) to store/release energy through a cyclic
process. As TCES works at very high temperatures (450—1300 °C), it
is the most promising candidate for thermal energy storage in new
generation CSP plants working above 800 °C [7, 13]. Moreover, TCES

0360-5442/© 2021 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Nomenclature

Symbols

ap pre-exponential factor, 1/s

o fitting parameter for the equilibrium pressure, K

a heat transfer area, m?

A specific projection area of the dispersed particles, m?/
kg

Ay geometry-dependent absorptance of the gas body,

54 pre-exponential factor, atm

A calculation parameter,

b calculation parameter, 1/s

Cp specific heat, kJ/(kmol-K)

cS sensible heat, MW

d, D diameter, m

Ey carbonation activation energy, kj/mol

f fraction,

I pressure correction factor,

fRep friction factor,

g gravity, m/s?

Gz Graetz number,

h convective heat transfer coefficient, kW/(m 2 K)

h specific enthalpy, kJ/kmol

k thermal conductivity, kW/(m-K)

K emission or absorption coefficient of the gas phase, 1/

m

Q heat transfer length, m

b mean beam length, m

load carbonator load (ratio between the input mass flow
and the nominal input mass flow),

L length, m

Lp particle load at operation conditions, kg/m>

m mass flow rate, kg/s

n exponent factor,

n mole flow rate, kmol/s

N number of cooling tubes,

Nu Nusselt number (local),

Nu Nusselt number (average),

Opey offset in the extended Lévéque solution,

per perimeter, m

P pressure, bar

Pr Prandtl number,

q heat flow per unit of length, kW/m

Q rate of heat flow, MW or kW

Q mean relative absorption or backscattering efficiency
of a particle,
reaction rate, 1/s
radius, m

Te ratio between inner and outer radius,

R molar ratio CaO/CO,,

R thermal resistance, K/kW

Rep Reynolds number based on hydraulic diameter,

K4 ideal gas constant, kJ/(kmol-K)

Seq equivalent layer thickness, m

Seff effective cross-sectional area of reactor, m?

SSC specific storage consumption

t reacting time or residence time, s

to time to reach half of residual conversion, s

T temperature, K

v velocity, m/s

v volume, m?

v volumetric flow rate, m*/s

X conversion,

X residual conversion,

AL length of the discretized slice, m

Asg carbonation entropy change, J/(mol-K)

AH‘Z’ standard enthalpy change of carbonation, kj/mol

AH, enthalpy of carbonation, kj/kmol

Greek symbols

« absorptivity,

I calculation parameter,

¥ calculation parameter,

€ emissivity,

n efficiency,

Naw available energy efficiency (ratio between the
available heat and the energy invested),

Ner carbonator efficiency (ratio between the heat
recovered and the energy invested),

Nst storage efficiency (ratio between the stored energy
and the energy invested),

M, calculation parameter,

W viscosity, kg/(m-s)

p density, kg/m?

g Stefan-Boltzmann constant, kW/(m?-K*)

'3 optical thickness for the gas solid dispersion,

Subscripts and superscripts

abs absorption

av available thermal energy

bsc backscattering

& carbonator

cf cooling fluid/cooling tube

CL in the calciner or for calcination

conv convection

CR in the carbonator or for carbonation

dch discharge

emi emission

eq equilibrium

EROM energy release operation mode

ESOM energy storage operation mode

if fresh

g gas

h hydraulic diameter

i initial value or discretization index for axial position

in inner or inlet

iw wall in contact with the cloud of gas and particles

j component j

L covered length

Li axial position at length L; from top

max maximum or nominal capacity

out outer radius/diameter or outlet

ow wall in contact with the cooling fluid

p purge or particle

rad radiation

s solid

st storage

t terminal velocity

th cooling tubes

tube carbonator’s tube

w wall

0 initial

© fully developed heat transfer
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provides seasonal storage with no heat losses (the energy is stored
in the chemical bound of the compounds) with higher energy
densities than sensible and latent TES (about 240—1090 kWh/t)
[14]. Among many materials for TCES (hydrides, metal oxides and
carbonate salts), the calcium looping reaction (CaL),
Ca03 < Ca0 + COy, stands out because the material is cheap and
earth-abundant, products are non-toxic, and energy storage den-
sity reaches 390 kWh/t [14, 15].

The utilization of CaL for TCES was proposed by Barker in 1974
[16], and the scientific community intensified its research during
the last decade. Recently, several papers dealt with the integration
of CaL TCES with different power cycles [17, 18], efficiency optimi-
zation [19, 20, 21], and management of the storage system [22].
Ortiz et al. [17] and Tesio et al. [18] assessed different power plant
options to find the technology that leads to better performance
when integrated with calcium looping TCES. Both of them
concluded that best results are achieved with CO, power cycles
(CO;, closed Brayton cycle according to Ortiz, and supercritical CO;
power block according to Tesio). After identifying the most suitable
technology, they optimized the efficiency of the concept by
studying different plant layouts. They found overall efficiencies (net
electric production to net solar thermal input) in the range 32—44%
for the CO, closed Brayton cycle [19, 20], and 40.4% for the super-
critical CO; cycle [21]. Regarding management, Bravo et al. used a
multi-objective optimization framework to determine the best
operational strategy. However, authors state that further research
on this issue is necessary to reach authoritative conclusions, as
economic aspects were not included in the optimization [22].

So far, the reactors design has not been taken into account in the
existing studies which are mainly based on lumped models of the
process. However, the extension of the chemical reactions in the
carbonator and calciner clearly affects the mass flows, the man-
agement of storages and the overall efficiency of the plant [14]. The
main reason is that experiments on calcium looping applied to TCES
are scarce making difficult the validation of detailed models of the
reactors [23]. Solar calcination (CaO3— CaO + CO, endothermic)
has been tested by the Paul Scherrer Institute in a cyclone gas-
particle separator with a window-less aperture. Solar thermal
input of the prototype was 54 kW, reaching 85% limestone con-
version with 88% energy efficiency [24]. Carbonation (CaO + CO, —
Ca0s, exothermic), within the framework of solar Cal, is tested in
the SOCRATCES project. They use an entrained flow reactor of
10 kW thermal output, cooled by external cooling coils. The cooling
fluid is air, which is later used in a Stirling engine to produce power
[25].

At industrial scale, the computational fluid dynamics simula-
tions of the Paul Scherrer Institute show that solar calcination may
operate effectively at 55 MW thermal inputs by using a falling
particle receiver. In this type of reactors, a curtain of falling CaCO3
particles absorb the solar radiation that enters through the aperture
of the receiver [24]. Regarding carbonation, Bailera et al. showed
that energy could not be properly recovered in entrained flow re-
actors when scaled-up to industrial scale, if they are cooled by
external coils. Since the reactor heats up, the reaction reaches the
equilibrium temperature and it progresses limited by the rate at
which heat is evacuated. This leads to unfeasible dimensions of
reactors (7 m diameter and 52 m length for carbonators of 100 MW
solar input) [26]. Therefore, other potential configurations must be
evaluated to improve the heat removal in industrial carbonators for
CaL TCES.

In this work, we focus on the two main gaps found in literature
when assessing the utilization of calcium looping as thermo-
chemical energy storage in concentrating solar power plants: (i) the
design of a suitable reactor for carbonation at industrial scale and
(ii) the analysis of the concept taken into account the reactor design
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and its behavior at part load operation. Thus, the novelty of this
work consist in quantifying a realistic efficiency for CaL TCES at
industrial scale. First, the paper introduces the concept of calcium
looping TCES in CSP, establishing the case under study. Then, the
methodology presents the carbonator modelling and the design
criteria from few kW to 100 MW scale. Results show how part load
operations in carbonator modify mass flows and the storage man-
agement (CaO, CaCOs; and COy). Finally, we quantify the overall
performance of the plant.

2. Calcium looping for energy storage in CSP plants

The energy storage system based on calcium looping process
consists of two reactors, namely calciner and carbonator. In the
calciner, solids fall from the top, and solar radiation provides
thermal energy for calcination (Eq. (1)). In our study, we consider
100 MW of solar power input as nominal operation. If the avail-
ability of solar energy is less than the nominal power, the calciner
will operate at partial load. The calciner load is defined as the ratio
between the available solar power input and the nominal solar
power input (100 MW). The solids mass flow is a mixture of
limestone and lime (197.7 kg/s), and its inlet temperature is set at
850 °C through the heat exchanger HE-ERcacos.cao (Fig. 1). The
operating temperature inside the calciner is kept below 950 °C, to
limit degradation of the solid particles [19].

CaC05 < Ca0 + CO, AHY = 180 k]/mol 1)

Lime and CO; are obtained after calcination of limestone. These
products are conveyed to the second reactor, where carbonation
takes place and the stored chemical energy is recovered (reverse of
Eq.(1)). The heat released is transferred to the power block through
a cooling fluid. The inlet temperature of the carbonator is set at
850 °C [20], for which reason the heat exchangers HE-ERca0 and
HE-ERco are used. Finally, the solids leaving the carbonator are
conveyed again to the calciner, thus closing the loop.

Full calcination can be assumed at the outlet of the calciner.
However, the mass composition after carbonation depends on the
average sorption activity of the solid population, as only part of the
Ca0 particle will react with the CO, [27]. An average maximum
conversion of 13.54% is assumed for the selected limestone [26, 28,
29] and the molar ratio Ca0:CO; at the carbonator inlet is set at
6.8:1 [28, 29, 30].

Additionally, a small fraction of lime is purged from the system
(fp = 1%) and the corresponding amount of fresh limestone is added
to compensate the removal of calcium. The addition of fresh
limestone to the system increases the average sorption activity of
lime population given the decay of sorption capacity of individual
lime particles with the number of cycles. In this layout, lime is
purged after calcination, while limestone is added at the inlet of
calciner. It must be noted that there is a net input of carbon and
oxygen into the system, because the carbon dioxide released from
fresh limestone calcination is accumulated. Therefore, a small
amount of CO; has to be removed from the loop to close the carbon
mass balance. Actually, the only CO, exiting the carbonator is this
net mass input coming from the difference between the fresh
CaCOs and the purged CaO0, as the molar ratio in the carbonator was
set to consume the rest of CO; during reaction.

This mode of operation corresponds to the nominal point used
for carbon capture applications in which neither storage nor
discharge of energy take place. The energy entering the calciner is
recovered in the carbonator without delaying power production.
This mode of operation is not useful for energy storage applications
but its proper description is significant to understand the perfor-
mance of the calcium looping. In the following subsections, the
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Fresh CaCO3 CaCO3+Ca0
250C >
HE-ERCac03+Ca0 Venting
8509°C 2
&t co
100 MW
900-950 °C HE-ERCz0
L09
L0e fluid (CO2)
HE-EECa0,P
Purged CaO
200 °C
fp=1% ~—— CaC03+Ca0 ca0 — CO2 — C02+Ca0
m— Fresh CaCO3 w— Purged CaO = Cooling fluid

Fig. 1. Thermochemical storage system based on Ca-looping process for a large scale CSP plant: nominal operation mode.

layout of the system under storage and discharge operation modes
is described.

2.1. Energy storage operation mode

When the electricity demand from the system decays or the
selling price of electricity does not cover the operating cost, part of
the solar energy handled in the CSP is stored. Under energy storage
operation, a fraction of the lime (fsca0) and CO; (fstco2) obtained
through calcination are stored instead of conveyed to the carbo-
nator (Fig. 2). Thus, the thermal power released in the carbonator is
reduced, and the stored products allow producing thermal energy
in a later period. Additionally, to keep constant the mass flow
entering the calciner, solids must be added to the loop through the
discharge from a limestone and lime reservoir. The discharge flow
of this tank is defined as a fraction of the nominal solid flow leaving
the carbonator outlet (fach, caco3)-

If the fraction of CaO and CO; sent to storage tanks increases, the
load of the carbonator may be reduced below its minimum partial
load, requiring to shut-down the reactor (the part load in the car-
bonator is defined as the ratio between the input mas flow and the
nominal input mass flow). Under this situation, the plant starts
operating only in storage mode, not producing thermal power in
the carbonator (Fig. 3). The discharge fraction from the limestone
reservoir fqch, cacos will depend on the amount of solar energy
entering the receiver.

In this study, the properties of stored CO, are 100 °C and 73 bar
[20], through a compression stage including two cooling steps to
50 °C (HE-EEco2) and 100 °C (HE-EEcoy,c). Solids storage tempera-
ture and pressure are 200 °C (HE-EEc,0) and 1 bar [19].

2.2. Energy release operation mode

Whenever solar energy is not enough to keep carbonator

Fresh CaCO3 CaCO3+Ca0
250C
HE-EEco2,cr
)
HE-E C02+Ca0
{} 02 < 850 °C
Compressor HE-EEc02,c 650 °C
900-950 °C| T — HE-ERC20
2
P ¥ < 1000C Cooljﬁogo <
P = i
20 Pl Ecoz] fluid (CO2)
Stor: 0L
HE-EEca0,p SISSS
CaO0
Purged CaO
200 °C
fp=1% —— CaC03+Ca0 — Ca0 —C02 —— C02+Ca0
—— Fresh CacO3 —— Purged Ca0 === Cooling fluid

Fig. 2. Thermochemical storage system based on Ca-looping process for a large scale CSP plant: partial energy storage operation mode.
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200 0C c:ggﬁ Discharge
G
Fresh CaCO3 fdch,Caco3 ~—— (CaC03+Ca0
250C
HE-ERCac03+Ca0 Er:gh CaCO3
{:} B = Purged CaO
CaCO3+Ca0 — CO2
oy HE-EEco2  Compressor HE-EEcoz,c
900-950 °C x@( D -
259 —fs
RN =) o
HE-EECa0 s
Purged CaO HE-EEcaop Storage
200 °C
fo=1%

Fig. 3. Thermochemical storage system based on Ca-looping process for a large scale
CSP plant: energy storage operation mode.

working at a specific load, the plant can run under energy release
mode. In this case, part of the previously stored lime and CO, are
now discharged from their reservoirs to enter in the carbonator and
produce the desired thermal power (Fig. 4). The CO; and CaO
leaving the storage tanks are defined as a fraction of the nominal
flow of COz (faencoz) and CaO (fychcao) at calciner outlet. Addi-
tionally, as there is not enough available solar energy to completely
calcine the mass flow exiting the carbonator, part of this is diverted
to storage (fs,caco3) before closing the loop.

When solar power is not available, the operation is limited to
release stored energy (Fig. 5). The mass flows discharged from the
reservoirs depend on the demanded thermal power to be pro-
duced. In our study, whether we store or release energy, the frac-
tions of CaO and CO; entering and exiting the tanks will be the
same in order to keep constant the Ca0:CO, molar ratio in the
carbonator (i.e., fst.cao = fst,co2 and fgch,co2 = fach,cao)- Heat losses of
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heat exchangers are assumed as 2% of the total released energy.

3. Methodology

Methodology covers carbonator modelling, design criteria and
assessment of the storage tanks required for the correct manage-
ment of the plant.

3.1. Carbonator modelling

The energy removed from the carbonator represents the main
source of heat sent to the power cycle. However, the operating load
in the carbonator remarkably varies throughout the day due to
cloud coverage, the solar radiation pattern and the demand of
electricity. Therefore, its design must be assessed to quantify the
effects of partial load operation in the overall efficiency of the
system. In this sense, a detailed model of a large scale carbonator
reactor has been developed. Besides, the minimum technical load
in the carbonator have an effect on the size of storage tanks, and
will determine the minimum amount of heat available for the po-
wer cycle.

The carbonator is an entrained flow reactor in which reactants
entrance is located at the top. This is a complex system where
heterogeneous exothermic chemical reactions take place together
with heat transport phenomena. The model considers carbonation
kinetics, heat transfer mechanisms and the specific geometry of the
reactor, in order to compute axial profiles of conversion, tempera-
ture and residence time under different operating loads. The
reactor was discretized in 100 slices of constant length, for which
the equations presented in the following subsections were
computed. In the case of those equations that comprise an inte-
gration, some of the variables are assumed constant along the slice
to perform the integration (whenever the case, it is mentioned in
the text).

Fig. 6 illustrates the flowchart of the carbonator model for one
slice of the discretized reactor. There are four main blocks that
simulate the solid phase, the gas phase, the kinetics and the heat
transfer. The ‘gas phase’ module provides information to the ‘solid
phase’ module in order to compute the downward velocity of the

CaCO5 Storage
200°C | cfo (-4@' .
CaCo3
i HE-EECac03+Ga0 o
Fresh CaCO3
;0 P ixt X
HE-ERCac03+Ca0 HE-EEco2,cR
CaC03+Ca0 o
3
& 850 °C /@ HE-ERco2 C02+Ca0
I\
<100 MW Compressor HE-EEco2,c
900-950 0C co2 I~ HE-ERCa0
L fdch,co2
$0% AR
229 20 Ecﬂ fluid (CO2)
Discharge 200 °C
HE-EEcao,p ach,Ca0
54
Purged CaO
200 °C
fo=1% —— CaC03+Ca0 Ca0 —C02 —— C02+Ca0
— Fresh CaCO3 = Purged Ca0 mmmm Cooling fluid

Fig. 4. Thermochemical storage system based on Ca-looping process for a large scale CSP plant: partial energy discharge operation mode.
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2990 E ks Cooling ===
22D [co2 ] fluid (CO2)
Discharge 200 °C
fdch,ca0
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Fig. 5. Thermochemical storage system based on Ca-looping process for a large scale CSP plant: energy discharge operation mode.

solids falling through the reactor. Then, the ‘solid phase’ module
provides the residence time of the solids to the ‘kinetics’ module to
calculate the conversion. Also, both the ‘gas phase’ and the ‘solid
phase’ modules transfer the mole flows data to the ‘heat transfer’
module in order to calculate the final temperature inside the
reactor. At this point, the computed values of conversion and
temperature must be re-introduced in the different modules
(iterative process) until they converge. Once convergence is ach-
ieved, the data on residence times, conversion and temperature are
provided to the next discretized slice. The former allows computing
the total residence time, while conversion and temperature are
used as initial values in the iterative loops of the next slice.

It must be noted that each slice does not only depends on the
previous one, but also in the following one because of the heat
transfer model. Since the reactor uses a counter-current cooling
configuration, the initial temperature of the cooling fluid is pro-
vided by the following slice, which is not yet solved. The boundary
condition that fixed the inlet temperature of the cooling fluid, in the
last slice, allow to solve this indetermination. The final temperature
of the cooling fluid is computed in the first slice. The list of
boundary conditions that allow solving the system is presented in
Table 1. These variables are commented in the following
subsections.

3.1.1. Kinetic model

The kinetic equation used in the model was published by Ortiz
et al. [31]. The carbonation reaction is described by Eq. (2), giving
the conversion of CaO as a function of time and reaction rate,

X

XO=Trerew

(2)
where X is the conversion at the end of the reaction controlled
phase (assumed as 0.1354 in this work) and t; the time taken to
reach Xy/2 conversion (equal to 1.515 s). The reaction rate, r, is
given by Eq. (3) as a function of temperature and CO, partial
pressure,
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whereE, is 20 kJ/mol, aS9 is —68 J/mol-K and aH9 is —160 k]/mol.
Besides, Peq = «/-exp( — a /T), where .+ is 4.083-107 atm, and « is
20,474 K.

3.1.2. Solid phase

The time spent by the solids traversing the reactor corresponds
to the reaction time (i.e., the time used in Eq. (2)). This is given by
the entraining downflow velocity of the solids, which depends on
its terminal velocity and the gas velocity. According to Wen et al.
[32], the downward velocity, vs, of small particles under low Rey-
nold numbers is computed by Eq. (4):

vs=vs;- e P 4+ (vg+up)- (1 - e’m’) (4)
where vg; is the initial velocity of the solid, vg is the velocity of the
gas phase (volumetric flow divided by the cross section), and v; is
the terminal settling velocity of the particle in a static fluid. The
parameter b, and the velocity v, are given by Eq. (5) and Eq. (6):

_18u

= 5
PX:? (5)

(ps — pg)d3g

184 (6)

V=

where p is the viscosity of the gas, p is the density of the solid, p, is
the density of the gas, dp is the diameter of the solid particles
(assumed 60 um), and g the gravity.

Integrating Eq. (4) gives the reactor length as a function of the
residence time of solids, Eq. (7),
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Fig. 6. Carbonator modelling flowchart for the discretized slice of index i, and its interactions with the previous (i-1) and next (i+1) slice.
. Eq. (7) is integrated for each slice of the discretized reactor, so it
s.L

0

L= Jusdtszzzio 7e’b">+(vg+vt)-<tsf b

1- e""5>

can be assumed that vg, v, and b are constants in the range of
(7) integration (they are calculated at the specific temperature and
pressure of the gas in each slice). Thus, total residence time
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Table 1
Boundary conditions of the simulation.
L =0 L=L T = Toutc

Solid phase
mole flow rate, ricqo fcaoco (Eq. (58)) - -
mole flow rate, ticacos ficaco3co =0 - -
velocity, vs vs0 = 0.01 m/s - -
residence time, ts t;o =0 - -
Gas phase
mole flow rate, ricoy nfico2.co (Eq. (59)) - -
velocity, vg vgo = Nicoz.co"(1 — Xo)-72-To/(P -Sef) = i
residence time, tg tyo =0 - -
Kinetic model
conversion, X Xo = 0.00078 - -
Heat transfer
Temperature of reactants, T T =850°C - -
Temperature of cooling, T, - Te =100°C -
Heat transferred, ¢’ qd=0

considers the variation in temperature and gas volume along the
reactor.

3.1.3. Gas phase

For the sake of simplicity, we assume that the fluid of a slice is
not mixed with the fluid of any other slice ahead or behind (flat
velocity profile). This implies that the residence time in the reactor
is the same for all elements of the fluid. The residence time of the
gas is given by Eq. (8),

L
S,
zg=Jvafcu; (8)

where V is the volumetric flow rate and Sefr is the effective cross-
sectional area of reactor (i.e., cross-sectional area minus the area
occupied by solids). Eq. (8) is integrated for each slice, so V and Sefr
are constant in the interval of integration, and the residence time in
that interval becomes ty; = L;-Se/V.

Besides, it is assumed that the pressure inside the reactor re-
mains constant at 2.0 bar. The volumetric flow rate as a function of
the conversion is given by Eq. (9),

oz (1= Xy) 2Ty
— 5 9)

VLi

3.14. Heat transfer

In this section, it is presented (i) the energy balance on the gas-
solid mixture in which carbonation takes place, (ii) the heat
transference (convective and radiative) from gas-solid mixture to
the walls, (iii) the conduction through walls to the cooling fluid, and
(iv) the energy balance of the cooling fluid. It should be noted that
heat transfer equations depend on the carbonator configuration
and geometry, which have been selected differently depending on
the scale (see Section 3.2). To this regard, clarifications are made
when required.

3.1.4.1. Reactants side. The energy balance in the cloud of gas and
particles is described by Eq. (10), considering the exothermal heat
from carbonation and the heat exchange per length of reactor (from
Li_q toL;):
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> Cpj-njy - (Ty—Ty,)=—4H; - (TiCaC(B. 1, — fcacos, 1, .)
j

—dy,-(Li—Li_y)
(10)

where Cp; and 1i; are the specific heat and mole flow of component
Jj, respectively, T is the temperature of the cloud of gas and particles
(assumed to be homogeneous in the slice), aH; is the enthalpy of
reaction (—178 kJ/mol), and q’L, is the heat flow throughout the wall
per unit of axial length. This heat flow through the wall accounts for
radiation, qy,q ., and convection, ggyp, . in the form of Eq. (11):

q;_, = q,md.Li + qlconu.L; (] 1)
Radiation is given by Eq. (12):

Ew 4 4
0 (egep - T — agep Ty, ) -0

(12)

of
Grad.L; = Ogip + &w — Ogip-ew

where agp and g, are the absorptivity and emissivity of the gas-
particle mixture [33], ey the emissivity of the wall, ¢ is the Stefan-
Boltzmann constant, T is the temperature of the cloud of gas and
particles (assumed to be homogeneous in the slice), and Tj,, is the
temperature of the inner wall (wall in contact with the cloud of gas
and particles). The variable ¢ is defined in such a way that ¢ =
a/(L; — Li_y),and a is the surface area where the heat transfer takes
place within the slice, which depends on the geometry of the
reactor.

The model for the calculation of the emissivity (eg.p) and ab-
sorptivity (ag.p) of the gas-particle mixture is borne out of ‘VDI
Heat Atlas’, Part K4 [33]. They can be described as

egp=(1 —ﬁ)-( Loexp( Penig:p) ) (13)

1+ ﬁ‘EXP( = ‘pemigﬂz)

(14)

ag+p:(1—ﬂ).< ]—eXp(—%bs‘g“’) )

1.+ ﬂ'EXP( — (babsAgrop)

with
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-1 (15)

ym 142 (16)
Qabs

Benigro = (v A+ Lo +Kemig ) - In1 (17)

Papsgp= (Qabs AL+ Kabsg) by (18)

Where Qs and Qs are the particle scattering and absorption
coefficients, Kemig and Kz are the gas scattering and absorption
coefficients, Lp is the particle loading, [, is the mean beam length
of radiation within the relevant geometry, and A is the specific
projection area of the dispersed particles.

The particle scattering and absorption coefficients (Qps. and
Qups) are taken from the limestone’s data graph included in the
Heat Atlas (reference [33], section K4, page 993) as a function of the
particle diameter. The specific projection area of the dispersed
particles, A, is calculated from their diameter, dp, and density, p,, by
Eq. (19).

3

dp:Z-pp-A

(19)

The gas scattering and absorption coefficients, Kepig and Kgps g,
are computed from

In(1—e
gy =) ; = (20)
m
In(1-A
Kabsg: _% (21)

where ¢ is the emissivity of the gas and A, is the absorptance. The
values of ¢ are taken from the data graph included in the Heat Atlas
(reference [33], section K3, page 982) as a function of pressure,
temperature and the equivalent layer thickness. The latter is
tabulated in Ref. [33], section K3, page 981, for different geometries.
Regarding the absorptance A,, it is a function of the wall temper-
ature, the gas temperature and the emissivity of the gas, following:

Tg) 06
AV:fpfOz'(m) "Eg (22)

The parameter f, co, is a pressure correction factor, which at
2.0 bar is equal to 1.019. This is given by equation (23), where seq is
the equivalent layer thickness (tabulated in Ref. [33], section K3,
page 981, for different geometries).

3 2
p— — . - . 4/\2
foco,=1+(A 1) exp[ 0.5 (logloo_pwz_seq> ] (23)

with
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-1.45
[0.1-(,35()) + 1} P (1 +0.28~’i,'§’—2—> +0.23
M= I 145 (24)
0.1 (,Og,o) +p- (1 +o.28~@) +0.23

Ta \?
0225"(@) for T;>700 K

dy= (25)

T §2
{ == <
0.054 (1000) for T <700 K
Regarding convection, which is the other term of heat flow in Eq.
(11), it is given by Eq. (26)

q,conv.L.— = hg.L. : (TL; = Tiw.L,-) R (26)

where T is the temperature of the cloud of gas and particles
(assumed to be homogeneous in the slice), T;,, is the temperature of
the inner wall (wall in contact with the cloud of gas and particles)
and hg the convective coefficient [34]. The variable ¢ is defined in
such a way that ¢ = a/(L; — L;_1), and a is the surface area where
the heat transfer takes place within the slice, which depends on the
geometry of the reactor.

The convective coefficient at each axial position is calculated by
Eq. (27) [34]:

Nuy;-ky;
Dy,

Where Nu is the Nusselt number, k the thermal conductivity of
the gas (at Ty, and P;,), and Dy, the hydraulic diameter. The latter is
defined according to Eq. (28), which relates the cross-sectional area
of the flow, S.¢, and the perimeter of the section, per.

e (27)

_4-Sef

~ per (28)

Dy,

It should be noted that the hydraulic diameter depends on the
geometry of the reactor. In our study, we use two types of config-
uration (see Fig. 7): an annular single-tube (reactants in the outer
side) and a tube bundle in triangle configuration (reactants in the
shell side). The hydraulic diameter for these two cases are:

Dhannutar) =2+ (rc - rcf) (29)
2-(r2—N-r?
f

Dh(bundlej = (r N >) (30)
Fou el

where rc is the radius of the carbonator tube (the enclosing), r is
the radius of the cooling tube, and N the number of cooling tubes.

The Nusselt number, which is necessary in Eq. (27), also depends
on the geometry of the reactor. In the case of an annular configu-
ration, the correlations developed by Bennett are used [35]. Spe-
cifically, the correlation corresponding to boundary conditions of
adiabatic outer wall and constant inner wall temperature (in our
simulation, we use the average temperature of the cooling wall for
the calculation of the Nusselt number). The Nusselt number in the
inner surface, at an axial position L; (of the total length L) is given by
Eq. (31):
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Nug,

1-—

(5)/ (o~ (22r) )
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(31)

NuLi(annularJ = NuL(annular) :

Where Nu(gnnuiqr) is the average Nusselt number over the total
axial length of the reactor, fRep is the friction factor, Nu, is the
Nusselt number for fully developed heat transfer, Oy, is the offset
in the extended Lévéque solution, n is an exponent factor, A is a
constant factor equal to 0.40377, and Gz;; is the Graetz number for a
duct of length L;. These variables are computed by Eq. (32)—(37).

Ny annuiar = [ (A~ (Rep-Gzy1)')" + (Niteo — 0pe)"] ' + Oy

(32)
mo-n- (28 (B imey) O
Nug =4.224 —1.492-r; 12 +1.972.1722 +0.1370-r71  (34)
OLel,zNui/310 +0.911-Nug — 481 (4 < Nuw <24)  (35)
n=A> -exp(fRep /350 +3.6) (70 < fRep < 400) (36)
Gz =Dy Rep - Pry; /L (37)

Where A is the same constant factor than before (equal to
0.40377), r« is the ratio between the inner and outer radius (i.e.,
between de radius of the cooling tube and the carbonator tube, Eq.

Single-tube Multi-tube

Cao
CO2

S ooco oS
oo oo oo oS

Cooling

n\ 1/n
/3 | [ Nux—0;
v () / (o« () )

(38)), Rep; is the Reynolds number based on the hydraulic diam-
eter at the axial position L; (Eq. (39)), and Pr is the Prandtl number
at the axial position L; (Eq. (40)):

re=rg/rc (1/50<r<1) (38)
1my;-Dpy
Repi= 39
D.Li sejf oy (39)
Pryj = Cpyi- i/ kui (40)

Alternatively, in the case of a tube bundle configuration with
longitudinal flow, the Nusselt number is calculated through the
correlations of Taborek [36]. Taborek only provided the correlations
for the average Nusselt number over the total length of the reactor,
instead of the local Nusselt number at position L;. The correlation
for the laminar region follows Eq. (41), which will be the case of our

reactor (correlations for the transition and turbulent flow can be

seen in Ref. [36]):

- 3 1/3

Ny bundie) = |Nu2, +9.261-Rep 1 -Pry D, /L] (Rep < 500)
(41)

Where Nu,, is equal to 4.12 (in this case, it represents the so-
lution as Re tends to 0), Rep is the Reynolds number calculated as
Eq. (39) with the corresponding Djpundrey Of Eq. (30), Pry is the

Large-scale multi-tube

cococococ oo S

e oo o oo

Fig. 7. Carbonator configurations for small and large scale.
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Prandtl number as Eq. (40), D, is the hydraulic diameter for tube
bundle (Eq. (30)) and L is the total length of the reactor.

In order to compute the local Nusselt number for the tube
bundle configuration, the correlation of Taborek can be differenti-
ated according to Eq. (42) [37] (note that this expression is only
valid for ducts of constant wall temperature):

)

Nuy; =77 (42)

L=L;
Thus, the local Nusselt number in a tube bundle (shell side) can

be computed through Eq. (43) as:
Nu2, +6.174-Gz;

(Nu3, +9.261-Gz;)*>

Nugjbundiey = (Rep < 500) (43)

where Nu, is equal to 4.12 and the Graetz number is calculated
with Eq. (37) using the corresponding Dy, pyndie) Of Eq. (30).

3.14.2. Cooling side. The heat conducted through the wall sepa-
rating the cooling and reactants is given by Eq. (44), which allows
computing the temperature of the wall side that is in contact with
the cooling fluid, Tow:

i,

- TiW.Lg - Tow,l.,
g ol (44)

RuupeLi

in(z)

Rupe =5—— (45)
tube 27l"ktube'l‘i

where Ry is the thermal resistance of the cooling tube, oy and r

the outer and inner radius of the cooling pipe, N the number of

cooling tubes, and kg, the thermal conductivity of the tube

(0.025 kW/m-K).

Once the temperature of the inner wall of the cooling tube is

known, the energy balance on the cooling fluid is performed, by Eq.
(46):
Cpey - e - (ch<L171 ~ ch.L,) =gy, (Li—Li1) (46)
where Cpy and 1ig are the specific heat and mole flow of the
cooling fluid. It should be noted that Eq. (46) is valid for a coun-
tercurrent heat exchange, and therefore it is heated from position L;
to L;_; (carbonation goes from position L; 4 to L;).

The heat transferred to the cooling fluid per unit of axial length,
Eq. (47), is composed by the convective and radiative terms:

Qli == q;'ud. filia T qnlconu‘cf.L,- 1 (47)
Radiation is given by Eq. (48):
(#adA cf Liqa = Ew
1-(1—ew)(1-Avgs,) (48)

T?f,l_‘) Lt

where A, s is the geometry-dependent absorptance of the cooling
fluid (calculated through Eq. (22), since we assume CO; as cooling
fluid), ey the emissivity of the wall, ¢ is the Stefan-Boltzmann
constant, Toy is the temperature of the wall in contact with the
cooling fluid, and T is the temperature of the cooling fluid. The
variable ¢ is defined in such a way that® =a/(L; — L;_1),and a is the
surface area where the heat transfer takes place within the slice.
Regarding convection, which is the other term of heat flow in Eq.

g (Ach.L; Towy — & *
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(47), it is given by Eq. (49)

q,conu.cf,L,-,, = hcf.L,,. . (Tow.Li = ch,L,,1) Lt (49)
where h; is the convective coefficient of the cooling fluid, Tow is the
temperature of the wall in contact with the cooling fluid, and T is
the temperature of the cooling fluid. The variable ¢ is defined in
such a way that ¢ = a/(L; — L;_1), and a is the surface area where
the heat transfer takes place within the slice, which depends on the
geometry of the reactor.

The convective coefficient at each axial position is calculated by
Eq. (27), with the corresponding D;, computed with Eq. (28). In the
cooling side, we have a circular tube configuration, so the hydraulic
diameter is the one presented in Eq. (50):

Dhtubey =2Ts (50)

The Nusselt number for this configuration is calculated through
the correlation of Nellis G and Klein S (Eq. (51)) [34]. This expres-
sion provides the average Nusselt number over the length of the
cooling tube, assuming constant temperature wall:

(0.049 + 0.020/Pr;)-Gz}-12
1+0.065-G207

mumbe) =3.66 + (51)

To compute the local Nusselt number at an axial position L;, Eq.
(42) is used, obtaining the following expression (Eq. (52)):
NuLi(tube) =3.66

" Gz{l:12 . (1.8473-62?;7~Pru +0.754-G. L,:7 725,88~PrL,- —24)
103-Pry;- (1+0.065-G2);)

(52)

where the Graetz and Prandtl numbers are calculated with Eq. (37)
and Eq. (40).

With this methodology, the temperature along the carbonator
can be calculated by knowing the initial temperature of reactants
and cooling fluid.

3.2. Design criteria at different scales

The scale of the system is characterized by the solar power
available in the calciner, Q¢; (from 10 kW to 100 MW). The corre-
sponding input flows of CaO and CO; entering the carbonator (at
nominal load) are computed through the energy balance in the
calciner (Eq. (53)).

3 R(950°C) . (950°C) .. (950°C) .
QCL = hCaO *Ncaoco + hcoz *Nco2.c0+ hcﬂo : nCaO.p
_ h(850' C) s hl850'C)

CaCoO3 f’CuCO3.c.our Ca0 : ﬁCaO.c.out
(25°C) .
— Nacos Ticacos s

(53)

where th is the specific enthalpy of the component j at temperature
T, njco is the mole flow of component j entering the carbonator
(which are outlet flows in the calciner), rijc oy is the mole flow of
component j exiting the carbonator (which are inlet flows in the
calciner), ncqo,p Is the lime purged after exiting the calciner, and
licacos s is the fresh limestone introduced in the calciner to replace
the purge. All these mole flows can be written as a function of
Ncqo.c0 (EQ. (54) to Eq. (57)) by fixing the conversion achieved in the
carbonator (assumed as Xy = 0.1354) and the Ca0:CO, molar ratio
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(R = 6.8776).

Tico2.c0 = f‘Caf:.cO (54)
Ncaco3.c.out = Nca0,c0 Xk (55)
Ticao.c.out =Mcao.c.0° (1 —Xk) (56)
Nica0,p =Mcaco3 f =Nca0,c.0° (% = XK) (57)

Operating in Eq. (53) and using enthalpy data from Aspen Plus
database, it is found Eq. (58) and Eq. (59) for the calculation of the
nominal input flows of CaO and CO; in the carbonator as a function
of the solar power entering the calciner.

Tica0.c0 = % or Mcao.co = % (58)
32,162.19 {kmo,] 573.53 {kg]
fico2.c0= #’( or Mcozco = Lk
221,198.68 [ﬁ] 5,027.24 [ng-]
(59)

In addition to the input flow calculation, some design criteria
have been followed to keep similar conversion and temperature
profiles along the reactor at different scales. First, a single tube
reactor with inner cooling has been modelled, looking for proper
heat removal at small scale (10 kW). This reactor is made of two
concentric tubes of small diameter. The reactants flow from top to
bottom through the outer tube, while cooling fluid flows in
counter-current throughout the inner tube (Fig. 7). The aim is to
recover few kW at this stage. The required input flows for 10 kW are
0.0174 kg/s of CaO and 0.0020 kg/s of CO,.

Once proper dimensions are fixed for single-tube, a multi-tube
configuration is stablished. This multi-tube reactor encloses
150—-200 cooling tubes, between which the reactants flow from top
to bottom. In principle, the cooling pipes are of the same diameter
and length that the one used in single-tube configuration (the
enclosure is also of the same length than the cooling pipes). The
cooling tubes are set in triangular configuration and the distance
among them is fixed in order to keep the cross-sectional area in
proportion to the increment of reactants volume. In other words,
the cross-sectional area through which the reactants flow is N
times the area of the single tube configuration, being N the number
of cooling tubes inside the enclosure of the multi-tube. This
configuration is aimed to reach the MW scale (about Q¢ = 2 MW),
by keeping similar temperature profiles along the reactor.

Lastly, the large-scale multi-tube configuration is designed by
keeping constant the ratio between the length of the reactor and
the velocity of the gas-solid mixture flowing downward (L/v), and
the ratio between the length of the reactor and the diameter of the
enclosure (L/d) [38]. Besides, the number of cooling tubes is
increased, instead of increasing their diameter. The aims of this
configuration is to achieve the 100 MWth scale and to quantify the
behavior at partial load. Again, we look for conserving temperature
profiles, and outlet temperatures of both products and cooling
fluids, since power production is the main objective of this reactor.

3.3. Operation modes and efficiency definitions

The two operations considered in this study are energy storage
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operation mode (ESOM) and energy release operation mode
(EROM). Under these modes, a large number of operation points
leads to different pairs of calciner-carbonator powers and different
values of storage power. The operation points are related to the
mass flowrates stored or released from the tanks.

3.3.1. Energy storage operation mode

Two parameters are used to describe the operation points of
ESOM: the fraction of the lime produced in the calciner that is sent
to storage, and the fraction of limestone in the tank that is
discharged.

The storage fraction of lime, fi cqo in Eq. (60), is the ratio be-
tween the mass flowrate diverted to the CaO storage tank and the
maximum mass flowrate that could leave the calciner operating at
full capacity (100 MW).

mCaO.st

- 60
Mca0,max ( )

fst.cao=

The discharge fraction of limestone, fy caco3 in Eq. (61), is the
ratio between the mass flowrate discharged from the limestone
tank and the maximum mass flowrate that could leave the carbo-
nator operating at full capacity.

MCac03+Ca0.dch

. (61)
Mcaco3+Ca0,max

fdclLCaCO?' =

All the potential pairs of these two parameters cover the oper-
ation points encompassed during ESOM.

The specific storage consumption (SSC) expressed in Eq. (62)
provides the amount of total energy (thermal and electrical)
required to store a mass unit of lime. This value is useful to un-
derstand whether the storage process is profitable or not in terms
of energy under specific operation points. It must be kept in mind
the qualitative interest of the parameter but its limitation as
quantitative measure given the mix of energy types in its definition.
The energy consumed in the process includes the fraction of heat
used to produce the lime sent to the storage tank (Qcg), the
preheating of the limestone discharged from the storage tank
which is later stored in the form of lime (Qpug gg cacos.sc) and the
electric power demanded in the compression of the stored carbon
dioxide (W compressor)-

§SC— Qcrst + Qi ER caco3 st + Weompressor

: 62
Mcqo st e

A storage efficiency, 7, is defined by Eq. (63) to compare the
amount of stored energy and the net energy consumed during the
storage process. The stored energy comprises the sensible heat of
the stored substances (lime and carbon dioxide, CSco2 ca0.st) and
the chemical energy potentially stored in the lime which will be
latter carbonated, aHgaﬁcgcm‘CR. This parameter provides an idea
of the portion of energy that is stored and the portion that is lost
during the storage process.

Qsl.CaO

Nst == : :
Qcrst + QHE ER caco3 st + W compressor

-
CSco2+caost + AHg *Nicacos,cr

Qcrst + QHE ER cacos.st + Weompressor

(63)

Another significant value for the operation is the efficiency of
the carbonator in reference to the energy provided by this equip-
ment, 7cg, Eq. (64 ). It compares the amount of power released in the
carbonator and the energy invested. The latter includes the heat of
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calcination required to produce the lime fed into the carbonator,
Qc.cr and the preheat of this limestone prior the calciner,
QHE ER Cac03.CR-

Qcr

R="x x
Qctr.cr + QuE ER caco3.cR

(64)

Finally, an efficiency related to the available thermal energy is
defined by Eq. (65). This efficiency compares the available heat to
the energy invested. The available heat accounts for the thermal
power released in the carbonator, and the thermal power provided
by the different heat exchangers (EE heat exchangers always pro-
vide thermal power, while ER heat exchangers only provide ther-
mal power under ESOM).

_ Qcr + >~ QuE ke + QHE ER co2 + QHE ER ca0
Nav(ESOM) = - -
Qcr + QHE ER caco3

(65)

3.3.2. Energy release operation mode

Analogously, the storage fraction of the limestone produced in
the carbonator, Eq. (66), and the discharge fraction of lime from the
storage tanks, Eq. (67), describe the set of operation points that
conform the energy release operation mode.

MCaC03+Ca0st

fst.cacos = = (66)
CaC03+Ca0.max
1Mcq0.dch
fach.cao = -, (67)
Ca0.max

The storage fraction of limestone, f cqco3, represents the ratio
between the mass flowrate diverted to the storage tank from the
outlet stream of the carbonator and the maximum mass flowrate
which could leave the carbonator operating at full capacity. The
discharge fraction of lime, fy., cq0, is the relation between the mass
flowrate discharged from the CaO tank and the maximum mass
flowrate of CaO leaving the calciner at full load.

The energy efficiency in the carbonator, ncg, under EROM is
calculated through Eq. (68). The energy invested in this process
includes (i) all the heat of calcination demanded in the calciner, Q¢,
(since no calcined material is diverted to storage tanks under
EROM) (ii) the storage consumption of the mass flowrate of lime
discharged from the tanks, (iii) the preheating of this limestone
before introduced into the calciner, Qg g cacos and (iv) the pre-
heating of the mass flowrates of lime and carbon dioxide, Qg g coz
and QHE ER CaO (lf needed).

Qcr
NerR=7% 5 q : q
Qe +SSC+Mcao ach+QrEERCaco3 +QuEERCO2 +QHEERCa0
(68)
Under EROM, the thermal efficiency of the system is defined by

Eq. (69). In this case, the available heat only includes the thermal
power from the carbonator and EE heat exchangers.

Nav(EROM) =
Qcr +>- QnE e
Qcr. + QHE ER caco3 + SSCMMcqo,dch + QHE ER co2 + QHE ER Ca0
(69)
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3.4. Sizing of storage tanks

The sizing of storage tanks accounts for the operating mode and
the introduced/extracted mass flowrates of CO,, CaO and CaCOs.
The operating mode dictates the number of hours and the storage/
discharge fractions. Storage and discharge fractions directly define
the inlet and outlet flowrates, while the number of hours provides
the time interval to integrate. The storage volume of the tanks is
calculated through Eq. (70).

t . .
Vee 0= | (%) dt + Vs

o

(70)

The maximum storage flowrate of CO, and CaO takes place
when solar calciner operates at nominal load and carbonator
operates at minimum load.

4. Results

In this section, the model validation and the results for the
small- and large-scale carbonators are presented. Besides, it is
assessed the partial load operation for the large-scale carbonator.
Lastly, a model of the coupled CaL TCES and CSP systems is run at
threshold operation conditions to provide the sizing of storage
tanks.

4.1. Model validation

The first important issue to be validated is the independency of
results with respect to the number of discretized elements (i.e.,
with the length of each discretized slice). As case of study, it has
been chosen the single-tube configuration operating at 50% partial
load (the part load in the carbonator is defined as the ratio between
the input mass flow and the nominal input mass flow). Fig. 8 pre-
sents the relative error that exists in the most important computed
variables versus the number of discretization elements, with
respect to 300 discretization elements (in a 4-m reactor, the latter
means slices of 1.3 c¢cm). It can be seen that the relative error

Relative error (%)

-3 ©Final CaO conversion
-4 aOutlet T (gas+particles)
i Bescsssruussenriscds aAverage T (gas+particles) |-
7 - »xRecovered heat I
g E <Outlet T (cooling fluid)
_8 —I PO T [ T TN i R (N N I W e [P W CHE N M DD M U N G AN S ]
0 50 100 150 200 250 300

Number of discretization elements (-)

Fig. 8. Relative error in the most relevant computed variables vs. the number of dis-
cretization elements (with respect to 300 discretization elements).
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Fig. 9. Comparison between 100 (symbols) and 300 (lines) discretization elements, for the results on CaO conversion and temperature profiles (reactor and cooling sides) vs. length

(from top to bottom), in a single-tube carbonator operating at 50% partial load.
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Fig. 10. CO, capture efficiency achieved in the entrained flow reactor of Plou et al. [39]
and in the simulations of this study under the same setup, as a function of the solid/gas
mass ratio.

remains below 1% in all cases whenever the number of dis-
cretization elements is above 15. Therefore, we select 100 dis-
cretization elements for the simulations presented in Section 4.2.

These small variations in the computed variables come from
assuming constant volume flow in Eq. (8) when integrating over
the length of each discretized element. This can be clearly seen in
Fig. 9 when comparing the temperature and conversion profiles of a
simulation with 100 discretization elements (depicted with sym-
bols) with a simulation with 300 discretization elements (depicted
with lines). In those regions in which the variation of volume flow
occurs faster (i.e., with higher reaction rates), the error becomes
noticeable. It must be noted that, since the case chosen as example
is operating at 50% partial load, the reaction occurs in a shorter
length, what accentuates the relative error. If the reactor operates at
full load, the variation in volume is less steep, and the error less
significant.

Furthermore, the selected operating conditions in our simula-
tions make CO; to react almost completely, so any variation in
volume flow is remarkable compared to the total volume flow in
the reactor. This makes the relative error to be more significant.
Still, our simulation keeps relative errors below 1% in the variables
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of interest. In the case of analysing a reactor setup with higher ratio
of CO,:Ca0, the error would be even lower.

The second important issue to be validated is the reproducibility
of experimental results. In this aspect, the model is validated using
experimental results of an entrained flow carbonator from Plou
et al. [39]. The reactor of Plou et al. is a 24-m spiral-shaped stainless
steel tube, with an external diameter of 3/8” (inner diameter of
7.54 mm). The gas velocity used during the experiments avoids
saltation conditions within the entrained flow regime (i.e., avoids
falling of particles towards the wall). The reactor is kept isothermal
at 650 °C along the whole path. Three different materials were
analyzed: two types of high-purity calcined lime and one cement
raw meal. The results of the material tagged as “Lime #1" are used
in this study for comparison as it has a similar value of X; (ie.,
conversion at the end of the reaction controlled phase) and ¢, (i.e.,
the time taken to reach a X;/2 conversion) than the material
assumed in the simulations of this study. Lime #1 has X; = 0.10 and
to about 2 s, while the material used in our simulations has
X = 0.1354 and ty = 1.515 seconds. These are typical conversions
of highly deactivated materials.

Fig. 10 shows the CO; capture efficiency, which is defined as the
CO, captured versus the maximum possible according to the
equilibrium. The experiments were carried out with a gas velocity
of 13.5 m/s at 650 °C and 1 bar (about 2.4-10~4 kg/s). The gas is
composed of 10% CO, and 90% air. The mass ratio between the solid
and the gas was varied between 0.125 and 0.400 by modifying the
mass of CaO entered in the reactor.

The results show a good agreement with the experiments of
Plou et al. for Lime #1. The measured residence time is 1.8 s, while
the simulated residence time 1.78 s for the gas and 1.77 s for the
solids.

4.2. Carbonator assessment

The technical data regarding the three carbonators under study
are presented in Table 2 (single-tube at lab scale, 7.6 kW, multi-tube
at pilot scale, 1.4 MW, and the large-scale multi-tube, 79.9 MW).
The reactants enter at 850 °C and 2 bar, and the cooling fluid is CO»
entering at 100 °C and 50 bar. The mass of the cooling fluid is
calculated to set its exit temperature at 650 °C.

The CaO conversion and temperature profiles along the reactor
are preserved at the different scales (Fig. 11). At pilot scale (multi-
tube reactor), the convective coefficient diminishes one order of
magnitude in the reactants side; i.e. shell side. Therefore, the
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Table 2
Technical data of the studied carbonators.

Energy 225 (2021) 120306

Single-tube Multi-tube Large-scale multi-tube
Carbonator
Length (m) 40 5.0 15.0 Design criteria (Section 3.2)
Enclosure inner diameter (m) 0.074 0.970 33 Design criteria (Section 3.2)
Ca0 mass inlet (kg/s) 0.01740 3.2533 178.6 Eq. (58)
CO, mass inlet (kg/s) 0.00198 0.3712 20.8 Eq. (59)
Final CaO conversion (%) 13.53 13.54 13.54 Output of the model
Gas residence time (s) 71 10.0 7.55 Output of the model
Solid residence time (s) 4.8 6.6 6.51 Output of the model
Inlet T (°C) 850.0 850.0 850.0 Boundary condition
Outlet T (°C) 850.7 844.8 841.1 Output of the model
Average T (°C) 850.8 871.5 850.6 Output of the model
Pressure (bar) 20 20 20 Fixed
Reynolds (—) 34-493 04-5.5 1.5-21.3 Output of the model
Cooling tubes
Length (m) 4.0 5.0 15.0 Design criteria (Section 3.2)
Inner diameter (m) 0.02 0.02 0.02 Design criteria (Section 3.2)
Number of tubes () 1 187 2705 Design criteria (Section 3.2)
CO, mass inlet (total) (kg/s) 0.0121 232 1274 Output of the model (fixed T o)
Recovered heat (MW) 0.0076 145 79.9 Output of the model
Inlet T (°C) 100.0 100.0 100.0 Boundary condition
Outlet T (°C) 650.0 650.0 650.0 Fixed
Pressure (bar) 50.0 50.0 42.8-50.0 Output of the model
Reynolds (—) 9862—-19,995 10,098-20,476 38,411-77,804 Output of the model

reactor has to be extended 1 m in length (from 4 m in single tube to
5 m in multi-tube) in order to bring the products again to 850 °C
and thus recover their sensible heat. Otherwise, part of the
exothermal heat from carbonation would not be recovered in the
reactor.

Besides, when following the criteria of constant L/v and L/d ra-
tios to pass from mid to large scale, the mass of cooling fluid per
tube has to be increased to maintain its exit temperature at 650 °C.
Doing so, the length of the reactor can be shortened to 15 m
(instead of the 19 m that would result from the L/d restriction). The
final configuration is suitable for a large-scale carbonation, in terms

100
of operating temperature (average 850.6 °C, computed as 3 T;;/
i=1

100), residence time (6.5—7.5 s) and dimensions (15 m length and
3.3 m diameter).

Once the reactor at large-scale is defined, partial load operation
is assessed (the part load in the carbonator is defined as the ratio
between the input mass flow and the nominal input mass flow).
Reducing the load in the carbonator means that the inlet mass
flowrates of reactants are proportionally reduced, so the available
exothermal heat from carbonation will diminish. Therefore, the
amount of cooling fluid that can be heated diminishes (always
keeping its exit temperature at 650 °C). The definition of minimum
partial load of the reactor corresponds with the point in which the
cooling mass flowrate is reduced to the half of its nominal value; i.e.
the minimum flowrate of cooling fluid will be 63.7 kg/s of CO; at
650 °C (below this mass flow we assumed that the coupling with
the power block cannot longer take place) [40]. This point corre-
sponds to a partial load of 23.9% in the carbonator (Fig. 12) (only the
23.9% of the nominal input flow of CO; and CaO is entering the
carbonator).

When load is reduced, the volume of reactants is lowered and so
does their velocity throughout the reactor. The reaction ends
earlier, and the cooling fluid starts recovering sensible heat from
the products. Fig. 13 illustrates this fact for a 50% partial load. Thus,
the total recovered heat does not diminish linearly with part load
(see Fig. 12), and follows Eq. (71) when fitted to a polynomial
expression by the least squares method.

Q. =3.27 + 184.5-load — 137.8-load? + 30.0-load> (71)

4.3. Plant management and size of storages

The distribution of storage and discharge fractions versus car-
bonator and calciner loads are shown in Fig. 14. Under energy
storage mode, the storage fraction of the lime (fscao) and CO;
(fst.co2) is maximum for those operating regions in which the load
of the calciner is high while the load of the carbonator is low. In the
same way, the CaCO3 discharge fraction (fgch, caco3) from its storage
tank increases from O to 1 if the calciner load rises and the carbo-
nator load is reduced. However, since the minimum partial load of
the carbonator is 23.9% according to our design, the maximum
storage fraction of lime and CO; and the maximum discharge
fraction of CaCO3 will be 0.761. Regarding the release operation
mode, the discharge fraction of the lime (fgch,cao) and CO3 (fach,coz)
from storage tanks is maximum for operating points with low
calciner and high carbonator loads. Likewise, the storage fraction of
the CaCOs3 (fst,caco3) obtained through carbonation increases from
0 to 1 if the calciner load is reduced and the carbonator load rises.
These storage and discharge fractions operation maps are useful to
establish how to operate the plant and manage the storage.

The maximum storage flowrates of CO,, CaO and limestone are
illustrated in Fig. 15 (assuming O void fraction inside the tanks of
the solids). The maximum storage volumes are obtained applying
Eq. (70) when solar calciner operates at nominal load and carbo-
nator operates at its minimum operation load. The CaO density
considered to calculate the volumetric flowrate is 1800 kg/m3, the
density of CaCO3 is 2710 kg/m?, and the void fraction inside the
tank is 30% [41]. Tank sizes ranges from 330 to 514 m> for 1 h of
storage operation, and up to 5700—11,400 m> for 15 h. In the latter
case, the storing volume required is 8256 m? for CO, in gas phase,
5824 m? for CaO and 7926 m? for the mixture of CaO—CaCOs.

It should be noted that, when stored, the apparent density of a
solid material is reduced due to the void space between particles. In
a randomly packed bed of spheres, the apparent density can be
reduced up to 60% [41]. This effect has not been taken into account
in the data presented in Fig. 15, but it has been considered in the
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Fig. 11. Ca0 conversion and temperature profiles (reactor and cooling sides) vs. length (from top to bottom) for the single-tube, multi-tube and large-scale multi-tube configu-
rations. Profiles are kept similar at the different scales (arrows depict the direction of the flow).

data presented in the text.
4.4. Overall efficiency of the plant at part load

The efficiencies defined to characterize the plant operation
present differences between the energy storage mode and
discharge mode. Under energy storage mode, the specific storage
consumption (Eq. (62)) has been calculated for each possible pair of
carbonator/calciner loads, ranging from 770 M]/tcao to 1324 MJ/
tcao. The minimum specific storage consumption corresponds to
high carbonator load, while the maximum value refers to operating
points in which carbonator reactor is shut-down.

The specific storage consumption is related to the energy stor-
age efficiency. The distribution of the energy storage efficiency
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versus carbonator and calciner loads is shown in Fig. 16. The
maximum storage efficiency (76%) is obtained when the solar
calciner operates at nominal load and the carbonator load is 90%,
which corresponds to the minimum specific storage consumption.
The lower is the storage of CaO and CO,, the lower is the energy
consumed in the energy storage process.

The carbonator efficiency as a function of the carbonator and
calciner loads is illustrated in Fig. 17. The carbonator efficiency is
clearly differentiated according to the operating mode in which the
system is located (storage or release). For each possible pair of
carbonator/calciner loads, the carbonator efficiency is obtained
applying Eq. (68) if there is energy discharge and Eq. (64) if there is
energy storage. Under energy release mode, the carbonator effi-
ciency is reduced for high carbonator and low calciner loads. This
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Fig. 16. Storage efficiency operation map.

occurs because the energy released in the carbonator in that case
comes mainly from the tanks (i.e., it is energy that was previously
stored). The minimum carbonator efficiency is 20%, which corre-
sponds to the operating point of the maximum energy demand
without solar energy available. Regarding energy storage mode, the
carbonator efficiency is greater for low calciner and carbonator
loads. This occurs because the energy required from the system to
release energy in the carbonator is reduced. Theoretically, the
maximum carbonator efficiency is 84%, which corresponds to the
operating point with a carbonator load of 10% and a calciner load of
20%. However, since the minimum partial load of the carbonator is
23.9% according to our technical design, the maximum carbonator
efficiency will be 81%. This corresponds to the operating point with
carbonator load of 23.9% and calciner load of 30%. On the other
hand, if there is no storage or discharge of energy (i.e., all the energy
received in the calciner is directed to the carbonator), the
maximum carbonator efficiency (85%) is obtained with carbonator

56

18

Energy 225 (2021) 120306

Calciner load (-)

.0.0 0.1 02 03 04 05 06 0.7 08 09 1.0
Carbonator load (-)

Fig. 17. Carbonator efficiency operation map.

0.60
0.65
0.75
0.85
1.00

Calciner load (-)

-0.0 01 02 03 04 05 06 0.7 0.8 09 1.0
Carbonator load (-)
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and calciner loads of 23.9%.

The available energy efficiency of the system as a function of the
carbonator and calciner loads is illustrated in Fig. 18. For each pair of
carbonator/calciner loads, the available energy efficiency is
computed by Eq. (69) when energy discharge takes place and by Eq.
(65) when energy is stored. Under energy release mode, the
available energy efficiency diminishes at high carbonator and low
calciner loads because the energy required by the overall system to
produce available energy increases. The minimum available energy
efficiency is 55%, which corresponds to the operating point of the
maximum energy demand without solar energy available.
Regarding energy storage mode, the available energy efficiency
increases with energy demand. Theoretically, the maximum avail-
able efficiency is 91%, which corresponds to the operating point in
which the carbonator load is 20% and the calciner load is 23.9%.
However, since the minimum partial load of the carbonator is 23.9%
due to technical reasons, the maximum available energy efficiency
will be limited to 90%, with a carbonator load of 23.9% and a
calciner load of 30%. Besides, in those cases in which all the energy



Published papers

M. Bailera, S. Pascual, P. Lisbona et al.

received in the calciner is directed to the carbonator (there is no
release or storage), the maximum available energy efficiency (97%)
is obtained with carbonator and calciner loads of 23.9%. Actually,
the highest available energy efficiencies are achieved around the
operation points in which the circulation of mass flow between
calciner and carbonator is almost direct (i.e., either the storage is
minimal or the energy discharge is negligible).

5. Conclusions

Two main research gaps were identified in the existing studies
of CaL as TCES for CSP: (i) a specific design of large-scale carbonator
and (ii) an overall concept analysis accounting the influence of the
reactor design on the available heat and the part load operation.
Thus, a detailed entrained flow carbonator model was developed to
support the scaling-up and design process of a large-scale carbo-
nator. The final industrial design (15 m in length and 3.3 m in
diameter) is able to process 187.6 kg/s of CaO and 20.8 kg/s of CO, at
nominal load, typically operating at 850 °C and 2 bar. It is observed
that the carbonation behavior at large scale can be similar to the
behavior at small scale; with residence times of 6.5—7.5 s and outlet
CaO conversion of 13.5%.

The heat removed from the carbonator through internal cooling
tubes (127.4 kg CO, with 650 °C outlet temperature) amounts to
80 MWth and is diverted to the power cycle. The minimum part
load of the carbonator is achieved for 23.9% of nominal inlet re-
actants flows. The available heat at this minimum load is 40 MWth
since, besides the heat from the carbonation reaction, part of the
sensible thermal energy of the reactor is recovered.

In terms of plant management, useful operation maps were
obtained to size and manage the storage tanks of the CaL products.
To store energy during 15 h of operation in a 100 MWth solar power
plant, the required CO, tank volume is 8256 m>, the CaO tank
5824 m> and the CaO—CaCO; tank 7926 m>. The specific energy
demand of storage process ranges between 770 and 1324 M]/tcao,
depending on the calciner and carbonator load. The maximum
storage efficiency is 76%.

The carbonator efficiency was mapped versus the calciner and
carbonator loads. The highest carbonator efficiencies (80—81%)
were obtained at low partial loads. Under release operating mode,
the lowest carbonator efficiencies (20—30%) are found for (high-
low) values of the pair (carbonator load-calciner load). This situa-
tion corresponds to high discharge fractions of CaO and CO; from
the storage tanks and presents a significant energy demand for
their preheating. Under energy storage operation mode, the influ-
ence of partial loads on the carbonator efficiency is softer since
energy demand for solid preheating plays a minor role in the whole
energy balance.

Lastly, the available energy efficiency was calculated (55—97%)
and a quite similar behavior for both operation modes was
observed. This efficiency is higher when the part loads of both re-
actors (calciner and carbonator) are similar since lower mass flows
have to be discharged and preheated from the storage tanks.

Future research should focus on the energy optimization of the
system, the design and sizing of the equipment involved (heat
exchangers, calciner, compression-refrigeration train for CO; stor-
age, etc.) and the selection of technically feasible operating points
under transient operation modes.
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ABSTRACT

Calcium-looping thermochemical energy storage associated to concentrating solar plants appears as
promising technology given its potential to increase the storage period and energy density of the stored
material. Up to now, research efforts focused on the global efficiency of the TCES associated to different
power cycles under fixed modes of operation: day or night. However, TCES will never operate under a
stationary situation but will experience different operation points to adapt to solar availability and en-
ergy demand from the power cycle. The aim is to analyse the influence of those variables which define
the operation points, under energy storage and release modes, in the design of the heat exchangers
network, storage tanks and reactors involved in the TCES system. The equipment in the conceptual plant
have been modelled accounting variable storage/discharge fractions in the mass balances. The results
show a suitable capture efficiency, quantifies the stored power and define the size and performance of
the heat exchangers required to operate the system. The behaviour of each heat exchanger and their
relevance in heat integration with a power plant is derived. The novelty relies in the analysis of potential

situations arising from different combinations of charge/discharge fractions of storage tanks.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

The dispatch of concentrated solar power (CSP) plants presents
a peak around noon, in addition to continuous variations due to
cloud coverage, that make energy storage systems necessary to
properly manage electricity production. Currently, the 54% of the
CSP plants worldwide include thermal energy storage (TES) to
increment their daily operating hours and maximize the electricity
production [1]. These TES systems retain thermal energy within a
specific material and release it when needed. According to the
physical phenomena occurring while storing/releasing energy,
thermal energy storage is classified in (i) sensible TES, (ii) latent TES
and (iii) thermochemical energy storage (TCES).

Sensible TES uses materials with high specific heat (1314187 ]/
kg-K) to store/release energy by heating/cooling their mass.
Although the energy storage density of these systems is low
(10014453 kJ/m>-K), they are simple, reliable and cheap, making
them the most widely used TES system in commercial CSP plants
[2]. Within sensible TES, molten salts are the most commonly

* Corresponding author.
E-mail address: saraps@unizar.es (S. Pascual).

https://doi.org/10.1016/j.energy.2020.119715
0360-5442/© 2020 Elsevier Ltd. All rights reserved.

applied materials [3]. Their major drawback is the required range of
working temperatures, since molten salts must be maintained
above 200 °C to prevent solidification, and not exceed 550 °C to
avoid its degradation [4].

Latent TES uses materials with high latent heat (112—260 kJ/kg)
to store/release energy during a liquid-solid phase transition, in
order to have constant temperature 2], small variations in volume
(<10%) [5] and high energy storage densities (50—150 kWh/t). The
main disadvantage of latent TES is the prolonged times of charging
and discharging energy, because of the low thermal conductivity of
these materials (<0.5 W/m-K) [2].

Thermochemical energy storage uses the reversibility of certain
chemical equilibrium reactions (endothermic in one direction and
exothermic in the other one) to store/release energy through a
cyclic process. TCES system improves storage capacity compared to
sensible and latent TES, through the introduction of materials with
higher energy density (about 240—1090 kWh/t) [6] and minimal
energy loss under seasonal storage since the energy is stored in the
chemical bound of the compounds. Furthermore, since TCES
operates in the temperature range of 450—1300 °C, it can also be
integrated in new generation CSP plants, which operate above
800 °C [2,7].
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One of the most promising TCES systems is based on the
reversible calcination — carbonation reaction of CaCO3/Ca0, also
known as calcium-looping (CaL) process [8]. Calcination reaction
(Eq. (1)) is endothermic, producing carbon dioxide (CO;) and cal-
cium oxide (CaO) at 920—950 °C [9]. The thermal energy used in the
calcination process should be energy intended to be stored or en-
ergy that would otherwise be wasted. Both products from calci-
nation reaction can be independently stored until the stored energy
is required to be recovered. The exothermic reaction (reverse Eq.
(1)) is produced when the stored CO, and CaO are mixed at tem-
peratures in the range 600—850 °C [10]. This carbonation reaction
releases high temperature heat and produces CaCOs that can be
stored, thus closing the loop.

CaC03(5) 5 Ca0(s) +COyq AHR = +178 k] /mol (1)

CaL process uses limestone (CaCOs3), which is a non-toxic, earth-
abundant and cheap material (<10 €/t CaCOs) [11]. Besides, CaCO3
material presents high energy density, in the range 307—409 kWh/t
[7,12]. The most important drawback of the CaL process is the decay
of sorbent capacity of CaO material due to sintering [13], which
becomes more relevant the higher is the number of carbonation-
calcination cycles suffered by the solid particles [14,15]. This
particular problem has been extensively studied in literature
looking for different solutions: sorbent improvements by analyzing
the multicycle activity of the natural CaCO3; minerals [16], pre-
processing limestone to enlarge the long-term performance of
the sorbent upon iterated cycles [17], doping and modifying CaCO3
[18,19], and developing synthetic Ca-based materials for energy
storage [20].

Although the utilization of CaL for energy storage was already
proposed in 1974 by Barker [8], was not until the last decade that
several research works analysed its application in CSP plants. In this
case, the calcination reaction would occur during sunlight hours
whenever solar energy is available in the CSP. The calcination
products (CaO and CO3) can be total or partially stored, diverting
the rest to the carbonator to produce energy. During night period,
the stored CO;, and CaO are always sent to carbonator to produce
energy, aiming to keep at least a minimum operating load to avoid
expensive shutdowns of the power plant.

The operation of this system is associated with power cycles for
electricity production, therefore recent research mainly focus on
the selection of the most suitable power block to be integrated with
CaL TCES [21—23] and the subsequent optimization of the overall
efficiency [24—27]. Also, some authors have studied the design of
reactors [9,28] and the management of the storage system [29].

Ortiz et al. [21], Tesio et al. [22] and Karasavvas et al. [23]
compared different power cycles aiming for the best performance
when integrated with calcium looping TCES. All of them concluded
that CO, power cycles provide the greatest results (supercritical
CO, power block according to Tesio, and CO, closed Brayton cycle
according to Ortiz and Karasavvas). After identifying the most
suitable technology, they optimized the overall efficiency (net
electric production to net solar thermal input) by assessing
different plant layouts and operating conditions. In the case of
supercritical CO; cycles, the efficiency was 40.4% [26], while for CO,
closed Brayton cycle the higher efficiencies of the different authors
were within the range 31—44% [24,25,27].

In terms of plant management, Bravo et al. [29] used a multi-
objective optimization framework to define the operational strat-
egy that would maximize the net energy supplied during one year
of operation. They analysed 9 potential scenarios, obtaining ca-
pacity factors in the range 48—69% (referred to the operation of the
CO, Brayton cycle) and efficiencies between 33.1% and 33.8% (net
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electric production to net solar thermal input in the calciner).

Although the mentioned studies assume industrial plants, they
do not consider the implications that reactor design may have on
the overall efficiency at this scale. Only Bailera et al. [28] for
carbonation and Lisbona et al. [9] for calcination, have started
shedding light on this issue. Bailera et al. showed that carbonators
cooled by external coils, when scaled-up to industrial scale, cannot
properly evacuate the exothermal energy. Since the reaction gets
inhibited, the carbonator dimensions for a 100 MW CSP plant
become unreasonable (7 m in diameter and 52 m in length) [28].
Regarding calcination, Lisbona et al. assessed the temperature
profile in a falling particle calcinator [9]. In this type of reactors, a
curtain of falling CaCO3 particles absorb the solar radiation that
enters through the aperture of the receiver [30]. To keep the profile
close to isothermal and avoid excessive degradation due to peaks of
temperature, they proposed supplying the solar thermal energy
through different stages along the calcinator. They concluded that a
3-stage calcinator provides an adequate balance between
complexity, energy storage efficiency (98.9%), and temperature
variation (895—993 °C) [9]. The main reason of the lack of studies
regarding reactor design [31] is that experiments on CaL TCES are
scarce. So far, solar calcination has been tested by the Paul Scherrer
Institute in a window-less cyclone gas-particle separator with a
solar thermal input of 54 kW (85% limestone conversion and 88%
energy efficiency) [30], while carbonation is being tested within the
SOCRATCES project in a 10 kW entrained flow reactor cooled by air
through external coils [32]. Thus, the CaL TCES technology is
currently in TRLs 5—6, which is in the upper range of similar energy
storage technologies based on endothermic-exothermic thermo-
chemical cycles [33].

The research gap found in most of these studies is that they are
performed under stationary operation modes of the CaL TCES sys-
tem. It means that both the fraction of calcination products diverted
to storage during sunlight hours and the operating load of the
carbonator during night period are fixed values. In this work, not
only one single operation point is analysed at each mode of oper-
ation (energy storage and energy release), but a whole scanning of
possible operation points is carried out. Therefore, the novelty of
the paper is the analysis of the wide variety of potential situations
that may take place, arising from the different combinations of
charge/discharge fractions of the CaO, CO, and CaCO3 storage tanks.
Thus, it will cover scenarios such as low/high electricity demands,
limited solar energy availability, variations in electricity prices, etc.

The main objective of this study is to determine the required
size of the heat exchangers that are present in a CSP plant with CaL
TCES under a wide range of potential scenarios, and stablish their
operation maps versus the different charge/discharge fractions of
the Ca0, CO; and CaCOs tanks. The paper is structured in the
following way: in section 2, the CSP plant integrated with calcium
looping TCES and the energy storage/release operation modes are
described; in section 3, the methodology used to model the plant
and size the equipment is presented; in section 4, the results on
heat exchangers requirements and operation maps are discussed;
in section 5, the main conclusions of the study are remarked.

2. Plant description and operation modes

The thermal energy storage capacity of the CaL TCES system
proposed in this study is 100 MWth at nominal conditions. As
shown in Fig. 1, the system consists of two main reactors, a solar
calciner and a carbonator, with intermediate storage tanks of CO,,
Ca0 and CaCOs. The size and technical characteristics of these el-
ements are described in the following paragraphs.
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Fig. 1. Thermochemical storage system based on Calcium-looping process for a 100 MWth CSP plant.

2.1. Plant description

2.1.1. Concentrated solar power and solar field

The power required in the calciner is supplied by the solar en-
ergy captured in a concentration solar field. For this case study, a
solar power tower plant located in the same site as the PS10
commercial plant in Seville (Spain) is considered [1]. This location
has been selected given the high annual availability of the solar
resource and the high solar irradiation. The annual Direct Normal
Irradiance considered is 2012 kWh/m?/year [1]. The calciner is
found inside the receiver of the solar power tower. The required
solar field area is 250,000 m?, considering an optical efficiency of
64.7% and a thermal efficiency of 92.8% [34]. Taking into account
irradiance data from the PVGIS tool [35], the maximum power that
could reach the interior of solar receiver would be 155 MW, while
the average power during sunlight hours throughout the year is
83 MW. Therefore, it is reasonable to assume a thermal input of 100
MWth to the calciner under nominal operation conditions.

2.12. Calciner

The input flowrate of CaCOs3 to the calciner (stream 1) results
from the addition of the limestone stream from the solids separa-
tion unit at 850 °C (stream 2) and the flowrate of CaCO3 discharged
from the limestone storage tank at 200 °C (stream 4). The inlet solid
stream must be heated up to 850 °C. The calcination or sorbent
regeneration process produces a continuous flowrate of CaO and
CO,, which can be stored (stream 13 and 23) or directed to the
carbonator reactor to close the chemical Ca-looping (stream 12 and
22).

Since CaO quickly deactivates with the number of cycles, a
stream of fresh limestone must be fed into the calciner to keep a
reasonable age population and sorption activity. Besides, the
operating temperature in the calciner does not exceed 950 °C in
CO; pure atmosphere in order to avoid further degradation of CaO
[24]. Therefore, the CaCO3 supplied to the calciner reactor comes

from: (i) the contribution of fresh limestone and (ii) the CaCOs3
produced after carbonation reaction. Regarding the mass balance in
the calciner, fresh limestone (stream 33 or Fp) counterbalances the
purged solid material (f,) which is set at 4% of the CaO molar flow
generated in calcination reaction (stream 11 or Fcao,0utct), @s shown
in Eq. (2).

Fo
P=F. .
Feao.outct

(2)

2.1.3. Carbonator

Exothermal carbonation reaction takes place in the carbonator
at 850 °C in pure CO, atmosphere [36]. Ideally, the carbonator
operates in isothermal mode although it is difficult to achieve un-
der normal operation [28]. The CaO stream discharged from the
storage tank at 200 °C (stream 15) is mixed with a CaO stream
diverted from the calciner outlet at 950 °C (stream 12) and a
recycled CaO flow rate at 850 °C from the solids separation unit
outlet (stream 18) before being introduced into carbonator at
850 °C.

The nominal power in the carbonator has been set considering
the operation of the CaL facility without storage of materials, i.e. as
a single capture cycle, and a heat input to the calciner of 100 MWth.
In this case, the nominal power input (100 MWth) is used to cal-
cinate an amount of sorbent which is fully directed to the carbo-
nator to be completely carbonated releasing the maximum
potential of thermal energy in this reactor, 88.33 MWth.

It is known that only a percentage of the CaO introduced in the
carbonator (stream 16) will react with CO, (stream 27). This
amount will depend on the average sorption activity of the popu-
lation of particles circulating in the system [37]. A mixture of CaCO3;
and unreacted CaO is found at carbonator outlet (stream 6). To
avoid the storage of a mixture of compounds, solid stream leaving
the carbonator is completely separated into its two components,
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Ca0 and CaCOs, at high temperature (850 °C). This separation
process allows to avoid the subsequent heating and cooling of CaO
which otherwise would be directed the calciner and also allows to
reduce the CaCOs storage tank size. The output stream of CaO is
recirculated to the carbonator (stream 18), while the flowrate of
CaCOs3 can be stored (stream 8) or directed to the calciner (stream
2), according to the operation mode. The unreacted CO; leaving the
carbonator is stored together with the CO, from the calciner under
established conditions and it will be fed into the carbonator again
when required. The value of R and the average sorption activity
(Xave) define the carbon capture efficiency (ncqp) in the carbonator
reactor (Eq. (3)).

FCaO inCR Fsrream 16
= I_%‘Xaue ==——Xae (3)
C02,inCR

Neapt = R+ Xave =
4 Fsrream 27

2.14. Storage tanks

Temperature and pressure of the CO, storage depend on the
storage tank size and phase of stored CO; [36]. In this study, CO; is
stored in gas phase at 100 °C and 73 bar. CO, compression process
to achieve these storage conditions includes a cooling stage down
to 50 °C before compression to 73 bar and a final cooling to the
storage temperature, 100 °C. CO; from storage tank is mixed with
CO; from calciner before being introduced into carbonator at
850 °C. Solids storage temperature may ranges from ambient to
200—700 °C [24]. Solids storage temperature and pressure are set at
200 °C and 1 bar.

2.1.5. Heat exchangers

Heat exchangers (HE) illustrated in Fig. 1 will supply or remove
thermal energy according to the operation mode of the overall TCES
system. Heat exchangers designated as EE are able to provide en-
ergy under both modes of operation, storage or release mode. Heat
losses of these EE heat exchangers are assumed to be a 2% of the
power exchanged.

However, the heat exchanger designated as ER-CaCO3 always
requires thermal energy input under any operating situation while
the rest of ER heat exchangers provide or demand energy
depending on the operation mode.

2.2. Operation modes

The management of the flow streams to and from the storage
tanks will depend on the availability of renewable energy resource
and/or the requirement of releasing thermal energy from the TCES,
which will determine the operation mode: energy storage (ESOM)
or energy release (EROM). First, storage and discharge fractions
must be defined to describe the flows of gas and solids circulating
in the system under each operation mode.

2.2.1. Storage and discharge fractions

Stationary operation is analysed in this study for both operation
modes considering different combinations of discharge and storage
fractions from and to storage tanks. Mapping a wide range of
operation points will allow the estimation of the required size
ranges of the equipment involved in the system.

The maximum CO, flow rate which can be diverted to the
storage tank (ms,maxco2) would correspond to the CO, flow rate
leaving the calciner (stream 21) when the thermal energy received
is 100 MWth (nominal operation of the solar calciner). The amount
of CO; received in the storage tank (Mg co2) will correspond to a
fraction of this maximum CO, stream that actually leaves the
calciner under nominal conditions (fs;cq0), Eq. (4). The CO; leaving
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the storage tank (mgch,co2) is defined as a fraction of the maximum
possible flowrate of CO; at calciner outlet (fgcn,ca0), EQ. (5).

The maximum CaO flow rate (s max,cao) Which could be sent to
the storage tank corresponds to the CaO flowrate leaving the
calciner (stream 11) when it is operated at nominal conditions; i.e.
solar power received of 100 MWth. The CaO storage tank receives
(Mgt cq0) a fraction of this maximum CaO stream produced in the
calciner under nominal conditions (fstcq0). The amount of CaO
actually discharged from the storage tank (mgch,cao) is also defined
as a fraction of the maximum possible flow of CaO that leaves
calciner (fgeh,ca0), as shown in Eq. (4) and Eq. (5), respectively. These
storage and discharge fractions are analogous to those fractions of
CO, in order to keep CaO/CO;, molar ratio (R) constant.

Mg ca0 Mgt co2 4

fstcao == == (4)
Mgt max,ca0  Mst,max,CO2
mdch.CaO mdch.COZ

Jach.ca0 = (5)

mstAmax.CuO mst‘max.COZ

The maximum storage flowrate of CaCOs3 (1M, max,caco3) corre-
sponds to the CaCOs flowrate leaving the carbonator (stream 7)
when it operates under its nominal conditions, i.e. 88.33 MWth
released in this equipment. The maximum CaCO3 stream leaving
the solids separation unit located downstream the carbonator can
be totally or partially (s caco3) diverted to the CaCOs3 storage tank
(fst.cacos)- On the other hand, the discharge CaCOs flowrate of this
tank (Mgch,caco3) is defined as a fraction of the maximum possible
flow of CaCOs3 leaving the carbonator (fych,cacos), as shown in Eq. (6)
and Eq. (7), respectively.

1Mt cac03

fst.cacoz = o (6)
st.max,CaCO3
Mgch,caco3

fachcacoz =5——— (7)

Mst max,CacO3

2.2.2. Energy storage operation mode (ESOM)

This operation mode will be activated whenever solar energy is
available and becomes an input to the calciner instead to run the
CSP plant. This could correspond to CSP daylight operation under
very low electricity demand situation. As already defined, the
nominal operation of the solar calciner receives 100 MWth. Under
the energy storage mode, the CO, and CaO flowrates from the
calciner are totally or partially directed to the storage tanks. The
balance between stored energy and available heat from the system
will vary depending on the amount of material directed to storage
tank or to carbonator. Since a fraction of the mass streams leaving
the calciner is stored and only the remaining part is circulated to
the carbonator, the energy available in the carbonator will be
correspondingly reduced with respect to nominal operation. The
storage tank of limestone will be required to discharge material to
feed the calciner and close the mass balance of the system.

2.2.3. Energy release operation mode (EROM)

This operation model will be activated whenever solar input to
the calciner is not available but thermal energy is still required in
the CSP plant. It could correspond to the operation of the CSP
during high electricity demand periods or night hours. Under en-
ergy release mode, the received solar energy will always be lower
than 100 MWth in the calciner. Thus, limestone flow rate from
carbonator must be completely stored when no solar input is
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available or partially diverted to the calciner when solar power is
available. The flow rate of limestone diverted to the calciner will
correspond to the amount of limestone which can be potentially
calcined using the available solar energy. The storage tanks of CO;
and CaO will be required to discharge material in order to maintain
the energy availability in the carbonator.

3. Materials and methods

This section details the methodology followed for (i) the
modelling of the carbonator to obtain the performance parameters
of the Ca-looping and (ii) the evaluation of equipment sizing
involved in the system according to the operation modes: energy
storage or energy release. The model of the carbonator and calciner
reactors and the model of the heat exchanger network have been
implemented in Engineering Equation Solver (EES) software and
they are used to quantify the influence of the variation of storage
and release energy fractions in equipment sizing.

3.1. Carbonator model

According to a large number of investigations of the sorption
behaviour of solid calcium oxide particles, it has been proven that
carbonation conversion of sorbent particles undergoes a drastic fall
after a relatively short number of carbonation-calcination cycles
[38—40]. Abanades et al. [38] observed similar decay trends in the
CO; capture capacity during the carbonation of calcines from nat-
ural limestones under a wide range of conditions. Furthermore,
Wang et al. [39] suggested that the sintering of sorbents is the
possible cause of the decreased activity in CO, absorption. In the
same way Arias et al. [40] stated that the free surface of the sorbent
is reduced during the carbonation/calcination cycles due to sin-
tering and thus the carbonation conversion decays.

Different strategies are proposed to maintain an adequate
average sorption capacity of the solid population and a sufficiently
high efficiency of the carbonation process. One of these strategies is
related to the optimal selection of fresh limestone flowrate or the
equivalent stream of purged exhausted material [41]. The low cost
of limestone allows the compensation of the CaO sorption degra-
dation by increasing the feed of fresh limestone to the cycle [42].

A Piaseck limestone has been taken as a reference for degrada-
tion on the sorption capacity with the number of cycles [43]. The
conversion of a particle of Piaseck limestone after N calcination
cycles is calculated through Eq. (8).

+ Xy (8)

where k is the deactivation constant with a value of 0.52, X; the
residual conversion that takes a value of 0.075, and N the number of
cycles to which the particle has been subjected [43].

However, not all the population of solid sorbent particles have
suffered the same number of cycles and an age distribution is found
in the solid inventory. There are particles that have just been fed to
the system as fresh limestone (N = 0), others that have been
carbonated and calcined only once (N = 1) and so on. Therefore, in
order to calculate the average sorption capacity of the solid popu-
lation, the age distribution of the population of sorbent particles
must be known. This distribution is represented with the variable
ry and, for an extremely conservative situation in which no solid
material is stored in the tanks, it can be calculated through Eq. (9).

N - (9)
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The variable ry determines the fraction of CaO particles that
circulate between the carbonator and the calciner with a certain
number of cycles. The expression can be deduced through succes-
sive mass balances for the first cycles, where the CaO purge fraction
(fp), as shown in Eq. (2), is located in calciner [42,44].

The average conversion of the particle population (Xgye) can be
calculated using Eq. (10) which uses (i) the fraction of CaO particles
(rny) that have undergone a number of carbonation-calcination N
cycles and (ii) the conversion of a sorbent particle (Xy) in the N cycle
371

N=co
Xave = Z n-XN (10)
N=1

Once the average sorption capacity of the particle population is
known, the CO, capture efficiency can be determined through the
Ca0/CO, molar ratio (R) introduced into the carbonator, as shown in
Eq. (3).

3.2. Plant equipment sizing

The sizing of the elements involved in the CaL TCES system
strongly depends on the pair of storage and discharge fractions
which defines each operation point. Different operating points for
each operation mode are determined at steady state, considering
Ca0 purge set at 4% and a constant CaO/CO; molar ratio (R) for all
operation schemes.

Under energy storage operation mode (ESOM), the energy input
(Ect) to the solar calciner is considered to be 100 MWth, while the
CaCOs3 from the solids separation unit is completely directed to the
calciner (fy.cacoz = 0) by-passing the storage tank of limestone. The
operation points analysed for energy storage mode are defined by
varying the CO; and CaO discharge fraction (fycn,cao) from 0 to 1 for
each storage fraction (fscqo0) in a range of 0—1, considering in-
crements of 0.1 for each fraction. Each operation scheme under
energy storage mode will be defined by a pair of values (fs.cao,
fach,cao)- For example, a storage fraction (fscao) set to 1 and a
discharge fraction (fgchcao) equal to zero defines an operation
scheme in which all the thermal energy available in the solar
calciner is stored in the form of CaO and CO; and the carbonator is
not operated. However, if the storage fraction (fs.cq0) drops to 0.7
and the discharge fraction (fycn,cao) is set to 0.1, it means that 70% of
the maximum CaO and CO, flowrates from the calciner goes
directly to its corresponding storage tank; while the remaining 30%
is sent to the carbonator together with a 10% of the maximum flow
of CaO (Mgt max,cao) and CO2 (Mg max,co2) Which are discharged from
the storage tanks. Therefore, the 40% of the maximum CaO and CO,
flowrates from the calciner is directly circulated to the carbonator
to release energy, while the remaining 60% is stored in their
respective tanks. The energy stored under each scenario will
depend on the storage and discharge fractions (fs.cao, facn,ca0)-
Therefore, it is only possible to store or discharge the maximum
stored flow of CO; and CaO for each energy storage operation point.
Furthermore, for a storage fraction (fs;cq0) of 0.7, the maximum
discharge fraction (fycn,cao) Will be 0.7; i.e. the tank never discharges
a flowrate higher than the received mass input. A large variety of
operating schemes can be obtained under the energy storage
operation mode. These schemes allow the generation of operation
maps to calculate the required size of heat exchangers and
compressor, and the range of energy released in the carbonator
(Ecr)-

Under energy release operation mode (EROM), the maximum
power available in the carbonator (Ecg) is assumed to be 88.33
MWth as previously justified. The streams of CaO and CO, from
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calciner are fully directed to the carbonator (fstcqo = 0). The oper-
ation schemes are defined by increasing the CaCO3 discharge
fraction (facn,cacoz) from 0 to 1 for each storage fraction (fs;,caco3) in a
range of 0—1, considering increments of 0.1 for each fraction. Each
operation scheme under energy release mode will be defined by a
pair of values (fst.caco3. fach.caco3)- For example, a storage fraction
(fst.caco3) set to 1 and a discharge fraction (fych,caco3) €qual to zero
defines an operation scheme in which solar energy is not available
and the calciner must be shut-down; thus the CaCO3 stream from
carbonator must be kept in the corresponding storage tank. How-
ever, if the storage fraction (fscacosz) drops to 0.9 and the discharge
fraction (fycn,caco3) is set to 0.2, it means that 90% of the CaCOs
flowrate from the solids separation unit goes directly to its corre-
sponding storage tank: while the remaining 10% is sent to the
calciner together with a 20% of the maximum flow of CaCOs3;
(Mst,max,caco3) which is discharged from the storage tank. Therefore,
the 30% of the maximum CaCO; flowrate from the carbonator is
directly circulated to the calciner, while the remaining 70% is stored
in its respective tank.

The energy released under each scenario will depend on the
storage and discharge fractions (fscacos fach,cacos). Therefore, it is
only possible to store or discharge the maximum stored flow of
CaCOs for each energy release operation scheme. In that case, for a
storage fraction (fscaco3) of 0.9, the maximum discharge fraction
(fach,cacoz) will be 0.9. A large variety of operating schemes can be
obtained for the energy release mode. These schemes allow the
generation of operation maps to calculate the required size of heat
exchangers and compressor, and the range of solar energy required
in the calciner (Ecy).

The larger number of operation points analysed under both
operation modes, the better mapping of the energy requirement or
demand operation points.

4. Results and discussion

In this section, the results related to the efficiency of the sorp-
tion process taking place in the carbonator and the obtained
operation maps are presented. Besides, the analysis of a wide va-
riety of different operation schemes provides an estimation of the
size range of the required equipment in the system.

4.1. Average sorbent conversion

The CO, capture efficiencies achieved in the carbonator are
greater 90% for purged flows, f,, of 4%. The two parameters that
determine the capture efficiency are Xgy,, a direct function of the
purged stream of exhausted material, and the CaO/CO; molar ratio,
R. The average conversion of the solid material, Xgye, is defined by
the type of limestone chosen (Piaseck) which determines the evo-
lution of sorbent conversion, Xy, with the number of cycles and the
age distribution of solid population, ry. Under a conservative sce-
nario which does not account for the partial storage of the solid
streams leaving the reactors, the average sorption capacity of the
particle population using Piaseck limestone is Xy of 22.58%. The
value set for R is 4.26 which leads to a carbonation conversion ef-
ficiency for any operation point of 96.15%. Under that condition, the
value given to the purged flow rate of exhausted material de-
termines the maximum CaO and CaCOs flow at the carbonator
outlet (stream 6).

A parametric analysis was carried out to assess the variation of
average conversion of the solid population in the solid when the
purge of exhausted material and the calcium to carbon dioxide ratio
were varied. This variation has a direct effect on the carbon capture
efficiency which has been illustrated in Fig. 2. Carbon capture
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Fig. 2. Carbon capture efficiency in the system for different purged flowrates and CaO/
CO; ratio.

efficiency (ncqpe) ranges between 13.54% and 100%, Eq. (3), for a
solids purge percentage between 1 and 5% and R values range from
1to 5.

However, not all the pairs (R, f,) represented in Fig. 2 are suitable
for the operation of the CaL-CSP TCES. Only those points located on
the white line represented in the figure are adequate for the
operation requirements of the system. These points represents
those situations in which CO; and CaO storage (fs;.co2 and f,cqao) are
equal as well as discharge (facn,co2 and fach,cao) fractions (limitations
of the system). In this way, the R value and the average sorbent
conversion (Xgve) will be kept constant for each operating point
within both operating modes (ESOM and EROM).

The lowest carbon capture efficiency is 95.15%, corresponding to
a Rvalue of 3.86 and a purge of 5%, while the highest carbon capture
efficiency (98.98%) is possible with a purge percentage of 3% and a R
ratio of 4.81. Purge percentages (f,) greater than 5% have not been
considered because the increase of the sorbent average activity
(Xave) from that value is less sharp. Besides, a R value higher than 5
involves an extremely large solids circulation in the system and
therefore the storage volume required is increased. Therefore, an
intermediate value of carbon capture efficiency (96.15%) corre-
sponding to a CaO/CO, molar ratio (R) of 4.26 and a CaO purge in
the calciner (fy) of 4% has been chosen.

4.2. Operation maps and equipment sizing

The results obtained from the analysed operation points, 100 for
each mode of operation, provide relevant information on the size
range of the equipment involved in the system.

4.2.1. Storage tank volumes

The maximum flow rates of carbon dioxide and calcium oxide
which can be stored have been calculated and these values together
with the densities of these substances are used to assess the proper
range of the storage tanks. The maximum input flowrate to the CO,
tank could achieve 24.37 kg/s, while CaO maximum flow could
achieve a value of 29.86 kg/s. The storage conditions of the carbon
dioxide are 100 °C and 73 bar which lead to a density of 126.1 kg/
m°. The density of the calcium oxide is 1800 kg/m> but considering
a void fraction of 30% in the storage tank, the apparent density is
around 1260 kg/m?>.

In order to have a preliminary estimation of the maximum CO,
and CaO storage tank volumes required for the operation of the
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plant, the most extreme point of operation, load of calciner and the
number of hours of operation must be set. The highest load cor-
responds to the nominal loads, already established as 100 MWth in
the calciner. The point of operation for ESOM with larger material
storage flow rates corresponds to the calciner operating at nominal
load and carbonator off. A parametric analysis of the number of
operating hours under limit operation point (ESOM) is carried out
to observe the influence on the volumes of the storage tanks, Fig. 3.

Ca0 and CO, tank sizes ranges from 85 to 696 m°> for 1 h of
storing operation at maximum material storage flow rates, and up
to 1280—10,436 m? for 15 h, respectively. This threshold represents
a highly improbable situation since the solar calciner will rarely
operate at full nominal load during the whole day. The maximum
CO, storage volume obtained for 15 h exceeds 10,000 m>. Although
this storage volume represents only a threshold, the information is
useful to revise the CO, storage conditions to reduce the storage
tank size.

4.2.2. Stored power

The maximum potentially stored power under ESOM accounts
for the sensible heat of CO; and CaO stored and the chemical po-
tential linked to the recarbonation of CaO. The sensible heat
amounts to 5.92 MW and the chemical potential that can be later
released through the carbonation reaction implies a power of
21.39 MW. However, the maximum energy storage also implies a
consumption of the CO, compressor of 11.55 MW. On the other
hand, the power available in the carbonator (Ecg) can range be-
tween cero and 88.33 MW, according to the management of the CO,
and CaO flow streams.

Fig. 4 illustrates the variation of the stored power under a wide
range of ESOM operation points. As stated in section 3.2, we assume
as a threshold value of the storage or discharge fractions the
maximum stored flow rate of CO; and CaO for each energy storage
operating point. In this way, stored power can be up to 27.31 MW,
corresponding to the operating point in which the CaO and CO;
storage fraction (fi;.cqo) is maximum and the carbonator does not
operate (fgch,cao = 0). While the minimum energy storage occurs
when the carbonator operates at nominal power (88.33 MWth) in
ESOM (fst,cao = fdach,ca0) and only the sensible heat of the CO; flow
that leaves the carbonator towards the storage tank is stored.

The maximum input flow to the CaCOs tank may achieve a value
of 53.29 kg/s and, accounting for the storage temperature of the
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Fig. 3. Volume of the CO, and CaO tanks required for maximum storage flow rates vs
time.
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Fig. 4. Stored power under different ESOM points of operation.

solid, the maximum power accumulated in the form of sensible
heat amounts to 11.68 MW. The solar power range available in the
calciner (Ec;) can be between cero and 100 MW, the CaCOs flow
stream input will be varied accordingly.

4.2.3. Heat exchangers network

The ranges of exchanged thermal power in each of the Heat
Exchangers (HE) are presented in Table 1. The largest heat ex-
changers are found in the CaCOs line since these correspond to the
highest solid flowrates. The negative sign (—) of the thermal power
for a heat exchanger indicates an energy release, while a positive
value (+) means that a specific heat exchanger requires an energy
input. Under any operating conditions, the total heat losses of each
heat exchangers are practically dependent on the storage fractions.
The energy losses of the heat exchangers are lower under any
EROM operation point since several heat exchangers are by-passed;
i.e. all the heat exchangers at the beginning of the CaO (EE-Ca0O) and
CO; (EE-COy) storage lines will be disconnected. On the contrary,
under ESOM, only the EE-CaCOs3 heat exchanger, located before the
CaCoOs storage tank, will be by-passed.

The largest amount of available heat found in the HEN is pro-
vided by heat exchanger EE-CaCO3 which can release up to
40.55 MW of thermal energy as the storage fraction of CaCO3
(stream 7) increases under EROM. The maximum value of thermal
energy released by EE-CaCO3 heat exchanger is achieved when the
storage fraction fy cacoz is 1 and the flow of CaCOs leaving the
carbonator is stored at 200 °C. On the contrary, the EE-CaCO3 heat
exchanger is not under operation when the CaCOs flow rate is fully
directed to the calciner, so the CaCOj3 storage fraction (fs,cacos) will
be zero.

Another significant heat exchanger is found in the storage line of
limestone. The ER-CaCO3 heat exchanger comes into operation to
preheat the flow of CaCOs discharged from the storage at 200 °C to
850 °C. In this case, the heat exchanger designated as ER-CaCO3
always demands an energy input; up to a maximum of 41.38 MW.
ER-CaCO3 will only be off for specific operation schemes where it is
not required to discharge CaCO3; from the storage tank
(facn,caco3 = 0).

The EE-CO» and EE CaO heat exchangers belong to the storage
line and do not operate when CO; and CaO flow rates from calciner
are fully directed to carbonator, after passing through ER-CO, and
ER-CaO heat exchangers, respectively. However, they release ther-
mal energy up to 20.50 and 24.22 MW, respectively, when the
storage fraction f, cqo is increased to 1.
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Table 1
Range size of heat exchangers.
Energy flow description Tin T our Q
(O] Q) (MW)
Heat Exchanger ESOM EROM
CO, EE-CO, 950 50 0 to —24.22 0
EE—-CO,—C 506.9 100 —0.39 to —10.62 -0.39
EE—CO,—CR 850 50 —0.82to 0 -0.82
ER-CO; 950 850 —-3.10 to 20.52 20.52 to —-3.10
100
Cao EE-CaO 950 200 0 to —-20.50 0
EE-CaO-P 950 200 -0.82 0to —0.82
ER-CaO 950 850 —~2.91 to 18.02 18.02 to —-2.91
850
200
CaCOs EE-CaCO3 850 200 0 —40.55 to 0
ER-CaCO3 200 850 0to41.38 41.38t00

The EE-CO,-C and EE-CO,-CR heat exchangers have a minimum
threshold of thermal energy released of 0.39 and 0.82 MW,
respectively, for any operating point of the energy release operation
mode. The EE-CO,-C heat exchanger cools the CO; flow before being
stored at 100 °C and 73 bar to take advantage of the temperature
reached after compression. The EE-CO-CR heat exchanger reduces
the temperature of the CO, flow leaving the carbonator down to
50 °C, for its subsequent compression and storage. The minimum
thermal energy released by both heat exchangers is solely related to
the storage process of the CO, flow from the carbonator (stream
35). However, under the ESOM, the sharper increase of fy cq0, the
larger thermal power release in the EE-CO,-C. This power released
in the EE-CO»-CR is reduced to zero if the carbonator does not
operate.

The thermal power recovered in the heat exchanger corre-
sponding to the CaO purge (EE-CaO-P) presents a constant amount
of 0.82 MW when calciner operates at nominal conditions.
Although this value can be reduced to zero as the solar energy
availability decreases.

Fig. 5 and Fig. 6 illustrate the operation maps of those heat ex-
changers which can demand or release thermal energy depending
on the situation (i.e. storage and discharge fractions and operating
loads in calciner and carbonator), the ER-CO> and the ER-CaO heat
exchangers. These heat exchangers are located before the intro-
duction of Ca0 and CO; streams to the carbonator and their target is
to keep the carbonator operation isothermal (850 °C). The
maximum thermal power recovery in these heat exchangers is
given when no CO; and CaO are discharged from storage (fach, ca0)-
The maximum thermal energy demand occurs when the CO, and
CaO0 discharge fraction becomes maximum since both flowrates are

Q peerco2
(MW)
-3.10
0
6.84
13.68
20.52
5 =l
0 010203040506070809 1
fucao ()
(a)

required to be preheated from 200 to 850 °C.

In the operation maps shown in Figs. 5 and 6, a specific oper-
ating point for the ER-CaO and ER-CO heat exchangers is high-
lighted and the values of heat exchanges are presented in the
following. Under both operating modes, the selected operating
point has a storage fraction of 0.9 and a discharge fraction of 0.1.
Under the ESOM, the analysed heat exchangers require a low en-
ergy supply, being 1.51 MW for the ER-CaO heat exchanger and
1.74 MW for the ER-CO; heat exchanger. While under EROM, both
heat exchangers increase their energy demand up to 13.84 MW for
the ER-CaO heat exchanger and 15.80 MW for the EE-CO, heat
exchanger. The lower amount of available solar energy under
EROM, the less CaCO3 flowrate from the carbonator diverted to the
calciner. The reduction of the CaCOs3 flow rate introduced into the
calciner implies an increase in the discharge flows of CaO and CO,
from the storage tanks to keep constant the energy released in the
carbonator.

The results obtained for the different operation points studied
are shown for a single CaO purge value and the corresponding CaO/
CO, molar ratio (R) which lead to a constant average conversion of
the sorbent (Xgv) for any operating point at steady state. Future
work including the parametric analysis of these variables and the
study of their influence on the amount of stored energy or the
energy exchange in the HEN will be of interest.

The analysis of a wide range of operation schemes allows the
detailed sizing of the equipment included in the system. From the
obtained results, it is observed that some of the largest heat ex-
changers modify their type of operation (demand or release of heat
depending on the operation point under ESOM or EDOM). This
information is relevant for the final design of the HEN which will be
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Fig. 5. ER-CO, heat exchanger operation map under ESOM (a) and EROM (b).
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Fig. 6. ER-Ca0 heat exchanger operation map under ESOM (a) and EROM (b).

eventually implemented in the integrated power plant. Further
work should be done to develop a methodology which discriminate
the operation points which are suitable for a logical operation of
these heat exchangers.

5. Conclusion

The novelty of this study relies in the analysis of a wide number
of potential points of operation that may take place arising from the
different combinations of charge/discharge fractions of the CaO,
CO3 and CaCOs3 storage tanks.

In the present work, a large number of operating schemes for a
CaL TCES system are evaluated to determine the impact of ESOM
and EROM in the sizing of heat exchangers and reactors. The
operating limitations of the system increment the dependence
between R and f, reducing the mechanisms to control the
carbonation efficiency. Despite this fact, the conversion efficiency
in the carbonator exceeds 90% by setting the CaO purge percentage
in the calciner at 4%.

Results show that the storage tanks volumes needed for the
energy storage could exceed 10,000 m® for CO, and 1200 m’ for
lime considering 15 h of operation at nominal load in the calciner.
Besides, the maximum storage power reaches to 27.31 MW when
the whole energy from the calciner at nominal load is stored.
However, the storage tanks are oversized since the solar calciner
will rarely operate at full nominal load during the whole day.
Nevertheless, the CO, storage conditions should be reviewed to
reduce the volume of the CO, storage tank and the solids separation
at carbonator outlet should be studied in detail as strongly reduces
the thermal demand of the system and the size of the storage tank
of limestone. This separation process represents a technological
challenge that is has not been solved yet. Further research on the
techno-economic feasibility of the solid separation process would
be required for the deployment of this storage option.

Operation maps created from the analysed schemes clearly
establish the operation points in which power is stored, the amount
of stored and released power and the size range of heat exchangers.
The maximum power released (40.55 MW) is in the EE-CaCO3 heat
exchanger under the energy release mode, when all the CaCO3 flow
from the carbonator is stored. The maximum power demand
(41.38 MW) is from the ER-CaCO3 heat exchanger when it is
required to discharge the maximum possible flow of CaCO3 that can
be stored. Heat exchangers designated as EE always release energy
(ESOM and EROM) and heat exchangers called ER can release or
demand energy depending on the defined storage and discharge
fractions. Except for the ER-CaCO3 heat exchanger that always re-
quires energy to preheat the flow of CaCO3 from 200 °C to 850 °C.
The discrimination of the operation points which conduct to one or

other behaviour of the ER heat exchangers is key in the definition of
the operation strategy under each mode of operation when the
HEN is to be integrated with a power plant.

The main advantage of this study is the analysis of a greater
number of operating points under both energy operation modes
(storage/release). The number of operating points analysed is larger
than in other studies due to the definition of storage and discharge
fractions of CaO, CO; and CaCOs. The analysis of these operating
points allows to know the power range and the behaviour of the
heat exchangers of the plant.
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Nomenclature

Symbols

E released or demand power, MW
f fraction,

F mole flow rate, kmol/s

k Ca0 deactivation constant,
m mass flow rate, kg/s

Q heat flow rate, MW

r fraction of CaO particles,
R molar ratio Ca0/CO,,

¥ 3 temperature, °C

\Y% volume, m3
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X conversion,
AHg enthalpy of carbonation, kj/mol
n efficiency,

Subscripts and superscripts

0 CaCos; fresh

ave average

capt carbon capture
CR carbonator

CL calciner

dch discharge

g gas

in input or inlet
max maximum

N number of carbonation-calcination cycles
out output or outlet
p purge or particle
r residual

s solid

st storage

Acronyms and abbreviations

Cal Calcium-looping

CcSspP Concentrating Solar Power
EE Energy Emitted

EES Engineering Equation solver
ER Energy Required

HE Heat Exchanger

HEN Heat Exchangers Network
SHS Sensible Heat Storage

TCES Thermochemical Energy Storage
TES Thermal Energy Storage
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Calcium Looping (CaL) process used as thermochemical energy storage system in concentrating solar plants has
been extensively investigated in the last decade and the first large-scale pilot plants are now under construction.
Existing research focuses on improving global efficiencies under steady-state and single modes of operation:
energy storage or energy retrieval. However, TCES systems will operate under different operation points to adapt
the load of its reactors to the solar availability and the energy demand from the power cycle. A thorough analysis
of the operation modes provides an extremely large number of potential situations to operate the system. In this
study, operation maps which maximize thermal energy availability and energy storage efficiency are defined.
Furthermore, a novel approach for the management of partially carbonated solids is examined to reduce the
circulation of inert material in the system based on preliminary experimental results which allows for a partial
separation of carbonated solids. Two threshold scenarios are analysed: (i) no solids separation as considered in
most CaL TCES studies and (ii) ideal total solids separation. The aims of this work are to set methodological
criteria to define the optimal operation map and to assess the effect of partially carbonated solids separation on
the energy penalties and equipment size. The inclusion of a solid separation stage leads to a maximum increase of
energy storage efficiency of 26 % and a size reduction between 53 and 74 % of those heat exchangers affected by

solids streams.

1. Introduction

Half of the existing concentrated solar power (CSP) plants include
thermal energy storage (TES) to maximize operating hours and elec-
tricity production [1]. Since the CSP installation cost has decreased by
70 % in the last 10 years [2], CSP plants with TES will be able to compete
with conventional fossil fuel-based baseload facilities for electricity
production [3]. The integration of TES in CSP plants enhances their
dispatchability with variable solar radiation or during the night [4].
Literature is plenty of works about the feasible options to do this inte-
gration, some of them include current status and research trends [4],
innovations [5] and specifications and pros and cons of different
concentrating solar technologies [6-8] that include high (i) operating
temperatures (above 1000 °C), (ii) thermodynamic efficiencies for the
CSP plant and (iii) nominal power capacities [5-7]. Cost analysis has
been also presented [9] demonstrating that the variability of the TES
material annual costs from one year to the next is lower than fossil fuels,
whose price trend is less predictable. The amount of TES stored depends
on (i) the specific heat of the medium, (ii) the temperature variation and
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(iii) the amount of storage material option [8]. Most of the CSP plants
currently under commercial operation or under construction use molten
salts as a thermal storage medium [10]. Beyond molten salts, for sensible
heat storage, water is also commercially used as thermal storage me-
dium [11]. For latent heat storage, Phase Change Materials (PCMs) are
used, although they show some limitations such as a low enthalpy of
phase change, low thermal conductivity and instable at high tempera-
tures [12,13]. The selection of the best TES system to each CSP tech-
nology is complex and must consider specific characteristics with regard
to storage [14]. One of the preferred options is thermochemical energy
storage (TCES) which makes use of the reversibility of chemical equi-
librium reactions to store or to release energy through a cyclic process.
TCES shows enhanced storage capacity and the minimum energy losses
under seasonal storage in comparison with sensible and latent TES.
Thus, TCES will be able to improve CSP conversion efficiency in the near
future [15]. Moreover, TCES can also be easily integrated in CSP plants
which operate above 800 °C [16,17] since it operates in the range of
450-1300 °C.

Among TCES system, the Calcium Looping process, firstly proposed
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by Baker [18], is one of the most promising. Calcination reaction of
limestone, Eq. (1), is endothermic and takes place during sunlight hours
at 920-950 °C [19]. Calcination products, carbon dioxide (CO2) and
calcium oxide (CaO), can be total or partially stored, diverting the
remaining flowrate to the carbonator to release energy.

CaCO;s ( 5CaO) +CO;, () AHy = +178 kJ /mol )

The energy density of CaCO3 ranges between 390 and 490 kWh/t
[20,21] and this value represents the main advantage of the CaL TCES
technology. During night, or whenever extra thermal energy is required
by the power cycle to fulfil electricity demand, the stored CO, and CaO
may be fed into the carbonator to retrieve the stored thermal energy.
The carbonation exothermic reaction, reverse Eq. (1), takes place be-
tween CO2 and CaO at 600-850 °C [22] releasing high temperature heat.
The generated CaCO3; can be stored until sunlight hours when the
calcination starts up again, closing the loop.

Energy storage density of CaL TCES is estimated by several authors
using different definitions for comparison with other storage technolo-
gies applied to CSP plants. Sun et al. determine the energy density as the
amount of stored energy per unit mass CaO (417 kWh/t after 10 cycles).
In this case, the energy density is proportional to the carbonation con-
version and represents the energy released in the carbonation reaction
per mass CaO [23]. Di Lauro et al. define the density of energy storage
for each carbonation/calcination step as the sum of (i) the chemical
energy stored and (ii) the excess of sensible heat of the material respect
to the discharged temperature (650 °C). The energy storage density
reaches to 1419 MJ/m® after 10 cycles, considering a tapped bulk
density of 1590 kg/m® for limestone. Moreno et al. established an energy
storage density of 1220 MJ/m? after 20 cycles for limestone, considering
only the chemical energy stored [24]. These values are larger than the
molten salts energy storage density (800 MJ/m?>), taking into account
only the sensible heat stored [25]. Other works estimate the energy
storage density as the relation between (i) the energy stored as chemical,
latent and sensible heat and (ii) the size of the storage tanks. The energy
storage density obtained for a conventional CaL CSP system achieves
1300 MJ/m?, which is much higher than the energy storage density of a
typical molten salt with a temperature change of 275 °C (near 400 MJ/
m®) [26].

Regarding reactor design, several researchers have dealt with
simulation activities for, both, carbonator [27,28] and calciner [19].
These works highlighted the importance of a proper design to evacuate
the energy released during carbonation [28] and the difficulties for
achieving a smooth temperature profile in the calciner [19]. New con-
cepts based on autothermal fluidized bed reactor for calcination are
investigated by Padula et al. to improve the overall TCES efficiency [29].
The advantages offered by fluidized bed technology related to gas-solid
heat transfer have driven its adaptation to the new requirements of
concentrated solar energy [30]. Besides, Ortiz et al. proposed an
entrained flow reactor to perform the calcination under operating con-
ditions of 765 °C and low-pressure (0.01 bar), minimizing energy losses
and CaO sintering [31]. Within the potential reactors for the calcination
of limestone in TCES systems (fluidized bed, entrained bed and rotary
reactor), the indirectly irradiated fluidized beds seem to be the most
suitable option [32]. Unfortunately, experimental results on CaL TCES
pilot plants are still scarce limiting the potential validation of reactor
design modelling studies [30,33]. Important issues must be addressed
for the scale-up of CaCOj3 calcination reactors, such as the particle
attrition and the high temperature resistance of the reactor wall com-
ponents [32].

The CaL TCES integrated with power cycles and the optimization of
the overall efficiency has been extensively investigated [34-37]. Main
literature findings conclude that CO, power cycles provide the greatest
results. The efficiencies reported for different layouts and operating
conditions achieved a 40.4 % in the case of supercritical CO; cycles [36],
and ranged between 31 and 44 % for CO» closed Brayton cycle
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[34,35,37,38]. Regarding Bryton cycles, Tesio et al. investigate the
integration of two alternatives: helium and supercritical CO». The results
show the greatest efficiency for helium cycle, whereas the supercritical
CO; cycle is the cheapest alternative [39]. Secondly, the new improved
CaL TCES designs found in literature enhance the dispatchability and
minimize the cost of the CSP plants. Bravo et al. propose a hybrid solar
configuration combining the CSP plant with CaL TCES with a photo-
voltaic (PV) plant, achieving a LCOE of 123 USD/MWh with a capacity
factor of up to 73 % for the location assessed with the best solar resource
[40]. Both plants produce electrical energy during the sunlight hours,
partially storing energy in the CaL TCES system and covering electricity
demand with part of the energy from the PV plant. The stored energy is
released to cover energy demand under unavailability of solar energy
[38,40]. Another way to improve the renewable share developed by
Tregambi et al. is the integration of a CSP plant and CaL carbon capture
technology with Power to Gas technology. The CaL process operates
continuously 24 h/day, (i) storing CaO after calcination step during
sunny hours and (i) feeding the CaO stored during the daytime to the
carbonator when solar radiation is unavailable. The production of
methane from captured CO, and hydrogen from water electrolysis is
considered, covering the energy demand by PV plant or other renewable
energy source. The overall efficiency from solar to methane production
is between 20 and 22 % [41]. One of the most recently proposed
configuration investigated by Ortiz et al. is based on the integration of
the CaL TCES system in a combined cycle plant. The CSP plant provides
solar energy to (i) the combined cycle and (i) the TCES system during the
day. The energy stored in the CaL TCES system is released when solar
radiation is unavailable to cover the energy demand of the power block
[42]. The overall efficiency is almost 45 %, considering the solar
resource of a specified location assessed [43].

In general, these studies present their results under stationary
operation at nominal load with constant fractions of stored products
during sunlight hours and constant operating loads of the carbonator
during the night period. Nevertheless, this technology will operate
under varying loads and, as a consequence, further analysis is required
to describe the operational behaviour of the complete CSP plant. The
amount of stored and discharged material will determine the size of heat
exchangers, the transient load in the equipment and the integrations
with power cycle or the use of the thermal energy as well as equipment
cost and LCOE [44]. One of the novelties of this work relies in the
analysis of a wide variety of the potential situations arising from the
different combinations of charge/discharge fractions of the CaO, COy
and CaCOj; storage tanks. The influence of the storage/discharge frac-
tions on the behaviour of the plant equipment was assessed in a previous
work published by the authors without considering the potential situa-
tions with simultaneous energy storage and retrieval [44]. A large
number of potential operation points of the CaL-CSP system which can
be operationally useful were disregarded from the previous analysis.
However, the present work provides a much wider study including all
the possible points and introducing a systematic methodology based on
clear criteria to select and disregard the operation points under obser-
vation. Furthermore, the definition of the final operation maps in the
present work maximizes the efficiency of the CaL TCES system. No
research is found in literature about the optimum operational perfor-
mance of CaL CSP and the different strategies to achieve high thermal
energy availability or high energy storage efficiency.

Regarding energy penalties in the CaL TCES system, the circulation
and storage of non-reactive solid material is one the most influential
aspects on the energy efficiency of the system [45]. Low CaO activity in
the carbonator leads to large amounts of inactive solid material circu-
lating in the system [46]. A research gap also exists in the assessment of
the potential reduction of inert solids circulation and storage. In this
work, the effect on the energy penalty of the recirculation of partially
converted CaO after carbonation reaction has been assessed.

Thus, the originality of the present work relies in (i) the establish-
ment of optimal operation maps to guide the operation under transient
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mode and (ii) the assessment of the implementation of a solids separa-
tion unit at carbonator outlet to reduce the energy demand and size of
the CaL TCES system. The main objectives of the study are (i) to define
adequate and methodological criteria to filter the operation points and
select the feasible situations under real operation, (ii) to determine the
required size and energy penalties for the optimal situations which meet
technical, energy and design, equipment loads limitations and maximize
significant operating parameters and (iii) to explore the effect of solids
separation after carbonation reactor on the energy penalties and
equipment size.

2. Systems description and operation modes

The system consists of two reactors, a calciner located inside the
solar receiver and a carbonator, with intermediate storage tanks of
CaCOs3 (ST1), CaO (ST2) and CO; (ST3) as illustrated in Figs. 1 and 2. A
thermal input of 100 MWth to the solar calciner (Qc;) under nominal
operation conditions is assumed considering a solar field as described in
[44]. The calciner operates at atmospheric pressure and 950 °C under
pure CO, atmosphere to ensure complete conversion [47]; thus, CaCO3
is fully decomposed into CaO and CO,. Depending on the operation
mode, the CO; and CaO flowrates from the calciner are directed to the
carbonator or diverted towards their corresponding storage tanks (ST3
and ST2).

Since CaO deactivates with the number of cycles, a stream of fresh
limestone is fed in the calciner to keep a reasonable average sorption
activity of the solid population. Thus, the CaCOj fed into the calciner
reactor comes from both the contribution of fresh limestone and the
CaCO3 produced after carbonation reaction. Fresh limestone counter-
balances the purged solid material (f,) set as a percentage of the CaO
molar flow formed in calcination reaction.

The carbonator operation conditions are set in 850 °C under pure
CO, atmosphere and a pressure of 1.2 bar to improve the circulation of
solids between calciner and carbonator [35]. The exothermic carbon-
ation reaction is not complete and the average carbonation degree must
be determined. The model used to determine the deactivation of the CaO
particles is tuned adjusting the kinetic model described by Grasa et al.
[48] obtained for 650 °C and an approximately CO, concentration be-
tween 10 and 15%vol. The amount of carbonated CaO and the energy
released (Qcg) will depend on the average sorption activity of the pop-
ulation of particles circulating in the system [49]. Therefore, a mixture
of CaCO3; and CaO consisting of partially carbonated lime particles
which present a range of densities between 2762 and 2930 kg/m® is
found at carbonator outlet [50]. This experimentally measure density
difference for the cycled particles points out the existing potential for
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partial separation of these particles through fluidization processes. The
CaO to CO2 molar ratio introduced in the carbonator (R) and the average
sorbent activity define the carbon capture efficiency in the carbonator
reactor.

CO;, is stored at 35 °C and 75 bar. The CO, compression-train in-
cludes four interleaved compression and cooling stages. The first three
cooling stages reduce the temperature to 50 °C and the last stage down
to the storage temperature, 35 °C. A pressure ratio of 3 is considered in
each compression stage which limits the electricity consumption and
makes use of the heat released in the cooling stages. The CO; discharged
from the tank ST3 must reduce its pressure (75 bar) to the carbonator
working pressure (1.2 bar) through an expansion valve (EV). Besides,
the temperature of the discharged CO is increased up to ambient tem-
perature (HEAMB) before being introduced to the ER-CO2 heat
exchanger. Depending on the operation mode, the CO5 from the storage
tank ST3 is mixed with CO; from calciner before being introduced into
carbonator at 850 °C. Regarding solids storage conditions, lime and
limestone storage temperature may range from ambient to 200-700 °C
[34]. Storage temperature and pressure of solids are set at 200 °C and 1
bar. Both scenarios have been simulated with Engineering Equation
Solver (EES) software [51], using internal data library for CO, properties
and external data sources for solids substances: lime [52] and limestone
[53].

Lastly, a network of heat exchangers (HE) will supply or remove
thermal energy according to the operation mode of the CaL TCES sys-
tem. Heat exchangers designated as EE, Figs. 1 and 2, are able to provide
energy under any mode of operation with heat losses of a 2 %. However,
the heat exchanger designated as ER-CaCO3 always requires thermal
energy input while the rest of ER heat exchangers provide or demand
energy depending on the operation mode. The heat exchange network
will be designed to cover the thermal energy required by (i) heat ex-
changers named ER and (ii) an associated power block to produce
electricity. Only the heating and cooling needs have been calculated.
The thermal integration is beyond the scope of the present study and will
be assessed in future works.

In this study, the CaL TCES system has been analysed under two
threshold scenarios which consider (SC1) no separation of solids of the
solid stream leaving the carbonator, Fig. 1, and (SC2) an ideal and total
separation of the solid CaO-CaCO3 mixture generated in the carbonator,
Fig. 2. Carbonation occurs on the surface of the particle producing a
mixture of partially carbonated particles, thus, complete separation of
CaO and CaCOj3 will never effectively happen and SC2 represents an
unreal situation. However, it is used in the study as a threshold situation
to easily estimate a minimum energy consumption and size of the
equipment. The operating conditions of the main equipment in the CaL
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TCES system (calciner, carbonator, storage tanks, heat exchangers and
compression-cooling train) are the same under both scenarios. The
molar ratio between CaO and CO; (R) is set as 4.26 in both scenarios
[27], leading to a f, of 3.09 % and 4 % for SC1 and SC2, respectively.
Besides, an average sorption activity of 20.4 % and 22.6 % is estimated
for the sorbent under SC1 and SC2, respectively, considering a residual
conversion of 7.5 % and a deactivation constant of 0.52 for the selected
limestone, Xy, and a conservative age distribution of solid population as
provided by Pascual et al. [44]. The different mass balances in the CaL
TCES systems and the relevant performance parameters are described
under both threshold scenarios.

2.1. Cal TCES w/o solid separation unit (Scenario 1 - SC1)

The first scenario does not consider solid separation at the outlet of
the carbonator and is illustrated in Fig. 1. Under SC1, the input of solid
particles to the calciner which must be heated up to 950 °C consists of a
mixture of around 80 % lime and 20 % limestone and comes from the
carbonator at 850 °C and the storage tank ST1 at 200 °C. The inlet
stream of solids directed to the carbonator results from the mixture of
the CaO stream discharged from storage tank ST2 (200 °C) and the direct
CaO flowrate from calciner (950 °C).

Only a share of the solar input is used to calcine the limestone
introduced in the calciner while a large amount of heat is invested in
heating the CaO/CaCOj solid mixture up to 950 °C. For this reason, the
lower amount of CaO in the inlet solid mixture, the higher amount of
calcined limestone and, therefore, the higher chemical energy stored in
the solid stream leaving the calciner. Besides, the amount of solid par-
ticles circulating between reactors is significantly reduced, so the
involved heat exchangers and storage tanks decrease their size.

The specific thermal energy required in the calciner is 2169.5 kJ/kg
CaCOj for a system without solids separation unit (SC1) and 1906.6 kJ/
kg CaCOs for a system with ideal and complete solids separation (SC2).
This significant reduction of heat demand is related to the lower pre-
heating needs for the solids stream introduced in the calciner.

2.2. Cal TCES with solid separation unit (Scenario 2 - SC2)

The second scenario under study considers the ideal situation of total
solid separation at carbonator outlet (SC2) as shown in Fig. 2. This un-
real solids separation assumes the total separation of the solid mixture
into two pure streams of CaCO3 and CaO. In particular, the solid sepa-
ration unit (SSU) receives the CaO/CaCO3 mixture from the carbonator
and separates (i) the unreacted CaO which is recirculated into the car-
bonator and (ii) the limestone stream sent back to the calciner or to the
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CaCOg storage tank (ST1). This scenario will be useful to analyse the
threshold values of equipment size and energy consumptions under the
most advantageous case.

Under this second theoretical scenario, the calciner is only fed with
CaCOs in the solid inlet stream. Thus, the solar energy input is fully used
to heat the limestone up to 950 °C and calcine the solid material. No
solar energy is wasted in the heating of calcined material, CaO. For this
reason, the amount of calcined limestone is increased for the same
calciner power while the circulation of solids between reactors is
reduced. The unreacted CaO after carbonation is separated and recir-
culated into the carbonator itself.

The greatest influence of the solid separation unit affects the
equipment shown in Fig. 2: (i) the heat exchangers with solids streams
involved (EE-CaO, ER-CaO, EE-CaCO3 and ER-CaCO3) and (ii) mainly
CaO and CaCOjs storage tanks (ST2 and ST1).

2.3. Operation modes

Depending on the availability of solar energy and/or the demand of
thermal energy required from the CaL TCES, the management of the gas
and solids streams to and from the storage tanks will follow a different
operation mode. Under both scenarios (SC1 and SC2), three operation
modes are analysed: (i) energy storage operation mode (ESOM), (ii)
direct operation mode (DOM) and (iii) energy retrieval operation mode
(EROM).

2.3.1. Storage and discharge fractions

The operation under nominal power in the calciner, 100 MWth,
provides the maximum available energy to be stored. Moreover, the
maximum retrieved power will be achieved under nominal operation in
the carbonator determined considering the direct operation of the
carbonation-calcination cycle. The chemical energy content of the solid
stream generated in the calciner under nominal conditions amounts to
69 MWth under SC1 and 88 MWth under SC2. This energy will be totally
recovered in the carbonator under direct operation and represents the
maximum released power and the nominal power in the carbonator. The
maximum mass flows of gas and solids obtained when reactors operate
at nominal power are presented in Table 1.

The maximum CO; and CaO flowrates (Mg max,co2 Mstmax,Ca0)
diverted to or discharged from the storage tanks ST3 and ST2 corre-
sponds to the maximum CO, and CaO flowrates leaving the calciner
when it operates at nominal power. The flowrates of COz and CaO
received in the storage tanks ST3 and ST2 (mgy,cq0, Mg,co2) Will corre-
spond to a fraction of these maximum CO; and CaO streams, Eq. (2). The
CO3 and CaO leaving the storage tanks ST3 and ST2 (Mdch,ca0s Mdch,co2)
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Table 1
Mass flow of gas and solids under calciner and carbonator nominal powers.
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Nominal power and mass flow description

No separation (SC1) Total separation (SC2)

Prom,cL (MW) Nominal power calciner 100 100
Prom,cr (MW) Nominal power carbonator 69 88
Mt max,cO2 (kg/s) Maximum mass flow CO, from CL 21.16 24.35
st max,Ca0 (kg/s) Maximum mass flow CaO from CL 114.77 29.83
Mgt max,CaCO3 (kg/s) Maximum mass flow CaO/CaCOj3 from CR 133.15 53.24"

? Only CaCO; from SSU.

are also defined as a fraction of the maximum CO, and CaO streams at
calciner outlet, Eq. (3).

5 My Ca0) 1y
facwr =—"""—"="7" 2)
Myt max.ca0  Mstmax.CaO
Mdch,Ca0 nyy
Jachcar = = 3)
My max,ca0  Mstmax.CaO

The maximum CaO/CaCOs3 flowrate (m;max,cacos) diverted to or
discharged from the storage tank ST1 corresponds to the maximum
Ca0/CaCOg flowrate leaving the carbonator when it operates at nominal
power (69 MWth and 88 MWth for SC1 and SC2, respectively). The CaO/
CaCOj3 stream received in the storage tank ST1 (rig,cqcos) Will corre-
spond to a fraction of this maximum CaO/CaCOs flowrate, Eq. (4). The
CaO and CaCOj3 leaving the storage tank ST1 (mMgch cacos) are defined as
a fraction of the maximum mixture of CaO and CaCOj stream at car-
bonator outlet, Eq. (5).

s My cacos iy
Sutcacos = = =— 4
My max.cac03  Mstmax.CaCO3
Meh.Ccac0O3 1y
Jachcacos == =- (5)
Myt max,CaCO3  Mstmax,CaCO3

2.3.2. Operation modes

The operating points for a given pair of calciner/carbonator loads are
defined through the storage/discharge fractions. The maximum storage
and discharge fraction as defined above are theoretical thresholds
which, in this study, have been assumed as 1.

When the system is operated as Energy Storage Operation Mode
(ESOM), the input of solar power is assumed to be equal or lower than
the calciner nominal power, while the power released in the carbonator
will be always below its nominal power for both SC1 and SC2. During
this operation mode, the resulting CaO and CO; streams from calciner
are partially or totally stored and the CaO and CO, storage fractions (fy,
ca0» fst.coz2) are always higher than the discharge fractions (fgch,ca0, fach,
coz)- It is considered that no solids from the carbonator are diverted to
storage (fi;,caco3 = 0) under ESOM. Thus, the feasible operating points
for each pair of carbonator/calciner loads are defined by a given
discharge fraction of CaCOj3 (fgch,cacos) and a range of storage fractions
of CaO and CO,. The minimum and maximum values of these fractions
are presented in Table 2.

Under the Energy Retrieval Operation Mode (EROM), the solar
power input in the calciner is considered to be below its nominal power.
The thermal power released in the carbonator can be equal to or lower
than its nominal power for each studied scenario (SC1 and SC2). The
CaCO3 storage fraction (fy,cqco3) is always higher than the CaCOj
discharge fraction (fgcn,caco3) at all possible energy release operating
points for each pair of calciner/carbonator loads. It is considered that no
gas or solids from the calciner are diverted to storage (fscqo = 0) under
EROM. The technically operating points for each pair of reactor loads
are defined by a given discharge fraction of CaO (fgch,ca0) and a range of
storage fractions of CaCO3. The minimum and maximum values of these
fractions are also shown in Table 2.

The third operation mode, Direct Operation Mode (DOM), presents a
direct circulation between reactors without net storage or discharge of

Table 2
Definition of operation modes of the TCES system.

Operation parameters Energy operation modes

ESOM EROM
Qo (MW) <Promct. <Promct,
Qcr (MW) <Pnomcr <Pnomcr
Loadcy, () <1 0to <Lcg
Loadcg (-) 0to <Lg <1
fstca0 (=) fach.cacos 1o Le 0
Saencao (=) 0 to Leg (Ler-Ler)
fst.cacos (—) 0 fach,cao 10 Ler
fdeh,cacos (=) (Ler-Ler) 0 to Lew

Ca0 CaCO3 and CO,. The calciner and carbonator are operated at the
same load with respect to their respective nominal powers under DOM.
This operation mode is not useful for TCES but for its implementation for
carbon capture processes.

Table 2 summarizes the information for the different operating
variables of the operating modes of the system described above (ESOM
and EROM).

Thus, an operation point is completely defined by a pair of reactor
loads (Lgr, Ler) and the storage fraction of CaO/CO2 (fi,cao) under
ESOM and the storage fraction of CaCOj3 (fy, cacoz) under EROM. The rest
of discharge and storage fractions are dependant of these parameters.

3. Criteria for operation point selection

The operation points included in the operation map of the CaL TCES
system are narrowed down according to following aspects: the heat
exchange equipment size, the carbonator load and thermal energy
availability and the storage energy efficiency.

3.1. Design and technical criteria

Several situations are detected to be not technically feasible or
energetically or economically disadvantageous. Thus, several criteria
are established to narrow down the amount of studied operation points:

C.1. Under ESOM, it is assumed that no limestone is stored in ST1 (fy,
caco3 = 0) while, under EROM, no lime is diverted to the storage
tank ST2 (fs,ca0 = 0).

C.2. The operating points corresponding to the direct operation modes
are discarded given the energy penalty imposed by the operation
of the CaL system without producing a net thermal energy storage
or retrieval.

C.3. Only those operating points in which ER-HE heat exchangers
demand energy are considered technically suitable for the design
of the facility.

C.4. A minimum partial load is required for the operation of the car-
bonator and the heat exchangers involved in the system to ensure
the continuous operation of the CSP power block. The minimum
operation load is set at 50 % for system equipment with nominal
released power >15 MW (carbonator, EE-CO2, EE-CaO and EE-
CaCO3).
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C.5. A maximum energy demand is established for the ER-CaCO3 heat
exchanger to limit its energy consumption and size. This
threshold value is set as the 50 % of the maximum heat
requirement in ER-CaCO3 obtained among the operation points
analysed after C.3.

The performance of the system is only assessed for those operation
points selected after the application of these five criteria. The selection
of the most interesting points for each pair of loads (L¢g, L¢r) to define
the operation map will be based on the evaluation of the thermal energy
availability (17qy) and the storage energy efficiency ().

3.2. Definition of energy availability, storage efficiency and specific
storage consumption

Three parameters are defined to characterize the performance of the
system depending on the mode of operation: the thermal energy avail-
ability, the storage efficiency and the specific storage consumption. The
thermal energy availability ratio compares the available thermal energy
of the system to the invested energy input. The storage efficiency com-
pares the amount of stored energy and the net energy consumed during
the storage process. The specific storage consumption presents the total
amount of energy (thermal and electrical) required to store a mass unit
of lime.

Under EROM, the thermal energy availability of the system is defined
by Eq. (6). The available heat includes the thermal power from the
carbonator and EE heat exchangers. The energy invested in this process
includes (i) the heat of calcination demanded in the calciner, QC,_, (ii) the
energy consumption related to the storage step of the lime discharged
from the tank ST2, (iii) the thermal power demand in the heat ex-
changers named ER.

O + ¥ Que e
Ocr + X Oue: e + SSC @ ticao.ach

The total energy input to the system under ESOM only includes the
required heat in the calciner, Qq1, and the heat demanded to preheat the
gas and solid mass flowrates through the heat exchangers named ER.
This thermal energy availability is defined by Eq. (7).

QCR +30 Q:HE EE
Ocr + 3 Our v

The storage efficiency may be calculated through Eq. (8). The stored
energy accounts for the sensible heat of the stored material and the
chemical energy stored in the lime which will be latter carbonated. The
energy invested in the process includes the calcination heat required to
produce the lime sent to ST2 (Qc, ), the energy to preheat of the amount
of limestone discharged from the storage tank ST1 which is later stored
as lime in ST2 (Quz gr cacosse) and the electric power consumed in the
compression of the stored carbon dioxide (Wm,,.,,mw). This parameter
provides an estimation of the share of stored energy in comparison to the
energy invested during the storage process.

(6)

Nav(erom) =

)

Nav(Esor) =

_ Qsi.can
OQcrs + Chir: k- cacos.si + Weompressor

B
SHcozica0st + AH;¢ ® NCaCO3.CR

N

®

OQcra + Cri k- cacos.s + Weompressor

The specific storage consumption (SSC), Eq. (9), indicates the ener-
getic feasibility of the storage process under specific operation points. It
must be kept in mind the qualitative interest of the parameter but its
limitation as quantitative measure given the mix of energy types in its
definition.

SSC.= Ocru + Qe br cucosst + Weompressor ©

Mcao.s1
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4. Results and discussion

The operation points to be analysed are narrowed down based on
initial assumptions and technical criteria. Once the number of cases are
reduced, the energy availability ratio and storage efficiency are calcu-
lated to assess the most advantageous operation point for a given pair of
calciner/carbonator loads.

4.1. Matrix of potential operational points

Each pair of reactors loads determines the net energy to be stored
and/or discharged but a large number of operating points with different
storage and discharge fractions may lead to the same net energy storage
or release situation. However, the energy demand or availability in the
different components of the system (heat exchangers, compressor) will
vary depending on the values of the storage and discharge fractions. In
this section, possible operating points are selected using those criteria
previously defined.

Table 3 summarizes the range size of the heat exchangers and
compressor-cooling train of the possible operation points applying
criteria (C.1), (C.2) and (C.3). The sign (—) means heat power release or
electric power demand whereas the sign (+) means the equipment re-
quires heat.

The minimum load in the carbonator and the heat exchangers EE-
CO2, EE-CaO and EE-CaCO3 is set at 50 % by Criterion 4 (C.4). The
nominal power of each equipment corresponds to the values presented
maximum in the column [Max] of Table 3 under both scenarios. The
carbonator operates above 50 % of its nominal power under both
operation modes (ESOM and EROM).

Regarding the heat exchangers, the minimum partial load for EE-
CO2 and EE-CaO under the ESOM will be 50 % of their nominal
power while EE-CaCO3 will be disconnected. Under EROM, EE-CaCO3
heat exchanger will operate above 50 % of its nominal power while
EE-CO2 and EE-CaO are disconnected. On the other hand, the ER-CaO
and ER-CO2 heat exchangers are dependent on the load of the carbo-
nator and, therefore, of the CaO and CO; inlet flowrate in the carbo-
nator, respectively. While the ER-CaCO3 heat exchanger will be
designed to always work below a 50 % of the maximum energy
requirement, (C.5). Fig. 3 illustrates the number of operation points
discretizing the storage and discharge fractions from 0 to 1 in ten steps
after also applying from (C.1) to (C.5).

The operating points, considering a minimum partial load of 50 % in
the mentioned equipment and limiting the size of ER-CaCO3, amount to
69 points within ESOM and 114 points under EROM. The thermal energy
availability and the energy storage efficiency will be calculated for all
these operation points to provide information about the most favourable
operation map when the following objectives are pursued within the
system: (i) the maximization of the thermal energy availability (EROM)
or (ii) the maximization of the energy storage efficiency (ESOM).

4.2. Thermal energy availability — Energy Retrieval Operation Mode

First, the operation map which maximizes thermal energy avail-
ability is determined. This parameter becomes especially relevant when
the system is operated to recover the stored energy, EROM. The thermal
energy availability was calculated for all the operating points shown in
Fig. 3 and, then, those which led to the highest values were selected to
create this operation map. For each pair of carbonator/calciner loads,
the thermal energy availability is computed by Eq. (6) when energy
retrieval takes place (EROM). The maximum thermal energy availability
and the power discharged from storage tanks under both solid man-
agement scenarios (SC1 and SC2) are illustrated in Fig. 4.

Under both scenarios, the maximum thermal energy availability di-
minishes for lower calciner and higher carbonator loads. The maximum
thermal energy availability range between 0.56 and 0.86 for SC1 and
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Table 3
Ranges of plant equipment size after applying C.1, C.2 and C.3.
Energy flow description SC1 - w/0 SS SC2 - 100%SS
Min Max Min Max
Heat exchanger T2 (CO) Tou °C) Q (MW)
CO, EE-CO, 950 50 -21.14 0.00 —24.33 0.00
S EE-CO2-Ci 145-150" 50-35" -10.75 -0.13 -11.44 —-0.04
EE-CO,-CR 850 50 —~2.46 -0.13 -0.82 -0.08
ER-CO, 950/15 850 19.52 0.00 22.46 0.00
CaO EE-CaO 950 200 —~78.88 0.00 —20.50 0.00
EE-CaO-P 950 200 -2.44 0.00 —-0.82 0.00
ER-CaO 950/200/850° 850 69.32 0.00 18.01 0.00
CaCO3 EE-CaCO3 850 200 —85.86 0.00 —-40.51 0.00
ER-CaCOg 200 850 87.61 0.00 41.34 0.00
Compressor train Tin" (°C) Tou (°C) W (MW)
CO3 comp >C; (up to 75 bar) 50 145-150" —-7.89 —-0.09 —8.41 —0.03

# Several streams at different temperatures can be fed into a heat exchanger (T1/T2).

® The temperature of this stream may vary within a range (T;-Ts).

¢ The stream at 850 °C is only fed to ER-CaO under SC2 since it corresponds to the recirculation from SSU to CR.
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Fig. 3. Operation points distribution respect to calciner and carbonator loads
under C.1., C.2, C.3, C.4 and C.5.

10 1 L
Z o9/ . Nav,max
® SC1(-)
9 0.8 .
§ 0.56
8 071 " 0.69
8
g 0.6 3 . 0.81

0.5 e oy 0.86

00 01 02 03 04 05 06 07 08 09 10
Calciner load (-)

1.0 ; ‘ * % : ; '* Released
-~ O/Q | Power
< 0.9 " «9;,90 sc1
Sos - (MW)
2 o7 > -0
c 29.95
§ 06 ,\g? -y 5239
(6] 0.5 74.84

“0.0 0.1 02 03 04 05 06 07 0.8 09 1.0
Calciner load (-)

0.67 and 0.91 for SC2. The power retrieved from storage under EROM
for both scenarios is also illustrated in Fig. 4. The lower power discharge,
the higher the thermal energy availability for SC2 compared to SC1. The
circulation of solids through the HE-ER-CaO is greater in SC1 than in
SC2, so the energy required increases.

The operation map which maximizes the thermal energy availability
is presented in the following, Fig. 5. Under EROM, the significant pa-
rameters which define an operation point are storage and discharge
fractions of CaCO3 (fst,caco3, fach,caco3)- As presented in Fig. 5, different
operation maps are obtained for each scenario (SC1 and SC2) to maxi-
mize the thermal availability. The maximum thermal availability is
achieved under more favourable conditions when solid separation is
included (SC2). Under SC2, a lower amount of solids is sent to the
storage tank of limestone (ST1) leading to smaller sizes of this equip-
ment and a lower amount of solids is discharged from the tank implying
a more limited energy penalty related to the preheating of this stream.

The range size of the equipment involved in the system for both
scenarios is presented in Table 4. The negative sign (—) of the thermal
power for a heat exchanger indicates an energy release, while a positive
value (+) means that a specific heat exchanger requires an energy input.
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Fig. 4. Maximum thermal energy availability and released power under SC1 and SC2.
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Fig. 5. Operation map under EROM (left: SC1 and right: SC2).
Table 4
Range size of plant equipment under maximization of available energy efficiency.
Energy flow description SC1 - w/0 SS SC2 - 100%SS
Min Max Min Max
Heat exchanger T (°C) Tout °C) Q (MW)
COy EE-CO, 950 50 -21.14 0.00 —24.33 0.00
S EE-CO2-Ci 145-150" 50-35" -10.75 ~0.63 —11.44 ~0.21
EE-CO,-CR 850 50 —2.46 -1.22 —0.82 —0.41
ER-COy 950/15 850 19.52 0.33 22.46 0.38
CaO EE-CaO 950 200 —78.88 0.00 —20.50 0.00
EE-CaO-P 950 200 —2.44 0.00 —0.82 0.00
ER-CaO 950,/200/850° 850 69.32 0.22 18.01 0.06
CaCO3 EE-CaCO3 850 200 —85.86 0.00 —40.51 0.00
ER-CaCO4 200 850 43.81 0.00 20.67 0.00
Compressor train Tin" (°C) Tou (°C) W (MW)
COz comp 3°C;i (up to 75 bar) 50 145-150" ~7.89 ~0.46 -8.41 -0.16

# Several streams at different temperatures can be fed into a heat exchanger (T;/T5).

> The temperature of this stream may vary within a range (T;-T»).

¢ The stream at 850 °C is only fed to ER-CaO under SC2 since it corresponds to the recirculation from SSU to CR.

The negative sign (—) of the electric power for the compressor train
means an energy demand.

Only the energy consumed by the heat exchanger ER-CaCO3 is
reduced by 50 % under both scenarios with respect to the maximum
reference power that appears in Table 3, which is obtained after
applying the criteria (C.1), (C.2) and (C.3). However, the energy is more
efficiently recovered under SC2 than SC1.

4.3. Energy storage efficiency — Energy Storage Operation Mode

Under energy storage operation modes (ESOM), the most relevant
parameter to assess the performance of the system is the stored energy
efficiency. Thus, an operation map which maximizes the energy storage
efficiency is also determined. The energy storage efficiency has been
defined through Eq. (8) for the operating points under energy storage
mode shown in Fig. 3 and the maximum values of storage efficiency for
each pair of calciner/carbonator loads for both scenarios are illustrated
in Fig. 6. The amount of stored energy is always the same for a given pair
of calciner/carbonator loads, independently of the storage and
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discharge fractions.

The maximum energy storage efficiency range between 0.48 and
0.62 for SC1 and 0.64 and 0.76 for SC2. The greater amount of stored
energy, the greater energy consumed. However, the energy storage ef-
ficiency for SC2 is clearly above the values obtained under SCI1. The
energy consumed in preheating the unconverted CaO before the calci-
nation reaction disappear under SC2.

The specific storage consumption for each pair of calciner/carbo-
nator loads is represented in Fig. 7. The values of SSC range between
5.93 and 6.60 MJ/kg for SC1 and 4.24 and 4.98 MJ/kg for SC2. The CO3
flow through the compression-cooling train decreases due to the storage
and discharge fractions of CaO and CO2 (fst,ca0, fdch,ca0) are the mini-
mum possible within the evaluated points. Thus, the electric energy
consumption drops.

The greater energy storage efficiency (see Fig. 6), the less specific
storage consumption. However, the SSC range for SC1 is above the
values obtained in SC2. The maximum possible CaO flow rate to be
stored under both scenarios corresponds to the CaO produced after
CaCOg calcination. Under SC2 the CaCO3 flow rate to be calcined is
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Fig. 6. Maximum energy storage efficiency and stored power under SC1 and SC2.
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Fig. 7. Minimum specific storage consumption under SC1 and SC2.

approximately 20 % greater than in SC1 because ‘inert’ solids do not
circulate through the system (all the material introduced in calciner is
limestone). Therefore, energy requirements are higher in SC1 than in
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Fig. 8. Operation map under ESOM (SC1 and SC2).

SC2 due to unconverted CaO from carbonator is stored and discharged
from storage tanks ST1 and ST2.

The operation map which maximizes the energy storage efficiency
has only sense under ESOM and it is shown in Fig. 8. This operation map
defined by the storage and discharge fractions of CaO and CO» (fs;ca0,
fdch,ca0) is equivalent for both solid management scenarios (SC1 and
SC2).

The values of thermal energy availability of the operation map
defined for each pair of calciner/carbonator loads are represented in
Fig. 9. The thermal energy availability ranges between 0.71 and 0.90 for
SC1 and 0.64 and 0.93 for SC2.

The range size of the equipment involved in the system for both
scenarios is presented in Table 5. The negative sign (—) of the thermal
power for a heat exchanger indicates an energy release, while a positive
value (+) means that a specific heat exchanger requires an energy input.
The negative sign (—) of the electric power for the compressor train
means an energy demand.

The ER-CaCO3 heat exchanger keeps the size reduction by 50 %
under both scenarios with respect to the maximum reference power that
appears in Table 3, which is obtained after applying the minimum
partial load criterion. Besides, under both scenarios the maximum size of
the EE-CaO and EE-CO2 heat exchangers and the compression-cooling
train is reduced by 40 % respect to the maximum reference power
represented in Table 3. The maximization of the energy storage effi-
ciency implies a lower energy consumption. For a pair of calciner/car-
bonator loads, the maximum energy storage efficiency is reached when
(i) the electricity consumed by compressor train is small and (ii) the CaO
and CO;, storage fraction is the minimum possible to achieve the energy
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Fig. 9. Thermal energy availability and released power (SC1 and SC2).

Table 5
Range size of plant equipment under maximization of energy storage efficiency.
Energy flow description SC1 - w/0 SS SC2 - 100%SS
Min Max Min Max
Heat exchanger Ty’ (°C) Tour CC) Q (MW)
CO2 EE-CO 950 50 -12.69 0.00 —14.60 0.00
SEE-CO2-Ci 145-150" 50-35" —6.40 —0.63 —6.85 —0.21
EE-CO,-CR 850 50 —2.46 -1.22 -0.82 —0.41
ER-CO, 950/15 850 19.52 0.33 22.46 0.38
CaO EE-CaO 950 200 —47.33 0.00 -12.30 0.00
EE-CaO-P 950 200 -2.44 0.00 -0.82 0.00
ER-CaO 950,/200/850° 850 69.32 0.22 18.01 0.06
CaCO3 EE-CaCO3 850 200 —85.86 0.00 —40.51 0.00
ER-CaCO3 200 850 43.81 0.00 20.67 0.00
Compressor train Te> (°C) Tour (°C) W (MW)
COy comp >-C; (up to 75 bar) 50 145-150" -4.70 —0.46 -5.03 -0.16

# Several streams at different temperatures can be fed into a heat exchanger (T;/T5).

® The temperature of this stream may vary within a range (T;-Ts).

¢ The stream at 850 °C is only fed to ER-CaO under SC2 since it corresponds to the recirculation from SSU to CR.

storage required under this pair of calciner/carbonator loads.

4.4. Heat availability and demand

The amount of available and demanded heat in the equipment under
the whole range of situations included in the operation maps defined in
Sections 4.2 and 4.3 are now assessed in detail. This information will be
useful to understand the range of values in which each heat exchanger
will be operated. However, the information presented in this section is
aggregated and a more detailed and individual analysis of the behaviour
of each independent heat exchanger is beyond the scope of this work.

When EROM is analysed, the threshold operation points which
maximize the thermal availability presented in Fig. 5 are assessed. These
operation points correspond to the pairs of reactor loads (L¢z, Lcr): (0.8,
1), (0.4, 0.5), (0, 1) and (0, 0.5). In SC1, the corresponding pairs of
storage and discharge fractions (fi,caco3, fdch,cacos) are (0.7, 0.5), (0.5,
0.4), (1, 0.1) and (0.5, 0.1) while in SC2, they are (0.5, 0.3), (0.5, 0.4),
(1, 0.1) and (0.5, 0.1). The operation map for ESOM is also analysed

10004 - . - -

—0—SC1(0,0.5) |

Temperature (°C)

400 --o0--SC1 (0.4, 0.5)
200 SC1 (0.8, 1)

5 —A—SC1(0,1)

0 15 30 45 60 75 90

Available heat (MW)

Temperature (°C)

through the assessment of the limit operation points which maximize the
energy storage efficiency as presented in Fig. 8. These threshold oper-
ation points correspond to the pairs of reactor loads (L¢;, Lcgr): (0.6, 0.5),
(1, 0.9), and (1, 0.5). Under SC1 and SC2, the corresponding pairs of CaO
storage and discharge fractions (fs,caos fdch,ca0) are (0.5, 0.4), (0.5, 0.4)
and (0.6, 0.2).

4.4.1. Available heat

The available heat at different levels of temperature under EROM
threshold operation points is represented in Fig. 10. The size of the heat
exchange equipment is reduced to near a half when solids are separated
and non-reacted CaO recirculated to the carbonator. It might be
observed when the system is operated under EROM, the availability of
very high-temperature heat (950-850 °C) is extremely low or it does not
exist.

Under ESOM, the available heat for different levels of temperature in
the threshold operation points is represented in Fig. 11. The range of
operation of the heat exchangers under ESOM is much narrower than

1000 i . . .

800 & L

600 L
400 —0—SC2 (0, 0.5)
--0--SC2 (0.4, 0.5)

200+ SC2(0.8,1)
5 —A—SC2 (0, 1)

0 15 30 45 60 75 90

Available heat (MW)

Fig. 10. Available heat at different temperatures for the threshold operation points in EROM (SC1 and SC2).
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Fig. 11. Available heat at different temperatures for the threshold operation points in ESOM (SC1 and SC2).
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Fig. 12. Energy demand at different temperatures for the threshold operation points in EROM (SC1 and SC2).
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Fig. 13. Energy demand at different temperatures for the threshold operation points in ESOM (SC1 and SC2).

under EROM, facilitating the efficient operation of these equipment.
Again, the presence of a solid separation unit (SC2) at the outlet of the
carbonator reduces by approximately a half the size of the heat
exchangers.

4.4.2. Demanded heat

The demanded heat for different levels of temperature under EROM
threshold operation points is represented in Fig. 12. The size of the heat
exchange equipment is extremely increased when no separation of solids
is implemented. The strong reduction of the demanded heat is a very
strong advantage of the inclusion of a solid separation unit. Further
research must be done to determine the amount of demanded heat
which can be covered with the available heat in the CaL TCES system
and the amount which must be provided by external source.

Under ESOM, the demanded heat for different levels of temperature
in the threshold operation points is represented in Fig. 13. The demand
of thermal energy is reduced to near a half when the system is operated
as an energy storage facility. Again, the separation of carbonated solids
strongly limits the requirements of heat in the CaL TCES system.

Under each assessed operating point, the difference between the total
amount of available and demanded heat has been computed. The sum of
available heat is always greater than the total amount of demanded heat
within all the limit operating points under EROM and ESOM. When solar
energy is not available (Load¢;, = 0), the SC2 presents a higher difference
between available and demanded heat than SC1, up to 75 %. The lower
the CaO discharged from the ST2 tank, the smaller the size of the heat
exchanger named HE-ER-CaO. Thus, the CaO recirculation into the
carbonator (SC2) raises the difference in size between release and de-
mand heat exchangers. When the availability of solar energy increases,

11

the difference between availability and demand of thermal energy is
greater in SC1 than in SC2. However, since the greater circulation of
solids through the reactors within SC1, larger size is required for the heat
exchangers.

5. Conclusions

The novelty of this study relies in three main aspects: (i) the identi-
fication of the most suitable operation maps under real operating con-
ditions and (ii) the comparison between two scenarios regarding the
management of solids at the outlet of the carbonation reactor and (iii)
the quantification of heat power demand and availability.

It has been observed that the operation points which are feasible are
limited by technical constraints and the operation map of the CaL TCES
system banned a large amount of operation situations. The most suitable
operating point under each pair of calciner/carbonator loads was
selected according to: (i) maximization of thermal energy availability
under EROM and (ii) maximization of stored energy efficiency under
ESOM. The thermal energy availability for the operation map defined
under EROM ranges between 56 and 91 % for both scenarios (SC1 and
SC2). Energy storage efficiency is an average 16 % lower for EROM than
for ESOM (max energy storage efficiency).

The separation of carbonated solids leads to an increase of the
thermal energy availability and an improvement of energy storage ef-
ficiency. The specific storage consumption is strongly decreased when
solids are completely separated. It can be concluded that the separation
of solids improves the performance of the CaL TCES system under both
modes of operation.

Regarding plant equipment size, the ER-CaCO3 heat exchanger
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power demand can be reduced a 50 % if the criterion of maximum
available energy is applied. While if the maximization of energy storage
efficiency criterion is applied, the size of the equipment involved in the
CaO and CO; storage lines (EE-CO2, EE-CaO and compression-cooling
train) could be reduced a 40 %, in addition to the 50 % reduction in
the ER-CaCO3 heat exchanger size. Comparing the ideal and complete
separation of solids scenario (SC2) with the scenario without solid
separation (SC1), a size reduction from 53 to 74 % could be reached in
the heat exchangers influenced by solid streams (EE-CaO, EE-CaO-P, ER-
CaO, EE-CaCO3 and ER-CaCO3) and by unreacted COy leaving the
carbonator (EE-CO2-CR). Regarding the rest of the plant equipment (EE-
CO2, ER-CO2 and compression-cooling train), results from SC2 show a
size increment between 7 and 15 % in comparison to SC1. In conclusion,
the threshold values of stored and recovered energy and the size of the
plant equipment are defined.

Future research should focus on the estimation of the real potential of
partially carbonated solids separation based on density differences.
Once the size of the system will be defined, the detailed integration of
heat with the power plant should be carried out as well as the economic
assessment of the heat exchange network.

Nomenclature

fraction, —

load, —

mass flow rate, kg/s
mole flow rate, kmol/s
heat flow rate, MW
power, MW

molar ratio CaO/CO,, —
temperature, °C

electric flow rate, MW
enthalpy of carbonation, kJ/mol
efficiency, —

g.ﬂ::‘u,o.:»s.ﬁ\ %J
o
<]
&

= B
£

Subscripts and superscripts

amb ambient

av availability

CR carbonator

CL calciner

dch discharge

4 gas

in input or inlet
max maximum

nom nominal

out output or outlet
p purge or particle
s solid

st storage

Acronyms and abbreviations

CaL Calcium-looping

CSP Concentrating Solar Power
DOM Direct Operation Mode

EE Energy Emitted

ESOM  Energy Storage Operation Mode
ER energy required

EROM  Energy Release Operation Mode
EV expansion valve

HE heat exchanger

SC scenario
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SH sensible heat

Sssc specific storage consumption
SSU solids separation unit

ST storage tank

TCES thermochemical energy storage
TES thermal energy storage
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Abstract

Calcium-looping (CaL.) can be exploited as promising thermochemical energy storage (TCES) process in concentrated
solar power (CSP) plants. The present research analyzes the influence of solids separation after carbonation in a Cal.-
CSP plant sizing. The results obtained from modelling and simulation of both threshold schemes (with/without solids
separation) have shown a reduction of plant equipment size and energy consumption of the facility between 50 and
75% when solid separation unit is included. Based on these promising modelling results, experimental tests were
performed to verify the technical feasibility of solids separation after partial carbonation, exploiting the difference of
density (hence of minimum fluidization velocity) between calcined and carbonated particles. Experimental results
show suitable conditions for partial separation of solids in fluidized bed for the first calcination/carbonation cycles.

Introduction

Calcium-looping process (Cal) based on the cyclic
reactions of carbonation-calcination of limestone can be
exploited as promising thermochemical energy storage
(TCES) system in concentrated solar power (CSP) plants.
Research has mainly been focused on the improvement
of efficiency of different Cal. integrations as TCES
within power cycles [1,2], the management of the storage
system [3] and the design or scaling up of the main
reactors, carbonator [4-6] and calciner [7]. Fluidized
beds have been identified as ideal reactors/receivers for
CalL-CSP integration given the intimate gas—solid
contact achieved by fluidization state and the high
efficient collection of solar energy [8].
The integrated schemes presented in literature consider
independent storage tanks for: i) CO> and lime (CaO)
obtained after calcination and 1ii) a mixture of
unconverted CaO (related to particles experiencing very
short residence times) and partially carbonated lime
(CL), the latter being in turn a mixture of CaO and CaCOs3
(because of uncomplete carbonation), obtained after
carbonation step [5,6]. Under these conditions, the size
of the CL storage tank will be extremely large as well as
the size of the heat exchangers managing the solids flow
circulating from carbonator to calciner. Up to now, the
influence of the separation of the mixture of solids
exiting the carbonator on the plant equipment size and the
power plant consumption has not been assessed in detail.
However, the analysis of a Cal.-CSP operation maps
under a solids separation scenario has allowed to know

* Corresponding author: solimene@irc.cnr.it
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the behavior and power range of the heat exchangers
involved in the plant [9].

The novelty of this research relies in the analysis of
the CaL-TCES process including partial separation of
solids at the outlet of the carbonator, in order to reduce
the plant size and therefore the associated economic
costs. The proposed system is a fluidized bed classifier
able to separate the particles by density difference.

CaL-CSP simulation model

The CaL-CSP system consists of two main fluidized
beds reactors, calciner and carbonator, with intermediate
storage tanks of CO» and solids. The calciner is sized for
100 MWy, of solar input energy (Ecz) and working
temperature is 950 °C under CO, pure atmosphere to
ensure a high reaction rate [10]. The endothermic
calcination reaction is assumed to be complete and the
limestone in the calciner is fully transformed into lime
and COs. The CO; and lime formed in calciner are
directed to carbonator or diverted towards their
corresponding storage tanks. Since CaO quickly
deactivates with the number of cycles, a stream of fresh
limestone is fed in the calciner to keep a reasonable
sorption activity. The CaCOs to the calciner reactor
comes from: (i) the contribution of fresh limestone and
(ii) the CaCO; produced after carbonation reaction. Fresh
limestone counterbalances the purged solid material (f,)
which is set as a percentage of the CaO molar flow
generated in calcination reaction.

The carbonator operates at 850 °C under pure CO»
atmosphere [1]. The exothermic carbonation reaction
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(Ecr) is not complete with a carbonation degree
decreasing upon iterated cycles. The carbonator model
used to determine the deactivation of the CaO particles is
tuned adjusting the kinetic model described by Grasa et
al. [11] obtained for 650 °C and an approximately CO»
concentration between 10-15%vol. The amount of
reacting CaO particles will depend on the average
sorption activity of the population of particles circulating
in the system [12]. Therefore, a mixture of CaCOs and
CaO consisting of partially carbonated lime particles is
found at carbonator outlet. Unreacted CO; leaving the
carbonator is stored under established conditions. The
CaO to CO; molar ratio introduced in the carbonator (R)
and the average sorbent activity define the carbon capture
efficiency in the carbonator reactor.

The CaL-CSP model has been evaluated under two
limit scenarios after the carbonation step: (SC1) no
separation and (SC2) an ideal and total separation of the
mixture of CaCOs3 and CaO exiting the carbonator, to
quantify its influence on performance, size and
economics. A simplified outline of the Cal.-CSP model
under both scenarios is illustrated in Fig.1. The greatest
influence of the solids separation unit occurs on the
equipment shown in Fig.1: (i) heat exchangers with
solids streams involved (EE-CaO, ER-CaO, EE-CaCO3
and ER-CaC03), (ii) fluidized bed reactors (carbonator
and calciner) and (iii) mainly CaO and CaCOs; storage
tanks.

Make-up
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== CaO

e CaO/CaCO3
— CaCO3
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950 °C
100%v CO»
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Figure 1. Simplified scheme CaL.-CSP simulation
model under SC1 (a) and SC2 (b).

Under scenario SC1 (Fig. 1 (a)), the solids input to the
calciner (CL) is a mixture of approximately 80% lime
and 20% limestone that must be heated up to 850 °C. The
CL stream results from the addition of the direct flow
from the carbonator at 850 °C and the discharge flow of
solids stored at 200 °C. Regarding the inlet streams to the
carbonator, the CaO stream discharged from the storage
(200 °C) is mixed with the direct CaO flow from calciner
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(950 °C) before being introduced into carbonator at 850
°C.

Under scenario SC2 (Fig.1 (b)), an idealized solids
separation is considered assuming to be feasible the
separation of the mixture of CaCOs and CaO. In
particular, the separation unit (SSU) receives the mixture
of CaCO; and CaO from the carbonator and separates (i)
the unreacted CaO which is recirculated into the
carbonator and (ii) the limestone stream sent to calciner
or storage tank.

Both scenarios have been energetically compared
under comparable operating conditions. A CaO purge
percentage (f,) is set in each case to keep the same
constant value of R under both simulations. The molar
ratio between CaO and COz (R) is 4.26, whereas f, is
3.09% and 4% for SC1 and SC2, respectively. The
simulation results obtained under SC2 show a size
reduction between 50 and 75% in the plant equipment
influenced by solids streams compared to the CaL-CSP
under SCI1. Besides, the solids storage tanks size under
SC2 is smaller than for scenario SC1 given the
recirculation of unreacted CaO.

However, the model used under both scenarios
present some limitations. First, the kinetic model used is
based on the degradation of the sorption capacity of a
Piaseck limestone in case of carbonation at 650 °C and
10%vol of CO, atmosphere [11]. No experimental data
of carbonation evolution under the actual operating
conditions of the Cal. for TCES were available in
literature. Therefore, the carbonation degree should be
determined experimentally under the operating
conditions established in the CaL-CSP model. On the
other hand, a model for solids separation has not been
estimated. Only two threshold limit scenarios have been
evaluated (with and without solids separation) from the
energy point of view. The possible separation degree
exploiting the difference in density between the
unreacted CaO and the CL stream must be analyzed
experimentally. Moreover, it is not possible a complete
separation between CaO and CaCOj3 because the stream
exiting the carbonator is made of partially carbonated
lime particles containing both CaCO3 and CaO. Thus, the
separator could, in principle, separate only the more
carbonated lime particles from the less converted
particles.

Nevertheless, this preliminary research based on
modelling allows the possibility of developing an
experimental campaign to investigate the technical
feasibility of, even if partial, solids separation.

Experimental tests methodology

Determination of carbonation degree. A lab-scale
Directly Irradiated Fluidized Bed (DIFB) described by
Tregambi et al. [13] was used to determine the
carbonation degree under the CaL-CSP operating
conditions described in the previous section. The
experimental tests consisted of 20 consecutive
calcination and carbonation cycles using an Italian
natural limestone named “Sardo”, ground and sieved in
the 420—590 um range, as reactive material [13]. A bed
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inventory of 850 g was used, consisting in 700 g of inert
sand (served as thermal flywheel but not required in
industrial applications) and 150 g of reactive limestone.
The fluidizing velocity was always set at 0.6 m/s during
carbonation and calcination, a value approximately twice
the minimum fluidization velocity of the inert sand. Both
reactions took place in the same DIFB reactor by
alternating the calcination-carbonation  operating
conditions. Consistently with realistic conditions of CaL.-
CSP system, only the calcination step was performed
under radiative flux. Thermal supply in other stages of
the experiment was ensured by radiant heaters and a gas
preheater. During a typical carbonation degree test, the
bed was charged with about 700 g of inert sand and
heated up to 900 °C by using both the radiant heaters and
the gas preheater with atmospheric air as fluidizing gas.
Once the pre-set temperature was reached, the radiant
heaters were powered off, the air stream was switched to
CO; and, simultaneously, a sample of 150 g of limestone
was fed to the reactor. Then, the solar simulator was
powered on and its power tuned to reach a temperature of
950 °C. A time of 20 min was waited to perform the
calcination reaction (calcination zero), after which the
solar simulator was powered off and the reactor cooled
down to 850 °C with atmospheric air stream. Once
reached this temperature, the fluidizing gas was switched
to COs to perform the carbonation reaction (carbonation
step), which was prolonged for 20 min. Finally, the solar
simulator was powered on for 20 min and its power tuned
to reach 950 °C so to perform the calcination reaction and
complete the reaction cycle (calcination step). The
reactor was then cooled down to 850 °C to eventually
start a new carbonation/calcination loop.

Sorbent samples were recovered after each
carbonation step to evaluate the carbonation degree of the
material. These samples (1-2 g mass), carefully separated
from the inert silica sand by sieving, were subjected to a
calcination step in a muffle furnace at 950 °C in air for 1
h and the weight change was measured with an analytical
balance (0.1 mg precision). The samples weight data
were used to calculate the mean carbonation degree (X¢q)
of the material after each carbonation step (N):

mo—m

"’"(;/co‘z7
MmFPcacos

MWcao

Where my is the sample mass extracted after each
carbonation step, myp is the sample mass after the
calcination step in the muffle furnace, Pcacos is the purity
of the Sardo limestone, MW is the molecular weight. The
average sorbent capacity up to the reaction cycle
considered (N) is eventually computed in Eq. (2) as:
_ ZNo1Rea)

Xca(N) = (1)

Xcan 2)

Bulk density test. The experimental tests to determine
the bulk density of calcined and carbonated particles
were performed in a different lab-scale Fluidized Bed
(FB) without solar radiative flux simulation, described in
detail in Tregambi et al. [14]. The operating conditions
were the same of those used in the DIFB reactor. During
a typical test, the bed was charged with about 150 g of
inert sand and heated up to 900 °C by using radiant

1432

heaters and atmospheric air as fluidizing gas. Once the
pre-set temperature was reached, the sand was removed
from the reactor and the air flow was switched to CO». A
sample of 150 g of limestone was then fed to the reactor,
which temperature was increased to 950 °C. When
temperature reached 900 °C, the calcination started. The
calcination zero was prolonged for 20 min. The CO; flow
was switched to air after the calcination zero (20 min).
The calcined material with the inert sand was then
removed from the reactor after 2 min of air atmosphere
by exploiting a vacuum system. The material extraction
after calcination was performed in air atmosphere to
prevent material carbonation as a consequence of the
temperature reduction during extraction. The inert sand
was separated from the calcined material by sieving and
put back into the reactor, which temperature was set at
850 °C. Once the pre-set temperature was reached, the
calcined material was introduced into the reactor to
perform the carbonation reaction after changing the gas
stream from air to COa. The carbonated material with the
inert sand was removed from the reactor after 20 min
with the same procedure as calcination step. Once the
inert sand was separated from the carbonated material by
sieving, it was put back into the reactor. The reactor was
heated up to 900 °C using air as fluidizing stream. Once
the pre-set temperature was reached, the air flow was
switched to CO; and carbonated material was introduced
to start the next calcination step.

The reactive material recovered after each
carbonation and calcination step was analyzed to
evaluate the bulk density and the granulometric
distribution. The bulk density was determined by
measuring the weight and volume of the reactive material
ina 50 mL graduated cylinder. The reactive material was
slowly and manually poured within the cylinder up to a
certain volume mark. The material bulk density was
calculated as the weight divided by the volume reached
in the glass cylinder. On the other hand, the reactive
material was sieved considering the following particle
diameter ranges: 420-590 pum, 300420 pm, 200-300
um, 100-200 pm, <100 pm. The weight of material
collected in each of the sieve ranges described was
measured to know the particle size distribution of the
carbonated (CL) and calcined (unreacted CaO) material
after each cycle.

Development and validation of a density model

A simple and theoretical model (TM) at particle scale
during iterated cycles of calcination and calcination was
developed based on the experimental test results
obtained. The assumptions taken for the model were the
following: (i) no attrition and fragmentation phenomena,
(ii) sintering only takes place during calcination causing
porosity and size reduction, (iii) particles do not change
volume during carbonation step and (iv) bed porosity
remains the same for calcination and carbonation and is
assumed constantly equal to 0.45.

Based on this model, the bulk density experimental
results for carbonated and calcined particles can be
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related to the carbonation degree according to the
following equation:
-1) @

where pears,i is the bulk density of carbonated particles
(CL) at carbonation number 7, pea,i; is the bulk density
of calcined particles (unreacted CaO) at calcination step
i-1 and X_.»,; is the carbonation degree after i carbonation
step.

In parallel, the model can be used to calculate (i) the
effective particle density and (ii) the particle diameter
after each calcination and carbonation step. The effective
particle density is computed by Eq. (5) for carbonated
particles and by Eq. (6) for calcined particles:

carb; _  Pcarb;

MW cao ( Pcarb;

carb; =
4 MWco, \Pcalci_,

= 5

P (1-¢epea) ®)

calcj — Pcalci 6

p (1-¢pea) ©

where p:,'"bi and p;alci are the carbonated and calcined

particle density at cycle i, while pcqrp, and peqic; are the
bulk density obtained after carbonation and calcination
step (i) from the experimental test. The void fraction
assumed ( &€peq ) was 0.45 for both carbonated and
calcined material. The void fraction value is typically of
the fluidized bed state and is similar to the value obtained
considering the bulk density of the fresh limestone (1590
kg/m?) and the calcium carbonate density (2930 kg/m?).

The particle diameter is computed by Eq. (7) for
carbonated particles at step i+/ and for calcined particles
at step i:

carbj,q calc; 1/3
dp ; = dp : = ( Po'MWcao ) / %)
dp dp Pcalc‘-'MWCaCO;;
calcj . . . .
where d,, " is the diameter of the calcined particle at

cycle i, which matches the diameter of the carbonated
particle at cycle i+/ (d;a"’i“). Whereas d,, is the initial
particle diameter, taking as reference the mean particle
diameter of Sardo limestone (505 pm) used as raw

material. Finally, py is the experimental bulk density of
carbjyq
(

and d;alci was justified by analyzing the particle
diameter after each carbonation and calcination step
obtained from the experimental test. The mean particle
size after calcination i was practically similar to the mean
particle size obtained after carbonation i+1/.

Results from model computations were used to
determine the theoretical minimum fluidization velocity
by applying the Wen & Yu model [15]. The particle
diameter and effective particle density values from the
experimental model developed were used to obtain the
theoretical minimum fluidization velocity for each
calcination (unreacted CaO) and carbonation (CL) step.

the fresh limestone. The relationship between d

Results and discussion

The mean carbonation degree for each of the 20
carbonation-calcination cycles is shown in Fig.2. The
black dots curve corresponds to the average carbonation
degree for the 20 cycles performed in the DIFB. The grey
and white points curves are related to the mean
carbonation degree value obtained within the FB reactor
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and by the Theoretical Model (TM) developed applying
Eq. (4), respectively.
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Figure 2. Mean carbonation degree results under

DIFB, FB and TM conditions.

Experimental data obtained using the DIFB and FB
show similar results. Values of carbonation degree
obtained within DIFB are slightly lower, probably
because of a more severe sintering induced by the
concentrated solar radiation [8,13]. The experimental
carbonation degree results under the second test
conditions (FB) are used to validate the theoretical
carbonation degree model (TM). Both curves show
practically the same trend.

The average sorbent capacity in the reaction cycle
number 20, computed by Eq. (2), is 13.72% under DIFB
conditions, and around 16% under FB or TM
assumptions. Direct irradiation has a weak negative
effect on the carbonation, mainly from cycle 10" to 20™,
favoring the sintering of the material.

The effective bulk density of particles for carbonated
and calcined particles after each cycle is illustrated in
Fig.3. The black squares curve represents the carbonated
particles density applying Eq. (5), while the white
rhombs curve is obtained through Eq. (6) for the calcined
particles density.
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Figure 3. Effective particle density of carbonated and

calcined particles.

The particle density after each carbonation (black
dots curve) remains practically unchanged (about 2750
kg/m?). The first value of the black dots curve (N = 0)
corresponds to the effective particle density of the raw
material (fresh limestone). The carbonated particle
density value may be governed by the CaCO3s compact
structure. On the other hand, the calcined particles
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density increases rapidly until 6" and more slowly for the
further steps. Thus, the effect of sintering on calcined
particle density is clearer than carbonated particles
density. Therefore, the particles density after each
calcination increases proportionally to the reduction in
the carbonation degree step by step.

The particle diameter results for carbonated and
calcined material after each cycle is shown in Fig.4. The
black squares curve represents the carbonated particles
diameter, while the white rhombs curve is obtained for
the calcined particles size, both applying Eq. (7).
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Figure 4. Theoretical particle diameter for
carbonated and calcined material.

The particles size is reduced step by step in the
calcination reaction for both carbonated and calcined
particles. The size is kept in the range between 430 and
440 pm from cycle 6™ to 20™. The smaller the particles
size with number of carbonation-calcination cycles, the
greater the sintering phenomenon influence and therefore
an increase of the calcined particles density is produced.
The mean particle size up to 20 cycles from the
theoretical model amounts to 449 pum, whereas the
average particle diameter obtained from the experimental
data is 453 pm. Therefore, the theoretical model
developed from the bulk density data collected
approaches the experimentally determined particle size.

The theoretical minimum fluidization velocity (uy)
for carbonated and calcined particles after each cycle is
illustrated in Fig.5. The white rhombs curve represents
the u,y of the calcined particles or unconverted CaO,
while the black squares curve shows the u,,rof carbonated
particles or CL stream. Both were calculated considering
air as fluidizing gas at ambient temperature (25 °C) to
compare the theoretical results with the experimental
data. The comparison between theoretical and
experimental u,,,will be performed in future studies.

Nevertheless, as can be seen in Fig.5, the minimum
velocity required for fluidization of carbonated particles
during the first 5 cycles is between 27 and 11% higher
than that of calcined particles. Since cycle 6", the
difference of u,s between carbonated and calcined
particles remains practically constant (u,, of carbonated
material is 7% more over u,, of calcined material).
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Figure 5. Theoretical minimum fluidization velocity of
calcined and carbonated particles under experimental
conditions (air 25 °C).

Fig.6 illustrated the theoretical minimum fluidization
velocity using CO» as fluidizing gas at 850 °C. In the
same way, the white rhombs curve represents the u,, of
the calcined particles or unconverted CaO, while the
black squares curve shows the u,,,of carbonated particles
or CL stream.
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Figure 6. Theoretical minimum fluidization velocity of
calcined and carbonated particles under real operating
conditions (CO; 850 °C).

The minimum velocity required for fluidization of the
partially carbonated lime during the first 5 cycles is
between 29 and 11% higher than that of unconverted
CaO particles. Since cycle 6%, the difference of u,y
between carbonated and calcined particles remains
practically constant (u,, of CaO and CaCO3 mixture is
8% more over u,sof unconverted CaO).

Results show suitable conditions for partial
separation of solids in a fluidized bed for particles
subjected to few carbonation-calcination cycles. For
future work, the experimental measurement of the
minimum fluidization velocity must be performed to
compare and validate the results obtained through the
experimental model developed. In the same way, a
sensitivity study of the sorbent purge percentage
variation on the carbonation degree may be analyzed to
improve the CaO average sorption capacity under the
operating conditions selected in the Cal.-CSP model.

0.05

Conclusions

In the present work, the partial separation of solids
after carbonation reaction has been experimentally
investigated under a CalL-CSP model operating
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conditions using fluidized bed reactors (850 °C and 950
°C for carbonation and calcination, respectively, reacting
atmosphere always of 100% CO»). A potential reduction
in equipment size and energy flows between 50 and 75 %
can be achieved when going from a system without solids
separation to one with total separation of solids after
carbonation step.

Results obtained show that the density of carbonated
and calcined particles are related to the mean carbonation
degree of the sorbent and the particle size. A model
developed from experimental data is used to determine
the particle density and diameter after each carbonation
and calcination step. The theoretical minimum
fluidization velocity calculated of calcined material
(unreacted CaO) is lower than the carbonated material
(partially carbonated lime) for the first cycles. A partial
separation of solids may be technically feasible for
particles with few cycles operated.
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Integration between Concentrated Solar Power (CSP) and Calcium Looping (Cal) is gaining consideration in the
perspective of large shares of renewable energy sources, to smooth the variability of non-dispatchable energy
input. The scope of this study is to investigate the CaL process for ThermoChemical Energy Storage (TCES), by
performing a dedicated experimental campaign in fluidized bed under realistic process conditions suitable for
CaL-CSP integration. Chemical deactivation of the limestone-based sorbent has been assessed by measuring the
extent of Ca carbonation along iterated calcination/carbonation cycles, correlated with physico-chemical char-
acterization of the sorbent at selected stages of the conversion. Properties that have been scrutinized were
particle size distribution, bulk density, and particle size, density, and porosity of bed solids. The attainable values
of energy storage density were evaluated as well.

A remarkable finding of the experimental campaign is the pronounced synergistic deactivation of limestone
when it is co-processed with silica sand. Chemical interaction of CaO with the silica sand constituents at the
process temperatures has been scrutinized as possible responsible for the loss of reactive CaO toward CO5 uptake.
Post-process of particle density data, together with Ny-intrusion porosimetric analysis, and quantitative and
qualitative XRD analyses, suggests that the sand/lime interaction induces a strong reduction of the total and
reactive sorbent porosity and, in turn, of reactivity.

Density-based classification to separate converted and unconverted limestone particles after the carbonation
step has been evaluated with the goal of increasing process efficiency, by avoiding the circulation of streams with
unreacted particles through the plant. For this purpose, the minimum fluidization velocity of calcined and
carbonated particles has been measured after each reaction step at the relevant process temperature.

1. Introduction

The ambitious targets of the European Green Deal aim to cut the
greenhouse gas emissions by at least 55% within 2030, and to achieve
carbon neutrality by 2050 with net-zero greenhouse gas emissions.
These objectives require a strong decarbonization of the power and
energy sectors, with an ever-increasing exploitation of renewable energy
sources. Among them, solar energy is bound to play a key role in the
future economy because of its virtual unlimited potential and wide
availability. However, a strategy to deal with its intermittent nature

* Corresponding author.
E-mail address: roberto.solimene@cnr.it (R. Solimene).

https://doi.org/10.1016/j.cej.2023.142708

needs to be implemented to enable its massive deployment.
Concentrated Solar Power (CSP) technologies provide an effective
path for exploitation of solar energy, allowing integration with thermal
and thermochemical energy storage systems to overcome its intrinsic
intermittency. In CSP systems, a field of heliostats (i.e., sun tracking
mirrors) is used to focus and concentrate the solar energy onto a
receiver. Here, a heat transfer medium is heated at moderate-to-high
temperatures and eventually used to sustain energy intensive chemical/
physical processes, or to drive thermodynamic cycles for energy gen-
eration. Most recent commercial CSP plants make use of molten salts (i.
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e., a binary mixture of NaNO3 and KNOs) as heat transfer medium,
which operate within the 290-565 °C temperature range. Storage of the
hot medium in insulated vessels, rather than direct use (i.e., thermal
energy storage), allows decoupling the two steps of solar energy
collection and exploitation, enhancing the dispatchability of solar en-
ergy. Research efforts on the CSP technology are mostly prioritized on: i)
increasing the maximum working temperature of the heat transfer me-
dium, currently limited at 565 °C due to the molten salts degradation; ii)
developing more efficient energy storage systems with respect to storage
density, application temperature, and time scale of utilization. On one
side, particle receivers are under the spotlight to overcome the tem-
perature limitations of the molten salts: dense-solids suspensions can
indeed safely work at temperatures of 1000 °C and over [1-3]. On the
other side, use of reversible chemical reactions to store solar energy in
the form of chemical bonds (i.e., ThermoChemical Energy Storage,
TCES) is widely pursued [4-7]. Gas-solid chemical reactions are the
most investigated. Indeed, their higher reaction enthalpy turns into
potential higher values of energy storage densities and the easier sepa-
ration of the reaction products favours the subsequent storage/
transportation.

Particle receivers able to simultaneously work as solar receiver and
chemical reactor can represent a breakthrough for the success of the
CSP-TCES technology. For this reason, Fluidized Bed (FB) systems have
been and are widely investigated [8-10]. Literature research studies
spread from conventional FB with direct/indirect irradiation [11-13], to
innovative design targeted at: i) increasing the axial thermal diffusivity
by internal circulation [14-16], spout, pulsed or uneven fluidization
[2,17-20]; ii) providing a more uniform residence time distribution by
multistage operation [21-23]; iii) exploiting the sensible heat of the
reaction products for the heating of the reactants by internal solid-solid
heat exchangers [2,24,25].

The selection of the most appropriate chemical reaction for TCES is
open to debate. Apart from solar fuels production, decomposition and
recombination of metal hydroxides, carbonates, oxides and perovskites
are among the most investigated processes, each with specific advan-
tages and drawbacks [26-29]. In particular, reversible calcination-
carbonation of Ca-based sorbents, Eq. (Ry):

CaCO; 5 CaO + CO, (R1)

has been widely addressed recently, and its integration with CSP is being
currently assessed, with different European research projects currently
active [30,31].

The same reaction scheme has been widely investigated in literature
for post combustion and atmospheric CO, capture, and is commonly
referred to as Calcium Looping (CaL) [32-35]. CSP-CaL integrated
processes targets both CO5 capture [34,36,37] and TCES. The interest on
this system for TCES applications mainly springs from: i) the fairly high
reaction enthalpy of the chemical reaction (|AH,*|208x = 178 kJ mol 1);
ii) the high temperature at which solar energy can be retrieved
(650-850 °C according to the process parameters), which allows inte-
gration with high-efficiency Rankine/Brayton cycles [38]; iii) the low
cost of the raw material (i.e., limestone, a very cheap natural sorbent
rich in CaCOg). On the other side, the major weakness of the CaL cycle is
the decay of material reactivity over iterated cycling, induced by loss of
porosity (i.e., thermal/chemical sintering) and pore plugging [39-41].
Different techniques have been explored to prevent or limit the loss of
reactivity, among which: production of composite materials with inert
stabilizers/promoters [42] such as ZrO, [43-45], Al;,03 [46,47], CeO,
or multiple Ce/Al/Zr additives [48], eutectic alkali chloride salts [49];
mechanical activation [50,51]; thermal pre-treatments [52,53]; use of
steam [54-56]. More recently, introduction of inert materials in syn-
thetic Ca-based sorbents has been scrutinized also with the aim of
improving their optical performance in terms of solar energy absorp-
tivity, through the synthesis of particles characterized by a darker colour
[57-59]. On this topic, a peculiar natural sorbent with a higher
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absorption of solar energy has also been tested with positive outcomes
[60]. While improving material stability, it was recently found that the
presence of inert compounds does not significantly affect the kinetics of
carbonation, and a slight modification of the parameters of the random
pore model may be sufficient to account for the presence of inert sta-
bilizers [61]. Different process schemes have been proposed and inves-
tigated in literature for integration between CSP and CaL for TCES.
Tregambi et al. [41] distinguished between open loop and closed loop
conditions with respect to CO. In the open loop condition, CaO
carbonation is performed at 650 °C using a stream coming from a CO3
emitting industry, whereas calcination is performed at 850 °C using air,
and the produced stream is released to the atmosphere. Differently, in
closed loop conditions, calcination is performed at 940-950 °C under
COo, that can then be recycled to the process. Experimental tests per-
formed in a FB heated by a solar simulator demonstrated that the
harsher conditions of closed loop during calcination induce a stronger
loss of reactivity [41]. Castilla et al. [62] investigated a process scheme
for simultaneous TCES and CO; capture, and performed a techno-
economic analysis of the system. Sarrion et al. [63,64] proposed,
instead, two different process configurations for a closed loop CO; cycle
for TCES. In both schemes, carbonation is carried out at 850 °C under
pure CO,, to maximize the efficiency of the subsequent cycle for energy
production. Calcination is instead performed either at 750 °C under a
No/He atmosphere [63,64], or at 950 °C under pure CO5 [64]. In the
former case, use of membranes is proposed to separate the produced CO,
from the carrier gas and close the looping cycle. Experimental tests have
been performed only in a thermogravimetric analyzer, but proved again
that harsher conditions during calcination promote material sintering.
The closed loop CO; scheme, with carbonation/calcination at 850/
950 °C under pure COy, has been investigated by model computations
also by Pascual et al. [65], who proposed the addition of a solid—solid
separation unit after the carbonator to separate converted and uncon-
verted particles, thus avoiding the looping of unreacted streams, to in-
crease process efficiency. Since CaO carbonation to yield CaCOj is
generally proved to be a slow reaction step because of the time required
for internal CO;, diffusion [61], it is reasonable to consider that uncon-
verted streams may leave the carbonator during continuous operation,
thus supporting the usefulness/advantages of a Solid-Solid Separation
Unit (SSU). The feasibility of this operation is, however, still to be
demonstrated.

The aim of this study is to contribute to the existing knowledge on the
CaL process for TCES, by performing a dedicated experimental campaign
under realistic process conditions suitable for CaL-CSP integration,
which are different from those typically investigated in literature for
carbon capture and storage. The closed loop CO2 scheme, considering
carbonation/calcination at 850/950 °C under pure CO,, has been
selected because of its interesting features and because of the lack of
experimental data in apparatus different from thermogravimetric ana-
lyzers. In this work, experimental tests were performed in FB reactors
because of their peculiarity of acting, simultaneously, as particle re-
ceivers for solar radiation and multiphase chemical reactors. Decay of
material reactivity and deactivation trend, as well as changes in gran-
ulometric distribution of the bed inventory over cycling, were deeply
scrutinized. Attainable values of energy storage density were also
computed. Moreover, the aim of increasing the overall process efficiency
of the process has been pursued by avoiding the circulation of unreacted
streams [65]. To this end, it was evaluated the possibility of separating
converted (i.e., CaCO3-based) and unconverted (i.e., CaO-based) parti-
cles after the carbonation step, exploiting the particle density difference.
For the purpose, the minimum fluidization velocity of calcined and
carbonated particles was experimentally measured after each reaction
step at the relevant process temperature, to gather first data about the
feasibility of this operation. Finally, the influence of silica sand on the
CaL performance, when experiments were carried out using sand as
ballast bed material, was highlighted.
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2. Process scheme

The process plant devised for the closed loop CaL cycle for TCES is
sketched in Fig. 1. The system entails two fluidized bed reactors (i.e., a
solar calciner and a carbonator), three intermediate Storage Tanks (STs)
required to decouple collection and exploitation of solar energy (i.e., one
each for the calcined and carbonated material, one for the compressed
CO3), a SSU at the exit of the carbonator, and several Heat Exchangers
(HEs) for heat recovery or preheating. A heat loss of 2% was assumed for
each heat exchanger used for heat recovery. Operation of the process is
described in the following. More extent information of the theoretical
simulation of the CaL process as TCES is detailed by Pascual et al. [66]. A
stream of carbonated material (consisting of partially carbonated par-
ticles because of uncomplete carbonation [41]) is fed from either the
ST1 CaCOsg storage tank (upon preheating from 200 to 850 °C through
HE1) or from the carbonator itself to the calciner. Here, endothermic
calcination occurs driven by concentrated solar energy (100 MW energy
input as reference case). Gaseous atmosphere is 100% COs, therefore a
process temperature of about 950 °C is required to guarantee fast re-
action kinetics. The stream of pure CO; exiting the reactor is partially
recycled as fluidizing gas to the reactor, and partially either sent to
compression and ST3 (upon heat recovery from 950 °C to 50 °C in HE3)
or directly fed to the carbonator. The CO; is stored in ST3 at 75 bar and
35 °C, after being previously compressed and cooled in 4 interleaved
stages (CCT in Fig. 1). A pressure ratio of 3 was assumed for each of the
four compression stages to finally reach the CO, storage pressure (75
bar). The energy penalty associated to the compression stages is the
electrical energy consumption, rising to 8.41 MW maximum [66]. The
first three cooled stages reduce the temperature to 50 °C and the fourth
to the CO, storage temperature (35 °C). The heat from the cooled stages
is recovered, being the heat losses of 2%. Similarly, particles leaving the
calciner are sent to ST2 (upon heat recovery from 950 °C to 200 °C in
HES®6), or directly to the carbonator. Finally, the calciner also processes
an additional stream of fresh limestone and purges a stream of spent
material, which is required to compensate for the decay of material
reactivity over cycling (“chemical loss”) and for the elutriation of fine
particles generated upon attrition/fragmentation phenomena (“physical
loss™) [67,68]. The fresh limestone is fed at ambient temperature (25 °C)
and a heat recovery of the purged spent material is done through HE8
from 950 °C to 200 °C. The calcination step is in operation only upon
availability of solar energy (ECL). When the collected solar energy needs
to be retrieved (ECR), CaO and CO; are fed to the carbonator either from
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the CaO/CO; storage tanks (ST2 and ST3) (upon preheating through
HE7 and HES5, respectively) or directly from the calciner. The HE7 re-
ceives CaO streams from (i) calciner at 950 °C and (ii) ST2 at 200 °C to
be preheated to carbonator conditions (850 °C). The HES preheats the
CO2 mixture from ST3 at 15 °C and calciner at 950 °C to 850 °C. The CO,
from ST3 suffers a discharging expansion (DE in Fig. 1) before being fed
into HES at 15 °C. Reactive atmosphere in the carbonator is 100% CO5:
carbonation is then performed at high temperature (850 °C) to maximize
the efficiency of the subsequent thermodynamic cycle for power pro-
duction. The carbonation reaction is generally a slow reaction step
because of the time required for internal CO diffusion. Fluidized beds
may be viewed as continuously stirred tank reactors in terms of solid
residence time distribution. Thus, it is reasonably to consider that the
solid stream exiting the carbonator includes both carbonated particles
(consisting of both CaO and CaCOs3, mostly concentrated in the core and
shell of the particle, respectively) and unreacted (or less carbonated)
particles. Unreacted CO stream is found at carbonator outlet given the
uncomplete exothermic carbonation reaction. The unreacted CO; from
carbonator is sent to the CCT after a heat recovery from 850 °C to 50 °C
in HE4. The carbonator model applied for the theoretical CaL TCES
simulation was based on the kinetic model described by Grasa et al. [69]
under carbon capture conditions (650 °C and 10-15 %, of CO2). A SSU is
then implemented for the separation of carbonated and unreacted par-
ticles: carbonated material is sent either to ST1 (upon heat recovery
from 850 °C to 200 °C in HE2) or to the calciner, whereas unreacted or
less reacted material is cycled back to the carbonator at 850 °C, closing
the looping cycle. To allow the solid-solid separation, the SSU consists of
a tapered fluidized bed reactor operated under transient fluidization
regime, so as to induce segregation of lower density particles to the top
of the column [70,71]. The inclusion of the total separation of carbon-
ated and unreacted particles was firstly proposed by Pascual et al. [65]
to enhance the energy efficiency of the CaL TCES system. Moreover, the
effect of the SSU on the energy penalties and plant size reduction was
assessed under theoretical simulation. The threshold scenarios (no sep-
aration and total separation of solids after carbonation step) were
evaluated to provide information of the maximum and minimum energy
and size requirements. A size reduction between 53 and 74 % was
showed for heat exchangers affected by solid streams when the SSU is
included [66].
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Fig. 1. Simplified conceptual scheme for closed loop CaL-CSP integration, taken as reference in this work.
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3. Experimental

The experimental campaign consisted in CaL tests performed under
operating parameters relevant for the process integration outlined in the
previous paragraph. Tests were performed in semi-batch mode using a
single FB reactor, by switching the process conditions between carbon-
ation and calcination. Two different experimental rigs were used for the
whole experimental campaign: i) a fluidized bed reactor equipped with a
solar simulator, to mimic the effect of concentrated solar radiation and
estimate the decay of reactivity over cycling; ii) an electrically heated
fluidized bed reactor, to determine the changes in the particle properties
(granulometric distribution, porosity and density) of the bed inventory
over cycling, as well as the minimum fluidization velocity of the mate-
rial after each reaction step.

3.1. Experimental apparatus

The FB reactor used for the CaL tests under solar simulated condi-
tions is sketched in Fig. 2. The reactor has been used in previous
experimental campaigns and a comprehensive description of the
experimental rig can be found in [41,52]. The FB reactor has an internal
diameter of 0.1 m and, starting from the bottom, is made of three
components: i) a windbox with an upper perforated plate serving as gas
distributor (0.5 mm holes on a triangular pitch); ii) a fluidized bed
section, 0.1 m high; iii) a conical freeboard section (0.4 m high, internal
cone angle of about 30°) with an upper optical window required to seal
the reactor environment while allowing entrance of the concentrated
solar radiation. At middle height of the conical section, four discharge
ports (1 in. diameter) are provided for gas outlet. The reactor is heated
by: i) a gas heater (manually controlled), able to heat the gaseous stream
up to 700 °C; ii) two semicylindrical radiant heaters (driven by a PID
controller) which surround the windbox and fluidized bed sections; iii) a
solar simulator, made up by three 4 kW, short-arc Xe-lamps coupled
with elliptical reflectors, able to produce a peak flux of about 3 MW m 2
and a total irradiated power of about 3.2 kWy, on the bed surface.
Electronic mass flow controllers are used for gas feeding to the reactor.
Four K-type thermocouples are located within the system for tempera-
ture measurement: i) one at the exit of the gas preheater; ii) one within
the windbox, 0.02 m below the distribution grid; iii) two inside the FB,
0.05 m over the distribution grid and 0.05 m from the reactor wall

600

400

100

HH
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(middle thermocouple), and 0.08 m above the distribution grid and 0.01
m from the reactor wall (up thermocouple).

The electrically heated FB reactor is depicted in Fig. 3. It features an
internal diameter of 0.04 m and, starting from the bottom, is made of
two components: i) a windbox section, 0.6 m high, with an upper
stainless steel wire mesh serving as gas distributor; ii) a reaction plus
freeboard section, 0.8 m high (the relative extension of the two zones
depends on the bed inventory). Exhaust gas leaves the reactor at the top
of the freeboard. Two semicylindrical radiant heaters (driven by a PID
controller) surround the reaction/freeboard zone and the windbox zone
for an overall length of about 0.6 m. A lateral port, located a few mil-
limeters above the distribution grid, is used for the simultaneous tem-
perature and pressure measurement inside the FB reactor by a K-type
thermocouple and a piezoelectric pressure transducer, respectively.
Electronic mass flow controllers are used for gas feeding. The reactor is
also equipped with a vacuum system to discharge and collect the bed

I 1

FB: Fluidized Bed

MF: Mass-flow Controller
PT:  Pressure Transducer
RH: Radiant Heaters

TC: K-type Thermocouple
WB: Windbox

I

Fig. 3. Electrically heated fluidized bed reactor.
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TC: K-type Thermocouple
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Fig. 2. Directly irradiated fluidized bed reactor. Dimensions in mm.
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inventory under cold or hot conditions.

3.2. Materials

Two different materials were used in the experimental campaign: a
silica sand from the Ticino river (Italy) and a natural Italian limestone,
whose main properties summarized in Table 1. Besides SiO5 (83.9 Y%u),
the other constituents of the Ticino sand are NasO (1.8 %yy), K20 (2.4
Yowt), Ca0 (0.9 Your), MO (1.0 Y%ye), AloO3 (8.4 Y%ouy), FexOs (1.4 Yowy).

3.3. Experimental conditions and procedure

Regardless of the experimental rig, for all the CaL tests performed in
this work the following process parameters, relevant to closed loop
CaL~CSP integration, were used:

i) reacting atmosphere of 100 %, CO» during both carbonation and
calcination;
ii) reaction time of 20 min for both reaction steps;
iii) superficial gas velocity of 0.6 m s™! throughout the process;
iv) process temperature of 850 °C and 950 °C during carbonation and
calcination, respectively.

Moreover, for the experimental runs performed in the directly irra-
diated FB, bed inventory consisted in a mixture of silica sand (82 Yow)
and limestone (18 9%,,). Silica sand acts as a thermal flywheel,
smoothing and mitigating the temperature variations induced by the
chemical reactions. This lime-to-sand ratio was used also in previous
experimental campaigns [41,52], and is retained in this work also for a
better data comparison. Differently, for the experimental runs per-
formed in the electrically heated FB, bed inventory consisted in either a
1:1 mixture of silica sand and limestone, or limestone only. The smaller
scale of the plant allows indeed a better temperature control, offering
the possibility of working with higher percentage of lime. This also
permitted to perform different characterizations on the reactive
material.

3.3.1. Directly irradiated fluidized bed (Experimental procedure #1)

First, the system was charged with ~ 700 g of sand and heated up to
900 °C by the radiant and gas heaters, using air as fluidizing gas. Once
achieved this temperature, the fluidizing gas was switched to CO for 5
min to flush all the air from the reactor. The radiant heaters were
powered off, and a sample of 150 g of limestone was fed to the reactor.
Then, the solar simulator was turned on at the power required to keep
the bed at 950 °C to perform the calcination step, assuming as reference
the “up” thermocouple. After 20 min (calcination reaction time), the
solar simulator was turned off, the fluidizing gas switched to air, and the
radiant heaters turned on with a set point temperature of 850 °C. The
fluidizing gas was then switched back to CO,, to perform the carbon-
ation step. After 20 min (carbonation reaction time), the radiant heaters
were turned off and the bed was heated up to 950 °C by means of the
solar simulator, to perform a new calcination step. The procedure was
repeated until completion of 20 looping cycles. At the end of each
carbonation step, a small sample of bed material (1-2 g) was collected
for the subsequent determination of the carbonation degree of the sor-
bent. Sand and reactive material were separated by sieving.

Table 1
Main properties of the materials used in the experimental campaign.
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Overall, the temperature control in the directly irradiated fluidized
bed was quite satisfactory. During the calcination, after the initial
transient heating to 950 °C, the average temperature recorded by the up
and middle thermocouple was 955 + 4 °C and 968 + 5 °C, suggesting a
slight bed overheating. During the carbonation, the temperatures
recorded by the up and middle thermocouples were in good agreement,
with an average value of 838 + 11 °C.

3.3.2. Electrically heated fluidized bed

Three different experimental procedures were carried out in this
facility: a) to assess the sorption degradation of limestone under CaL
TCES conditions; b) to assess the interaction of sand presence in lime-
stone degradation under CaL TCES conditions; ¢) to estimate the mini-
mum fluidization velocity of the calcined and carbonated material upon
iterated cycles.

3.3.2.1. Experimental procedure #2. The following experimental pro-
cedure was applied to the tests performed with a bed inventory of
limestone only. First, the system was charged with ~ 180 g of sand and
heated up to 900 °C using air as fluidizing gas. Once achieved this
temperature, the vacuum system was used to discharge the bed in-
ventory, and the reactor was cleaned to remove any trace of sand. The
fluidizing gas was switched to COs, and flowed for 2 min to completely
flush the air from the reactor. Then, a sample of 180 g of limestone was
fed to the reactor and the PID controller was set to 950 °C to perform the
calcination step. After 20 min, heating of the FB was stopped, and the
bed inventory was collected by the vacuum system. Before this opera-
tion, the fluidizing gas was switched back to air, to prevent a possible
sorbent re-carbonation induced by the temperature reduction. The
collected material was cooled down to ambient temperature, and
weighted. It was then estimated the bulk density of the sample, by
pouring the material in a 50 mL graduated cylinder and measuring the
weight and occupied volume. Finally, the sample was sieved in the
following size ranges: 0-100 pm, 100-200 pm, 300-420 pm and
420-590 pm, and each granulometric cut was individually weighted. All
the material was eventually mixed back and fed into the still hot FB
reactor under air atmosphere. The PID controller was set to 850 °C and,
once reached this temperature, the fluidizing gas was switched to CO2 to
perform the carbonation step. After 20 min, heating of the FB was
stopped, and the bed inventory was collected by the vacuum system
under CO, atmosphere and cooled to ambient temperature. Overall
weight (required to evaluate the carbonation degree), bulk density and
granulometric distribution were determined as previously described.
After that, the sample was fed back to the FB reactor under CO, atmo-
sphere, and the PID controller was set to 950 °C, to perform a new
calcination step. The procedure was repeated until completion of 20
looping cycles. Overall, the temperature control in the electrically
heated fluidized bed was quite effective. During the calcination, apart
from a brief overshoot of 10 °C during the initial transient heating to
950 °C, the average temperature was 950 + 2 °C. Similar fluctuations
were observed during the carbonation, with an average temperature of
850 + 2 °C.

3.3.2.2. Experimental procedure #3. A different experimental run was
also performed by applying the same experimental procedure but using
a bed inventory of sand and limestone (1:1 weight mixture). Material

Material Bulk density, Size range CaO content 1:{,,,(850—950 °C)
tapped [kg m~?] [um] (calcined material) [%oy] ms 1]

Limestone 1590 420-590 97.4 0.12-0.11

Ticino sand 1489 850-1000 0.9 0.35-0.33

“ Minimum fluidization velocity, calculated according to Grace [72].

95



Operational optimization of a Calcium Looping-based thermal storage system in concentrated solar power plants

C. Tregambi et al.

characterizations were carried out after separation of the sorbent from
the sand, performed by sieving. The first calcination was however per-
formed with limestone only, to produce a relevant amount of material
for the subsequent cycles.

3.3.2.3. Experimental procedure #4. Finally, to estimate the minimum
fluidization velocity, a different experimental run was performed, using
again a bed inventory of reactive material only. The same experimental
procedure described above was applied but, after each reaction step, the
bed inventory was not discharged. Instead, an automated script devel-
oped in LABVIEW was run to measure the pressure drop vs. the super-
ficial gas velocity in a “down—curve” from 30 to 0 cm s, with 1 cm s
step. Curves were acquired at the process temperature of the relevant
step, using CO, as fluidizing gas. Particular accuracy was dedicated to
ensuring the temperature uniformity of the entire fluidized bed when
decreasing the superficial gas velocity. To this aim, the bed was vigor-
ously fluidized before the acquisition of each pressure drop
measurement.

3.4. Data analysis and further characterization

The mean carbonation degree for the tests performed in the directly
irradiated FB was evaluated using the samples of carbonated material
collected after each carbonation step. The samples were individually
calcined in a muffle furnace at 950 °C under air atmosphere, and the
weight change was measured with an analytical balance (0.1 mg pre-
cision), so as to determine the mean carbonation degree as described in
Di Lauro et al. [52].

For the tests performed in the electrically heated FB, the data of
overall weight after each reaction step were used to compute the mean
carbonation degree (X¢,) as:

carb cale
(’"w — My 1) MW .0

XeallV) = MW

1

"lglf.lx('u()
where N is an index for the cycle number, me? and me®¢ represent the
overall weight of the carbonated and calcined sample, respectively, Xcq0
is the mass fraction of CaO in the calcined sorbent (see Table 1), MW
stands for molecular weight.

Mean carbonation degree data were further processed to compute
the average energy storage density (Egp) following the methodology
described in Di Lauro et al. [52]. Computed values account for both the
chemical heat and sensible heat contributions.

Data of Particle Size Distribution (PSD) were post-processed to
evaluate the mean Sauter diameter.

The curves of pressure drop vs. superficial gas velocity were analyzed
to compute the minimum fluidization velocity of the calcined and
carbonated particles.

Finally, samples of lime retrieved after the last calcination step were
subjected to X-Ray Diffraction (XRD) analysis, performed using a Rigaku
MiniFlex 600 instrument, and to No-intrusion porosimetric analyses to
investigate differences in specific surface area (through BET theory),
total pore volume and pore size distribution (through BJH theory).

4. Results
4.1. Sorbent carbonation degree

Fig. 4 shows the mean carbonation degree of the sorbent obtained in
the different experimental tests (EP #1, #2 and #3). It is possible to
observe that the mean carbonation degree decreases along with reaction
cycles. Sintering phenomena and loss of reactivity are induced by the
high temperature and high CO, concentration experienced by the sor-
bent during both reaction steps. With reference to experimental tests
performed in the directly irradiated FB (EP#1 where solid inventory
includes limestone and sand), X, decreases from about 61% (N = 1) to

96

Chemical Engineering Journal 466 (2023) 142708

100 T T T T T T T T T
Bed inventory: Limestone and sand
< 901 @ Directly irradiated FB 1
‘:: 86 ®  Electrically heated FB
T ) -
Q
X< - Bed inventory: Limestone ]
8 A Electrically heated FB
g 60 —— Modelling curve (Eq. (2)) )
c 504
Ke]
T 40
8
5 304
[$)
S 204
)
= 104
0 T T T T T T T T

T
0 2 4 6 8 10 12 14 16 18 20
Cycle [#]

Fig. 4. Mean carbonation degree of the sorbent as a function of the cycle
number and of the adopted operating conditions.

about 4% (N = 20), with an average value of 14% over the whole 20
reaction cycles. Performance of the tests carried out in the electrically
heated FB with a bed inventory of limestone and sand (EP #3) do not
differ sensibly: X¢, decreases from about 60% (N = 1) to about 8% (N =
20), with an average value of 16% over the whole reaction cycles. The
slightly worse performance achieved in the directly irradiated FB may be
caused by the overheating of the bed surface induced by the highly
concentrated solar radiation, as observed in previous research studies
[11]. The temperature difference between the “middle” and “up” ther-
mocouple ranged within 13.4 + 3.2 °C across the different tests. The bed
surface overheating was not measured in this work, but according to
previous experimental studies it can be as high as 80 °C in the centre of
the FB [11,41]. Differently, the tests performed in the electrically heated
FB with a bed inventory of limestone only (EP #2) show better perfor-
mance in terms of sorbent reactivity. The mean carbonation degree
decreases indeed from about 62% (1% cycle) to about 14% (20‘h cycle),
with an average value over the whole 20 cycles of about 25%. This was
an unexpected result that needed further investigation. In particular, it
was scrutinized in literature a possible chemical interaction between the
silica sand constituents and lime particles, with the formation of
unreactive compounds, which can subtract reactive CaO, and induce a
loss of reactivity. Dicalcium silicate (CazSiOg, i.e. belite), one of the
main constituents of the Portland cement clinker [73,74], is formed
when raw meals for cement production are used as sorbents in CaL
process for CO, capture [75]. It was claimed that its formation reduces
the CO, sorption capacity of the cement raw meals subtracting CaO sites
available for the carbonation reaction [76]. Valverde et al. [77] also
observed the formation of calcium silicates from the interaction of a
calcium-based sorbent and a SiOz nanostructured powder under CaL
conditions. However, in this case the addition of nanostructured SiOy
increases the carbonation degree improving the CO; accessibility to the
CaoO sites. Experimental data plotted in Fig. 4 shows a detrimental effect
of Ticino silica sand on lime reactivity, in analogy with the findings
obtained with cement raw meals used in CaL process for CO, capture
[75]. A further consequence of this result is related to the use of addi-
tives, devoted to improving the fluidizability of small particles of lime-
stone and/or its optical performance in terms of absorption of
concentrated solar energy. Their addition to sorbent particles should be
carefully evaluated because of possible interaction with lime and
consequent decrease in reactivity.

Post-processing of X¢q(N) data has been carried out by postulating
here the following IAD “Initial Activity Decay” equation:
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Fig. 5. Fitting of experimental carbonation degree data by the IAD Eq. (2).

Table 2
Values for the decay constant (IAD model) for the cases under investigation.
k2 [ R*[-]
Limestone and sand inventory 0.91 0.97
Directly irradiated FB
Limestone and sand inventory 0.69 0.98
Electrically heated FB
Limestone inventory 0.46 0.97
Electrically heated FB
Xcu(N) = kyN™* (2)

where kj is the initial activity constant, that measures the efficacy of the
sorbent when N =1 (X¢o(N = 1) = ki), and k> is the decay constant that
considers the resistance of the sorbent to sintering phenomena (the
higher k», the worst the sintering resistance). While Fig. 5 shows data
fitting, Table 2 lists the best-fitting values for k2 (along with the values
for the coefficient of determination). Sintering resistance for the sorbent
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Fig. 6. Average energy storage density up to the reaction cycle considered vs.
reaction stage, under the adopted operating conditions.
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in the case of limestone inventory and electrically heated FB (EP #2)
resulted ca. 33% and 49% higher vs. the cases with limestone and sand
inventory (electrically heated (EP #3) and directly irradiated FB (EP
#1), respectively), to confirm the ranking discussed above.

4.2. Density of energy storage

Fig. 6 shows the average values of energy storage density up to the
reaction cycle considered vs. reaction cycle, for the different experi-
mental runs. Data were computed under a conservative scenario by
considering the loose density of limestone, which is about 13% lower
than the tapped density value [52]. The energy storage density of the
molten salts is also plotted as reference material, though a more
comprehensive comparison should also account for the different tech-
nology and operating conditions of the two processes (i.e., thermal en-
ergy storage with molten salts and TCES with CaL). For the tests with a
bed inventory of limestone and sand, the average values of Egp are quite
similar for the two experimental rigs and decrease from about 1550 MJ
m ™2 (1 looping cycle) to 485 MJ m™~ (20 looping cycles). Under these
process conditions, the CaL system outperforms the molten salts one
only up to an average sorbent life of 6 cycles. From the 8th cycle on-
wards, the molten salts system appears to be superior. Data obtained in
this study appear to be worse than those shown in Di Lauro et al. [52] for
limestone in closed loop configuration, where carbonation was per-
formed at 650 °C and 15 %, CO,. This arises because of: i) a slightly
lower reactivity of the sorbent in the present study, probably induced by
the higher temperature and CO» concentration experienced during
carbonation (mean carbonation degree at the 20" reaction cycle is of
13.7% in this work vs. 15.3% in Di Lauro et al. [52]); ii) a lower amount
of sensible energy storage in this work (to perform carbonation, CaO is
cooled from 950 °C to 850 °C in this work and from 950 °C to 650 °C in
Di Lauro et al. [52]). Data of Egp obtained with a bed inventory of
limestone only are slightly better, especially at increasing looping cy-
cles. Values decrease from about 1575 MJ m > (1 looping cycle) to 710
MJ m~2 (20 looping cycles). Even if the performance in terms of Egp is
comparable to that of molten salts when an average sorbent life of 10-20
cycles is considered, it should be recalled that, in this CaL process,
thermal energy at the carbonator is released at a much higher temper-
ature (i.e., 850 °C), with a consequent higher overall efficiency in the
subsequent thermodynamic cycle for energy production. Moreover, the
share of chemical heat storage over the total is very high. It values about
91% at the first cycle for all the tests, and decreases to 79% (10 looping
cycles) and 70% (20 looping cycles) for the tests performed with a bed
inventory of lime and sand, and to 84% (10 looping cycles) and 80% (20
looping cycles) for the tests performed with a bed inventory of limestone
only.

4.3. Particle size distribution

Fig. 7 shows information on the attrition/fragmentation of the bed
inventory for the experimental runs performed in the electrically heated
FB. Data are plotted either as cumulative PSD for selected calcination
stages (Fig. 7-A) or as mean Sauter diameter (dsquer) VS. reaction
number (Fig. 7-B).

Figure 7-A highlights a progressive fragmentation/shrinkage of
limestone particles along with reaction cycles. Particles mostly shift
from the 420-590 pm to the 300-400 pm size range, whereas the mass
fraction of smaller size ranges (less than 300 pm) only slightly increases.
The effect is more pronounced for the tests performed with a bed in-
ventory of limestone and sand, suggesting that the presence of sand
enhances the fragmentation/shrinkage of limestone particles. Particle
size reduction appears to be mostly concluded at the 10™ calcination for
tests with a bed inventory of limestone only, as the PSD for the 10" and
20™ calcined samples mostly overlap. Differently, when the bed in-
ventory of limestone and sand is used, the PSD for the 10™ and 20
calcined samples still shows significant differences. Discussed data are
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Fig. 7. A) Cumulative particle size distribution for selected calcination stages (CALC-0 refers to the samples after the initial calcination); B) Mean Sauter diameter of
the bed inventory vs. reaction number (reaction number O refers to the starting limestone samples).

further confirmed by the trend of dgayter highlighted in Fig. 7-B. Starting
from the 505 pm value of the limestone samples fed to the reactor, dgayter
decreases to about 475 pm and 425 pm for the tests with a bed inventory
of limestone only and limestone and sand, respectively. With regards to
tests with limestone only, the value of 475 pm is approached already at
the 10" reaction step (corresponding to the 5% carbonation). Differ-
ently, tests with a bed inventory of limestone and sand show a first
stabilization of dgaycer at about 450 pm from the 10 reaction step on,
followed by a second decrease towards 425 um from the 30" reaction
step on, which suggests a further weakening/shrinkage of the material
structure upon iterated reaction cycles. Fig. 7 also highlights that, in
both tests, the fraction of material below 150 pm is mostly negligible, as
it always accounts for less than 1%. It is reasonable that finer particles
are also formed during the process, but are elutriated from the system.
For this reason, the make-up stream of fresh limestone used in the
process (see Fig. 1), should be intended to also compensate for this net
mass loss [67].

4.4. Particle density

Fig. 8 shows the bulk density of limestone particles after each
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Fig. 8. Bulk and particle density of limestone particles for calcined and

carbonated samples, in tests performed with a bed inventory of limestone and
sand, and limestone only.
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reaction step for the tests performed with the bed inventory of limestone
and sand and limestone only. As expected, the density values of calcined
particles are always lower than those of the corresponding carbonated
ones. However, the trend of density with reaction stage quite differs for
the two experimental tests. Indeed, in tests with sand, the density of the
calcined particles increases along with reaction cycles, whereas that of
the carbonated particles is mostly constant after a decrease during the
very first cycles. Differently, in tests without sand, the density of the
calcined particles is mostly constant after an increase during the first
reaction cycles, whereas that of the carbonated particles decreases along
with the reaction cycles, especially during the first 8 carbonation steps.
Further, for both carbonated and calcined particles, the density values
obtained in tests with sand are always higher than those obtained in tests
without sand. Data obtained when working with the bed inventory of
limestone only are probably the easiest to explain: the density of
carbonated samples decreases with reaction cycles because of the lower
carbonation degree as the number of cycles progresses, whereas the
density of calcined samples is mostly constant after a first increase
resulting upon loss of porosity. Differently, data obtained when working
with sand show that the density of the calcined samples increases
because of the interaction with sand, whereas that of the carbonated
samples remains mostly constant because the decrease induced by the
lower carbonation degree is offset by the increase induced by the
interaction with sand. This explanation is further corroborated by the
higher density values detected in tests with sand. Data were post-
processed to evaluate the density increase that could have been
induced from belite formation, quantitatively evaluated on the basis of
the reduction of carbonation degree [75,76] with respect to the tests
without sand. It was found that the formation of belite can only justify an
increase of 5% of materials density. It is noteworthy that the sand may
also physically act on the sorbent particles reducing their porosity and,
in turn, increasing the particle density of both calcined and carbonated
samples.

The bulk density of the calcined and carbonated samples upon iter-
ated cycles has been further worked out to better correlate the physical
properties of the granular solids along the course of the CaL process. In
particular, the obtained data can be used to estimate the mean conver-
sion degree during the carbonation step, and the particle density and
porosity of the calcined and carbonated samples, upon calcination/
carbonation iterated cycles.

The mean carbonation degree can be calculated exclusively by the
bulk density of batches of calcined and carbonated particles once it is
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assumed that the volume occupied by the granular solids does not
significantly change during each single carbonation step. Equation (1)
can then be rearranged as:

MW cao
XcaoMWceo,

(3)
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where p°® and p°® are the bulk density of the carbonated and calcined

particles, respectively, and V*® and V*“¢ represent the volume occupied
by the bed of carbonated and calcined particles, respectively. The results
obtained from Eq. (3) are reported in Fig. 4 and, thereby, compared with
the conversion degree calculated by Eq. (1). The comparison highlights
that the method based on the measurements of bulk densities accurately
agrees with the data obtained from samples weight. This result can be
used to set up alternative methods to estimate the conversion degree
during the carbonation step in, even large-scale, CaL systems, simply
sampling the granular solids both first and after each carbonation step.
The particle density of the calcined and carbonated materials at a
generic N cycle, pii© and psa®, respectively, can be estimated from the
corresponding bulk densities by the following equations:
cate __PN" carb _ PR

PN =1 gt PNy =T gar “

— ety — Epedn
where &2, and ¢ are the bed voidage during the bulk density
measurement for the calcined and carbonated materials at a generic N
cycle, respectively. Assuming a constant bed voidage equal to 0.41, a
typical value for packed bed, the particle density can be easily evalu-
ated, and the obtained data points can be read in Fig. 8 together with the
bulk density values.

The particle porosity of the calcined and carbonated particles, in
turn, can be calculated by the following equations, assuming as refer-
ence the density of pure CaO for the calcined particles, and a mean value
(based on the carbonation degree) between the density of pure CaO and
CaCOs, for the carbonated particles:
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where pgqo and peaco, are the density of pure CaO and CaCOs, set equal
to 3340 kg m > and 2710 kg m 2, respectively. It is worth to note that
the contribution of solid compounds, formed by the chemical interaction
between lime and silica sand, to the absolute particle density has been
neglected.

Finally, it can be defined as “reactive” the porosity that vanishes
during the carbonation step as:
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The “reactive™ porosity represents the internal porosity of the par-
ticles, which is occupied by the CO, molecules reacting with CaO to form
CaCO3 during the carbonation step. The particle porosity and the
“reactive” porosity are shown as a function of the reaction stage in Fig. 9
for all the investigated conditions.

Data in Fig. 9-A counter-mirror those of Fig. 8. The analysis of the
data of particle porosity for the samples obtained processing only
limestone particles highlights, as also reported in literature [78], that
the reduction of reactivity of limestone is due to the reduction of
porosity of the calcined particles during the first cycles, and the con-
current sintering of the carbonated particles along the iterated cycles.
The porosity of carbonated particles increases upon iterated cycles in
agreement with a larger amount of porosity no more accessible by CO2
molecules during carbonation. A different scenario appears when
analyzing the experimental data of the tests carried out using limestone
with silica sand particles. The interaction with silica sand particles
strongly influences the phenomenology: the porosity of calcined parti-
cles steadily decreases along the iterated cycles, whereas the porosity of
carbonated particles increases only during the first cycles. Moreover, in
presence of sand, particle porosity values are remarkably lower than the
corresponding ones in the case without sand. The “reactive” porosity
trend along iterated cycles (Fig. 9-B) confirms what already observed,
and highlights a difference in the “reactive” porosity of about 0.04 in
favour of the only limestone case.
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Fig. 9. Particle (A) and “reactive™ (B) porosity of limestone particles for calcined and carbonated samples in tests performed with a bed inventory of limestone and

sand, and limestone only.

99



Operational optimization of a Calcium Looping-based thermal storage system in concentrated solar power plants

C. Tregambi et al.

+ Lime (PDF # 37 1497) e Quartz (PDF #46 1045)
# Si/Al mixed oxides

L B S S R R S S O N S B B B

03

RN CREARE RER AGARREC IR
JERERANS Y Y CINBAN -’L..JUL. J_J
| LRt

1l

Pl Eafl | li :
S T U ARV U VN LA
i . : :

* e, o

L&S

S

——r T T T T

10 20 30 40 50 60 70 80 90
Diffraction angle (260) [°]

Fig. 10. XRD profiles of: lime samples retrieved after the last calcination step in
the electrically heated FB, for tests performed with a bed inventory of limestone
only (L) and limestone and sand (L&S); pure sand (S).

4.5. XRD and visual analyses

Fig. 10 shows the XRD profiles of the lime samples retrieved after the
last calcination step for the tests performed in the electrically heated FB,
together with that of pure sand. It is possible to observe that:

- the XRD spectrum of the sand exhibits several characteristics peaks
of quartz (SiO5), and a few minor peaks related to other compounds
and impurities present in the sample;

- the XRD spectrum of the calcined sample retrieved from the tests

performed with a bed inventory of limestone only exactly matches

the crystalline signature of lime (CaO);

the XRD spectrum of the calcined sample retrieved from the tests

performed with a bed inventory of limestone and sand exhibits, apart

from the peaks related to lime, several additional peaks that match
either those of quartz, or those of the other compounds found in the
sand.

XRD data seems to rule out a bulk chemical interaction between sand
and lime since no peaks related to new crystalline phases were detected.
It is likely that a potential chemical interaction takes place only at the
particle surface, given the sizes of sorbent and sand particles used in this
study. For the sake of completeness, it should be underlined that sand-
derived peaks found in the calcined sample may arise, apart from very
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fine sand particles trapped in the lime pores, also from sand particles
that, upon iterated attrition/fragmentation, approached the size of lime
ones and were thus not trapped by the sieves. A quantitative XRD
analysis was also performed to assess the extent of sand contamination,
and of belite formation. Belite formation was again not detected while
the sand percentage turned out to be 5-6%. Such low values cannot
justify the density differences observed in the two samples, and support
the discussion on the reduction of particles porosity previously high-
lighted (see §4.4).

Fig. 11 shows a picture of these three samples. The comparison
highlights that lime particles retrieved from the test performed with a
bed inventory of sand and lime features a slightly darker colour, prob-
ably as a consequence of the physical and chemical interaction with the
sand.

4.6. Porosimetric analyses

The results of the porosimetric analyses reveal that the specific sur-
face is quite low in all the samples (1-2 m? g~ 1) calcined at the 20"
cycle, and similar to values reported in other studies under severe
calcination conditions [41]. The cumulative pore volume distribution of
the different samples is, instead, shown in Fig. 12. The lime sample
processed in the electrically heated FB without sand, that is the best in
terms of mean carbonation degree, is characterized by the highest value
of total pore volume (0.165 cm® g'l), mostly of which are mesopores
(~88%). When lime is processed together with sand, the distribution is
quite different depending on the reactor used. Lime processed in the
electrically heated FB, that has intermediate performance in terms of
mean carbonation degree, has the lowest value of total pore volume
(0.047 cm® g~ 1) but a significant share of both micropores and smaller
mesopores (~80%), probably formed due to the sand/sorbent interac-
tion. Differently, lime processed in the directly irradiated FB, that has
the worst performance in terms of mean carbonation degree, has an
intermediate value of total pore volume (0.106 cm® g1), but half of
them are macropores and are thus less relevant for the reactivity of the
material. The formation of larger pores may have been induced by the
thermal sintering due the bed surface overheating produced by the
simulated solar radiation. It seems that the sand/sorbent interaction
might have played a less important role in these tests, probably due to
the different hydrodynamics related to the larger scale of the used
reactor.

4.7. Minimum fluidization velocity

Fig. 13 shows the minimum fluidization velocity of carbonated and
calcined samples in tests performed using a bed inventory of limestone
only (EP #4). 1t is recalled that data were acquired at the process tem-
perature of the reaction step (i.e., 850 °C for carbonation, 950 °C for
calcination), using CO, as fluidizing gas. The trend of the minimum
fluidization velocity recalls that of the bulk density (see Fig. 8). For
calcined samples, the minimum fluidization velocity slightly increases

Fig. 11. Picture of: lime samples retrieved after the last calcination step in the electrically heated FB, for tests performed with a bed inventory of limestone only (L)

and limestone and sand (L&S); pure sand (S).
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Fig. 12. Cumulative pore volume distribution of the different samples, after the last calcination step.
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Fig. 13. Minimum fluidization velocity for calcined and carbonated sorbent
samples at the relevant process temperature, using CO, as fluidizing gas, ob-
tained from experimental data and theoretical approach.

from an initial value of about 6.5 cm s~ ! (initial calcination) to about 7
em s~ ! (20" reaction stage). Conversely, for carbonated samples, the
minimum fluidization velocity decreases from about 10.2 ¢cm st a
reaction stage) to about 8.5 c¢cm st (20rh reaction stage). Overall, a
difference between the minimum fluidization velocity of carbonated and
calcined samples of about 3.7 cm s~ ! can be inferred for more reactive
particles, which decreases to about 1.5 cm s for less reactive ones. The
obtained experimental data were compared with those calculated by the
semi-empirical correlation proposed by Grace (Eq. (7)) [72]:

&p(p, —p)g]"”

dytty PPy~
bl _ 127,22 + 0.0408 222

u

=272 7)

where d, is the particle diameter, un,sthe minimum fluidization velocity,
p and p, the gas and particle density, respectively, 4 the dynamic gas
viscosity, and g the gravitational acceleration. Particle size and density
data used in Eq. (7) are those reported in Fig. 7-B and 8, respectively.
The comparison shows a very satisfactory agreement, confirming the
approach proposed with Eq. (4). According to these data, it could be
speculated that a solid-solid fluidized bed separation may be feasible at
least to some extent, to separate the more reacted particles from the less
reacted ones. The exploitation of a fluidized bed classifier, already
proposed in literature [70], could be explored for an efficient separation
of the investigated granular solids.

5. Discussion

On the whole, the analysis of the experimental results discussed in
the present work returns two key findings.

Co-processing of limestone with silica sand reduces the lime reac-
tivity, as inferred from the lower values of mean carbonation degree.
Post-process of density data, together with Na-intrusion porosimetric
analysis, and quantitative and qualitative XRD analyses, suggests that
this effect is mainly due to a lime/sand mechanical interaction that in-
duces a strong reduction of the total and reactive sorbent porosity. A
chemical interaction between CaO and silica sand constituents, not
detected by XRD analyses, might only occur at particle surface and to a
small extent, and could not justify alone the decay of reactivity observed
when coprocessing lime with silica sand. The detrimental effect of this
interaction on the CaL performance poses concerns to the use of addi-
tives to improve the fluidizability of small particles of limestone and/or
to improve its optical performance in terms of absorption of concen-
trated solar energy. Under the tested conditions, the density of energy
storage of limestone co-processed with silica sand becomes lower than
that of the molten salts after 7 reaction cycles. However, the stored
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energy can be released at higher temperatures, allowing for higher
process efficiency in the thermodynamic cycle for energy generation,
and is retained in a more stable form, suitable also for seasonal energy
storage. Using a bed of only limestone may produce better results, as the
density of energy storage is only slightly lower than that of molten salts
after 20 cycles. However, this solution might require more efforts in the
design of the receiver to reduce the share of reflected or unabsorbed
solar energy, by considering for instance “creative” and non-
conventional solar particle receivers [8,79,80]. According to these
findings, it is advised to consider materials different from sand, if ad-
ditives need to be used. A good inert material should perform a twofold
task. On one side, it should increase the absorption of solar energy, as
natural limestone particles have a poor solar optical absorption. On the
other side, it should not chemically/physically interact with limestone
particles, and possibly shield them from the high concentrated solar
radiation. In this way, the performance of the process might reach the
higher values obtained in this study with pure limestone and electrical
heating. Alternatively, synthetic CaO-based sorbents should be consid-
ered. Thanks to the addition of inert stabilizers and/or promoters, these
materials are characterized by a lower decay of reactivity over cycling
and feature thus higher energy storage densities [27,42]. It is note-
worthy that the doping of CaO-based sorbents has been recently tar-
geted to also increase the absorption of solar energy [42,58,59], thus
simultaneously counteracting two relevant drawbacks of the CaL cycle
for TCES. Finally, it is also recalled that the average life of the sorbent
particles in a continuous CaL process is controlled by the fraction of the
purge and make-up streams (see Fig. 1). Typically, a purge fraction of
5-10% of the looping streams is considered in literature [67,68] and, in
turn, the sorbent particles experience about 20-10 calcination/carbon-
ation cycles, respectively, before they are purged. Thus, in any case, a
sudden reactivity decay of sorbent can always be counterbalanced by a
further increase of the make-up/purge fraction, which decreases the
average life of the sorbent particles and thus increases their energy
storage density [41,52]. It is noteworthy that the purge stream of spent
sorbent particles does not represent a net energy loss for the process, as it
can be reused as raw feedstock in the cement industry [41,73,81,82].

Carbonated and calcined particles are characterized by a different
density and porosity, that results into a sufficient difference in their
minimum fluidization velocity. This difference may be exploited for the
design of a fluidized bed classifier that recycles unreacted or less reacted
particles to the carbonator. In this way, it would be possible to maximize
the efficiency of the process by ensuring the maximum carbonation
degree of sorbent particles, and by avoiding the circulation of streams of
unreacted particles through the plant. It is noteworthy that the effective
advantage brought by the classifier is strictly related to the material
reactivity and resistance to sintering over cycling. When the reactivity of
the material abruptly decreases over cycling the efficacy of the classifier
is probably lower, as the increase in conversion degree that could be
obtained from the material recycling is smaller. However, synthetic
sorbents feature a much stronger resistance to sintering, and are able to
preserve better their initial reactivity over cycling. In this case, the
contribution of the classifier to the overall process efficiency may be
much higher.

Further tests will be performed in future works to fully demonstrate
the feasibility and efficiency of the FB classifier, and to estimate its
contribution to the overall efficiency of the process. Moreover, different
inert materials will be tested in mixture with lime, and in different ratio,
to scrutinize their potential advantages and drawbacks in the CaL pro-
cess for TCES.

6. Conclusions
The calcium looping process integrated with TCES has been inves-
tigated focusing the attention on the closed loop COz scheme with

carbonation/calcination at 850/950 °C under pure CO. In particular,
the conditions needed for the addition of a solid-solid separation unit
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after the carbonator to separate converted and unconverted particles
and, consequently, to increase the process efficiency, have been
analyzed. The experimental tests, performed in the directly irradiated
FB, show that the mean carbonation degree decreases from about 61%
ast cycle) to about 4% (20Lh cycle), with an average value of 14% over
the whole 20 reaction cycles. Similar results are obtained in the elec-
trically heated FB with a bed inventory of limestone and sand. Differ-
ently, the tests performed in the same reactor with a bed inventory of
limestone show superior performance: the mean carbonation degree
decreases indeed from about 62% (1% cycle) to about 14% (20‘h cycle),
with an average value over the whole 20 cycles of about 25% (data were
confirmed by evaluation of the deactivation constant, obtained by the
application of an initial activity decay equation). It seems that the
chemical interaction of CaO with the silica sand constituents at the
process temperatures is not the main responsible for the loss of reactive
CaO toward CO, uptake. Instead, post-process of particle density data,
together with Na-intrusion porosimetric analysis, and quantitative and
qualitative XRD analyses, suggests that the sand/lime mechanical
interaction induces a strong reduction of the total and reactive sorbent
porosity that is the main responsible for the strong decay of reactivity.
The detrimental effect of this interaction on the calcium looping per-
formance poses concerns to the use of additives to improve the fluid-
izability of small particles of limestone and/or to improve its optical
performance in terms of absorption of concentrated solar energy. For the
tests with a bed inventory of limestone and sand, the average values of
energy storage density are quite similar for the two experimental rigs
and decrease from about 1550 MJ m (1 looping cycle) to 485 MJ m 3
(20 looping cycles). Instead, with a bed inventory of limestone, the
values decrease from about 1575 MJ m > (1 looping cycle) to 710 MJ
m ™2 (20 looping cycles). The performance in terms of energy storage
density is comparable to that of molten salts when an average sorbent
life of 10-20 cycles is considered. However, it should be recalled that, in
this CaL process, thermal energy at the carbonator is released at a much
higher temperature (i.e., 850 °C), with a consequent higher overall ef-
ficiency in the subsequent thermodynamic cycle for energy production.
The main properties of calcined and carbonated particles significantly
change in terms of particle density, size and porosity, if the limestone is
processed with silica sand fluidized particles. Finally, the measurements
of minimum fluidization velocity of calcined and carbonated particles
upon iterated cycles of calcination and carbonation show that a solid-
—solid separation based on particle density difference may be conceived
by a fluidized bed classifier already proposed in literature [70].
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Abstract: Thermal energy storage (TES) is the most suitable solution found to improve the concentrat-
ing solar power (CSP) plant’s dispatchability. Molten salts used as sensible heat storage (SHS) are the
most widespread TES medium. However, novel and promising TES materials can be implemented
into CSP plants within different configurations, minimizing the TES costs and increasing the working
temperature to improve the thermal performance of the associated power block. The first objective of
this review is to provide an overview of the most widespread CSP technologies, TES technologies
and TES-CSP configurations within the currently operational facilities. Once this information has
been compiled, the second aim is to collect and present the existing European and North American
TES-CSP Research and Development (R&D) projects within the last decade (2011-2021). Data related
to these projects such as TES-CSP configuration path, TES and CSP technologies applied, storage
capacity, power block associated and the levelized cost of electricity (LCOE) of the commercial
up-scaling project are presented. In addition, project information such as location, research period,
project leader and budget granted are also extracted. A timeline of the R&D projects launched from
2011 is built, showing the technology readiness level (TRL) achieved by the end of the project.

Keywords: concentrating solar power; thermal energy storage; TES CSP integration paths; TES CSP
R&D projects

1. Introduction

One of the most important measures to mitigate greenhouse gases (GHG) emissions
is to increase the share of renewable energy sources (RES) in the energy mix, according
to the Intergovernmental Panel on Climate Change (IPCC) [1]. At the end of 2021, the
renewable energy share in global electricity production was 28.3% with a renewable power
capacity exceeding 3000 GW, including hydroelectric power. The annual contribution to
renewable power capacity must be multiplied by three to achieve the scenarios of net zero
emissions by 2030 and 2050 [2]. Higher daily production of RES could be achieved if those
issues related to the variability of electricity production were solved through the storage of
energy surplus.

RES which directly supplies electricity to the grid, such as photovoltaic solar power
or wind power, may be combined with electromechanical or electrochemical storage sys-
tems leading to efficiencies of the load/discharge cycle up to 90% [3]. In contrast, con-
centrating solar power (CSP) plants which supplies thermal energy to the power cycle,
obtain yields close to 100% through their combination with thermal energy storage (TES)
systems [3,4]. Furthermore, the capital cost of TES is lower than mechanical or chemical
storage systems [5]. The most widespread storage materials used in TES systems are the
molten salts which allow for the extension of the operating hours of CSP plants by storing
energy as sensible heat during daylight hours. However, thermochemical energy storage
(TCES) systems could enable higher conversion efficiencies in CSP plants in the medium—
long term [6]. Although the CSP installed capacity in 2021 (6 GW) was significantly lower
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than the installed capacity of other RES, the average CSP costs in plants with integrated
TES have dropped by 70% in the last decade [2]. The construction of CSP plants in the last
decade has grown exponentially throughout the world, indicating an optimistic future for
the solar-based RES [7]. Therefore, CSP with TES is emerging as a potential competitor
of conventional base load plants, such as fossil fuel power plants [8]. The latest research
highlights the importance of techno—economic studies to promote the implementation of
TES in CSP. However, the environmental aspect scarcely appears in the literature, even less
complete life cycle assessments [9]. Thus, the first objective of this review is to describe the
most advantageous integration pathways of TES into CSP plants.

A thorough bibliographic search points out that recent reviews dealing with en-
ergy storage technologies coupled with CSP plants may be divided into two categories:
(i) latest advances in CSP and TES technologies and (ii) integration concepts. Several
studies focus on the most widespread CSP technologies and the future trends in research
development [10-13], including an overview of the distribution of CSP facilities by
regions [7]. Regarding TES technologies, the reviews were focused on sensible, latent
and thermochemical energy storage materials developed since 2000 [14] and the future
challenges to be integrated into CSP [15]. The latest research on sensible heat storage
was related to (i) the discussion of the best integration of molten salts medium [5], (ii) the
potential of solid particles as a heat transfer medium and TES [16] and (iii) the proper future
use of cheaper materials such as rocks [17]. The latent heat storage for high temperature
operation was investigated to, firstly, overcome challenges of coupling to CSP [18] and to
define the phase change materials capable to be used in CSP application [19]. The recent
advances on thermochemical reactions as TES for CSP are the most investigated in the
last 5 years, given the high operating temperature and long-term durability of solid—gas
reversible reactions [20]. Most recent reviews were focused on the most suitable reactors for
enhancing heat transfer [21] and chemical reactions efficiency [22]. Secondly, the integration
between TES and CSP was defined according to the conventional configurations of first
and second generation CSP plants [11,23], requiring new integration concepts for the next
generation of CSP plants [24]. In summary, previous reviews focused on TES CSP config-
urations of currently operational facilities from prototype to commercial scale (first and
second generation) and novel trends for TES integration in the next CSP generation. The
main gap found among these reviews is the existence of a thorough summary of completed
and ongoing research and development (R&D) projects of TES integrated in CSP plants.
Thus, the second objective and the main novelty of this revision manuscript is to present
a complete international picture of the TES CSP R&D projects from Europe and North
America within any technology readiness level (TRL), from lab/pilot to almost commercial
scale. Both regions concentrate 65% of the installed capacity of CSP plants currently in
operation [25]. Thus, Europe and North America have been the world regions chosen for
the review of R&D projects for being at the forefront in the development of CSP technology.

A bibliometric study was performed to search the references for the following sections
in the present manuscript (Sections 2 and 3). The Web of Science database was selected
for citations belonging to Section 2, focused on CSP and TES technologies, as well as the
most spread integrations of TES into CSP plants. In addition, the SolarPACES tool [25] was
required to obtain the project profiles of operational CSP facilities around the world. The
information about R&D projects in Section 3 was extracted from other databases, such as
the Community Research and Development Information Service (CORDIS) [26] and Solar
Energy Research Database from the Solar Energy Technologies Office (SETO) [27]. CORDIS
provides results from R&D projects funded by the EU’s framework programmes, while
SETO collects all the active and inactive R&D projects awarded by the U.S. Department
of Energy. Table 1 shows the different keyword combinations used to select the scientific
references appearing in the present review.
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Table 1. Search map to extract information on CSP and TES technologies.
Excluded Main Search Complementary Search Total Papers in the Last
Phrase Phrase Phrase Papers 5 Years (2018-2022)
Review 381 191
Review + Technologies 212 112
Review + Thermal energy storage 137 78
Review + Sensible heat storage 28 17
Photovoltaic ~ Concentrated solar power  Review + Latent heat storage 31 18
Review + Thermochemical energy storage 34 19
Thermal storage configuration 207 104
Thermal energy storage + Active system 22 12
Thermal energy storage + Passive system 15 6
The keywords shown in Table 1 were used to collect the citations related to CSP
and TES. The excluded phrase for all searches performed is ‘photovoltaic’ and the main
phrase ‘concentrated solar power’ is the base word used for all searches. Both main and
complementary phrases were searched for as topics in the Web of Science database. The
total scientific papers found by each row search are also presented in Table 1. Most of the
publications are found by more than one search row, being the sum of all articles higher
than the total papers. Moreover, cross references are removed from the present review. At
least 88 scientific articles within total papers found have been used to describe the CSP and
TES review information, of which 41 were published in the last 5 years from 2018 to 2022.
Table 2 shows the total number of CSP facilities and TES CSP R&D projects found
under a proposed keyword map for each research tool: SolarPACES, CORDIS and SETO.
Table 2. Search map to found TES CSP facilities and R&D projects.
Research Search by Total TES Total TES CSP
Tool CSP Facilities R&D Projects
SolarPACES Operational status 119 -
Operational status + Thermal energy storage 61 -
CORDIS Concentrated solar power + Energy storage - 46
SETO Concentrated solar power + Thermal energy storage + Inactive - 38
Concentrated solar power + Thermal energy storage + Active - 31

The operational CSP plants described in the present review were extracted from the
SolarPACES database tool. Most of the information appearing in the profile of each CSP
facility has been used throughout this manuscript. Some of the found TES CSP R&D
projects: (i) contain duplicate information, or (ii) are out of scope, being related to topics
such as photovoltaics or building air-conditioning. Thus, a total of 41 TES CSP R&D projects
have been collected from CORDIS and SETO research tools for the present review.

2. Potential Integration of TES in CSP Plants

The typical configuration of an integrated TES CSP plant is illustrated in Figure 1,
including the three main blocks of these systems: (i) solar field, (ii) power cycle and
(iii) transport media/storage system [28]. This section provides a brief description of the
solar collectors and thermal energy storage available technologies and a critical discussion
of pros and cons of these technologies and their potential combinations.

Current operation of CSP plants is analogous to conventional thermal power plants,
except for the use of solar radiation as a thermal energy source to produce electrical energy
through an associated power cycle. A working fluid transfers the thermal energy, circulating
between the solar field and the power block. The solar field is composed of concentrators,
to improve the use of solar radiation, which is concentrated and projected onto a receiver
to heat up at high temperature the working fluid [29]. The typical power block associated
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with a CSP plant is the steam Rankine cycle. Most of the existing operational CSP plants
use a steam turbine for power generation [25]. However, the trend in recent research is to
couple CSP with CO;-based power cycles: Brayton [30,31] and supercritical (sCO2) [32],
improving the overall efficiency of the CSP plant. Besides, the integration of TES in CSP
plants will improve their dispatchability when solar radiation is only partially available
or during the night [10]. More than half of the total CSP plants which are currently under
operation around the world integrate TES systems. Commercial plants represent around
80% of the currently ongoing CSP facilities with TES. The rest of TES CSP facilities are
divided among demonstration plants (13%), pilot plants (6%) and prototypes (1%) [9].
Both, the first and second generation of CSP plants have contributed to the development
of current commercial CSP facilities, contemplating (i) the direct steam production in the
receiver and (ii) higher volumes of molten salt-based storage. The next (third) generation
of CSP plants will focus on the research of (i) new non-corrosive TES materials with high
heat absorption and high operational durability, (ii) new HTFs with high-temperature and
high-degradability resistance and (iii) more efficient power blocks, such as Brayton and
supercritical [33].

‘Q} == Hot Fluid e*+==+
= Cold fluid ==+==-

THERMAL ENERGY

STORAGE SYSTEM:
SOLAR FIELD: L. Sensible Heat POWER CYCLE:

II. Latent Heat

Collectors and receiver 111 Thermochemical Energy

Electricity production

Figure 1. Main elements of an integrated TES CSP plant.

2.1. CSP Technologies

Table 3 shows the main characteristics of the most widespread concentrating solar
technologies in CSP plants classified as: (i) parabolic trough collectors (PTC), (ii) linear Fres-
nel reflectors (LFR), (iii) solar power towers (SPT) and (iv) parabolic dish collectors (PDC),
where PTC is the largest developed and established globally [10,24].

PTC and LFR concentrating technologies focus the solar radiation on a linear receiver,
while PDC and SPT concentrating solar systems direct solar radiation to a focal point where
the receiver is located [11]. The highest solar concentration ratio (up to 3000) is achieved
by PDC and SPT [11], reaching high (i) operating temperatures (even above 1000 °C) [24],
(ii) thermodynamic efficiencies for the CSP plant [34] and (iii) nominal power capacities (up
to 280 and 377 MW, respectively) [9]. The most widespread concentrating solar technology
is PTC (62%) followed by SPT (20%) and LFR (7%), within 141 CSP plants currently in
operation and under construction. Meanwhile, CSP plants with concentrated solar power
PDC technology are currently inoperative [25]. Thus, the development status of PTC and
SPT is commercially available, both growing at the same rate in new construction facilities
improving their performance, the TES and HTF media [13].

The high thermal efficiency of PDC and SPT, near 30%, and its high-temperature
operation makes these emerging technologies very competitive with conventional
PTC (18%, 400 °C) and LFR (12%, below 400 °C) applications. However, current TRL
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of these CSP technologies points out the commercial status of PTC and LFR, while wider
experimental feedback, especially at large scale, is required to better know and define the
disadvantages of the most efficient technologies. Given their tested characteristics, PTC
presents a strong potential to become the leading CSP technology in the mid-term.

Table 3. Specifications and comparison between the main CSP technologies [11,12,24,25,28,34].

CSP Technology PTC LFR SPT PDC

Solar concentration ratio 70-80 60-100 1000-1500 1300-3000
Operating temperature (°C) <400 <300 <1000 <1500

Nominal capacity (MW) 10-280 9-125 10-377 <15
Average specific cost (€/kW) 7399 5054 6052 -

Average LCOE (€/kWh) 0.24 0.16 0.15 -

Thermodynamic efficiency 4l { i ™
e Commercial scale. & Readilivavailabl e High conversion. e Good land-use factor.
Advantages e Modularity. CaCly ayalab e High temperature storage.  ® With/out heat transfer

Disadvantages

Good land-use factor

® Fluid working
temperatures up to 400 °C.

Low manufacturing cost.

e Small plants.
Recent entrance in market.

e Optimal for dry cooling.

e Low land-use factor.
e Larger-scale operation
required.

fluid.

e Further experimental
feedback required.

The cost assessment of these technologies shows the highest average specific costs
associated to PTC, although other technologies such as LFR or SPT with slightly lower
specific costs present values of the same order of magnitude. The higher thermal efficiency
of SPT mitigate the investment costs leading to the lowest average levelized cost of electric-
ity (LCOE) among CSP technologies. The average specific cost and the LCOE of the CSP
plants with SPT technology is 18% and 40% lower than CSP plants with PTC technology,
respectively. The efficiency of PTC is not high enough to reverse the effect of the largest
average investment costs and leads to the highest LCOE.

All the CSP plants which are currently under construction contemplate the use of
TES instead of the possibility of increasing electricity production with fossil fuels [25].
This trend is driven by the reduction of annual operation and maintenance costs of TES
compared to a fossil fuel support system. Moreover, the capacity factor is improved by
increasing the electricity production and GHG emissions are minimized. The variability of
the TES material annual costs from one year to the next is lower than fossil fuels, whose
price trend is less predictable [35].

2.2. TES Technologies/Systems

Regarding the maturity (TRL level, Table 4), the most developed storage technology
relies on sensible heat storage (SHS), followed by latent heat storage (LHS) and finally
thermochemical energy storage (TCES).

Information on large experimental and industrial-scale plants is available for SHS
operation. SHS is based on liquid or solid storage media, liquid medium being the most
commonly used in CPS plants, such as water or molten salts [23,25]. LHS technology is still
under development for later integration into CPS plants, being mainly at experimental and
pilot scale. Although the TRL of LHS systems is somehow lower, LHS are also commercially
available for some specific materials [36]. However, TCES is not currently available at
commercial scale. Most of the TCES systems are still investigated at laboratory scale for
their integration in CSP plants [37].

The energy density of the LHS media is higher than of SHS media, given the higher
enthalpy related to the phase change [23]. However, TCES system has the highest energy
density compared to other TES [37]. Several TCES materials are currently under devel-
opment but not commercially available, while SHS materials are widely commercially
available. The heat transfer mechanisms are slow for both LHS and TCES, since their
materials present low thermal conductivities [24].
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Table 4. Summary and comparison of different TES Technologies [23,24,36,37].
TES Technology SHS LHS TCES
TRL 89 69 4-7
Energy density Low Medium High
Heat transfer Good Slow Slow
Materials costs Low, except liquid .metals and Low Low, except design and installation of
thermal oils reactors
Required area High Medium Low
Timescale Hours-Seasonal Days-Months Hours-Years
Lifetime Long Limited Depends on reactant
Storage temperature High High Low
Flexibility Fast switch charge/discharge  Fast switch charge/discharge Slow switch charge/discharge
e Large experimental and : 22?;& ii/lsltzlr:;transport. e Long distance transport.
Advantages industrial feedback. o “Con ‘tant tem Ny ratures for e Small volumes.
e Easy implementation. S DDA e Long storage periods without losses.
charge/discharge.
e Complex technology.
e High capital costs.
e High freezing point for 5.3 : e Technical issues: melting, incomplete
liquid medium. : E;’:rgi:latt}/ l(c:;x;lgatenals. reversibility, low reaction kinetics,
Disadvantages e Variable and unstable & . sintering.

discharging temperature.
e Large volumes.

e Formation of solid deposits
on the heat exchange area.

e Storage of gases.
® Required improvement of heat and

mass transfer.
e Low charging rate.
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The lifetime of SHS materials (which can reach 20 years) is four times higher than that
of LHS materials and even ten times higher than TCES materials [38]. The storage time of
TCES materials exceeds that of LHS and SHS materials, even reaching a temporary scale
of years.

Based on the information gathered in Table 4, strong R&D efforts in the development
of TCES (TRL 4-7) must be conducted to overcome those drawbacks identified for this
technology, since its potential to gain the leadership among TES-CSP technologies is
extremely high. The accumulation of key advantages when compared to SHS and LHS
technologies, such as the higher energy density, the smaller required volumes or the
dramatic increase of the storage period without significant energy losses, makes TCES the
most promising technology to couple with CSP plants in the long-term. However, efforts
must be carried out to find materials with a long lifetime (avoiding melting/sintering
issues, achieving complete reversibility, enhancing reaction kinetics) able to be in stored at
low temperature. The improvement of heat and mass transfer mechanisms, together with
the simplification of TCES operation, will also lead to a needed reduction of capital costs to
become economically competitive.

TES systems can be classified by the materials and technology used, such as storage
medium [39,40]. Figure 2 shows the main storage materials used by each TES technology:
SHS, LHS and TCES.

2.2.1. Sensible Heat Storage (SHS)

Sensible heat storage (SHS) is the simplest method, based on the storage of thermal
energy by raising the temperature of a liquid or solid storage medium (e.g., water, sand,
molten salts, or rocks), without undergoing phase change over the temperature range of
the storage process. SHS systems are cheap, commercial, simple and easy to control, but
they present low energy density compared with LHS systems [37].

SHS systems use the heat capacity and the temperature variation of the storage
medium during the process of charging and discharging. The amount of heat stored
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depends on (i) the specific heat of the medium, (ii) the temperature variation and (iii) the
amount of storage material option [41,42] (Equation (1)).

T¢
= /T m-cp dT & mecp:(Ty — T;) )

where Qs is the quantity of heat stored (J), m is the mass of heat storage medium (kg),
cp is the specific heat (J/(kg-K)), T; is the initial temperature (°C) and T; is the final

temperature (°C).
TES Technologies

Latent Heat

Thermochemical

Sensible Heat

Energy Storage

Storage (SHS) Storage (LHS) (TCES)
I . I . ‘ .
Liquid Solid Solid - Liquid Hydride Metal oxide Organic
system system system

| | [ i’ 1 | l

Concrete . . S g Metal Carbonate
[ Organic ] [Inorgamc] [ huttctl(s] [ Kydeide —
Ceramics

[Ammonia] [Hydroxidt]
Graphite [ Parafins ][ Salts ] Organic/ system system
Inorganic Redox

Rocks Non- Metal & . | : I
[ parafins alloos mixtures system

Sands

Molten
salts
Liquid
sodium
Thermal

oils

Figure 2. Main TES technologies classified according to the storage medium.

The most popular SHS materials withstand high temperatures (>500 °C), such as
concrete, ceramics, graphite, rocks or sands [24,43]. Storage temperatures up to 1000 °C
are mainly standby regenerator-type storage systems which transfer heat from gas directly
to the solid material. Ceramics and concrete materials are being used in CSP operational
facilities in demonstration, such as in the Jilich Solar Tower plant [44], or in CSP under
development plants, such as in Huagiang TeraSolar 15 MW Fresnel plant [25], given their
good thermal and mechanical properties and low cost [45]. Among high temperature re-
silient materials, graphite is a suitable SHS candidate, given its high thermal diffusivity [46],
whereas concrete and high alumina cement concrete blocks are identified as a potential
SHS medium, given their low cost [43]. Furthermore, rocks are used as a SHS medium at
the operational pilot plant Airlight Energy Ait-Baha, also given their low cost [25]. Natural
rocks can be a sustainable option to improve energy dispatch in CSP plants located in
regions with earth-abundant resources [47]. However, waste materials and byproducts
are available as a SHS medium, entailing an environmental and economic benefit [48,49].
Experimental results show similar performances comparing a 100% recycled material and
an alumina-based medium as SHS (i.e., net exergy considering thermal losses and pressure
drop losses) [50].

The liquid materials used as SHS, such as molten salts, water, thermal oils and liquid
sodium have already been tested in existing CSP plants [43]. Molten salts are the most
widespread, since their thermal stability in the presence of air up to 500 °C [51,52], and
other advantageous characteristics such as low vapor pressure, low freezing temperature
for ternary mixed, low viscosity, high thermal conductivity and specific heat [53]. Almost
78% of the CSP plants currently under commercial operation or under construction use
molten salts as a thermal storage medium [25]. Moreover, molten salts are also used as
heat transfer fluid (HTF) in a large number of CSP commercial plants from Gemasolar CSP
plant in Spain (2011) to the last operational CSP plant in China Qinghai Gonghe—50 MW
Tower (2019), all of them using power tower technology [25,54]. Once the corrosion issue is
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solved, the next generation of molten salts will be based on chloride materials, given their
resistance to high temperatures and low cost [55], keeping similar thermophysical prop-
erties as currently commercial molten salts [56]. Moreover, the inclusion of nanoparticles
in molten salts will improve their thermophysical properties, enabling their use as HTF
and TES [57].

Beyond molten salts, water is also commercially used as a thermal storage medium.
The main advantages of water as TES are: its easy availability, non-toxicity, non-flammability
and that it is completely harmless [23]. Water can be stored as saturated steam or pres-
surized water in a pressurized tank. When superheated steam is fed to the storage tank,
the temperature and pressure increase, changing the saturation state. If saturated water
enters the tank, the mass of water increases, keeping constant the pressure and temperature.
During the discharge process, saturated steam is extracted from the storage tank as its
pressure drops [36]. The main issue associated with water use in CSP plants is the scarcity if
the plant is located in desert areas [58]. In addition, water can be use as a HTF and thermal
storage medium, as in Puerto Errado 2 Thermosolar Power (PE2) [54] and Khi Solar One
CSP plant [59,60].

Liquid metals used as thermal storage media, such as liquid sodium, are currently un-
der development. They present safety problems related to its high combustibility in contact
with water, in addition to discouraging higher costs than some molten salts. Currently, the
Jemalong Solar Thermal Station pilot CSP plant in Australia, under operation from 2017,
uses liquid sodium as HTF and as a thermal storage medium.

Other liquid media used for thermal storage by sensible heat are the thermal oils,
although their usage is currently restricted to HTF in most CPS plants in operation [25].
The main advantage of thermal oils over water is their permanence in the liquid phase
at temperatures higher than those of water, up to 250 °C at atmospheric pressure. Thus,
thermal oils have a lower vapor pressure and, unlike molten salts, they do not need protec-
tion against freezing. However, thermal oils degrade and produce acids at temperatures
above their operating range, accelerating the corrosion of containers and pipes [23,61].
Therefore, the possibility of using non-edible vegetable oils such as HTF and TES is being
developed [61]. On the other hand, thermal oils at an experimental level are being used as
a storage medium together with solid materials [62,63].

In summary, molten salt SHS TES have reached high commercial TRLs for high temper-
ature applications, becoming the standard solution for dispatching solar thermal electricity
at full load. However, their potential has not been fully developed in industrial applica-
tions (TRL 4-6). SHS TES solids regenerator-type storage systems are also commercially
deployed in steel and glass industries for waste heat recovery, while their application in
power plants is still being developed (TRL 6-7). Despite their TRLs, low cost and widely
available natural rocks are very promising storage materials for large scale CSP plants
when air is used as heat transfer fluid [11].

The cost of storage unit per high-temperature SHS systems is estimated to range
between €20-70/kWh for liquid storage and between €15-40/kWh for solids storage [64].
Regarding the future economic feasibility of high-temperature SHS liquid storage, novel
molten salts mixtures must be developed to expand the operating temperature range,
together with the exploration of fully new materials with long-term reliability. Future
efforts must focus on cost reductions of regenerator-type storage systems through (i) the
development of low-cost materials from industry wastes or the use of natural rocks, (ii) less
expensive pressurised vessels and (iii) the scale-up of regenerator-type storage technology.

For CSP application, the demonstration of novel SHS TES technologies at a relevant
scale is still pending. Hence, pre-commercial small-scale demonstrations and pilot plants
should be funded with a strong focus on increased flexibility through heat storage integration.

2.2.2. Latent Heat Storage (LHS)

Latent heat storage (LHS) materials are known as phase change materials (PCMs)
with regard to the energy released or absorbed during a change in physical state. The
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heat is mainly stored in the phase-change process (at a quite constant temperature) and it
is directly connected to the latent heat of the substance. Thus, charging and discharging
phenomena occur during the phase change either from solid to liquid, liquid to gaseous,
solid to gaseous or solid to solid [30]. However, since the storage of gaseous products is
difficult, LHS technologies usually make use of solid to liquid phase transition rather than
liquid to gas phase change [37] and they are considered to be an efficient alternative to SHS
systems [45]. The use of a LHS system using PCMs is an effective way of storing thermal
energy and has the advantages of medium energy storage density and the isothermal
nature of the storage process [41].

The main advantage of using LHS over SHS is its capacity of storing heat at an almost
similar temperature range. Initially, these materials act like SHS materials, in that the
temperature rises linearly with the system enthalpy; however, later, heat is absorbed or
released at almost constant temperature with a change in physical state [41] (Equation (2)).

Qs = jTT"‘ m-cps AT + m-f-Aq + fTT,,[\ m-cp dT
: 2
Q.2 m [cps-("rm ~Ti) + £:Aq + ¢ (T¢ — Tm)]

where Qs is the storage capacity (J), Tr, is the melting temperature (°C), m is the mass
of PCM medium (kg), cps is the average specific heat of the solid phase between T;
and T (J/(kg-K)), cp is the average specific heat of the liquid phase between Tr, and
T¢ (kJ/(kg-K)), f is the melted fraction and Aq is the latent heat of fusion (J/kg).

LHS is a nearly isothermal process, providing significantly enhanced storage quantities
when compared to SHS systems of the same temperature range. Isothermal storage is an
important characteristic because the solar field inlet and exit temperatures are limited due
to (i) constraints in the HTF (ii) solar field equipment and (ii) the power cycle [36]. However,
LHS systems present low thermal conductivity [37,65] and solid deposits may form on the
heat transfer surfaces [38,45]. The latest research on PCMs focuses on the development
of mechanisms to enhance their thermal conductivity, using metal foam, fins, heat pipes,
mixtures of PCMs or embedded nanoparticles [66].

Generally, solid-liquid PCMs are the most interesting to be applied in a thermal
storage and are classified into organic and inorganic materials [45].

Organic PCMs can melt and solidify many times without phase separation, so they
have a high chemical and thermal stability, crystallize with little or no supercooling and are
generally non-corrosive [41,67]. They also show some limitations such as a low enthalpy
of phase change, low thermal conductivity and better thermal stability than inorganic
PCMs [68]. Organic PCMs also can be classified into paraffins or non-paraffins compounds.
Paraffins compounds are by-products of oil refinery [69,70], cheaper than other PCMs and
compatible with all metal containers. However, they also have some disadvantages, such as
large volume change with phase change [71]. On the other hand, non-paraffin compounds
are the largest category for potential use as latent heat storage materials. However, they
have different features based on each material [72], since this category is divided into fatty
acids, alcohols, esters and glycols. Within the non-paraffin category, fatty acids have similar
properties to paraffin compounds [71,72], but they are non-cost effective [73].

Inorganic PCMs show higher thermal conductivities compared to organic PMCs [74]
but, in contrast, their maintenance is one of the most reported challenges due to their lack
of thermal stability. They are frozen at low temperatures and they are difficult to handle
at high temperatures, and they can be corrosive [41,67]. There are two large groups of
materials within the inorganic PMCs: salts and metals and metal alloys. Salts, in general,
have low heat conductivity, a relatively high degree of supercooling and cause degradation
at high temperatures [75], while metals and metal alloys have high thermal conductivity
and small volume change, therefore they could potentially be a good material, although
they have low heat of fusion per unit weight [76].

Moreover, mixtures of different organic and inorganic materials can be generated [71],
giving rise to eutectic materials with phase change almost always without segregation,
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high conductivities and thermal densities [41]. The lower melting temperature of eutectic
mixtures than their constituents allows crystallization into a single crystal [77]. Thus,
eutectic materials have the ability to melt and solidify consistently without appreciable
phase segregation [73]. Depending on the mass fraction of each material, it is possible to
vary the melting point of the resulting eutectic mixture [78]. They present low latent and
specific heat capacities [79]. The development of high temperature eutectic materials above
500 °C grows in interest as stable thermal energy storage in CSP plants [18].

The main applications of PCMs have been developed for air-conditioning [67], heating
and cooling [69,70] in buildings. Nevertheless, there is a potential use of PCMs as TES
in CSP plants [68,80]. Up until now, only numerical and experimental research have
been carried out, such as cascaded latent heat storage with alkali nitrate salts [81], the
combination of SHS with LHS using stearic acid [82], the use of a eutectic mixture such
as PCM [83], the use of pure NaNOj3 as PCM [84] for direct steam generation (DSG) in a
CSP plant or the use of embedded nanomaterials in PCMs to improve the thermal stability
during storage and the heat transfer [85].

In summary, latent heat energy density of storage unit ranges between 90-100 kWh /m?
for high-temperature LHS systems for feasible sizes 10 kWh-10 MWh. High temperature
LHS with variable phase-change temperatures between 140-300 °C have been constructed
and demonstrated in the operational environment, while, high power systems are still
under development with some demonstration projects (TRL 5-6) and high capacity storage
systems are TRL 5-9 [64].

The cost of a storage unit per high-temperature LHS systems is estimated to range
between €20-70/kWh [64]. These costs need to be reduced to be able to exploit the techno-
logical advantages of LHS in the market. This reduction should be mainly focused on the
enhancement of heat transfer mechanisms and the development of low-cost PCM systems
able to operate at 400-500 °C.

2.2.3. Thermochemical Energy Storage (TCES)

Thermochemical energy storage (TCES) systems are based on reversible chemical
reactions [37]. In this way, the endothermic reaction generates the charging process, causing
areagent “A” to separate into two parts, giving rise to products “B” and “C”, Equation (3),
which can be stored independently and at ambient temperature until the discharge process
is required, so that heat losses are practically non-existent [23]. The discharge process takes
place with the exothermic reaction and therefore energy is released through the mixture of
products “B” and “C” at the required pressure and temperature conditions [41].

Charging (Endothermic reaction): A + Heat — B+ C @)
Discharging (Exothermic reaction): B+ C — A + Heat
The TCES system is the least investigated storage technology though it can potentially
store higher amounts of energy than SHS or LHS systems due to (i) its high energy den-
sity [36] (almost 10 times higher than SHS and 5 times than LHS [86]) and (ii) its indefinitely
long storage duration at ambient temperature [24]. The amount of heat stored (Qs) in
a chemical reaction depends on the heat of reaction and the extent of conversion given
by Equation (4).
Q,= m-a,;-AH; + fTrl’ m-cp dT

Q; = m-[a;-AH,+cp+(T¢ — Ti)]

where, a; is the mass fraction reacted, AH is the heat of reaction (J/kg) and m is the
amount of mass of the storage medium (kg), Tj is the initial temperature (°C), T is the final
temperature (°C) and cp, is the average specific heat between T; and T (J/ (kg-K)).

TCES technology must overcome some challenges, due to limitations in heat transfer,
cycling stability, reversibility and cost [36]. TCES technology is still in an immature stage
and remains at the research level (TRL 3-4) [87,88].
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The main technologies that are being studied as possible TCES medium are classified
in hydride systems, metal oxide systems and organic systems. These systems are capable of
working at high temperatures between 400 and 1000 °C [40,86]. Therefore, TCES technology
use materials with higher operation temperature levels than those of the materials used
for SHS, such as molten salts (500 °C). Therefore, heat recovery efficiency is greater due to
larger operating time, i.e., it is possible to produce more power for the same operating time
lapse as SHS.

Hydride systems are classified as metal hydride and ammonia systems. Among
metallic hydrides, the most developed is the magnesium hydride (MgH5) system, which
does not generate byproducts. The products of the reaction are solid—gas, so they can be
easily separated and have high cycles of reversibility. The ammonia system has important
experimental feedback. However, their reaction kinetic is slow and requires high operating
pressure, presenting also high costs [40,86].

Metal oxide systems are classified as hydroxide systems, carbonate systems and
redox systems. Among hydroxide systems, there are materials with high energy density,
good reversibility of the reaction operating at atmospheric pressure, but with low thermal
conductivity. Carbonate systems are low cost and use very high energy density materials.
The reaction products can be easily separated, but they show sintering problems and poor
reactivity. Redox systems do not need a catalyst, they use oxygen as a reactant and the
reaction products can be separated, but there are few experiment feedbacks and the systems
produce an environmental impact [40].

Finally, organic systems, such as methane reforming, present high reaction enthalpy,
but produce side reactions and have low reversibility [86].

Both hydride and carbonate systems are the most promising TCES systems, given
their high energy storage density and low cost. Nevertheless, the cyclic degradability and
storage requirement of the gas make the redox system the most suitable TCES option [89].

Around 95% of installed TCES systems based on chemical reactions are under research
and development and reach TRL 4. In addition to the research on materials, the main
challenge for TCES is this technology is related to global system issues such as reaction
control, reactor design or process integration. A large room for research is found to increase
the TRL of the reactive systems of TCES technology in very different aspects: (i) design
of improved reactor concepts, (ii) better integration of gaseous reactants, (iii) material
improvement (kinetics, stability) and (iv) optimisation of full reversibility.

Due to the advantages of TCES over LHS and SHS, new advances in research are
focused on reducing costs of TCES systems while improving the stability of the cycles in
the reversible reactions that occur, developing the design of reactors in which the reaction
takes place, through charging/discharging rate, and its integration in the CSP plants [40].

A key aspect to boost their integration in CSP plants will be the enhancement of
heat and mass transfers inside the reactor. Furthermore, attention should be paid to the
capability of hybrid storage combining 2-3 TES technologies [11].

Current costs are not competitive, given the low TRL of this technology, but the
target of cost of storage for TCES with chemical reaction ranges between €10-90/kWh [64].
Cost reduction will include the increase of reactor lifetime and the decrease of the cost
of reactants.

2.3. TES CSP Integrated Configurations

Once the main characteristics of CSP and TES has been detailed in Sections 2.1 and 2.2;
a revision of the best suited combinations of both technologies is elaborated in this section.
As known, electricity production in conventional CSP plants is concentrated during the
daily period with solar energy availability. The integration of a thermal energy storage
system which makes the electricity production more flexible improves the economic fea-
sibility of CSP plants. More than half of the CSP facilities (51%) currently operating in
the world include TES systems [25], storing the energy surplus to be used during high
demand periods. Moreover, conventional fossil fuel-based support systems are commonly
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associated with CSP plants becoming operational when the renewable alternative or the
retrieval of stored energy is not enough [90]. However, the use of fossil fuels to satisfy
the demand induces an increase in the cost and CO, emissions, further contributing to
global warming [23].

Therefore, the use of TES in CSP plants implies an environmental and economic benefit,
avoiding the loss of thermal energy by storing the excess heat produced to be used when
required. The selection of the best TES system to each CSP technology must consider the
following characteristics with regard to storage [14,41]:

e The heat storage capacity, which defines the thermal energy which can be stored in the
system for a given process, medium and size of the storage system. The larger energy
density of the storage medium (MJ/m?), the smaller storage volume required.

e  The storage/discharge rates related to the speed and time elapsed in each charge or
discharge process.

e  The period of time during which energy can be stored. It will depend on the storage
medium, from hours to months.

e  The chemical compatibility of the storage medium with the CSP plant. The storage
medium must be mechanically and chemically stable, minimizing its degradation after
each charge/discharge cycle.

e The energy storage efficiency which relates the energy retrieved from the storage
medium and the energy required in the storage process, accounting for the energy
losses between each charge/discharge cycle. Thus, excellent heat transfer must occur
between the HTF and the storage medium to improve the energy efficiency above 95%.
Besides, there must be high chemical compatibility between HTF, heat exchanger and
storage medium, with minimum thermal losses.

e  The compatibility with the power block associated to the CSP plant. The higher
operating temperature of the storage medium, the greater overall efficiency of the CSP
plant. Up until now, the Rankine power cycles have been the most widespread in CSP
plants using molten salts as the storage medium. However, novel storage materials
currently under development withstand operating temperatures above 700 °C and
can improve the efficiency of the CSP system by coupling to Brayton cycles.

e  The cost of the storage medium including capital and operation and maintenance costs.
The longer lifetime and the lower cost of a storage medium, the better the economic
and commercial feasibility.

e  The storage medium must be safe and environmentally-friendly, considering its lifetime.

Despite the characteristics required to choose the thermal storage medium that best
suits the CSP plant, the main configurations to integrate the TES system to the CSP plant
must be accounted. The TES system can be classified as active or passive, considering
the movement of the storage medium during its charging and discharging, as shown
in Figure 3.

The advantages and limitations of the main TES CSP integrated configurations are
shown in Table 5.

In active storage systems, the storage medium is a fluid capable of absorbing or
emitting thermal energy through forced convection. If the storage medium is the HTF, the
storage system is active—direct and no heat transfer mechanism is required. Solid particles
will be a potential TES and HTF for the third generation of CSP plants, allowing operating
temperatures above 800 °C to improve the thermal conversion efficiency of the associated
power cycle [91]. However, if the storage medium is not the same as the HTF, a heat
exchanger between both fluids is required. In addition, in the TES active systems, two
separate tanks or a single tank can be used. When 2-tanks are used, one of them contains
the storage medium charged with thermal energy, while the other contains the discharged
material. When conventional molten salts are the storage medium in the 2-tank format,
freezing is possible at high temperature (120-220 °C). The use of a single tank reduces the
cost and the required volume for the storage tank. In this case, the stored heat may be
stratified, creating a thermal gradient, but it is difficult to maintain the thermal stratification.
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Another option is the accumulation of water as saturated steam or saturated liquid in a
single pressurized tank, which does not require a heat exchanger if it is an active-direct
system. Despite its low energy density and the high cost of pressurized tanks [24], the
extensive use of water as steam in different applications makes it possible to store water in
different saturation states, discarding the rest of the gases as storage media for sensible heat.
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Figure 3. Main TES configurations implemented into CSP plants, according to the concept ac-
tive/passive storage.

Contrarily, in passive storage systems, the storage medium is normally a low-cost solid
material—simple and compact storage unit—and the HTF circulates through it stimulating
the charging/discharging of thermal energy stored. Moreover, a heat exchange mechanism
between the storage medium and the HTF may be necessary, although if direct contact
between the medium storage and HTF is possible, the heat transfer may be better. The
temperature during the discharge step is unstable under packed-bed systems. Neverthe-
less, the heat exchangers required under the embedded heat transfer structures raise the
investment cost [24,36]. Among the passive storage systems, the packed-bed system is a
promising alternative, given its wide operating temperature range [92].

The most widespread TES system in currently operative CSP plants is the 2-tank
format within the active—indirect system (71%). The CSP technology associated with the
2-tank active—indirect TES system is PTC, using molten salts as storage medium and a
thermal oil as HTFE. The HTF, such as thermal oil, limits the maximum solar-field outlet
temperature at 393 °C. The expected electricity production of this type of plants ranges
from 158 to 944 GWh/year for CSP plants whose size is 50 MW and 250 MW, respectively.
The plant capacity factor as the ratio between the expected production and the maximum
possible production within a year is between 26 and 57%, considering a storage size from
3 to 10 h [25].

Additionally, the commercial CSP plant Puerto Errado 2 uses LFR CSP technology
in conjunction with a single thermocline tank active—indirect TES system. The water is
used as HTF, which reaches a solar-field outlet temperature of 270 °C. The storage size is
0.5 h with a capacity factor of 19% and a net power at nominal conditions of 30 MW [93].
Previously to the Puerto Errado 2 CSP plant, a prototype named Puerto Errado 1 evaluated
the single tank thermocline system, with a 1.4 MW DSG power block [25].
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Table 5. Main advantages and limitations of each possible TES configuration into a CSP plant [24,36].

TES CSP Integrated Configurations

Advantages

Limitations

2-tank

Active Direct
Storage

Steam accumulator

e  Separate hot/cold storage tanks
No heat exchanger required
. (HTF = Storage medium)

Direct Steam Generation (DSG)
e  No heat exchanger required
° (HTF = Storage medium)

. Commercial maturity

Suitable materials as HTF and
storage medium required

Larger stored volume required
High cost and freezing point (<220°)
for molten salts

Low volumetric storage capacity
Expensive pressurized storage tanks

Larger stored volume required

2-tank e  Separate hot/cold storage tanks *  Higtenstan.deezgipet (2207)
for molten salts
. . ) e  Smaller stored volume required e  Complex filler material
.gtctlve Indirect Single tank 35% cheaper than 2-tank system configuration to keep stratification
orage
e  Direct use of stored steam in e HTF such as synthetic oil is required
Steam accumulator Rankine power cycle e  Low volumetric storage capacity
e  Expensive pressurized storage tanks
e  Cheap solids may be used e  Low heat transfer rates
Embedded HT e  High volumetric storage capacity e  High investment cost for heat
Passive structures (PCMs and TCES) exchangers
Storage .
Packed-bed Cheap solids may be used

e  High heat transfer rates e Discharge temperature may vary
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The characteristics of the most widespread TES CSP configurations under currently
operational commercial CSP facilities are listed in Table 6.

The second most commonly integrated TES system is the active—direct (24%) in both
modalities: 2-tanks and steam accumulator [25]. Under each modality, the storage medium
and the HTF is the same substance and the heat transfer is produced by forced convec-
tion [24]. The active—direct TES system is commonly integrated as SHS technology in
SPT plants [25]. However, the CSP technology implemented in some operational demon-
stration plants is PTC, such as Archimede and ASE Demo Plant [94], or LFR (Lanzhou
Dacheng Dunhuang (DCTC Dunhuang)—10 MW and 50 MW Fresnel CSP Plant [95]). The
2-tanks format use molten salts as storage medium and HTF, reaching a solar-field outlet
temperature up to 565 °C [25]. Nevertheless, the Jemalong Solar Thermal Station opera-
tional pilot plant uses liquid sodium as HTF and storage medium [96], while the SUPCON
Delingha 10 MW Tower CSP Plant operational demonstration facility adopts double heat
transfer fluid as water and molten salt [97]. The expected electricity production ranges from
110 to 500 GWh/year for commercial CSP plants with a 2-tank direct system whose size
is 20 MW and 150 MW, respectively. The storage size (6-15 h) improves the plant ca-
pacity factor up to 33-36%. Moreover, steam has been used as a storage medium and
HTF since 2009, reaching a solar-field outlet temperature up to 530 °C, when the steam is
stored as saturated steam, and between 250-300 °C for pressurized water. The expected
electricity production ranges from 23.4 to 180 GWh/year for commercial CSP plants whose
size is 11 MW and 50 MW, respectively. The plant capacity factor is between 24 and 41%
considering a storage size up to 2 h [25].

Regarding passive storage TES CSP configuration, the Huaqiang TeraSolar 15 MW
Fresnel CSP Plant uses concrete as TES and water as HTF [98]. The steam turbine net
capacity is 14 MW, reaching an electrical production of 75 GWh/year. The storage capacity
of 14 h allows a high plant capacity factor of 57% [25].
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Table 6. Main characteristics of TES CSP configuration currently operating under commercial scale [25].

Active Storage Passive Storage
TES CSP Configuration Digect Indizect Biiilietlded
Tank Steam Tank ingle-Tank S
2-Tan i 2-Tan Single-Tan Structures
CSP technology SPT SPT PTC LFR LFR
TES medium Molten salts Water Molten salts Ruths tank Concrete
HTF medium Molten salts Water Thermal oil Water Water
Tout solar field (°C) 565 250-530 393 270 450-550
Expected production (GWh/year) 110-500 23-180 158-944 49 75
Nominal capacity (MWe) 20-150 11 to 50 50-250 30 15
Storage size (h) 6to 15 1to2 3to 10 0.5 14
Power block Steam Steam Steam Steam Steam
Rankine Rankine Rankine Rankine Rankine
Number of commercial TES CSP plants 8 3 32 1 1

The rest of the TES CSP facilities currently in operation use combinations of the
previous ones, such as in the case of Dahan Power Plant [99] in which the steam accumulator
system is combined with two indirect tanks; or passive storage systems, such as packed-bed
systems in Jiilich Solar Tower Plant [44], all of these being demonstration or pilot plants.

3. European and North American TES CSP R&D Projects Review

In the present section, a review of the completed and ongoing TES CSP R&D projects
launched in the last decade (2011-2022) from Europe and North America, which analyze
the full integration between CSP, TES and the associated power block, are detailed. Other
R&D projects launched in the last decade and not focused on the integration of the full TES
CSP system at large scale are not included in this review. These projects oriented to the
development of new materials or components required for TES systems, whose application
is at small scale or for building and district heating systems, are beyond the scope of the
present review.

Before 2011, the CSP-based R&D projects were focused on the integration of SHS
and LHS as TES [27]. Molten salts were the most developed storage medium within
SHS system, even used as HTF in active direct storage systems configuration [100,101].
Furthermore, research based on molten salts was focused on strategies to minimize its main
drawbacks: (i) increasing the storage temperature over 650 °C [102] and (ii) improving
the specific heat with embedded ceramic particles [103]. Regarding the CSP TES passive
storage configuration, SHS and LHS storage mediums were also investigated. Within
SHS the most developed passive storage configurations were: (i) packed-bed system of
sand [104] or concrete [105], and (ii) solid graphite modular blocks to achieve operating
temperatures up to 1650 °C [106]. Additionally, since 2008, the development of PCMs as
LHS increased, transferring the thermal energy by heat exchangers [107,108] or embedded
thermosyphon heat pipes [109], even integrating nanoparticles into the PCM to improve
the heat transfer efficiency [27].

3.1. Summary of R&D Projects (2011-2022): Timeline and TRL

This section summarizes and compares all the European and North American R&D
projects, completed and ongoing, launched in the last decade. Table 7 gathers general
information about these TES CSP R&D projects whose technical and economic data will be
provided in the following subsections.
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Table 7. TES CSP R&D projects from 2011 to the present.

TES Project Name * Location Period Coordinator * Budget (M€) Ref.
LHS DDI-TES Florida (USA) 2011-2012 USF1 0.7 [110]
TCES TCS-Power Germany 2011-2015 DRL 44 [111]
TCES RESTRUCTURE Greece 2011-2016 CERTH 3 [112]
TCES STORRE France 2012-2016 CEA 2.9 [113]
TCES LCMH-TES South Carolina (USA) 2012-2016 SRNL 2.5 [114]
LHS HELH-TES Illinois (USA) 2012-2018 ArNL 1 [115]
TCES SC-TES Florida (USA) 2014-2015 UFI 0.4 [116]
TCES RC-TES Alabama (USA) 2014-2016 SRI 0.8 [117]
TCES ELEM-TES Colorado (USA) 2014-2017 CSM 1 [118]
TCES ISR-TES New Hampshire (USA) 2015-2018 BE 2.6 [119]
TCES BMC-TES New Mexico (USA) 2015-2018 AINL 3.4 [120]
TCES CaL-TES Alabama (USA) 2015-2018 SRI 2.8 [121]

SHS NEXT-CSP France 2016-2020 CNRS 49 [122-127]

Other SOLSTORE Spain 2017-2019 CIC 0.1 [128,129]
LHS NPMSSES United Kingdom 2017-2019 ULe 0.2 [130]
LHS AMADEUS Spain 2017-2019 UPM 32 [131]
TCES SesPER Spain 2017-2020 CSIC 0.2 [132]
SHS NEXTOWER Italy 2017-2021 ENEA 6.2 [133]
SHS + LHS IN-POWER Spain 2017-2021 LEITAT 5.8 [134]
SHS + LHS NewSOL Portugal 2017-2021 UEv 5.6 [135]

TCES SOCRATCES Spain 2018-2021 USe 49 [136,137]
LHS THERMES United Kingdom 2019-2021 UBir 0.2 [138]
SHS LPP-SS Colorado (USA) 2018- NREL 8 [139]
LHS TES-HE New Hampshire (USA) 2018- BE 1.1 [140]
SHS i Spain 2019-2024 AGENEX 138 [141]

(Newcline)

TCES SS-TES Michigan (USA) 2020- MiSU 2 [27]
TCES EWSCh-TES Arizona (USA) 2020- ArSU 29 [27]
TCES EC-TES South Carolina (USA) 2020- SRNL 0.2 [27]
SHS HTMS-TES Tennessee (USA) 2020- ORNL 0.1 [142]
SHS FULL-TES California (USA) 2020- EDISUN 39 [27]
SHS PB Montana (USA) 2021- MoSU 0.1 [27]

120

* Abbreviation of project’s name and main coordinator. Full name appears in Appendix A.

The United States of America (USA) is the country with greatest development of TES
CSP R&D projects, mainly focused on TCES technology. Meanwhile, Spain has launched
the second highest number of TES CSP R&D projects in the last decade (Table 7). Both
countries have a long record of developing CSP technology, concentrating the largest
number of currently operating CSP facilities deployed in the world with and without TES
(i.e., 17 in the USA [25] and 51 in Spain [7]). Figure 4 illustrates the distribution by countries
and TES technology of the number of TES CSP R&D projects.

Figure 5 represents a timeline built with the TES CSP R&D projects within the scope
of the present study. The upper part comprehends the ongoing TES CSP R&D projects,
while the bottom part shows the TES CSP R&D projects already completed since 2011. In
addition, the TRL of all the TES CSP R&D projects is shown through a colour scale from
low (dark red—TRL 1) to high (dark green—TRL 9) technological readiness level by the
end of the project.

The most widespread TES technology among the research projects (almost 55%) be-
tween 2011 and 2018 involve the integration of TCES with a CSP plant, reaching a TRL
by the end of the project between four and eight; from experimental demonstration to
near commercial scale. Within ongoing TES CSP R&D projects, SHS and TCES systems
are the most extended with lower TRLs which range from two to six, except for a project
which reaches a TRL of eight. Regarding research projects which include LHS as TES, the
development level oscillates within lab and pilot scale (TRL 3-5). However, R&D projects
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involving SHS and LHS TES reached a development level at demonstration scale in the
relevant environment (TRL 6).

}6— 7 A TCES
12l CrHs
13477 [ sHS + LHS
111V Wsiis

Number of TES CSP R&D projects
@®

Figure 4. TES CSP R&D projects from 2011 distributed by country and TES technology.

3.2. TES CSP R&D Projects Completed between 2011-2022

This section gathers the technical and economic information of those TES CSP R&D
projects finished from 2011 onwards within Europe and North America. Most of the
analyzed projects focus on the complete TES CSP configuration. However, few research
projects aim to only develop a specific block of the TES CSP system: storage medium,
required equipment for the heat transfer between CSP-TES and TES-power cycle, or new
storage concepts. Table 8 summarizes economic and technical data of the TES CSP R&D
projects which assess the full integration of the TES with the CSP plant and the power block.

3.2.1. TCS-Power

The overall objective of the Thermochemical Energy Storage for Concentrated Solar
Power Plants (TCS-Power) research project was to develop a new, efficient and economi-
cally viable TCES for CSP plants, minimizing electricity production costs. Two low-cost and
long-term stable TCES systems were proposed within the TCS-Power project: redox and
hydroxide. Manganese oxide is the storage medium selected as redox TCES to be integrated
into SPT CSP plants, given the high operating temperature (>700 °C). The air is the fluid
used as HTF and oxygen carrier for the redox reaction, while calcium oxide is the storage
material used as hydroxide TCES integrated into PTC CSP plants, achieving a working
temperature between 400 and 600 °C. Molten salts were selected as HTF within hydroxide
TCES. However, the hydroxide TCES medium could be used as HTF and TES, given the
possibility of the material conveying. Both TCES systems use charge/discharge reactors
for the heat transfer between HTF and TES as passive storage TES CSP configuration. The
power block associated with both TES systems was the steam Rankine, given its technologi-
cal maturity. Both TCES systems were evaluated at lab and pilot scale to 10 kW (TRL 4-5).
Furthermore, a techno—economic assessment evaluated the TCES up-scaling to commercial
scale, being the obtained LCOE of €0.14 and €0.21/kWh under hydroxide and redox TCES
systems, respectively. This European R&D project launched in 2011 was coordinated by
Deutsches Zentrum fiir Luft—und Raumfahrt e.V. (DRL) from Germany [111].
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Figure 5. Timeline of TES CSP R&D projects from 2011 to the present.



Published papers

Energies 2022, 15, 8570

19 of 32

Table 8. Technical and economical parameters of completed TES CSP R&D projects from 2011.

Project Name TES CSP TES Storage TeSl?rl\’ol- HTF ) Power TRL LCOE * Ref.
Abbreviation Configuration Technology Size (h) ogy ({e) Block § (€/kWh) '
TCS-Power Passive storage RI—LE S)r((l(i:dEeS up to 12 [S’TPZ M/:ll :en 400-600 Rsa(r?lime 4-5 (0);1 i)
TCES salts '
RESTRUCTURE  Passivestorage  Redox TCES 6t013 SPT Air g Ayt 43 <0.15 [112]
Active storage F HTF = TES
STORRE direct/indirect Hygrodine 6t013 T or 300-550 g, 34 2 [113]
2-tank HTF # TES
CaL-TES Passive storage Cuboae s SPT sCO, 720 C"’Ségzl""*’ 7-8 0.06 [121]
Gas turbine,
NEXT-CSP g e parti‘;ifSHs up to 12 SPT  HIF=TES 650750  “umentedl 5 0.1 [122-127]
Air Brayton
Active storage Licuid metal
NEXTOWER indirect q SHS - SPT Air 800 Gas turbine 6 - [133]
single-tank
Active storage Molten salts LFR Molten
IN-POWER single-tank & SHS & - P’TC, salts 600 DSG 6 0.1 [134]
Passive storage PCM LHS
Passive storage Concrete &
module Ca-ternary Steam
NewSOL Active storage Molten salts PTC molten salt  up to 550 Rankine 5-6 0.1-0.12 [135]
single-tank & SHS & PCM 8 mixture
Passive storage LHS
SOCRATCES ~  Passive storage Casbonate daysy SPT  HTF=TES 600-1000 Sioseddoop 5 0.07 [137)
& TCES months CO, Brayton : e

* Expected LCOE under commercial up-scaling. § Expected TRL when project ends. ¥ Maximum temperature
achieved in the process from TES to power block.

3.2.2. RESTRUCTURE

The Redox Materials-based Structured Reactors /Heat Exchangers for Thermo-Chemical
Heat Storage Systems in Concentrated Solar Power Plants (RESTRUCTURE) research
project aimed to develop a new heat transfer mechanism for the redox TCES systems
based on monolithic structures, such as honeycombs or foams partially or totally made of
redox materials. The STP CSP technology was selected to integrate the redox TCES system,
reaching working temperatures of 1000 °C. The associated power block was a Brayton
combined cycle (CC) using air as HTF. The projected storage period was between 6 to 13 h,
considering an assessment of up-scaling to commercial scale (70.5 MWe). A LCOE below
€0.15/kWhth was estimated through a commercial scale analysis. Before the up-scaling
assessment, the redox TCES system was tested under pilot scale at Solar Tower Jiilich/ST]
research platform in Germany (TRL 4-5). The European R&D project launched in 2011
was coordinated by Ethniko Kentro Erevnas kai Technologikis Anaptyxis (CERTH) from
Greece [112].

3.2.3. STORRE

The high temperature thermal energy storage by reversible thermochemical reaction
(STORRE) research project aimed to develop the integration of a high-density TCES sys-
tem in LFR and PTC CSP plants. The calcium hydroxide is the TES material, allowing
high-working temperatures up to 550 °C and storage capacities of days. The TES CSP
configuration selected is 2-tank active storage, being indirect if there is a HTF between
the solar field and the TES or direct if the solid particles are heated into a solar receiver.
The reactors required to perform de gas—solid reversible reaction of calcium hydroxide
were tested at pilot scale (TRL 3—4). The power block for the up-scaling assessment up
to commercial scale (85 MWe) was a steam Rankine with a storage capacity of 6 and 13 h.
The European R&D project launched in 2012 was coordinated by Commissariat a ’Energie
Atomique et aux Energies Alternatives (CEA) from France [113].
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3.2.4. CaL-TES

The Demonstration of High-Temperature Calcium-Based Thermochemical Energy
Storage System for Use with Concentrating Solar Power Facilities (CaL-TES) research
project aimed to develop a low cost TCES system to couple with sCO, power cycles
integrated into SPT CSP plants. A carbonate TCES system based on calcium oxide was
selected to achieve high operating temperatures for the power block up to 720 °C. The
same packed-bed reactor is used to perform the reversible reaction. Under the endothermic
reaction, the HTF transfers heat to the reactor to decompose limestone into CaO and CO»,
diverting the gas to storage. The exothermic reaction occurs when CO, from storage reacts
with CaO in the reactor to retrieve the stored energy and to be transferred to the HTFE. Thus,
the TES cSP configuration is a passive storage, considering (i) molten salts or liquid metal
as HTF between the packed-bed reactor and an intermediate heat exchanger and (ii) sCO,
as HTF between the intermediate heat exchanger and the power block. A demonstration
up-scaling of 100 MWh will be expected beyond the project (TRL 7-8). The American R&D
project launched in 2015 was coordinated by the Southern Research Institute (SRI) [121].

3.2.5. NEXT-CSP

The NEXT-CSP research project (High temperature concentrated solar thermal power
plan with particle receiver and direct thermal storage) aimed to validate an industrial
pilot plant (TRL5) tested at Thémis SPT experimental facility (France) for integrating new
technology in CSP plants. The Centre National de la Recherche Scientifique (CNRS) in
France coordinated the European R&D project launched in 2016 [122].

A fluidized particle in-tube concept, first published in 1980, was developed to de-
sign the solar receiver (scaling up to 50 MWth per single unit) to heat the TES up to
650-750 °C [123]. The solar receiver with fluidized particle recirculation was previously
demonstrated at 150 KW in the CSP2 (Concentrated Solar Power in Particles) research
project [124]. Silicon carbide solid particles were used as TES medium and HTF, as two-tank
active direct TES CSP configuration. The cold and hot particles tanks were interconnected
through a particle-pressurized air fluidized bed heat exchanger [123]. This novel storage
configuration was coupled to a gas turbine reaching a power block efficiency of 46% [125].
However, the integration of subcritical steam or air Brayton power cycles also achieved
good efficiencies (up to 41% [126] and 39% [127], respectively) with lower energy penalties.
Additionally, the integration of supercritical steam or CO, cycles could minimize energy
penalties and cost of the TES CSP plant. For future work, the large-scale facility (>100 MWe)
using multiples SPTs will be developed and demonstrated [123].

3.2.6. NEXTOWER

The NEXTOWER research project (Advanced materials solutions for next generation
high efficiency concentrated solar power (CSP) tower system) aimed to demonstrate the
durability over 20 years of ceramic materials for large CSP air-based SPT (>5 MWe). The
air is heated up to 800 °C in the solar receiver and the thermal energy is transferred to an
innovative single tank thermocline with liquid metal as TES medium by an air-lead heat
exchanger. The TES CSP configuration is an indirect active system using air as HTF. The
liquid metal storage material is based on liquid lead stored in new non-corrosive alumina
forming steels, which has been transferred from nuclear fission technology. The liquid
lead as TES was installed and proved at demo scale TRL 6 (SOLEAD) in Plataforma Solar
de Almeria (Spain). The high temperature achieved by the storage medium extends the
thermal applications of CSP plants. Regarding the association of high-temperature power
blocks to the CSP plant, the easiest integration would be achieved with working fluids such
as compressed gases or supercritical fluids. The European R&D project launched in 2017
was coordinated by Italian National Agency for New Technologies, Energy and Sustainable
Economic Development (ENEA) [133].
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3.2.7. IN-POWER

The Advanced Materials technologies to QUADRUPLE the Concentrated Solar Ther-
mal current POWER GENERATION (IN-POWER) European R&D project aimed to develop
new technology solutions for LFR and PTC CSP plants to improve the efficiency and to
minimize the costs. Regarding energy storage, a combination of SHS and LHS media is
investigated. The TES CSP configuration is a molten salt (60% NaNOj3 and 40% KNOs)
single-tank thermocline active storage with encapsulated PCM (Aluminium silicon). The
molten salts act as HTF to the PCM as passive storage TES CSP configuration. This new
SHS-LHS hybrid TES system (i) minimizes the charge/discharge cyclical degradation and
(ii) maximizes the storage capacity compared to the same volume of a classic molten salts
single-tank thermocline system. Thus, the TES system could be reduced and also its cost
(LCOE beyond 2020 €0.10/kWh), testing in LFR and PTC pilot plants (TRL 6) for DSG. The
European R&D project launched in 2017 was coordinated by Acondicionamiento Tarrasense
Asociacion (LEITAT) from Spain [134].

3.2.8. NewSOL

The main objective of New StOrage Latent and sensible concept for high efficient CSP
Plants (NewSOL) research project is to develop new materials for energy storage in (CSP)
plants. Two innovative concrete storage media were investigated for integration into
existing or new PTC CSP plants, reaching storage temperatures up to 550 °C. A concrete
module tank is proposed as SHS medium for existing CSP plants, using a new Ca-ternary
molten salt mixture as HTF circulating inside the embedded pipes (passive storage TES
CSP configuration with a storage capacity of 1600 kWhy,). Under new CSP plants, a Ca-
ternary molten salt single-tank thermocline with concrete walls and encapsulated PCMs is
implemented as a SHS and LHS system within an active storage TES CSP configuration,
using the new molten salt mixture as HTF for the PCM passive storage medium. Thus,
the new thermocline system replaces classic steel walls with cement (i) to minimize cyclic
thermocline degradation and (ii) to improve the storage performance. The new SHS-LHS
TES system was implemented as a prototype at demo scale (TRL 5-6) in Evora Molten Salts
Platform (Portugal), producing 8 additional hours of steam to the associated power block.
The NewSOL European R&D project launched in 2017, led by Universidade de Evora (UEv)
from Portugal [135].

3.2.9. SOCRATCES

The SOlar Calcium-looping integRAtion for Thermo-Chemical Energy Stor-
age (SOCRATCES) research project focused on reducing the intermittency in electricity
production of SPT CSP plants, using the advantages of calcium looping (CaL) compared to
other types of technologies used as TCES, such as the low price of CaCO3 (€10/ton) and
its wide availability. In addition, the equipment used in the CaL system was previously
developed as CO, capture technology. Solar energy decomposes limestone into CO, and
CaO at calciner receiver to be later independently stored, even at ambient temperature.
When electric demand is high, the stored products are fed to the carbonator reactor, re-
trieving thermal energy to the power block. The TES CSP configuration can be considered
as passive storage, with heat exchangers needed between the storage tanks and the main
reactors. The high working temperatures achieved (600 and 1000 °C) could improve the
power block efficiency associated to a SPT CSP plant. Among the power cycles assessed, the
best promising option for upscaling the CalL. TCES system is the closed-loop CO; Brayton
cycle, reaching overall efficiencies up to 45%. The CaL TCES system has been tested in
the relevant environment at pilot scale (TRL 5). The LCOE expected will be lower than
0.07€ /kWh at commercial scale [136]. The European R&D project launched in 2018 was led
by University of Seville (USe) from Spain [137].
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3.2.10. Other TES CSP R&D Projects (Materials, Concepts, Technology)

Since 2011, TES research projects focused on the development of concepts, materi-
als or heat transfer technologies have also been investigated as an application to CSP
plants. Regarding LHS TES systems, different structures to store PCM were researched.
The University of South Florida (USFI) from the USA validated at lab scale encapsu-
lated PCM into a packed-bed system as passive storage [110]. Furthermore, Argonne
National Laboratory (ArNL) from the USA developed a 2-phase project from lab to
demonstration scale to validate PCM using graphite foam to improve its thermal effi-
ciency, infiltrating MgCl, into the graphite pores [115]. Moreover, the European NPMSSES
research project (United Kingdom) researched the introduction of nanoparticles into a
PCM (solar salt) to improve its thermo—physical properties at lab scale [130]. Another
European R&D project (AMADEUS from Spain) developed synthetic PCM, demonstrating
at proof of concept the thermal energy retrieval through a hybrid thermionic—photovoltaic
converter to produce electricity [131]. Regarding the application of LHS TES system to
low temperature solar fields, the European THERMES R&D project (United Kingdom)
developed a microemulsion of PCM to act as HTF and TES at lab scale [138].

Additionally, the main developed TCES technologies were based on two systems:
hydride and metal oxides. The Savannah River National Laboratory (SRNL) and Bray-
ton Energy (BE) institutions (USA) validated a metal hydride TCES at bench scale to be
integrated into a CSP with an associated high temperature sCO, power block [114,119].
Binary metal chalcogenide as TCES system in a modular reactor was developed by Los
Alamos National Laboratory (AINL) from the USA to achieve working temperatures up
to 750 °C [120]. Regarding metal oxide systems, the carbonate one was developed at lab
and bench scale by University of Florida (UFl) and Southern Research Institute (SRI) from
the USA, respectively. The strontium carbonate TCES system reached temperature up to
1000 °C (UFl) [116], while the regenerative carbonate system developed by SRI operated
at medium temperature (650-850 °C) [117]. Besides, new TCES materials as perovskites
researched by Colorado School of Mines (CSM) from the USA [118] and SesPER R&D
project (Spain) [132], achieving high storage temperatures (up to 1200 °C) at advanced
TRL 6 to 8. However, new TES similar to SHS system have been developed by SOL-
STORE R&D project (Spain), providing extra thermal energy by the enthalpy of a solid-state
reaction [128,129].

3.3. Ongoing TES CSP R&D Projects Lauched between 2011-2022

This section gathers the ongoing TES CSP R&D projects launched from 2011 within
the European and North American regions. The currently active TES CSP R&D projects
focuses on (i) new SHS materials and (ii) the growing use of TCES technology. Table 9
summarized the main relevant data of the current active TES CSP R&D projects since 2011.

The National Renewable Energy Laboratory (NREL), from the USA, promotes a
demonstration scale research project (TRL 6) with 2-tank indirect active storage TES CSP
configuration, using new molten chloride salts as SHS medium (up to 12 h of storage
capacity) and liquid-metal sodium as HTF to achieve a high temperature (740 °C) for
the associated power block (sCO5) to the SPT CSP plant [139]. The new molten chloride
salts are also developed by Oak Ridge National Laboratory (ORNL), from the USA, in
a single-tank thermocline TES CSP configuration to reduce costs [142]. The thermocline
concept will be developed by NEWCLINE (CSP-ERANET) R&D project, using PCM at
pilot scale (TRL 5) [141]. The integration of a sCO, power cycle is developed in other
R&D projects, using as TES (i) composite PCM (Brayton Energy (BE), USA) [140], (ii) mul-
tiple TCES to suitably dispatch electricity (Arizona State University (ArSU), USA) [27]
or (iii) solid material to be demonstrated at full scale (5 MW), such as packed-bed of
rocks (EDISUN (USA)) [27]. Regarding the BE research project, the main objective is to test
a new heat exchanger design, given as TES the graphite foam-based PCM developed by
ArNL from 2012 to 2018. The development of TCES research projects continues to expand,
increasing the working temperature up to 1300 °C with redox reactions (Michigan State
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University (MiSU), USA) [27] or improving the storage capacity at ambient temperature of
a new molten carbonate mixture (Savannah River National Laboratory (SRNL), USA) [27].
Finally, research on improving the heat transfer efficiency of packed-bed passive storage
systems is developed by Montana State University (MoSU), from the USA [27].

Table 9. Technical and economical parameters of active TES CSP R&D projects from 2011.

Project Name

CSP Tonaic T Power LCOE *

Abbreviation TES CSP Configuration TES Technology Technology 0 Block  TRL § (€/kWh) Ref.
LPP-SS Active storage (2-tank Molten chloride SPT 740 sCO, 6 0.06 [139]
indirect) salts SHS
TES-HE Passive storage PCM LHS SPT >700 sCO, 5 - [140]
CSP-ERANET Active storage indirect Ceramics/PCM PTC, SPT - - 5 - [141]
(Newcline) single-tank LHS
& Passive storage
SS-TES Passive storage Redox TCES - up to 1300 - 5 - [27]
EWSCh-TES Passive storage Multiple TCES - - sCO, 1-2 - [27]
EC-TES Passive storage Carbonate TCES - - - 5-6 - [27]
HTMS-TES Active storage indirect Chloride salts SHS - - More- 3 - [142]
single-tank efficient

FULL-TES Passive storage packed-bed Rocks SHS SPT 600 sCO, 7-8 <0.05 [27]
PB Passive storage packed-bed SHS - - - 34 - [27]

* Expected LCOE under commercial up-scaling. § Expected TRL when project ends. ¥ Maximum temperature
achieved in the process from TES to power block.

4. Discussion and Conclusions

The problem of intermittency in energy production associated to the CSP facilities will
only be solved by increasing the use of TES. More than a half of the currently operating CSP
facilities have a TES system, mainly based on molten salts SHS medium. Despite molten
salts having a high TRL for high-temperature applications, natural rocks will be a promising
SHS medium given their low storage cost. Within LHS systems, high-temperature PCM
has been tested in the operational environment, being one of the potential TES systems
when its heat transfer ratio and storage cost are improved. Regarding the TCES system,
issues such as the reactor design and the reaction control are being investigated at TRL 4.
When a greater development of the chemical reactions involving TCES is reached, a lower
storage cost is expected even below SHS and LHS materials.

Almost all of the European and North American TES CSP R&D projects completed
before 2011 implemented the conventional configuration related to the first and second
generation of CSP plants associated with a steam Rankine power block, including (i) molten
salts as TES, (ii) thermal oil as HTF and (iii) PTC technology in solar fields. Firstly, even
though LCOE of PTC technology is one of the highest, its advantageous properties proven
on a commercial scale will boost its leadership in the CSP market. Secondly, despite the
2-tank indirect active storage system being the most commercially extended, the steam
accumulator format within the active direct storage system allows direct use of steam
generated in the solar field for storage and production of electrical energy through the
steam power cycle. Moreover, savings of 35% of the cost of the TES system can be achieved
by using a single tank. The major issue of the active storage systems are the limitations
associated with the media currently used in commercial CSP plants, such as the high
freezing point of common molten salts, the low thermal conductivity of water, as well as the
high costs of conventional molten salts and pressurized water storage tanks. Thus, the R&D
projects launched after 2011 in Europe and North America developed new TES, using TES
CSP configurations based on passive storage and single tank thermocline active storage to
minimize the LCOE of the CSP facilities, being able to use low-cost materials and achieving
better heat transfer. Furthermore, one of the most important advantages is the inclusion
of a thermocline system in the passive storage using molten salts and PCM, leading to a
new storage configuration with lower LCOE. Regarding HTF, the use of TES as HTF or
even air is advantageous over the use of conventional molten salts, minimizing the costs
of electricity production. Nevertheless, since there is a high number of R&D projects with
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high-temperature TCES storage systems, the associated CSP technologies are mainly based
on SPT and PTC. One of the limitations of high-temperature TCES storage systems focuses
on the development of materials that can withstand these working temperatures. The USA
and Spain are the leading countries in the implementation of research projects related to the
integration of TES in CSP facilities with an associated power cycle for large-scale electricity
production. Their great track record of technology development in CSP plants endorses
both countries, accounting for almost 60% of the currently operating CSP plants.

Regarding SHS media, new molten salts allow to achieve operating temperatures up
to 740 °C. In addition, novel storage media based on liquid metal or solids (i.e., particles or
rocks) begin to develop from pilot to sub-commercial scale at the STP CSP plants. Similarly,
the combination of SHS and LHS within LFR and PTC CSP facilities are under development
at demo scale. The LHS system using different PCMs could increase the thermal energy
that could be stored. Furthermore, new lab-scale research based on introducing nanoparti-
cles improves the thermophysical properties of the PCM. The TCES-based R&D projects
extended are related to hydroxide, carbonate and redox TCES systems, reaching working
temperatures up to 1000 °C and a level of development from demo to sub-commercial scale.

The TCES systems have been the most investigated TES technologies in the last
decade, given the low cost of the storage medium and the high temperatures achieved
when retrieving the stored thermal energy. Thus, new high-temperature power blocks can
be implemented into the TES CSP facilities to improve the overall plant efficiency, such as
Brayton or supercritical CO; cycles. The main objective of the largest budget allocated to
an ongoing TES CSP R&D project is to develop the sCO, power cycle associated with CSP
plants on a commercial scale.

5. Future Directions

The next steps of research in TES CSP integration in the near future will be focused on
the upscaling, from demo to commercial stage, the SPT and PTC CSP facilities, using (i)
high energy density, low-cost TES materials for larger storage time with minimal energy
losses (i.e., solid SHS as passive storage, combination of liquid SHS and PCM as LHS
medium, carbonate or redox TCES systems) and (ii) high efficiency power blocks (i.e.,
supercritical or Brayton) to even minimize the LCOE of the CSP facility below 0.05 €/kWh.
Solid particles or packed-beds of rocks, with SHS as passive storage, may be able to reduce
the investment cost of the CSP facility. Among LHS systems, the newly developed PCMs
together with the use of new low-freezing point molten salts will set a new configuration
between the passive and active system, minimizing the storage size and therefore associated
costs. Notably, the TCES systems will grow exponentially, leading the conversion of CSP
facilities to base-load plants with safe and uninterrupted electricity production.
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Nomenclature

Symbols
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specific heat, ] /kg-K

melt fraction, -

mass of storage medium, kg
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temperature, °C

heat of reaction, J/kg

latent heat of fusion, J/kg

Subscripts and superscripts
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out
P

pl
ps

r

s

final

initial

melting
maximum

outlet

constant pressure
liquid phase
solid phase
reaction
storage/stored

Acronyms andabbreviations

CcC
CORDIS
CSP
GHG
HT
HTF
IPCC
LCOE
LFR
LHS
PDC
PMCs
PTC
RES
R&D
SC02
SETO
SHS
SPT
TCES
TES
TRL
USA

Combined Cycle

Community Research and Development Information Service
Concentrating Solar Power
Greenhouse Gases

Heat Transfer

Heat Transfer Fluid
Intergovernmental Panel on Climate Change
Levelized Cost Of Electricity
Linear Fresnel Reflectors

Latent Heat Storage

Parabolic Dish Collectors

Phase Change Materials
Parabolic Trough Collectors
Renewable Energy Sources
Research and Development
Supercritical CO;

Solar Energy Technologies Office
Sensible Heat Storage

Solar Power Towers
Thermochemical Energy Storage
Thermal Energy Storage
Technology Readiness Level
United States of America

Appendix A. List of R&D Projects, Co-Ordinators and Abbreviations

Table Al. List of R&D projects name and abbreviations.

Abbreviation Project Name

AMADEUS Next Ger_lerAtlon MateriAls and Solid State DevicEs for Ultra High Temperature Energy Storage and
Conversion

BMC-TES Binary Metal Chalcogenides for High Temperature Thermal Storage

Cal-TES Demonstration of High-Temperature Calcium-Based Thermochemical Energy Storage System for Use

with Concentrating Solar Power Facilities
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Table A1. Cont.

Abbreviation

CSP-ERANET (Newcline)

DDI-TES

EC-TES
ELEM-TES

EWSCh-TES

FULL-TES

HELH-TES
HTMS-TES
IN-POWER
ISR-TES
LMMH-TES

LPP-SS
NewSOL

NEXT-CSP

NEXTOWER

NPMSSES
PB

RC-TES

RESTRUCTURE

SC-TES
SesPER
SOCRATCES
SOLSTORE
SS-TES
STORRE
TCS-Power
TES-HE

THERMES

Project Name

Advanced thermocline concepts for thermal energy storage for CSP

Development and Demonstration of an Innovative Thermal Energy Storage System for Baseload
Power Generation

Eutectic Carbonates for Low Cost-Efficient Thermochemical Heat Storage System

Efficiently Leveraging Equilibrium Mechanisms for Engineering New Thermochemical Storage
Economic Weekly and Seasonal Thermochemical and Chemical Energy Storage for Advanced Power
Cycles

Development, Build and Operation of a Full-Scale, Nominally 5MWe, Supercritical Carbon Dioxide
Power Cycle Coupled with Solid Media Energy Storage

High Efficiency Latent Heat Based Thermal Energy Storage System Compatible with Supercritical
Carbon Dioxide Power Cycle

Simplified High-Temperature Molten Salt Concentrating Solar Power Plant Preconceptual Design
Advanced Materials technologies to QUADRUPLE the Concentrated Solar Thermal current POWER
GENERATION

Integrated Solar Receiver with Thermal Storage for an sCO, Power Cycle

Low-Cost Metal Hydride Thermal Energy Storage System for Concentrating Solar-Thermal Power
Systems

Liquid-Phase Pathway to SunShot

New StOrage Latent and sensible concept for high efficient CSP Plants

High Temparature concentrated solar thermal power plan with particle receiver and direct thermal
storage

Advanced materials solutions for next generation high efficiency concentrated solar power (CSP)
tower systems

Nanoparticle Enhanced Molten Salts for Solar Energy Storage

Efficient Thermal Energy Storage with Radial Flow in Packed Beds

Regenerative Carbonate-Based Thermochemical Energy Storage System for Concentrating Solar
Power

Redox Materials-based Structured Reactors/Heat Exchangers for Thermo-Chemical Heat Storage
Systems in Concentrated Solar Power Plants

Carbon Dioxide Shuttling Thermochemical Storage Using Strontium Carbonate

Solar Energy Storage PERovskites

SOlar Calcium-looping integRAtion for Thermo-Chemical Energy Storage

Solid-state reactions for thermal energy storage

Solid State Solar Thermochemical Fuel for Long-Duration Storage

High temperature thermal energy Storage by Reversible thermochemical Reaction
Thermochemical Energy Storage for Concentrated Solar Power Plants

Integrated Thermal Energy Storage Heat Exchanger for Concentrating Solar Power Applications

A new generation high temperature phase change microemulsion for latent thermal energy storage in
dual loop solar field
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Table A2. List of R&D project coordinators and abbreviations.

Abbreviation  Project Coordinator

AGENEX Agencia Extremena de la Energia

AINL Los Alamos National Laboratory

ArNL Argonne National Laboratory

ArSU Arizona State University

BE Brayton Energy

CEA Commissariat a ’Energie Atomique et aux Energies Alternatives
CERTH Ethniko Kentro Erevnas kai Technologikis Anaptyxis

CIC Centro de Investigacion Cooperativa de Energias Alternativas
CNRS Centre National de la Recherche Scientifique

CSIC Agencia Estatal Consejo Superior de Investigaciones Cientificas
CSM Colorado School of Mines

DRL Deutsches Zentrum fiir Luft-und Raumfahrt e.V.

EDISUN Edisun
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Table A2. Cont.

Abbreviation Project Coordinator

Italian National Agency for New Technologies, Energy and Sustainable

ENEA .
Economic Development
LEITAT Acondicionamiento Tarrasense Asociacion
MiSU Michigan State University
MoSU Montana State University
NREL National Renewable Energy Laboratory
ORNL Oak Ridge National Laboratory
SRI Southern Research Institute
SRNL Savannah River National Laboratory
UBir University of Birmingham
UEv Universidade de Evora
UF1 University of Florida
ULe Univertisty of Leeds
UPM Universidad Politécnica de Madrid
USe Universidad de Sevilla
USFI University of South Florida
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3. Summary

The present PhD Thesis proposes the development of the Calcium Looping process as
thermochemical energy storage system integrated into the next generation of concentrated solar
power plants, considering higher operating temperatures to improve the energy performance. The
aim of this research is (i) to propose novel methodologies and systems for the CaL process as TCES
and (ii) to enhance the energy efficiency and minimize the energy costs of the conventional CalL
TCES configuration proposed in literature under dynamic mode. The inclusion of a novel equipment
to enhance the energy efficiency subjected to solids management has been proposed and
assessed. Moreover, the operation under dynamic state of the CaL TCES system has been defined,
adjusting to the hourly variability of the solar resource and the energy demand.

This research work was partially funded by the EU Horizon 2020 Research and Innovation
programme (SOCRATCES project) and the Government of Aragon and cofinancied by FEDER 2014-
2020 (Construyendo Europa desde Aragon, Energy and CO2 research group). The financial support
for the PhD Thesis was provided by the FPU programme of the Spanish Ministry of Science,
Innovation and Universities, during the period from October 2018 to March 2023.

3.1. Objective

Up to now, an operational methodology based on the hourly load variability of a non-
oversized CaL TCES system without any support is not contemplated in literature. Most of the
research in literature propose an oversizing of the storage tanks or the support from other
renewable energy sources to adequately manage availability of solar resource and power
generation. Regardless of energy demand, the energy stored during the sunlight hours is
proportionally retrieved when solar resource is not fully available. The present PhD thesis
addresses the influence of the solar resource availability and the solids circulation management
on the CaL TCES plant equipment sizing. Energy savings and size reductions could be reached for
the CaL TCES system, minimizing the circulation of unreacted solids and assessing the real
dynamic operation influenced by the offer (solar resource) and the demand (electricity prices). Both
the novel configuration and the defined methodology are the PhD Thesis proposals to achieve the
core objectives related to the CaL TCES system: (i) the efficiency improvement and (ii) the dynamic
operation study.
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The first main contribution of this PhD Thesis is to demonstrate the potential efficiency
improvement of the conventional CalL process as TCES. Thus, the starting point of this work is
focused on the energy assessment of the large-scale CalL process as TCES under a conventional
configuration proposed in literature. The conventional CaL TCES configuration could improve its
energy savings based on solids management. Thus, the second step of this PhD Thesis in devoted
to the proposal and assessment of a novel CaL TCES configuration. The inclusion of an ideal solid-
solid fluidized bed classifier minimizes the amount of inert solids conveying between reactors,
recirculating into carbonator the unreacted material after separating from carbonated material.
The energy savings and the performance enhancement of the Cal TCES system after implementing
the solid-solid classifier have been quantified by simulation and experimental tests. An energy
assessment was performed through simulation to evaluate the effect of the SSU on the CalL TCES
size and efficiency. The experimental campaign addressed the technical feasibility of the SSU.

The second main contribution of the present PhD Thesis is to define an economically
optimized dynamic operation of the CaL TCES system under real conditions. The energy production
from the CSP plants is linked to the availability of the solar resource (offer) and the electricity prices
(demand). The CaL TCES system provides stability to the operation of the CSP plant, being able to
supply energy maximizing the economic profit. The final stage of this PhD Thesis develops a
methodology to define the dynamic operation of the novel CaL TCES configuration integrated into
CSP plants, enhancing the energy and economic savings. The methodology takes into account the
different energy loads of offer and demand, maximizing the daily income of the CSP plant.
Moreover, optimized operating maps have been defined with the operation points which maximize
the efficiency of the system under each pair of carbonator/calciner loads while meeting technical,
design and energy criteria. Thus, the energy storage has been designed to balance the availability
of solar resource with the periods of greatest demand with the highest prices.

3.2. Methodology

The CaL process has been widely assessed as a carbon capture technology through
computer simulation and experimental test. Recent research works pointed out the potential use
of CalL process as a TCES system integrated into CSP plants. Thus, the level of knowledge of the
Cal process and the involve equipment, the most suitable methodology is computer simulation
supported by experimental works to validate simulation results.

The Engineering Equation Solver (EES) software was used (i) to model the carbonation
reaction, (ii) to define the operation maps and (iii) to code and implement the methodology to
determine the dynamic operation and the energy modelling of the CaL TCES system. The mass and
energy balances of the CaL TCES system under conventional and novel configuration were
performed by gas properties extracted from the EES extensive database and solids properties (lime
[115] and limestone [116]) belonging to external data. The experimental campaign was carried out
to validate (i) the sorbent deactivation during carbonation step and (ii) the technical feasibility of
the carbonated solid separation proposed under the novel CaL TCES configuration.

The first carbonator was design as an entrained flow reactor to suitably evacuate the
thermal energy during carbonation at large scale. The carbonation kinetics was based on the
literature model developed by Ortiz et al. [56], assuming a sorbent conversion of 13.54% at the
end of the reaction controlled phase. Since kinetic models of the CalL process such as TCES are
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scarce, reasonable parts of the existing carbonator models in literature have been extracted.
Experimentation under operating conditions of the novel CaL TCES system is non-existent, being
on the frontier of knowledge. Within the following research stages of this PhD Thesis, a fluidized
bed reactor was assumed to perform the carbonation reaction. The average sorbent activity was
computed by a sorbent deactivation model, considering a conservative estimation of the particle
population age in the carbonator proposed by Abanades for carbon capture [111]. The decay of
sorbent conversion was firstly tuned adjusting to Grasa et el. carbonator kinetic model developed
under carbon capture conditions [104]. Once the first lab scale experimental determination of
carbonation degree was performed under CaL TCES conditions on an electrically heated fluidized
bed with limestone and sand as inventory bed, the sorbent deactivation results were tuned
adjusting to Valverde et al. carbonator kinetic model developed for the CalL process as TCES
[126,127]. The last sorbent deactivation experimental results on an EHFB with inventory only
composed by limestone were better adjusted to an initial activity decay model. Secondly, a sorbent
purge in the calciner was considered to improve the average sorption capacity. Parametrical
analyses were done to select the most suitable CaO purge percentage, considering a carbon
capture efficiency over 90% and a proper Ca/C molar ratio entering the carbonator.

The operation maps which maximize the efficiency of the CaL TCES system have been
selected applying design and technical criteria. The energy storage efficiency was maximized under
energy storage operation mode (ESOM) and the thermal energy availability efficiency was
maximized under energy retrieval operation mode (EROM). A single operating point was selected
under each pair of carbonator/calciner loads, also complying with behaviour and load restrictions
of the plant equipment involve in the CalL TCES system. The EE heat exchangers always released
thermal energy and those named ER had to behave as energy demanders. Regarding load
thresholds, a minimum load for energy-releasing equipment with a nominal size greater than 15
MW and a maximum load for the heat exchanger which preheats carbonate solids discharged from
storage were imposed to ensure energy supply and minimize energy consumption. The operating
map is defined by storage and discharge fractions of CaO and carbonated material under ESOM
and EROM, respectively.

The methodology was coded and implemented using the EES software. A genetic method
[131] was applied to maximize the daily incomes for the CSP plant. The variable inputs were the direct
normal irradiation and the electricity prices for the selected for eight representative days within a
standard year in a specific location. The daily incomes are influenced by the energy retrieval from
the CaL TCES system. The applied constraints were the operating maps and the conservation of
stored energy at the beginning and end of the day. An operating pattern resulting for each
representative day was obtained, including the daily distribution of the energy recovery and the
stored energy.

Regarding the experimental campaign, the sorbent carbonation degree, bulk density and
the minimum fluidization velocity for carbonated and calcined particles were measured. The CaO
deactivation was firstly measured under CaL TCES conditions in two fluidized bed facilities with and
without simulation of solar radiation using as bed inventory a mixture of sand and limestone. The
second measurement of the sorbent conversion was only performed with limestone in an EHFB
without solar radiation simulation. The objective of these experimental tests was to assess the
effect of the solar radiation and the presence of sand on the sorbent activity. The measure of the
bulk density promoted the development of a novel data characterization for sorbent conversion in
large scale CaL TCES facilities. Moreover, the bulk density test validated the effect of the sand in
the bed inventory on the sorbent activity, given an increase in the particle density due to the
porosity minimization. The last experimental research was led to estimate the technical feasibility
of solids after carbonation step. The minimum fluidization velocity was measured for carbonated
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and calcined particles thought the pressure drop vs. the superficial gas velocity curves, using
limestone as bed inventory in an EHFB. The difference range of minimum fluidization velocities
between carbonated and calcined particles would reveal the potential separation of unreacted
particles from the most reactive ones due to density difference. As expected, the experimental
minimum fluidization velocity trend coincided with the particle density variation within the analyzed
carbonation/calcination cycles. Thus, the fluidized bed could be a potential technology to partially
separate the carbonated solids by density difference, given sufficient difference between the
minimum fluidization velocities of partially carbonated and calcined particles.

3.3. Contributions

The present PhD Thesis is framed in the field of engineering, specifically in the
development of energy storage coupled with renewable energy sources. Main contributions explore
novel technical proposals, being able to help improve the technological development of the energy
storage system based on the Calcium Looping (Cal) process. This PhD Thesis addresses the
efficiency improvement and the dynamic operation of the Cal process as thermochemical energy
storage. A summary of the main contributions is shown below:

e The development of a novel CaL TCES configuration to enhance energy efficiency
subjected to solids management in a Cal process for TCES integrated into a CSP plant.
A simulation model verified the energy and size benefits generated by avoiding the
circulation of unreacted solids between reactors.

e The proposal for the integration of a new equipment to separate the non-reactive
particles from the carbonated ones after carbonation reaction, minimizing the energy
cost of the CaL TCES system. The solid-solid classifier is based on a fluidized bed to
separate by density difference between less and more carbonated particles.

e The technical assessment by experimental tests of the solid-solid separation unit. The
difference between calcined and carbonated particles of the experimental minimum
fluidization velocity under CaL TCES conditions was measured. The experimental
results indicate a potential partial separation of the less reactive particles from the
more reactive ones. A fluidized bed could be the most appropriate technology to
classify granular solids by means of density difference.

e The definition of the most suitable operating maps for the CaL TCES system. The
energy performance of all potential operating points under each pair of
calciner/carbonator load was quantified. A proper operating point was selected under
each pair of reactor loads, maximizing (i) the energy storage efficiency under storage
operation mode (ESOM) and (ii) the thermal energy availability efficiency under
retrieval operation mode (EROM). Moreover, the selected operating maps comply with
technical and design criteria, enhancing the operation of the CalL TCES system.

e The development of a methodology to determine the operation patter which
maximizes the daily economic profit CSP plant, operating the CalL TCES system under
the selected operation maps to maximize the energy performance. The CaL TCES
dynamic operation was assessed, comprising the variability of solar resource and the
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energy demand. Operating pattern of the CaL TCES was extracted, discovering the real
operational behaviour of the CaL TCES system under transient mode.

e The energy and economic performance of the CaL TCES system was enhanced by the
novel CaL TCES configuration. Equipment size reductions up to 4% and energy savings
between 11% and 28% for energy storage and thermal energy availability,
respectively, was achieved when the solid-solid classifier integrated into the CaL TCES
system.

The contributions to international conferences done during the development of the
present PhD Thesis are:

2019

2019

2020

2021

2022

Bailera M., Lisbona P., Pascual S., Diez L.l. and Romeo L.M. On the modelling
of a lime carbonator operating in a concentrated solar power plant for energy
storage. 32" International Conference on Efficiency, Cost, Optimization,
Simulation and Environmental Impact of Energy Systems, 234-28% June 2019,
Wroclaw, Poland.

Pascual S., Bailera M., Lisbona P., Diez L.Il. and Romeo L.M. Calcium Looping
como uso directo del CO2 para el almacenamiento de energia solar. 3°
Conferencia Aportando valor CO2, 2nd-3d QOctober 2019, Madrid, Spain.
Proceedings pp. 102-103.

Pascual S., Bailera M., Lisbona P., Diez L.I. and Romeo L.M. Solar Calcium
Looping energy storage: Preliminary comparison between pilot and large
scale. 331 International Conference on Efficiency, Cost, Optimization,
Simulation and Environmental Impact of Energy Systems, 29t June - 31 July
2020, Osaka, Japan. Proceedings pp. 1511-1522.

Pascual S., Di Lauro F., Lisbona P., Romeo L.M., Tregambi C., Montagnaro F.,
Solimene R., Salatino P. Improvement of performance of fluidized bed Calcium
Looping for thermochemical solar energy storage: Modelling and experiments.
10t European Combustion Meeting, 14t-15% April 2021, Naples, Italy.
Proceedings pp. 1430-1435.

Pascual S., Lisbona P., Romeo L.M. New strategies for solids management in
a Ca-looping based TCES System. 24t International Conference on Fluidized
Bed Conversion, 8t-11th May 2022, Gothenburg, Sweden.

Additional contributions have been done through an online webinar within the SOCRATCES
project and a doctoral seminar led by the Ph.D. Program in Renewable Energy and Energy Efficiency
of the University of Zaragoza (Spain):

2021

2022

Romeo L.M., Pascual S., Lisbona P., Diez L.l., Bailera M. Operational
Performance of CSP and Ca-L. SOCRATCES Webinar, 10t June 2021, online.

Pascual S. Gestion de sélidos en el sistema de almacenamiento termoquimico
basado en ciclo de calcio: Una herramienta para la mejora de la eficiencia
energética. 2° Jornada de doctorandos del Programa de doctorado en
Energias Renovables y Eficiencia Energética de la Universidad de Zaragoza,
5th May 2022, Zaragoza, Spain.

Other previous contributions related to the Calcium Looping technology coupled with other
types of processes have been also produced. Transversal and specific training in the Calcium
Looping technology have been received during the PhD Thesis development:
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2019

2019

Scholarship to attend the “7t Sotacarbo International Summer School on
CCUS and low carbon technologies”, 10t - 14th June 2019, Carbonia, Italy.

Scholarship to attend the “13t IEAGHG International Summer School on
CCUS”, 7th - 12th July 2019, Regina, Canada.

Additionally, the Calcium Looping process has been explored, simulated and modelled
within the field of carbon capture to reach negative emissions in bioenergy systems or to upgrade
the biogas from anaerobic digestion. The contributions were presented in international journal
papers and conferences:

2021

2021

2022

Lisbona P., Pascual S., Pérez V., Romeo L.M. Technical feasibility analysis of a
negative emissions BECCS system for a livestock waste treatment plant. 15t
International Conference on Greenhouse Gas Control Technologies, 15th - 18th
March 2021, Abu Dhabi, UAE.

Lisbona P., Pascual S., Pérez V. Evaluation of Synergies of a Biomass Power
Plant and a Biogas Station with a Carbon Capture System. Energies 2021, 14,
908.

Godos I., Pascual S., Lisbona P. Novel biogas upgrading technology by means
of Calcium Looping process. 16t International Conference on Greenhouse
Gas Control Technologies, 23rd- 27th October 2022, Lyon, France.

The dissemination of the contributions in carbon capture field through the Calcium
Looping process were also carried out within different seminars and workshops:

2018

2018

2020

2021

Pascual S. CCUS technologies: an opportunity in the mitigation of climate
change technical conference. CO2 capture technical day: technologies for
large-scale capture - CO2 Spanish Technological Platform, 15% June 2018,
Soria, Spain.

Pascual S. Techno-economic feasibility analysis of an innovative renewable
energy system with negative emissions integrated into a livestock waste
treatment plant in the province of Soria. 16t Science Week in Castilla y Leon,
12th - 18th November 2018, Soria, Spain.

Pascual S. Technical feasibility analysis of a BECCS system of negative
emissions for a livestock waste management plant. Quality, Production and
Sustainability working group meeting of the Food for Life-Spain technological
platform, 231 January 2020, Madrid, Spain.

Pascual S. Calcium Looping systems for CO2 capture, integration in biogas
plants. 1st Summer course of LIFE Smart Agromobility - Biogas production on
farms and use in sustainable mobility, 16% July 2021, Soria, Spain.

3.4. Challenges and further work
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the actual configuration and real operation of a CaL TCES system integrated into a CSP plant,
enhancing the energy efficiency subjected to unreacted solids convey. As further work, three main
blocks must be developed: (i) the kinetic and partial separation of solids models from the results
of the experimental campaign, (ii) the real design of the solid-solid classifier, (iii) the economic
assessment of the real CaL TCES configuration.

Experimental results provided information related to the sorbent deactivation with the
number of carbonation/calcination cycles under CaL TCES conditions (850 °C carbonation and 950
°C calcination, both under pure CO2 atmosphere) in lab-scale facilities. Both reactions were
performed into fluidized bed reactors, whose behaviour is close to large-scale. Carbonator kinetic
models have been developed using data from thermogravimetric analysis. The next step for
carbonation reaction is to develop a kinetic model based on the experimental results provided by
the electrically heated fluidized bed (EHFB) using limestone as bed inventory. The kinetic model to
be developed must be validated for the carbonation and calcination conditions with a greater
number of cycles experimentally analysed.

The experimental minimum fluidization velocity results could be essential to estimate a
partial separation degree of less reactive material. After carbonation step the partial carbonated
material is fed into a solid-solid separation unit to obtain two streams: (i) one with a higher
percentage of fully carbonated particles and (ii) another with a higher concentration of unreacted
CaO0 in the particles. The solid material with higher concentration of unreacted CaO could be
recirculated into the carbonator and the most carbonated material could be directed to the calciner
or the storage tank ST1. The solid-solid separation could be based on a fluidized bed classifier by
density difference. A complete design of the solid-solid classifier, already proposed in literature
[123], could be developed to partially separate the particles from the less reactive ones. The
operation of the solid-solid classifier could be assessed performing new experimental tests to
address its efficiency and feasibility. The partial separation of solids model to be developed must
be validated for newly and highly cycled particles under carbonation conditions.

Once the carbonator kinetic model and the solid-solid separation degree for partially
carbonated material are developed, the energy assessment of the partial separation CaL TCES
configuration under large-scale could be performed. The energy and size results of this
configuration could be between the conventional and novel configuration assessed during the
present PhD Thesis. The operation maps which maximize the performance of the partial separation
CalL TCES configuration could be defined. The real economic profit of the CSP plant could be
provided by applying the operating methodology to the large-scale CaL TCES system including a
partial separation of carbonated material.

3.5. Concluding remarks

The results of the present PhD Thesis contribute to the development of more energy
efficient TCES systems based on Cal technology, promoting energy and economic savings under
real operation. The TCES based on gas-solid reactions, such as Cal process, is attracting a great
deal of attention and constitutes one of the most mid-term promising candidates for thermal energy
storage integrated into the next generation of CSP plants coupled with high-temperature power
blocks. Progress is undoubtedly still required on the development and economic assessment of
the real CalL TCES configuration, considering partial separation of carbonated material.
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Nevertheless, the inclusion of the solid-solid separation unit into the CaL TCES system generates
potential expectations of efficiency improvement and cost reduction, being able to increase the
interest of Cal as TCES and enabling its large-scale deployment in third generation CSP plants.
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Nomenclature

Symbols

thermal energy, MWh

fraction, -
h hour, h
In incomes, €
k CaO deactivation constant, -
L load, -
m weight, mg
m mass flow rate, kg/s
N number of carbonation-calcination cycles
Q heat flow rate, MW
R molar ratio CaO/COz, -
%4 volume, m3
x content, -
X conversion, -
Greek symbols
AHD enthalpy of carbonation, kJ/mol
£ void fraction, -
n efficiency, -
p density, -

Subscripts and superscripts

av thermal energy availability
AV available
carb carbonated
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calc calcined

CR carbonator

CL calciner

dch discharge

disc discarded

g gas

max maximum

min minimum

N number of carbonation-calcination cycles
nom nominal

P purge or particle
part partial load

s solid

st storage

Acronyms and abbreviations

CaL Calcium-looping

CCT Compressor-Cooling Train

CSP Concentrating Solar Power

DE Discharging Expansion

DIFB Directly Irradiated Fluidized Bed
DNI Direct Normal Irradiation

EC European Commission

EE Energy Emitted

EES Engineering Equation Solver
EHFB Electrically Heated Fluidized Bed
EP Electricity Price

ER Energy Required

EROM Energy Retrieval Operation Mode
ESOM Energy Storage Operation Mode
FB Fluidized Bed

GHG Greenhouse Gases

HE Heat Exchanger

HTF Heat Transfer Fluid

[EA International Energy Agency
IPCC Intergovernmental Panel on Climate Change
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Nomenclature

LHS
MW
NCAR
PCMs
PVGIS
R&D
RES
SC1
SC2
SHS
SSC
SSu
ST
TCES
TES

Latent Heat Storage

Molecular Weight

National Center for Atmospheric Research
Phase Change Materials

Photovoltaic Geographical Information System
Research and Development

Renewable Energy Sources

Conventional CaL TCEs configuration (scenario 1)
Novel CaL TCES configuration (scenario 2)
Sensible Heat Storage

Specific Storage ConsumptionSSU

Solid-solid Separation Unit

Storage Tank

Thermochemical Energy Storage

Thermal Energy Storage
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