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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: 

• 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 Formación 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 
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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: 

• 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 CaL TCES system. The 

published papers related to this second stage of the PhD Thesis are: 

• 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. 

• 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 ºC for carbonation and 950 ºC 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 Università 

degli Studi di Napoli Federico II (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: 

• 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 10th 

European Combustion Meeting 2021. 
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• 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 CaL 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: 

• 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 Energía (IEA) señala la necesidad de establecer una 

economía basada en bajas emisiones de carbono y utilización de recursos renovables, con el fin 

de alcanzar el escenario de cero emisiones netas para el año 2050. Por tanto, el almacenamiento 

de energía será clave para el despliegue masivo de energías renovables, contribuyendo de forma 

decisiva a la mitigación del cambio climático. El aprovechamiento de los recursos solares a través 

de tecnología de energía solar de concentración será una de las fuentes renovables más 

extendidas, dada su amplia disponibilidad y reducción de costes en la última década. La mejora 

de la capacidad de despacho en las plantas de energía solar de concentración (CSP) está 

supeditada al almacenamiento de energía. La primera y segunda generación de centrales CSP ya 

utilizan almacenamiento térmico en forma de calor sensible, principalmente sales fundidas. Las 

perspectivas para la próxima generación de plantas de CSP indican un aumento en la 

implementación de almacenamiento de energía térmica a alta temperatura, integrando ciclos de 

energía altamente eficientes. El estado del arte y futuras líneas de investigación de las tecnologías 

de almacenamiento de energía térmica integradas en las plantas CSP se han recogido y publicado 

en la siguiente revisión: 

• 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 tecnología de almacenamiento de energía térmica más prometedora para la tercera 

generación de plantas de CSP se basa en sistemas gas-sólido de almacenamiento de energía 

termoquímica (TCES). El ciclo de calcio (Calcium Looping - CaL) basado en la reacción gas-sólido 

de carbonatación-calcinación es uno de los potenciales sistemas TCES a integrar en plantas CSP, 

dada su alta capacidad de almacenamiento y alta temperatura de operación. 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 

opción innovadora para la mejora de la eficiencia energética basada en la gestión dela circulación 

de sólidos no reactivos en el proceso CaL. Además, se aborda el funcionamiento dinámico del 

sistema CaL TCES bajo condiciones reales de operación, considerando la variabilidad de la 

demanda energética y del recurso solar. 

La investigación incluida en esta Tesis Doctoral se ha desarrollado en el Departamento 

de Ingeniería Mecánica de la Escuela de Ingeniería y Arquitectura de la Universidad de Zaragoza, 

dentro del Programa de Energías Renovables y Eficiencia Energética. Los estudios de doctorado 

han sido financiados por el Programa de Formación de Profesorado Universitario (FPU) del 

Ministerio de Ciencia, Innovación y Universidades de España, desde octubre de 2018 hasta marzo 

de 2023. 
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La presente Tesis Doctoral aborda la mejora de la eficiencia energética del proceso CaL 

operando como sistema TCES mediante una gestión mejorada dela circulación de material no 

reactivo. Hasta ahora, la investigación realizada en este ámbito se ha centrado en la evaluación 

de configuraciones convencionales del sistema CaL TCES, en las cuales los sólidos parcialmente 

carbonatados circulan por todo el sistema. Por otra parte, el funcionamiento dinámico del sistema 

convencional se ha analizado únicamente en función de la disponibilidad del recurso solar sin 

tener en cuenta la demanda de energía. En el presente trabajo se da un paso más, (i) mejorando 

la eficiencia energética mediante un novedoso manejo de sólidos sin reaccionar y (ii) definiendo 

el patrón dinámico de operación del sistema CaL TCES, considerando la disponibilidad del recurso 

solar y el precio de la electricidad en el mercado. 

Como punto de partida, se evalúan los requerimientos energéticos del sistema CaL TCES 

convencional propuesto en bibliografía. Los sólidos circulan dentro del sistema y se almacenan o 

recuperan de los silos según la disponibilidad del recurso solar y la demanda de energía. El objetivo 

de este primer paso es sentar las bases de la Tesis Doctoral, analizando la eficiencia energética 

en función de la gestión de las sustancias almacenadas (gas y materiales sólidos) hacia y desde 

los tanques de almacenamiento. Como resultado de este trabajo, se publicó el siguiente artículo: 

• 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 configuración en el siguiente bloque de esta Tesis Doctoral. La eficiencia energética 

se mejora a través de la recirculación al carbonatador del CaO que no ha reaccionado. Se incluye 

un clasificador sólido-sólido basado en la diferencia de densidades, con el fin de separar las 

partículas de CaO sin reaccionar de las parcialmente carbonatadas. Además, se comparan la 

eficiencia energética y el tamaño de los equipos de la planta entre ambas configuraciones CaL 

TCES (convencional y nueva propuesta) bajo las mismas condiciones de operación de los equipos 

de la planta. El segundo objetivo es evaluar el efecto de la separación de sólidos carbonatados 

sobre el tamaño de la planta y el ahorro energético, estableciendo aquellos mapas operativos que 

maximicen la eficiencia energética del sistema CaL TCES. Los trabajos publicados relacionados 

con esta segunda etapa de la Tesis Doctoral son: 

• 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. 

• 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 simulación del sistema CaL TCES han sido complementados por una 

campaña experimental. Los objetivos de la etapa experimental son (i) determinar el grado de 

carbonatación del sorbente en condiciones reales de funcionamiento del sistema CaL TCES y (ii) 

evaluar la viabilidad técnica de la separación de sólidos carbonatados. El comportamiento del 

sorbente se analizó bajo condiciones CaL como sistema TCES (850 ºC carbonatación y 950 ºC 

calcinación, en atmósfera de CO2 puro) en reactores de lecho fluidizado escala laboratorio, 

asumiendo un comportamiento operativo escalable a gran escala. Además, se midieron tanto la 

densidad aparente como la velocidad mínima de fluidización de partículas calcinadas y 

carbonatadas para evaluar el potencial de separación del CaO parcialmente carbonatado con 

diferente contenido de CaCO3 por diferencia de densidad. Adicionalmente, se desarrolló y validó 

una nueva ecuación empírica para estimar la conversión del sorbente en función de la densidad 
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aparente experimental. Esta etapa experimental se llevó a cabo durante una estancia de 

investigación internacional en la Università degli Studi di Napoli Federico II (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 científica: 

• 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 10th 

European Combustion Meeting 2021. 

• 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 último bloque de la presente Tesis Doctoral se centra en el funcionamiento dinámico 

del sistema CaL TCES a lo largo del día y del año. El objetivo es establecer una metodología que 

establezca la operación del sistema maximizando los ingresos diarios de la planta CSP teniendo 

en cuenta la variabilidad del suministro solar y la demanda de energía. Como resultado de la 

aplicación de la metodología desarrollada, se obtiene el patrón de operación real y el tamaño 

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 provendrán de un sistema CaL 

TCES que minimiza el transporte de sólidos no reactivos dentro del sistema. Este último bloque de 

la Tesis Doctoral ha dado lugar a la publicación de un artículo científico más: 

• 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 publicación. 
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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 ºC during carbonation 

and 950 ºC 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 CaL 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 
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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 CaL 

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 CaL 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 termoquímico de 

energía (TCES) y (ii) el estudio en profundidad de su funcionamiento en régimen transitorio. La 

investigación se ha centrado en el efecto de (i) una gestión diferente de los sólidos no reactivos 

sobre la eficiencia energética, (ii) la gestión de los flujos de sólidos 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 operación del 

sistema, maximizando los ingresos. Adicionalmente, las condiciones realistas de disponibilidad de 

energía solar y la evolución diaria del precio de la electricidad podrían permitir la definición del 

comportamiento operativo de un sistema CaL TCES que optimice la viabilidad económica del 

sistema.  

La mejora de la eficiencia energética del sistema CaL TCES se ha centrado en la gestión 

de sólidos tras la reacción de carbonatación. La carbonatación parcial, que depende de la 

actividad de sorción del sorbente, produce una corriente de mezcla de sorbente carbonatado y no 

carbonatado tras la etapa de carbonatación. Los sorbentes se desactivan gradualmente y la 

actividad de sorción se reduce con el número de ciclos de carbonatación/calcinación. Los 

resultados experimentales de la Tesis mostraron una actividad de sorción promedio del 25% tras 

20 ciclos en un lecho fluidizado calentado eléctricamente, empleando únicamente caliza como 

material de lecho. En el transcurso de las pruebas experimentales se establecieron las siguientes 

condiciones: 850 ºC durante la carbonatación y 950 ºC durante la calcinación, bajo atmósfera de 

CO2. La circulación del material que no reacciona en la carbonatación hacia el calcinador y el 

tanque de almacenamiento de piedra caliza aumenta las pérdidas de energía en el sistema CaL 

TCES. La inclusión de un novedoso clasificador sólido-sólido después del reactor de carbonatación 

es una propuesta prometedora para separar el material tras la carbonatación, recirculando el 

material no carbonatado al carbonatador. La separación completa de CaO no carbonatado y 

material parcialmente carbonatado arrojó resultados positivos, reduciendo el tamaño del equipo 

de la planta hasta en un 74% y generando importantes ahorros de energía. En comparación con 

la configuración CaL 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 CaL TCES, 

se evaluó experimentalmente la viabilidad técnica de la unidad de separación sólido-sólido. La 

diferencia entre la velocidad mínima experimental de fluidización de partículas carbonatadas y no 

carbonatadas podría promover su separación en un clasificador de lecho fluidizado sólido-sólido, 

separando parcialmente por diferencia de densidad las partículas más carbonatadas de las menos 

carbonatadas. El clasificador de lecho fluidizado sólido-sólido podría representar una tecnología 

adecuada para separar parcialmente los sólidos granulares carbonatados por diferencia de 
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densidad, dada la diferencia significativa entre la velocidad mínima de fluidización del material 

carbonatado y calcinado. 

Se ha evaluado la influencia de la gestión de sólidos 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. Además del ahorro energético generado por 

la reducción de la cantidad de sólidos inertes transportados, se realizó un análisis exhaustivo para 

establecer el mapa de operación que maximizase el rendimiento energético del sistema CaL TCES. 

Un gran número de puntos de operación diferentes conducen a la misma cantidad de energía 

almacenada y recuperada para cada par de cargas en los reactores (calcinador y carbonatador). 

Los puntos de operación considerados para definir los mapas de operación cumplen criterios 

técnicos y de diseño. Los criterios técnicos y de diseño 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 energía y (iii) 

gestionar los gases y sólidos desde y hacia los tanques de almacenaje. La cantidad de energía 

almacenada se cuantificó para los puntos operativos analizados dentro del modo de operación de 

almacenamiento de energía. La disponibilidad de energía térmica se estimó para todos los 

posibles puntos de operación dentro del modo de operación de recuperación de energía. El mapa 

operativo definido maximiza la eficiencia de almacenamiento de energía en el modo de operación 

de almacenamiento de energía y la eficiencia de disponibilidad de energía térmica en el modo de 

operación de recuperación de energía. 

Una vez establecidos los mapas operativos optimizados, se creó una nueva metodología 

para determinar la operación dinámica del sistema CaL TCES más rentable, aplicándose 

posteriormente a un caso de estudio específico. El ingreso diario se maximizó teniendo en cuenta 

(i) las máximas eficiencias energéticas para los puntos de operación, (ii) la conservación de la 

energía almacenada de un día al siguiente y (iii) la influencia de la variabilidad horaria del recurso 

solar y precios de la electricidad. La recuperación de energía es superior a mayor incremento de 

demanda, logrando una mayor estabilidad en la operación con perfil uniforme de precios de 

electricidad y una mayor disponibilidad de recurso solar. La recuperación de energía se concentra 

al principio y al final del día bajo perfiles de precios variables y picos máximos y mínimos marcados, 

lo que aumenta la cantidad de horas en modo de almacenamiento de energía total o en modo de 

operación de recuperación de energía. El patrón de operación diario demuestra la operatividad del 

sistema CaL TCES a través de puntos extremos dentro del mapa de operación definido que 

maximiza la eficiencia del sistema. Las eficiencias más elevadas no se encuentran en estos puntos 

de operación extremos. Sin embargo, la presente Tesis Doctoral evalúa cómo operar el sistema 

CaL TCES para obtener la máxima eficiencia energética en aquellos puntos extremos 

pertenecientes a los modos de almacenamiento y recuperación totales. El modo de operación de 

almacenamiento total tiene lugar cuando se apaga el carbonatador, mientras que el modo de 

operación de recuperación de energía total comprende puntos de operación sin disponibilidad de 

recurso solar. Los ingresos reales obtenidos por el sistema CaL TCES podrían variar entre los 

ingresos generados en las configuraciones convencional y novedosa analizadas en la Tesis 

Doctoral. 

La presente Tesis Doctoral ha contribuido a descubrir cómo mejorar la eficiencia 

energética del sistema CaL TCES mediante una evaluación del funcionamiento dinámico basada 

en la inestabilidad del recurso solar y el mercado eléctrico. El proceso CaL es un candidato 

prometedor a medio plazo para almacenar energía térmica en plantas CSP. Sin duda, la propuesta 

de separación parcial de sólidos carbonatados aún requiere ser abordada desde el punto de vista 

de diseño y económico. Sin embargo, la evaluación de la nueva configuración CaL TCES propuesta 

señala los posibles ahorros de energía que pueden lograr las plantas CSP junto con el sistema CaL 
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TCES. Además, la nueva metodología operativa permite acercar la operación de los sistemas CaL 

TCES a la realidad, contribuyendo al desarrollo de la tecnología CaL como almacenamiento de 

energía 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/kg·K). 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 ºC) 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 ºC. The energy density of 

TCES (about 240-1090 kWh/t [22]) is almost 10 times higher than energy density of SHS (1001-

4453 kJ/m3·K [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 • Parabolic through collectors • Parabolic through collectors 

• Solar power tower 

TES medium • SHS: conventional molten 

salts, water 

• SHS: rocks, solid particles, liquid metals, new 

molten salts 

• LHS: PCMs 

• TCES: redox, hydroxide, carbonate 

HTF • Thermal oil (≠TES)* 

• Water (=TES)§ 

• Air, CO2 (≠TES)* 

• Molten salts, solid particles, TCES systems (=TES)§ 

TES CSP 

integration 
• 2-tank active indirect 

• Steam accumulator 

• Single-tank thermocline & passive storage 

• Passive storage 

Power block • Steam Rankine • CO2 Brayton or supercritical 
* Same substance used as storage medium (TES) and heat transfer medium (HTF). 
§ 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 ºC 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 ºC [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 CaL technology for carbon dioxide (CO2) capture to achieve zero or negative 

emissions bioenergy systems from wastes [48] or biomass [49] energy transformation.  

Despite CaL 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 CaL as TCES is the use of limestone as sorbent rich in 

calcium carbonate (CaCO3), which is non-toxic, cheap (< 10 €/t CaCO3) and abundant [53]. Thus, 

the CaL 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 (𝑠) ⇆  CaO(𝑠) + CO2 (𝑔)         ∆𝐻𝑅
° = +178 𝑘𝐽 𝑚𝑜𝑙⁄  (1) 
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The CaL process as TCES is based on the reversible cyclic calcination-carbonation 

reaction. Calcination reaction of limestone (Equation (1)) occurs at 920-950 ºC forming calcium 

oxide (CaO) 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 CaCO3 at 600 – 850 ºC (reverse Equation (1)), releasing high temperature heat [56]. A 

conceptual diagram of the CaL TCES system is shown in Figure 1. 

 

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 CaL process for TCES applications, such as 

calcination/carbonation temperature (920-950 ºC and 600-850 ºC, 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 CaL 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], Al2O3
 [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 

Figure 1. CaL TCES conceptual diagram. 
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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 ZrO2 [74,76], Al2O3
 [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 ºC, reducing energy losses and CaO sintering [82]. 

Partially carbonated particles are found after the exothermic carbonation reaction, 

coexisting CaO and CaCO3 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 CaL 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 CaL 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]. Sarrión 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 CaL 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 CaL 

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 CaL 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 CaL 

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 CaL 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 CaL 

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 CaL 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 CaL 

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 3rd 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 33rd 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 CaL 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 CaL 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 10th 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 24th 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 

storage in concentrating solar 

power plants 

  

“Thermal energy storage in 

concentrating solar power plants: 

A review of European and North 

American R&D projects” 2022, 

Energies, 15, 8570. 

  

Energy assessment of Calcium 

Looping based thermochemical 

energy storage 

“Modelling Calcium Looping at 

industrial scale for energy storage 

in concentrating solar power 

plants” 2021, Energy, 225, 

120306.  

“On the modelling of a lime 

carbonator operating in a 

concentrated solar power plant 

for energy storage” 32nd ECOS 

2019  

“Calcium Looping como uso 

directo del CO2 para el 

almacenamiento de energía 

solar” 3rd Aportando valor CO2 

2019 

“Solar Calcium Looping energy 

storage: Preliminary comparison 

between pilot and large scale” 

33rd ECOS 2020 

Novel Calcium Looping 

thermochemical storage proposed 

configuration 

“Design and operational 

performance maps of Calcium 

Looping thermochemical energy 

storage for concentrating solar 

power plants” 2021, Energy, 220, 

119715 
 

 

 
Integration and 

operating 

alternatives 

“Operation maps in Calcium 

Looping thermochemical energy 

storage for concentrating solar 

power plants” 2022, Journal of 

Energy Storage, 55, 105771 

 

 
Technical 

feasibility of 

carbonated 

solids 

separation 

“Solar-driven Calcium Looping in 

fluidized beds for thermochemical 

energy storage” 2023, Chemical 

Engineering Journal, 466, 

142708 

“Improvement of performance of 

fluidized bed Calcium Looping for 

thermochemical solar energy 

storage: Modelling and 

experiments” 10th ECM 2021 

“New strategies for solids 

management in a Ca-looping 

based TCES System” 24th FBC 

2022 

Operational methodology and 

economic implications 

“Optimized Ca-looping 

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 

CaL 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 CaCO3). 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 CaL 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 CaL TCES configuration, considering a 100 MWth of 

solar power at calciner receiver (𝑄𝐶𝐿) for nominal load. The calciner reactor operates at 950 ºC and 

carbonator at 850 ºC, 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 ºC for carbonated particles from carbonator (ST1: CaCO3/CaO + CaO) and 

calcium oxide from calciner (ST2: CaO) and (ii) 100 ºC 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 (𝑄𝐶𝐿) 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. 

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 CO2 flows, 𝑓𝑠𝑡,𝐶𝑎𝑂  

and 𝑓𝑠𝑡,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 MWth), 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, 𝑓𝑑𝑐ℎ,𝐶𝑎𝐶𝑂3 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. 

Figure 2. Conventional CaL TCES operation scheme under storage (a) and retrieval (b) operation modes. 
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𝑓 𝑠𝑡,𝐶𝑎𝑂 = 𝑓 𝑠𝑡,𝐶𝑂2 =
�̇� 𝑠𝑡,𝐶𝑎𝑂

�̇� 𝑠𝑡,𝑚𝑎𝑥,𝐶𝑎𝑂

=
�̇� 𝑠𝑡,𝐶𝑂2

�̇� 𝑠𝑡,𝑚𝑎𝑥,𝐶𝑂2

 (2) 

𝑓 𝑑𝑐ℎ,𝐶𝑎𝐶𝑂3 =
�̇� 𝑑𝑐ℎ,𝐶𝑎𝐶𝑂3

�̇� 𝑠𝑡,𝑚𝑎𝑥,𝐶𝑎𝐶𝑂3

 (3) 

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,  𝑓𝑑𝑐ℎ,𝐶𝑎𝑂  and 𝑓𝑑𝑐ℎ,𝐶𝑂2 

in (Equation (4)), defines the ratio between CaO and CO2 discharged from ST2 and ST3 and the 

maximum flowrate of CaO and CO2 diverted from calciner at nominal load (100 MWth), respectively.  

The insufficient availability of solar energy diverts part of the carbonated material to storage (ST1). 

The storage fraction of carbonated material, 𝑓𝑠𝑡,𝐶𝑎𝐶𝑂3 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. 

𝑓 𝑑𝑐ℎ,𝐶𝑎𝑂 = 𝑓 𝑑𝑐ℎ,𝐶𝑂2 =
�̇� 𝑑𝑐ℎ,𝐶𝑎𝑂

�̇� 𝑠𝑡,𝑚𝑎𝑥,𝐶𝑎𝑂

=
�̇� 𝑑𝑐ℎ,𝐶𝑂2

�̇� 𝑠𝑡,𝑚𝑎𝑥,𝐶𝑂2

 (4) 

𝑓 𝑠𝑡,𝐶𝑎𝐶𝑂3 =
�̇� 𝑠𝑡,𝐶𝑎𝐶𝑂3

�̇� 𝑠𝑡,𝑚𝑎𝑥,𝐶𝑎𝐶𝑂3

 (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 MWth) and (ii) keeping constant 

reactor length and velocity of gas-solid mixture relationship and ratio between reactor length and 

diameter of enclosure [106]. 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 MWth 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 MWth 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 CaL TCES system efficiency 

were assessed at a single operating point for each pair of carbonator/calciner loads (𝐿𝐶𝑅 and 𝐿𝐶𝐿). 
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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 (𝑓𝑠𝑡,𝐶𝑎𝑂) counterbalances the 

discharge of carbonated solids from ST1 (𝑓𝑑𝑐ℎ,𝐶𝑎𝐶𝑂3), being the lime and CO2 discharge fraction 

(𝑓𝑑𝑐ℎ,𝐶𝑎𝑂) and the carbonated storage fraction (𝑓𝑠𝑡,𝐶𝑎𝐶𝑂3) equal to zero. The discharge fraction value 

of carbonated material (𝑓𝑑𝑐ℎ,𝐶𝑎𝐶𝑂3) corresponds to the difference between calciner and carbonator 

loads. Under EROM, the lime and CO2 storage fraction (𝑓𝑠𝑡,𝐶𝑎𝑂) and the discharge of carbonated 

solids from ST1 (𝑓𝑑𝑐ℎ,𝐶𝑎𝐶𝑂3) are set to zero, being the lime and CO2 discharge fraction (𝑓𝑑𝑐ℎ,𝐶𝑎𝑂) 

equal to the carbonated storage fraction (𝑓𝑠𝑡,𝐶𝑎𝐶𝑂3) equal to zero. The discharge fraction value of 

carbonated material (𝑓𝑑𝑐ℎ,𝐶𝑎𝐶𝑂3) corresponds to the difference between calciner and carbonator 

loads. Table 3 shows the operational points initially evaluated to define the operation map for 

conventional CaL TCES systems. 

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

Operating parameters 

  

Operation mode 

Energy storage 

(ESOM) 

Energy retrieval  

(EROM) 

Reactor loads      

Calciner load (𝐿𝐶𝐿) 0 to 1 

Carbonator load (𝐿𝐶𝑅) 0 to 1 

Storage/Discharge fractions      

CaO storage fraction (𝑓𝑠𝑡,𝐶𝑎𝑂) (𝐿𝐶𝐿-𝐿𝐶𝑅) 0 

CaO discharge fraction (𝑓𝑑𝑐ℎ,𝐶𝑎𝑂) 0 (𝐿𝐶𝐿-𝐿𝐶𝑅) 

Carbonated solids storage fraction (𝑓𝑠𝑡,𝐶𝑎𝐶𝑂3) 0 (𝐿𝐶𝐿-𝐿𝐶𝑅) 

Carbonated solids discharge fraction (𝑓𝑑𝑐ℎ,𝐶𝑎𝐶𝑂3) (𝐿𝐶𝐿-𝐿𝐶𝑅) 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.  

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 (CaO) 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 (𝜂𝑠𝑡) 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. 

 

 

 

 

 

 

The maximum storage efficiency (76%) is reached for (1, 0.9) calciner and carbonator 

loads (𝜂𝑠𝑡,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 (𝜂𝑎𝑣) related to the 

operation maps obtained for ESOM and EROM.  

 

 

 

 

 

 

Figure 4. Storage efficiency under ESOM. 

Figure 5. Thermal energy availability efficiency under ESOM and EROM. 
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The available thermal energy efficiency (𝜂𝑎𝑣) for ESOM compares the available heat to the 

thermal energy invested in the CaL TCES system for calcination reaction and solids preheating 

before calcination from storage tank ST1. The thermal availability efficiency (𝜂𝑎𝑣) 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 (𝜂𝑎𝑣,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.  

𝑉𝑠𝑡 
 (𝑡) = ∫ (

�̇�𝑖𝑛 − �̇�𝑜𝑢𝑡

𝜌
) 𝑑𝑡

𝑡

𝑡0

+ 𝑉𝑠𝑡,0 
  (6) 

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/m3 are considered for CaCO3 and CaO, 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 CO2 

density is defined at storage conditions (100 ºC 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. 

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

Main conventional CaL TCES configuration results 

Efficiencies*  Range (min/max) (%) 

Energy storage (𝜂𝑠𝑡)  46/76 

Thermal energy availability (𝜂𝑎𝑣)  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 (𝑄𝐶𝐿) for nominal load at 100 MWth. 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 CaO 

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 ºC 

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 MWth (𝑄𝐶𝑅) is reached by applying the carbonator model when the maximum flow 

rate of the calcination products (CaO and CO2) 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 (CaCO3/CaO). 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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Under ESOM, the whole range between 0 and 1 of the CaO and CO2 discharge fractions 

(𝑓𝑑𝑐ℎ,𝐶𝑎𝑂) is assessed for each value of the CaO and CO2 storage fraction (𝑓𝑠𝑡,𝐶𝑎𝑂), assuming a 

complete circulation of carbonated material from SSU to calciner (𝑓𝑠𝑡,𝐶𝑎𝐶𝑂3 = 0) which operates at 

nominal power (100 MWth). 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 CaCO3 discharge fraction (𝑓𝑑𝑐ℎ,𝐶𝑎𝐶𝑂3) between 0 and 

1 is assessed by each value of the CaCO3 storage fraction (𝑓𝑠𝑡,𝐶𝑎𝑂), assuming a directly circulation 

of calcination products (CaO and CO2) to carbonator (𝑓𝑠𝑡,𝐶𝑎𝑂  = 0), which operates at nominal load 

(88.33 MWth). 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. 

Figure 6. Novel CaL TCES configuration scheme under storage (a) and retrieval (b) operation modes. 
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Table 5. Operation points assessed under each operation mode for novel CaL TCES configuration. 

Operating parameters 

 

  

Operation mode 

Energy storage 

(ESOM) 

Energy retrieval 

(EROM) 

Reactor loads     

Calciner load (𝐿𝐶𝐿) 1 0 to 1 

Carbonator load (𝐿𝐶𝑅) 0 to 1 1 

Storage/Discharge fractions      

CaO storage fraction (𝑓𝑠𝑡,𝐶𝑎𝑂) 𝑓𝑑𝑐ℎ,𝐶𝑎𝐶𝑂3 to 1 0 

CaO discharge fraction (𝑓𝑑𝑐ℎ,𝐶𝑎𝑂) 0 to 𝐿𝐶𝑅 (being <𝑓𝑠𝑡,𝐶𝑎𝑂) (1-𝐿𝐶𝐿) 

Carbonated material storage fraction (𝑓𝑠𝑡,𝐶𝑎𝐶𝑂3) 0 𝑓𝑑𝑐ℎ,𝐶𝑎𝑂 to 1 

Carbonated material discharge fraction (𝑓𝑑𝑐ℎ,𝐶𝑎𝐶𝑂3) (1-𝐿𝐶𝑅) 0 to 𝐿𝐶𝐿 (being <𝑓𝑠𝑡,𝐶𝑎𝐶𝑂3) 

 

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-CaCO3 heat exchanger is 41.38 MWth, 

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) (MWth) 

CO2 heat recovery directed to ST3 (EE-CO2) 0/-24.22 

CO2 preheating before carbonation step (ER-CO2) -3.10/20.52 

CaO heat recovery directed to ST2 (EE-CaO) 0/-20.50 

CaO preheating before carbonation step (ER-CaO) -2.91/18.02 

Carbonated solids heat recovery directed to ST2 (EE-CaCO3) 0/-40.55 

Carbonated solids preheating before calcination step (ER-CaCO3) 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 (+). 
§ 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 CaL 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 0 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 CaL 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 MWth under nominal conditions (𝑄𝐶𝐿), operating at 950 ºC 

in a pure CO2 atmospheric pressure [113]. The carbonation reaction occurs at 850 ºC and a CO2 

concentration of 100%v 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 ºC 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 set to 0.52 for the deactivation constant and 7.5% for residual conversion [110]. The constant 

CaO/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 (𝑄𝐶𝑅) reached 69 and 88.33 MWth 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 ºC 

under atmospheric pressure, a temperature within the range proposed in the literature from 

ambient to 200-700 ºC [114]. The ST3 stored CO2 at 35 ºC and 75 ºC, 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  

(ESOM) 

Energy retrieval  

(EROM) 

Reactor loads     

Calciner load (𝐿𝐶𝐿) 0 to 1 0 to <𝐿𝐶𝑅 

Carbonator load (𝐿𝐶𝑅) 0 to <𝐿𝐶𝐿 0 to 1 

Storage/Discharge fractions     

CaO storage fraction (𝑓𝑠𝑡,𝐶𝑎𝑂) 𝑓𝑑𝑐ℎ,𝐶𝑎𝐶𝑂3 to 𝐿𝐶𝐿 0 

CaO discharge fraction (𝑓𝑑𝑐ℎ,𝐶𝑎𝑂) 0 to 𝐿𝐶𝑅 (being <𝑓𝑠𝑡,𝐶𝑎𝑂) (𝐿𝐶𝑅-𝐿𝐶𝐿) 

Carbonated material storage fraction (𝑓𝑠𝑡,𝐶𝑎𝐶𝑂3) 0 𝑓𝑑𝑐ℎ,𝐶𝑎𝑂 to 𝐿𝐶𝑅 

Carbonated material discharge fraction (𝑓𝑑𝑐ℎ,𝐶𝑎𝐶𝑂3) (𝐿𝐶𝐿-𝐿𝐶𝑅) 0 to 𝐿𝐶𝐿 (being <𝑓𝑠𝑡,𝐶𝑎𝐶𝑂3) 

 

Under ESOM, the storage fraction of carbonated material was assumed zero (𝑓𝑠𝑡,𝐶𝑎𝐶𝑂3 =

0) and the discharge fraction from ST1 counterbalance the load difference between calciner and 

carbonator reactors (𝑓𝑑𝑐ℎ,𝐶𝑎𝐶𝑂3 = 𝐿𝐶𝐿 − 𝐿𝐶𝑅).  

The ESOM operating map (see Figure 7) defined by CaO storage and discharge fractions 

(𝑓𝑠𝑡,𝐶𝑎𝑂 , 𝑓𝑑𝑐ℎ,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-CaO and 

carbonator and (iv) minimize the thermal energy consumption, limiting the maximum load of 50% 

to ER-CaCO3.  
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The maximum storage efficiency map (𝜂𝑠𝑡,𝑚𝑎𝑥) and the stored power under each CaL TCES 

configuration are illustrated in Figure 8. Under both CaL 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. 

 

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 

Figure 7. Operation maps under ESOM for both CaL TCES configurations: conventional and novel. 

Figure 8. Maximum energy storage efficiency under ESOM for conventional (SC1) and novel (SC2) CaL 

TCES configurations. 
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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 (𝑓𝑠𝑡,𝐶𝑎𝑂 = 0) and the discharge 

fraction from ST2 counterbalances the load difference between carbonator and calciner reactors 

(𝑓𝑑𝑐ℎ,𝐶𝑎𝑂 = 𝐿𝐶𝑅 − 𝐿𝐶𝐿).  

The EROM operating map (see Figure 9) defined by storage and discharge fractions of 

carbonated material (𝑓𝑠𝑡,𝐶𝑎𝐶𝑂3, 𝑓𝑑𝑐ℎ,𝐶𝑎𝐶𝑂3) 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.  

 

The map of maximum energy retrieval efficiencies (𝜂𝑎𝑣,𝑚𝑎𝑥) 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-CaO 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 CaL 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). 

Figure 9. Operation maps under EROM for conventional (SC1) and novel (SC2) CaL TCES configurations. 
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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. 

Main results of conventional and novel CaL TCES configuration  
CaL TCES configuration 

Conventional Novel 

Heat exchanger size*  Range (min/max) (MWth) 

CO2 heat recovery directed to ST3 (EE-CO2) 0/-21.14 0/-24.33 

CO2 preheating before carbonation step (ER-CO2) 0.33/19.52 0.38/22.46 

CaO heat recovery directed to ST2 (EE-CaO) 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 (𝜂𝑠𝑡)  48/62 64/76 

Thermal energy availability (𝜂𝑎𝑣)  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 CaL 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 

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

TCES configurations. 
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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 CaL 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 CaL TCES systems. The promising positive effect of the total 

separation of carbonated solids on the energy efficiency and size of the CaL 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 10th 

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 (𝑚𝑐𝑎𝑟𝑏) and calcined (𝑚𝑐𝑎𝑙𝑐) 

material after each reaction step for each cycle (N). The CaO content (𝑥𝐶𝑎𝑂) 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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𝑋𝑁 =
(𝑚𝑁

𝑐𝑎𝑟𝑏 − 𝑚𝑁−1
𝑐𝑎𝑙𝑐 )

𝑚𝑁−1
𝑐𝑎𝑙𝑐 𝑥𝐶𝑎𝑂

MW𝐶𝑎𝑂

MW𝐶𝑂2

 (7) 

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). 

𝑋𝑁 = 𝑋1𝑁−𝑘 (8) 

The parameters used for the sorbent deactivation model (IAD) were the initial activity constant 

(𝑋1) 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. 

 

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. 

𝑋𝑁 = (
𝜌𝑁

𝑐𝑎𝑟𝑏𝑉𝑁
𝑐𝑎𝑟𝑏 − 𝜌𝑁−1

𝑐𝑎𝑙𝑐𝑉𝑁−1
𝑐𝑎𝑙𝑐

𝜌𝑁−1
𝑐𝑎𝑙𝑐𝑉𝑁−1

𝑐𝑎𝑙𝑐
)

MW𝐶𝑎𝑂

𝑥𝐶𝑎𝑂MW𝐶𝑂2

≈ (
𝜌𝑁

𝑐𝑎𝑟𝑏

𝜌𝑁−1
𝑐𝑎𝑙𝑐

− 1)
MW𝐶𝑎𝑂

𝑥𝐶𝑎𝑂MW𝐶𝑂2

 (9) 

Thus, the experimental carbonation degree data can be quantified through the bulk density 

of carbonated (𝜌𝑐𝑎𝑟𝑏) and calcined (𝜌𝑐𝑎𝑙𝑐) material,  assuming zero change in volume occupied by the 

bed of carbonated (𝑉𝑐𝑎𝑟𝑏) and calcined (𝑉𝑐𝑎𝑙𝑐) 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). 

 

 

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 CaL 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. 

 

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 (𝜌𝑝
𝑐𝑎𝑟𝑏) and calcined (𝜌𝑝

𝑐𝑎𝑙𝑐) 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 

(𝜀𝑏𝑒𝑑
𝑐𝑎𝑙𝑐) and carbonated (𝜀𝑏𝑒𝑑

𝑐𝑎𝑟𝑏) material. 

𝜌𝑝𝑁
𝑐𝑎𝑙𝑐 =

𝜌𝑁
𝑐𝑎𝑙𝑐

1 − 𝜀𝑏𝑒𝑑𝑁
𝑐𝑎𝑙𝑐

;                                 𝜌𝑝𝑁
𝑐𝑎𝑟𝑏 =

𝜌𝑁
𝑐𝑎𝑟𝑏

1 − 𝜀𝑏𝑒𝑑𝑁
𝑐𝑎𝑟𝑏

 (10) 

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 CaL 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 CaL 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 CaL 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 CaL TCES system efficiency for any daily solar radiation and electrical prices. 

The novel CaL 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 MWth. Thus, the grey area 

(𝐸𝐶𝐿,𝑛𝑜𝑚) is the solar thermal energy supplied at nominal load, whereas the stripped area 

represents the solar thermal energy supplied to the calciner at partial load (𝐸𝐶𝐿,𝑝𝑎𝑟𝑡). The surplus 

solar resource above the calciner nominal load is discarded (𝐸𝐶𝐿,𝑑𝑖𝑠𝑐). 

 

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 (𝑄𝐶𝑅) of 88 MWth. 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 

(37.443ºN, 6.25ºW) 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 24th 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 (𝑄𝐶𝑅) or the energy released by EE heat 

exchangers and carbonator (𝑄𝐴𝑉). Thus, the income accounts for the electricity production from 

the energy recovered from the carbonator only (𝐼𝑛𝐶𝑅) or from the combined energy available in the 

system of the EE heat exchangers and the carbonator (𝐼𝑛𝐴𝑉). 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-CaO, 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 0 

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, CaO 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 0 or greater than 50%. 
§ Assuming a void fraction of 30% and densities for CO2 (ρCO2 (35ºC,75bar) = 273.71 kg CO2/m3 [117], CaO and CaCO3 (ρp,CaO = 

1793 kg CaO/m3 and ρp,CaCO3 = 2930 kg CaCO3/m3 [119]). 

 

 

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-CaO, EE-CaO-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.  

 

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 (CaO), respectively, comparing with data found in literature [98].  

The higher solar resource availability, the greater number of operating hours of the CaL 

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. 

 

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 CaL 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 CaL 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. 

• 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.  

• 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  

• 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  

• 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 10th 

European Combustion Meeting (2021), pp. 1430-1435. 

• 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. 

https://doi.org/10.1016/j.energy.2021.120306
https://doi.org/10.1016/j.energy.2020.119715
https://doi.org/10.1016/j.est.2022.105771
https://doi.org/10.1016/j.cej.2023.142708
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• 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. 

  

 

  

https://doi.org/10.3390/en15228570
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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 CaL 

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 Aragón, 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 CaL process as TCES. Thus, the starting point of this work is 

focused on the energy assessment of the large-scale CaL 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 CaL 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 CaL 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 CaL 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 CaL 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 CaL 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: 

• 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. 

• 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. 

• 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. 

• 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 CaL TCES system. 

• The development of a methodology to determine the operation patter which 

maximizes the daily economic profit CSP plant, operating the CaL 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.  

• 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  Bailera M., Lisbona P., Pascual S., Díez L.I. and Romeo L.M. On the modelling 

of a lime carbonator operating in a concentrated solar power plant for energy 

storage. 32nd International Conference on Efficiency, Cost, Optimization, 

Simulation and Environmental Impact of Energy Systems, 23rd-28th June 2019, 

Wroclaw, Poland.  

2019 Pascual S., Bailera M., Lisbona P., Díez L.I. and Romeo L.M. Calcium Looping 

como uso directo del CO2 para el almacenamiento de energía solar. 3ª 

Conferencia Aportando valor CO2, 2nd-3rd October 2019, Madrid, Spain. 

Proceedings pp. 102-103. 

2020 Pascual S., Bailera M., Lisbona P., Díez L.I. and Romeo L.M. Solar Calcium 

Looping energy storage: Preliminary comparison between pilot and large 

scale. 33rd International Conference on Efficiency, Cost, Optimization, 

Simulation and Environmental Impact of Energy Systems, 29th June - 3rd July 

2020, Osaka, Japan. Proceedings pp. 1511-1522. 

2021 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. 

10th European Combustion Meeting, 14th-15th April 2021, Naples, Italy. 

Proceedings pp. 1430-1435. 

2022 Pascual S., Lisbona P., Romeo L.M. New strategies for solids management in 

a Ca-looping based TCES System. 24th International Conference on Fluidized 

Bed Conversion, 8th-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 Romeo L.M., Pascual S., Lisbona P., Díez L.I., Bailera M. Operational 

Performance of CSP and Ca-L. SOCRATCES Webinar, 10th June 2021, online. 

2022 Pascual S. Gestión de sólidos en el sistema de almacenamiento termoquímico 

basado en ciclo de calcio: Una herramienta para la mejora de la eficiencia 

energética. 2ª Jornada de doctorandos del Programa de doctorado en 

Energías 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  Scholarship to attend the “7th Sotacarbo International Summer School on 

CCUS and low carbon technologies”, 10th - 14th June 2019, Carbonia, Italy.  

2019  Scholarship to attend the “13th 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  Lisbona P., Pascual S., Pérez V., Romeo L.M. Technical feasibility analysis of a 

negative emissions BECCS system for a livestock waste treatment plant. 15th 

International Conference on Greenhouse Gas Control Technologies, 15th - 18th 

March 2021, Abu Dhabi, UAE. 

2021 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. 

2022 Godos I., Pascual S., Lisbona P. Novel biogas upgrading technology by means 

of Calcium Looping process. 16th 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  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, 15th June 2018, 

Soria, Spain. 

2018  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. 16th Science Week in Castilla y León, 

12th - 18th November 2018, Soria, Spain. 

2020  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, 23rd January 2020, Madrid, Spain. 

2021  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, 16th July 2021, Soria, Spain. 

3.4. Challenges and further work 

A roadmap directs the next research steps to develop future work based on the main 

conclusions derived from this PhD Thesis. The CaL TCES system has been approached from two 

possible thresholds from the energetic point of view. The major challenge for the future is to define 
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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 ºC carbonation and 950 

ºC 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 

CaO 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 

CaL 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 CaL 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 

𝐸   thermal energy, MWh 

𝑓   fraction, - 

ℎ   hour, h 

𝐼𝑛   incomes, € 

𝑘   CaO deactivation constant, - 

𝐿   load, - 

𝑚   weight, mg 

�̇�   mass flow rate, kg/s 

𝑁   number of carbonation-calcination cycles 

𝑄   heat flow rate, MW 

𝑅   molar ratio CaO/CO2, - 

𝑉   volume, m3 

𝑥   content, -  

𝑋   conversion, - 

 

Greek symbols 

∆𝐻𝑅
0   enthalpy of carbonation, kJ/mol 

𝜀   void fraction, - 

𝜂   efficiency, - 

𝜌   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 

IEA   International Energy Agency 

IPCC  Intergovernmental Panel on Climate Change 
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LHS   Latent Heat Storage 

MW   Molecular Weight 

NCAR  National Center for Atmospheric Research 

PCMs  Phase Change Materials 

PVGIS  Photovoltaic Geographical Information System 

R&D  Research and Development 

RES   Renewable Energy Sources 

SC1   Conventional CaL TCEs configuration (scenario 1) 

SC2   Novel CaL TCES configuration (scenario 2) 

SHS   Sensible Heat Storage 

SSC   Specific Storage ConsumptionSSU 

SSU   Solid-solid Separation Unit 

ST   Storage Tank 

TCES  Thermochemical Energy Storage 

TES   Thermal Energy Storage 
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