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ȺɡɢŬɟɘůŰɑŮɠ 

ȾŬŰɎ Űɖ ŭɘɎɟəŮɘŬ ɧɚɞɡ ŬɡŰɞɨ Űɞɡ ŮɜŭɘŬűɏɟɞɜŰɞɠ ŮɟŮɡɜɖŰɘəɞɨ ŰŬɝɘŭɘɞɨ ɗŬ ɐɗŮɚŬ ˊɟɤŰɑůŰɤɠ ɜŬ 

ŮɡɢŬɟɘůŰɐůɤ Űɤɜ ŮˊɘɓɚɏˊɞɜŰŬ əŬɗɖɔɖŰɐ ɛɞɡ ɆɤŰɐɟɘɞ ȾŬɟɏɚɚŬ, ɞ ɞˊɞɑɞɠ ɛɞɡ ɏŭɤůŮ Űɖɜ ŮɡəŬɘɟɑŬ ɜŬ 

Ůəˊɞɜɐůɤ Űɖɜ ˊŬɟɞɨůŬ ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐ, əŬɗɩɠ əŬɘ Űɖɜ ŭɘˊɚɤɛŬŰɘəɐ ɛɞɡ ŭɘŬŰɟɘɓɐ. ȼ ɓɞɐɗŮɘɎ Űɞɡ 

ɡˊɐɟɝŮ ˊɞɚɨ ůɖɛŬɜŰɘəɐ əŬɗô ɧɚɖ Űɖ ŭɘɎɟəŮɘŬ Űɖɠ ŮɟŮɡɜɖŰɘəɐɠ ɛɞɡ ˊɞɟŮɑŬɠ. ȺˊɘˊɟɧůɗŮŰŬ, ɗŬ ɐɗŮɚŬ ɜŬ 

ŮɡɢŬɟɘůŰɐůɤ ɗŮɟɛɎ Űɞɡɠ ŮɟŮɡɜɖŰɏɠ Ŭˊɧ Űɞ Ⱥɗɜɘəɧ ȾɏɜŰɟɞ ȰɟŮɡɜŬɠ əŬɘ ɇŮɢɜɞɚɞɔɘəɐɠ ȷɜɎˊŰɡɝɖɠ ɔɘŬ Űɖɜ 

ŬɔŬůŰɐ Űɞɡɠ ůɡɜŮɟɔŬůɑŬ əŬɘ ɡˊɞůŰɐɟɘɝɖ ɔɘŬ ŭɩŭŮəŬ ůɡɜŬˊŰɎ ɏŰɖ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ɗŬ ɐɗŮɚŬ ɜŬ 

ŮɡɢŬɟɘůŰɐůɤ Űɞɜ ŮɟŮɡɜɖŰɐ ȷô ɓŬɗɛɑŭŬɠ ɁɘəɧɚŬɞ Ɂɘəɞɚɧˊɞɡɚɞ ˊɞɡ ɛɞɡ ɏŭɤůŮ Űɖɜ ŭɡɜŬŰɧŰɖŰŬ ɜŬ 

ŭɞɡɚɏɣɤ ůŮ ɛɘŬ ůŮɘɟɎ Ŭˊɧ ŮɜŭɘŬűɏɟɞɜŰŬ ŮɟŮɡɜɖŰɘəɎ ɏɟɔŬ, ůŰɞ ˊɚŬɑůɘɞ Űɤɜ ɞˊɞɑɤɜ ŮəˊɧɜɖůŬ Űɖɜ 

ŭɘŭŬəŰɞɟɘəɐ ɛɞɡ ŭɘŬŰɟɘɓɐ. ȼ ůɡɜŮɘůűɞɟɎ Űɞɡ ɡˊɐɟɝŮ ɨɣɘůŰɖɠ ůɖɛŬůɑŬɠ ɔɘŬ Űɖɜ ŬɜɎˊŰɡɝɖ Űɖɠ ŮɟŮɡɜɖŰɘəɐɠ 

əŬɘ ŮˊŬɔɔŮɚɛŬŰɘəɐɠ ɛɞɡ ɛɞɡ ůəɏɣɖɠ. ūɡůɘəɎ, ˊɞɚɨ əɞɛɓɘəɐ əŬɘ ɞɡůɘŬůŰɘəɐ ɡˊɐɟɝŮ ɖ ɓɞɐɗŮɘŬ Ŭˊɧ Űɞɜ 

ŮˊɘɓɚɏˊɞɜŰŬ ɛɞɡ Ůˊɑ ɛɑŬ ŭŮəŬŮŰɑŬ ȹɟ. ȷɟɘůŰŮɑŭɖ Ɂɘəɞɚɧˊɞɡɚɞ ɞ ɞˊɞɑɞɠ ɛŮ ɓɞɐɗɖůŮ ůŮ əɎɗŮ ůŰɎŭɘɞ Űɖɠ 

Ůəˊɧɜɖůɖɠ Űɖɠ ŭɘŭŬəŰɞɟɘəɐɠ ɛɞɡ ŭɘŬŰɟɘɓɐɠ, ŬɚɚɎ əŬɘ ŮɟɔŬůɑŬɠ ɛɞɡ ůŰŬ ŮɟŮɡɜɖŰɘəɎ ɏɟɔŬ ůŰɞ ȺȾȺɇȷ. 

ȺˊɘˊɟɧůɗŮŰŬ, ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ ɗŮɟɛɎ Űɞɜ ȺɟŮɡɜɖŰɐ ȷô ɓŬɗɛɑŭŬɠ ɄŬɜŬɔɘɩŰɖ ũɟŬɛɛɏɚɖ, ɞ ɞˊɞɑɞɠ 

ɛɞɡ ɏŭɤůŮ Űɞ əɑɜɖŰɟɞ ɜŬ ˊɟɞɢɤɟɐůɤ əŬɘ ɜŬ ɖɔɖɗɩ ŮɜŮɟɔɎ ŮɟŮɡɜɖŰɘəɩɜ ˊɟɞɔɟŬɛɛɎŰɤɜ əŬɘ ůɡɔɔɟŬűɐɠ 

ˊɟɞŰɎůŮɤɜ, ŮɜɘůɢɨɞɜŰɎɠ ɛɞɡ Űɖɜ ŮˊŬɔɔŮɚɛŬŰɘəɐ ɛɞɡ ŬɡŰɞˊŮˊɞɑɗɖůɖ. ɆɡɜŬəɞɚɞɨɗɤɠ, ɗŬ ɐɗŮɚŬ ɜŬ 

ŬɜŬűŮɟɗɩ ůŰɖɜ ˊɞɚɨŰɘɛɖ ɓɞɐɗŮɘŬ Űɞɡ űɑɚɞɡ əŬɘ ůɡɜŬŭɏɚűɞɡ ȾɤůŰɐ ȷŰůɧɜɘɞɡ ɞ ɞˊɞɑɞɠ ɛŮ ɏɢŮɘ ɓɞɖɗɐůŮɘ 

ůŮ ɧɚŬ ŰŬ ɢɟɧɜɘŬ Űɖɠ ˊɞɟŮɑŬɠ ůŮ ɖɗɘəɧ, ůɡɜŬŭŮɚűɘəɧ əŬɘ ŮɟŮɡɜɖŰɘəɧ ŮˊɑˊŮŭɞ. ɇɏɚɞɠ, ɗŬ ɐɗŮɚŬ ɜŬ 

ŮɡɢŬɟɘůŰɐůɤ ɗŮɟɛɎ ŰŬ ɚɞɘˊɎ ɛɏɚɖ Űɖɠ 7ɛŮɚɞɨɠ ŮˊɘŰɟɞˊɐɠ (ȾŬɗɖɔɖŰɐ ȺɛɛŬɜɞɡɐɚ ȾŬəŬɟɎ, ȾŬɗɖɔɖŰɐ 

ȾɡɟɘɎəɞ ũɘŬɜɜɎəɞɔɚɞɡ, ȾŬɗɖɔɖŰɐ Joergen Karl əŬɘ ȷɜŬˊɚɖɟɤŰɐ ȾŬɗɖɔɖŰɐ Alejandro Datas) ˊɞɡ 

ŭɏɢŰɖəŬɜ ɜŬ Ŭɝɘɞɚɞɔɐůɞɡɜ Űɖ ŭɘŭŬəŰɞɟɘəɐ ɛɞɡ ŭɘŬŰɟɘɓɐ. 

ȹŮɜ ɛˊɞɟɩ ɜŬ ɝŮɢɎůɤ Ŭˊɧ Űɘɠ ŮɡɢŬɟɘůŰɑŮɠ ůɡɜŬŭɏɚűɞɡɠ əŬɘ űɑɚɞɡɠ Ŭˊɧ Űɖɜ ɞɛɎŭŬ ɡˊɞɚɞɔɘůŰɘəɐɠ 

ɟŮɡůŰɞŭɡɜŬɛɘəɐɠ Űɞɡ ȺȾȺɇȷ ɛŮ Űɞɡɠ ɞˊɞɑɞɡɠ ŮɑɢŬɛŮ ˊɞɚɨ əŬɚɐ ůɡɜŮɟɔŬůɑŬ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, Űɞɜ 

ůɡɜɎŭŮɚűɞ ȹɟ. ȼɚɑŬ ɀŬɚɔŬɟɘɜɧ, Űɞɜ ȹɟ. ȹɘɞɜɨůɘɞ ɆŰŮűŬɜɑŰůɖ, Űɞɜ ȹɟ. ɆŰŬɨɟɞ ūɤůŰɖɟɧˊɞɡɚɞ, Űɞɜ 

ɄŬɜŬɔɘɩŰɖ ȹɟɞůɎŰɞ, Űɞɜ ɄɎɜɞ ɆŰŬɛŬŰɧˊɞɡɚɞ əŬɘ Űɞɜ ũɘɩɟɔɞ ȾŬɜɏɚɚɖ. ȺˊɘˊɟɧůɗŮŰŬ, ɗɏɚɤ ɜŬ 

ŮɡɢŬɟɘůŰɐůɤ Űɞɡɠ ůɡɜŬŭɏɚűɞɡɠ əŬɘ űɑɚɞɡɠ ɔɘŬ Űɖɜ ɖɗɘəɐ Űɞɡɠ ɡˊɞůŰɐɟɘɝɖ ɧɚŬ ŬɡŰɎ ŰŬ ɢɟɧɜɘŬ Űɞɜ ɀɘɢɎɚɖ 

ȾɞɡɔɘɞɡɛŰɕɐ, Űɖɜ ȸŬůɘɚɘəɐ ũŮɛŮɜɐ, Űɞɜ ȸŬůɑɚɖ ȷˊɞůŰɞɚɧˊɞɡɚɞ, Űɖɜ ȷɔɔŮɚɘəɐ ɆŬɔɎɜɖ, Űɖɜ ɉɟɘůŰɑɜŬ 

ȿɞɡəɎ, Űɞɜ ȹɟ. ɉɟɐůŰɞ ɉɟɘůŰɞŭɞɨɚɞɡ, Űɖɜ ȹɟ. ȺűɖɔɘɎɜɜŬ ȾɞɡŰůɞɨɛˊŬ, Űɞɜ ȹɖɛɐŰɟɖ ȾɞɡɟəɞɨɛˊŬ, Űɖɜ 

ȽɤɎɜɜŬ ȾŬɟŬɑůəɞɡ, Űɞɜ ɀŬɜɩɚɖ ȾŬɟŬɛˊɑɜɖ əŬɘ Űɞɡɠ ɚɞɘˊɞɨɠ ůɡɜŬŭɏɚűɞɡɠ. 

ȺˊɘˊɟɞůɗɏŰɤɠ, ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ Űɖɜ ɞɛɎŭŬ Ŭˊɧ Űɞ UPM ɔɘŬ Űɖɜ ŭɡɜŬŰɧŰɖŰŬ ˊɞɡ ɛɞɡ ɏŭɤůŬɜ ɜŬ 

ůɡɜŮɢɑůɤ Űɖɜ ɏɟŮɡɜŬ ɛɞɡ ůŰŬ ɡɚɘəɎ ŬɚɚŬɔɐɠ űɎůɖɠ, Űɖɜ ɞɛɎŭŬ Űɞɡ TUDA ɔɘŬ Űɖɜ ˊɞɚɡŮŰɐ Űɞɡɠ 

ůɡɜŮɟɔŬůɑŬ, ŰŬ ˊŮɘɟɎɛŬŰŬ Űɤɜ ɞˊɞɑɤɜ ɐŰŬɜ əɞɛɓɘəɎ ɔɘŬ ɜŬ ŮˊɘŰŮɚɏůɤ Űɖɜ Ůˊɘəɨɟɤůɖ Űɤɜ ɛɞɜŰɏɚɤɜ Űɤɜ 

ɟŮɡůŰɞˊɞɘɖɛɏɜɤɜ əɚɘɜɩɜ, Űɖɜ ɞɛɎŭŬ Űɞɡ FAU ɔɘŬ Űɖ ůɡɜŮɟɔŬůɑŬ ůŰɞ ˊɚŬɑůɘɞ Űɞɡ ANICA, əŬɗɩɠ əŬɘ Űɞɡɠ 

ůɡɜŬŭɏɚűɞɡɠ Ŭˊɧ Űɖɜ Shi-FW ɞɘ ɞˊɞɑɞɘ ɛɞɘɟɎůŰɖəŬɜ Űɖ ɓɘɞɛɖɢŬɜɘəɐ Űɞɡɠ ɔɜɩůɖ ůŰɞ ˊɚŬɑůɘɞ Űɞɡ ɏɟɔɞɡ 

FlexFlores, ɖ ɞˊɞɑŬ ɢɟɖůɘɛɞˊɞɘɐɗɖəŮ ůŰɞ ˊɚŬɑůɘɞ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘŭŬəŰɞɟɘəɐɠ ŭɘŬŰɟɘɓɐɠ.  

ɇɏɚɞɠ, ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ ɗŮɟɛɎ Űɞɡɠ űɑɚɞɡɠ ɛɞɡ ɀŬɟɘɎɜɜŬ, ȯɜɜŬ, ȹɐɛɖŰɟŬ, ȸɑɓɘŬɜ, ȯɔɔŮɚɞ, 

ɄɎɜɞ, ɆɞűɑŬ, ȳɚɔŬ əŬɘ Ⱥɚɏɜɖ, əŬɗɩɠ əŬɘ Űɖɜ ɛŮɔŬɚɨŰŮɟɖ ŬŭŮɟűɐ ɛɞɡ ɀŬɟɘɎɜɜŬ ɔɘŬ Űɖɜ ɡˊɞůŰɐɟɘɝɐ Űɞɡɠ 

ůŮ ˊɟɞůɤˊɘəɧ, ɡɚɘəɧ əŬɘ ɞɡůɘŬůŰɘəɧ ŮˊɑˊŮŭɞ. Ʉɘɞ ůɖɛŬɜŰɘəɧ ɗŬ ɐɗŮɚŬ ɜŬ ŮɡɢŬɟɘůŰɐůɤ əŬɘ ɜŬ ŬɜŬɔɜɤɟɑůɤ 

Űɖɜ ˊɞɚɡŮŰɐ ůɡɜŮɘůűɞɟɎ Űɖɠ ɛɖŰɏɟŬɠ ɛɞɡ ȯɜɜŬɠ ůŮ ɧɚŬ ŰŬ ůŰɎŭɘŬ Űɖɠ ɕɤɐɠ ɛɞɡ Ŭˊɧ Űɖɜ ŮɘůŬɔɤɔɐ ɛɞɡ 

ůŰɞ ɄɞɚɡŰŮɢɜŮɑɞ ɛɏɢɟɘ əŬɘ ůɐɛŮɟŬ, əŬɗɩɠ Űɤɜ ŮəɚɘˊɧɜŰɤɜ ́ Ŭˊˊɞɨŭɤɜ ɛɞɡ ȾŬŰŮɟɑɜŬ əŬɘ ȿɎɕŬɟɞ ɄŮŰɟɑŭɖ. 

ȼ ɡˊŮɟˊɚɐɟɖɠ ŬɔɎˊɖ ɧɚɤɜ ŬɡŰɩɜ Űɤɜ əɞɜŰɘɜɩɜ ɛɞɡ ˊɟɞůɩˊɤɜ ɛŮ ɓɞɐɗɖůŮ ůŰɞ ɜŬ ŬɜŰɚɐůɤ ɣɡɢɘəɐ 

ŭɨɜŬɛɖ ɔɘŬ ɜŬ ůɡɜŮɢɑůɤ ůŰɞ ŬˊŬɘŰɖŰɘəɧ ŮɟŮɡɜɖŰɘəɧ ŰŬɝɑŭɘ.  
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ɆɨɛűɤɜŬ ɛŮ ŬˊɧűŬůɖ Űɖɠ ũŮɜɘəɐɠ ɆɡɜɏɚŮɡůɖɠ Űɖɠ Ɇɢɞɚɐɠ ɀɖɢŬɜɞɚɧɔɤɜ ɀɖɢŬɜɘəɩɜ Űɞɡ ȺɀɄ ůŰɘɠ 

(20/03/2023) ɖ ˊŬɟɞɨůŬ ȹɘŬŰɟɘɓɐ ɔɑɜŮŰŬɘ ŬˊɞŭŮəŰɐ ůŰɖɜ ȷɔɔɚɘəɐ ɔɚɩůůŬ. ȰɢŮɘ Ůˊɘˊɚɏɞɜ ˊɟɞůŰŮɗŮɑ 

Ůɚɚɖɜɘəɐ ˊŮɟɑɚɖɣɖ ɛŮ ɏəŰŬůɖ ɑůɖ ˊŮɟɑˊɞɡ ɛŮ Űɞɜ ɏɜŬ ŰɟɑŰɞ Űɖɠ ɏəŰŬůɖɠ Űɞɡ Ŭɔɔɚɘəɞɨ əŮɘɛɏɜɞɡ. 
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ȼ ɏɔəɟɘůɖ Űɖɠ ȹɘŭŬəŰɞɟɘəɐ ȹɘŬŰɟɘɓɐɠ Ŭˊɧ Űɖ Ɇɢɞɚɐ ɀɖɢŬɜɞɚɧɔɤɜ ɀɖɢŬɜɘəɩɜ Űɞɡ Ⱥɗɜɘəɞɨ ɀŮŰůɧɓɘɞɡ 

ɄɞɚɡŰŮɢɜŮɑɞɡ ŭŮɜ ɡˊɞŭɖɚɩɜŮɘ Ŭˊɞŭɞɢɐ Űɤɜ ɔɜɤɛɩɜ Űɞɡ ůɡɔɔɟŬűɏŬ (Ɂ. 5343/ 1932, ȯɟɗɟɞ 202). 
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Summary 

The scope of the present Doctoral Thesis is to model and optimize novel energy storage systems operating 

at high and ultra-high temperatures (>800-900 oC) based on either (1) phase change materials (PCMs), or 

(2) granular materials. The latter can be part of sensible heat storage fluidized bed systems or 

thermochemical energy storage systems, such as the carbonate looping cycle. All three types of systems 

(latent heat, sensible and thermochemical) can be used in applications of various scales (from experimental 

facilities to industrial scale units) as stand-alone technological options or in conjunction with other 

conventional power generation units. In addition, they are aimed at temperatures above 500-600 oC, without 

excluding their operation at medium or low temperatures. However, the use of such systems on a large scale 

requires in-depth knowledge of various heat transfer mechanisms and various complex fluid flow 

phenomena taking place during their operation. The use of computational fluid dynamics (CFD) tools can 

help to understand such mechanisms, as well as to optimize such systems, in terms of their operating 

conditions, but also of their design. In the framework of this Thesis, the development of several CFD based 

tools has been achieved by utilizing a commercial simulation platform (ANSYS FluentTM) and where it has 

been deemed necessary, in-house codes in C and FORTRAN programming language have been used, in 

order to improve the accuracy of the developed models. Validation of the numerical models has been done 

using experimental results, which have been retrieved either from the literature, or from cooperating 

universities carrying out the experimental campaigns of the studied systems in the context of the research 

projects, during which the doctoral thesis has been prepared. Verification of the CFD models against 

theoretical models has been also done in cases where there has been lack of experimental data. Seven 

chapters showcase the specific research effort that has been put during the PhD Thesis. 

More specifically, in the First Chapter the general framework is set for the necessity of full decarbonization 

and clean energy transition by 2050, which increases the need of using renewable energy sources, advanced 

energy storage systems, as well as carbon capture systems. Reference is made to the energy storage 

technologies that are widely being used currently and, then, the innovative systems examined in this 

doctoral thesis are mentioned. These refer to a) a latent heat thermal energy storage system that contains 

silicon as a phase change material and operates at ultra-high temperatures (~1410 ÁC), b) the calcium 

looping cycle, which operates at high temperatures (~650-900 oC) and can be used for energy storage in the 

form of chemical reaction and simultaneous capture of carbon dioxide and c) a sensible heat storage system 

based on gas-solid fluidized bed (~500-600 oC) and can operate either for energy storage or as a heat 

exchanger in power plants. 

The Second Chapter presents in detail the numerical methods and equations used in this PhD Thesis to 

model the under-studied innovative technologies. More specifically, in the case of PCMs, the heat transfer 

mechanisms through conduction and convection, the development of dendritic formations during the PCM 

solidification and their effect on system performance, as well as the PCM volume change during their phase 

change are taken into account. The enthalpy porosity approach combined with the Volume of fluid (VOF) 

method are used to simulate systems based on phase change materials. A critical parameter for the 

optimization of these systems is the heat losses from the crucible sidewalls, which increase inversely to 

their volume, while they also depend to a large extent on the shape of the storage container of the phase 

change material. In the case of fluidized bed units, two main approaches can be applied to simulate the 

multiphase flow (granular solid and gas), i.e. the Euler-Euler (Two fluid model - TFM), or the Euler-

Lagrange (Dense discrete phase model - DDPM). In this doctoral thesis, the state-of-the-art Euler-Euler 

TFM method is used. Accurate modeling of the interaction between solid particles and fluid phase relies 
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heavily on the model used for the drag force, i.e. the force exerted on the solid particles by the gas phase. 

For this reason, an innovative drag model is applied which approximates the flow heterogeneity (e.g. 

particles clusters) at various scales. This model is called EMMS (Energy Minimization Multi-Scale 

Analysis) and tends to outperform conventional homogeneous drag models (such as that of Gidaspow). A 

new version of this model, with the new cluster correlation that takes into account the reactor diameter, has 

been validated for different reactors in the framework of this Thesis. 

Chapter Three focuses on the latent heat energy storage system study and optimization. More specifically, 

a transient CFD model has been developed based on the principles mentioned in the Second Chapter for 

modeling the three-phase flow inside a container that contains a PCM that changes phase from solid to 

liquid and vice versa and an inert gas that is inside the same container over the material. Two types of PCMs 

are tested (i) paraffin wax, which changes phase at low temperatures (~40 ÁC) and (ii) new generation 

PCMs, such as boron/silicon alloys, which are characterized by a latent heat of the order of 2- 4 MJĿkg-1 

(an order of magnitude greater than that of standard molten salts widely used today). Due to the high melting 

point of such materials (for example pure silicon melts at about 1400 ÁC), there are many technical problems 

in the system itself that need to be studied. A major problem is the high heat losses from the vessel sidewalls. 

The type of insulation (materials, thickness of materials), as well as the shape and volume of the container 

itself can play a high role in the amount of lateral losses. Other parameters investigated in such a storage 

system are its charging-discharging rate, as well as the storage time (the time before it loses all of its stored 

energy in the form of latent heat). Regarding the shapes, great emphasis has been placed on the optimization 

of the shape of the truncated cone, as it presents great flexibility in design in relation to, for example, the 

spherical shape. Finally, a parametric analysis has been made regarding the effect of the material properties 

(thermal conductivity, specific heat capacity, etc.) on the charging-discharging rate of the system. 

Regarding the multi-phase flow simulations inside fluidized bed systems, several units have been modeled, 

which can be used in the calcium looping cycle (Chapter Four) or for energy storage in the form of sensible 

heat and in novel heat exchangers (Chapter Five). Modeling the multiphase flow using the developed 

EMMS model increases the accuracy of the results in terms of the overall pressure drop predictions, solids 

recirculation flux and predicted flow patterns. Finally, other elements investigated are the effect of radiative 

heat transfer (this particular phenomenon is worth studying in cases of (i) dilute flow fluidized beds, where 

the effect of radiative heat transfer can be significant in (ii) types of fluidized beds that store energy from 

the sun etc.). In the last case (i.e. solar particle receiver) the effect of radiation is very important, as the 

suspended particles absorb energy from the walls of the unit which are either permeable to solar radiation 

(direct energy absorption) or impermeable (indirect energy absorption). An important added value to the 

scientific community is that the developed models have been validated against experimental results from 

pilot units (300 kWth-1 MWth) which can provide a more realistic view of large-scale flow phenomena. 

More specifically the modeling carried out in Chapter Four includes, (a) Construction and validation of the 

EMMS model in a 1 MWth circulating fluidized bed carbonator, (b) Modeling of the carbonator reactor at 

two scales (1 MWth and 20 MW th) and optimizing its design through the study of various scenarios (c) 

Modeling of a fluidized bed system that acts as calciner and receives heat either through the in-situ 

combustion of solid fuel (oxy-fired CaL) or through indirect heat transfer (Indirectly heated calcium 

looping). Chapter Five focuses on modeling a bubbling fluidized bed system that acts as a storage 

vessel/heat exchanger (2-phase flow) ï In this unit, there is a series of tube buddles, in which steam flows 

and draws heat from the fluidized bed. Appropriate user defined functions (UDF ï User Defined Functions) 

have been used to implicitly model the steam flow inside the pipelines. Added to this, a theoretical model 
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has been used to carry out extra parametric studies on the effect of several parameters (e.g. fluidizing agent 

type) on the overall heat transfer process inside the sensible heat storage system. 

Finally, the Sixth Chapter sets a general framework for the application of the three main technologies 

studied (energy storage in solid granular particles in the form of sensible heat (a) and chemical reaction (b), 

as well as energy storage in the form of latent heat with change materials phase (c)). More specifically, a 

theoretical comparison is set by comparing the different types of heating and storing methods studied in 

this Thesis in terms of charging rates and charging time. 

Finally, general conclusions from the individual chapters are summarized in the Seventh Chapter, whereas 

various themes are proposed for future development of the models based on the experience gained through 

this doctoral thesis. 
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Ɇɨɜɞɣɖ 

Ƀ ůəɞˊɧɠ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘŭŬəŰɞɟɘəɐɠ ŭɘŬŰɟɘɓɐɠ ŮɑɜŬɘ ɖ ɛɞɜŰŮɚɞˊɞɑɖůɖ əŬɘɜɞŰɧɛɤɜ ůɡůŰɖɛɎŰɤɜ 

ŬˊɞɗɐəŮɡůɖɠ ŮɜɏɟɔŮɘŬɠ ɓŬůɘɕɧɛŮɜŬ, (1) ůŮ ɡɚɘəɎ ŬɚɚŬɔɐɠ űɎůɖɠ ɡɣɖɚɐɠ ɚŬɜɗɎɜɞɡůŬɠ ɗŮɟɛɧŰɖŰŬɠ (latent 

heat thermal energy storage systems), ɐ (2) ůŮ ůɡůŰɐɛŬŰŬ əɞəəɩŭɞɡɠ ɟɞɐɠ (ɛɞɜɎŭŮɠ ɟŮɡůŰɞˊɞɘɖɛɏɜɖɠ 

əɚɑɜɖɠ - fluidized beds). ɇŬ ŰŮɚŮɡŰŬɑŬ ɓŬůɑɕɞɜŰŬɘ ŮɑŰŮ ůŰɖɜ ŬˊɞɗɐəŮɡůɖ ŮɜɏɟɔŮɘŬɠ ɡˊɧ Űɖ ɛɞɟűɐ 

ɚŬɜɗɎɜɞɡůŬɠ ɗŮɟɛɧŰɖŰŬɠ, ŮɑŰŮ ůŮ əɨəɚɞɡɠ űɧɟŰɘůɖɠ-ŮəűɧɟŰɘůɖɠ ɛɏůɤ ɢɖɛɘəɐɠ ŬɜŰɑŭɟŬůɖɠ, 

ɢɟɖůɘɛɞˊɞɘɩɜŰŬɠ ɔɘŬ ˊŬɟɎŭŮɘɔɛŬ ɏɜŬɜ əɨəɚɞ ŮɜŭɧɗŮɟɛɖɠ-ŮɝɩɗŮɟɛɖɠ ŬɜŰɑŭɟŬůɖɠ, ɧˊɤɠ ɞ əɨəɚɞɠ 

ŭɏůɛŮɡůɖɠ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ɎɜɗɟŬəŬ ŬůɓŮůŰɞˊɞɑɖůɖɠ-ŮɜŬɜɗɟɎəɤůɖɠ (calcium-looping cycle). ȷɛűɧŰŮɟŬ 

ůɡůŰɐɛŬŰŬ ɛˊɞɟɞɨɜ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ůŮ ŭɘɎűɞɟŮɠ ŮűŬɟɛɞɔɏɠ ŭɘŬűɧɟɤɜ əɚɘɛɎəɤɜ (Ŭˊɧ ˊŮɘɟŬɛŬŰɘəɏɠ 

ŮɔəŬŰŬůŰɎůŮɘɠ, ɛɏɢɟɘ ɛɞɜɎŭŮɠ ˊŬɟŬɔɤɔɐɠ ɖɚŮəŰɟɘůɛɞɨ) əŬɘ ɛˊɞɟɞɨɜ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ŮɑŰŮ ŬɡŰɧɜɞɛŬ, 

ŮɑŰŮ ůŮ ůɨɕŮɡɝɖ ɛŮ ɎɚɚŮɠ ůɡɛɓŬŰɘəɏɠ ɛɞɜɎŭŮɠ ˊŬɟŬɔɤɔɐɠ ŮɜɏɟɔŮɘŬɠ. ȺˊɘˊɟɧůɗŮŰŬ ɞɘ ɗŮɟɛɞəɟŬůɑŮɠ 

ɚŮɘŰɞɡɟɔɑŬɠ Űɞɡɠ ůŰɞɢŮɨɞɡɜ ůŮ ɗŮɟɛɞəɟŬůɑŮɠ Ɏɜɤ Űɤɜ 500-600 oC, ɢɤɟɑɠ ɜŬ ŬˊɞəɚŮɑŮŰŬɘ ɖ ɚŮɘŰɞɡɟɔɑŬ Űɞɡɠ 

əŬɘ ůŮ ɛŮůŬɑŮɠ ɐ ɢŬɛɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ. ɋůŰɧůɞ ɖ ɢɟɐůɖ ŰɏŰɞɘɤɜ ůɡůŰɖɛɎŰɤɜ ůŮ ŮɡɟŮɑŬ əɚɑɛŬəŬ ŬˊŬɘŰŮɑ 

Ůɘɠ ɓɎɗɞɠ ɔɜɩůɖ ŭɘŬűɧɟɤɜ ɛɖɢŬɜɘůɛɩɜ ůɡɜŬɚɚŬɔɐɠ ɗŮɟɛɧŰɖŰŬɠ əŬɘ ŭɘŬűɧɟɤɜ ˊŮɟɑˊɚɞəɤɜ ɟɞɥəɩɜ 

űŬɘɜɞɛɏɜɤɜ. ȼ ɢɟɐůɖ Űɤɜ ŮɟɔŬɚŮɑɤɜ ɡˊɞɚɞɔɘůŰɘəɐɠ ɟŮɡůŰɞŭɡɜŬɛɘəɐɠ (Computational fluid dynamics - 

CFD tools) ɛˊɞɟŮɑ ɜŬ ɓɞɖɗɐůŮɘ ůŰɖɜ əŬŰŬɜɧɖůɖ ŰɏŰɞɘɤɜ ɛɖɢŬɜɘůɛɩɜ, əŬɗɩɠ əŬɘ ůŰɖ ɓŮɚŰɘůŰɞˊɞɑɖůɖ 

ŰɏŰɞɘɤɜ ůɡůŰɖɛɎŰɤɜ, ɧůɞɜ ŬűɞɟɎ Űɘɠ ůɡɜɗɐəŮɠ ɚŮɘŰɞɡɟɔɑŬɠ Űɞɡɠ, ŬɚɚɎ əŬɘ Űɞɜ ůɢŮŭɘŬůɛɧ Űɞɡɠ. ȼ 

ŬɜɎˊŰɡɝɖ ŰɏŰɞɘɤɜ ŮɟɔŬɚŮɑɤɜ ɏɔɘɜŮ ůŮ Ůɛˊɞɟɘəɐ ˊɚŬŰűɧɟɛŬ ˊɟɞůɞɛɞɑɤůɖɠ (ANSYS FluentTM) əŬɘ ɧˊɞɡ 

əɟɑɗɖəŮ ŬˊŬɟŬɑŰɖŰɞ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ ŭɘɎűɞɟɞɘ əɩŭɘəŮɠ ůŮ ɔɚɩůůŬ ˊɟɞɔɟŬɛɛŬŰɘůɛɞɨ C əŬɘ FORTRAN, 

ɩůŰŮ ɜŬ ŮɛˊɚɞɡŰɘůŰɞɨɜ əŬɘ ɜŬ ɓŮɚŰɘɤɗɞɨɜ Ŭˊɧ Ɏˊɞɣɖ ŬəɟɑɓŮɘŬɠ ŰŬ ŬɜŬˊŰɡɔɛɏɜŬ ɛɞɜŰɏɚŬ. ȺˊɘɓŮɓŬɑɤůɖ 

Űɤɜ ŬɟɘɗɛɖŰɘəɩɜ ɛɞɜŰɏɚɤɜ ɏɔɘɜŮ ɛŮ Űɖ ɢɟɐůɖ ˊŮɘɟŬɛŬŰɘəɩɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ, ŰŬ ɞˊɞɑŬ ŬɜŬəŰɐɗɖəŬɜ ŮɑŰŮ 

Ŭˊɧ Űɖ ɓɘɓɚɘɞɔɟŬűɑŬ, ŮɑŰŮ Ŭˊɧ ůɡɜŮɟɔŬɕɧɛŮɜŬ ˊŬɜŮˊɘůŰɐɛɘŬ/űɞɟŮɑɠ ůŰŬ ˊɚŬɑůɘŬ Űɤɜ ŮɟŮɡɜɖŰɘəɩɜ ɏɟɔɤɜ, 

əŬŰɎ Űɖɜ ŭɘɎɟəŮɘŬ Űɤɜ ɞˊɞɑɤɜ ŮəˊɞɜɐɗɖəŮ ɖ ŭɘŭŬəŰɞɟɘəɐ ŭɘŬŰɟɘɓɐ. ȼ ŭɘŭŬəŰɞɟɘəɐ ŭɘŬɟɘɓɐ ɢɤɟɑɕŮŰŬɘ ůŮ 

ŮˊŰɎ Ůˊɑ ɛɏɟɞɡɠ əŮűɎɚŬɘŬ ŰŬ ɞˊɞɑŬ ˊŬɟɞɡůɘɎɕɞɡɜ Űɖɜ ůɡɔəŮəɟɘɛɏɜɖ ŮɟŮɡɜɖŰɘəɐ ˊɟɞůˊɎɗŮɘŬ. 

Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ůŰɞ ɄɟɩŰɞ ȾŮűɎɚŬɘɞ ŰɑɗŮŰŬɘ Űɞ ɔŮɜɘəɧ ˊɚŬɑůɘɞ ɔɘŬ Űɖɜ ŬɜŬɔəŬɘɧŰɖŰŬ ˊɚɐɟɞɡɠ 

ŬˊɞɚɘɔɜɘŰɞˊɞɑɖůɖɠ ɛɏɢɟɘ Űɞ 2050 ɖ ɞˊɞɑŬ ŬɡɝɎɜŮɘ Űɖɜ ŬɜɎɔəɖ ɢɟɐůɖɠ ŬɜŬɜŮɩůɘɛɤɜ ˊɖɔɩɜ ŮɜɏɟɔŮɘŬɠ, 

ˊɟɞɖɔɛɏɜɤɜ ůɡůŰɖɛɎŰɤɜ ŬˊɞɗɐəŮɡůɖɠ ŮɜɏɟɔŮɘŬɠ, əŬɗɩɠ əŬɘ ůɡůŰɖɛɎŰɤɜ ŭɏůɛŮɡůɖɠ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ 

ɎɜɗɟŬəŬ. ũɑɜŮŰŬɘ ŬɜŬűɞɟɎ ůŰɘɠ ŰŮɢɜɞɚɞɔɑŮɠ ŬˊɞɗɐəŮɡůɖɠ ŮɜɏɟɔŮɘŬɠ ɞɘ ɞˊɞɑŮɠ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ Ůɡɟɏɤɠ 

ůɐɛŮɟŬ əŬɘ Ůɜ ůɡɜŮɢŮɑŬ ŬɜŬűɏɟɞɜŰŬɘ ŰŬ əŬɘɜɞŰɧɛŬ ůɡůŰɐɛŬŰŬ ˊɞɡ ŮɝŮŰɎůŰɖəŬɜ ůŰɖɜ ˊŬɟɞɨůŬ 

ŭɘŭŬəŰɞɟɘəɐ ŭɘŬŰɟɘɓɐ. ȷɡŰɎ ŬɜŬűɏɟɞɜŰŬɘ ůŮ ůɡůŰɐɛŬŰŬ ŬˊɞɗɐəŮɡůɖɠ ɗŮɟɛɘəɐɠ ŮɜɏɟɔŮɘŬɠ ɛŮ Űɖ ɢɟɐůɖ Ŭ) 

Ůɜɧɠ əŬɘɜɞŰɧɛɞɡ ůɡůŰɐɛŬŰɞɠ ŬˊɞɗɐəŮɡůɖɠ ŮɜɏɟɔŮɘŬɠ ɡˊɧ Űɖ ɛɞɟűɐ ɚŬɜɗɎɜɞɡůŬɠ ɗŮɟɛɧŰɖŰŬɠ Űɞ ɞˊɞɑɞ 

ŮɛˊŮɟɘɏɢŮɘ ˊɡɟɑŰɘɞ ůŬɜ ɡɚɘəɧ ŬɚɚŬɔɐɠ űɎůɖɠ əŬɘ ɚŮɘŰɞɡɟɔŮɑ ůŮ ˊɞɚɨ ɡɣɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ (~1410 ɞC), ɓ) 

Űɞɡ əɨəɚɞɡ ŬůɓŮůŰɞˊɞɑɖůɖɠ-ŮɜŬɜɗɟɎəɤůɖɠ ɞ ɞˊɞɑɞɠ ɚŮɘŰɞɡɟɔŮɑ ůŮ ɡɣɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ (~650-900 oC) 

əŬɘ ɛˊɞɟŮɑ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗŮɑ ɔɘŬ ŬˊɞɗɐəŮɡůɖ ŮɜɏɟɔŮɘŬɠ ɡˊɧ Űɖ ɛɞɟűɐ ɢɖɛɘəɐɠ ŬɜŰɑŭɟŬůɖɠ əŬɘ ˊŬɟɎɚɚɖɚɖ 

ŭɏůɛŮɡůɖ ŭɘɞɝŮɘŭɑɞɡ Űɞɡ ɎɜɗɟŬəŬ əŬɘ ɔ) Ůɜɧɠ ůɡůŰɐɛŬŰɞɠ ŬˊɞɗɐəŮɡůɖɠ ŬɘůɗɖŰɐɠ ɗŮɟɛɧŰɖŰŬɠ (~500-600 
oC) Űɞ ɞˊɞɑɞ ɓŬůɑɕŮŰŬɘ ůŰɖ ɟɞɐ əɞəəɩŭɞɡɠ ɟɞɐɠ ɡˊɧ Űɖɜ ɛɞɟűɐ űɡůŬɚɑŭɤɜ əŬɘ ɛˊɞɟŮɑ ɜŬ ɚŮɘŰɞɡɟɔŮɑ ŮɑŰŮ 

ɔɘŬ ŬˊɞɗɐəŮɡůɖ ŮɜɏɟɔŮɘŬɠ ŬɚɚɎ əŬɘ ɤɠ ŮɜŬɚɚɎəŰɖɠ ɗŮɟɛɧŰɖŰŬɠ. 

ɇɞ ȹŮɨŰŮɟɞ ȾŮűɎɚŬɘɞ, ˊŬɟɞɡůɘɎɕŮɘ ŬɜŬɚɡŰɘəɎ Űɘɠ ŬɟɘɗɛɖŰɘəɏɠ ɛŮɗɧŭɞɡɠ əŬɘ Űɘɠ ŮɝɘůɩůŮɘɠ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ůŰɖɜ ˊŬɟɞɨůŬ ŭɘŭŬəŰɞɟɘəɐ ŭɘŬŰɟɘɓɐ ɔɘŬ ɜŬ ɛɞɜŰŮɚɞˊɞɘɖɗɞɨɜ ɞɘ əŬɘɜɞŰɧɛŮɠ ŰŮɢɜɞɚɞɔɑŮɠ 

ˊɞɡ ŮɝŮŰɎɕɞɜŰŬɘ. Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ůŰɖ ˊŮɟɑˊŰɤůɖ Űɤɜ ɡɚɘəɩɜ ŬɚɚŬɔɐɠ űɎůɖɠ (phase change materials - 

PCMs) ɚŬɛɓɎɜɞɜŰŬɘ ɡˊɧɣɖ ɞɘ ɛɖɢŬɜɘůɛɞɑ ɛŮŰŬűɞɟɎɠ ɗŮɟɛɧŰɖŰŬɠ ɛɏůɤ Ŭɔɤɔɐɠ əŬɘ ůɡɜŬɔɤɔɐɠ, ɖ 

ŬɜɎˊŰɡɝɖ ŭŮɜŭɟɘŰɘəɩɜ ɛɞɟűɩɜ əŬŰɎ Űɖɜ ůŰŮɟŮɞˊɞɑɖůɐ Űɞɡɠ, əŬɗɩɠ əŬɘ ɖ ŬɚɚŬɔɐ Űɞɡ ɧɔəɞɡ Űɞɡɠ əŬŰɎ Űɖɜ 

ŬɚɚŬɔɐ űɎůɖɠ ŬɡŰɩɜ. ɇɞ ɛɞɜŰɏɚɞ enthalpy porosity approach ůŮ ůɡɜŭɡŬůɛɧ ɛŮ Űɖ ɛɏɗɞŭɞ Volume of fluid 
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(VOF) ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ ɔɘŬ Űɖɜ ˊɟɞůɞɛɞɑɤůɖ ůɡůŰɖɛɎŰɤɜ ˊɞɡ ɓŬůɑɕɞɜŰŬɘ ůŮ ɡɚɘəɎ ŬɚɚŬɔɐɠ űɎůɖɠ. 

Ⱦɟɑůɘɛɖ ˊŬɟɎɛŮŰɟɞɠ ɔɘŬ Űɖɜ ɓŮɚŰɘůŰɞˊɞɑɖůɖ Űɤɜ ůɡɔəŮəɟɘɛɏɜɤɜ ůɡůŰɖɛɎŰɤɜ ŮɑɜŬɘ ɞɘ ŬˊɩɚŮɘŮɠ 

ɗŮɟɛɧŰɖŰŬɠ Ŭˊɧ ŰŬ ŰɞɘɢɩɛŬŰɎ Űɞɡɠ, ɞɘ ɞˊɞɑŮɠ ŬɡɝɎɜɞɜŰŬɘ ŬɜŰɘůŰɟɧűɤɠ ŬɜɎɚɞɔŬ ɛŮ Űɞɜ ɧɔəɞ Űɞɡɠ, Ůɜɩ 

ŮɝŬɟŰɩɜŰŬɘ ůŮ ɛŮɔɎɚɞ ɓŬɗɛɧ əŬɘ Ŭˊɧ Űɞ ůɢɐɛŬ ˊɞɡ ɏɢŮɘ Űɞ ŭɞɢŮɑɞ ŬˊɞɗɐəŮɡůɖɠ Űɞɡ ɡɚɘəɞɨ ŬɚɚŬɔɐɠ 

űɎůɖɠ. ɆŰɖɜ ˊŮɟɑˊŰɤůɖ Űɤɜ ɛɞɜɎŭɤɜ ɟŮɡůŰɞˊɞɘɖɛɏɜɖɠ əɚɑɜɖɠ ŮűŬɟɛɧɕɞɜŰŬɘ ŮɘŭɘəɎ ɛɞɜŰɏɚŬ ˊɞɡ 

ˊɟɞůɞɛɞɘɩɜɞɡɜ Űɖɜ ˊɞɚɡűŬůɘəɐ ɟɞɐ (əɞəəɩŭŮɠ ůŰŮɟŮɧ əŬɘ Ŭɏɟɘɞ), ŮɑŰŮ əŬŰɎ Euler-Euler (Two fluid model 

ï TFM), ŮɑŰŮ əŬŰɎ Euler-Lagrange (Dense discrete phase model - DDPM). ɆŰɖɜ ˊŬɟɞɨůŬ ŭɘŭŬəŰɞɟɘəɐ 

ŭɘŬŰɟɘɓɐ ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɖ ɛɏɗɞŭɞɠ əŬŰɎ Euler-Euler TFM. ȼ Ŭəɟɘɓɐɠ ɛɞɜŰŮɚɞˊɞɑɖůɖ Űɖɠ 

ŬɚɚɖɚŮˊɑŭɟŬůɖɠ ɛŮŰŬɝɨ ůŰŮɟŮɩɜ ůɤɛŬŰɘŭɑɤɜ əŬɘ ɟŮɡůŰɞɨ ɓŬůɑɕŮŰŬɘ ůŮ ɛŮɔɎɚɞ ɓŬɗɛɧ ůŰɞ ɛɞɜŰɏɚɞ ˊɞɡ 

ɢɟɖůɘɛɞˊɞɘŮɑŰŬɘ ɔɘŬ Űɖɜ ɞˊɘůɗɏɚəɞɡůŬ ŭɨɜŬɛɖ, ŭɖɚŬŭɐ Űɖɜ ŭɨɜŬɛɖ ˊɞɡ ŬůəŮɑŰŬɘ ůŰŬ ůŰŮɟŮɎ ůɤɛŬŰɑŭɘŬ 

əŬŰɎ Űɖɜ ɟɞɐ Űɞɡɠ ɛɏůŬ ůŰɞ ɟŮɡůŰɧ. ũɘŬ Űɞ ɚɧɔɞ ŬɡŰɧ ŮűŬɟɛɧɕŮŰŬɘ ɏɜŬ əŬɘɜɞŰɧɛɞ ɛɞɜŰɏɚɞ ɞˊɘůɗɏɚəɞɡůŬɠ 

Űɞ ɞˊɞɑɞ ˊɟɞůŮɔɔɑɕŮɘ Űɖ ɟɞɐ ɡˊɧ ŭɘɎűɞɟŮɠ əɚɑɛŬəŮɠ. ɇɞ ɛɞɜŰɏɚɞ ŬɡŰɧ ɞɜɞɛɎɕŮŰŬɘ EMMS (Energy 

Minimization Multi-Scale Analysis) əŬɘ ŰŮɑɜŮɘ ɜŬ ɡˊŮɟɘůɢɨůŮɘ ɏɜŬɜŰɘ Űɤɜ ůɡɛɓŬŰɘəɩɜ ɛɞɜŰɏɚɤɜ 

ɞˊɘůɗɏɚəɞɡůŬɠ (ɧˊɤɠ ŬɡŰɧ Űɞɡ Gidaspow). 

ɇɞ ɇɟɑŰɞ ȾŮűɎɚŬɘɞ ŮˊɘəŮɜŰɟɩɜŮŰŬɘ ůŰɞ ůɨůŰɖɛŬ ŬˊɞɗɐəŮɡůɖɠ ŮɜɏɟɔŮɘŬɠ ɛɏůɤ ɚŬɜɗɎɜɞɡůŬɠ ɗŮɟɛɧŰɖŰŬɠ. 

Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ ŬɜŬˊŰɨůůŮŰŬɘ ɏɜŬ ɛɞɜŰɏɚɞ ɛŮ Űɘɠ Ŭɟɢɏɠ ˊɞɡ ŬɜŬűɏɟɞɜŰŬɘ ůŰɞ ȹŮɨŰŮɟɞ ȾŮűɎɚŬɘɞ ɔɘŬ 

Űɖɜ ɛɞɜŰŮɚɞˊɞɑɖůɖ Űɖɠ ŰɟɘűŬůɘəɐɠ ɟɞɐɠ ɛɏůŬ ůŮ ɏɜŬ ŭɞɢŮɑɞ Űɞ ɞˊɞɑɞ ŮɛˊŮɟɘɏɢŮɘ ɏɜŬ ɡɚɘəɧ ˊɞɡ ŬɚɚɎɕŮɘ 

űɎůɖ Ŭˊɧ ůŰŮɟŮɧ ůŮ ɡɔɟɧ əŬɘ ŬɜŰɑůŰɟɞűŬ əŬɘ ɏɜŬ ŬŭɟŬɜɏɠ Ŭɏɟɘɞ Űɞ ɞˊɞɑɞ ŮɛˊŮɟɘɏɢŮŰŬɘ ɛɏůŬ ůŰɞ ɑŭɘɞ 

ŭɞɢŮɑɞ ˊɎɜɤ Ŭˊɧ Űɞ ɡɚɘəɧ. ȺɝŮŰɎɕɞɜŰŬɘ ŭɨɞ Űɨˊɞɘ ɡɚɘəɩɜ ŬɚɚŬɔɐɠ űɎůŮɤɜ (Ŭ) əŮɟɑ ˊŬɟŬűɑɜɖɠ Űɞ ɞˊɞɑɞ 

ŬɚɚɎɕŮɘ űɎůɖ ůŮ ɢŬɛɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ (~40 ɞC) əŬɘ (ɓ) ɡɚɘəɎ ŬɚɚŬɔɐɠ űɎůɖɠ ɜɏŬɠ ɔŮɜɘɎɠ, ɧˊɤɠ ŰŬ 

əɟɎɛŬŰŬ ɓɞɟɑɞɡ/ˊɡɟɘŰɑɞɡ ŰŬ ɞˊɞɑŬ ɢŬɟŬəŰɖɟɑɕɞɜŰŬɘ Ŭˊɧ ɚŬɜɗɎɜɞɡůŬ ɗŮɟɛɧŰɖŰŬ Űɖɠ ŰɎɝŮɤɠ Űɤɜ 2-4 

MJ kg-1 (ɛɑŬ ŰɎɝɖ ɛŮɔɏɗɞɡɠ ɛŮɔŬɚɨŰŮɟɖ ŬɡŰɐɠ Űɤɜ Űɡˊɘəɩɜ ůŰɖɚɩɜ ɎɚŬŰɞɠ ˊɞɡ ɢɟɖůɘɛɞˊɞɘɞɨɜŰŬɘ Ůɡɟɏɤɠ 

ůɐɛŮɟŬ). ȿɧɔɤ Űɞɡ ɡɣɖɚɞɨ ůɖɛŮɑɞɡ ŰɐɝŮɤɠ ŰɏŰɞɘɤɜ ɡɚɘəɩɜ (ˊŬɟŬŭŮɑɔɛŬŰɞɠ ɢɎɟɘɜ Űɞ əŬɗŬɟɧ ˊɡɟɑŰɘɞ 

ɚɘɩɜŮɘ ˊŮɟɑˊɞɡ ůŰɞɡɠ 1400 ɞC) ɡˊɎɟɢɞɡɜ ˊɞɚɚɎ ŰŮɢɜɘəɎ ˊɟɞɓɚɐɛŬŰŬ ůŰɞ ɑŭɘɞ Űɞ ůɨůŰɖɛŬ ˊɞɡ ˊɟɏˊŮɘ ɜŬ 

ɛŮɚŮŰɖɗɞɨɜ. ȰɜŬ ůɖɛŬɜŰɘəɧ ˊɟɧɓɚɖɛŬ ŮɑɜŬɘ ɞɘ ɛŮɔɎɚŮɠ ɗŮɟɛɘəɏɠ ŬˊɩɚŮɘŮɠ Ŭˊɧ ŰŬ ŰɞɘɢɩɛŬŰŬ Űɞɡ ŭɞɢŮɑɞɡ. 

Ƀ Űɨˊɞɠ ɛɧɜɤůɖɠ (ɡɚɘəɎ, ˊɎɢɞɠ ɡɚɘəɩɜ), əŬɗɩɠ əŬɘ Űɞ ɑŭɘɞ Űɞ ůɢɐɛŬ əŬɘ ɞ ɧɔəɞɠ Űɞɡ ŭɞɢŮɑɞɡ ɛˊɞɟɞɨɜ ɜŬ 

ˊŬɑɝɞɡɜ ɟɧɚɞ ůŰɞ ɛɏɔŮɗɞɠ Űɤɜ ŬˊɤɚŮɘɩɜ. ȯɚɚŮɠ ˊŬɟɎɛŮŰɟɞɘ ˊɞɡ ŭɘŮɟŮɡɜɐɗɖəŬɜ ůŮ ɏɜŬ ŰɏŰɞɘɞ ůɨůŰɖɛŬ 

ŬˊɞɗɐəŮɡůɖɠ ŮɑɜŬɘ ɞ ɟɡɗɛɧɠ űɧɟŰɘůɖɠ-ŮəűɧɟŰɘůɖɠ Űɞɡ, əŬɗɩɠ əŬɘ ɞ ɢɟɧɜɞɠ ŬˊɞɗɐəŮɡůɖɠ (ɞ ɢɟɧɜɞɠ ˊɟɘɜ 

ɢɎůŮɘ ɧɚɖ Űɖɜ ŬˊɞɗɖəŮɡɛɏɜɖ ŮɜɏɟɔŮɘŬ ɡˊɧ Űɖ ɛɞɟűɐ ɚŬɜɗɎɜɞɡůŬɠ ɗŮɟɛɧŰɖŰŬɠ). ȳůɞɜ ŬűɞɟɎ ŰŬ ůɢɐɛŬŰŬ 

ɛŮɔɎɚɖ ɏɛűŬůɖ ŭɧɗɖəŮ ůŰɖɜ ɓŮɚŰɘůŰɞˊɞɑɖůɖ Űɞɡ ůɢɐɛŬŰɞɠ Űɞɡ əɧɚɞɡɟɞɡ əɩɜɞɡ, əŬɗɩɠ ˊŬɟɞɡůɘɎɕŮɘ 

ɛŮɔɎɚɖ ŮɡŮɚɘɝɑŬ ůŰɞɜ ůɢŮŭɘŬůɛɧ ůŮ ůɢɏůɖ ˊŬɟŬŭŮɑɔɛŬŰɞɠ ɢɎɟɘɜ ɛŮ Űɞ ůűŬɘɟɘəɧ ůɢɐɛŬ. ɇɏɚɞɠ, ɏɔɘɜŮ ɛɑŬ 

ˊŬɟŬɛŮŰɟɘəɐ ŬɜɎɚɡůɖ ɧůɞɜ ŬűɞɟɎ Űɖɜ ŮˊɑŭɟŬůɖ Űɤɜ ɘŭɘɞŰɐŰɤɜ Űɞɡ ɡɚɘəɞɨ (ɗŮɟɛɘəɐ ŬɔɤɔɘɛɧŰɖŰŬ, Ůɘŭɘəɐ 

ɗŮɟɛɞɢɤɟɖŰɘəɧŰɖŰŬ əɚˊ.) ůŰɞɜ ɟɡɗɛɧ űɧɟŰɘůɖɠ ŮəűɧɟŰɘůɖɠ Űɞɡ ůɡůŰɐɛŬŰɞɠ. 

ȳůɞɜ ŬűɞɟɎ ůŰɘɠ ɟŮɡůŰɞˊɞɘɖɛɏɜŮɠ əɡəɚɞűɞɟɑŮɠ ŬɜŬəɡəɚɞűɞɟɑŬɠ, ɏɔɘɜŮ ɛɞɜŰŮɚɞˊɞɑɖůɖ ɛɞɜɎŭɤɜ ɞɘ ɞˊɞɑŮɠ 

ɛˊɞɟɞɨɜ ɜŬ ɢɟɖůɘɛɞˊɞɘɖɗɞɨɜ ůŮ ɏɜŬɜ əɨəɚɞ ŬůɓŮůŰɞˊɞɑɖůɖɠ ŮɜŬɜɗɟɎəɤůɖɠ (ɇɏŰŬɟŰɞ ȾŮűɎɚŬɘɞ) ɐ ɔɘŬ 

ŬˊɞɗɐəŮɡůɖ ŮɜɏɟɔŮɘŬɠ ɡˊɧ Űɖ ɛɞɟűɐ ŬɘůɗɖŰɐɠ ɗŮɟɛɧŰɖŰŬɠ (ɄɏɛˊŰɞ ȾŮűɎɚŬɘɞ). ȼ ɛɞɜŰŮɚɞˊɞɑɖůɖ Űɖɠ 

ɞ́ɚɡűŬůɘəɐɠ ɟɞɐɠ ɛŮ Űɖ ɢɟɐůɖ Űɞɡ ŬɜŬˊŰɡɔɛɏɜɞɡ ɛɞɜŰɏɚɞɡ EMMS ŬɡɝɎɜŮɘ Űɖɜ ŬəɟɑɓŮɘŬ Űɤɜ 

ŬˊɞŰŮɚŮůɛɎŰɤɜ. ɇɏɚɞɠ, ɎɚɚŬ ůŰɞɘɢŮɑŬ ˊɞɡ ŭɘŮɟŮɡɜɐɗɖəŬɜ ŮɑɜŬɘ ɖ ŮˊɑŭɟŬůɖ Űɖɠ ɛŮŰŬűɞɟɎɠ ɗŮɟɛɧŰɖŰŬɠ 

ɛɏůɤ ŬəŰɘɜɞɓɞɚɑŬɠ (Űɞ ůɡɔəŮəɟɘɛɏɜɞ űŬɘɜɧɛŮɜɞ ɢɟɐɕŮɘ ŬɝɑŬɠ ɜŬ ɛŮɚŮŰɖɗŮɑ ůŮ ˊŮɟɘˊŰɩůŮɘɠ (Ŭ) 

ɟŮɡůŰɞˊɞɘɖɛɏɜɤɜ əɚɘɜɩɜ ŬɟŬɘɐɠ ɟɞɐɠ ɧˊɞɡ ɖ ŮˊɑŭɟŬůɖ ɛŮŰŬűɞɟɎɠ ɗŮɟɛɧŰɖŰŬɠ ɛɏůɤ ŬəŰɘɜɞɓɞɚɑŬɠ ɛˊɞɟŮɑ 

ɜŬ ŮɑɜŬɘ ůɖɛŬɜŰɘəɐ ůŮ (ɓ) Űɨˊɞɡɠ ɟŮɡůŰɞˊɞɘɖɛɏɜɤɜ əɚɘɜɩɜ ˊɞɡ ŬˊɞɗɖəŮɨɞɡɜ ŮɜɏɟɔŮɘŬ Ŭˊɧ Űɞɜ ɐɚɘɞ əɚˊ.). 

ɆŰɖɜ ŰŮɚŮɡŰŬɑŬ ˊŮɟɑˊŰɤůɖ ɖ ŮˊɑŭɟŬůɖ Űɖɠ ŬəŰɘɜɞɓɞɚɑŬɠ ŮɑɜŬɘ ˊɞɚɨ ůɖɛŬɜŰɘəɐ, əŬɗɩɠ ŰŬ ŬɘɤɟɞɨɛŮɜŬ 

ůɤɛŬŰɑŭɘŬ Ŭˊɞɟɟɞűɞɨɜ ŮɜɏɟɔŮɘŬ Ŭˊɧ Űɞɡɠ Űɞɑɢɞɡɠ Űɖɠ ɛɞɜɎŭŬɠ ɞɘ ɞˊɞɑɞɘ ŮɑɜŬɘ ŮɑŰŮ ŭɘŬˊŮɟŬŰɞɑ ůŰɖɜ ɖɚɘŬəɐ 
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ŬəŰɘɜɞɓɞɚɑŬ (ɎɛŮůɖ Ŭˊɞɟɟɧűɖůɖ ŮɜɏɟɔŮɘŬɠ) ŮɑŰŮ ŬŭɘŬˊɏɟŬůŰɞɘ (ɏɛɛŮůɖ Ŭˊɞɟɟɧűɖůɖ ŮɜɏɟɔŮɘŬɠ). 

ɆɖɛŬɜŰɘəɐ ˊɟɞůŰɘɗɏɛŮɜɖ ŬɝɑŬ ůŰɖɜ ŮˊɘůŰɖɛɞɜɘəɐ əɞɘɜɧŰɖŰŬ ŮɑɜŬɘ ɧŰɘ ŰŬ ŬɜŬˊŰɡɔɛɏɜŬ ɛɞɜŰɏɚŬ ɏɢɞɡɜ 

ŮˊɘəɡɟɤɗŮɑ ɏɜŬɜŰɘ ˊŮɘɟŬɛŬŰɘəɩɜ ŬˊɞŰŮɚŮůɛɎŰɤɜ Ŭˊɧ ˊɘɚɞŰɘəɏɠ ɛɞɜɎŭŮɠ (300 kWth-1 MWth) ɞɘ ɞˊɞɑŮɠ 

ɛˊɞɟɞɨɜ ɜŬ ˊɟɞůűɏɟɞɡɜ ɛɑŬ ˊɘɞ ɟŮŬɚɘůŰɘəɐ ŮɘəɧɜŬ Űɤɜ ɟɞɘəɩɜ űŬɘɜɞɛɏɜɤɜ ůŮ ɛŮɔɎɚɖ əɚɑɛŬəŬ. Ʉɘɞ 

ůɡɔəŮəɟɘɛɏɜŬ ɞɘ ɛɞɜŰŮɚɞˊɞɘɐůŮɘɠ ˊɞɡ ŭɘŮɜŮɟɔɐɗɖəŬɜ ůŰɞ ɇɏŰŬɟŰɞ ȾŮűɎɚŬɘɞ ˊŮɟɘɚŬɛɓɎɜɞɡɜ, (Ŭ) 

ȾŬŰŬůəŮɡɐ əŬɘ Ůˊɘəɨɟɤůɖ Űɞɡ ɛɞɜŰɏɚɞɡ EMMS ůŮ ůɨůŰɖɛŬ ɟŮɡůŰɞˊɞɘɖɛɏɜɖɠ əɚɑɜɖɠ ŬɜŬəɡəɚɞűɞɟɑŬɠ 1 

MWth, Űɞ ɞˊɞɑɞ ɚŬɛɓɎɜŮɘ ɡˊɧɣɖ Űɖ ŭɘɎɛŮŰɟɞ Űɞɡ ŬɜŰɘŭɟŬůŰɐɟŬ (ɓ) ɀɞɜŰŮɚɞˊɞɑɖůɖ ůɡůŰɐɛŬŰɞɠ 

ɟŮɡůŰɞˊɞɘɖɛɏɜɖɠ əɚɑɜɖɠ ůŮ ŭɨɞ əɚɑɛŬəŮɠ (1 MWth əŬɘ 20 MWth) Űɞ ɞˊɞɑɞ ɚŮɘŰɞɡɟɔŮɑ ɤɠ ŮɜŬɜŬɗɟŬəɤŰɐɠ 

əŬɘ ɓŮɚŰɘůŰɞˊɞɑɖůɖ Űɞɡ ůɢŮŭɘŬůɛɞɨ Űɞɡ ɛɏůɤ Űɖɠ ɛŮɚɏŰɖɠ ŭɘŬűɧɟɤɜ ůŮɜŬɟɑɤɜ (ɔ) ɀɞɜŰŮɚɞˊɞɑɖůɖ 

ůɡůŰɐɛŬŰɞɠ ɟŮɡůŰɞˊɞɘɖɛɏɜɖɠ əɚɑɜɖɠ Űɞ ɞˊɞɑɞ ɚŮɘŰɞɡɟɔŮɑ ɤɠ ŬůɓŮůŰɞˊɞɘɖŰɐɠ əŬɘ ɚŬɛɓɎɜŮɘ ɗŮɟɛɧŰɖŰŬ ŮɑŰŮ 

ɛɏůɤ Űɖɠ ŮɔɔŮɜɞɨɠ əŬɨůŮɤɠ ůŰŮɟŮɞɨ əŬɡůɑɛɞɡ (oxy-fired CaL) ŮɑŰŮ ɛɏůɤ ɏɛɛŮůɖɠ ˊɟɧůŭɞůɖɠ ɗŮɟɛɧŰɖŰŬɠ 

(Indirectly heated calcium looping). ɇɞ ɄɏɛˊŰɞ ȾŮűɎɚŬɘɞ ŮˊɘəŮɜŰɟɩɗɖəŮ ůŰɖ ɛɞɜŰŮɚɞˊɞɑɖůɖ ůɡůŰɐɛŬŰɞɠ 

ɟŮɡůŰɞˊɞɘɖɛɏɜɖɠ əɚɑɜɖɠ ɛŮ űɡůŬɚɑŭŮɠ Űɞ ɞˊɞɑɞ ɚŮɘŰɞɡɟɔŮɑ ɤɠ ŭɞɢŮɑɞ ŬˊɞɗɐəŮɡůɖɠ/ŮɜŬɚɚɎəŰɖɠ 

ɗŮɟɛɧŰɖŰŬɠ (2űŬůɘəɐ ɟɞɐ) ï ɆŰɖ ůɡɔəŮəɟɘɛɏɜɖ ɛɞɜɎŭŬ ɡˊɎɟɢŮɘ ɛɑŬ ůŮɘɟɎ Ŭˊɧ ůɤɚɖɜɩůŮɘɠ ɛɏůŬ ůŰɘɠ 

ɞˊɞɑŮɠ ɟɏŮɘ ŬŰɛɧɠ ɞ ɞˊɞɑɞɠ ŰɟŬɓɎŮɘ ɗŮɟɛɧŰɖŰŬ Ŭˊɧ Űɖ ɟŮɡůŰɞˊɞɘɖɛɏɜɖ əɚɑɜɖ. ũɘŬ Űɖ ɟɞɐ Űɞɡ ŬŰɛɞɨ ɛɏůŬ 

ůŰɘɠ ůɤɚɖɜɩůŮɘɠ ɢɟɖůɘɛɞˊɞɘɐɗɖəŬɜ əŬŰɎɚɚɖɚŮɠ ůɡɜŬɟŰɐůŮɘɠ ŭɘŬɛɞɟűɤɛɏɜŮɠ Ŭˊɧ Űɞ ɢɟɐůŰɖ (UDF ï User 

Defined Functions).  

ɇɏɚɞɠ Űɞ ȰəŰɞ ȾŮűɎɚŬɘɞ, ɗɏŰŮɘ ɏɜŬ ɔŮɜɘəɧ ˊɚŬɑůɘɞ ŮűŬɟɛɞɔɐɠ Űɤɜ Űɟɘɩɜ ɓŬůɘəɩɜ ŰŮɢɜɞɚɞɔɘɩɜ ˊɞɡ 

ɛŮɚŮŰɐɗɖəŬɜ (ŬˊɞɗɐəŮɡůɖ ŮɜɏɟɔŮɘŬɠ ůŮ ůŰŮɟŮɎ əɞəəɩŭɖ ůɤɛŬŰɑŭɘŬ ɡˊɧ Űɖ ɛɞɟűɐ ŬɘůɗɖŰɐɠ ɗŮɟɛɧŰɖŰŬɠ 

(Ŭ) əŬɘ ɢɖɛɘəɐɠ ŬɜŰɑŭɟŬůɖɠ (ɓ), əŬɗɩɠ əŬɘ ŬˊɞɗɐəŮɡůɖ ŮɜɏɟɔŮɘŬɠ ɡˊɧ Űɖ ɛɞɟűɐ ɚŬɜɗɎɜɞɡůŬɠ ɗŮɟɛɧŰɖŰŬɠ 

ůŮ ɡɚɘəɎ ŬɚɚŬɔɐɠ űɎůɖɠ (ɔ)). Ʉɘɞ ůɡɔəŮəɟɘɛɏɜŬ, ɔɑɜŮŰŬɘ ɛɘŬ ɗŮɤɟɖŰɘəɐ ůɨɔəɟɘůɖ ɔɘŬ Űɞɡɠ ŭɘŬűɞɟŮŰɘəɞɨɠ 

Űɨˊɞɡɠ ɛŮɗɧŭɤɜ ɗɏɟɛŬɜůɖɠ əŬɘ ŬˊɞɗɐəŮɡůɖɠ ŮɜɏɟɔŮɘŬɠ ˊɞɡ ɛŮɚŮŰɐɗɖəŬɜ ůŰɖɜ ˊŬɟɞɨůŬ ŭɘŭŬəŰɞɟɘəɐ 

ŭɘŬŰɟɘɓɐ ɧůɞɜ ŬűɞɟɎ Űɞɡɠ ɟɡɗɛɞɨɠ űɧɟŰɘůɖɠ əŬɘ Űɞ ɢɟɧɜɞ űɧɟŰɘůɖɠ Űɞɡɠ. 

ɇɏɚɞɠ, ůŰɞ Ȱɓŭɞɛɞ ȾŮűɎɚŬɘɞ ůɡɜɞɣɑɕɞɜŰŬɘ ɔŮɜɘəɎ ůɡɛˊŮɟɎůɛŬŰŬ Ŭˊɧ ŰŬ Ůˊɑ ɛɏɟɞɡɠ əŮűɎɚŬɘŬ, Ůɜɩ 

ˊŬɟɎɚɚɖɚŬ ˊɟɞŰŮɑɜɞɜŰŬɘ ŭɘɎűɞɟŮɠ ɗŮɛŬŰɘəɏɠ ɔɘŬ ɛŮɚɚɞɜŰɘəɐ ŬɜɎˊŰɡɝɖ Űɤɜ ɛɞɜŰɏɚɤɜ ɛŮ ɓɎůɖ Űɖɜ 

ŮɛˊŮɘɟɑŬ ˊɞɡ ŬˊɞəŰɐɗɖəŮ ɛɏůɤ Űɖɠ ˊŬɟɞɨůŬɠ ŭɘŭŬəŰɞɟɘəɐɠ ŭɘŬŰɟɘɓɐɠ. 

 

 

 

 

 

 

 

 

 

 



xxiii 
 

Preface 

My name is Myrto Zeneli and I have studied Mechanical Engineering in the National Technical University 

of Athens (NTUA) during the period 2004-2011. Currently, I am a PhD candidate of NTUA. My major 

field of expertise is the modeling of laminar, turbulent, single- or multi-phase flows with heat transfer, 

phase change and/or chemical reaction.  

My diploma thesis in National Technical University of Athens (NTUA) was undertaken in collaboration 

with CERTH (Centre for Research & Technology Hellas) and was focused on the gas-solid drag coefficients 

model investigation, which is necessary to be defined for the accurate simulation of a FB reactor.  

In 2012, I started working as a research associate in the Centre for Research and Technology Hellas. More 

especially, I was involved in a FET-OPEN action H20H20 funded project for the proof-of-concept of a 

novel solid-state device with a silicon-based latent heat thermal energy storage (LHTES) system 

(AMADEUS Project).  

Apart from this novel LHTES concept, I was also involved in several projects dealing with CO2 capture 

calcium looping process (FP7 SCARLET and ACT2-ANICA Projects) and with fluidized bed type of heat 

exchangers (RFCS FLEXLFORES). Most of my research work on these projects was used for the writing 

of the 2nd and 3rd and 4th and 5th chapters of this PhD Thesis. 

The scalability of the aforementioned concepts has been also addressed, whereas results of this model have 

been used to feed reduced order models (e.g. process models), which have been developed by my colleagues 

in CERTH involved in the aforementioned projects. 

In short, this Thesis consists of the investigation of advanced energy systems that come forward as novel 

options for energy storage and GHG emissions minimization. At different stages of this work, results have 

been published in journals and conferences. A book chapter has been also published summarizing numerical 

methods of the LHTES systems. A list of publications, that are relevant with this thesis, is given below: 

 

 

 

 

 

 

 

 

 

 

 

 

 



xxiv 
 

A. Publications in International Journals (3 first author)  

1) Zeneli, M., Nikolopoulos, A., Nikolopoulos, N., Grammelis, P., Karellas, S., Kakaras, E. 

Simulation of the reacting flow within a pilot scale calciner by means of a three-phase TFM 

model. Fuel Processing Technology, 162, 2017, 105-125. 

2) Nikolopoulos, A. Stroh, M. Zeneli, F. Alobaid, N. Nikolopoulos, J. Strºhle, S. Karellas, B. 

Epple, P. Grammelis. Numerical investigation and comparison of coarse grain CFD ï DEM 

and TFM in the case of a 1 MWth fluidized bed carbonator simulation. Chemical Engineering 

Science. 163, 2017, 189-205. 

3) Zeneli, M., Malgarinos, I., Nikolopoulos, A., Nikolopoulos, N., Grammelis, P., Karellas, S.,  

Kakaras E. ñCFD modelling of silicon melting at ultra-high temperatures inside a novel Latent 

Heat Thermal Energy Storage systemò, Applied Energy 

4) Zeneli, M., Bellucci, A., Sabbatella, G., Trucchi, D. M., Nikolopoulos, A., Nikolopoulos, N., 

Karellas, S., Kakaras, E. ñPerformance evaluation and optimization of the cooling system of a 

hybrid thermionic-photovoltaic converterò. Energy Conversion and Management, 210 

(2020),112717 

5) Violidakis, Ƚ., Zeneli, M., Atsonios, K., Strotos, G., Nikolopoulos, N., Karellas, S. ñUltra-High 

Temperature PCM for heat storage with electricity production, at domestic buildings - Part I: 

Parametric investigation and calculation of domestic demand coverageò. Energy and buildings, 

222 (2020), 110067 

6) Nikolopoulos, A., Samlis, C., Zeneli, M., Nikolopoulos, N., Karellas, S., Grammelis, P. 

ñIntroducing an artificial neural network energy minimization multi-scale drag scheme for 

fluidized particlesò. Chemical Engineering Science, 229 (2021),116013 

 

B. Publications and plenary sessions in Conferences (3 first author)  

1) Datas, M. Zeneli, C. del Ca¶izo, I. Malgarinos, A. Nikolopoulos, N. Nikolopoulos, S. Karellas, 

A. Mart², ñMolten Silicon Storage of Concentrated Solar Power with Integrated 

Thermophotovoltaic Energy Conversionò, SolarPaces, 2017, Chile  

2) Zeneli M., Nikolopoulos A., Nikolopoulos N., Karellas S., Kakaras E. ñStudy of vessel shape 

effect on charge/discharge rates of a silicon-based LHTES systemò. ECOS 2019, Wroclaw, 

Poland 

3) Zeneli M., Nikolopoulos A., Datas A., Nikolopoulos N., Karellas S., Kakaras E. ñStudy of heat 

losses during charge, discharge and storage period of a LHTES system operating at ultra-high 

temperaturesò. ECOS 2019, Wroclaw, Poland 

4) Zeneli M., Nikolopoulos A., Nikolopoulos N., Karellas S., Kakaras E. ñNumerical methods for 

fluid-dynamics and phase changeò. 1st International workshop on ultrahigh temperature 

thermal energy storage, transfer and conversion. UPM, Madrid, November, 2019 

5) Kanellis, G., Zeneli M., Nikolopoulos, N.,, Hofmann, C., Strºhle, J., Karellas, S., Konttinen, 

J., ñCFD modelling of an indirectly heated calciner reactor, utilized for CO2 capture, in an 

Eulerian frameworkò, FBC24, Gothenburg, Sweden May 2022 

 

C. Book Chapters (1 first author)  

Zeneli M., Nikolopoulos A., Nikolopoulos N., Karellas S., ñNumerical methods for phase change 

materialsò. Ultra-High Temperature Energy Storage, Transfer and Conversion, 2020, Elsevier Ltd. 

ISBN: 9780128199558



1 
 

Table of contents 
Summary .................................................................................................................................................. xvii  

Ɇɨɜɞɣɖ ....................................................................................................................................................... xx 

Preface ..................................................................................................................................................... xxiii  

Table of contents ......................................................................................................................................... 1 

Nomenclature .............................................................................................................................................. 6 

CHAPTER 1 Introduction ..................................................................................................................... 13 

 Current status of energy mix ....................................................................................................... 15 

 Decarbonization actions: RES and the role of energy storage .................................................... 16 

 State-of-the-art of thermal energy storage systems ..................................................................... 17 

 Beyond the state-of-the-art of thermal energy storage systems .................................................. 20 

1.4.1 Use of latent heat thermal energy storage systems at ultra-high temperatures ................... 20 

1.4.2 Use of SHS and TCES based on granular particles ............................................................ 23 

 Scope of the current PhD thesis .................................................................................................. 28 

 Numerical modelling: general definitions, methodology, contribution ...................................... 30 

 Summary of the used models ...................................................................................................... 32 

CHAPTER 2 Numerical methods for multi-phase systems .................................................................. 33 

 Preface......................................................................................................................................... 35 

 Granular flows ............................................................................................................................ 35 

2.2.1 Multi -phase model .............................................................................................................. 38 

2.2.2 Drag Force Model ............................................................................................................... 42 

2.2.3 Reactive multi-phase flows ................................................................................................. 49 

2.2.4 Heat transfer at high-temperatures (radiation phenomena) ................................................. 55 

 Phase change problems ............................................................................................................... 59 

2.3.1 Moving boundary problem: Stefan problem ....................................................................... 60 

2.3.2 Numerical methods of LHTES systems .............................................................................. 63 

2.3.3 Challenges in phase change simulations ............................................................................. 68 

CHAPTER 3 Modelling of storage applications using PCMs .............................................................. 71 

 Preface......................................................................................................................................... 73 

 Numerical methodology .............................................................................................................. 75 

3.2.1 Domain discretization ......................................................................................................... 76 

3.2.2 Boundary conditions ........................................................................................................... 76 

3.2.3 Under-relaxation factors ..................................................................................................... 76 

3.2.4 Numerical solution .............................................................................................................. 76 



2 
 

 Model validation (Paraffin wax solidification/melting: Low temperatures) ............................... 77 

3.3.1 Geometry and Mesh layout ................................................................................................. 77 

3.3.2 Boundary and operating conditions .................................................................................... 78 

3.3.3 Studied cases ....................................................................................................................... 79 

3.3.4 Results ................................................................................................................................. 80 

3.3.5 Grid independence study ..................................................................................................... 82 

3.3.6 Mushy zone parameter effect .............................................................................................. 84 

 Model verification (Silicon solidification: Ultra-high temperatures) ......................................... 86 

3.4.1 Geometry and mesh layout ................................................................................................. 86 

3.4.2 Boundary and operating conditions .................................................................................... 88 

3.4.3 Results ................................................................................................................................. 89 

 Parametric study A: Vessel shape/size effect .............................................................................. 91 

3.5.1 Geometry and mesh layout ................................................................................................. 91 

3.5.2 Boundary/Operating conditions .......................................................................................... 92 

3.5.3 Results ................................................................................................................................. 92 

 Parametric study B: Heat losses effect ........................................................................................ 95 

3.6.1 Numerical cases examined .................................................................................................. 95 

3.6.2 Geometry and mesh layout ................................................................................................. 96 

3.6.3 Boundary and operating conditions .................................................................................... 97 

3.6.4 Results ................................................................................................................................. 98 

 Sensitivity analysis .................................................................................................................... 103 

 Main conclusions ...................................................................................................................... 105 

 Milestones achieved .................................................................................................................. 106 

CHAPTER 4 Modelling of storage applications using FB systems (TCES) ...................................... 107 

 Preface....................................................................................................................................... 109 

 Model validation (EMMS, carbonation reaction validation 1 MWth unit) ................................ 110 

4.2.1 Numerical methodology .................................................................................................... 110 

4.2.2 Geometry and mesh layout ............................................................................................... 111 

4.2.3 Boundary and operating conditions .................................................................................. 111 

4.2.4 Numerical model ............................................................................................................... 113 

4.2.5 Results: Validation ............................................................................................................ 114 

4.2.6 Parametric runs (Design optimization) ............................................................................. 124 

4.2.7 Up-scaling assessment (towards 20 MWth) ....................................................................... 131 

4.2.8 Main Conclusions ............................................................................................................. 137 

4.2.9 Milestones achieved .......................................................................................................... 138 



3 
 

 Model of Oxy-fired calciner (calcination model validation, 1 MWth unit) ............................... 139 

4.3.1 Preface ............................................................................................................................... 139 

4.3.2 Geometry and mesh layout ............................................................................................... 139 

4.3.3 Boundary and operating conditions .................................................................................. 140 

4.3.4 Numerical model setup ..................................................................................................... 142 

4.3.5 Results ............................................................................................................................... 142 

4.3.6 Main Conclusions ............................................................................................................. 151 

4.3.7 Milestones achieved .......................................................................................................... 151 

 Model of IHCaL calciner with heat pipes (heat transfer model, 300 kWth unit) ....................... 152 

4.4.1 Preface ............................................................................................................................... 152 

4.4.2 Numerical methodology .................................................................................................... 152 

4.4.3 Model validation ............................................................................................................... 153 

4.4.4 Design optimization .......................................................................................................... 157 

4.4.5 Main conclusions .............................................................................................................. 160 

4.4.6 Milestones achieved .......................................................................................................... 160 

CHAPTER 5 Modelling of an industrial sensible FB-TES ................................................................. 161 

 Preface....................................................................................................................................... 163 

 Numerical methodology ............................................................................................................ 163 

 Geometry and mesh layout ....................................................................................................... 164 

 Results ....................................................................................................................................... 166 

5.4.1 Hydrodynamics results ...................................................................................................... 166 

5.4.2 Heat transfer results .......................................................................................................... 168 

5.4.3 Comparison with theoretical model .................................................................................. 168 

 Main conclusions ...................................................................................................................... 170 

CHAPTER 6 Comparative assessment of novel TES systems and methods ...................................... 171 

 Overview ................................................................................................................................... 173 

 Comparative assessment of novel TES systems in terms of system performance (Case A) ..... 174 

6.2.1 Studied cases ..................................................................................................................... 174 

6.2.2 Results ............................................................................................................................... 176 

 Comparative assessment of novel TES systems in terms of system performance (Case B) ..... 177 

6.3.1 Studied cases ..................................................................................................................... 177 

6.3.2 Results ............................................................................................................................... 178 

 Main conclusions ...................................................................................................................... 179 

CHAPTER 7 Conclusions and future work ........................................................................................ 181 

 Conclusions ............................................................................................................................... 183 



4 
 

7.1.1 LHTES systems................................................................................................................. 183 

7.1.2 TCES-CaL and SHS in FB systems .................................................................................. 185 

7.1.3 Comparison of TES systems ............................................................................................. 188 

 Numerical advancements .......................................................................................................... 189 

 Future work ............................................................................................................................... 190 

ȺəŰŮŰŬɛɏɜɖ ɄŮɟɑɚɖɣɖ Űɖɠ ȹɘŭŬəŰɞɟɘəɐɠ ȹɘŬŰɟɘɓɐɠ ůŰɖɜ Ⱥɚɚɖɜɘəɐ ũɚɩůůŬ ................................. 191 

ȾȺūȷȿȷȽɃ 1 ȺɘůŬɔɤɔɐ ................................................................................................................... 192 

 ɈˊɎɟɢɞɡůŬ əŬŰɎůŰŬůɖ Űɞɡ ŮɜŮɟɔŮɘŬəɞɨ ɛɑɔɛŬŰɞɠ .................................................................. 192 

 ȹɟɎůŮɘɠ ŬˊŬɜɗɟŬəɞˊɞɑɖůɖɠ: ȷɄȺ əŬɘ ɞ ɟɧɚɞɠ Űɖɠ ŬˊɞɗɐəŮɡůɖɠ ŮɜɏɟɔŮɘŬɠ .......................... 192 

 ɆɨɔɢɟɞɜŬ ůɡůŰɐɛŬŰŬ ŬˊɞɗɐəŮɡůɖɠ ɗŮɟɛɘəɐɠ ŮɜɏɟɔŮɘŬɠ .......................................................... 193 

 ȾŬɘɜɞŰɧɛŬ ůɡůŰɐɛŬŰŬ ŬˊɞɗɐəŮɡůɖɠ ɗŮɟɛɘəɐɠ ŮɜɏɟɔŮɘŬɠ ........................................................ 194 

 Ɇəɞˊɧɠ Űɖɠ ȹɘŭŬəŰɞɟɘəɐɠ ȹɘŬŰɟɘɓɐɠ ........................................................................................ 194 

ȾȺūȷȿȷȽɃ 2 ȷɟɘɗɛɖŰɘəɏɠ ɛɏɗɞŭɞɘ ɔɘŬ ůɡůŰɐɛŬŰŬ ˊɞɚɡűŬůɘəɩɜ ɟɞɩɜ ........................................ 196 

 ɆɡůŰɐɛŬŰŬ əɞəəɩŭɞɡɠ ɟɞɐɠ ..................................................................................................... 196 

 ɈɚɘəɎ ŬɚɚŬɔɐɠ űɎůɖɠ ............................................................................................................... 196 

ȾȺūȷȿȷȽɃ 3 ɀɞɜŰŮɚɞˊɞɑɖůɖ ɡɚɘəɩɜ ŬɚɚŬɔɐɠ űɎůɖɠ ................................................................... 197 

 Ʉɟɧɚɞɔɞɠ .................................................................................................................................. 197 

 ȷɟɘɗɛɖŰɘəɐ ɛɏɗɞŭɞɠ ................................................................................................................. 198 

 Ⱥˊɘəɨɟɤůɖ ɛɞɜŰɏɚɞɡ (ɆŰŮɟŮɞˊɞɑɖůɖ/Űɐɝɖ əŮɟɘɞɨ ˊŬɟŬűɑɜɖɠ: ɉŬɛɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ) ........ 198 

 ȺˊŬɚɐɗŮɡůɖ ɛɞɜŰɏɚɞɡ (ɆŰŮɟŮɞˊɞɑɖůɖ ˊɡɟɘŰɑɞɡ: ˊɞɚɨ ɡɣɖɚɏɠ ɗŮɟɛɞəɟŬůɑŮɠ) ....................... 203 

 ɄŬɟŬɛŮŰɟɘəɐ ɛŮɚɏŰɖ ȷ: ȺˊɑŭɟŬůɖ ɛŮɔɏɗɞɡɠ/ ůɢɐɛŬŰɞɠ ŭɞɢŮɑɞɡ............................................. 206 

 ɄŬɟŬɛŮŰɟɘəɐ ɛŮɚɏŰɖ ȸ: ɀŮɚɏŰɖ ŮˊɑŭɟŬůɖɠ ɗŮɟɛɘəɩɜ ŬˊɤɚŮɘɩɜ ............................................ 209 

 ȷɜɎɚɡůɖ ŮɡŬɘůɗɖůɑŬɠ ............................................................................................................... 215 

ȾȺūȷȿȷȽɃ 4 ɀɞɜŰŮɚɞˊɞɑɖůɖ ůɡůŰɖɛɎŰɤɜ əɞəəɩŭɞɡɠ ɟɞɐɠ ŬˊɞɗɐəŮɡůɖɠ ɢɖɛɘəɐɠ ŮɜɏɟɔŮɘŬɠ ... 216 

 Ʉɟɧɚɞɔɞɠ .................................................................................................................................. 216 

 Ⱥˊɘəɨɟɤůɖ Űɞɡ ɛɞɜŰɏɚɞɡ EMMS (ɛɞɜɎŭŬ ŮɜŬɜɗɟɎəɤůɖɠ 1 MW th) ....................................... 217 

4.2.1 ȷɟɘɗɛɖŰɘəɐ ɛɏɗɞŭɞɠ.......................................................................................................... 217 

4.2.2 ũŮɤɛŮŰɟɑŬ əŬɘ ŬɟɘɗɛɖŰɘəɧ ˊɚɏɔɛŬ .................................................................................... 217 

4.2.3 ɆɡɜɞɟɘŬəɏɠ ůɡɜɗɐəŮɠ əŬɘ ůɡɜɗɐəŮɠ ɚŮɘŰɞɡɟɔɑŬɠ .............................................................. 218 

4.2.4 ȷɟɘɗɛɖŰɘəɧ ɛɞɜŰɏɚɞ .......................................................................................................... 218 

4.2.5 ȷˊɞŰŮɚɏůɛŬŰŬ ................................................................................................................... 218 

 ȸŮɚŰɘůŰɞˊɞɑɖůɖ Űɞɡ ůɢŮŭɘŬůɛɞɨ Űɞɡ ŬɜŰɘŭɟŬůŰɐɟŬ ŮɜŬɜɗɟɎəɤůɖɠ ....................................... 220 

 ȷɝɘɞɚɧɔɖůɖ ŮˊɏəŰŬůɖɠ Űɖɠ əɚɑɛŬəŬɠ Űɞɡ ŬɜŰɘŭɟŬůŰɐɟŬ ˊɟɞɠ 20 MWth ................................. 221 

4.4.1 ũŮɤɛŮŰɟɑŬ/ ɡˊɞɚɞɔɘůŰɘəɧ ˊɚɏɔɛŬ əŬɘ ůɡɜɞɟɘŬəɏɠ ůɡɜɗɐəŮɠ ........................................... 221 

4.4.2 ɄɟɞůɞɛɞɘɤɛɏɜŮɠ ˊŮɟɘˊŰɩůŮɘɠ .......................................................................................... 222 



5 
 

4.4.3 ȷɟɘɗɛɖŰɘəɎ ŬˊɞŰŮɚɏůɛŬŰŬ ................................................................................................ 223 

 ɀɞɜŰɏɚɞ ŬůɓŮůŰɞˊɞɘɖŰɐ 1 MW th ɛŮ əŬɨůɖ ɞɝɡɔɧɜɞɡ ............................................................. 224 

4.5.1 Ʉɟɧɚɞɔɞɠ .......................................................................................................................... 224 

4.5.2 ũŮɤɛŮŰɟɑŬ əŬɘ ˊɚɏɔɛŬ ....................................................................................................... 224 

4.5.3 ɆɡɜɞɟɘŬəɏɠ ůɡɜɗɐəŮɠ əŬɘ ůɡɜɗɐəŮɠ ɚŮɘŰɞɡɟɔɑŬɠ .............................................................. 225 

4.5.4 ȷˊɞŰŮɚɏůɛŬŰŬ ................................................................................................................... 225 

 ɀɞɜŰŮɚɞˊɞɑɖůɖ ŬůɓŮůŰɞˊɞɘɖŰɐ 300 kWth ɏɛɛŮůɖɠ ˊɟɧůŭɞůɖɠ ɗŮɟɛɧŰɖŰŬɠ ........................... 228 

4.6.1 Ʉɟɧɚɞɔɞɠ .......................................................................................................................... 228 

4.6.2 ȷɟɘɗɛɖŰɘəɐ ɛɏɗɞŭɞɠ.......................................................................................................... 228 

4.6.3 Ⱥˊɘəɨɟɤůɖ ŬɟɘɗɛɖŰɘəɞɨ ɛɞɜŰɏɚɞɡ ................................................................................... 229 

4.6.4 ȸŮɚŰɘůŰɞˊɞɑɖůɖ ůɢŮŭɘŬůɛɞɨ ............................................................................................. 230 

ȾȺūȷȿȷȽɃ 5 ɀɞɜŰŮɚɞˊɞɑɖůɖ ůɡůŰɐɛŬŰɞɠ ŬˊɞɗɐəŮɡůɖɠ ŬɘůɗɖŰɐɠ ɗŮɟɛɧŰɖŰŬɠ ɓɘɞɛɖɢŬɜɘəɐɠ 

əɚɑɛŬəŬɠ 232 

 ȷɟɘɗɛɖŰɘəɐ ɛɏɗɞŭɞɠ ................................................................................................................. 232 

 ȷˊɞŰŮɚɏůɛŬŰŬ ........................................................................................................................... 234 

ȾȺūȷȿȷȽɃ 6 ȷɝɘɞɚɧɔɖůɖ əŬɘɜɞŰɧɛɤɜ ůɡůŰɖɛɎŰɤɜ ŬˊɞɗɐəŮɡůɖɠ ɗŮɟɛɘəɐɠ ŮɜɏɟɔŮɘŬɠ ............... 236 

ȾȺūȷȿȷȽɃ 7 ɆɡɛˊŮɟɎůɛŬŰŬ ï ˊɟɞŰɎůŮɘɠ ɔɘŬ ɛŮɚɚɞɜŰɘəɐ ŮɟɔŬůɑŬ ............................................... 238 

 ȸŬůɘəŬ ůɡɛˊŮɟɎůɛŬŰŬ ............................................................................................................. 238 

 ȾŬɘɜɞŰɧɛŬ ůŰɞɘɢŮɑŬ .................................................................................................................. 241 

 ɄɟɞŰɎůŮɘɠ ɔɘŬ ɛŮɚɚɞɜŰɘəɐ ŮɟɔŬůɑŬ .......................................................................................... 242 

References ................................................................................................................................................ 243 

Appendix .................................................................................................................................................. 259 

Simplified model to simulate heat transfer inside a FB system ............................................................ 259 

Gas thermo-physical properties ............................................................................................................ 261 

Gas thermo-physical properties setup in oxy-fired calciner ................................................................. 262 

Indirectly heated-calciner additional graphs ......................................................................................... 263 

Turbulence effect investigation ......................................................................................................... 263 

 

 

 

 

 

 

 



6 
 

Nomenclature 
Symbol Explanation, units 

ac acceleration of particles in dense phase, mĿs-2 

af acceleration of particles in dilute phase, mĿs-2 

Amush mushy zone parameter [-] 

Ar pre-exponential factor in forward rate constant calculation, kgĿm-3Ŀs-1 

Ar Archimedes number, [-] 

Arcl Archimedes number for clusters, [-] 

Bi Biot number, [-] 

c adsorption constant, Pa-0.5 

c0 adsorption constant pre-exponential factor, Pa-0.5 

CCO2 concentration of CO2 in the flue gas, molĿm-3 

CCO2,eq CO2 equilibrium concentration, molĿm-3 

CD effective drag coefficient, [-] 

CD0 standard drag coefficient, [-] 

cp specific heat capacity, JĿkg-1ĿK-1 

dcell equivalent cell size, m 

dcl cluster diameter, m 

De effective ash diffusivity, m2Ŀs-1 

DO2 Oxygen diffusivity, m2Ŀs-1 

dp particle diameter, m 

▀▬
ᶻ dimensionless particle diameter, [-] 

Dt column diameter, m 

Dv void size, m 

e0 particle porosity, [-] 

Ea activation energy of adsorption constant c, kJĿmol-1 

Ec activation energy of chemical reaction rate constant, kJĿmol-1 

Er activation energy of CO/volatiles oxidation, JĿkmol-1 

ess restitution coefficient, [-] 

Ev activation energy of devolatilization, kJĿkmol-1 

f dense phase volume fraction, m3 dense phaseĿm-3 cell 

f1 dimensionless factor in reaction rate of char combustion, [-] 

f i factor that takes into account clusters permeability 

FEMMS gas-solid drag force calculated with sub-grid EMMS scheme, N 

FWenYu gas-solid drag force calculated with Wen & Yu model, N 

Fc drag force in the dense phase, N 

Ff drag force in the dilute phase, N 

F i drag force in the inter-phase, N 

Fo Fourier number [-] 

G incident radiation, WῊm-2 

g gravitational acceleration, mĿs-2 

g0 radial distribution function, [-] 
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Gr Grashof number [-] 

ȹH heat of reaction, JĿkg-1 

h specific enthalpy, JĿkg-1 

Hd heterogeneity index, [-] 

I  unit tensor, [-] 

II 2D second invariant of the deviatoric stress tensor, 1Ὴs-2 

k0 pre-exponential factor of chemical reaction rate constant, kmolĿm-2Ŀs-1 

ka ash layer resistance, sĿm-1 

kc chemical reaction rate constant, kmolĿm-2Ŀs-1 

kfl film resistance, sĿm-1 

kf,r forward rate constant in a homogeneous chemical reaction r, kmolĿm-3phaseĿs-1 

kq Thermal conductivity of phase q, WĿK-1Ŀm-1 

kr surface reaction resistance, sĿm-1 

ks rate constant for surface carbonation, m4Ŀmol-1Ŀs-1 

kt turbulent kinetic energy, m2Ŀs-1 

Kv devolatilization rate pre-exponential factor, s-1 

L latent heat of fusion, JĿkg-1 

m mass, kg 

MW molecular weight, kg specieĿkmol-1 specie 

n stoichiometric coefficient 

NCa number of moles of Ca, kmol 

Nst energy interchanged between flow phases, WĿkg-1 

Nu Nusselt number, [-] 

pCO2 CO2 partial pressure, Pa 

peq equilibrium CO2 partial pressure, Pa 

pg gas pressure, Pa 

pO2 O2 partial pressure, Pa 

Pr Prandtl number of the fluid [-] 

ps granular pressure, Pa 

Q heat stored in a storage medium, J 

R universal gas constant, JĿkmol-1ĿK-1 

Ra Rayleigh number [-] 

rcp ratio of core diameter to particle diameter, [-] 

Re Reynolds number, [-] 

RO2 O2 individual gas constant, JĿkg-1ĿK-1 

rqq 
mass transfer rate per unit volume from one phase q to another, due to a phase change 

or a chemical reaction, kgĿm-3Ŀs-1 

RRcalc calcination rate, kmolĿm-3Ŀs-1 

RRcarb carbonation rate, kmolĿm-3Ŀs-1 

RRCFD numerically calculated value of reaction rate, kmolῊs-1 

RRcomb char combustion reaction rate, kgĿm-3Ŀs-1 

RRdev devolatilization rate, kmol VolĿm-3Ŀs-1 

RRevap moisture evaporation rate, kmol H2OĿm-3Ŀs-1 
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RRHomogeneous reaction rate for homogeneous conditions, kmolῊs-1 

RRvol(g) kinetic rate of volatiles oxidation, kmolĿm-3gasĿs-1 

Rth thermal resistance, m2ĀKĀW-1 

S0 initial surface area, m2Ŀm-3 

Sc Schmidt number, [-] 

Se specific surface area, m2Ŀm-3 

Sh Sherwood number, [-] 

Si Source term in momentum equation 

Ste Stephan number, [-] 

T temperature, K 

TCalc operating temperature of calciner tor reactor, K 

TCarb operating temperature of carbonator reactor, K 

t time, s 

taver time needed for averaging, s 

uq actual velocity of qth phase, mῊs-1 

uqq interphase velocity between two phases q, mĿs-1 

Uc superficial gas velocity in the dense phase, mῊs-1 

Uf superficial gas velocity in the dilute phase, mῊs-1 

Umf minimum fluidization velocity, mῊs-1 

Us superficial solids velocity, mῊs-1 

Usc superficial slip velocity in dense phase, mῊs-1 

Usf superficial slip velocity in dilute phase, mῊs-1 

Usi superficial slip velocity in inter-phase phase, mῊs-1 

usr slug velocity, mῊs-1 

ut terminal velocity of a single particle, mῊs-1 

◊◄
ᶻ dimensionless terminal velocity of a single particle, [-] 

vôi,r stoichiometric coefficient for reactant i in reaction r 

vòj,r stoichiometric coefficient for product j in reaction r 

V volume, m3 

╨░
▼▬▄╬░▄

 mass fraction of a specie of the ith phase, kg specieĿkg-1i th phase 

Yash ash mass fraction, kg ashĿkg-1 gas 

╨╪▼▐ Initial value of ash mass fraction, kg ashĿkg-1 gas 

YC carbon mass fraction, kg CĿkg-1 gas 

╨╒ initial value of carbon mass fraction, kg CĿkg-1 gas 

YCO2 CO2 mass fraction, kg CO2Ŀkg-1 gas 

XCO2 CO2 mole fraction, mol CO2/mol gas 

XCarb actual carbonation conversion, mol CaCO3Ŀmol-1 Ca 

 

Greek letters 

Ŭ volume fraction, [-] (Used in VOF method) 

ɓ liquid fraction, [-] 

ɓqq momentum exchange coefficient between two phases, kgĿm-3Ŀs-1 
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ɓth volumetric thermal expansion coefficient [-] 

ɔŪs collisional dissipation of energy, kgĿm-1Ŀs-3 

Ůq volume fraction of qth phase, m3 phaseĿm-3cell  

Ůmf minimum fluidization voidage, [-] 

Ůs,fr friction limit, [ -] 

Ůs,max particles packing limit, [-] 

Ůt rate of turbulent kinetic energy dissipation, m2Ŀs-3 

ɗ temperature, oC 

ɗCO2 fraction of active sites occupied by CO2, [-] 

Ūs granular temperature, m2Ŀs-2 

ɚs granular bulk viscosity, PaĀs 

ɛg gas viscosity, kgĿm-1Ŀs-1 

ɛs granular shear viscosity of a solid phase, PaĀs 

ɛs,col collisional viscosity, PaĀs 

ɛs,fr frictional viscosity, PaĀs 

ɛs,kin kinetic viscosity, PaĀs 

Ⱨ▲
ᶻ meso-scale viscosity of phase q, PaĀs 

ɟq density of phase q, kgĿm-3 

ⱬ▲
ᶻ meso-scale density of phase q, kgĿm-3 

ů scattering coefficient, m-1 

ůŮ dense phase voidage standard deviation, [-] 

Ⱳ Stress tensor, Pa 

ű specularity coefficient, [-] 

ūh hydrodynamic factor, [-] 

űfr  angle of internal friction, [-] 

űs sphericity, [-] 

Indices 

Symbol Explanation, units 

c dense phase (for EMMS model) 

cell refers to computational cell 

f dilute phase (for EMMS model) 

fl  film 

g gas 

i inter-phase (for EMMS model) 

l liquid 

max maximum 

mf minimum fluidization 

min minimum 

p particle 

P product 

R reactant 
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s solid 

w wall 

Ð ambient 

 

Acronyms 

Acronym Explanation 

ANN Artificial Neural Network 

BC Boundary condition 

BFB Bubbling fluidized bed 

CaL Calcium looping 

CCUS Carbon capture utilization and storage 

CFB Circulating fluidized bed 

CFD Computational fluid dynamics 

CGSM Changing grain size model 

COP26 UN Climate Change Conference 

CPFD Computational particle fluid dynamics 

CPU Central processing unit 

CSP Concentrated solar power 

DAS Dendrites arm spacing 

DEM Discrete elements method 

DFB Dual fluidized bed 

DPM Discrete phase method 

EIIs Energy intensive industries 

EMMS Energy minimization multi-scale scheme 

FB Fluidized bed 

FBHE Fluidized  bed heat exchanger 

FDM Finite difference method 

FEM Finite element method 

FSB Fumed silica board 

FT Front tracking 

FVM  Finite volume method 

GFM Graphite fiber  

GHGs Greenhouse gases 

GPU Graphics processing unit 

HTC Heat transfer coefficient 

HTF Heat transfer fluid 

IHCaL  Indirectly heated calcium looping 

INTREX TM  Integrated recycle heat exchanger 

ITP Inverted truncated-pyramid 

KPI  Key performance indicator 
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KTGF  Kinetic theory of granular flows 

MFM  Multi -fluid model 

MP-PIC Multi -phase particle in cell 

NZE Net zero emissions 

N-S Navier-Stokes 

LHTES Latent heat thermal energy storage 

P2H2P Power-to-heat-to-power 

PCM Phase change material 

PETE Photon-enhanced thermionic emission 

PF Pulverized fuel 

PSD Particles size distribution 

RBF Radial basis function 

RE/RES Renewable energy/ Renewable energy sources 

ROM Reduced order model 

S2H2P Solar-to-heat-to-power 

SCM Shrinking core model 

SHS Sensible heat storage 

SPSR Solid particles solar receiver 

STM Source term method 

TCES Thermochemical energy storage 

TES Thermal energy storage 

TFM  Two-fluid model 

TIPV  Thermionic-photovoltaic 

TPV Thermo-photovoltaic 

TR Tapering ratio 

UDF User-defined function 

UHT  Ultra-high temperature 

URF Under relaxation factor 

VOF Volume of fluid 

1D One-dimensional 

2D Two-dimensional 

3D Three-dimensional 
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 Current status of energy mix 

Coal has been the largest source of electricity generation all over the world for several decades. In 2020 the 

share of coal-fired power generation reached a value of 35.2 % [2]. However, coal combustion results in 

the production of hazardous emissions for the environment and the human health, including sulfur dioxide 

(SO2), nitrogen oxides (NOx), particulate matter and carbon dioxide (CO2).  

Before, 2019 the ñNet Zero Emissions by 2050ò Scenario (NZE), i.e. the scenario of dropping related carbon 

dioxide emissions to net zero by 2050 by building an energy economy that relies on renewables instead of 

fossil fuels, required a worldwide plunge in coal consumption [2]. During the UN Climate Change 

Conference (COP26), 45 countries had signed the Global Coal to Clean Power Transition Statement [2, 3], 

a pact that includes a range of decisions, including coal utilization drop-off, to limit the global temperature 

rise of 1.5 degrees. The Covid-19 pandemic had a plasmatic negative impact on energy demand in 2020, 

and, thus, on fossil fuels consumption, reducing global CO2 emissions by 5.2% (Figure 1). However, Post-

Covid-19 era pushes the world economy to rely heavily on coal-combustion, due to an unprecedented 

increase in the energy demand, a situation leading once more to an increase in the GHG emissions. 

More specifically, global energy-related CO2 emissions from energy consumption and heavy industries 

(e.g. cement, lime, iron& steel) experienced an increase by 6% in 2021 to 36.3 gigatonnes (Gt), their highest 

ever level. CO2 emissions in 2021 rose to around 180 megatons (Mt) above the pre-pandemic level of 2019. 

This amount is expected to increase, since the use of coal intensified owing to increasing natural gas prices 

in Europe and US and an increased energy consumption in China. Coal accounted for over 40% of the 

overall growth in global CO2 emissions in 2021, reaching an all-time high of 15.3 billion tones [4]. This 

rebound of global CO2 emissions largely driven by Chinaôs economic growth has led to an increase of CO2 

emissions by 750 Mt between 2019 and 2021. Finally, gas-to-coal switching pushed up global CO2 

emissions from electricity generation by well over 100 million tones, notably in the US and Europe where 

competition between gas and coal is tightest, especially after the breaking out of the Russo-Ukrainian war. 

 

Figure 1.  Annual change in CO2 emissions from energy combustion and industrial processes, 1900-

2021 [1]. 
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 Decarbonization actions: RES and the role of energy storage 

A thoroughgoing transformation of the energy system by applying decarbonization actions comes as a 

necessity to fulfill the EU ambitious target to be a carbon neutral economy by 2050 and comply with the 

current global situation. Such decarbonization actions should be applied across the whole spectrum of 

society and economic sectors. Energy intensive industries (EIIs) and the power sector are at the forefront 

in this long-term vision. The EIIs ecosystem includes a wide range of sectors, including non-ferrous metals, 

steel, aluminum, chemicals, ferilizers, cement, ceramics, lime, glass, and paper and pulp. These sectors are 

characterized by a high energy intensity and are responsible for a large share of greenhouse gas emissions 

(GHG) produced mainly due to the fuel combustion, the electricity production, and, the process emissions. 

The power sector is also a major GHG contributor. Several decarbonization actions can be applied for all 

these sectors, such as carbon capture utilization and storage (CCUS) of the inevitable process emissions, 

use of renewable energy sources (RES), such as wind, solar, hydropower, geothermal and biomass, for the 

production of electricity instead of fossil fuels, and, increase of carbon neutral fuels in the fuel mix. The 

zero-carbon transition of EIIs by embracing climate friendly practices will be beneficial for the 

environment, but also will ensure the individual companiesô long-term competitiveness. Nevertheless, 

many sectors have already picked to their efforts of reducing their GHG emissions and improving their 

energy efficiency without fulfilling their targets. In this regard, innovative technological solutions are 

necessary to move towards a carbon-neutral future. 

Adoption of RES is a key point for a clean energy transition experiencing a rapid grown in recent years 

(Figure 2). The power sector is the frontrunner of renewables with a 28 % of the global electricity 

generation relying in RES in 2021 [6].  Nevertheless, electricity accounts for only a fifth of global energy 

consumption, and the role of renewables in other sectors as well remains critical to the energy transition. 

Among the prominent RES alternatives, solar and wind power are one of the few low-carbon technologies 

that can grow into large scale, exhibiting, thus, high potential to meet the global energy requirements [7] 

 

 
 

 
            

Figure 2. Renewables share of power generation 

in the Net Zero Scenario, 2010-2030 [5]. 

Figure 3. Renewable power generation by 

technology in the Net Zero Scenario, 2010-2030 [5]. 
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(Figure 3) and promote a clean energy transition. Solar energy, in specific, seems as an attractive option, 

due to its low cost, and abundance compared to the other RES [8]. However, the energy that can be extracted 

from the sun varies in both space and time [9]. Most forms of RE must be transformed into electricity and 

consumed instantaneously. This makes the current economy be still dependent on fossil fuels.  

 State-of-the-art of thermal energy storage systems 

Energy storage is a game changer technology, essential for optimizing the use of the scarce energetic 

resources in todayôs energy system. Many different energy storage solutions are currently under 

development covering all kinds of technological options (electrochemical, mechanical, electrical, chemical 

and thermal). Pumped-storage hydropower is the most widely applied storage technology (with a total 

installed capacity at around 160 GW in 2021) [10], whereas batteries as a form of electrochemical storage 

are the most scalable type of grid-scale storage with a growing market in recent years. Other alternatives 

include compressed air and gravity storage, but they play a comparatively small role in current power 

systems. Additionally, hydrogen (ȼ2) is an emerging technology that has potential for the seasonal storage 

of RE. While progress is being made, projected growth in grid-scale storage capacity is not currently on 

track with the NZE Scenario and requires greater efforts [10]. Thus, the development and use of efficient 

and innovative energy storage systems and devices are necessary to integrate RES to the electricity or the 

heating/cooling grids and eliminate discrepancies between supply and demand. 

Among the abovementioned energy storage options, thermal energy storage (TES), i.e. the storage of excess 

thermal energy by heating or cooling a storage medium for later use, can play an important role to achieve 

these targets and eliminate the mismatch between supply and demand, mainly due to its modularity and the 

number of the different technological options available. Generally, TES systems can be classified into three 

categories: latent heat (LHTES), sensible heat (SHS), and thermochemical heat (TCES) storage systems 

[11]. Among these options, SHS is the most mature technological option due to its simple principle and low 

cost, followed by LHTES systems and then by TCES systems, both of which are characterized by higher 

storage densities than SHS. TES can be used in different possible applications, such as direct solar energy 

storage (in CSP -concentrated solar power- systems), electricity storage and cogeneration in domestic 

electrical/heating networks, and, energy storage in waste heat recovery systems etc.  

TES systems differ in the amount of heat that can be stored per unit volume of storage medium. The key 

aspects in such systems is the energy density, the charging/discharging rate, the used storage media and, 

the operating temperature. In general terms, the storage media properties define the energy density, the 

charging/discharging rate and the overall performance of a system, whereas the higher the operating 

temperature the higher the storage potential. Regarding the storage media, a wide variety exists depending 

on the operating temperature range and the targeted application. Apart for the nature of storage type 

described above, TES are also classified according to the operating temperature into low-temperature (<100 

ÁC), medium-temperature (100 ÁCÒɗÒ300 ÁC), high-temperature TES (300 ÁCÒɗÒ900 ÁC) and ultra-high 

temperature (>900 oC). A comparison of the different TES methods in general terms is reported in Table 

1, whereas the state-of-the-art TES options are discussed below. 

Table 1. Comparison of TES methods in terms of capacity, power, efficiency, storage and cost [12]. 

TES method Capacity (kWhĿton-1) Power (MW)
 
Efficiency (%)

 
Storage Time

 
Cost (úĿkWh-1) 

SHS 10ï50 0.001ï10 50ï90 d/m 0.1ï10 

LHTES 50ï150 0.001ï1 75ï90 h/m 10ï50 

TCES 120ï250 0.01ï1 75ï100 h/d 8ï100 
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 Sensible heat storage (SHS) 

A SHS system involves heating or cooling of a storage medium and, thus, changing its internal energy. The 

amount of heat stored (or rejected) in (or from) the system depends on the specific heat capacity (cp) and 

mass (m) of the storage material, and, on its temperature difference (ȹT) with the heating/cooling medium. 

ὗ άὧῳ  (1) 

Additional, properties important for designing of a SHS system include, thermal conductivity and 

diffusivity, vapor pressure, compatibility among materials stability, heat loss coefficient as a function of 

the surface areas to volume ratio, and cost [13]. 

The storage medium in a SHS system can be solid (sand, packed beds, bricks) or liquid (water, molten salts, 

mineral oils and synthetic oils), but also gaseous, or on a supercritical state. Solid media are usually used 

in packed beds, requiring a fluid (e.g. air) to exchange with the storage medium. During the system 

charging, hot fluid passes through spaces between solid particles, causing their temperature to rise during 

the day. During the night (discharging loop) the quantity of sensible heat stored inside the tank is recovered. 

Examples of integrating SHS into a domestic application for cooling/heating are presented in Figure 4, 

whereas thermos-physical properties and average cost of several storage media can be found in [14]. 

a) 

 

b) 

 

Figure 4. Examples of integrating SHS, such as (a) packed bed storage tank and (b) solar-based water 

heating device into domestic cooling/heating applications. Adapted from [13]. 

 Latent heat thermal energy storage (LHTES) 

Phase change materials (PCMs), which exploit latent heat are considered as an efficient option for energy 

storage that is emerging rapidly. Their principal advantage is that they can store significant amounts of 

energy, both as latent and sensible heat, within in a narrow temperature range [15], while requiring at the 

same time less energy volume or mass per stored energy compared to sensible heat systems [16]. The 

amount of heat stored in rejected in a LHTES system is the sum of sensible heat of the solid phase, latent 

heat of fusion (L), and sensible heat of the liquid phase: 
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ὗ άὧῳ ί άὧῳ ὰ άὒ (2) 

PCMs are used in a wide range of applications, from electronic devices cooling [17]  to thermal storage in 

buildings [18], clothing/textile design [19] and for energy production in CSP plants (Figure 5), the latter 

being one the major applications of PCMs. However, their utilization has been restricted to low (20 ÁC-

100 ÁC) [20], medium (100 ÁC-250 ÁC) [21] or high (250 ÁC-900 ÁC) [22] temperatures, so far. Added to 

this, most commercial PCMs are based on materials like salt hydrates, paraffin, and eutectic water-salt 

solutions [23], which have low thermal conductivities and, as a consequence, low charge/discharge rates 

[24]. This fact has limited so far their commercial application as an alternative to sensible heat transfer. 

This fact reveals the necessity of utilizing novel LHTES concepts that will unlock higher storage densities. 

 

Figure 5. Integration of LHTES (two-storage tank) in a CSP plant. Taken from [25]. 

 Thermochemical energy storage (TCES) 

TCES involves the storing of energy through the simultaneous exploitation of reversible chemical or 

sorption reactions, being, thus, an analogous óheatô battery. Among the available TES options, TCES is 

considered to have the highest heat density potential, but also the highest technical challenges, at the same 

time. The most basic TCES system is comprised of a working pair of two chemicals (A, B), a storage tank 

for each of these chemicals, and a chemical reactor. When energy is required from the system, these two 

chemicals react together, releasing energy in the form of heat. When energy is to be stored, external energy 

Q (again in the form of heat, due to solar, chemical reaction or waste heat) is added to the reacted chemicals 

to chemically or physically separate them.  

ὲ ὃὄ ὗᴾὲ ὃ ὲ ὄ  (3) 

, where n is the stoichiometric coefficient. 

https://www.sciencedirect.com/topics/engineering/stoichiometric-coefficient
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TCES has a wide range of applications at different temperatures (from 50 oC up to 1000 oC). Some of the 

most known chemical reactions involved in TCES include dehydration of salt hydrates, dehydration of 

metal hydroxides, dehydrogenation of metal hydrides, decarboxylation of metal carbonates and redox 

reactions of oxides enable a very wide range of applications at different temperatures.  

Concluding, TES offers a strong potential for cross-sectoral decarbonization, especially for heating and 

cooling buildings, providing heat for industrial processes and other applications. Overall, current state-of- 

the-art TES systems are limited to temperatures below 500-600 ÜC (e.g. molten salt based) due to high 

temperature thermal instability of currently available materials and devices. The benefit of working at high 

and ultra-high temperatures is particularly relevant for LHTES systems, where heat is stored or released 

during the phase change of a material by utilizing metallic PCMs.  Novel SHS and TCES systems based on 

granular materials suspensions operating at high temperatures (900-1000 oC) can also offer a high storage 

potential. However, no attention has been paid so far to this kind of systems due to lack of proper materials 

and devices able to operate at such high temperatures.  

 Beyond the state-of-the-art  of thermal energy storage systems 

Moving beyond the current TES storage solutions, several new trends for TES integration may be observed: 

(i) coupled TES technologies for possible higher operating temperature (e.g. SHS with TCES), (ii) TES 

systems with novel materials in compact tanks, and, (iii) circulation of granular particles. Design of such 

systems requires extensive research by using a combination of theoretical studies, experimental campaigns, 

and, simplified and advanced numerical models. Computational fluid dynamics (CFD) tools can help speed-

up on the design process of such systems, especially when there is a need for a specific systemôs components 

design optimization and scale-up. 

1.4.1 Use of latent heat thermal energy storage systems at ultra-high temperatures 

In order to establish more efficient LHTES systems, than the current state-of-the-art molten-salt based, 

ultra-high temperature (UHT) storage comes as a necessity. Storage at ultra-high temperatures (>900 oC) 

[26] with the utilization of metallic PCMs characterized by high thermal conductivities and heat of fusion, 

such as Si, Al, B, would unlock greater energy densities -more than 20-times higher- than the ones achieved 

in conventional molten-salt based systems [27]. Therefore, metallic PCMs have a high potential for 

increasing the energy and exergy efficiency in conventional steam Rankine cycles. Especially, silicon, one 

of the most abundant elements on Earth, has an energy density an order of magnitude larger and a thermal 

conductivity -at its phase transition temperature- two orders of magnitude higher than salt hydrates and 

paraffin [28]. On top of that, the silicon melting temperature (~1414 oC) matches well the band gap of state-

of-the-art thermophotovoltaic cells, allowing, thus, its integration into compact solar-to-heat-to-power 

(S2H2P) conversion technologies [29]. The same applies for boron, which has a melting temperature above 

2000 oC.  

Figure 6 showcases the storage potential of silicon (1230 kWhῊm-3) and boron (2680 kWhῊm-3), having 

latent heats an order of magnitude greater than that of typical salts used in storage applications, such as 

NaNO3 (110 kWhῊm-3) and KNO3 (156 kWhῊm-3). In fact, silicon and boron PCMs provide higher storage 

energy densities than most forms of energy storage, including electrochemical batteries and pressurized H2. 

Furthermore, Figure 7 shows a novel concept of coupling a UHT-LHTES system with solid-state device 

in a compact design and how this concept can be integrated into a CSP plant for electricity production. 
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Figure 6. Latent heat of fusion of different materials as a function of melting temperature compared with 

the energy density of other storage technologies. 

 

Figure 7. UHT-LHTES coupled with a solid-state-device in a compact design and its possible integration 

is a CSP plant [30]. 

Nevertheless, it is worth mentioning that there is a high necessity to deal with several challenges before 

moving towards UHT-TES systems. First, there is excessive heat loss from the vessel walls, due to ultra-

high temperatures, which are difficult to eliminate. Additionally, radiation phenomena, which have not been 

explored yet, might occur inside possible gas voids in the solid PCM [31] affecting, thus, the thermal 

performance of such systems. Other challenges lay on how a commercial LHTES-system might be 

configured for different operating scenarios and which is the optimum vessel design that enables quick 

charge/ discharge rates. Finally, not all of the metallic materials are recommended for PCMs, because of 

some drawbacks of their thermo-chemical properties, such as high vapour pressure, chemical instability, 
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and high flammability [32]. This implies that such PCMs should be thoroughly explored, before being 

utilized in UHT-LHTES systems. 

An in-depth research would allow developing effective methods of eliminating such problems and move 

towards more efficient LHTES systems. Many analytical, experimental and numerical researches have paid 

attention since the 80s to evaluate the thermal performance of PCMs, as that of paraffin wax, inside various 

geometric configurations, such as spherical, cylindrical or rectangular containers [33]. Concerning 

analytical models, the lubrication theory of viscous flow in thin films, which neglects natural convection in 

the liquid PCM, has been mostly used to solve unconstrained melting heat transfer in spherical capsules 

[34]. However, such a hypothesis induces severe errors. Melting experiments found in the literature have 

established that beyond conduction, buoyancy-driven natural convection in the liquid phase affects 

significantly the heat transfer process inside the PCM casing [35]. Apart from this, phenomena, such as a) 

the PCM volumetric change, b) the motion of the solid in the melt [36], and c) the motion of the liquid in 

the gap between the solid and the wall of the shell have been explored experimentally [31]. During recent 

years, numerical simulations of the PCM solidification/melting process have been used to gain a better 

understanding of the heat transfer process. The main advantage of CFD modelling compared to experiments 

is that the container size and shape, PCM thermophysical properties, PCM solidification/melting rate, 

lateral heat losses etc. can be easily quantified and optimized for various operating conditions and 

applications, without substantial research expenses [31]. 

Up to now, in recent literature, two basic numerical methods are usually followed, to model the conductive-

convective heat transfer mechanisms controlling the PCM solidification/melting process; i.e. the moving 

(front tracking) [37] and fixed (front capturing) grid method [38]. The first one [39] gives more accurate 

results in the solid-liquid interface, however, it is more complicated for complex and three-dimensional 

(3D) domains or interface undergoing large deformations [38]. The second one, which includes both 

equivalent heat capacity and enthalpy methods, is a simpler one. The latter developed by Voller et al. [40] 

is more widely used, especially in commercial software packages, due to its advantage of describing the 

phase-change with a unique equation for the two phases saving, thus, computational cost [40]. This method 

has been used to simulate several different problems including melting in one and two-dimensional (2D) 

casings of various shapes, mostly  in cylindrical [41], rectangular [42] and spherical [43] ones. However, 

numerical diffusion can be induced in the solid-liquid interface, which is strongly dependent on the grid 

size used. Therefore, application of a method capable of combining the advantages of both the fixed and 

moving grid method would be a real benefit for any type of solidification/melting simulation. 

Another aspect that needs further attention and has not been explored yet thoroughly from a numerical point 

of view, is the PCM volume expansion/contraction during the phase change process. Such phenomenon 

occurs actually, due to the large density difference between the solid and liquid phases of the PCM. Moore 

and Bayazitoglu [36] were the first to explore the óóunconstrainedò melting, i.e. the solid floating (sinking) 

in the liquid phase, due to its higher (lower) density and the subsequent PCM volume increase. Lamberg et 

al. [44] studied numerically the solidification/melting process of paraffin at low temperatures by means of 

both the enthalpy-porosity and effective heat capacity methods. In his work he took in took account the 

PCM volume changes and proved that when the natural convection is not modelled there is a high numerical 

error. Sattari et al. [45] have investigated through CFD modelling a PCM melting inside a spherical capsule 

at low temperatures and the effect of different operating and design parameters, i.e. capsule size, parameters 

on the process evolution. However, in this Thesis the PCM volume change is not taken into account. Several 

similar works in which the density variations between the solid and liquid PCM are neglected, usually 
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referred to as constrained PCM melting, can be found in the literature [46]. However, taking into account 

such a phenomenon is of high importance for the accurate prediction of the melting process. 

Nonetheless, as can be seen, during the last decades a considerable amount of numerical simulations has 

mainly focused on medium and low temperature PCMs, like paraffin wax. Very few reports are available 

for studies on PCMs with phase change temperature exceeding 100 oC. Archibold et al. [47] in their work 

analysed the melting and solidification processes of NaNO3, in 306.8 oC, inside a spherical geometry. 

Elmozughi et al. [48] in their analysis used the enthalpy-porosity approach coupled with the volume of fluid 

(VOF) model to simulate the unconstructed NaNO3 melting inside spherical and cylindrical shells up to 

500 oC. Pirasaci et al. [49] worked on the same temperature range as Elmozughi et al. to study the melting 

process of an encapsulated Na2SO4 ï KCl eutectic mixture. However, it is obvious that these studies centre 

on temperatures below 900 oC. Taking all into consideration, there still remains a gap of knowledge for a 

systematic attempt to explore high temperature PCMs and, in general, thermal energy storage processes 

[50], by means of an efficient and accurate numerical analysis that will take into account PCM volumetric 

change, buoyancy-driven natural convection and PCM structure. Sub-section: Phase change problems 

presents briefly the used methods adopted in LHTES systems and the applied methods in the current Thesis. 

1.4.2 Use of SHS and TCES based on granular particles 

Gas-solid fluidized bed (FB) systems, ranging from fixed bed to circulating fluidized beds (CFB) and 

downer reactors, have been used in a wide range of industrial applications, such as biomass gasification, 

pyrolysis, combustion and fluid catalytic cracking, just to name a few [51]. Moving beyond the-state-of-

the-art, during recent years FB systems are being tested for energy storage in novel SHS and TCES storage 

concepts. Regarding operating principles, a gas-solid fluidized bed system obeys general rules, for the solid 

particles flow hydrodynamics (e.g. flow heterogeneity and flow regimes under specified operating 

conditions), heat transfer mechanisms etc. as described in Kunii and Levenspiel [52]. However, depending 

on the targeted application, the gas-solid-medium properties and the scale of the problem (lab, pilot or 

industrial), there are unique spatiotemporal flow characteristics that need to be explored by using advanced 

numerical tools. When validation of such models becomes available from both experimental results and 

industrial knowledge, design optimization and scale-up of novel FB-TES systems can be achieved. 

 SHS: FB with a diverse role of heat exchange and storage 

FB systems are currently being studied for storage concepts in several applications from CSP plants to 

industrial processes. In CSP applications, solar particle solid receivers (SPSRs)/reactors are gaining interest 

as next-generation TES options, since solid particles can work as both heat transfer fluid (HTF) in the solar 

receiver, heat transfer and storage medium [53], [54] (Figure 8). The operating temperature of such systems 

can exceed 800-900 oC depending on the fluid particles and relevant operating conditions, opening, thus, 

the way of achieving conversion efficiencies greater than 50 %, with the supercritical carbon dioxide (sCO2) 

Brayton cycle [55]. Finally, combined with fluidized bed technology, SPSRs can be used for H2 production, 

coal/biomass gasification and CO2 capture concepts [54], [56]. 

Most of the effort paid by the research community has focused on the structural designs and the overall 

thermal performance of various SPSRs, whereas other critical aspects, such as selection of appropriate solid 

particles, receiver system structures optimization, flow hydrodynamics, and heat transfer phenomena have 

not been meticulously studied. The use of advanced numerical models can help assist in such a process, 

however, numerical works dealing with SPSRs are quite limited. 
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Figure 8. Thermal CSP plant concept with a receiver using particles as HTF and storage medium [57]. 

In industrial applications, external fluidized bed heat exchanger (FBHE) systems that comprise a bubbling 

fluidized bed (BFB) chamber and immersed tube bundles (horizontal or vertical) for heat recovery, are 

often employed, as superheaters or reheaters [58]. This is mainly done, because in traditional 

superheating/reheating systems that are placed at the upper part of the furnace, there is a difficulty in 

reaching the desirable steam temperatures (605/623 ÁC maximum design temperatures reached in ultra-

supercritical CFB boiler in China [59]), especially under low load conditions. Such a difficulty arises from 

the low temperature operation (800-900 oC) of a CFB boiler, in contrast to conventional pulverized fuel 

(PF) boilers [60]. Thus, based on the pioneering idea of Shi-FW, an Integrated Recycle Heat Exchanger 

(INTREXTM) can be placed near the bottom part of the combustion chamber. By this way, heat can be 

recovered from both the recirculating solids from the cyclone and the hot solids from the combustion 

chamber (Figure 9). Due to the high heat transfer coefficient in the INTREXTM heat exchanger, the heat 

transfer surfaces are considerably smaller than the superheaters or reheaters in conventional PF boilers. 

Such type of HE includes several advantages. First of all, the heat transfer surfaces are located away from 

the high-temperature flue gases that are highly corrosive for the involved materials, whilst air is used as a 

fluidizing medium. Secondly, installation of INTREXTM allows extracting heat from the hot particles that 

are captured by the cyclone (external circulation) and, in addition, from solids that are derived from the 

bottom part of furnace (internal circulation). This internal solid circulation allows superheater heat 

absorption even at low loads when the external solids circulation is low. A continuous movement of 

granular material prevents formation of deposits and ensures high heat transfer rate. The level of heat 

transfer can be controlled by the rate of air flow that applied for returning solids to the lower furnace. In 

general, this leads to reduced maintenance needs and increased operational flexibility [61]. This novel type 

of heat exchanger can be used as well as an intermediate sensible type of storage system as it has been 

studied by using a dynamic process model in [62]. The solid particles in this type of storage system serve 

as well as both HTF and storage medium and they are indirectly heated by the heat pipes containing the gas 

medium (air or steam). 

https://www.sciencedirect.com/topics/engineering/fluidized-beds
https://www.sciencedirect.com/topics/engineering/heat-exchanger
https://www.sciencedirect.com/topics/engineering/bubbling-fluidized-bed
https://www.sciencedirect.com/topics/engineering/bubbling-fluidized-bed
https://www.sciencedirect.com/topics/engineering/heat-recovery
https://www.sciencedirect.com/topics/engineering/combustion-chamber
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Figure 9. Use of Internal heat exchanger (INTREXTM) for internal heat recovery and heat storage [63]. 

The knowledge about heat transfer process in BFBs is essential to properly design BFB heat exchangers. A 

BFB system is advantageous in a sense that it combines uniform temperature, high heat transfer rate 

between the gas/solids mixture and heat transfer surfaces, controlled steam temperature, continuous 

operation, excellent behavior even at the partial load, and enhancement of heat transfer capacity, due to the 

intensive mixing of bed material by the motion of gas bubbles. In this context, designers of BFB systems 

should consider the following [64]: (i) continuous recycling solid particles back to the main furnace, (ii) 

ensuring enough heat transfer exchange from the hot bed particles to the heat transfer medium (steam of 

water), (iii) elimination of corrosion and erosion related problems, (iv) protecting heat transfer surface from 

slagging and agglomerates of ashes that are contained in the circulating inventory, (v) controlling the 

solid mass flow rates to the HE or loop seal. Thus, design of a system as a BFB storage system/HE, 

especially at a large scale requires both an accurate numerical prediction, and operational experience. 

There is wide number of studies concerning the heat transfer behavior in BFB systems targeted for heat 

exchange. However, most of these are limited to experimental investigations and theoretical models, 

especially for single horizontal tubes immersed in BFBs. Kim et al [65] have calculated experimentally the 

local and average heat transfer coefficient (HTC) between horizontal submerged tubes and a BFB heat 

exchanger with silica sand as fluidized particles. They also used theoretical models to describe the heat 

transfer process and they succeeded in getting similar results. Blaszczuk et al. [63] have followed the same 

approach of comparing measurements with theoretical models in an industrial-scale integrated heat 

exchanger. The most well-known heat transfer model for carrying out theoretical analysis in such type of 

systems it the mechanistic model of Mickley et al. [66]. However, theoretical models cannot capture in 

detail the spatio-temporal flow characteristics around complex heat transfer surfaces. 

Advanced numerical models used to describe the heat transfer in gas-solid bubbling fluidized bed systems, 

especially the ones involving heat transfer with another medium through immersed tubes, have been scarce. 

The numerical cost of conducting simulations especially for large commercial-scale heat exchangers are 

the cause for such a lack of publications. However, carrying out detailed studies are important to set the 

grounds to establish the optimal heat exchange conditions and designs (e.g. tube buddles arrangement) in 

correlation with the bed hydrodynamics. This can lead subsequently to the optimization of such systems.  

https://www.sciencedirect.com/topics/engineering/heat-transfer-rate
https://www.sciencedirect.com/topics/engineering/heat-transfer-enhancement
https://www.sciencedirect.com/topics/engineering/gas-bubble
https://www.sciencedirect.com/topics/engineering/mass-flowrate
https://www.sciencedirect.com/topics/engineering/operational-experience
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 TCES: The CaL concept 

The calcium looping concept (CaL), the second most mature post-combustion capture technology following 

amine scrubbing [67], comes at the forefront for TCES by ensuring at the same an effective CO2 capture 

[68]. First proposed by [69] this process is performed through a dual fluidized bed facility (DFB), which 

comprises two reactors, named as calciner and carbonator. Inside these reactors multi-phase gas-solid 

heterogeneous reactions, one endothermic (calciner) and one exothermic (carbonator) are taking place. The 

carbonator, usually operating in a circulating mode, is the heart of the process; inside the reactor CO2 is 

captured by calcium oxide particles (CaO) forming calcium carbonate (CaCO3). The CaO particles are 

regenerated in the calciner, usually operating in a bubbling mode, and transported back to the carbonator, 

while a lean CO2 stream is released almost ready for storage. The heat for the endothermic reaction can be 

provided by three options: (i) burning auxiliary fuel in the calciner in an oxy-firing mode (Figure 10) [70], 

(ii) providing the heat through heat pipes (Figure 11) [71] or the calciner sidewalls [72]or through direct 

heat transfer by means of heat carrier  [73] and (iii) by exploiting solar energy during daytime from a 

heliostat field (Figure 12) [74].  

 

Figure 10. Schematic diagram of oxy-fired CaL process [75]. 

 

Figure 11. Indirectly heated CaL (IHCaL) process with heat pipes [76]. 

Over the last decades, the CaL concept has been tested successfully on the lab and pilot scale ranging from 

3 kWth up to 1.7 MWth [77]. The lab-scale activities in facilities, such as the 30 kWth CFB-CFB at INCAR-

CSIC [78], the 75 kWth CFB-BFB at CANMET [79], and the 10 kWth CFB-BFB at the University of 

Stuttgart [80], [81], have proven that the calcium looping could be feasible and achieve high CO2 capture 
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efficiencies. In a European level three pilot scale CaL plants have been constructed; the 1.7 MWth at La 

Pereda [82] in Spain, the 1 MWth at TU Darmstadt [83], and the 200 kWth at the University of Stuttgart 

[84].  Following these successful experimental campaigns, attempts are being made, during the recent years, 

to test the calcium looping concept on the large-scale [85], [86].  

 
Figure 12. CaL-TCES concept coupled with CSP for carbon capture and energy storage [74]. 

 

During the recent years, the CaL concept has been proposed as a TCES option, especially for CSP heat 

storage, owing to its numerous advantages. This concept has a comparatively high efficiency and energy 

density (889 kWhῊm-3), with respect to other TCES solutions (Table 2), whereas the storage medium can 

be purchased at a low cost being non-toxic at the same time. Added to this, the equilibrium calcination 

reaction is near to 900 ÁC (under a CO2 partial pressure of 1 atm) that fits in the desirable range of high 

temperatures potentially attainable in CSP tower plants. This would allow for a more efficient electricity 

generation from stored energy, to overcome the current limitation of Ḑ550 ÁC imposed by the degradation 

of molten salts employed as HTFs in state-of-the-art CSP plants [87]. 

Table 2. Comparison of CaL concept with other TCES systems in terms of energy density and turning 

temperature [88, 89]. 

TCES Turning temperature (oC) Energy density (MJῊm
-3) 

NH3/N2 195 131 

CH4/H2O 688 223 

SO3/SO2 782 459 

CaO/H2O 479 1967 

Li 2O/H2O 731 2216 

NH4HSO4/NH3 467 3082 

CaO/CO2 895 3226 

SrO/CO2 1108 3948 

 

The concept of CaL-TCES storage dates back at the 70ôs [90]. However, up until recently it has turned out 

to be a promising technological option for heat storage at high temperatures to maximize the global plant 
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efficiency [91]. The CaL-TCES differs from the oxy-fired CaL process, where the heat from the 

endothermic reaction is provided through a clean type of energy (i.e. solar) in an either direct (volumetric 

heating) or indirect form (heat from the sidewalls) [92]. The latter concept resembles more to the indirectly 

heated calcium looping (IHCaL) concept, where heat provided as well indirectly through the reactor 

sidewalls or by immersed heat pipes. Both concepts may have an important effect on the multicycle CaO 

activity owing to the absence of a fossil fuel inside the reactor, as done in the oxy-fired CaL concept. 

The CaL technology is close to its commercialization; however, the involved reactors still need to be 

optimized in terms of design and operation. Concerning its application for TCES with solar energy storage, 

ongoing projects are within TRL5 and will reach a demo scale within the next 2-3 years [93]. In the context 

of up-scaling, apart from the experience obtained through the operation of DFB systems on a bench or pilot 

scale, modelling tools can play a significant role, as well, towards their optimum and effective design. CFD 

models have a strong ability to deliver detailed information concerning the gas-solid flow hydrodynamics 

occurring inside a fluidized bed unit. Parameters, such as inert material distribution in the bed, particles 

residence time, reactants mixing efficiency and temperature distribution, can be more easily quantified at 

any point of the reactor, with a relatively lower cost [75], when compared to the experiments. 

 Scope of the current PhD thesis 

In recent years, low/medium/high-temperature SHS, LHTES and TCES technologies have been a cutting-

edge research topic, studied in detail from different perspectives, including suitable heat storage media, 

heat carriers, containers and overall system performance. Advanced numerical tools have stood at the core 

of collective actions that have aimed to bring forward novel TES concepts of optimized design and 

operating performance. In this regard, the main motivation of the present Thesis is to develop, validate and 

implement for design/operation optimization at a component level, advanced transient CFD models, 

accurate yet computationally efficient, to simulate novel sensible, chemical and latent heat thermal energy 

storage systems applicable in high and ultra-high temperatures. In this regard, three types of systems are 

mainly simulated and optimized: (i) a novel UHT-LHTES system that uses silicon as a PCM, (ii) a sensible 

gas-solid bubbling HE that can be used for sensible storage and (iii) the carbonate looping cycle that can 

be potentially used for TCES. Such concepts can be used as individual technical solutions (e.g. utilization 

of CaL cycle for post-combustion CO2 capture), or a combination of them can be implemented towards an 

enhanced operation (e.g. TES and in-situ CO2 capture). 

As regards the novel UHT-LHTES system, the three-phase flow (gas-liquid-solid) and complex conductive-

convective heat transfer mechanisms are studied inside a gas-PCM container operating at ultra-high 

temperatures. The applied model combines advantages of i) the fixed grid based enthalpy porosity method 

that implicitly models the solid/liquid PCM interface, ii) the Volume of fluid (VOF) method that models 

the gas-PCM flow and iii) an adaptive local grid refinement technique for enhanced numerical accuracy. 

The latter, which is based on the work of [94], is able track and smoothen a moving interface, between two 

immiscible fluids, offering the advantage of limiting interface numerical diffusion, without substantial 

increase in the computational cost. Initially, the developed model is validated against available experimental 

data and numerical results taken from the work of Assis et al. [43] for the case of paraffin wax melting at 

lower temperatures (~27 oC). During model validation, an insight is given on numerical parameters that 

affect the PCM melting rate, i.e. the mushy zone parameter, which is dependent on the secondary dendrites 

arm spacing (DAS) of the dendrites formed in the mushy zone during solidification process. This parameter 

is dependent on the PCM structure and affects, in essence, the PCM melting rate. Added to this, the 
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advantages of the local refinement technique compared to fixed mesh methods are unveiled. Later on, the 

CFD model is applied for the numerical simulation of the solidification/ melting process of pure silicon as 

a phase change material (PCM) inside a sealed container operating at ultra-high temperatures (~1410-2000 
oC). The effect of different design and operating parameters, such as the container size/shape, and surface 

temperature, respectively, on the PCM melting rate are investigated. The effect of lateral heat losses on the 

system charging/discharging rates is also addressed, a parameter that is critical especially for such high 

operating temperatures. Finally, a sensitivity analysis on the PCM thermo-physical properties effect on the 

LHTES performance is carried out. The concept tested is a conceptual one for P2H2P (power-to-heat-to-

power) applications and is based on the work of Datas et al. [27]. This concept can be alternatively 

implemented to S2H2P (solar-to-heat-to-power) applications. For the first time, an adaptive local grid 

refinement technique is coupled with the VOF/enthalpy-porosity method, to obtain a sharp solid-liquid, 

PCM-gas interface, by simultaneously taking into account density differences between the PCM solid and 

liquid phases. The work of the adaptive local refinement technique based on in-housing coding development 

has originated from the works of Nikolopoulos et al. [95, 96] and Malgarinos et al. [94, 97, 98] to track 

deformable interfaces, which was mainly focused in droplet dynamics (collision, break-up) applications. 

The whole research effort in this Thesis is going one step beyond to a different application of droplet 

dynamics to that of phase change problems and leads to the development of an effective and accurate CFD 

model that can be utilized for the simulation of low to ultra-high temperature LHTES systems. 

As regards the gas-solid TCES-FB system, the novel concept of carbonate looping cycle for CO2 capture 

that can be potentially utilized for TCES is investigated. Validation of sub-models is carried out by utilizing 

data from experimental campaigns in pilot scale units (i.e. a 1 MW th carbonator, a 1 MW th oxy-fired calciner 

and a 300 kWth indirectly heated calciner, all units installed at the premises of TUDA). Both reactors obey 

in general terms in the same principles of gas-solid fluidization ranging from bubbling to circulating mode. 

The developed CFD model is based on the pure Eulerian-Eulerian approach. In specific, the state-of-the-

art Two-Fluid Model (TFM) is utilized for the two-phase (gas-sorbent) flow of the carbonator and the 

indirectly heated calciner and the state-of-the-art Multi-Fluid (MFM) for the three-phase flow (gas-sorbent-

fuel) of the oxy-fired calciner. However, several numerical advancements are utilized to enhance the 

individual models validity. These include development of the sub-grid drag coefficients Energy 

Minimization Multi-Scale scheme (EMMS), use of appropriate sub-models for the heat transfer among the 

gas-solid fluidized bed and heat pipes in the cases of the calciner, investigation of the turbulence effect on 

the overall heat transfer and application of appropriate reaction kinetics. The end-product from this analysis, 

is an advanced transient multi-phase model that can simulate gas-solid fluidized bed systems with and 

without heat transfer and with and without chemical reaction (the calcium-carbonate looping cycle in the 

specific Thesis). This model has been exploited in this Thesis, to optimize the involved reactors in terms of 

design and operating conditions and study up-scaling scenarios (up to 20 MWth for the carbonator case) of 

their optimum designs. 

Concerning the SHS-FB system, the advanced numerical model developed and validated for the TCES-FB 

system has been utilized to study an industrial-scale internal BFB heat exchanger that can be potentially 

used for sensible heat storage. An important add-on of this analysis is a reduced order model integrated into 

the CFD model that implicitly simulates the heat transfer from the fluidized bed towards a heat transfer 

medium (i.e. steam) flowing inside the tube buddles. Results of this model, e.g. solids volume fraction can 

be used to feed a theoretical heat transfer model, in order to carry out a multi-parametric analysis of several 

operating aspects (e.g. effect of temperature, fluidizing medium on the overall heat transfer coefficient). 
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This numerical approach can lead to cost-effective model that takes as well into account the flow 

hydrodynamics by utilizing a more advanced numerical model developed in this Thesis. 

Finally, the different concepts studied in this Thesis, i.e. (i) Si-based LHTES, (ii) gas-solid SHS-BHB 

heated by means of steam filled tubes, (iii) TCES-FB with sodium filled tubes are compared in terms of 

several Key Performance Indicators (KPIs) for the same system scale. These include storage capacity, 

heating time, heating rate (technical aspects calculated by utilizing the CFD models developed in this 

Thesis) along with technical bottlenecks, maturity level, and solid medium properties (average cost, turning 

temperature and environmental effect). 

The overall target of this Thesis, is to provide the research community with advanced transient CFD models 

that can be exploited for the numerical simulation and design/operation optimization of novel multi-phase 

systems (at a component level), targeted primarily for thermal energy storage, but also for heat exchange 

and oxy-combustion and CO2 capture. Such models can act as stand-alone tools, but they can also feed with 

their results reduced order models (ROM), e.g. thermodynamic models for process engineering, to obtain 

calculations of a specific process with a higher level of accuracy. 

 Numerical modelling: general definitions, methodology, contribution 

The most appropriate way to assess the potential scale-up, commercialization and erection of advanced heat 

exchanger and storage systems at a component level - based on either PCMs or granular flows- is by means 

of using advanced numerical tools. The scale-up process of advanced heat transfer systems is a complex 

procedure that involves various physical phenomena affected by the scale of the system, mainly the flow 

hydrodynamics, the heat and mass transfer and any possible reaction kinetics.  There are four steps for the 

development and scale-up of a new process [99]: i) determination of the new process at lab scale, ii) 

selection of a mathematical model and determination of the hydrodynamics, kinetics etc., iii) construction 

of a continuous pilot plant, and, iv) construction of a demo or commercial plant. 

Various modelling techniques can be used to simulate multi-phase flow processes and therefore assist in 

their scale-up process. The most important ones are the computational fluid dynamics (CFD) models, the 

artificial neural network (ANN) and the thermodynamic equilibrium models. The CFD and thermodynamic 

models are good candidates to be used as tools to derive guidelines for the scale up of the under-studied 

processes, especially when they are enhanced by sub-models or inter-linked for a higher level of accuracy.  

The basic advantage of CFD tools in contrast to Thermodynamic models is that, in general terms, the 

calculated results can give insights on the underlying physics at a local level with a high level of accuracy. 

Another advantage is that challenging aspects, such as the design optimization and up-scaling at a 

component level, can be most appropriately addressed by means of CFD tools. Finally, CFD tools can be 

adjusted from more simplified to more advanced approaches depending on the studied domain, whereas 

they can deliver results that can feed from stress-strain analysis tools to ROMs, such as thermodynamic 

tools, being the core of a multi-level analysis approach (Figure 13). 

The simulation tool that has been mainly used in this Thesis is ANSYS Fluent commercial platform and 

ANSYS Workbench. The main features of this CFD simulation software are summarized below: 

¶ Design component for modification and clean-up of a studied geometry to be tailored for a CFD 

simulation. 
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¶ Meshing component with appropriate algorithms for constructing the computational grid. Use of 

custom-built codes in C programming language and/or built-in Fluent codes for local refinement, 

when necessary to improve accuracy and avoid diffusion related problems. 

¶ Advanced numerical solver, by which transient calculations have been performed. 

¶ Post-process capabilities of extracting of both local and global variables for further exploitation of 

results from ROMs, such as process models, or theoretical 0D models.  

 

Apart from the main simulating software additional add-ons have been developed: 

¶ Extensive coding in FORTRAN to extract in-house models (e.g. drag coefficient correction, 

(Figure 14) in order to increase the accuracy of the used model. 

¶ Extensive coding in C programming language to include sub-models needed for the simulations, 

such as material properties, boundary conditions, reaction kinetics. 

 
Figure 13. Example of numerical advancement in a LHTES system and possible coupling with other 

models. 

 
Figure 14. Example of numerical advancement in a FB system; The drag-coefficients EMMS scheme. 
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 Summary of the used models 

In all types of systems, it will be showcased that the developed numerical models are applicable for both 

two-phase and three-phase flow conditions and for a wide spectrum of operating conditions. A summary of 

the numerical advancements undertaken in this Thesis and their possible applications is given in Table 3. 

Table 3. Summary of used models for each system studied in this Thesis, numerical advancements and 

possible applications. 

System Modelling approach Advancements Appli cations 

L
H

T
E

S
 

Eulerian VOF approach 

coupled with solidification 

melting model and 

adaptive local grid 

refinement for an enhanced 

accuracy; implicit 

inclusion of dendritic 

formation inside the PCM 

Possible cracking of the PCM 

vessel, due to PCM volume change; 

excess heat losses due to ultra-high 

temperature operation (Chapter 3) 

From low (paraffin wax) 

to ultra-high 

temperatures PCMs 

C
F

B
 c

a
rb

o
n
a

to
r 

Eulerian-Eulerian TFM 

coupled with in-house 

EMMS drag force model; 

inclusion of carbonation 

reaction; monosized 

approach 

In-house code of the gas-solid drag 

force exerted on the solid particles; 

Design optimization of the 

carbonator reactor and CO2 capture 

efficiency enhancement; study of 

carbonator in different scales from 

pilot (1 MWth) to demo (20 MWth) 

scale (Chapter 4) 

CFB systems; carbonator 

reactors from pilot to 

demo scale; simulation of 

Geldart A/B particles 

with the EMMS model 

O
x
y
-f

ir
e

d
 B

G
B

 

c
a

lc
in

e
r 

Eulerian-Eulerian MFM (3 

phase flow); inclusion of 

energy equation, turbulence 

effect; calcination reaction; 

recarbonation of CaO; 

inclusion of in-situ 

combustion of coal 

Use of coal combustion along with 

calcination reaction. Modelling of 

the re-carbonation of CaO inside the 

reactor (Chapter 4) 

Oxy-fired calciners; Oxy-

fired FB systems 

IH
C

a
L
 

c
a

lc
in

e
r 

Eulerian-Eulerian TFM; 

inclusion of heat transfer 

mechanisms (including 

radiation); calcination 

reaction; turbulence effect 

Use of radiation model. Inclusion of 

turbulence effect in heat transfer 

process. Design optimization of the 

heat pipes arrangement (Chapter 4) 

Solar TCES, BFB 

calciners. Granular 

systems including 

radiation heat transfer 

S
H

S
-B

F
B

 

Eulerian-Eulerian 

TFM/MFM coupled with 

in-house  EMMS drag force 

model; heat transfer 

In-house code in C language that 

implicitly simulates the steam fluid 

medium inside the tube buddles; 

explicit simulation of the demanding 

arrangement in an industrial BFB HE 

that can act a sensible heat storage 

system (Chapter 5) 

HEs and TES including 

heat pipes/ tube buddles 
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 Preface 

Many industrial processes in chemical and metallurgical, environmental and power engineering employ 

multi-phase systems that are often designed to bring about heat and mass transfer and phase-change 

phenomena. A multiphase flow system is one characterized by the simultaneous presence of several phases, 

such as gas-solid, solid-liquid, and or gas-liquid, the two-phase system being the simplest case. From a 

design point of view, the development of general models, capable of predicting the flow fields of all 

involved phases and their presence rates in the studied domains is of great interest for the design, control 

and improvement of such multi-phase systems. From a scientific point of view, the study of multi-phase 

flows raises a number of challenging questions that still require theoretical advances and new experimental 

investigations. Operation/design optimization, multi-parametric analysis and construction of generalized 

scaling-up rules is also a necessity for such type of systems. 

Multi -phase flows can be encountered in two main forms; the separated and the dispersed multi-phase 

flows. The former includes two or more phases separated by interfaces, such as slugging flows in FB 

systems, channeling flows or phase change materials. The latter consists of finite particles, solids or bubbles 

distributed within a continuous phase, such as in bubble columns, gas-solid fluidized bed reactors and 

cyclones.  

For the design and optimization of such multi-phase systems, a detailed understanding of the interfacial 

transport phenomena is essential. For single-phase flows, CFD tools already have a long history and 

nowadays they stand out as the standard approach in the developments for aeronautical and automotive 

industries using different commercially available platforms. For multi-phase flows, the application of CFD 

tools is rather young (probably 30ï40 years), owing to the complex physics involved in. Thus, there is room 

for development and further improvement of state-of-the-art CFD models for multi-phase flows across 

several applications. Currently there are two main approaches for the numerical calculation of multiphase 

flows: the Euler-Lagrange approach and the Euler-Euler approach. This Section goes through the most 

appropriate models to model multiphase flows, with a specific emphasis of Eulerian-Eulerian models 

applied for TES systems. 

 Granular flows 

Fluidization has been widely used in industrial applications due to its continuous powder handling ability 

and its good heat and mass transfer characteristics. Quantitative understanding of the hydrodynamics of 

fluidization is needed for design and scale-up of efficient new reactors, novel energy storage systems and 

gas-solid or solid-solid heat exchangers that can be utilized in several energy intensive sectors, such as 

petroleum, cement, lime, chemical and electric power industries. 

Many investigators worldwide have considered as a crucial issue the accurate and efficient simulation of 

FB reactors, aiming to their up-scaling for industrial uses. Concerning CFB regimes, in most of the cases 

the simulation only of the riser is preferred over the full loop [100, 101]. This strategy is in general preferred 

due to its lower computational cost [102] as long as the appropriate boundary conditions for the solids inlet 

and the riser exit are applied [103]. On the other hand, only few 3D studies are available in the literature 

for a full loop simulation, and these are mainly concentrated to lab-scale units in the range of 100 kWth. 

This lies on the fact that even if such an approach is considered as the most accurate and valuable for an 

optimal fluidized bed design and operation [104], it is at the same time computationally very expensive. 

The most recent work is that of [105] who has applied the Computational Particle Fluid Dynamics (CPFD) 
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methodology in a CFB simulation with a loop seal. Previously [106] conducted a 3D CFB full loop 

simulation using the discrete particle method (DPM). [107] applied the Eulerian-Eulerian TFM approach 

combined with the EMMS scheme to study the hydrodynamics of a semi-industrial CFB reactor and two 

years later implemented their work in a 150 MWth CFB boiler simulation [108]. Finally, [109, 110] used 

the coupled Eulerian approach with the EMMS model for the simulation of a CFB carbonator cold model. 

In any case, the gas-solid flow characteristics inside a fluidized bed system are really complex and difficult 

to quantify. Nevertheless, due to parallel computing availability, and rapid upgrade of central processing 

unit (CPU) and graphics processing unit (GPU) hardware that allow for a considerable acceleration of the 

calculations, the numerical methods and algorithms of CFD have become a powerful tool towards achieving 

this target. In this context, two approaches have been proposed for the solution of the multiphase flow in a 

fluidized bed reactor; i.e. the Eulerian-Eulerian and ii) the Eulerian-Lagrangian approach. The Eulerian-

Eulerian TFM approach, treats the gas and the solid phase as interpenetrating continua [111], [112]. This 

model has been extensively employed in many areas, especially in the fluidized bed simulations, due to its 

low computational cost compared to Eulerian-Lagrangian models that explicitly model the inter-particle 

interactions, such as that of Discrete Elements Method (DEM) [113-115]. Alternatively, multi-phase 

particle-in-cell (MP-PIC) methods [116-118], which implicitly simulate those interactions allows for a 

reduction of the associated CPU cost. This approach has gained popularity recently and seems promising. 

Some of its advantages are [119]: (a) the inclusion of particles size distribution (PSD) with a comparatively 

low computational cost, (b) the track of a great amount of particle parcels, and (c) the straightforward 

simulation of wall boundary conditions. Nonetheless, this approach has not been in depth investigated 

compared to the Eulerian TFM, which still remains to be the most mature methodology for the modeling 

of fluidized bed reactors. However, even in the case of the TFM, further research and numerical 

advancements are required, to accurately simulate the demanding multi-phase flows inside the FB reactors. 

A parameter of crucial importance in TMF is the drag coefficient between the gas and the particulate phase. 

Up to present, several models that predict the inter-phase drag coefficient have been proposed in the 

literature. Conventional drag laws, as the ones given by Wen and Yu [120], Gidaspow [112] and Syamlal-

O'Brien [121] over-predict the drag force induced on the solid particles by the gas phase, especially in cases 

where a coarse grid is used [122, 123]. This is because the solid particles inside a fluidized bed reactor are 

heterogeneously dispersed, forming dynamic meso-scale structures, such as clusters, bubbles, streamers 

[124] etc. These heterogeneous formations have a strong effect on the momentum, heat and mass transfer 

and the achievable conversion rates of a fluidized system [122], [125]. For their quantification and accurate 

prediction either an extremely fine grid, which would increase the computational cost considerably, or a 

proper sub-grid model that takes into account such meso-scale structures should be used ([126], [127]).  

Several research groups have addressed the importance of sub-grid modelling. In Princeton group a filtered 

drag coefficient has been presented for Geldart A particles in a periodic domain [128]. Simoninôs group has 

proposed a drag correlation similar to Princeton group with the main difference that the filter length is 

dimensionalised with the bed diameter instead of the terminal settling particle velocity [129, 130]. Kuiperôs 

group presented a drag force model applicable to Geldart B and D particles in bubbling fluidized beds using 

coarse mesh [131]. Finally, a sub-grid model that has been implemented the last decades in fluidized bed 

simulations is the EMMS scheme.  

The EMMS model is a sub-grid scale model that takes into account the effect of the heterogeneous 

formations on the determination of the momentum exchange coefficient, avoiding the application of a dense 

grid. This model was first introduced by [132] for the steady flow inside a CFB reactor. Several researchers 
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[102, 122] developed an improved version of the model taking into account particle acceleration and the 

effective inter-phase interaction. Researchers in [133] proposed an EMMS model for Geldart B particles in 

a cold dense CFB. All of the abovementioned studies use as a key parameter for the EMMS model, i.e. the 

cluster size. This is not always the case; some researchers, apply  the EMMS theory by incorporating in the 

model the bubble size [134]. This is the so called bubble-based EMMS model, which was first proposed by 

[135]. The latter model is more theoretically sound for BFB reactors. For a CFB reactor though, the accurate 

quantification of the cluster size is considered as a key parameter for an accurate EMMS model.  

The precise prediction of the cluster size has been a major issue that has not been solved yet. The main 

reason is that clusters are spatio-temporal structures that change size, effective density and shape constantly 

[136]. Several empirical and semi-empirical models have been proposed [122, 137-139], reflecting the 

necessity for its accurate prediction. A correlation proposed by [132], based on the work of [140], assumes 

that the cluster diameter is inversely proportional to the energy used for suspension and transportation. This 

approach has been widely used by many researchers [102, 141, 142]. However, in some cases those 

correlations result in an over-prediction of the cluster diameter. Gu and Chen correlation [138] has been 

implemented for the full loop simulation of a carbonator cold model unit in the work of [109]. All the 

aforementioned approaches share the important drawback that the riser diameter is not been taken into 

consideration. Nonetheless, this parameter should be incorporated in the EMMS model, so that the 

calculated cluster size should take values lower than the reactor diameter. A correlation introduced in the 

work of [143] takes into account the effect of the riser diameter, but it has not been extensively used and 

validated especially for CFB reactors.  

Reaction kinetics is also a major aspect that should be cautiously selected, especially for multi-phase 

systems including chemical reaction, such as the calcium looping process studied in the current Thesis. 

Contrary to the flow hydrodynamics simulations, the understanding of the sorbent regeneration, has been 

the subject of many experimental studies [144]. Unfortunately quantification of the calcination kinetics is 

a really complicated issue, because the reaction itself is highly dependent on the CO2 partial pressure and 

the particle size, whilst it can be inhibited by impurities, such as fly ash [145], [146]. Degradation of the 

sorbent material can be caused as well, due to consecutive carbonation ï calcination cycles within the 

calciner in areas where the re-carbonation of CaO is favored. As regards the calcination kinetics, a series 

of reaction rates have been presented in the literature. The dominant models proposed regarding the specific 

surface area quantification are the Shrinking Core Model (SCM) [147], [148] and the Changing Grain Size 

Model (CGSM) [144]. Garcia- Labiano based on these models proposed a particle model for the most usual 

calcium based-sorbents for a wide range of operating conditions [144]. Apart from these models the 

homogeneous reaction rate model has been also proposed, which assumes a homogeneous reaction thought 

the sorbent, however, is applied mainly on particle sizes less than 90 ɛm.  

Finally, achieving validation of the used models against experimental data ïespecially at a pilot scale- is a 

major asset in such type of developed tools, in a sense that the derived results become reliable enough to 

draw safe conclusions about a systems design and operation. By using such validated tools, the up-scaling 

of such systems at an industrial scale can be potentially achieved. The following sub-sections (2.1.1-2.1.5) 

present the numerical methodology that has been used for the simulation of the under-studied FB systems. 
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2.2.1 Multi -phase model 

 Multi-fluid model  

The MFM approach is an expansion of the state-of-the-art TFM that was initially developed for the 

simulation of two-phase flows. The MFM uses a generalized form of the Navier-Stokes equations, with 

each phase having its own properties (velocity, temperature). In the MFM frame, the inclusion of closure 

equations for the solid phase is necessary in order to solve the model. These equations are based on the 

kinetic theory of granular flows (KTGF), which was first applied by [149] and later by [112], for the case 

of a two-phase flow, and concern the calculation of the granular stress tensor and pressure. The governing 

equations and constitutive closures of the ɀFM for a binary (fuel-sorbent) mixture are the following (the 

subscripts g, s1, and s2 stand for gas, sorbent and fuel phase, respectively): 

Mass conservation for gas phase 
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Mass conservation for solid phase 1 (sorbent) 
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Mass conservation for solid phase 2 (fuel) 
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, where rqq (kgĿm-3Ŀs-1) denotes for the mass transfer rate per unit volume from one phase to another, 

due to a phase change or a chemical reaction. Additionally, rgs1=-rs1g, rgs2=-rs2g and rs1s2=-rs2s1. 

Gas phase momentum conservation equation  
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Solid phase 1 momentum conservation equation 
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Solid phase 2 momentum conservation equation 
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, where gsu
C

, sgu
C

, gfu
C

, fgu
C

, fsu
C

 and sfu
C

 are interphase velocities. 

If, for instance rgs>0 (mass from the gas phase is being tranferred to the sorbent phase), then ggs uu
CC
=

; if rgs<0 (mass from the sorbent phase is being tranferred to the gas phase), then sgs uu
CC
= . In a similar 

way, if rsg>0, then ssg uu
CC
= and if rsg<0, then gsg uu

CC
=  

Gas phase stressïstrain tensor 
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Solid phase 1 stressïstrain tensor 
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Solid phase 2 stressïstrain tensor 
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It should be noted that in the case of a single granular flow the above equations are solved by taking into 

account one solid phase, whereas the KTGF model for a single granular phase is applied. In the case of a 

bi-dispersed flow, the KTGF model for multiple granular phase is used. 

 KTGF for a single granular phase 

Based on the KTGF theory the granular shear viscosity of a solid phase, ɛs, consists of three parts: the 

collisional, kinetic and frictional part: 

‘ ‘ȟ ‘ȟ ‘ȟ  
(13) 

Collisional viscosity [150], [151] 
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Kinetic viscosity [152] 
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Frictional viscosity  

The solids frictional viscosity is included in the model in cases where the solids volume fraction is 

higher than the friction limit (Ůs,fr>0.51). The correlation of Johnson and Jackson [153] is applied: 
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Frictional pressure [153] 
(17) 
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, where n=2 and p=5 

 

Solids pressure [149] 
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(18) 

Granular bulk viscosity [149] 
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Granular temperature 

The following algebraic form of the granular temperature transport equation is applied: 

π ὴὍ֞ † ȡɳόᴆ ‎ •
 

(20) 

, where ɔŪs is the energy dissipation, due to inelastic particle-particle collisions, whilst the term űgs 

represents the kinetic energy exchange between the fluid or solid phase and the sth solid phase 

Radial distribution function [154]: 
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All the above-mentioned equations are solved using the ANSYS Fluent platform. It should be underlined 

that the study of the solid stress tensor is an important issue for the TFM model. However, it is not the 

subject of the present Thesis, due to the fact that its effect on a FB reactorôs hydrodynamics is less important 

than that induced by the inter-phase drag force [122]. 

 KTGF for multiple granular phases 

In the case of more than one solid phases, as in the case of the oxy-fired calciner simulated in this Thesis, 

there are complexities in the proper formulation of the stress tensor of multiple granular phases. The kinetic 

theory should be applied for particle - particle interactions for particles of different size and densities 

resulting in correlations for pressure, shear and bulk viscosity that sum the effect of all Eulerian solid 

phases. Mathiesen [155] developed such correlations for poly-dispersed systems in their novel work. A 

generic group of User Defined Functions (UDFs) that solves and extension of the KTGF model for poly-

dispersed flows has been formulated from CERTHôs research group [156] and is applied as well in this 

Thesis for the bi-dispersed flow of the oxy-fired calciner. 

The granular pressure of a phase s1 is calculated using the next two correlations: 

ὴ ‐” Ὸ ὴȟ  (22) 
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(23) 

, where the following scalar quantities are used for the calculation of the above equations: 
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The granular temperatures of the separate phases, Ūs1 and Ūs2 are calculated according to algebraic 

correlation (20). It should be underlined that es1s2 is the restitution coefficient for collisions between 

particles of phases s1 and s2, in contrast to ess which is the restitution coefficient for collisions between 

identical particles of phase s and is used in the KTGF approach for a single solid phase. 

The radial distribution for two solid phases (go,s1s2) can be calculated by the following correlation reported 

by [155]. The radial distribution of the granular material (go) is calculated by the correlation developed by 

[149]. This correlation should encounter for all the granular material in a control volume and for this reason 

the total volume fraction of solids is used in it. 
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The frictional pressure is calculated based on equation (26) proposed by [156]: 
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As concerns the bulk and shear stresses based on the kinetic theory the following correlations are applied:  
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The shear viscosity under dilute conditions and the average granular temperature are as follows: 
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(30) 

Finally, the respective frictional shear viscosity is calculated based on eq. (16). 
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2.2.2 Drag Force Model 

This section presents drag force models used in multi-phase flows simulations, both homogeneous ones i.e. 

the Gidaspow model, and, heterogeneous ones as the sub-grid EMMS scheme. Such models are used for 

the calculation of the inter-phase drag coefficient between the gas-solid phases in equations (7) and (8).  

Apart from the gas-solid drag force, in multi-phase flow systems that include more than one solid phases 

(e.g. oxy-fired calciner), there is a necessity to include as well the solid-solid drag force exchange 

coefficient that calculates the drag force between two distinct solid phases of different properties (e.g. 

density, particle size etc.). The most well-known model for calculating the solid-solid exchange coefficient 

is the Syamlal OôBrien symmetric model. 

 Gidaspow Model 

The conventional drag law proposed by [112] is a combination of the Wen-Yu [120] and Ergun [157] 

equations and is formulated as follows: 

Wen-Yu equation: 

‍ ὅ ‐‐” όᴆ όᴆ‐ Ȣ                                         for Ůg Ó0.80   

 

 

(31) 

 

Ergun equation: 

‍ ρυπ ρȢχυ
ᴆ ᴆ

                                          for Ůg<0.80  

 

 

(32) 

 

This model assumes homogeneous conditions in each computational cell, failing thus to predict correctly 

the heterogeneous formations inside a gas-solid fluidized bed reactor.  

 EMMS Model in-house development 

Unlike the conventional Gidaspow model, the EMMS scheme, takes into account the meso-scale structural 

effect on the calculation of the drag coefficient in each computational cell [122]. It is based on the multi-

scale modeling strategy, in which the phenomena occurring at higher scales (macro-scale) can be 

formulated by investigating the controlling mechanisms at smaller scales [158]. The fluid field is divided 

into three sub-domains that are homogeneous, i.e. the dilute, the dense and the interaction phase [132, 142], 

Figure 15. The dilute phase is controlled by a gas-dominated mechanism and the dense phase by a particle-

controlled mechanism.  

The flow heterogeneity induced by the cluster formation is taken into account through a dimensionless 

factor, which is called heterogeneity index, Hd, and is defined as: 

Ὄ
Ὂ Ǫ

Ὂ
 

(33) 

The FEMMS force calculated using the EMMS scheme and subsequently the Hd parameter are derived from 

the solution of the following set of analytical, empirical and semi-empirical equations. A stability criterion 

is introduced that minimizes the total energy consumed for suspension and transportation of the particles 

per unit mass of particles. Additionally, several closure terms for the dilute, dense and interaction phases 

are added to the non-linear system. 
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 Figure 15. Multi -scale resolution of structure and gas-solid interaction in the EMMS model [159]. 

2.2.2.2.1 Analytical equations 

Force balance for the dense phase: 
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Force balance for the dilute phase: 
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Pressure drop balance between the clusters and the dilute phase: 
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Fluid mass conservation equation: 

Ὗ ὪὟ ρ ὪὟ
 
 

 

 (37) 

Particle mass conservation equation: 

Ὗ ὪὟ ρ ὪὟ  

 

 (38) 

Mean voidage definition: 
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2.2.2.2.2 Semi-empirical/empirical correlations 

The cluster size is an important parameter in the EMMS model that strongly affects the value of the 

heterogeneity index Hd. However, it cannot be easily measured as clusters are spatio-temporal structures 

[122] that breakup, coalesce and behave differently in the core and annulus region [143]. According to the 

literature, near wall moving particles tend to coalesce and fall in wave-like patterns, which subsequently 

break up to form clusters of smaller size when entering the core region. The latter mechanism is enhanced, 

due to the high slip gas velocities exhibiting in the riser core zone. The variables involved in the EMMS 

model are expressed per control volume in the form of dimensionless variables, an issue that is very useful 

since the heterogeneity index should not depend on the size of the control volume. However, concerning 

the clusters diameter, most arithmetical correlations calculate this value either as an absolute dimensional 

number (m) or in best case as the ratio of clusters diameter to particle diameter. Additionally, such 

correlations neglect the effect of the macro-scale on the size of clusters. A good example of that is the 

neglect of a limitation that the riser diameter poses to the growth of the clusters. 

In this light and to account for such type of limitations, the currently proposed EMMS model combines two 

cluster correlations, the one given by [143] and the other developed based on the work of [132]. The final 

cluster diameter, dcl, is calculated as the smaller between the two expressions (41) and (42) given below. 

The correlation for the clusterôs diameter proposed by [132] is the following: 

Ὠ ȟǪ
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(41) 

This expression incorporates important parameters that govern the flow, such as a) the energy which is 

consumed for the suspension and transport of the solid particles Nst, b) the superficial solids velocity Us, 

mĿs-1 and c) the minimum fluidization velocity Umf , mĿs-1. This has been used with success in many CFD 

simulations [142, 160]. However, its main drawback lies on the fact that it does not take into account the 

geometrical restriction that the riser diameter poses on the clusters size. Such a geometric restriction is 

considered in the following correlation. 

Following the work of [143] a correlation for the cluster diameter is proposed: 

Ὠ ȟ Ὀ
Ὢ

ρ Ὢ
Ὠ  (42) 

, where f is the cluster volume fraction and dp is the particle diameter. DV is the void size in the bed. In this 

Thesis, the ratio of cluster to void surface in a cross section is preferred over the respective volumetric ratio. 

Therefore, the 1/2 and not the 1/3 exponent is used in the right hand side of equation (42). This reasoning 

is adopted since the limitation that the diameter of the riser poses to the cluster diameter is correlated with 

their area coverage at a cross-section, and not with their volume. 

The void size in the bed, DV, is expressed as: 
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(43) 
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Equation (43) is the result of the combination of two asymptotic equations for the void size. The first 

equation takes into account the formation of voids with a rise velocity equal to the terminal velocity of a 

single particle and the second one is for cases where the void size expands so that it is almost equal to the 

column diameter (slugging flow),  and the rise velocity is almost equal to the slug velocity. Dt is the column 

diameter and is related to the slug velocity as: 

ό πȢσυὫὈ  (44) 

The terminal velocity of a single free-falling particle is taken from the work of [52], for particles with a 

sphericity in the range of 0.5<űs<1: 
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, where ut
* is a dimensionless gas velocity and dp

* is the dimensionless particle size given by the following 

correlations respectively: 
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Subbarao in his work follows the simplification that ρ ‐ Ὢ‐ ‐  taking ‐ ρ. However, the 

voidage in the dilute phase should not exceed the value of 0.9997, an assumption that has been followed in 

many works [136, 160, 161]. Thus, this Subbaraoôs simplification is not adopted in the present Thesis. 

Concluding, the value of the modified cluster diameter is taken as: 

Ὠ ὓὭὲὨ ȟ ȟὨ ȟǪ  (48) 

For the voidage in the dense phase, Ůc, a correlation proposed by [122] is adopted:  

‐ ‐ ὲ„ (49) 

, where n is taken equal to 3, as in the work of [162]. The latter parameter and subsequently Ůc affects the 

effective density of the dense phase, however there is not an analytical expression for its value. In other 

works a value of n=1 [163], [164], n=2 [165-167], or n=2.5 [138] is proposed.
 

The dense phase voidage standard deviation ůŮ used in equation (49) is calculated by adopting the Poisson 

distribution [122],  

„ ‐
ρ ‐

ρ τ‐ τ‐ τ‐ ‐
 (50) 
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Minimization of the energy needed for the solid particles suspension and transportation is used as a stability 

condition for the EMMS model. This energy is the sum of individual phases and their interface energies:  

ὔ
ρ

ρ ‐ ”
άὊὟ άὊὟ άὊὟ ρ Ὢ ᴼάὭὲ  (51) 

2.2.2.2.3 Constraints and closure equations 

The constraints for the acceleration and the gas voidage in both the dilute and the dense phase are: 

ὥȟὥ π                   (52) 

‐ ‐ ‐     and     ‐ ‐ ‐ (53) 

The constraints in (53) have been applied also in other works [160], [161], [168] and [136]. Constraints 

concerning the superficial slip velocity for the dilute, dense and inter-phase are as follows:  

Ὗ ȟὟ ȟὟ π    (54) 

A constraint for the superficial velocity in the dilute phase is applied as in the work of [136]. This constraint 

is set to describe the fact that the velocity of a free-moving particle in the dilute phase cannot exceed the 

value of the particle's terminal velocity.  

Ὗ Ⱦ‐ Ὗ (55) 

Finally, some closure equations for the dense, dilute and inter-phase, which are necessary for the solution 

of the model are summarized in Table 4. These closure terms, except for the effective-drag coefficient in 

the inter-phase, are the same as in the works of [122, 136]. 

Table 4. EMMS closure equations. 

 Dense Phase Dilute Phase Inter -phase 

Effective drag coefficient ὅ ὅ ‐ Ȣ ὅ ὅ ‐ Ȣ ὅ ὅ ρ Ὢ Ȣ  

Standard drag coefficient 
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ὅ ȡ Correlation (56) 

Characteristic Reynolds 
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ὙὩȡ Not used in this 

model 

Superficial slip velocity 
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Regarding the inter-phase effective drag coefficient a correlation by the work of [143] is implemented: 
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Arcl is the Archimedes number for clusters given by the following expression: 
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(57) 

, where ”ᶻ, ”ᶻ and ‘ 
ᶻare the meso-scale fluid and solid densities and the gas viscosity that are given 

correspondingly by the following equations [160]: 

”ᶻ ‐” ρ ‐” (58) 

”ᶻ ‐” ρ ‐” (59) 

‘ᶻ ‘ ρ ςȢυρ ‐  (60) 

Correlation (56) is considered as more suitable than the one proposed in the works of [122, 169], in as much 

as it takes into account both the permeability of clusters for the calculation of the drag coefficient and the 

effect of the Archimedes number. The permeability of clusters is incorporated in the model through the fi 

parameter, which is chosen with a small degree of arbitrariness. In the work of Subbarao a value of 3 is 

chosen [143]. In the present study only the effect of Archimedes number is taken into consideration (fi=1). 

This set of equations is solved through a custom-built FORTRAN code for specific values of the gas-solid 

slip velocity uslip (0.5, 1, 2, 3, 4, 5) and for discrete values of the gas volume fraction Ůg within the range of 

Ůmf to Ůmax. The calculated heterogeneity index is interpolated using polynomials for three areas of Ůg; a) Ůg= 

[0.65, 0.82], b) Ůg= [0.82, 0.96], and c) Ůg= [0.96, Ůmax]. The resulted polynomials are incorporated to the 

TFM model through UDFs and they have the following general form: 

Ὄ ὥ‐ ὥ‐ ὥ‐ ὥ‐ ὥ‐ ὥ‐ ὥ (61) 

It is underlined that the interpolation procedure is only followed for the specific slip velocities that were 

chosen to solve the EMMS model. For other values of the slip velocity a linear interpolation method is 

adopted, using the expressions below: 

Ὄ ό ρ ὼὌ ό ὼὌ ό  (62) 

, where ὼ  (63) 

At this point, it should be noted that for a specific set of equations the value of the heterogeneity index is 

only dependent on the slip velocity, between the gas and the solid phase, and the gas voidage Ůg: 
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Ὄ Ὂό ȟ‐  (64) 

This concept has also been adopted in the work of [136] and [107]. A detailed description of the custom-

built FORTRAN code algorithm can be found in Figure 16. Finally, any additional information on the 

EMMS model can be found in [136], [122]. It should be underlined that the results of the EMMS scheme 

presented for each simulated case correspond to the operating conditions of the specific unit modeled.  

 

Figure 16. Solution algorithm of EMMS model. 

 Syamlal OôBrien symmetric model 

If the number of solid phases simulated is more than one, as for instance in the cases of explicitly simulating 

the full PSD of a solid sample, or the bed inventory consists of more than one solid materials, then a solid-

solid drag force model should be included into the CFD model. According to Syamlal Obrien symmetric 

model [170] the momentum exchange coefficient between two solid phases (denoted as s1 and s2 in the 

present Thesis) is given by the following expression: 
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It is stressed out that the solid-solid exchange coefficient could have a meso-scale dependence likewise to 

the gas-sorbent momentum exchange coefficient, which is calculated according to the sub-grid EMMS 

scheme. To formulate such a model, one should calculate the percentage of the different solid phases within 

the dilute and the dense phase and the respective interaction, at sub-grid level. However, it is neglected in 

this Thesis, as there is not a suitable model for that in the literature to the best of the authorôs knowledge.  
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2.2.3 Reactive multi-phase flows 

The reactors modelled in the present Thesis are a CFB carbonator, an indirectly heated BFB calciner and a 

BFB oxy-fired calciner. It the first two reactors, carbonation of the regenerated lime and calcination of 

limestone occur, respectively. In the case of the oxy-fired calciner, where the heat for the limestone 

calcination is provided through the oxy-combustion of a solid fuel (coal in the specific case studied), a 

series of homogeneous and heterogeneous reactions occur simultaneously. 

For the accurate simulation of the coal conversion mechanisms, three heterogeneous reactions, i.e., 

evaporation, devolatilization, char combustion, and two homogeneous reactions, i.e. volatiles and CO 

combustion, are modelled. The heterogeneous reaction rates are incorporated into ANSYS through custom-

built UDFs, while the homogeneous reactions are already available in the ANSYS Fluent Platform. 

The heat (ȹH) of each chemical reaction described below is calculated as: 

ῳὌ ῳὌὴὶέὨόὧὸίῳὌὶὩὥὧὸὥὲὸί 
(66) 

, where ῳὌὴὶέὨόὧὸί is the sum of the standard state enthalpies of the products in a chemical reaction 

and ῳὌὶὩὥὧὸὥὲὸί the sum of the standard state enthalpies of the reactants. The standard state enthalpies 

of the different species that take part in the simulated chemical reactions are presented in Table 5. 

Table 5. Species Standard State enthalpies. 

Specie o
fDH( kJĿkmol-1)  Specie o

fDH( kJĿkmol-1) 

CaO -6.351003e+05 O2 0 

CaCO3 -1.206934e+06 CO -1.105396e+05 

Char -0.10127 CO2 -3.935324e+05 

Vol(f) -5.165e+05 Vol(g) -5.165e+05 

Ash -0.10127 N2 0 

H2O(f) -2.858412e+05 SO2 -2.968612e+05 

H2O(g) -2.418379e+05   

 Sorbent reactions 

2.2.3.1.1 Carbonation 

The carbonation of calcium oxide (CaO) to calcium carbonate (CaCO3) is an exothermic heterogeneous 

reaction occurring approximately at a temperature 600-700 oC and is described by the following equation: 

ὅὥὕ ὅὕ ᴼὅὥὅὕ  (67) 

The rate of this reaction equals to [171], [172]: 

ὙὙ ὔ
ὯὛ

ρ Ὡ
ὢ ὢ ὅ ὅ ȟ  (68) 

, where ks (m4Ὴmol-1Ὴs-1) is the rate constant for surface carbonation, S0 (m2/m3) is the initial surface area of 

CaO per unit volume of solid CaO and e0 (-) is the particle porosity. These three parameters depend on the 

type of the limestone. The constants values are retrieved from the work of [173]. The value of the maximum 
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conversion Xmax (mol %) is taken equal to 0.1 and is based on the measured sorbent activity in the DFB loop 

[174]. The Xcarb (mol CaCO3Ὴmol-1 Ca) is the actual carbonation conversion and is calculated for each 

computational cell of the discretized domain. Concerning the last term in the right hand side of equation 

(68), CCO2 (molῊm-3) is the concentration of CO2 in the flue gas and is calculated locally in each cell as Xcarb, 

while CCO2, eq is the equilibrium CO2 concentration at the specific operating temperature of the reactor (Tcarb). 

According to  [171] the CCO2,eq is equal to: 
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2.2.3.1.2 Calcination 

The calcination of CaCO3 to CaO is an endothermic heterogeneous reaction described as: 

ὅὥὅὕ ᴼὅὥὕ ὅὕ  (70) 

The model applied for the calculation of the calcination rate is based on Garcia-Labiano's approach [144]:  

ὙὙ ὯὛ ρ — ρ
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(71) 

In the above expression the assumption that Se=S0 has been followed for reasons of simplicity [75]. The 

parameter ɗCO2 represents the fraction of active sites occupied by CO2 given by an adsorption isotherm: 

— ὧὴ        and     ὧ ὧὩ  
(72) 

The kinetic rate constant, kc, and the isotherm adsorption constant, c, are calculated as follows:  

Ὧ ὯὩ  
(73) 

 The equilibrium decomposition pressure ὴ  is calculated as: 

ὴ τȢρσχϽρπὩ  (74) 

The partial pressure of ὴ  is calculated in each cell of the computational grid. 

Table 6. Values for the calcination reaction parameters [144]. 

Parameter Value Units 

k0 254Ŀ10-3 kmolĿm-2Ŀs-1 

Ec 131  kJĿmol-1 

c0 3.7Ŀ10-7  Pa-0.5 

Ea -90  kJĿmol-1 

S0 0.5Ŀ106  m-1 

The supplementary variables used for the calculation of the calcination rate are dependent on the sorbent 

material used. Their values presented in Table 6 are retrieved through the literature [144], since there are 

no data available for the specific limestone used from any of  the experimental campaigns used for 

validation of the CFD models of the current Thesis. 
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 Coal combustion 

2.2.3.2.1 Evaporation 

The moisture evaporation is a heterogeneous reaction described by the following equation: 

Ὄὕ ᴼὌὕ  (75) 

When the fuel phase contains moisture and reaches the evaporation point, i.e. 100 oC, an evaporation rate 

is applied based on the classic model of a boiling droplet, for which the moisture content is supposed to 

form a liquid film around the particle itself, [175]. The rate is described by the following equation [176]: 
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, where ms2 is the mass of fuel in a computational cell. Thus, the first term within brackets in the right hand 

side of the equation represents the number of fuel particles in the control volume.  

The Nusselt number of fuel phase (denoted as s2) applied in the above equation is equal to: 

 ὔό ς πȢυὙὩ Ȣ (77) 

2.2.3.2.2 Devolatilization 

Devolatilization is a non-reversible intermediate process of combustion given by the following equation: 

ὠέὰO ὠέὰ (78) 

The characteristics of the devolatilization process are dependent on the type of fuel and operating conditions 

(temperature, heating rate and devolatilization atmosphere). However, due to lack of experimental data a 

reaction rate retrieved from the recent literature is applied [177]. One of the simplest approaches is the use 

of Arrhenius type expressions that correlate the rates of weight loss with temperature, i.e. 

ὙὙ
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, where Kv is the pre-exponential factor, Ev the activation energy and Yvol and MWvol the mass fraction and 

molecular weight of the volatiles in the fuel phase (denoted as s2), respectively. The values of the above 

parameters are retrieved from the work of [177] and are summarized in Table 7: 

  Table 7. Kinetic values for the devolatilization reaction rate. 

Parameter Value Units 

Kv 4.68e+10 s-1 

Ev 155.9e+3 kJĿkmol-1 

2.2.3.2.3 Char combustion 

Char oxidation is the slowest step of the combustion process, which includes a series of heterogeneous gas-

solid reactions that lead to the production of both CO and CO2 [178]. At high temperatures (>1100 oC) and 
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high O2 percentage in the air, CO2 is the most dominant product, whilst in low temperatures (600 oC) CO 

is the dominant one. For the specific conditions simulated, where temperature lies in-between, one should 

calculate the ratio of CO/CO2 produced as a function of temperature and set that using a more sophisticated 

model. However, in order to save computational cost, and for reasons of simplicity the char combustion is 

assumed to follow a shrinking core mechanism and take place in two steps, which are i) combustion of char 

into CO and ii) further oxidation of the CO into CO2. Additionally, the water-gas-shift reaction is not of 

high importance for the specific oxy-fired conditions [179] and, thus, is not taken into account.  

The char combustion towards CO is described by the following equation: 

ςὅ ὕ ᴼςὅὕ  (80) 

The reaction rate of char combustion into CO is taken by the work of [180], [181], [182]: 
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, where pO2 is the partial pressure of oxygen and f1 is a factor calculated as: 
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The latter factor is used in line with the work of [181], to allow for the rate equation to behave linearly for 

small values of the carbon mass fraction value YC. This allows to eliminate numerical instabilities that arise, 

when reactants mass fractions approach to zero. As a consequence, at values of YC equal to 10-4 a numerical 

error is introduced in the rate equal to 1%, which decreases for higher values of YC. 

The shrinking core mechanism considers in physical terms, three resistances; i) external film diffusion, ii) 

diffusion through the ash layer and iii) reaction at the surface of the unreacted core. 

The film resistance is given by: 
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, where DO2 is the O2 diffusivity: 
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, with Pg the absolute gas pressure in atm. 

 RO2 is the individual gas constant for oxygen: 
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Tfl is the average film temperature, which is equal to: 

Ὕ
Ὕ Ὕ

ς
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The Sherwood number, Shs2, is taken as [183]: 

ὛὬ χ ρπ‐ υ‐ ρ πȢχὙὩȢὛὧ ρȢσσςȢτ‐ ρȢς‐ ὙὩȢὛὧ  (87) 

The Schmidt number is defined as: 
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The ash layer resistance is calculated as: 
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, where rcp is the ratio of core to particle diameter 
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According to the work of [182] this ratio can be related to the carbon and ass mass fractions as: 
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, where ὣ and ὣ  are the initial value of the ash and carbon mass fractions.  

De is an effective ash diffusivity given: 

Ὀ Ὀ ‐Ȣ  (92) 

The ash porosity is equal to [184]: 

‐ πȢςυπȢχυρ ὣ  (93) 

Finally, the surface reaction resistance equal to [185]: 
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2.2.3.2.4 CO oxidation 

The CO oxidation to CO2 is a homogeneous volumetric reaction and is described by the following equation: 
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ὅὕ πȢυὕ Ὄὕ ᴼὅὕ Ὄὕ  (95) 

The rate of the reaction is calculated according to the Finite-Rate/Eddy-Dissipation model [186], which is 

dependent both on an Arrhenius kinetic rate and on the turbulence fluctuations. More specifically, in each 

cell of the discretized domain both the kinetic rate and the turbulent (mixing) rate are calculated, taking as 

rate of the reaction the minimum of them.  

The turbulent kinetic rate is proportional to the ratio of the turbulent dissipation rate Ůt to the turbulent 

kinetic energy kt and is calculated according as the minimum of the following two values: 
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, where A and B are empirical constants equal to 4.0 and 0.5, respectively [186]. 

YP and YR is the mass fraction of any product species and reactant respectively, MW,R the molecular weight 

of a particular reactant R, MW,i the molecular weight of any product species i and MW,j the molecular weight 

of any product species j. Finally, ὺȟis the stoichiometric coefficient for species i in reaction (equal to 1 for 

CO and 0.5 for O2) and ὺȟ 
ͼ the stoichiometric coefficient for product j in reaction (equal to 1 for CO2). 

The kinetic rate of CO oxidation, is calculated according to the following expression: 

ὙὙ Ὧȟὅ Ͻὅ Ȣ Ͻὅ Ȣ (98) 

It should be noted that the catalytic effect of steam is taken into account in CO oxidation by applying a rate 

exponent for the steam specie equal to 0.5 [187].  

The forward rate constant rfk , for a reaction r is calculated according to Arrhenius law: 

Ὧȟ ὃὩ  (99) 

, where Ar is pre-exponential factor and Er the activation energy. Their values are presented in Table 8: 

Table 8. Kinetic values for the reaction rate of CO oxidation [187]. 

Parameter Value Units 

Ar 2.239e+12 kgĿm-3Ŀs-1 

Er 1.7e+08 JĿkmol-1 

2.2.3.2.5 Volatiles combustion 

The volatiles combustion is a homogeneous non-reversible reaction. The volatiles (Vol(g)) in the specific 

Thesis are described by the CmHnSpOqNr chemical formula and are oxidized by the general form:  
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The stoichiometric coefficients in the above equation are derived by following some simple calculations 

based on the ultimate and proximate analysis of the specific fuel given and assuming that char represents 

the actual pure carbon content of the fuel. Any chemical bond of carbon with additional species as those of 

N, S, H and/or O are represented by the chemical composition of volatiles introduced in the numerical 

model. More specifically, the m, n, p, q, r fractions of the C, H, S, O, N chemical components can be easily 

defined by calculating the weight percentage of each chemical component in the volatiles matter and 

dividing it with its atomic mass. 

It should be stressed out that according to experiments the devolatilized gases contain a large proportion of 

CO2, as well [188], and the simulation approach undertaken maybe underestimates locally the CO2 gas 

content since volatiles in the models should be firstly oxidized to produce CO2.  However, this oxidation is 

quite fast and the simplified approach follower in order to save computational cost is assumed to have 

negligible effect on results accuracy.  

The rate of the reaction is calculated according to the Finite-Rate/Eddy-Dissipation model [186], already 

presented in the CO oxidation section. The rate exponent of gas-volatiles and O2 are set to 0.2 and 1.3, 

respectively. The rate exponent of the product species are set all equal to zero.  

Thus, the kinetic rate of volatiles combustion is set equal to: 

ὙὙ Ὧȟὅ  ȢϽὅ Ȣ (101) 

Finally, the values of the pre-exponential factor and activation energy of the volatiles combustion kinetic 

rate are presented in Table Table 9.  

Table 9. Kinetic values for the reaction rate of volatiles combustion [187]. 

Parameter Value Units 

Ar 2.119e+11 kgĿm-3Ŀs-1 

Er 2.027e+08 JĿkmol-1 

2.2.4 Heat transfer at high-temperatures (radiation phenomena)  

The heat transfer mechanisms in a fluidized bed system ïoperating at high/ultra-high temperatures- are 

radiation (particle-wall, particle-particle, and fluid-particle), convective (particle- fluid), and conduction 

(particle-particle or particle-wall).  

 Conservation equation 

Conservation of energy 

For each phase included into the model a separate enthalpy equation is solved. The general case of solving 

a three-phase flow is presented in this Sub-section. However, in the case of a two-phase flow only the 

equation for the gas and solid phase 1 are included into the model. 
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Gas phase 
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Solid phase 1 
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Solid phase 2 

‬

‬ὸ
‐ίς”ίςὬίς Ͻɳ‐ίς”ίςόίςᴆὬίς ‐ίς

Ὠὴίς
Ὠὸ

†ίςȡɳόίςᴆ Ͻɳήίςᴆ Ὓίς ὗίςὫ ὗίςίρ (104) 

, where hg, hs1 and hs2 are the enthalpies of gas, sorbent and fuel phase, respectively, and Sg, Ss1 and Ss2 are 

source terms that include sources of enthalpy, due to the homogeneous and heterogeneous reactions, and, 

radiative sources. Thus, each heat source term of the qth phase is equal to: 

, where ȹȼHomogeneous is the heat due to a homogeneous reaction and ȹȼHeterogeneous the heat, due to a 

heterogeneous reaction. The negative sign in front of ȹȼHomogeneous is inserted, because the homogeneous 

reactions taking part in the specific rector are exothermic. 

The volumetric rate of energy transfer between two phases,ὗ, is calculated as a function of the 

temperature difference between the two phases and the interfacial area, Ai. 

As concerns the energy transfer between the gas and each solid phase the parameter ὗ is calculated as being 

equal to: 

ὗ Ὤ Ὕ Ὕ ȟή ίρȟίς (105) 

, where Ὤ  is the volumetric heat exchange coefficient between the gas and the qth solid phase. The heat 

exchange coefficient is given by the following expression: 
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, where Ai is the specific interfacial exchange area and Ὤ  is the heat transfer coefficient between the 

two phases equal to: 
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Thus, the heat exchange coefficient is equal to: 
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, where kg is the thermal conductivity of the gas phase and Nupq is the Nusselt number of the qth solid phase. 
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For the calculation of the Nusselt number, a model developed by Gunn [183] is applied. This model is 

already available in the Ansys Fluent platform for the sorbent-gas interaction.  

ὔό χ ρπ ‐ υ ‐ ρ πȢχὙὩȢὖὶ ρȢσσςȢτ‐ ρȢς‐ ὙὩȢὖὶ  (109) 

 Inclusion of radiation model 

In the current Thesis, the P1 model [189, 190] is used for the simulation of radiative heat transfer inside the 

FB reactors. The following equation is solved when the P1 model is enabled in Fluent solver to calculate 

the local radiation intensity: 

Ͻɳή ὥὋ τὥὲ„Ὕ  (110) 

, where G is the incident radiation, T the temperature at each computational cell, ů the Stefan-Boltzmann 

constant, Ŭ the absorption coefficient of the cell and n the cell refractive index. 

The transport equation of the incident radiation is: 

Ͻɳῲɳ Ὃ ὥὋ τὥὲ„Ὕ π (111) 

In the above equation the parameter, ũ is defined as follows: 
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The absorption a and scattering coefficient ůs of the particles can be calculated as follows [191, 192]: 
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, where Ůs is the volume fraction of particles at each computational cell and ep the particles emissivity. 

In the absence of measured data concerning the radiative properties of the particles, Ὡ is set at 0.9 

(approximate values for sand and limestone particles particles). 

Regarding the gaseous mixture, the absorption coefficient is given from the weighted-sum-of-gray-gases 

model (WSGGM), applying a cell-based computation of the mean beam length, while the scattering is 

neglected, since gases in general do not scatter much radiation [143], especially for the applications 

simulated in the current Thesis. 

 Heat transfer between fluidized bed and a surface 

The overall heat transfer coefficient, h [WĿm-2ĿK-1] between a fluidized bed of particles and a surface (i.e. 

wall, immersed tubes etc.) is defined as [52]: 

ή ὃÈῳὝ                 115) 

, where q is the heat transfer rate [W], AW is the heat exchange area and ȹɇ is the temperature difference 

between the bed and heat transfer area. 
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The heat transfer between a surface, such as heat pipes, and a gas-solid fluidized bed is a complex 

phenomenon dependent on several design and operating variables. Some of these can be summarized in the 

following Table 10. 

Table 10. Summary of operating properties/design specifications needed in a heat transfer process 

involving a FB with heat pipes [193]. 

Operating properties 

Properties of the fluid ɟ, ɛ, cp, k, Ŭ, ů 

Properties of the granular solid material dp, ɟs, cp, ks, űs, Ŭ, ep 

Fluidization conditions U0, Ů 

Bed properties Hbed, msolids 

Design specifications 

Geometric variables of the FB  Dt, Lt 

Geometric variables of the heat transfer surface D, A, arrangement 
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 Phase change problems 

Advanced numerical tools capable of modelling UHT-LHTES systems are necessary to move beyond the 

state-of-the-art LHTES systems, which are limited to 767 oC [194]. Before UHT-LHTES systems are 

considered as a solution for commercial-scale CSP plants and other solar technologies, further research is 

required to understand the complex heat transfer mechanisms occurring at such demanding temperatures.  

Solidification-melting problems are part of a wide category of heat transfer problems involving phase-

change, such as casting processes, production of alloys of improved properties and energy storage [195]. 

Such problems are accompanied by a phase transformation of a medium and by either absorption or release 

of thermal energy in an interface area (phase-change front). The dominant mechanism of energy absorption 

or release is usually conduction or convection, whilst at high or ultra-high temperatures, radiation can also 

play a significant role. Systems undergoing solid-liquid phase-change share a common feature: two phases 

of different thermophysical properties separated by the interface area, which is moving as the phase-change 

proceeds. This moving front results in a generation of a local flow near the interface and a negligible flow 

in the bulk of the melt, away from the boundary. Due to this moving boundary not known a priori, such 

problems  are  generally  non-linear and, thus, more  difficult  to  solve  with respect to  single-phase  

problems [196]. This poses significant theoretical difficulties that generally requires a numerical solution.  

During phase change, there are different phenomena that affect the PCM melting/solidification rate and 

subsequently the methodology that should be followed. These are 1) buoyancy-driven natural convection, 

2) PCM volumetric change, 3) dendrites formation, 4) moving solid-liquid front and 5) effect of radiation 

at high temperatures. Furthermore, several additional factors must be taken into account, such as lateral 

heat losses, container shape, and mechanical properties and reactivity between the involved materials. 

These factors can become more or less important depending on the scale of the system. PCM are either 

packaged in specially designed containers, such as shell-in-tube or radial-finned tubes, with or without a 

presence of a HTF, or encapsulated as capsules at macro (size>1 mm)  [197, 198], micro (size ~1ï1000 

ɛm) [199, 200] and nano scale [201, 202]. Evidently, solidïliquid phase change problems vary over 

multiple scales, but for UHT-LHTES systems, a macro-level modelling is adequate.  

A successful study of the fluid flow in a two-phase heat transfer problem depends upon the capability of 

the developed models to accurately and efficiently represent the flow mechanisms for each phase and their 

interactions. In three-phase systems, e.g. PCM (solid/liquid) and inert gas inside a vessel, the complexity 

of the used algorithms increases dramatically. Analytical solutions of phase change problems can be subject 

to several simplifications. They are usually based on one-dimensional (1D) analysis, they do not include 

convection mechanisms, and consider constant PCM thermophysical properties. Such simplifications make 

any attempt for a thorough analysis incomplete; however, they are usually unavoidable. On the other hand, 

numerical models can simulate complex phenomena occurring during phase-change at different scales. This 

has resulted in an increasing interest for numerical models to describe a LHTES system behavior.  

In terms of numerical modelling, there is a wide variety of methodologies able to study solid-liquid phase 

change. Those include approaches based on enthalpy, effective heat capacity, front tracking, adaptive grid 

etc. However, to accurately study a system in question, the specific numerical approach should be chosen 

carefully. This requires a solid knowledge about the different phenomena occurring during phase-change. 

The aim of this Section is to provide a comprehensive overview of the numerical models that have been 

developed so far for the simulation of the solidification-melting process, address the challenges that are 

involved at ultra-high temperatures, and, give a briefing on the models used in the current Thesis.  
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2.3.1 Moving boundary problem: Stefan problem 

A Stefan problem is a moving boundary problem. In the context of solidification/melting problems, other 

terminologies for the moving boundary are the free boundary, phase-change boundary, melting front, 

freezing front or phase-change front [203], [204]. In its simplest formulation, a Stefan problem is a linear 

1D problem, where conduction is the predominant heat transfer mechanism. Since convection is neglected, 

there is no need to solve Navier-Stokes (N-S) equations for the fluid flow motion.  

The governing energy equation, which is solved separately for the solid and liquid phases, is the following: 

”ὧ ᶯ Ὧ Ὕɳ                 i=liquid, solid phase 116) 

In eq. (116) the specific heat capacity, cp, the thermal conductivity, k, and the density ɟ, are assumed 

constant during the phase-change.  

The general form of the heat balance on the solid-liquid interface, i.e. the Stefan condition, is as follows: 

Ὧ Ὕɳ ▪ Ὧ Ὕɳ ▪ ”ὒⱨ▪ 117) 

, where n and v are the unit normal and velocity vector of the moving interface and L the latent heat per unit 

mass. This equation assumes that no additional heat sources/sinks are present at the interface. 

In 1D form, the Stefan condition is defined as follows: 
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 Non-linear conditions in a Stefan problem 

Several phenomena induce non-linear characteristics in the Stefan problem: (i) variation of the PCM 

thermophysical properties with temperature and space, (ii) presence of a heat source/sink on the moving 

front and (iii) spatial and temporal temperature variation at the front [204]. The second condition entails 

that there will not be a sharp change between solid-liquid phases, but rather a temperature range, a ñmushy 

regionò. Numerical treatment of this case will be analyzed in the following sub-sections. 

 Density variation and natural convection 

The assumption of a conduction-dominated problem is a rough simplification. In reality, natural convection 

in the molten PCM effects the propagation and the shape of the moving boundary, especially during melting 

process [205] [40, 206-209]. Gau and Viskanta [210], have proven through experiments that natural 

convection affects the heat transfer process, even in the case of a metallic PCM (gallium) that has high 

thermal conductivity. Convection in the melt and in the solid-liquid boundary influences the phase-

changing process in two different contradictory ways. During melting, convection acts as a beneficial 

mechanism, by increasing the growth rate of the liquid phase. During solidification, convection decreases 

the growth of the solid phase and affects the morphology of the solid-liquid interface adversely [210]. 

In terms of solidification/melting rates solely, convection affects more the PCM melting with respect to 

solidification phase. Muhammad et al. [211] confirmed this argument, whilst they pointed out that 

convection plays a small role at the first stages of the system discharging. This rather small effect of the 

convective motion during solidification has been also highlighted by Formanelli et al. [212]. Finally, 
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Kroeger et al. [196] noticed that during solidification, the effect of natural convection is strong for Grashof 

numbers within the range of 105-106. It is noted that in order to the take into account the natural convection 

effect, the NS equations should be solved and a convection term should be included in the energy equation 

(116). The Stefan problem has attracted large interest for an analytical/numerical prediction and has been 

mostly solved by means of 1D or 2D approaches, Figure 17. An overview of different approaches, can be 

found in the works of Gupta [203] and Crank [204]. Some of them will be briefly discussed below. Prior 

to this, some parameters of interest and dimensionless numbers involved in such problems are presented. 

 

Figure 17. Schematic representation of the a) 1D and b) 2D Stefan problem. 

The most important parameters to study in a LHTES are the following: 

i. Charge/discharge rates: This is key parameter in a solidification/melting problem to evaluate the 

thermal performance of a LHTES. 

ii. Dendritic formation (crystal growth) during solidification that might affect the thermal performance 

of a LHTES system.  

iii.  PCM properties, which effect on charging/discharging rates is important and has been widely 

studied in [16, 213-215]. 

iv. Wetting phenomena during melting of PCM. Some researchers have studied this issue [216, 217], 

however, it is out of scope of this Thesis. 

v. Vessel geometry: The vessel design has a high effect on the phase-change rate [202, 218]. Various 

designs have been suggested for LHTES systems, Table 11, Figure 18. Amongst them, the 

inversed truncated cone (or trapezoidal cavity) is a good choice for a LHTES system, due to its 

high flexibility ï its height can be easily modified, to improve charging/discharging rates [218]. 

Table 11. Studies on different enclosure designs found in the recent literature. 

Geometry References 

Spherical [43, 219], [220] 

Cylindrical  [221], [222], [223], [224], [225] 

Shell-and-tube [226], [227], [228] 

Cubic [202] 

Rectangular [210], [229], [227], [230] 

Inversed truncated cone [231], [202, 218], [232] 

Cut-off sphere [202] 

Fins [159], [220] 
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Figure 18. Shapes tested in moving boundary problems a) cube [202], b) cut-off sphere [202], c) sphere 

[202], d) cylinder [202] and e) truncated cone [202]. 

 Characteristic (dimensionless) numbers 

Rayleigh number (Ra): The Rayleigh number is defined as the product of the Grashof number and 

determines whether the buoyancy-driven natural convection plays an important role in the heat transfer: 
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Prandtl number: The Prandlt number (Pr) is the ratio of momentum diffusivity to thermal diffusivity: 
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Stefan number: The Stefan number (Ste) is the ratio of sensible to latent heat: 
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Biot number: The Biot number (Bi) is the ratio of heat transfer resistance in the interior of the system to the 

resistance between the surroundings and the system surface: 
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, where Lc is the characteristic length of the body (Lc=Vbody/Asurface). 

Grashof number (Gr): It is the ration of buoyant to viscous forces within a fluid: 

Ὃὶ
Ὣ‍ Ὕ Ὕ ὒ ”

‘
 123) 

Fourier number (Fo): It is the ratio of diffusive or conductive transport to thermal energy storage rate:  
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2.3.2 Numerical methods of LHTES systems 

 

Figure 19. Common methods to simulate a phase change problem. 

The possible strategies to simulate a Stefan problem with solidification-melting include the moving (front 

tracking) method with fixed or adaptive grid [37] and the fixed domain method [38], Figure 19. The first 

one [39] produces more accurate results in the solid-liquid interface, however, it is more complicated for 

complex and 3D domains or for solid-liquid interfaces subjected to large deformations [38]. The second 

one is a simpler one, since a single energy equation is solved for both phases and the melting front position 

is tracked implicitly. The front capturing method includes the heat capacity and the enthalpy method. 

Among these two the enthalpy method developed by Voller et al. [40] is the most popular in phase change 

simulations, especially in commercial software packages, such as ANSYS Fluent, and will be mostly 

analyzed in this Section, since it is adopted in the current Thesis.  

 Front-tracking methods 

Front tracking (FT) methods, track the moving boundary in an explicit manner [233], i.e. they compute at 

the beginning of each time step the location of the phase change boundary. This induces a complexity in 

their programming and solution. Other problems arise from the interaction of the interface grid with the 

stationary grid, or with other moving fronts present in the domain. Usually such problems are overcome 

with a numerical model that dynamically reconstructs the interface grid as the phase-change proceeds and 

merges double interfaces into a single interface [234]. Numerical solution of FT methods can be achieved 

with finite difference method (FDM) [235-239], finite element method (FEM) [228, 240, 241], finite 

volume method (FVM) [242, 243], boundary element method [195, 244], [245], [246] [247], [248] and 

mesh free method [249], [250].  

 Front fixing Methods  

Front fixing (or interface fitting) methods fix the moving front by introducing a new space variable, by 

changing the coordinates of the problem. Along with front tracking methods, they track the moving 

boundary explicitly. The difference from them is that the moving boundary is dynamically tracked at each 

time step and the mesh boundary is setup to be attached to the moving front and to follow its movement. 

This method is recommended for simple geometries, due to its complexity. As regards spatial discretization, 

current schemes for moving boundary problems employ FEM, FDM, Chebyshev and Legendre spectral 
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collocation mesh-based methods or radial basis function (RBF) collocation technique as high order 

meshless method. The difference of collocation methods from FE and FD methods is that they yield the 

approximate solution of a boundary value problem in the form of a function, and not with a set of discrete 

points. The Chebyshev and Legendre are high order mesh-based techniques [249]. More specifically, with 

the Legendre method the computational domain is divided into (curved) quadrilateral elements and is more 

applicable to multi-dimensional moving boundary problems. The numerical solution, data and geometry 

are expanded within each macroelement by means of tensor-product Lagrangian interpolants [251].  

 Fixed Domain methods 

Fixed domain methods are simple and user-friendly for numerical simulations of Stefan problems. The 

enthalpy/enthalpy porosity (EM) approach, the heat capacity, level set (LSM), volume of fluid (VOF) and 

phase-field methods (PFM) are the main fixed domain methods.  

Table 12 summarizes these methods used for the simulation of phase change problems. Among them, the 

enthalpy porosity approach is a simple and effective method that can be used for the simulation of an UHT-

LHTES system. This method has been used to simulate different problems including melting in one and 2D 

casings of various shapes [36, 43, 252]. However, numerical diffusion can be induced in the solid-liquid 

interface, which is strongly dependent on the grid size used. Application of a hybrid method capable of 

combining the advantages of both the fixed and moving grid method would be a real benefit for any type 

of solidification/melting simulation. Such a hybrid method is followed in the current Thesis.  

Table 12. Summary of numerical methods used for the solution of different types of Stefan problems. 

Additional references: PFM [253, 254], EM [220] [211] [212, 225, 255], LSM [256, 257] and FTM [258, 259] 

Numerical Method Phenomenon Domain Reference 

VOF Solidification 2D [260] 

VOF Solidification 3D [261] 

PFM Solidification 2D [262] 

EM Melting 2D axisymmetric [226] 

LSM Melting, Solidification 2D, axisymmetric [263] 

2.3.2.3.1 Enthalpy method 

A simple and widely applicable fixed-domain method for solving the convection/diffusion phase change 

problem is the enthalpy method proposed by Voller and Cross [264]. The essential feature of this 

formulation is that it tracks the moving front in an implicit manner, by isolating the latent heat effects in a 

source/sink term. Therefore, a difficulty arises in accounting for mass and heat transfer conditions near the 

interface. A common approach to overcome this is to define appropriate volume source terms in the 

governing equations [229]. More specifically, in the energy equation the latent heat is taken into account, 

by assigning a latent heat value to each computational cell according to the temperature of the cell. The 

governing energy equation of the enthalpy method is the following: 
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, where H is the specific enthalpy, which is defined in each control volume as the sum of the sensible 

enthalpy (h) and the latent heat (ȹH): 
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The sensible enthalpy h is equal to: 
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, where href is the enthalpy at the reference temperature (Tref = 25 oC). 

Eq. (125) contains the source term Sh used in the basic formulation of enthalpy method defined as: 
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In the enthalpy method, the latent heat is a function of temperature:  

ῳῷ ὪὝ 129) 

This method includes several advantages: (1) it is valid for a wide range of cases where the PCM melts, 

either in a single temperature point or over a temperature range, (2) the enthalpy formulation and velocity 

correction schemes are independent of the used numerical technique (FEM, FDM, FVM), (3) the governing 

energy equation is similar to the single-phase equation, and (4) there is no condition to be satisfied at the 

solidïliquid interface as it automatically obeys the interface condition. On top of that, it is a simple and 

accurate method; it has been validated by many researchers against experimental data [43, 219, 225]. Due 

to its numerous advantages, it is one of the most popular methods for solidification/melting problems. 

Solution of the flow field is done by either using the N-S equations or by means of the Lattice Boltzmann 

method. As concerns the first approach, the following equations are solved: 

Continuity equation 
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Momentum equation 
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Regarding the solution of the flow field with Lattice Boltzmann method, and its coupling with enthalpy 

method details can be found in the work of Fuentes et al. [265]. 

2.3.2.3.2 Enthalpy-porosity method 

The enthalpy-porosity method has been widely used to investigate the solidification/meting process inside 

containers, in which natural convection is significant.  The main advantages of this method include fast 

convergence and high accuracy. It is one of the leading tools today for modeling solid-liquid phase change 

processes. Assis et al. [43, 219] successfully validated this method against experimental predictions. 
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Analytical equations 

In the enthalpy-porosity model, the governing energy equation is taken as in the enthalpy method, whereas 

the latent heat is given as ȹȼ=ɓL 

, where ɓ is the liquid fraction defined as: 

‍ π if  T<Ts 

132) ‍
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if  Ts<T<T l 

‍ ρ if T>Tl 

Thus, the latent heat varies between zero (solid phase) and L (liquid phase). Two important issues that need 

special attention in this method is the density variation and solids velocity handling. Additionally, 

depending on the grid resolution, numerical diffusion can occur in the solid-liquid interface. Such a problem 

can be overcome, by coupling this methodology with more advanced numerical techniques, such as 

adaptive grid refinement techniques. 

PCM density variation and natural convection 

The presence of density changes between phases might affect the PCM structure, but not so much the heat 

transfer process [31]. Situations where density differences are present between phases or where density 

variations occur in the liquid are handled in this Thesis by the two different approaches described below. 

Boussinesq approximation: With the Boussinesq approximation, the density change in the PCM is 

considered only in the buoyancy term of the momentum equation (131). 

” ” ρ ‍ ῳ  133) 

, where æT is the difference between the cell temperature and the reference temperature,T0, at which the 

reference density (usually 25 oC), ɟ0, is measured.  

The Boussinesq approximation with the enthalpy porosity approach has been widely used in the literature 

to simulate the effect of natural convection in the thermal performance of various PCMs [40], [229]. 

Density change during phase change: Most of the numerical methods found in the literature for solving 

solidïliquid phase change assume a constant density upon melting or solidification, or in best cases, a 

density variation with Boussinesq approximation. However, those methods are not efficient when applied 

to phase change with volume expansion or shrinkage. A more accurate approach is to consider the density 

change amongst the two different phases, and a linear interpolation in the mushy zone to avoid numerical 

instabilities. 
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This approach has been followed by different researchers, such as [220], [43], [202, 218] 

Dumping of velocity at the solid region 

In a solidification-melting problem with a fixed-domain method, solution of the momentum equation 

requires a modification in order to consider the transition from liquid to solid phase and ensure zero velocity 
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values. A common approach is the Source term method (STM). The STM uses a high source term (Si) to 

the momentum equation to set the solid velocities equal to zero, when the material is solid. In its original 

form this method suffers from discontinuity at the phase-change boundary. A variation of STM developed 

by Voller et al. [264] and Brent et al. [229] is the Darcy-STM, used in this Thesis. 

With the Darcy-STM method, a source term is added to the momentum equation (131): 
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The source term Si  is derived from Darcyôs law [40]. It is defined so that the momentum equations are 

forced to mimic Carman-Kozeny equations for flow in a porous media: 
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, where Ů1 is a small constant (Ů1=0.001) used to avoid division by zero. Amush is the mushy zone parameter, 

a sink term that takes into account the damping effect within the mushy region and is dependent on the 

dendrites formed during solidification process, the material density and viscosity, parameters that reflect in 

turn the PCM permeability. This parameter takes values from 103ï109 and in most studies available [43, 

266] a default value of 105 is used. In the work of [202, 267] the following equation has been used: 
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The validity of equation (136) in describing the flow in a dendritic mushy region has been proven 

experimentally [268] and has a physical meaning for substances, such as metal alloys. When the heat 

transfer direction is parallel to the primary dendrite arms, the phase-change rate is affected by the liquid 

volume fraction and the primary dendrite arm spacing. When the flow is normal to them, the rate depends 

upon the primary and secondary dendrite arms spacing and the volume fraction. Combination of equation 

(136) and (137) can correlate the DAS and ɓ with the melting rate, however, there is not available an 

equation that correlates all three variables in common numerical methodologies.  

In an isothermal phase change system, the flow inside computational cells that experience solidification or 

melting cannot follow the classical Carman-Kozeny equation. In this case, a linear function can be used: 

Ὓ ὃ ρ ‍ό 138) 

Another possible approach is to consider a small temperature integral, without a physical meaning, 

especially for pure metals, but necessary from a numerical point of view, in which the phase change occurs. 

Numerical solution 

The numerical solution of this problem entails selection of a suitable discretization scheme of the governing 

equations. Finite-element, finite-difference schemes or a mesh-free method can be applied [269, 270]. The 

most usual approach in PCM simulations is the control volume-based formulation [242], [229].  
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2.3.3 Challenges in phase change simulations 

 Inclusion of radiation 

Inclusion of radiation in a UHT-LHTES is a necessity especially for ultra-high temperature devices, where 

radiation absorption can be one of the dominant mechanisms in the liquid PCM. However, the literature is 

limited as regards the inclusion of rigorous radiation models, coupled with the abovementioned numerical 

methods. Such a difficulty arises from the fact that common radiation models found in commercial solvers, 

such as P1 or Discrete ordinates (DO), use a series of settings and simplifications that for the specific 

application of a LHTES need further improvement. Additionally, due to lack of experimental data it is 

difficult to validate their accuracy. Some information can be found in [265, 271, 272], where 

solidification/melting models are coupled with DO method to model natural convection and radiation inside 

the PCM. 

 PCM volume change 

Generally, during the phase change of the majority of materials found in the nature there is a change of their 

volume, due to their density change, Figure 20. Most metals and alloys have a lower density in the liquid 

than in the solid phase (e.g. aluminum, nickel, tin, boron and titanium). This provokes the PCM 

compression during solidification that leads, in turn, the melt to move upwards. This flow can lead to 

formation of cavities and change the shape of the final product, cause porosity, change the species 

concentrations in alloys, and consequently lead to poor mechanical properties [261]. On the other hand, in 

cases where the PCM has lower density in the solid phase and therefore, expands during solidification 

process (e.g. silicon, gallium and bismuth) the melt has a downward movement. Moreover, in this case 

mechanical stresses induced by the volume expansion during solidification can harm the vessel/container. 

In both cases, density variations occur in both phases due to changes in temperature, known as solid or 

liquid contraction. Liquid contraction can also drive convective motion in the melt, while solid contraction 

can induce thermal strain in the solid phase, leading to high stresses in the PCM container. 

 

Figure 20.  Paraffin wax volume increase during its melting. 

This PCM density change accompanied by its volume change needs a special numerical treatment. First of 

all the density change should be explicitly taken into account. Secondly, if the PCM shrinks/expands inside 

a sealed rigid shell during its phase change, another material ïinert gas, in specific- should be included in 

the computational domain, in order to avoid the exertion of high pressure values and as a consequence 

divergence of the numerical solution. Such a practice has been followed in the work of [202, 218]. 
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 Presence of air/inert gas in the vessel 

Assis et al. [43] modeled the melting of a PCM in a spherical shell, by the presence of air in the upper part. 

They used the enthalpy-porosity approach to account for the solid-liquid phase change and the volume of 

fluid (VOF) method to account for the two immiscible fluids (PCM, air). They evaluated their methodology 

for the case of paraffin wax melting [43] and solidification [219].  

In this gas-PCM system, the continuity equation is reformulated as: 
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, where the air is the primary phase and PCM the secondary phase. Following Assis at al. [43] other 

researchers [220, 221] have followed this approach to take into account compressibility effects. 

 Crystal growth (dendritic formation) during solidification 

The simulation of crystal growth in the mushy region, during the PCM solidification, is of importance in 

terms of the thermal performance of the LHTES system, because it determines the PCM permeability, 

which in turn effects the PCM melting rate. Smooth solidification fronts are often unstable and develop a 

wide variety of microstructures (dendrites) that modify the material properties of the solid PCM. Simulation 

of such demanding flows has been performed with front-tracking methods [235], BEM methods [273], 

LSM and Phase-field methods, briefly described in previous sub-sections. 

 Constrained vs. unconstrained melting 

There are two types of solidification/melting process inside a container; the constrained and unconstrained 

problem [274].  In the first one, the solid PCM is fixed and the effect of natural convection should be 

considered, whilst in the second one the solid PCM is free to move inside the melt, and thus, this movement 

should be also taken into account. The main disadvantage of implicit methods, such as the enthalpy method, 

is that the PCM solid velocities are set to zero. This means that any solid motion inside the liquid PCM is 

not explicitly modelled. In the numerical context, the solid phase shape and position inside the PCM are 

implicitly shaped as a result of the liquid motion. When the liquid phase is lighter (heavier) than the solid 

one, it moves upwards (downwards) enhancing the heat transfer process from the PCM upper (lower) part, 

Figure 21. There are several works found in the recent literature that implicitly take into account the solid 

movement through the movement of the liquid phase [43, 202, 218-220].  

 
Figure 21.  Velocity field of the flow motion in unconstrained melting of silicon inside a cubic cavity [202]. 
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 Need for a sharp interface at the phase change front 

The state-of the art CFD models utilizing the enthalpy-porosity approach are tracking the solid-liquid 

interface using fixed grid methods [40, 264]. This results in cases, where the grid density should be 

cautiously selected in order to avoid numerical diffusion that might affect the accuracy of the derived 

results. More specifically, in coarse grid cases, the solid-liquid front (i.e. mushy zone region) is represented 

by an artificially larger area than what occurs in reality (Figure 25). This consequently leads to an 

overestimation of the solidification/melting time. On the other hand applying of a dense grid that should 

lead to a sharper interface and, thus, more accurate numerical predictions, might increase considerably the 

induced computational cost. An effective grid method that combines advantages of both coarse (efficiency) 

and denser grids (sharp interface) is the adaptive local refinement technique. This technique has been mostly 

utili zed in droplet dynamics simulations by [94-96, 98]. The current Thesis uses this technique to model 

phase change problems by achieving a sharp liquid-solid interface. 
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 Preface 

The aim of this section is to present the numerical methodology and results of the full cycle of an UHT-

LHTES system, part of a novel electric-TES concept [27]. Overall, this concept couples in a single compact 

device the UHT-LHTES block with a thermal-to-electric energy hybrid thermionic-photovoltaic (TIPV) 

converter [275].  The first one, i.e. the TES storage block, during the system charging period, can store any 

kind of energy (heat, electricity, or solar) in the form of latent heat. The second one, during discharging 

period, converts the stored thermal energy into electricity. 

More specifically, the TIPV converter includes two parts, i.e. a metallic cathode (referred to as emitter), 

which is in direct contact with the PCM vessel bottom part and emits photons-electrons, when is heated, 

and a GaAs anode coupled with a photovoltaic (PV) cell. Its operation is similar to a photon-enhanced 

thermionic emission (PETE) device [276], with the main difference that the semiconductor used for 

electricity production is placed in the anode and not in the cathode as usually done is such devices. At the 

rear side on the TIPV converter, i.e. the PV cell, a cooling system is patched for any excess heat collection. 

The PCM container, depicted in Figure 22, during the charge phase, is heated either from the sidewalls 

and/or the top in a P2H2P (power-to-heat-to-power) application or only from the top in a S2H2P (solar-to-

heat-to-power) application, reaching ultra-high temperatures (above 900 oC). If the temperature inside the 

vessel exceeds the PCM melting point, i.e. 1414 oC for pure silicon, the material starts to melt. During this 

stage, i.e. melting of the contained PCM, the TIPV anode is disconnected from the system and the LHTES 

is insulated from the emitter side to prevent excess heat losses. During the system discharging, the TIPV 

anode is connected to the system, and converts the emitted from the cathode photon ïelectron flux into 

electricity.  

a) 

 

b) 

 
Figure 22.  Novel LHTES-TIPV system during a) charge/ discharge and b) TES period. 

This novel LHTES-TIPV concept, has been described theoretically in the work of [275] and a prototype 

has been constructed in the framework of AMADEUS Project [277]. Part of the numerical work done in 

this Thesis, has been used for the design study and optimization of this novel system. Its novelty as 

aforementioned, lies in its operation at ultra-high temperatures that can potentially unlock storage energy 

densities as high as 1230 kWhĿm-3, which are considerably higher than the state-of-the-art molten salt based 
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TES systems. This increase in the storage density plus the high electrical power density of the TIPV 

converter (several 10ôs of kWĀm-2) can potentially enable the fabrication of compact S2H2P or P2H2P 

systems that integrate thermal energy storage and power generation in the same unit [232]. Nevertheless, 

proper design and optimization of the LHTES device and better understanding of the PCM phase change at 

such unprecedented temperatures are key aspects that need to be in-depth analysed, before this complex 

system being manufactured and tested in a lab-scale.  

For the study and optimization of the LHTES system, an advanced axisymmetric 2D CFD model is 

implemented in ANSYS Fluent platform (v17.1) [278]. The CFD model is based on the enthalpy-porosity 

approach [264], which is presented in Sub-section 2.3.2.3.2: Enthalpy-porosity method, coupled with the 

Volume of fluid (VOF) model [279]. Initially, the model is validated against experimental data found in the 

literature [43, 219] for paraffin wax solidification/melting at low temperatures (~30 oC). Then, the model 

is verified against a 1D analytical model for silicon solidification inside a sealed crucible at ultra-high 

temperatures (>1000 oC) [232]. Model validation at such temperatures is not possible, owing to a lack of 

experimental data. The effect of complex phenomena are incorporated, as those of natural convection in 

the PCM liquid phase and volumetric expansion/compression, due to PCM solidification/melting process. 

In this system, the PCM occupies part of the vessel, and, above the PCM a non-reacting gas fills the rest of 

the domain. For a more accurate representation of the gas-PCM and solid-liquid PCM interfaces, an 

adaptive local grid refinement technique [94] is applied by using codes in C programing language, at both 

the PCM-gas and solid-liquid interfaces. This technique is used to enhance the numerical accuracy and the 

efficiency of the model in terms of CPU cost. As a further step, design optimization of the silicon-based 

storage tank is carried out by taking into account lateral thermal losses. The overall system performance is 

assessed during its charging, discharging and storage periods. Finally, a sensitivity analysis is presented to 

investigate the effect of the PCM thermal properties on the system charging/discharging rates. An outline 

of the modelling activities is presented in Figure 23. 

 

Figure 23. UHT-LHTES system studied during a) charge/ discharge and b) TES period [27]. 



75 
 

 Numerical methodology 

The current numerical model, is based on the enthalpy-porosity method by Voller [40], already incorporated 

in Fluent, to model the PCM transition from solid to liquid phase. In this method, the PCM liquid fraction 

is calculated based on the energy equation (125). Thus, the melting front (phase change transition) is almost 

linearly dependent on the temperature distribution. A mushy zone is defined, which represents the liquid-

solid transition and is treated as a ópseudoô porous medium. In this zone, the liquid fraction increases 

gradually from 0 (solid) to 1 (liquid) as the PCM melts and vice versa during its solidification, as described 

in equation (132). In reality, the mushy zone is a porous layer of partially solidified regions, usually 

resembling to dendritic crystals, with liquid among their interstices. Such structures are formed during the 

PCM solidification and are oriented along the direction of the strongest thermal gradient [280].  

Apart from the enthalpy-porosity method, the multiphase VOF approach [279] is applied for the simulation 

of the PCM-air moving interface tracking, without inter-penetration of the two media. The conservation 

equation of mass is calculated as follows: 
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, whereas the momentum equation contains the Darcy STM method (refer to eq. (135)-(137)). 

In this model, the volume fraction Ŭn of the primary phase ïgas in the specific case studied- is equal to unity 

if the computational cell is occupied only by it, and the value of zero if the cell is completely occupied by 

the secondary phase (PCM). If 0 < Ŭn < 1 the cell contains the óinterfaceô region between the two phases. 

Thus, the physical properties in any given computational cell are either corresponding to one of the phases, 

or are calculated based on the media mixture in the interface region, depending upon the Ŭn values. 

Finally, the VOF model includes compressibility effects of the inert gas, enclosed inside the PCM casing. 

The latter can be either compressed (expanded) inside a sealed rigid shell, or exit (enter) the container 

through a small opening, during the PCM expansion (contraction), in order to avoid the exertion of high 

stresses in the PCM casing.The main assumptions adopted in the modelling activities are as follows [232]: 

1. Transient fluid  flow and heat transfer mechanisms; 

2. 2D axisymmetric domain; 

3. Inclusion of gravitational force; 

4. The flow is laminar, due to low Reynolds numbers; 

5. The molten PCM is an incompressible Newtonian fluid; 

6. ȸoth solid and melt are homogeneous and isotropic; 

7. The PCM thermophysical properties and insulation/vessel materials thermal properties are 

dependent on temperature variations; 

8. The PCM density changes during its transition from solid to liquid phase and vice versa; 

9. The inert gas is treated as a compressible fluid [278]; 

10. Radiative heat transfer within the vessel is neglected, when the PCM is heated from the sidewalls; 

11. Contact thermal resistances between solid/liquid PCM and walls are considered negligible; 

12. The PCM crucible walls and insulation layers can be either modelled as thin walls, by solving an 

1D heat conduction equation [278], or implicitly modelled for a more accurate description of the 

temperature field. If the heat losses are not modelled, the sidewalls are considered adiabatic; 

13. Surface tension effect between the different phases is neglected; and. 
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14. An implicit formulation is adopted for the VOF solution with a sharp gas-PCM interface modelling. 

3.2.1 Domain discretization 

In order to increase accuracy in the solid-liquid and gas-PCM interfaces an adaptive local grid refinement 

technique is applied, based on the work of [94]. This results in a coarse static grid and a dense adaptive 

grid at the moving fronts. The dense mesh is created by refining the coarse grid ïtwo or more levels of 

refinement- in ANSYS Fluent platform through the adapt region tool [281]. Then, the refined grid follows 

the position of the moving interfaces, by means of proper UDFs. 

3.2.2 Boundary conditions 

The most common wall boundary condition, which is usually imposed in the classical formulation of the 

Stefan problem, is a constant heating or cooling temperature (Dirichlet BC). Such a condition is considered 

during the solidification/melting phase of paraffin wax at low temperatures and the melting phase of silicon. 

During the solidification of silicon, where there is a heat extraction from the container bottom by the TIPV 

converter, it is more realistic to impose a heat flux boundary condition (Neumann BC). 

3.2.3 Under-relaxation factors 

The under relaxation factors (URFs) values should be chosen carefully in terms of model robustness and 

CPU efficiency. The used URFs to run the numerical cases are presented in Table 13. 

Table 13. URFs used in a solidification-melting problem based on the enthalpy porosity approach. 

Pressure 0.3 

Momentum 0.1-0.3 

Density 0.7 

Volume fraction 0.5 

Liquid fraction 0.95 

Energy 0.95 

3.2.4 Numerical solution 

 Discretization schemes 

Time and spatial discretization schemes should be used to obtain numerical solution of this problem. Some 

of the recommended schemes are presented in Table 14. 

Table 14. Discretization schemes used in solidification-melting simulations. 

Transient formulation Bounded second order implicit 

Pressure-velocity coupling PISO/ Coupled 

Spatial discretization 

Gradient Least squares cell based 

Pressure PRESTO! 

Density QUICK 

Momentum QUICK 

Volume fraction Compressive 

Energy QUICK 

 Time step 

A variable time step with a courant number equal to 0.2 is used, contrary to the constant time step methods 

adopted in other works utilizing the enthalpy porosity method [43, 219]. However, further research is 

needed to impose a variable time-step size depending on parameters, such as the thermal diffusivity, 

derivative of the temperature in space etc. 
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 Model validation (Paraffin wax solidification/melting: Low temperatures) 

Initially, the CFD model is validated against experimental data for the solidification/ melting process of 

paraffin wax, RT27, at low temperatures, i.e. ~30 oC, inside a spherical casing open from the top. Such data 

along with the appropriate boundary and operating conditions are obtained from the work of Assis et al. 

[43], [282]. During melting (solidification) process, the vessel is heated (cooled) from its walls, almost 10 
oC above (20 oC below) its melting point.  

During model validation, a parametric study is conducted as concerns the Amush parameter effect on the 

PCM solidification/ melting rate. A set of Amush values equal to [105, 5Ā105 and 2Ā106] and [105, 106 and 109] 

are tested during melting and solidification phase, respectively. Additionally, the effect of the grid density 

on the numerical results is also investigated by taking as a reference the PCM melting process. The decided 

applied grid methodology follows the local grid refinement method with two refinement levels. This results 

in a maximum number of quadrilateral cells equal to 11,133 and a minimum cell size equal to 1.07Ā10-4 m. 

3.3.1 Geometry and Mesh layout 

a)  

 

 

 

 

 

b) 

 
c) 

              

d) 

 
Figure 24. a) 2D scheme of the PCM container and discretized domain using the b) coarse and c) medium 

fixed grid density method and d) the adaptive local grid refinement technique (2 Levels of refinement).  

The spherical container, depicted in Figure 24a, is made of glass and has an inner diameter equal to 0.040 

m. Initially, the PCM fills 85% of the container for the melting study and 96 % of the domain for the 

solidification study. At the top of it, a non-reactive gas ïair in the specific case studied- fills the rest of the 

domain and can flow in and out of it through a small opening, during the PCM expansion/contraction. A 

Dcontainer=0.040 m 

▌
 O
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uniform temperature is set at the walls, equal to 40 oC (10 degrees above paraffin wax melting point) for 

the melting study and to 10 oC for the solidification study (20 degrees below paraffin wax solidification 

point). This is because the container is submerged inside water, whose temperature is kept at a constant 

level inside the tank with an electric heater.  

For the CFD model validation, a fixed coarse grid, consisting of 3,858 quadrilateral cells, is used. Then, a 

grid independence study is performed -using a medium and a dense sized grid density, comprising 15,432 

(4 times the coarse grid) and 61,728 quadrilateral cells (16 times the coarse grid), respectively. The coarse 

mesh is constructed in ANSYS Meshing component, whilst the medium and dense meshes are created by 

refining the coarse grid ïwith one and two levels of refinement, respectively- in ANSYS Fluent v17.0 

through the adapt region tool [278]. Such type of analysis is of high importance in CFD modelling to ensure 

that the numerical results do not depend on the grid used. 

Finally, for a sharp representation of the gas-PCM and solid-liquid PCM interfaces, the adaptive local grid 

refinement technique with two refinement levels (referred to as 2Lev. ref.) is applied, by means of several 

in-house UDFs in C programming language, based on the work of [94]. In this technique, the coarse mesh 

is used as the basis and is dynamically refined at a prescribed distance from the gas-PCM and solid-liquid 

interfaces throughout the melting process, Figure 24d. The adaptive local grid refinement method is applied 

to enhance the numerical results accuracy without substantial increase of the associated computational cost. 

3.3.2 Boundary and operating conditions 

In order to solve the CFD problem several boundary conditions are applied. For the melting process, 

boundary conditions are taken by the work of [43], Table 15. Initially, the temperature of the whole system 

is set equal to 23 oC, i.e. the PCM is slightly sub-cooled. 

Table 15. Air -paraffin wax problem boundary conditions (melting process). 

 BC type Parameters Units Values 

Wall Wall TW 
oC 40 

bW m 0.002 

kW W m-1 K-1 0.81 

 Shear condition: No slip 

Outlet Pressure Outlet Po bar 1.013* 

  To 
oC 40 

Axis Symmetry 

* Parameter of typical ambient conditions  

For the solidification process, boundary conditions are taken from [282], Table 16: 

Table 16. Air -paraffin wax problem boundary conditions (solidification process). 

 BC type Parameters Units Values 

Wall Wall TW 
oC 10 

bW m 0.002 

kW W m-1 K-1 0.81 

 Shear condition: No slip 

Outlet Pressure Outlet Po bar 1.013 

  To 
oC 10 

Axis Symmetry 
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The most important thermophysical properties of the air and the PCM (paraffin wax) are summarized 

in Table 17. It should be noted that the PCM properties (density, thermal conductivity, specific heat) are 

assumed to vary linearly within the ñmushy zoneò. 

Table 17. Gas-solid properties (gas: air, PCM: paraffin wax) [43]. 

Property Gas PCM-solid PCM-liquid  

ɟ, kgῊm
-3

 ” ρȢςρπ  πȢπρρστ  σȢτωχψ 870 730-760* 

k, WῊm
-1

ῊK
-1

 0.0242 0.24 0.15 

C
p
, JῊkg

-1

ῊK
-1

 1006.43 2400 1800 

ɛ, kgῊm
-1Ὴs

-1

 1.789Ā10-5 - 3.42Ā10-3 

T
solidus

, oC  28 

T
liquidus

, oC   30 

L, JῊkg
-1

  1.79Ŀ105 

* A temperature dependent density relation is used for the PCM liquid phase: 

”
χφπ

υῴ πτ    ρ
 

3.3.3 Studied cases 

Several cases (Case 1-4) are simulated in order to validate the model and test the effect of the grid density 

on the numerical results, by taking as a reference the PCM melting process. The melting fraction values 

obtained by the CFD model are compared against the ones presented in Assis et al. [43] work ïboth 

numerical results and experimental data.  In this initial set of studied cases, the mushy zone parameter has 

the same value, i.e. 105. As a further step, a parametric study for the effect of the mushy zone parameter on 

the melting/solidification process is conducted (Cases 4-9). The parametric study is carried out by using 

one of the four grid densities tested in Cases 1-4, which is chosen as the most accurate and efficient.  

Transient calculations are performed in Fluent v.170 solver. A variable time step ȹt is used with a courant 

number equal to 0.2, Table 18. The time and discretization schemes used during numerical calculations are 

the ones mentioned in Table 14. For the pressure-velocity coupling, the Coupled Scheme is used. 

Table 18 summarizes the simulated cases, during model validation.  

Table 18. List of cases simulated, during model validation. 

Case Grid  Process Amush [-] DAS [m] ȹt, max [s] ȹt, min [s] Courant [-]  

Case 1 Coarse Melting 105 9Ŀ10-7 ~2Ŀ10-2 ~1.4Ŀ10-2 

0.2 

Case 2 Medium Melting 105 9Ŀ10-7 ~5Ŀ10-3 ~2Ŀ10-3 

Case 3 Dense Melting 105 9Ŀ10-7 ~1Ŀ10-3 ~5Ŀ10-4 

Case 4 2 Lev. ref. Melting 105 9Ŀ10-7 

~6Ŀ10-3 ~3.5Ŀ10-3 

Case 5 2 Lev. ref. Melting 5Ŀ105 4Ŀ10-7 

Case 6 2 Lev. ref. Melting 2Ŀ106 2Ŀ10-7 

Case 7 2 Lev. ref. Solidification 105 9Ŀ10-7 

Case 8 2 Lev. ref. Solidification 106 3Ŀ10-7 

Case 9 2 Lev. ref. Solidification 109 9Ŀ10-9 
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3.3.4 Results 

Figure 25a compares the melting fraction results as a function of time of the CFD model with the ones 

obtained from Assis et al. [43], both numerical model and experiments. The model of Assis, which is based 

on the VOF method with the enthalpy porosity approach, utilizes a grid of 3,520 cells and a constant time 

step size equal to ȹt=0.002 s. The melting fraction parameter used for comparison is calculated as the ratio 

between the liquid PCM mass over the total PCM mass (MFR= mliquid/mPCM), at a given moment.  

a) 

 

b)               t=10 min                           

 

 t=20 min 

 

    

     

Figure 25. Comparison of the experimental, reference paper CFD model and developed CFD model 

a) melt fraction values at different time instants and b) melt fraction contours at t=10 and 20 min. 

From the graph, it is proven that for most of the simulation time, the results of the present model virtually 

coincide with that of the reference paper and are close enough to the experimental data. A small deviation 

of approximately equal to 6 %, between the two models noticed, can be primarily, attributed to the time-

step size method followed; in this Thesis a variable time step with a courant number equal to 0.2 is used, 

contrary to the constant time step method adopted in Assis et al. [43] model.  Furthermore, in the reference 

paper, there are not any details available concerning the spatial and time discretization schemes and VOF 

formulation (implicit or explicit), the selection of which can affect the numerical results.  

Additionally, a qualitative comparison is conducted, based on simple observations, by comparing liquid 

fraction contours for two time instants, t = 10 and 20 min, of the present Thesis, with the experimental and 

numerical results of Assis et al. [43]. As can be noticed from Figure 25b, similar liquid fraction patterns 

are obtained between the present model and the reference paper. Over and above that, with the currently 

applied CFD model, a limited numerical diffusion is achieved, whilst the melting fraction patterns bear a 
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greater resemblance to the experimental visualizations than Assis et al. [43] model. This can be evidently 

noticed, from the melting front shape, at a time instant equal to t=10 min, depicted in Figure 25b. 

Temperature profiles Velocity profile & Streamlines 
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Figure 26. Temperature and velocity contours at different time instants. 

Figure 26 illustrates the temperature and velocity profiles obtained at various time instants by the numerical 

problem. As can be clearly seen, a few minutes after the beginning of the melting process a thin layer of 

molten PCM forms around the solid phase. During this period of time the PCM melting occurs faster at the 

proximity of the PCM-gas interface, near the walls, due to the induced gas-liquid vortex. This is because, 

there are two fluid motions occurring simultaneously inside the container that accelerate the heat transfer 

through convection. On the one hand, the molten paraffin wax is lighter than its solid phase and, for this 

reason, moves upwards due to buoyancy-driven natural convection, enhancing thus, the melting process 

near the gas-PCM interface. On the other hand, there is the hot air movement, which promotes as well the 

heat transfer near that area. Similar observations can be found in [43]. 

The heat transfer rate Q [WĿm-2] at the sphere wall determines the energy transferred to the container interior 

over time. Results of Q as a function of ű (angle measured with its vertex placed at the centre of the circle 

ïx=0.04 m- and its beginning at x=0.08 m) obtained through the CFD model for two time instants (t=2, 10 

min), are shown in Figure 27.  Based on the numerical results it is proven that in the mushy zone the PCM 

absorbs the highest amounts of heat. For instance, at a time instant equal to t=2 min, the highest amounts 

of heat absorbed can be noticed in the sphere circumferential area for a ű range in-between 60-90 deg. This 

area, based on graph (c) is the mushy region. Thus, it is clearly understood that the óoverestimationô of the 

t=5 min 
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mushy zone region, due to numerical diffusion, might cause overestimation of the amounts of heat absorbed 

by the PCM and, as a consequence, lead to inaccurate numerical results. 

a) 

 

b) 

 
 

 
c) 

 

d) 

 
Figure 27. a, b) Wall heat transfer rate and c, d) species melting fraction values over sphere periphery 

for t=2, 10 min, respectively. 

3.3.5 Grid independence study 

This section presents numerical results derived from the grid independence study, during which four grid 

resolutions have been tested, i.e. three fixed grids of coarse, medium and dense resolution and a dynamically 

refined grid, with two levels of refinement. A key parameter important for the objective of this analysis is 

the PCM liquid fraction as a function of time, which in turn reflects the PCM melting rate.  

From Figure 28a it is evident that the medium, dense and refined grid almost coincide in their numerical 

results, revealing that a grid independency has been achieved. On the other hand, the coarse grid results in 

a slower PCM melting process ïalmost two minutes slower- compared to the rest of the cases studied. Such 

a difference does not seem of high importance for the specific vessel design and operation. However, for 

other vessel designs and operating conditions, which could lead to lower PCM melting rates, this difference 

in the PCM melting rates might be more apparent.   

t=2 min 
t=10 min 
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Another conclusion drawn from this analysis is that the dynamically refined grid gives results of almost the 

same accuracy as the medium and dense grids. This fact can be attributed to the limited numerical diffusion 

induced, due to the sharp gas-PCM and solid-liquid PCM interface treatment achieved by the adaptive grid 

refinement method, as if a dense grid was applied. The medium grid leads to a sharper interface compared 

to the coarse, eliminating numerical diffusion, but not on the desirable level, as the one achieved with the 

refined or dense grid, Figure 28b.  

 a) 

 

 

b) 

    

 

   

 

Figure 28. Comparison of the coarse, medium and dense fixed grid and adapted grid (2 refinement levels) 

a) melt fraction values at different time instants and b) and gas-PCM volume fraction contours at t=0 min. 

Table 19  gives insight into the numerical cost needed to reach 30 minutes of simulation time for the four 

grid resolutions tested. It should be noted that in order to calculate the computational cost on a fair basis, 

additional tests were run in serial processing ïof a 64-bit operating system with a 16 GB installed RAM 

memory- and with the same fixed time step equal to 0.002 s.  Additionally, details are presented concerning 

the number of computational cells and grid resolution, i.e. minimum cell size, for each grid used. It is 

obvious that Case 1 (Coarse grid) is the least computational expensive, while being the one that introduces 

the highest numerical diffusion. On the other hand, Case 3 (Dense grid) is the most accurate, but the least 

efficient. Finally, Case 4 (2 Levels. Ref.) requires a relative low computational cost, considerably lower 

than Case 3 ïalmost 85%- and it is far more accurate than Case 1, in terms of numerical diffusion. 

Taking all into account, the grid refined with the adaptive local refinement technique (Case 4) should be 

preferred over the rest, as it presents the advantages of both the medium and dense fixed mesh, in terms of 
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efficiency and accuracy, respectively (Table 19 and Figure 28). Therefore, the latter has been used in the 

CFD analysis of the silicon solidification/melting process at ultra-high temperatures. 

 Table 19. Computational cost required to simulate the paraffin wax melting process (t=30 min simulation 

time) for the four grid densities investigated. 

* Varying from 5,664 (number of cells at the beginning of the calculation) to 11,133 (maximum number of cells which 

is reached during the calculation) 

Case Grid  Actual time (using 1 CPU core) (d) Number of cells Minimum cell size (m) 

Case 1 Coarse 2.55 3,858 5.54Ā10-4 

Case 2 Medium 12.5 15,432 2.39Ā10-4 

Case 3 Dense 62.5 61,728 1.07Ā10-4 

Case 4 2 Levels Ref 9.61 *  1.07Ā10-4 

3.3.6 Mushy zone parameter effect 

Figure 29a compares the melting fraction results as a function of time of the applied CFD model with the 

ones obtained from Assis et al. [43], both numerical model and experiments. The model of Assis, utilizes a 

grid of 3,520 cellsï in contrast to the current model that uses the adaptive local grid refinement method. 

The graph shows that for most of the simulation time, the numerical results of the CFD model virtually 

coincide with that of the reference paper and are close enough to the experimental data. A small deviation, 

almost equal to 6 %, between the two models, can be primarily attributed to the different meshing methods 

used ïcoarse fixed grid in the reference paper and an adaptive local grid refinement method in the current 

model. Furthermore, in the reference paper, there are not any details available concerning the spatial and 

time discretization schemes and VOF formulation (implicit or explicit), the selection of which can affect 

the numerical results.  

a) 

 

b)  

 

 

 

 
Figure 29. a) Paraffin melt fraction values versus time and b) liquid fraction contours at t= 1 min. 
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In the same graph, quantitate results of the Amush parameter versus time are depicted. It can be deduced that 

this parameter affects significantly the PCM melting rate. An Amush value equal to 5Ā105, which corresponds 

to a DAS=0.4 ɛm, gives the most accurate results for the melting performance of the specific PCM studied, 

i.e. paraffin wax. Thus, the values of this parameter should not be chosen arbitrarily, since Amush is dependent 

on the solid PCM morphology, which in turn is highly affected by the imposed cooling rate [283]. 

Numerically, the dendrites presence in the solid PCM and subsequently the PCM permeability are modelled 

implicitly . Decrease in the Amush parameter, which considers higher DAS values and, subsequently, higher 

permeability, increases the velocity values in the mushy zone, allowing significant flow motion in that 

region. This in turn accelerates the heat transfer, through convection, at the vicinity of that area.  

As can be noticed in Figure 29b, visualization of óstructuresô resembling to dendrites can be roughly 

obtained through the dynamically refined grid, with two levels of refinement (the cell size at the area of 

refinement is almost equal to 200 ɛm). Since the DAS for Amush=105 is approximately 1 ɛm, it is expected 

that the dendrites representation can be possibly achieved explicitly, if a quite higher local grid resolution 

is adopted. This is an important outcome, since for the first time it is suggested that the enthalpy porosity 

approach coupled with an adaptive local grid method can potentially reproduce the mushy structure. 

a) 

 

b) 

          

 

             

           

Figure 30. a) Paraffin melt fraction values vs. time and b) liquid fraction contours at t= 5, 10 min. 

Figure 30a shows numerical results of the PCM melt fraction as a function of time obtained for different 

values of the Amush parameter. Those results are compared with the ones of Assis et al. model [282]. As can 

be noticed, numerical results of the current CFD model agree well with the reference paper, as long as high 

values of the Amush parameter (~109) are used. Over and above that, for this case, a limited numerical 

diffusion is achieved, whilst the melting fraction patterns bear a greater resemblance to the experimental 

visualizations of Assis et al. [282], than the cases with Amush=105 and Amush=106, Figure 30b. Therefore, in 

order to avoid excess numerical diffusion, during solidification phase, such high values are recommended. 

A
m

u
sh
=

 1
05  

A
m

u
sh
=

 1
06  

A
m

u
sh
=

 1
09

 



86 
 

It should be stressed out that with such a high value of the Amush the solid phase velocities are set equal to 

zero artificially and thus, the floating of the solid in the liquid silicon cannot be represented, because the 

solid PCM does not move. Additionally, in contrast to melting phase, the Amush parameter value does not 

play such a significant role on the PCM solidification times ï since during solidification phase, heat transfer 

through conduction is the dominant mechanism- but mostly on the induced numerical diffusion. 

 Model verification (Silicon solidification: Ultra -high temperatures) 

As a further step, the advanced CFD solidification/melting model developed in the framework of this Thesis 

is verified against other models ïCFD in another solver and 1D analytical ones- for the solidification 

process of pure silicon. The studied vessel, inside which the PCM is contained, has the shape of an inverted 

truncated-pyramid (ITP). The ITP is sealed at the top, instead of the open spherical vessel previously used 

during validation process, and, it operates at ultra-high temperatures. Such a case study is more 

representative of the final prototype design and operation that will contain silicon-boron alloys, solidifying 

and melting at ultra-high temperatures. It should be noted that validation against experimental data would 

be preferable, however, is not attainable, due to lack of such a set of data for ultra-high temperatures. 

Additionally, by modelling the pure silicon as a PCM the volume expansion phenomena that occur during 

the silicon solidification phase are taken into account that subsequently cause high pressure values inside 

the vessel and a possible cracking. This comes into contrast with a silicon-boron alloy behaviour that is 

expected not to expand, at least to that extend of silicon.  For safety reasons, and due to the fact that the 

vessel will be sealed, an inert gas is placed above the PCM to accommodate the PCM expansion ïeven for 

the case of silicon-boron alloy where a small expansion is expected. 

In the current subsection, the results of a simplified version of the currently applied rigorous CFD model, 

which does not include the PCM expansion/contractionïdesignated as Fluent1Phase model- are compared 

against the ones obtained from the respective simplified model developed by [284] in OpenFoam 

(meltFoam) solver [285] ï called as OpenFoam model. Comparison between the Fluent1Phase and 

OpenFoam models is undertaken in order to assess the enthalpy-porosity model validity against different 

solvers, i.e. Fluent vs. OpenFoam. Both models use similar settings (mesh, PCM properties, and operating 

conditions). Finally, the advanced CFD model developed in this Thesis, designated as Fluent2Phase, is 

applied and results of all models are compared. Finally, all 3-D models, i.e. Fluent2Phase, Fluent1Phase 

and OpenFoam model, are compared against an 1D analytical model developed by Datas et al. [286] in 

terms of temperature profiles and the dimensionless solid-liquid PCM interface at different time instants. 

3.4.1 Geometry and mesh layout 

The geometry and mesh layout used in the Fluent1Phase and Fluent2Phase models are depicted in Figure 

31a and Figure 31b, respectively. In both models, the ITP geometry is placed vertically. Additionally, the 

emitter, which is fixed at the lowest part of the vessel, radiates heat during the discharge process, causing 

the PCM solidification. The radiated heat is more or less dependent on the emitter temperature according 

to a study conducted by Datas et al. [286].  For this reason, a custom-UDF is applied to calculate iteratively 

for each time step the temperature dependent heat flux Q=Qe (T), equation (141), at the emitter surface. 

Finally, the upper and sidewalls of the tank are considered adiabatic during the model verification process. 

However, in real conditions, heat losses through the container walls must be assessed in order to determine 

the validity of these idealistic results. Such an analysis is presented below. 
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Apart from the similarities, some small differences are traced between Fluent1Phase and Fluent2Phase 

models as regards the geometry and mesh layout. First of all, in the Fluent1Phase model the sealed crucible 

contains only the PCM and has a height equal to 0.1 m, whilst in the Fluent2Phase model, the molten PCM 

fills 85% of the vessel and the rest of the domain is filled with an inert gas. For this reason, in the latter 

model the crucible is extended up to a height of 0.021 m to contain the inert gas, as well. Finally, in the 

Fluent1Phase model a uniform 3D coarse grid of 4356 hexahedral cells is used, as in the OpenFoam model. 

In the Fluent2Phase model, the problem is solved as axisymmetric and the adaptive local refinement 

technique -2 levels of refinement- is implemented, which results in a maximum grid size of almost 7000 

cells. Based on preliminary calculations conducted the axisymmetric problem leads to almost equal results 

as the 3D, in terms of solidification/melting rates. Therefore, in order to save computational cost the 

axisymmetric problem is preferred over the 3D for the specific heat transfer problem. 

a)  
 

 

b)  

 
 

 

 
Figure 31. Geometry and computational domain of the a) Fluent1Phase (3D) and b) Fluent2Phase 

(axisymmetric) models. Purple: emitter surface, green: axis, red: absorber, black: walls. 

It should be stressed out that in all of the applied models, the floating of the solid in the liquid silicon cannot 

be represented, because the solid PCM does not move. In a future model formulation the natural 

phenomenon of floating or sinking of the solid material inside the liquid PCM due to buoyancy forces, 

should be also taken into account, for an even more realistic representation.  
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3.4.2 Boundary and operating conditions 

The boundary conditions assigned for both the Fluent1Phase and Fluent2Phase problems are presented in 

Table 20. The equation of the heat flux at the emitter surface is the following: 

ὗ σȢρχπτὝ   πȢχφρφὝ   φȢτσψῴπςὝ   ρȢψσψυῴπυ 141) 

, where Tem is the emitter temperature.  

It should be noted that this equation is a 3rd order fit to a more complex radiative model that describes the 

radiative exchange, between an emitting surface and a TPV cell [27]. 

Table 20. CFD verification problem boundary conditions used in Fluent1Phase and Fluent2Phase models. 

 BC type Parameters Units Values 

Wall Wall Q WĀm-2 0 

Absorber Wall Q WĀm-2 0 

Emitter  Wall Q WĀm-2  Qe (T) 

 Shear condition: No slip 

The PCM-gas thermophysical properties are listed in Table 21. The silicon properties are retrieved from 

the literature [287]. In the Fluent2Phase model, a melting interval of 1679-1681 K is used, for numerical 

reasons, in order to avoid the sharp transition of the PCM properties, between its solid-liquid phases. In 

reality, in pure metals, like pure silicon, there exists no ómushyô zone [288]. Additionally, in the 1Phase 

model the silicon thermal conductivity has a sharp transition around its melting point, whilst in the Fluent 

2Phase model there is a small transition owing to the presence of the mushy zone.  

Initially, the temperature is set equal to 1680 K at the emitter and equal to 1960 K at the upper part of the 

tank. For the rest of the domain a linear interpolation of these two values is used to patch the temperature 

profile. Transient calculations are performed, with a fixed time step set equal to ȹt=0.05 s in the Fluent 

1Phase model and a variable time step (Courant number=0.2, max. ȹt=0.01 s) in the Fluent 2Phase model. 

Table 21. Gas-solid properties (gas: air, PCM: silicon) used in Fluent1Phase and Fluent2Phase model. 

Model Fluent 1Phase Fluent 2Phase 

Property PCM-solid PCM-liquid  Gas PCM-solid PCM-liquid  

ɟ, kg m-3 
2520 2520 

Compressible 

(Tait equation) 
2330 2570 

k, W m-1 K -1 20 60 0.0573 20 60 

Cp, J kg-1 K -1 1040 1040 1189 1040 1040 

ɛ, kg m-1 s-1 - 0.7484Ŀ10-3 4.96-05 - 0.7484Ŀ10-3 

Tsolidus, K 
1680 

- 1679 

Tliquidus, K - 1681 

L, J kg-1 1.8Ŀ106 - 1.8Ŀ106 

ɓth, Ⱦ-1 0.000143 - - 
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3.4.3 Results 

The model verification process has proven the accuracy of the Fluent2Phase model, for the simulation of 

LHTES systems operating at ultra-high temperatures. More specifically, from the CFD analysis it was 

revealed that for most of the simulation time results of the advanced Fluent2Phase model virtually coincide 

with that of the Fluent 1Phase, OpenFoam and 1D model in terms of solidification rates (Figure 32) and 

melt fraction contours (Figure 33). At approximately 2 hours of simulation time, the temperature results 

indicate that the solidification is terminated and afterwards the temperature decreases rapidly. Such a good 

agreement enhances the applied models validity. More specifically, it is proven that during the silicon 

solidification inside the closed shell, the dominant heat transfer mechanism is thermal conduction. A small 

deviation, of almost 4%, between the 1Phase and 2Phase model is tracked as concerns the prediction of the 

overall discharge time. Such discrepancy is mainly attributed to the fact that the solidification process in 

the 2Phase model lasts more than in the 1Phase one, due to PCM expansion. Actually, the PCM 

solidification lasts ~2 hours based on the 2Phase model results, whilst in the 1Phase model lasts ~1.9 hours.  

 

 

 

Figure 32. Comparison of the four models in terms of (a) the dimensionless solid-liquid interface location 

(Xm/L) and b) the PCM temperature at x=0 (upper part) and x=L (lower part) as a function of time. 

It is worth noticing that with the 1D and 1Phase CFD models any PCM volume changes and possible 

dendrites formation effect on the phenomenon temporal evolution are not considered; the PCM volume 

change during solidification is approximately 7%. Contrary to that, the Fluent 2Phase model predicts the 

PCM solidification process in a more realistic manner, since volume expansion is considered. By this way 

the induced pressure field is also predicted more realistically, Figure 34, since in the case of Fluent1Phase 

model, where volume expansion is not taken into account, minor increase in the induced pressure is 

predicted. In a pure heat transfer problem, such an assumption is of minor importance, however, if the 

stress-strain field should be modelled with high accuracy, volume expansion should be taken into account, 

especially when density variations between solid and liquid phases are high enough (>15%). 

Another conclusion is that in the specific problem, the silicon is contained in a rigid casing in a shape of 

truncated cone, where the direction of the smallest resistance to expansion is the axial. During the PCM 

solidification a slightly higher expansion can be observed near the PCM centreline than the one noticed 
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near the walls (Figure 33). This is reasonable since the distance between the lateral walls of the vessel 

increase with height and therefore in these areas both axial and radial expansion is observed. This 

observation cannot be predicted with the 1Phase model, where the PCM volume change is not modelled. 

 t = 0 min t = 30 min t = 60 min t = 120 min 

 

OpenFoam 

    

Fluent 

1Phase 

    

Fluent 

2Phase 

    

Figure 33. Contours of the a) OpenFoam b) Fluent1Phase and c) Fluent2Phase CFD model melt fractions 

(t=0, 30, 60 and 120 min). (Blue: solid phase, red: liquid PCM+ inert gas (In the 2-phase model these 

two phases are distinguished through a line at the interface between gas-PCM). 

Finally, it is observed in Figure 34 that in the closed PCM shell case the pressure profile is almost 

homogeneous at each time instant. The induced pressure values increase as the PCM volume increases 

during solidification process, almost up to 5-6 bar. Therefore, it is suggested that apart from the inert gas 

above the PCM, a release valve should be also added in the final prototype design to ensure that no high 

pressures are induced inside the vessel. Such pressures can be even higher in case of an uncontrollable 

reaction of the PCM with the crucible, due to ultra-high temperatures. Similar observation for the pressure 

increase during silicon solidification can be also found in [289]. 

a) 

 

b) 

 
Figure 34. Pressure field predicted inside the sealed vessel by a) the Fluent2Phase model (volume 

expansion of almost 7%), and b) the Fluent1Phase model (volume expansion is neglected). 

Concluding, many aspects of the real phenomenon are neglected in the 1D and 1Phase CFD models. The 

1-D model can be considered a valuable tool for the PCM casing design, especially during the earlier design 

VPCM = Vtot = 0.707 l 

VPCM = Vtot = 0.707 l 

VPCM= 0.762 l VPCM= 0.740 l VPCM= 0. 725 l VPCM = 0.707 l 

Vtot= 0.833 l 
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stages, as it can quantify very fast important design parameters, without high error. On the other hand, the 

advanced CFD 2Phase model should be applied for more complicated applications, characterized by high 

gradients of different properties, and for the more realistic representation of the solidification process in the 

case of more complex and promising designs. In addition, operating parameters that cannot be easily 

predicted from 1D models, such as pressure distribution, thermal stresses, thermal losses etc., can be 

described in a more detailed manner. Thus, the 3D numerical solution of the transient PCM phase change 

process is more accurate than the 1D solution and can be used in different engineering conditions. 

 Parametric study A: Vessel shape/size effect 

3.5.1 Geometry and mesh layout 

Following its validation the CFD model is applied for the numerical study of Si solidification/ melting 

process at ultra-high temperatures (~1400 oC) inside a novel electric-TES system, described in [27]. Five 

different TES design concepts are studied (Figure 35), i.e. sphere, cut-off sphere, cylinder, truncated cone 

and cube, with the same volume (Vvessel = 3.75Ŀ10-3 m3) and emitter surface (AEm=2.25Ŀ10-2 m2)ïvessel 

bottom area where the heat extraction occurs during discharging. All the tested geometries are created in 

ANSYS DesignModeller and they are sealed from the top. 

 

 

Figure 35. Physical models of the studied geometries: (a) cut-off sphere, (b) sphere, (c) cylinder, (d) 

truncated cone and (e) cube. Red: emitter, green: axis, Blue: sidewalls. 

The applied grid methodology follows the local grid refinement method with two refinement levels, as in 

the model validation case. Table 22 provides information on the number of cells required to achieve the 

sharp gas-PCM and solid (PCM)ïliquid (PCM) interface by using either the local grid refinement technique 

or an equivalent uniform dense grid of the same grid resolution near the interfaces.  

Table 22. Mesh details for the different geometries tested. 

Design Grid   # Cells  # Cells of equivalent dense grid Problem 

Cube 2 Lev. ref. ~7.5Ŀ105 ~3Ŀ106 3D 

Cylinder 2 Lev. ref. ~1.6Ŀ104 ~7Ŀ104 Axisymmetric 

Cone 2 Lev. ref. ~1.1Ŀ104 ~4Ŀ104 Axisymmetric 

Cut-off sphere 2 Lev. ref. ~1Ŀ104 ~4.9Ŀ104 Axisymmetric 

Sphere 2 Lev. ref. ~1.1Ŀ104 ~5.9Ŀ104 Axisymmetric 
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3.5.2 Boundary/Operating conditions 

The problem boundary conditions imposed on the five tested geometries during Si melting are presented in 

Table 23. More specifically, the container sidewalls are heated at a uniform temperature equal to 1707 oC. 

The emitter is insulated during melting, as the device is in ñchargingò mode, thus, no heat loss conditions 

are considered there. Additionally, the contact resistance Rc is set equal to zero, following the assumption 

that there is not an additional air gap between the walls and the PCM and a no slip boundary condition is 

set at the solid boundaries, as in the work of Assis et al. [43]. The wall thermal resistance, Rth,w, is considered 

equal to the one used in the model validation case. However, in ultra-high temperature LHTES systems, 

crucibles of lower Rw (such as ceramic materials) are used.  

Initially, the PCM occupies the 92% of the domain, which is sub-cooled with a temperature 10 degrees 

lower than the PCM melting point, i.e. 1413 oC.  

Table 23. Boundary conditions imposed during the study of vessel shape effect on Si melting. 

 BC type Parameters Units Values 

Sidewalls 

Wall 

TW oC 1707 

Rth,W m2 K W-1 0.0025 

Rth,c m2 K W-1 0 

Emitter  Wall QEm W m-2 0 

 Shear condition at walls: No slip 

Axis Symmetry 

The PCM solidification process is simulated shortly after its melting phase. In this case, heat is extracted 

from the vessel bottom part, making the dominant heat transfer direction the vessel axis. A uniform 

temperature is set at this surface equal to 1097 oC, whilst zero heat losses are considered at the sidewalls, 

Table 24. Initially, the molten PCM fills 86.2 % of the domain, due to its contraction after melting. 

Additionally, the whole domain is patched with temperature 5 degrees greater than the PCM melting point. 

In both phases, transient calculations are performed, with a variable time step size (courant number =0.2). 

Information on the discretization schemes and the gas-silicon properties can be found in [232] and in Sub-

section: Model verification (Silicon solidification: Ultra-high temperatures). 

Table 24. Boundary conditions imposed during the study of vessel shape effect on Si solidification. 

 BC type Parameters Units Values 

Emitter 

Wall 

TW oC 1097 

Rth,W m2 K W-1 0.0025 

Rth,c m2 K W-1 0 

Sidewalls Wall QW W m-2 0 

 Shear condition at walls: No slip 

Axis Symmetry 

3.5.3 Results 

Figure 36 shows contours of silicon liquid fraction for the five geometries tested. As can be noticed, a 

gradual melting of the PCM occurs from the side to the bottom region at each case. Additionally, the solid 

material is free to float in the PCM-air interface, thus forcing the liquid silicon aside to a downward 

movement and in return producing a more rapid melting due to natural convection. This phenomenon 
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observed is the opposite of paraffin wax, which sinks during melting process, whilst its melting is mainly 

favored in its upper region, due to the molten PCM upward movement. 

More specifically, in the beginning of the melting process, the solid silicon is in direct contact with the 

container walls. During the first seconds of the PCM melting at t=1 min, a thin liquid region of 

homogeneous shape ïa shape similar to that of the heated sidewalls- is formed around the solid phase. This 

indicates that the dominant mechanism during the initial stages of the melting process is the heat transfer 

via conduction. Later on, as the liquid region grows more and more over time, natural convection becomes 

more pronounced, influencing the melting shape of the PCM.  

 

a) b) c) d) e) 

     

 

    

Figure 36. Melt fractions contours at t=1, 20 min for the: a) cube, b) cut-off sphere, c) sphere, d) cylinder, 

and e) truncated-cone. (Green: axis, yellow: sidewalls and black: emitter). 

The quantified evolution of the melting fraction with time for all designs tested is presented in Figure 37a. 

It can be inferred that the melting process is the slowest in the sphere (~40 minutes) and the fastest in the 

cube and truncated cone (~ 26-28 min), due to the smaller or larger heated surface, which undermines or 

enhances the heat transfer process, respectively. Actually, cube and cone are 25 % and 21 % quicker than 

the sphere, respectively. It is highlighted that even if the cubic shape seems advantageous, it should be 

noted that during solidification and storage processes the PCM is expected to experience the highest thermal 

losses, since it has the highest surface area per unit volume. 

Figure 37b, shows the Si solidification rates for the five studied geometries. The solidification process is 

the slowest in the cone (~280 minutes) and the fastest in the cut-off sphere (~ 140 min), due to its smaller 

or higher height, Figure 35, which undermines or enhances the heat transfer process, accordingly. The 

vessel height plays an important role in this heat transfer problem in a sense that the heat is extracted from 

the bottom of the vessel, making the dominant direction of the heat transfer the vessel axis. Actually, a 

maximum difference of almost 50% can be observed in the solidification times, between the cut-off sphere 

and the truncated-cone ïthe truncated-cone height is almost two times higher than that of cut-off sphere. In 

between these two geometries, lie the cube, sphere and cylinder, which almost have the same height.  
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liquid 

solid solid 
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air 
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a) 

 

b) 

 
Figure 37. a) Melt and b) solid fraction values versus time for the different geometries tested. 

Indicative values of the lateral heat losses during thermal energy storage period of the studied geometries 

are also reported. In all cases ambient temperature conditions are considered, whilst insulation of small 

thermal resistance å0.002 m2 K W-1 is considered. At t=0 s all geometries are patched with a temperature 

equal to 2000 oC. As can be noticed in Table 25 the dominant parameter that affects system heat losses 

during storage period ïfor a specific insulation method- is its exterior surface to volume ratio. Therefore, 

the spherical design, with the lowest surface to volume ratio, is the most favourable in terms of heat losses 

and is followed by the cylinder and the truncated cone. The cubic design is the worst case, since it has the 

highest lateral surface to volume ratio, resulting in the highest lateral heat losses, accordingly.  

Table 25. Indicative heat losses for the different shapes tested during storage period. 

Design Outer Surface (m2) Lateral heat losses* (kW) Qloss (kJ)*  

Cube 0.135 ~ 86.5 ~ 5868 

Cylinder 0.1248 ~ 80 ~ 5517 

Truncated Cone 0.1296 ~ 84 ~ 5720 

Cut-off sphere 0.1296 ~ 85 ~ 5756 

Sphere 0.1088 ~ 73 ~ 4891 

* At t=60 s after the start of simulation 

Taking all into account, the cut-off sphere is the optimum shape among the ones tested, as concerns thermal 

losses, and charge/discharge rates, Table 26. Apart from this, such a design eliminates the structural tension 

as it redirects the gravity force or compression forces, downwards in multiple directions. Additionally, its 

lateral surface, from where heat losses are expected is rather moderate, compared to the rest of the cases 

tested. The most advantageous, considering stresses and thermal losses, but not so much as regards charge 

rates, is the sphere. Both geometries would be interesting to construct and test their performance in a 

compact P2H2P concept; however, the vessel integration in the whole system might be difficult. An 

alternative option to these and easier and more flexible to construct for such an application is the truncated 
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cone, which also results in high melting rates and moderate heat losses. Its solidification rates even though 

they are the lowest compared to the rest of the designs tested can be further reduced by altering its tapering 

ratio (bottom to upper surface ratio). 

Table 26. Classification of the different designs tested from the most to the least optimum in terms of a) 

solidification and b) melting rate and c) heat losses during thermal energy storage period. 
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Solidification rate Melting rate Minimum Qloss during TES 

Cut-off sphere Cube 

Truncated Cone 

Sphere 

Sphere 

Cylinder 

Cube 

Cylinder 

Cut-off sphere Truncated Cone 

Cut-off sphere Cylinder 

Truncated Cone Sphere Cube 

 Parametric study B: Heat losses effect 

Following the study on the vessel shape effect on the PCM solidification/melting process, under the 

assumption of adiabatic conditions, the Fluent2Phase model is applied to study in a more detail ïand with 

the more realistic scenario of including heat losses- the ITC design. The reason for such a choice is that the 

truncated-cone can be fabricated more easily compared to other novel designs suggested in this Thesis, such 

as sphere and cut-off sphere. Another advantage of the ITC compared to similar ones, such as the inversed 

truncated pyramid, is that it does not have sharp corners, reducing, thus, the local stresses and any possible 

risks of mechanical failure in these areas. An alternative solution to ITC is the cylindrical design, which 

will be also studied briefly. Several vessel geometries, volumes and insulating materials are investigated. 

3.6.1 Numerical cases examined 

Regarding the vessel insulation, two methods have been tested, Figure 38. In the first one, only graphite 

fiber mat- GFM (Case 1A, Table 27) is used. In the second one, GFM is utilized as an inner layer and 

fumed silica board-FSB as an outer layer (Case 2A-4A, Table 27). Data concerning materials thermal 

properties are retrieved by [290]. Their values have been calculated by taking into account both thermal 

conduction and radiation through the insulating materials. The geometry used in this set of cases studied is 

the ITC design with a tapering ratio (TR) ïemitter to absorber surface ratio- equal to 0.45 and a reference 

volume V equal to 8.326e-04 m3  (Case 1B, Table 28). The cases simulated are presented in Table 27. 

Table 27. List of cases studied regarding the container insulating layers effect on system heat losses. 

* Insulating materials thermal resistance at a temperature T=1680 K. 

Case # Layers bGFM [m]  bFSB [m]  Rth,total,1680
* [m2 KĀW-1] Phase studied 

Case 1A 1 0.03 - 0.1179 Charge/ Discharge 

Case 2A 2 0.03 0.06 1.88 Charge/ Discharge 

Case 3A 2 0.06 0.09 2.88 Discharge 

Case 4A 2 0.1 0.15 4.80 Discharge 

As concerns the vessel geometry, the following cases have been investigated: 

A. During system charge/discharge, Table 28: 

I. Different vessel volumes V (Case 1B), V/2 (Case 2B) and V/4 (Case 3B); 

II.  Different vessel tapering ratios [TR=1 (Case 5B-6B), 0.45 (Case 1B), 0.225 (Case 4B)], 

by keeping the latent heat storage system volume constant equal to V. 
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Table 28. List of cases studied regarding the container design effect on LHTES system performance. 

Case V [m3] A
em 

[m2]
 

Aabs [m
2] Awall [m2] H [m]

 
Shape

 
Phase studied 

Case 1B 0.0008326 0.0045 0.01081 0.03456 0.1121 ITC Charge/ Discharge 

Case 2B 0.0004163 0.0045 0.01081 0.01813 0.0560 ITC Charge/ Discharge 

Case 3B 0.0002081 0.0045 0.01081 0.01058 0.0280 ITC Charge/ Discharge 

Case 4B 0.0008326 0.0045 0.02054 0.03130 0.0721 ITC Charge/ Discharge 

Case 5B 0.0008326 0.0045 0.0045 0.0440 0.185 Cylinder Charge/ Discharge 

Case 6B 0.0008326 0.01081 0.01081 0.02839 0.077 Cylinder Charge/ Discharge 

B. During storage period: 

I. Different ITC volumes (V, V/2, V/4, 2V and 4V), Table 30. In this set of cases tested (Table 28), 

insulating method of two layers (Case 2A, Table 27) has been used. 

3.6.2 Geometry and mesh layout 

The vessel geometry ïvolume V and TR ratio equal to 0.45- and discretised domain used during insulating 

layers parametric study are depicted in Figure 38a and Figure 38b, respectively. The ITC geometry is 

placed vertically and contains silicon as a PCM. At its bottom, the emitter of the TIPV converter is fixed, 

coming into direct contact with the molten silicon. During system discharge, the TIPV anode, which 

comprises a thermionic and a photovoltaic cell, is patched to the system and is irradiated by the emitter, 

producing electricity. This radiated heat, which is more or less dependent on the emitter temperature -

Q=Qem(T), eq. (141) - causes the PCM solidification. During charge or TES period, the TIPV converter 

anode is dispatched from the system, insulating materials are placed on the vessel bottom part and, as a 

result, the emitter stops radiating heat. Other surfaces in the vessel include lateral and upper walls, 

designated in this analysis as walls and absorber, respectively. 

a) 

 

b) 

 
Figure 38. a) Cases investigated during the insulating layers parametric study and b) computational 

domain (purple: emitter surface, green: axis, red: absorber, black: walls). 

Figure 39 depicts the mesh layouts of the different geometries tested. The adaptive grid local refinement 

technique [94] is applied in order to capture the sharp gasïPCM and solid-liquid interfaces. This technique 

results in a maximum grid size of almost 20,000 quadrilateral cells, in all cases. The refined grid comprises 

elements of maximum and minimum cell volume equal to 3Ŀ10-7 m3 and 10-11 m3, respectively. 

▌ᴆ

“ὶ 
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Figure 39. Mesh layout of the studied geometries: a) Case1B, b) Case4B, c) Case5B and d) Case6B. 

3.6.3 Boundary and operating conditions 

Solidification/ melting process 

In Table 29 are presented the boundary conditions assigned during the system charge/discharge. More 

specifically, during discharging, the heat flux at the emitter surface follows the temperature dependent 

equation (1). The rest of the surfaces (wall, absorber) are insulated, whilst a temperature equal to 300 K is 

considered at the system exterior surface, assuming that the temperature there tends to homogenize to the 

ambient one (study of worst case scenario). During system charge, the temperature at the lateral walls, 

where the heater is placed, is defined equal to Twall=2000 K. At the rest of the surfaces (emitter, absorber), 

a temperature equal to 300 K is considered at the system exterior surface.  

The PCM-gas thermo-physical properties are retrieved from [232]. Its melting and solidification points are 

equal to 1681 K and 1679 K, respectively. During system discharge, the temperature is initially (t=0) set 

equal to 1680 K at the emitter and equal to 1960 K at the absorber. For the rest of the domain a linear 

interpolation of these two values is used to patch the temperature profile. The PCM melting process is 

simulated shortly after its solidification phase. Initially, the solid PCM fills 92 % of the vessel, to avoid any 

problems due to its expansion after melting. In this phase, the PCM subdomain is patched with a 

temperature 140 degrees lower than its melting point. 

Table 29. CFD problem boundary conditions used during system charge/ discharge phase. 

  BC type Parameters Units Values 
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Wall/ Absorber 

Wall 

T K 300 

Rinsulation m2 KĀW-1 Varying, (Table 27) 

bvessel m 0.01 

kvessel WĀm-1ĀK-1 12.5 

Emitter Wall Q  WĀm-2 Qem (T), eq. (141) 
 

M
e

lt
in

g
 Emitter/ Absorber Wall T K 300 

Rinsulation m2 KĀW-1 Varying, (Table 27) 

Wall Wall Twall K 2000 

bvessel m 0.01 

kvessel WĀm-1ĀK-1 12.5 

Storage period 

In order to study and estimate how much time will pass until the vessel loses completely its contained 

energy in the form of latent heat during storage period the different concepts tested are patched at 2000 K. 

▌ᴆ 
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All the walls (including at the emitter) are insulated following the insulating method presented in Table 27 

(Case 2A). Since the storage period lasts more time than charge/discharge phase, more realistic boundary 

conditions have been imposed at the system outer surface. Therefore, an ambient temperature of 300 K has 

been considered, whilst both convective and radiative heat losses to the environment are calculated. A value 

of a convective heat transfer coefficient equal to 20 WĀm-2ĀK-1 and external emissivity equal to 0.3 are set 

to the system exterior surfaces. 

3.6.4 Results 

 Insulating layers effect 
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Figure 40. Comparison of the melt fraction contours at t=30, 60 and 90 min for a) Case 1A, b) Case 2A, 

c) Case 3A and d) Case 4A (Red: gas-PCM liquid phase, blue: PCM solid phase, dashed black line: gas-

PCM interface). 

In Figure 40, are depicted contours of the silicon melting fraction inside the crucible for the different 

insulating layers tested. As can be noticed, in all cases a gradual solidification of the PCM occurs from the 

bottom to the upper region of the vessel, owing to heat release from the emitter. What differentiates each 

case is the heat losses from the vessel sidewalls and upper part, due to different insulating 

materials/thicknesses applied, which can affect the system performance. More specifically, it has been 

revealed that, for the specific operating conditions examined, in order to have an optimum system 

performance, an insulation of a total mean thermal resistance Rth at least equal to 2 m2ĀKĀW-1 is needed to 

avoid excess heat losses. In any other case, it has been observed that the heat losses from the sidewalls are 

considerably high, almost comparable to the heat flux coming out from the emitter Qem (from Qloss/Qemå6.5 

% for Rå2 m2ĀKĀW-1, up to Qloss/Qemå65 % for Rå0.1 m2ĀKĀW-1). In this case, a discrete solid phase is formed 

near the sidewalls, and a thin crust at the upper part of the PCM, near the PCM-inert gas interface. Due to 

these formations, there is high risk of entrapping liquid PCM inside the solid PCM that can potentially 

cause high pressure values inside the crucible. This tendency can be observed in Figure 40a, 30 minutes 

after the initiation of solidification process. In any other case, i.e. Qloss<<Qem, such formations are not 
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observed, but rather a ñcrust likeò mushy region of the PCM at the sidewalls and the PCM upper part, and 

only during the final stages of silicon solidification -almost 1 h after the initiation of solidification process 

(Figure 40b,c and d). 

a) 

 

 

b) 

 

           
Figure 41. a) Solid fraction values and b) heat losses vs. time for the different insulating layers tested. 

Finally, the high lateral heat losses, can affect negatively the total power output. This fact is proven in Case 

1A, where the power output is lower than in the rest of the cases studied. Therefore, the total heat released 

during system discharge is considerably lower in Case 1A than in Cases 2A-4A (Qemå-2.3E+03 kJ in Case 

1A, whilst Qem~-3.5E+03 kJ for the rest of the cases studied). Nevertheless, due to the decreasing 

temperature difference between the PCM and the environment, as the PCM solidifies, and the increasing 

values for R as the temperature drops, the heat loss reduces as the time goes by, Figure 41b. Such a fact is 

more evident for Case 1A, Figure 41b. 

  a)

 

b) 

 
Figure 42. a) Melt fraction values and b) heat losses vs. time for the different insulating layers tested. 
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During system charge, a proper insulation must ensure quick melting rates, as the ones obtained under 

adiabatic conditions, since in any other case the excess heat losses from the sidewalls might slow down the 

melting process. During this phase, a minor effect on the system heat losses has been observed for values 

of R equal or higher than 0.1 m2ĀKĀW-1. The main reason behind that is that in this case the incoming heat 

from the sidewalls, Qwall, is considerably higher than Qloss, Figure 45b, maintaining the high charging rates 

that would be achieved under adiabatic conditions, Figure 45a.  More specifically, in Case 2A the Qwall/Qloss 

ratio is almost equal to 103 at the beginning of the process and drops down to 102 at the end of it. Similarly 

in Case 1A, the the Qwall/Qloss ratio takes values within the range of 101 -102. However, it is expected that 

for lower Qwall values, comparable to the lateral heat losses, the melting rate will decrease. 

 Vessel tapering ratio/ size effect 

3.6.4.2.1 Charge/ discharge phase 

From the analysis, it has been revealed that the system performance during charge/ discharge phase highly 

depends on key parameters, such as the vessel volume/ storage capacity, tapering ratio and emitter surface. 

More specifically, for geometries of the same volume (Cases 1B, 4B-6B), the solidification time increases, 

when their height increases accordingly, since during discharging the dominant direction of heat transfer is 

the vessel axis. For this reason, the quickest solidification is observed in Case 6B (tdischarge=0.72 h) and the 

slowest in Case 5B (tdischarge=2.56 h), which have the lowest and highest height, respectively, of all 

geometries tested, Table 28. In particular, in Case 6B the solidification time is almost 70 % quicker than 

in Case 5B. Moderate solidification rates are noticed in Cases 1B and 4B (ITC with a TR=0.45 and 0.225). 

By comparing these two, it is observed that the ITC with a TR equal to 0.225 (Case 4B) solidifies almost 

17 % quicker than that with a TR=0.45. 

  a) 

 

b)  

 

Figure 43. a) Solid fraction and b) melt fraction values for the different geometries tested. 

The opposite trend is expected during the PCM melting period, Figure 43b, since the heat in this concept 

comes from the sidewalls. In this case, for the same vessel volume, the higher the height, and therefore the 

larger the sidewall surface, the quicker the PCM melts. This is the reason why Case 5B -cylinder with a 

side wall surface equal to 0.044 m2, almost 1.3 times bigger than the reference case (Case 1B)- melts quicker 

than all cases tested. On the other hand, the slowest melting rate can be noticed in Case 6B, where the vessel 








































































































































































































































































































































