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Abstract — This paper assesses the energy performance of a
FeSiB-based latent heat thermophotovoltaic (LHTPV) system
coupled with beam-down concentrated solar power (CSP) optics
targeting for ultra-high temperature energy storage and
conversion (~1250 °C). The basic unit is a compact device
consisting of a charging (CSP), a storage (LHTES) and a heat-to-
power conversion (TPV) system that can be replicated to form the
CSP-LHTPV system, though a bottom-up approach. At such
unprecedented temperatures, critical operating parameters,
including excess heat losses arising mainly through the LHTES
system walls and solar aperture, should be determined within all
four possible operating modes, i.e. charging, discharging,
simultaneous charging/discharging, and storage modes. A
validated transient three-dimensional computational fluid
dynamics (CFD) model is applied in ANSYS Fluent v22.R2
platform to give insights on the system thermal performance and
prove its operability under various insulating methods (with
thermal resistances within ~0.1-0.85 m?’K/W). Based on the
thermal analysis, the proposed concept meets several desirable key
performance indicators, including solar concentration flux of >
1000 suns, input power within 10-20 kWwm, and charging/
discharging period of 1-2 h / 4-8 h, paving, thus, the way as a
competitive highly-efficient renewable energy technology.

I. INTRODUCTION

The urgent need for decarbonization necessitates a global
switch towards clean energy alternatives. At the forefront of
this ‘green energy’ transition is CSP technology, which
although potent it suffers from the intermittency of solar
energy. Thermal energy storage (TES) is a game changer
technology, essential for optimizing the use of CSP, owing to
its ability of directly storing concentrated solar energy in the
form of heat, which can be converted into electricity on
demand. By integrating TES into CSP plants the overall energy
efficiency and dispatchability can be improved drastically.
Therefore, by conceiving innovative TES concepts the
deployment of CSP technology will be accelerated.

This paper presents a conceptual design of a CSP-LHTPV
system targeting for energy storage and electricity generation at
ultra-high temperatures. First, we describe the concept idea, and
then we conduct a thermal assessment on the LHTES system as
a core element of this concept. Operation at such temperatures
provides higher efficiency ratios in TPV and LHTES systems,
as they offer up to 10 times the storage capacity of molten salt-
based storage. Through our analysis, we prove the system
operability under targeted operating parameters and selected
materials, addressing at the same time any challenges that might
limit its efficiency, with the most critical ones being the thermal
losses from the solar absorber and the LHTES sidewalls.
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Fig. 1. CSP-LHTPV concept.

II. CONCEPT IDEA

The envisaged CSP-LHTPV system uses advanced beam-
down concentration solar optics that collect the solar radiation
and then distribute it to the modules by means of a flux splitter
with adjustable mirrors. Each module contains (4) solar
absorbers (charging system), (4) PCM crucibles (storage
system) and (1) TPV converter (discharging system) in a
compact design, which is replicable in order to construct the
CSP-LHTPV concept through a bottom-up approach. The
system is designed so that only its upper and bottom parts lose
any thermal heat to the ambient. The rest of the surfaces re-
radiate to each other through surface-to-surface radiation. Four
operating modes are identified, two during daytime and two
during night-time. Mode A: Simultaneous Charge/Discharge
(Daytime). Solar radiation is heating through the absorber the
crucibles sidewalls (charging), whereas the TPV is patched to
the system, producing power simultaneously (discharging).
This mode involves additional losses from the solar aperture to
the ambient. Mode B: Charge-only (Daytime). The system is
charged likewise Mode A, but the TPV is dispatched (OFF). As
in Mode A, additional losses originate from the solar aperture.
A thermal insulation cover is placed on top of the TPV to avoid
excess heat losses from the crucible sidewalls towards the
hollow area left by the TPV removal. Mode C: Discharge-only
(Night-time). The heat in the crucibles is being discharged
through the TPV, whereas the crucibles are retracted from the
solar apertures to avoid re-emission losses. Mode D: Storage-
only (Night-time). The TPV is OFF and the system acts as a
storage system. In this mode, the insulating method plays a key
role on how much time the system will sustain its energy.



TABLE I: SUMMARY OF STUDIED CASES (BLUE: DEVIATION FROM ADIABATIC CONDITIONS LESS THAN 10 %)

Insulating Method Charging Discharging Charging- Storage
0 Discharging
Name Rtr21 1200 © teharge [N] / |Qioss/Qin| 1 (%) tdischarge [N]/ Qioss/QTpPv t[h]/ Qioss/Qin| tstorage [h]
[m? K/ W]
dev [-] dev [-] dev [-]

Adiabatic-ldeal 0 0.89 - 100 - - 1.35 - -
Adiabatic oo 1.20/ 0 % - 68.54 3.84/0 % 0 2.30/ 0 % - -
GFM:2 cm 0.092 1.34/ 12 %| 0.1 61.37 |3.12/18.61 % 0.27 3.71/61% | 0.102 11.14
GFM:6 cm 0.276 1.27/6 % | 0.056 | 64.71 |3.38/12.07 % 0.15 2.62/14 % | 0.055 19.84
GFM:10 cm 0.460 1.25/4% | 0.048 | 65.41 | 3.43/10.64 % 0.12 2.59/13 % | 0.046 24.04
GFM:8 cm-FSB: 2 cm 0.660 1.24/ 3% | 0.043 | 65.76 3.46/ 9.86 % 0.11 24717 % 0.042 27.09
GFM:6 cm-FSB: 4 cm 0.850 1.24/3% | 0.041 | 65.93 3.48/9.34 % 0.10 2.45/7 % 0.040 28.81

tcharge/ tdischarge: phase changing time. dev: Deviation from “adiabatic conditions”
tstorage: time needed before the system loses its stored latent heat (~6.88 MJ) plus a small share of sensible heat ~0.6 MJ
Quoss: LHTES system losses, Qin: Incoming thermal flux to the LHTES system, n: overall efficiency (Qin-Qioss/Qin,ideal

III. LHTES SYSTEM THERMAL ASSESSMENT

The CFD model used to simulate the phase changing process
has been already validated in [1]. In this method, the PCM
(FeSiB alloy) liquid fraction (LFR) varies from O (solid) to 1
(liquid) during phase change. Appropriate boundary conditions
are set at the crucible (graphite) faces based on the operating
mode simulated to consider system losses. In Modes A & B, the
domain is sub-cooled 100 °C below the melting point (onset) of
FeSiB alloy (T¢=1122 °C). In modes C & D, the domain patched
100 °C over the melting point (end point) (To=1349 °C).

IV.RESULTS AND DISUSSION
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Fig. 2. a. Charging efficiency and b. Charging/Discharging rates.

Mode A/B: It has been revealed that the losses originating
from the solar aperture determine most the system storage
efficiency than those in the LHTES upper/bottom part (Fig. 2a).
Even under adiabatic conditions (purple line), as the system
temperature increases, the storage efficiency decreases
drastically from 80% at the beginning of the charging phase
(~1122 °C) to less than 60 %, when the PCM is completely
melted. As the temperature increases more, the charging

efficiency reduces accordingly. Notably, the incoming power
per module is almost equal to ~5 kKW per solar aperture, under
realistic conditions, meeting one of the desirable KPIs. Mode
C: Under adiabatic conditions, the KPI of discharging 4 hours
is almost met (~3.84 h). Applying a thermal insulation of
Rin>0.46 m?K/W will reduce substantially the induced losses
and improve the system discharging time (Fig. 2b). The same
applies for Mode D, for which for Ri> 0.46 m2K/W the system
storage capacity can reach over 24 hours (Table I).

V. CONCLUSIONS

This work has assessed a CSP-LHTES concept, currently
being developed within the framework of SUNSON Project. It
has been demonstrated that the proposed concept complies with
several targeted KPIs, including the operating temperature
(~1250 °C), incoming power per module (~5 kW per solar
aperture, under realistic conditions), and, predicted charging/
discharging times (~1 h charging and ~ 4 h discharging), when
an appropriate insulation method is applied (with a thermal
resistance of at least ~0.46 m?>K/W). Furthermore, it has been
demonstrated that for the specific design and materials selected
the insulating method affects more Modes A, C and D. Even
still, during Mode A and B the lateral heat losses play a less
important role if to be compared with the solar aperture losses.

ACKNOWLEDGEMENTS

SUNSON project has received funding from Horizon Europe
Research and Innovation Action programme under Grant
Agreement n° 101083827. Funded by the European Union.

REFERENCES

[1] Zeneli, M., et al., Numerical simulation of a silicon-based latent
heat thermal energy storage system operating at ultra-high
temperatures. Applied Energy, 2019. 242: p. 837-85



