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Abstract. Starting in January 2017, AMADEUS (www.amadeus-project.eu) is the first project funded by the European
Commission to research on a new generation of materials and solid state devices for ultra-high temperature energy
storage and conversion. By exploring storage temperatures well beyond 1000 °C the project aims at breaking the mark of
~ 600°C rarely exceeded by current state of the art thermal energy storage (TES) systems. AMADEUS Project, through a
collaborative research between seven European partners, aims to develop a novel concept of latent heat thermal energy
storage (LHTES) systems with unprecedented high energy density. One of the main objectives of the project is to create
new PCMs (phase change materials) with latent heat in the range of 1000-2000 kWh/m?, an order of magnitude greater
than that of typical salt-based PCMs used in concentrated solar power (CSP), along with developing advanced thermal
insulation, PCM casing designs, and novel solid-state heat to power conversion technologies able to operate at
temperatures in the range of 1000-2000 °C. In particular, the project will investigate Silicon-Boron alloys as PCMs and
hybrid thermionic-photovoltaic (TIPV) devices for heat-to-power conversion. This paper describes the project R&D
activities and the main results that have been attained during the first 6 months of work. This includes the first wettability
and solubility analysis of liquid Si-B alloys, the numerical simulation of silicon phase-change and heat loss analysis
through thermal insulation cover, as well as the first steps for the realization of the two main AMADEUS proof-of-
concept experiments: the TIPV converter, and the full LHTES device.
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INTRODUCTION

Solar thermal energy storage based on very high melting point PCMs, such as pure silicon and boron (melting
points of 1414 °C and 2076 °C), plus solid state energy conversion has been proposed theoretically in the past [1]-
[5], the main motivation being the extremely high latent heat and thermal conductivity of these PCMs if compared
with salt-based materials. Figure 1 (a) shows the latent heat of fusion of different materials as a function of the
melting temperature, illustrating the particular potential of silicon (1230 kWh/m?®) and boron (2680 kWh/m®), having
latent heats an order of magnitude greater than that of typical salts used in CSP such as NaNO; (110 kWh/m?) and
KNO; (156 kWh/m?). Actually, silicon and boron PCMs provide higher storage energy densities than most forms of
energy storage, including electrochemical batteries and pressurized hydrogen (Figure 1a).

The obvious technological challenge is the very high operation temperature, especially concerning the heat-to-
power conversion system. Maximum operation temperatures of conventional dynamic closed-cycle engines such as
closed-Brayton, Stirling and Rankine, are typically well below 1000 °C [6]. This is mostly because of the very
serious concerns with the working fluid stability and structural mechanical strength of the engine steel parts at high
temperatures. On the contrary, solid state converters, such as thermionics (TI) [7] and thermophotovoltaics (TPV)
[8], [9] are perfectly suited for such high temperatures, mainly because they are based on the direct emission of
electrons and photons through a vacuum space, eliminating the need of working fluid and moving parts. AMADEUS
project represents the first attempt to develop latent heat thermal energy storage (LHTES) based on ultra-high
temperature PCMs and solid state heat-to-power converters.

AMADEUS PROJECT OBJECTIVES

Under the coordination of IES-UPM, AMADEUS, counts with the participation of seven European partners with
experience in the fields of high temperature materials (NTNU and FRI), fluid-dynamics and finite elements analysis
(CERTH), thermal insulation (USTUTT), and solid state heat-to-power conversion based on thermionics (CNR and
Ionvac) and photovoltaics (IES-UPM). The project is divided in two main blocks (Figure 1b): high temperature heat
storage, and high temperature energy conversion. Both blocks will thoroughly investigate each part of a system that
will be eventually built and tested at the end of the project. To that end, the technologies that are investigated are:

e Novel PCMs based on the silicon-boron system with ultra-high melting temperature and latent heat.
e  Novel refractory lining composites based on carbides, nitrides and oxides for the PCM container walls.
e Advanced thermally insulated PCM casing enabling small heat losses.
e Proof of concept of a novel hybrid thermionic-photovoltaic (TIPV) device [10].
e  Proof of concept of the final complete LHTES device comprising the elements described above.
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FIGURE 1. (a) Latent heat of fusion of different materials as a function of melting temperature compared with the energy
density of other storage technologies, (b) sketch of the final AMADEUS storage system.
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AMADEUS project has a budget of 3.3 M€ for the next 3 years and the final aim is to demonstrate the proof-of-
concept of this new energy storage and conversion concept.

SEB afoy Gacty
¢
! v ¥ T =5 ; e
3 3% iquid
5000 |- 7 - B _
— &7 | Si ==
— - ]
4300 + Liquidus R e /g? 20968 | ‘
temperatures ——"— e
¥ S~ ] 080 | | 1
4000 ‘ L aeva—]

Solidus
3500 |
060 | ‘

Enthalpy (1)

Mass (g)

3000

2500

2000

1500 S B.Si |
BN(s) \ el |
1000 ; . . 0 : Py [, ‘ . . .
1200 1300 1400 1500 1600 1700 1800 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Temperature ("C) Temperatare ("C)

FIGURE 2. (a) The enthalpy changes for Si and selected Si-B alloys at elevated temperatures. (b) The calculated stable phases
for the interaction of one gram Si-10%B alloy with 0.1 g Si3Ny crucible at different temperatures.

ULTRA-HIGH TEMPERATURE HEAT STORAGE

This section describes the Project activities on the heat storage block (see Figure 1b). This includes SixB1.
PCM, PCM-container interaction, heat transfer during the melting/solidification of the PCM, and thermal insulation.

Silicon-Boron based PCMs

The selection of proper Si-B alloys and the alloys container material at elevate temperatures is studied through
experimental and theoretical thermodynamic work.

The latent heat of fusion for pure Si and B elements are significantly larger than the other common metals as
illustrated in Figure la. Therefore, the application of Si-B binary alloys as the ultra-high temperature PCMs is a
smart choice as it is possible to provide molten Si-B alloys in temperatures significantly lower than the melting point
of B (2076°). Different types of borides can be found in literature between Si and B, however in a wide
compositional range up to 85 at% B, two main borides exist, SiB4.x, and SiBs. The x-value in SiB4. is smaller than
unity and it is close to 1 at 1270°C, the highest temperature that this phase is stable. In the temperature range of
1270-1385°C the SiBeg is stable, while a solid solution of B in Si co-exists with it for alloys with up to 85 at%B. The
solubility of B in this silicon phase is increased with increasing temperature up to around 3 at% as the maximum
solubility at 1385°C, which is the eutectic isotherm on the silicon rich part of the Si-B system [11]. Considering the
main objective of the AMADEUS project, the silicon-rich part of the Si-B system is of interest, as there is a better
heat storage possibility and also fewer problems regarding the alloys interaction with the container at high
temperatures.

In order to study the proper Si-B alloy candidates, the enthalpy changes for Si-B alloy systems were studied
using the FactSage thermodynamic software and the results are shown in Figure 2a. As we see, the overall enthalpy
changes in a given temperature range depends on the composition of the alloy and there is higher enthalpy changes
for Si-B alloys compared to pure silicon. It is worth mentioning that the liquid solutions of Si-B alloys show positive
deviation from ideal solution and there is positive enthalpy of mixing for this system. Figure 2a shows that for all
selected Si-B alloys with more than 5 wt%B, the solidus is lower than the silicon melting point, which is actually the
eutectic temperature in the system. Moreover, the enthalpy change at this temperature depends on the B
concentration in the alloy and for the considered lowest B concentration of 5 wt%B, larger enthalpy change is
observed at the solidus temperature. It may be concluded that the alloys closer to the eutectic point on Si-B system
are better candidates as they show larger enthalpy of fusion at solidus, while they show almost the same rate of
enthalpy changes with temperature as higher B concentrations above the liquidus temperature (Figure 2a). It may be
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FIGURE 3. Exemplary images in-situ recorded during wettability tests by new sessile drop method coupled with contact
heating procedure: a) a schematic drawing of the Si/h-BN couples; b) two couples at 1200°C (below melting point of Si); c¢) a
drops formation at temperatures higher than melting point of Si (1750°C); d) solidified couples after cooling down to 1300°C.

(couple A: Si/h-BN, couple B: Si/h-BN+SiC+ZrO2 composite). For both couples non-wetting behavior was maintained at

temperature up to 1750 °C, but higher contact angle values were recorded for the h-BN based composite.

beneficial to use Si-B alloys with compositions close to the eutectic point in the Si-B system where SiBs phase and
Si solid solution are formed upon cooling and solidification.

PCM-Container Interaction

The considered main Si and B elements are active elements and they are susceptible to oxidation, nitration and
carburization in contact with O, N, and C containing solid materials and even gases. On the other hand, oxides,
nitrides, and carbides are the most important high temperature refractory materials and the candidate materials to
hold Si-B alloys. Therefore, the behavior of different refractories in contact with liquid Si-B alloys and their
behavior upon cooling, solidification, and re-melting are crucially important.

For instance, a key parameter may be the solubility of the elements from refractory materials into the molten Si-
B alloys and their effects on both the alloy composition and formation of new phases in the system with temperature
change. Figure 2b shows a typical equilibrium situation calculated by FactSage for the melting of a Si-10wt%B
alloy in a silicon nitride crucible. The graph shows that boron nitride is formed and is a stable solid phase in contact
with a molten Si-B alloy at high temperatures. The graph shows also the temperature ranges that different types of
silicon borides are stable. In AMADEUS project, the thermodynamics issues related to the interaction between Si-B
alloys and candidate materials are investigated through high temperature experimental studies at NTNU and
employing thermodynamics calculations. As the multi-component alloy systems containing Si and B elements have
not been significantly studied, the project will expand the fundamental knowledge in this area.

Another crucial parameter determining the interaction between refractories and liquid Si-B alloys is their
wettability. In this field, FRI is performing a pioneering experimental research on silicon based materials (silicon
and Si-B alloys) in terms of their wettability and reactivity with refractories at ultra-high temperatures up to 1750
°C. It is a general rule that in the liquid metal/ceramic systems a good wetting is usually assisted by a high
reactivity. These high temperature phenomena result in change of chemistry and structure of contacting materials
and finally contribute to a gradual degradation of both metal and ceramic materials (i.e. comes from either a
dissolution of crucible and/or formation of reaction products at the interface). Thus, regarding a successful
achievement of long lifetimes of the final PCM container, it is a matter of crucial importance to select refractory
materials that are non-wetted (i.e. the contact angle 6>90°) by molten silicon and its alloys. Based on conducted
literature survey, it has been found that most of commonly used in practice oxides, carbides or nitrides are well
wetted by pure Si. In fact, the only one ceramic showing non-wetting behavior in contact with molten Si at
temperature around its melting point is hexagonal boron nitride (h-BN) [12]-[14]. It has to be noted that there is a
complete lack of reported information about the high temperature interaction of refractories with both pure Si and
Si-B alloys at temperatures higher than 1500 °C. Moreover, the results of conducted preliminary high temperature
measurements of thermophysical properties of selected PCM candidates have clearly pointed toward a strong
chemical interaction of both Si and Si-B alloy with crucible materials such Al,O; and graphite, widely used in
container assisted methods (e.g. calorimetry, dilatometry). Therefore, it has been concluded that ultra-high
temperature wettability tests are very important in order to select new refractories not only for the construction of
PCM container in LHTES system, but also regarding a successful implementation of any container-assisted
laboratory technique for high temperature measurements of thermophysical properties of Si-based alloys.

The wettability tests have been performed by using a unique experimental complex for investigations of high
temperature capillarity phenomena located in FRI (more details on the apparatus are shown elsewhere [15], [16]).
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FIGURE 4. Results for the simulation of the process of melting pure silicon using ANSYS Fluent platform (v17.1). Comparison
of the melt fractions contours (blue means “solid”, red means “fluid”) at t=20 min for the five different designs: a) cube, b) half-
sphere, ¢) sphere, d) cylinder, ¢) truncated-cone. In the contours figures with green is indicated the axis, with yellow the walls
and black the emitter surface. In these transient simulations, the Courant number is equal to 0.2, Amush=105 (ANSYS Fluent
default). IN these simulations, the assumed silicon properties are: Tsolidus = 1686 K, Tiiquiaus =1688 K, L= 1800 kl/kg, p=2330
kg/m3 (solid), p=2570 kg/m3 (liquid), k=25 W/m-K (solid), k=50 W/m-K (liquid), Cp = 1040 J/kg-K (solid and liquid). Air is
assumed compressible-liquid (Tait equation) with: k=0.0573 W/m-K, Cp = 1189 J/kg-K, u = 4.96 kg/m-s.

Four different types of h-BN based materials have been used for the wettability examinations: bulk h-BN sinters
fabricated by using sintering aids (B,O;), bulk h-BN sinters fabricated without using sintering aids, bulk h-
BN+SiC+ZrO, composite sinters and h-BN spray slurries. The results of experiments (see examples in Figure 3)
allow drawing the following preliminary conclusions: (1) All examined h-BN based materials show non-wetting
behavior in contact with molten silicon at temperatures up to 1650 °C while non-wetting-to-wetting transition
(6<90°) with pure Si and pure h-BN takes place at higher temperature, (2) The h-BN+SiC+ZrO, composite shows
the most promising behavior in contact with molten Si at the whole testing temperature range (6=145-115° at 1450-
1750°C, respectively). (3) The h-BN spray deposited on SiC polycrystalline substrate (for Si/SiC, 6~40°) showed
non-wetting behavior with molten Si even at T=1750°C. However, a rather poor adhesion of coatings was observed
after cooling down the systems to room temperature, what brings serious doubts about their thermal cycling
resistance.

The structure and chemistry of solidified couples are now under investigations by means of optical microscopy,
scanning electron microscopy, scanning probe microscopy, Raman spectroscopy and computed tomography, in
order to elucidate involved phenomena and mechanisms of metal/ceramic interactions at ultra-high temperatures.

Heat Transfer Analysis in the PCM

A CFD model simulating the complex heat transfer mechanisms occurring inside the Silicon-Boron PCM is
being formulated so that it can be used as a powerful tool both for its design phase and its further optimization. The
model simulating the PCM is based on the ANSYS Fluent platform [17] and integrates the multiphase volume of
fluid (VOF) approach, coupled with an adaptive local grid refinement technique, capable of achieving a sharp
interphase, and a solidification-melting approach able to model the solid/liquid transition in the under examination
LHTES system. The last approach is based on the enthalpy-porosity method [18]. Initially, the model is validated for
the melting of paraffin wax inside a spherical casing. Experimental data are retrieved from the open literature
concerning various melting fraction values at different time instants [19]. For most of the simulation time the
numerical results of the applied CFD model almost coincide with the corresponding numerical predictions of the
reference paper and are close enough to the experimental data. However, through a parametric numerical analysis it
was found that the mushy zone parameter affects significantly the melting process of the PCM and its effect on the
melting rate should be further investigated. This parameter is dependent on the dendrites formed during the
solidification process, the material density and viscosity, parameters that reflect in turn the PCM permeability. A
grid dependency study is also conducted by using a refinement technique [20], in which numerous in-house user-
defined functions (UDFs) have been implemented. Almost identical results are obtained for the three different grid
densities tested, however, the local refinement is preferred over the uniform grids, as it increases the CFD model
accuracy, especially in the liquid-solid interphase.

The validated CFD model with the local refinement technique (10,000 cells) has been used to simulate the
melting process of pure silicon inside a closed casing heated from the walls at a uniform temperature of 2000 K.
Solid PCM is patched in 95 % of the whole domain, with the rest of it being filled with air, treated as compressible
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fluid in order to take into account the development of realistic pressure fields for the case that an venting valve is not
used in the encapsulation vessel. Five casing designs, cube, truncated cone, sphere, half sphere and cylinder, all with
the same volume and emitter surface, i.e. 0.03375 m? and 0.0225 m? respectively, are simulated to test their effect on
the PCM melting rate. From Figure 4 we observe that there is a significant effect of the casing shape on the PCM
melting process. As expected, 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 lower surface to volume ratios in the sphere case. In all cases the
solid phase floats in the molten PCM during the melting process, as expected due to the lower solid PCM density
than that of molten PCM. The induced stresses during the thermal expansion of the PCM will be analyzed in future
simulations using Finite Element Models (FEM) to provide recommendations on the optimal container geometries.

Thermal Insulation

The first step towards the development of a thermal insulation for the ultra-high temperature latent heat thermal
energy store (TES) was a research for suitable thermal insulation materials (TIMs). It was found that TIMs, which
can stand temperatures up to 2 000 °C, are significantly more expensive than TIMs for lower temperatures.
Furthermore there are TIMs, which can stand temperatures up to 1000 °C, with significantly lower thermal
conductivities than TIMs for ultra-high temperatures (> 1 000 °C). Thus, the first insulation concept considered is a
multi-layer thermal insulation consisting of commercially available TIMs. In this concept only the inner insulation
layer must stand temperatures up to 2 000 °C. As content of the outer insulation layers, TIMs with lower costs and
lower thermal conductivities can be used. Thus, the costs, the heat losses and the total insulation thickness can be
reduced compared to one-layer insulation concepts. The whole assembly must be enclosed in a gas-tight casing to
provide the possibility of creating an atmosphere of inert gases or vacuum.

With this insulation concept and the parameters of the researched TIMs, thermal simulations with the software
COMSOL Multiphysics 5.2a were performed. In the simulations the TIMs, the thicknesses of the insulation layers
and the gas in the gap between the TES and the TIMs as well as in the pores of the TIMs were varied. The resulting
heat loss rates and temperature propagations were evaluated.

The TES and its multi-layer insulation concept, as it was modeled for the simulations, are illustrated in Figure 5.
The TES model was built up as a truncated cone with diameters of 150 and 100 mm and a height of 150 mm, and is
consisting of the storage material and the container. It is surrounded by a gap that contains air, argon or high vacuum
respectively and by two to three cylindrical insulation layers. It is fixed by four cylindrical support stacks, which
extend half its thickness into the inner insulation layer. The TES is modeled as a solid body with a constant
temperature of 2026.85 °C (2300 K). The ambient temperature is 30 °C.

As a result of the simulations the application of vacuum in the thermal insulation was found to be very promising
in order to reduce both insulation thickness and heat losses, and consequently costs. A two-layer insulation of
graphite fiber mat and fumed silica board with a total thickness of 540 mm in argon atmosphere resulted in a total
heat loss rate of 755 W. The same two-layer insulation with even smaller total thickness of 500 mm in vacuum
resulted in a significantly lower total heat loss rate of 370 W.

Further information on the researched TIMs, the simulation model, the simulation results, and the costs of the
insulation concepts can be found in [21].
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FIGURE 5. Thermal insulation concept with three insulation layers. a) 3D sketch; b) thermographic image of a zy-plane cut
through the center of the thermal energy store.
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FIGURE 6. (a) The thermionic-photovoltaic (TIPV) device, (b) PV cell spectral response together with black-body spectrum
(represented PV cells do not have anti-reflective coatings).

ULTRA-HIGH TEMPERATURE HEAT-TO-POWER CONVERSION

This section describes the Project activities concerning the energy conversion block (see Figure 1b) which
basically consist of realizing the proof of concept of a novel hybrid thermionic-photovoltaic (TIPV) device. Both
thermionic (TI) and infrared photovoltaic (PV) or thermophotovoltaic (TPV) have been demonstrated to be feasible
for many high temperature energy conversion applications. In particular, the research teams participating in this
project have already successfully demonstrated these two separate technologies for concentrated solar applications:
solar-thermionics at CNR [22] and solar-thermophotovoltaics at [ES-UPM [23].

AMADEUS project will investigate TIPV devices, which have been recently formulated theoretically by one of
the authors of this article [10]. TIPV devices consist of a tandem arrangement between a thermionic and a
photovoltaic cell (Figure 6a). The TIPV device comprises two main elements: the TIPV cathode (or emitter) and the
TIPV anode (comprising the thermionic collector and the PV cell). The TIPV emitter is designed to have low work
function and high optical emissivity; thus when heated, it radiates two kinds of energy carriers: electrons and
photons. Electrons are absorbed by the thermionic collector (which has a lower work function than the emitter) and
photons pass through the transparent collector to be absorbed in the PV cell, generating an electron-hole pair. The
electrons absorbed in the thermionic collector recombine with holes coming from the PV cell cathode; thus closing
the circuit and series connecting the thermionic and photovoltaic sub-devices. The photons that are not absorbed in
the PV cell (e.g. those with too long wavelength) may be reflected in a back-side mirror and turned back to the
emitter, not representing a loss of energy. Finally, the emitter and the PV cell anode are externally connected to
deliver an external electrical power. Due to the action of two heat carriers, this combination provides a notable
increment of the power density with respect to the independent thermionic and photovoltaic devices.

TIPV Cathode

The TIPV cathode is the hot side of the converter and consists of a substrate — which represents the interface
with the thermal energy storage tank, expected to work at an operating temperature as high as 2000 °C — matched
with a specific thin (10 - 100 nm) emitting layer, able to efficiently emit electrons, to be collected by the thermionic
collector, and a photon flux, to be absorbed by the underlying thermophotovoltaic (TPV) cell. Since the recent years,
the DiaTHEMA (Diamond, Thermal & Harsh Environment Materials & Applications) laboratory at CNR has been
preparing black diamond based high temperature (<800 °C) solar cells based on photon-enhanced thermionic
emission [24], [25]. However, the specifications of the AMADEUS project are even more ambitious in terms of
operating temperature. In order to choose the appropriate substrate and emitter materials, a number of requirements
must be taken into account. The substrate should be characterized by: 1) a melting point > 2000 °C; 2) a large
thermal conductivity for a suitable heat transfer towards the emitting layer; 3) thermal stability at operating
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temperatures; 4) a very low electric resistivity (10 - 10 Q cm) to avoid bottlenecks for electron refilling from the
external circuit, namely to ensure a low cathode series resistance; 5) a coefficient of thermal expansion comparable
to that of the emitting layer, in order to achieve a good adhesion and ensure thermal stress relief; 6) an absorption
coefficient matched with the storage tank if the energy is exchanged by thermal irradiance.

The characteristics of the emitting layer are related to the enhanced capability to emit electrons and to its optical
properties, which should be able to satisfy the specific requirements of the PV cell in terms of radiation absorption.
The emitter should have: 1) a high melting point to sustain the operating temperature; 2) a work function ¢g as low
as possible (<2.7 eV), but at the same time matched with the collector one ¢¢ (it must be indeed ¢g > ¢¢ to ensure a
proper power generation); 3) a spectrally selective emissivity matched with the PV cell, i.e. high (low) emissivity for
wavelengths smaller (larger) than the wavelength corresponding to the bandgap of the PV cell active material; 4) a
coefficient of thermal expansion comparable to that of the substrate, in order to achieve a good adhesion and ensure
thermal stress relief. Refractory metals have been individuated as suitable candidates for the thermionic emitter
substrate, whereas several boride, carbide, nitride films are under investigation and development by physical and
chemical vapor deposition techniques to obtain low-work-function emitters.

TIPV Anode

The TIPV anode is the cold side of the TIPV converter and comprises the PV cell and the thermionic collector
layer (see Figure 6). Infrared sensitive semiconductors, with bandgap energies below ~ 0.75 eV must be used to
fabricate the PV cell, in order to capture the infrared spectrum radiated by the emitter. In particular, the cathode
(anode) of the PV cell will be made of p-doped (n-doped) Inos3Gao47As semiconductor (bandgap of 0.74 eV). A
partially transparent p-doped window layer made of InAlAs (bandgap of ~ 1.45 e¢V) will be grown on top of the PV
cell cathode to fabricate a selective contact for holes and provide a good surface passivation. With the same purpose,
an n-doped InAlAs back surface field (BSF) layer will be incorporated below the PV anode. The full semiconductor
structure will be grown by Molecular Beam Epitaxy (MBE) on InP substrates by IES-UPM. This structure will be
eventually transferred to CNR for thermionic collector coating. The thermionic collector has to guarantee a very low
work function, thermal stability at the anodic operating temperatures (desired to be <100 °C), and transparent to the
radiation emitted by the emitter and exploited by the underlying TPV cell. To satisfy these requirements, very thin
(<2 nm) barium composite coatings are under development at CNR by physical deposition methods.

Cathode Sample

FIGURE 7. a) CAD design of the experimental setup: on the right, a description of the cathode holder (above) and of the moving
parts for approaching the anode to the cathode (below). b) Installation of the AMADEUS experimental setup on the UHV
analysis chamber.
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Preliminary experiments have been started on GaAs semiconductor. Figure 6b shows the normalized black-body
emission spectrum along with the spectral response of both GaAs (experimental) and Ing s3Gag 47As (simulated using
PCID) PV cells, showing the better spectral match of the Ings3Gag47As device. However, GaAs structures will be
used first due to the readiness level of the technology. Using these structures, PV power densities as high as ~ 0.2
W/cm? (GaAs) and ~ 3 W/em? (InGaAs) would be expected for emitter temperatures of ~1400°C. This is 10 and 150
times greater than conventional solar cells (~ 0.02 W/cm?). Notice that this result does not consider anti-reflective
coatings on the cell and assume black body emission (emissivity = 1); thus, corrections to these predictions must be
done taking into the actual optical properties of the final device surfaces.

FINAL PROOF-OF-CONCEPT EXPERIMENTS

The final goal of AMADEUS project is to realize two proofs of concepts: (1) the TIPV device, and (2) the full
LHTES device. The later activity will start near the end of the project, when all the other elements have been
properly defined. However, the activities concerning the TIPV proof of concept have already started. Therefore, in
this section we introduce the experimental setup that has been developed to characterize materials and to evaluate
performances of TIPV devices.

In order to reach the AMADEUS ultra-high operating temperatures (To, = 2,000 °C), the vacuum system has
been accurately designed by CNR and IONVAC for integrating materials thermally stable at temperatures up to
2000°C and carefully managing the thermal flows (Figure 7). The main features of the setup are: 1) the control of the
distance between the electrodes with a sub-micrometric resolution o 0.5 um, 2) the cooling system driven also by
liquid nitrogen for maintaining the PV cell to room temperature, and 3) the possibility to perform in-situ depositions
by thermal evaporation for engineering the anode surface (it means to lower the anode work function). Figure 7
shows the installation of the experimental setup on an ultra-high-vacuum (UHV) system (pressure below 10-8 mbar).
As thermal source, the Lumics LU0808C250-NFOBN high-power laser diode (maximum radiation power of 250 W
and operating at a wavelength of 808 nm) is used to provide the suitable radiation power for making the receiver of
the TIPV module (i.e. the cathode of the thermionic stage) able to reach the operation temperature.

SUMMARY AND CONCLUSIONS

Starting in January 2017, AMADEUS project is the first European initiative to develop a new generation of
materials and solid state devices for ultra-high temperature (>1000°C) latent heat energy storage and conversion.
This paper describes the main project activities along with the main achievements during the first six months of
development. The project is divided in two main blocks: heat storage, and energy conversion. Concerning heat
storage block, silicon-boron alloys are being investigated to eventually lead to new PCMs with storage energy
densities greater than 1000 kWh/m?. The precise SiyBix composition, along with its interaction with containment
vessel, advance thermal insulation materials and heat transfer analysis during the melting/solidification process, are
some of the main activities that are being investigated within this project. Concerning the energy conversion block, a
new concept for a solid-state heat-to-power conversion, named hybrid thermionic photovoltaics (TIPV), is under
investigation. This new device is able to operate at very high temperatures, well above 1000°C, and provides very
high output power densities near or beyond 10 W/cm?. Thus, both heat storage and energy conversion blocks
combined will eventually lead to a new generation of extremely compact LHTES devices. The proofs of concept of
the TIPV, as well as that of the full LHTES system, are currently under development within the project.
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