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Summary

Latent heat thermophotovoltaic (LHTPV) batteries are power-to-heat-to-power storage systems in
which electricity is employed to produce the solid-to-liquid transition in a phase change material
(PCM), storing energy in the form of latent heat at very high temperatures (> 1000°C). When
needed, stored energy is released as thermal radiation, and converted back to electricity using
thermophotovoltaics (TPV). In this study we discuss on the techno-economics of LHTPV systems,
focusing on parameters like the round-trip efficiency, the energy-to-power ratio, the cost per energy
and power capacities, and the levelized cost of storage. The relatively low TPV conversion
efficiency (< 50 %) and the low cost of the PCMs (< 4 €/kWh) result in optimal designs with high
energy-to-power ratios, fitting long duration storage (LDS) applications. The use of lower melting
point PCMs, like FeSiB (1157 °C), allows a significant reduction in the cost of thermal insulation,
favouring their use in smaller scale applications. Shorter duration storage applications require lower
cost per power capacity, which can be achieved by using higher melting point PCMs such as Si
(1414 °C), or higher round-trip conversion efficiency, which can be achieved through cogeneration,
that is, combined heat and power (CHP) dispatchable generation. Results indicate that LHTPV
systems can provide lower levelized cost of storage than Li-ion batteries in both LDS and CHP
applications. Preliminary experimental results are provided to illustrate the real operation of a
LHTPV system.
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1 Introduction

Latent Heat Thermophotovoltaic (LHTPV) batteries are a kind of power-to-heat-to-power storage
(PHPS) system 12, also named electro-thermal energy storage (ETES) “ or thermal energy grid
storage (TEGS) 5, that store electricity in the form of latent heat at very high temperatures
(>1000°C) and convert it back to electricity on demand using thermophotovoltaics (TPV) ®7. High
melting temperature phase change materials (PCM), like silicon or silicon alloys 8, enable very
dense energy storage (> 1 MWh/m®) at very low cost (< 4 €/kWh) !, and thus, they are very well
indicated for long-duration energy storage applications. Long-duration energy storage systems ° are
characterized by having a high energy-to-power ratio and are intended to store the vast amounts of
renewable electricity that would be lost otherwise. The price of this electricity (otherwise wasted)
is very low, and the use of high-cost storage systems, like Li-ion batteries (> 80 €/kWh %), are not
indicated in this case. On the contrary, systems with very low-cost per energy capacity (CPE) are
preferable, even if they have lower round-trip conversion efficiencies. This is the case of Carnot-
limited PHPS systems like LHTPV (in opposition to those that use a heat pump for heating %)
whose round-trip electric-to-electric conversion efficiency is a fraction of the Carnot efficiency, i.e.
1-T./Ty , being T, and T}, the temperature of the cold and hot reservoir, respectively. In addition
to long-duration storage applications, PHPS (and LHTPV) systems are well indicated for
dispatchable cogeneration from variable renewable energy sources 2. The heat available in the
system, either the one that is produced during the thermal-to-electric energy conversion or the one
stored within the system, can be used to satisfy the heating demands in this case. The overall
conversion efficiency is therefore increased, and the system can be profitable in a wider range of

applications.

Several PHPS embodiments have been proposed in the recent years using a variety of thermal
storage materials (stones, concrete, silicon, carbon, ceramics, etc.). Systems have been proposed in
a very wide range of temperatures, ranging from ~ 500 °C to over 1500 °C, and use different kinds
of thermal-to-electric energy converters 4. PHPS systems that operate at very high temperatures
(over ~ 1000 °C) take advantage of the high enthalpy and high energy density of the stored heat 2,
Most commercial systems use heat engines that are based on well-established Rankine, Brayton, or
Stirling thermodynamic cycles 3. More innovative PHPS systems are based on TPV generators.
Intended to operate at extreme temperatures (> 1000 °C), TPV devices enable very dense, modular,
silent, and low-cost power generation, ultimately resulting in very compact and scalable PHPS

systems. PHPS systems based on TPV have been proposed using either solid- * or liquid- ® sensible
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heat, and latent heat ® storage options. The main advantage of the latent heat options is the small
temperature variation during the discharge (PCM solidification). This enables decoupling the
energy storage and power generation capacities of the system. In sensible heat systems, high energy
densities require very large variations of the storage media temperature, which imply a variable
power generation capacity. As TPV generators require temperatures well over 1000 °C to operate,
most sensible heat options target extreme temperatures, well over 1500 °C, to get a large
temperature range at which the TPV generation is significant. Having such high temperatures in the
charged state bring serious challenges on the thermal insulation. On the contrary, latent heat storage
systems can be designed to provide an almost constant temperature during the discharge. In this
way, a lower temperature can be targeted that relaxes the thermal insulation requirements without
deteriorating the TPV power generation capacity. Therefore, the key of LHTPV systems is the
selection of a PCM that enables high energy density and low cost (i.e., low thermal insulation
requirements) along with reasonably high TPV power generation capacity. In this regard, silicon-
based alloys enable very high energy densities (> 1 MWh/m?®) and very low costs (< 4 €’kWh) in a
‘moderately high’ temperature range (1157 — 1414 °C) that mitigates the thermal insulation
requirements but is still perfectly suited for TPV power generation. We will see that these features
enable the development of very compact, silent, and scalable systems that could be used not only
for long duration storage applications, but also for dispatchable cogeneration in space constrained
locations such as buildings, factories, or districts. Furthermore, silicon and silicon alloys can be
easily obtained from abundant raw or waste materials and eventually recycled after use, and
therefore have the potential to minimize the environmental impact of the manufacturing of energy

storage systems.

In this article we present a techno-economic assessment of LHTPV batteries, with an especial focus
on their application for long duration energy storage and dispatchable cogeneration in a fully
electrified building. Section 2 describes a LHTPV system configuration; section 3 provides a
techno-economic assessment of LHTPV, and section 4 present preliminary experimental results of a
LHTPV lab-scale test bed unit that can be used to test different materials and devices under real

operation conditions.

2 LHTPV system

Figure 1 (a) shows a block diagram of a generic LHTPV system that includes electrical and thermal
switches / regulators, a heating system, a thermally insulated heat store (including the PCM and the
3



thermally insulated container), and the TPV generator. Low-cost, high melting temperature and
high latent heat PCMs, like silicon, iron, and silicon-iron-boron alloys (see Table 1 and Figure S1
in the Supplemental Information) are, in principle, interesting candidates for LHTPV applications.
Silicon is a particularly interesting material due to its low cost and high energy density (both
gravimetric and volumetric). However, volumetric expansion upon solidification might be an issue
regarding thermal cycling reliability **°. The recently proposed Fe-26Si-9B alloy (FeSiB for short)
has a volumetric latent heat similar to that of pure silicon and negligible volume expansion upon
solidification, allowing for a reliable melting / solidification cycling 6. The lower gravimetric latent
heat of FeSiB, which is attributed to the higher density of iron, is not a relevant issue for stationary
applications. Moreover, FeSiB could be produced at low cost by using cheap raw and waste
materials like silicon, scrap iron, and borosilicate glass. Furthermore, these materials have relatively
high thermal conductivities that enable an efficient heat extraction, and can be contained (in liquid
state) in carbon and silicon carbide crucibles *>®. For thermal insulation, a layered system that uses
high-temperature and high-cost thermal insulation materials (TIM), like alumina fiber mat, for the
inner side, and low-temperature and low-cost materials, like fumed silica board, for the outer side,
are used to minimize the overall cost of the system 7 (Table 1). Electric heating can be
accomplished using ohmic *8, induction 4, microwave *°, or arc systems %, and electric switching /
regulation can be accomplished by thyristor or IGBT blocks. Thermal switching can be performed
by mechanical retracting or introducing the TPV generator in an enclosure within the system, thus,

passing from dark to illuminated conditions.

Figure 2 shows a possible LHTPV embodiment that is based on the hollow cylindrical crucible
units described elsewhere *21. In this arrangement, the TPV generators can be mechanically
retracted from the emitter, which is a cylindrical enclosure that is made in a crucible that contains
the PCM. At the beginning of the discharge, the PCM is in the liquid state near its melting point.
When the TPV generator is introduced in the enclosure, the PCM releases latent heat towards the
emitter (the inner SiC crucible wall) and starts solidifying. During this process, a solid-liquid
interface moves away from the emitter, creating a solid crust around the emitter that hinders heat
transfer to the TPV generator. A temperature gradient, which increases over time, is established
through the solid crust and the inner walls of the crucible that negatively impacts the TPV output
power. In this regard, the advantage of this configuration is that the PCM cross-sectional area
(perpendicular to the heat flux) diminishes in the direction of heat flux during the discharge, and

thus, the heat flux density (in W/cm?) is maximized at the emitter surface. This results in a small
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heat transfer that ultimately results in a low temperature gradient through the PCM, subsequently

enabling a more efficient thermal-to-electric energy conversion 2.

Figure 3 shows the average (solid lines) and the maximum/minimum (colored region) emitter
temperatures during the discharge as a function of the discharge duration for two different system
designs that have large (Rcon=34 c¢cm) and small (Rcon==19 c¢cm) crucible radius. Results are obtained
using a slightly modified version of the quasi-1D heat transfer models described elsewhere * that
assumes a perfectly adiabatic thermal insulation. This model calculates the temperature gradients in
the PCM and the inner crucible walls during the solidification of the PCM. The discharge duration
can be varied in this case through the size (the area) of the TPV generator that is introduced in the
system, which determines the heat flow. Low temperature gradients in the PCM are expected for
small TPV generators that are discharged slowly at a low-power rate. High temperature gradients
are expected for large TPV generators that are discharged quickly at a high-power rate. Results in
Figure 3 illustrates that smaller container (Rt = 19 cm) enables much lower temperature
gradients, even at high power rates, at the expense of having a lower energy density, as there is
large fraction of the volume dedicated to the container rather than the PCM itself. We will see that
lower energy densities bring higher costs per energy capacity due to the need of higher amounts of
thermal insulation materials. Therefore, a trade-off exists between the cost per power and the
conversion efficiency (linked to the average temperature of discharge) and the cost per energy

(linked to the energy density) that is determined by the crucible design and the storage duration.

3 Technoeconomics

The main technoeconomic parameters of this system (see Figure 1) are: (i) the energy capacity
(E = mlL), which is proportional to the total amount of PCM (m, in kg) and its latent heat of fusion
(L, in KWh/kQ); (ii) the cost per energy capacity (CPE, in €/kWh), which accounts for the cost of the
PCM, its container, and the thermal insulation system; (iii) the charge and discharge durations at
nominal power conditions (t, = E/Q;, and t; = E/Q,y:), Which are determined by the energy-to-
power ratios at the input and the output, respectively; (iv) the charge conversion efficiency (n. =
Qin/P;n) and the cost per input power capacity (CPPi,, in €/kWer), which are determined by both the
electric switching/regulation and heating systems, and (v) the discharge electric conversion
efficiency nqy = Prpy/Qous @and the cost per power capacity at the output (CPPoy, in €/kWer), both
determined by the TPV energy converter. The heat loss of the system can be accounted for in the

overall input and output conversion efficiencies as n;, = 1./ (1 + kjoss te/(tqg + t:)) and ngy: =
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Na(1 — kyoss ta/(ta + to)), being ks the fraction of the total energy storage capacity (E) that is
lost per cycle through the thermal insulation system. The levelized cost of electricity storage
(LCOS) of the system (only accounting for the electricity output) can be formulated as a function of
the parameters described above by neglecting the maintenance costs, and assuming a periodic

cycling of the system that operates at nominal power conditions *:

De 1 (CPP{;1 N CPE* 4 CPP;M> 1)

LCOS =—+

Nrt Ncycl nrttc Nout td
where 0+ = NoutNin 1S the round-trip conversion efficiency, p, is the price of the energy input,
Neyer = 8760/(ty + tc) is the number of cycles in one year, and CPE™, CPPy,, and CPP;,, are the
annualized cost per power and energy capacities that are obtained from the initial capital

expenditures CPE and CPP; by CPX; = CPX; -r(1+1r)"/((1 +r)" —1), being r the discount
rate and n the lifetime of the installation (in years). LCOS is given in €/kWh-cycle and represents
the average cost of the energy that is released by the system all through its lifetime. LCOS is the
key figure of merit that should be minimized, and it increases with the cost per energy and power
capacities and the price of input electricity but decreases with the conversion efficiency and the
lifetime. Just by looking at this equation one can already understand that systems with high CPE
require a high discharge conversion efficiency, and systems with high CPPo: require a long
discharge duration. On the contrary, systems with very low CPE can tolerate lower discharge

conversion efficiencies, and systems with low CPP,, can afford short duration discharge cycles.

3.1 Cost per energy capacity

The CPE of the system is determined by the PCM, its container and the thermal insulation. Thus, it
can be calculated from the cost per volume (CPV, in €/1) and the volume (V) of each of these three
elements in the system as CPE = (CPVpcuVoem + CPVeontVeont + CPVinsVins)/E being E = pVL
the total energy capacity of the system and p the gravimetric density of the PCM. The lower bound
for CPE assumes negligible cost for the container and the thermal insulation, and it is solely
determined by the cost and the energy density of the PCM. Figure S1 in the Supplemental
Information shows the volumetric energy density of several storage media, including PCMs (latent
heat), as a function of the operation temperature (panel a), and their cost per volume (€/1) and their
cost per energy capacity (€/kWh) (panel b) 1. Low costs of the storage media, below 10 €/kWh, are

possible with several sensible and latent heat options. However, to reach a low CPE the selected
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media must not only be cheap but also ensure a low cost of the container and the thermal insulation
subsystems. To that end, the storage media should also have a high energy density and a low
operation temperature. The so-called ‘solar salt’ (40% KNO; + 60% NaNOs) used in concentrated
solar power plants have low cost (~ 7 €/kWh) at moderate temperatures (up to ~ 560 °C), but the
energy density is low (~ 0.1 MWh/m®). Si and, potentially, FeSiB PCMs provide the highest
volumetric energy density at the lowest cost (1.2 MWh/m?® and 2.7 €/kWh), but their operation
temperature is very high (1414 and 1157 °C, respectively). In principle, it is not obvious whether the
higher specific cost (in €/m?) of the thermal insulation that is needed at higher temperatures is offset
by the higher energy density and the lower cost of the storage media.

Panels (a) and (b) in Figure 4 show the overall CPE of a LHTPV system as a function of the
melting point and the latent heat of the PCM for different energy storage capacities (1 and 100
MWh, respectively). Two layers of thermal insulation material are considered: the outermost is a
silica board that withstands up to 1000 °C; the innermost is alumina fiber mat that withstands 1650
°C 17 (see Table 1). The thickness of these two layers is calculated using a 1D heat transfer model to
prevent exceeding 1000 °C in the silica board and to obtain a certain amount of heat loss, which in
the case of panels a-d of Figure 4 is 5 %/day (i.e., 20 days of self-discharge duration). The number

of crucibles is set to meet the energy storage capacity of the system in each case.

As expected, the lowest CPE are obtained by a hypothetical PCM with the lowest melting point and
the highest latent heat (Figure 4 a,b). Increasing the temperature implies the use of a thicker
thermal insulation material, subsequently increasing the overall cost of the system. Exceeding 1000
°C is particularly disadvantageous, as this is the temperature limit of fumed silica board, and the
inner thermal insulation layer must incorporate the more expensive alumina fiber mat in this case.
The impact of increasing temperature is particularly significant for systems with a small energy
capacity (Figure 4 a) and using a PCM with a low latent heat. On the contrary, the impact of
increasing the temperature is negligible if the energy capacity of the system is high and the PCM
has a high latent heat (Figure 5-b), as it is the case of Si and FeSiB PCMs. In other words, the use
of Si or FeSiB PCMs is especially well indicated for large scale thermal energy storage. In this case,
the amount of thermal insulation that is needed is very small if compared to the amount of thermal
energy that is stored, and thus, a thermal insulation system with a higher specific cost (in €/m?) is
affordable. At smaller scales, larger amounts of thermal insulation materials are needed per stored

energy capacity, and thus, reducing the specific cost of thermal insulation is important. In this



regard, the lower melting temperature of FeSiB (m.p. 1157 °C) is very advantageous. The impact of
scale on the CPE is further illustrated in Figure 4 -c, which clearly shows that FeSiB PCM enables
the lowest CPE at the smallest scales. Figure 4 -d also shows that using fewer amounts of thermal
insulation (i.e., using FeSiB PCM) results in a higher overall energy density. It should be noted that,
under the assumptions of this study, PCMs with lower melting temperature (< 600 °C) must exceed
400 kWh/m? at costs below 0.8 €/1 to reach lower CPE than a system based on FeSiB. Besides, the
selected PCM should have a high thermal conductivity. Otherwise, smaller containers with higher
surface-to-volume ratios should be used for an efficient heat extraction, which would result in even
higher CPEs and lower energy densities. These requirements are hardly attainable by existing PCMs
in this temperature range.

In the most favorable scenario shown in panels ¢ and d of Figure 4 (FeSiB PCM, H=1.5m, and a
100 MWh system capacity), TIM accounts for only 22 % of the total CPE. However, this share
increases to 40 % and 84 % if heat losses are reduced to 2.5 %/day and 0.5 %/day, respectively.
Figure S2 in the Supplemental Information shows the shares of the three main energy-related
system components (PCM, crucible and thermal insulation) to the total CPE of the system for
several configurations (energy capacity and heat loss). The general trend is that the share of thermal
insulation on the total CPE decreases with the energy capacity and the heat loss. The higher the
share of thermal insulation, the higher the total CPE and the lower the energy density. Panels e and f
in Figure 4 show the CPE and the energy density, respectively, as a function of the self-discharge
duration for a very large (1 GWh) LHTPV system with crucible height values between 2 and 5 m,
as represented by the lower and upper bounds of each colored band, respectively. Every self-
discharge duration corresponds to an amount of heat loss, ranging from 10 %/h (10 h of self-
discharge) to 0.24 %/day (10,000 h of self-discharge). The case of current state-of-the-art molten
salt TES, with ~ 1 GWh of storage capacity, is indicated with an star (~ 0.36 %/day or ~ 7000 h
self-discharge duration, and 0.08 MWh/m?, obtained by assuming AT = 250 °C and the tank
dimensions indicated in references ?%%3). We see that, under the assumptions of this study, both Si-
and FeSiB-based LHTPV systems can reach lower CPE (panel e) and higher energy density (panel
f) than that of a two-tank molten salt system with the same energy capacity and heat loss (self-
discharge duration). Enabling higher amounts of heat loss (reducing the self-discharge duration in
Figure 4-e) comes with a reduction in CPE, as expected. This illustrates an existing tradeoff
between cost and efficiency of the thermal insulation. We will see later that this trade-off results in

an optimum amount of heat loss that minimizes the levelized cost of storage depending on the
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application (i.e., storage duration). However, it should be noted that reducing the CPE by tolerating
higher amounts of heat loss might not be possible for the two-tank molten salt system, as this may
result in the freezing of the salt. On the contrary, LHTPV systems can accommodate a larger
amount of heat loss without risking its operation. Thus, they are more flexible for finding an
optimal balance between cost an efficiency of the thermal insulation, which is key for long duration
storage applications, as it will be seen later.

Figure 4 - e,f also shows that reducing heat losses in a system based on FeSiB PCM has a lower
impact on the CPE and the energy density than in a system based on higher temperature PCMs like
Si or, especially, Fe. Again, this is because of the lower cost of the materials used for thermal
insulation in a system based on FeSiB. Very low CPE (< 6 €/kWh) and high energy densities (> 520
kWh/m?) are attainable for self-discharge durations up to ~ 1000 hours in a system of 1 GWh
capacity that is based on Si PCM. Longer self-discharge durations, up to ~ 2300 hours, would be
attainable in systems that are based on FeSiB at the same cost and similar energy density. Systems
based in Fe would result in self-discharge durations of only 200 hours if they need to reach similar
costs, and the energy density would drop to 270 kWh/m?. Panels e and f in Figure 4 also show that
systems based on small crucibles (Reont = 19 cm) have a higher CPE due to the lower energy density
and the higher amount of thermal insulation material that is needed. This confirms the trade-off
existing between CPP and CPE concerning the selection of the crucible design, as mentioned above

(in connection with the results in Figure 3).

3.2 Cost per power capacity and conversion efficiency

The CPP and efficiency of the system is determined by the energy conversion processes, i.e.,
power-to-heat and heat-to-power (TPV generator). Thus, the overall CPP depends on each
element’s power capacity (P) and cost per nominal power (CPP): CPP = CPPy, Py, + CPPyytPoys-
For an resistive heater, the CPPi, varies depending on the operation temperature 8242 being
around a 3 €/kW for the case of heating elements based on metallic alloys that operate at maximum
temperatures around 1200 °C, or ~ 20 €/kW for SiC heaters that operate at higher temperatures (up
to ~ 1600°C). Despite lower CPP;, are attainable at lower temperatures, this cost is very small if
compared to the cost of the TPV generator (CPPo: = CPPrpy), as will be seen below, so the
selection of the heating elements will have a small impact on the overall cost of the system. This
low cost of input power also enables very asymmetric charge / discharge durations, which might be

advantageous to store the high peaks of power from variable renewable electricity sources. It is
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worth noticing that concerns on the incorporation of thermal bridges, which could depend on the
use of different kinds of heating elements, are not considered in this analysis. Thermal bridges are
elements (e.g., resistors, holding structures) that have higher thermal conductivity than the
surrounding materials, creating a path of least resistance for heat transfer, and could drastically
deteriorate the thermal insulation of the system. Thermal bridges could be avoided using highly
resistive heating elements that can operate at high voltages and low currents, or using other kinds of

wireless heating process, like microwaves.

Figure 5 shows the TPV conversion efficiency (panel a) and the cost per power capacity (CPPrpy)
(panel b) as a function of emitter temperature for two kinds of TPV cells, i.e., InGaAs (bandgap of
0.75 eV) and InGaAsSh (bandgap of 0.53 eV). Results are obtained using a detailed balance model
26 that assume an internal luminescence efficiency of 84% (reported for InGaAs TPV cells ') and a
cell temperature of 80°C. In panel a, sub-bandgap reflectivities in the range of 90 to 98 % are
considered, representing the lower and upper bounds of each colored band. The ideal case of TPV
cells with perfect reflectors and an internal luminescence efficiency of 100% is also shown as a
reference. In panel b, the TPV cost is assumed to be in the range of 1 — 3 €/cm? 22°, representing
the lower and upper bounds of each colored band, respectively. These costs are based on the
analysis conducted for 111-V semiconductor solar cells grown on Ge substrates that estimate a cell
cost of less than 2 €/cm? %8, the substrate representing approximately 50% of it. This same study
predicts that substrate re-use could drive the cell cost down to ~ 0.2 €/cm?. Despite a higher cost is
expected for InGaAs and InGaAsSb TPV cells that are based on today’s more expensive InP and
GaSh substrates, previous studies suggest that reaching cell costs of 1 €/cm? is doable in these

materials in a high cumulative production scenario 2°.

Results in Figure 5 illustrate how CPPrpy is drastically reduced at high temperatures due to the
higher electrical power density that pays off the cost of the TPV converter. Assuming identical costs
per unit of area for both InGaAs and InGaAsSbh devices, the higher power density of InGaAsSh
enables lower CPPypy, especially at low emitter temperatures. Thus, InGaAsSb TPV cells are
especially indicated for LHTPV systems that use ‘low’ temperature PCMs, like FeSiB. Otherwise,
InGaAs TPV cells might be preferable due to the higher conversion efficiency potential at higher
temperatures. As explained elsewhere, TPV conversion efficiency strongly depends on the photon
recycling efficiency ®*°. Back-surface reflectors (BSR) implemented on InGaAs TPV cells have

recently demonstrated sub-bandgap reflectivities over 95 % and TPV cell conversion efficiencies of
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~ 30 % 273! InGaAsSh cells are less sensitive to photon recycling losses, as observed in the
narrower band of InGaAsSh efficiencies plotted in panel (a) but have a lower upper bound for the
conversion efficiency, especially at very high emitter temperatures. Due to the higher
photogenerated current density, InGaAsSb cells are also more sensitive to ohmic losses, as
illustrated by dashed lines in Figure 6. However, ohmic losses might not be as relevant for ‘low’
temperature LHTPV applications, where the use of InGaAsShb cells is more indicated.

When incorporated in a LHTPV system like the one shown in Figure 2, the emitter temperature
will change over the discharge time, as illustrated in Figure 3, causing a dependence of CPP on the
storage duration. Because more pronounced temperature variations are expected in systems with
large radius PCM containers and high-power outputs, i.e., short discharge durations, the average
CPP of TPV will be higher in this case. Figure 6 captures this dependence by showing the CPP of a
TPV generator for two kinds of LHTPV systems with Reont = 34 ¢cm (solid lines) and Reone = 19 cm
(dashed lines) and using two different PCMs: Si in panel (a) and FeSiB in panel (b). CPP is
calculated considering the average discharge power, obtained as the total delivered electricity
divided by the total discharge duration. A BSR reflectivity of 95 % is considered in these
calculations, and the uncertainty for the cost per area of TPV generator (1 — 3 €/cm?) is illustrated
by the colored regions, as in Figure 5. The figure shows that smaller containers (Reont = 19 cm)
result in lower CPP for a broader range of storage durations for both Si and FeSiB-based systems,
as expected. Besides, higher CPPs are obtained in systems using FeSiB PCM due to its lower
melting temperature. Therefore, long discharge times (low power outputs) and the use of smaller
containers (Reont = 19 cm) is especially indicated in this case to minimize the temperature gradients
in the PCM, and thus, minimize the CPP.

3.3 LHTPV applications

The application of any storage technology is determined by, at least, the following three figures of
merit: the round-trip efficiency, the cost per energy capacity (CPE), and the cost per power capacity
(CPP). As explained elsewhere %3, high efficiency and low CPP are important for short duration
storage applications, whereas low CPE is key for long duration storage applications. Figure 7
shows the CPE and CPP of different configurations of a LHTPV system, all of them having 100
MWh capacity, 50 h of storage duration (impacting on the CPP, as shown in Figure 6), and 1000 h
of self-discharge duration (i.e., heat loss of 2.4 %/day). Cost estimates for other storage

technologies (Li-ion, Pb-acid, Vanadium redox flow batteries, pumped hydroelectric, compressed
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air energy storage, and hydrogen) are also shown as a reference 1°%2, A wide range of CPE values,
starting at ~ 6 €/kWh, are possible for LHTPV depending on the choice of PCM (Si or FeSiB) and
the container dimensions (H= 1 to 2 m, Reont = 19 or 34 cm). Also, a wide range of CPP values,
starting at ~ 100 €/kWe, are possible depending on the type of TPV generator (InGaAs or
InGaAsSh), their cost (in €/cm?), the melting point of the PCM, and to a lesser extent, the PCM
container radius (Reont = 19 or 34 cm). In general, LHTPV systems can provide lower CPE than
other existing technologies, especially than electrochemical batteries, which makes them appealing
for long duration storage applications. On the other hand, LHTPV systems have a relatively high
CPP (and low conversion efficiency), which is disadvantageous for short duration storage
applications. A general trend is observed that FeSiB-based systems provide a lower CPE and higher
CPP than those based on pure Si. This is a direct consequence of the lower melting point of FeSiB
that led to lower thermal insulation requirements (lower CPE) and lower TPV generated power
density (higher CPP). This already suggests that systems based on FeSiB PCM are better suited for
longer duration storage applications, whereas Si-based LHTPV systems will perform better at

shorter durations.

3.3.1 Long duration storage

As indicated above, the very low CPE is the major advantage of LHTPV if compared to other
storage options. On the contrary, the main drawbacks are the low efficiency and the high CPP. This
makes LHTPV well indicated for long duration storage (large energy-to-power ratio) applications,
where having low cost per energy capacity is more important than anything else °. Panels a to f in
Figure 8 show the relative difference in LCOS between LHTPV and Li-ion batteries having an
energy capacity of 100 MWh, and assuming their most favorable cost estimates (see figure caption).
Relative difference in LCOS is shown as a function of the TPV efficiency, the heat loss (panels a to
d) and the half-cycle storage duration (panels e and f) for LHTPV systems based on Si (panels a, c,
e) and FeSiB (panels b, d, f). Remarkably, these figures show that there exists a minimum value of
the TPV efficiency, depending on the storage duration and the heat loss, above which LHTPV
provides lower LCOS than Li-ion batteries (red colored regions). This breakeven TPV efficiency is
shown as a function of the storage duration and the energy storage capacity in panels a-d in Figure

9 for different system configurations and TPV cell cost assumptions.

The breakeven TPV conversion efficiency is minimized at a certain amount of heat loss (panels a —

d in Figure 8) that represents the fulfilment of a tradeoff between cost and efficiency of thermal
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insulation. Such optimal amount of heat loss (in %/day) slightly decreases with the storage duration,
ranging from 3.6 %/day (at 10 h half-cycle duration) to 2.9 %/day (at 100 h half-cycle duration) for
the Si-based system (panels a and c), and from 2.2 %/day (at 10 h half-cycle duration) to 1.9 %/day
(at 100 h half-cycle duration) for a system based on FeSiB PCMs (panels b and d). This is
understandable, as more efficient thermal insulation system is needed when energy must be stored
over longer periods. However, despite of the better thermal insulation, the total amount of losses (in
%/cycle) significantly increases with the storage duration, being in the range of 16 and 24 %/cycle
for FeSiB and Si PCMs, respectively (for the case represented in panels ¢ and d). This shows that
heat losses are more relevant at longer durations, and thus, the use of FeSiB is very advantageous in
this case, enabling a reduction of up to ~ 8 % (absolute) in the total heat loss (for a system of 100
MWh energy capacity). This lower heat loss may counterbalance the lower TPV conversion
efficiency that is expected in FeSiB-based LHTPV systems (Figure 5), and thus, the overall round-
trip conversion efficiency could become comparable or even higher than that of Si-based systems.
Remarkably, the breakeven TPV conversion efficiency decreases with the storage duration, as
illustrated in panels e and f of Figure 8. Breakeven efficiencies lower than 20% are possible at very
long durations, whereas very high (unattainable in practice) efficiencies of over 50 % are required at

relatively short durations of around 10 hours.

Besides of the storage duration, the breakeven TPV conversion efficiency also depends on the
energy capacity, as illustrated in panels a-d in Figure 9 for a LHTPV systems with an optimized
amount of heat loss. The optimal values for the heat loss and the crucible height, along with the
resultant CPE that are obtained for this figure are shown in Figure S3 of the Supplemental
Information. Most favorable conditions for LHTPV are obtained at long durations and large energy
capacities (panels a-d in Figure 9), where breakeven efficiencies are lower than 20 % regardless of
the used PCM and the TPV cell type and cost. This is attributed to the very low CPE that is
attainable by LHTPV at large scales, which is particularly important for long storage duration
applications. On the other hand, very high breakeven efficiencies are obtained for short storage
durations, regardless of the energy capacity, and especially if the cost of TPV is high. The higher
efficiency and lower CPP of Li-ion batteries makes them preferable in this case, despite of the
lower CPE of LHTPV. For a given energy capacity, increasing the storage duration generally brings
a reduction in the breakeven efficiency. Only at small energy capacities, a slight increment is
observed for very long storage durations (especially observed in panels a and ¢ of Figure 9). This is

attributed to the higher amounts of thermal insulation that are needed in this case (see Figure S2 in
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the Supplemental Information), which result in a higher CPE that needs to be counterbalanced by
a higher TPV conversion efficiency. This effect is less noticeable in the case of using FeSiB (panels
b and d) due to the lower requirements of thermal insulation. In fact, the main advantage of FeSiB-
based systems occurs at small scales and long storage durations (top-left corner in all panels of
Figure 9), where the breakeven TPV efficiencies (~ 30 %) are significantly lower than that of Si-
based systems (> 40 %). On the contrary, Si-based systems are favored over FeSiB-systems at
shorter storage durations (bottom part in all panels of Figure 9), where a higher amount of heat loss
becomes affordable and the benefit of having a lower CPP is more noticeable. This is better
illustrated in panels e and f in Figure 9, which show the relative difference in TPV breakeven
efficiency between Si- and FeSiB-based LHTPV systems that use low cost (1 €/cm?) InGaAsSh
TPV cells (panel €) and high-cost (3 €/cm?) InGaAs TPV cells (panel f), representing the best- and
worst-case scenarios for the cost of TPV, as illustrated in Figure 6. These panels show that
increasing the cost of TPV favors the use of Si over FeSiB in a broader range of applications, i.e.,
storage capacity and duration. On the contrary, the use of FeSiB is favored when the cost of TPV
power is low, especially at small scales. Therefore, a Si-based system may be preferable in a
scenario that very low bandgap TPV cells (like InGaAsSb) could not be manufactured with good
performance and low cost. However, the benefits of using LHTPV over Li-ion would be limited to

very long durations and very large storage capacities in this case.

3.3.2 Dispatchable cogeneration

The main two reasons why LHTPV systems cannot beat Li-ion batteries for short storage durations
are the high CPP and the low conversion efficiency. A way to circumvent this limitation is to
deliver the heat that is generated in TPV cells (typically at temperatures lower than ~ 70°C) to
satisfy heating demands, and thus, obtain some economical value from it. Figure 10 shows two
possible system configurations for the integration of energy storage in a cogeneration solution
(combined heat and power) of a fully electrified building. The building comprises a solar-PV
installation and uses the electricity from the grid as backup. Panel a show a system based on Li-ion
batteries, whereas panel b shows a system based on LHTPV. Both use an electric boiler with an
integrated hot water storage tank as an additional buffer for delivering the heating demands (hot
water and space heating). The LHTPV unit delivers heat, not only from the cooling of the cells, but
also directly from the PCM. This is a preferred alternative to use the electricity from the grid when
the heating demand cannot be satisfied by other means. Both systems have been analyzed following

a similar approach than in 2 (where a generic PHPS system is compared with a baseline scenario
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that consumes natural gas and grid electricity), assuming simplified models for each component of
the system and a relatively simple control strategy. Details on the model are provided in the
Supplemental Information. The techno-economic parameters that, otherwise indicated, are fixed,
or optimized during the simulations are show in Table 3. Like in our previous work 2, the hourly
energy demands of a small residential building in Madrid have been simulated using Energy Plus®
% resulting in an annual energy consumption of 19.5 MWHh, being 3.9 MWh electricity (from which
1.1 MWh are consumed by the air conditioner) and 15.6 MWh heat (14.2 MWh for space heating
and 1.4 MWh for domestic hot water). The hourly PV electrical power generation per kW of
installed PV capacity is calculated by means of PVsyst® assuming an ideal tilt of the panels **. To
consider different building sizes, these hourly energy demands are multiplied by a scale factor.
Despite this approach might not accurately provide the actual energy demand of a large building, it
will be useful to illustrate the scaling effects of LHTPV systems. The above methodology has been
applied to different configurations of buildings of different sizes, heat consumption, and grid
electricity prices with hourly discrimination, to corroborate that the following qualitative results and
conclusions are general and valid, even though the quantitative analysis could change depending on

the particularities of each application.

Figure 11 (panels a and b) show the levelized cost of energy (LCOE, in €/kWh) and the total
energy density (in KWh/m?) of the two systems illustrated in Figure 10 as a function of the yearly
energy demand, including two kinds of LHTPV systems that are based on InGaAsSb TPV cells and
use either Si or FeSiB PCMs. The LCOE has a similar definition than the LCOS (see Supplemental
Information) but referring to the average cost of the final consumed energy (heat and electricity)
along the entire lifetime of the installation, and it includes both the initial capital expenditures of all
components in the system and the cost of the electricity that is purchased from the grid. Any other
maintenance costs (e.g., replacement of units) are neglected. The total energy density is defined as
the total storage energy capacity of the installation, including the battery (either Li-ion or LHTPV)
and the hot water store, divided by the total volume occupied by those components. Each colored
band represent the values obtained within each technology’ margin of confidence for their cost (see
figure caption). The system has been optimized (see optimized parameters listed in Table 3) at each
point targeting the minimum LCOE for each solution. Figure S4 in the Supplemental Information
shows the values obtained for all the optimized parameters that are listed in Table 3, i.e., the battery

energy storage capacity, the battery output and input power capacity, the PV installed power
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capacity, the hot water storage capacity, and the optimal crucible height and heat loss of the LHTPV
battery.

Panel (a) in Figure 11 shows that scaling up LHTPV systems enables a reduction in the LCOE,
whereas Li-ion batteries produce a constant LCOE, independently of the scale. This is a direct
consequence of the significant reduction of the CPE and the heat loss of the LHTPV systems at
large scales. If the yearly energy demand is increased from 0.1 to 100 GWh/year in a Si-based
LHTPV system, the optimal LHTPV energy capacity increases from ~ 180 kwWh to 800 MWh, the
CPE reduces from 40 €/kWh to 5.4 €/kWh and the optimal heat loss reduces from 20 %/day to 0.9
%/day. In a FeSiB-based system, the same tendency is observed but with lower values of CPE
(from 18 €/kWh to 4.7 €/kWh) and heat loss (from 8 %/day to 0.5 %/day). At small scales, the cost
of thermal insulation is significant, and thus, the optimal amount of losses is relatively high. This
results in lower overall conversion efficiencies, higher costs per energy capacity, and ultimately,
higher LCOE. The slightly lower LCOE obtained with Si-based systems at large scales is explained
by the lower cost per power of the TPV generator, which goes from 362 — 1163 €/kW (at 0.1
GWh/year) to 173 — 444 €/kW (at 100 GWh/year), whereas for the FeSiB system it goes from 601 —
1273 €/kW (at 0.1 GWh/year) to 425 — 1075 €/kW (at 100 GWh/year). This indicates that, to obtain
a lower LCOE in this application, having a low cost per power (Si-based systems) is more
important than having a low cost per energy (FeSiB-based systems). This is understandable, as the
average half-period of PV generation and energy consumption is relatively low in this case (~ 12
hours), and this requires a relatively low energy-to-power ratio. Indeed, the reduction in the cost per
power at large scales is also explained by the increment in the energy-to-power ratio, which goes
from 5 — 7 hours to 23 — 33 hours in the Si system, and from 18 — 40 hours to 40 — 70 hours in the
FeSiB system. A large energy-to-power ratio enables a slow discharge process and a higher average
emitter temperature that ultimately results in a lower cost of power capacity (Figure 6). The
increment in the energy-to-power ratio is also explained by the fact that, at large scales, a large
fraction of the LHTPV storage capacity is dedicated to store the heat that will be eventually used to
satisfy the heating demands. At small scales, the large amount of heat that is lost in the LHTPV
system prevents its use for this purpose, favoring the use of the hot water tanks, as it will be

explained below.

Besides of the lower LCOE at large scales, the main advantage of LHTPV over Li-ion is the much

higher overall energy density (Figure 11, panel b). A fully electrified system that is based on Li-ion
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batteries will store large amounts of PV electricity in the form of hot water to eventually satisfy the
heating demands. The low energy density of the hot water stores (46.5 kWh/m? for a temperature
difference of 40°C) results in a very low overall energy density. Most of the volume is dedicated to
hot water stores in this case (~ 10,500 m® for 100 GWh/year, storing ~ 488 MWh of thermal
energy), and the Li-ion batteries (assumed to have an energy density of 400 kWh/m?) only represent
a small fraction of the total volume (~ 164 m? for 100 GWh/year, storing ~ 66 MWh of electricity).
On the contrary, a LHTPV system can store heat at much higher energy densities (up to ~ 600
kWh/m?® at 100 GWh/year). Consequently, hot water stores are barely needed, and the overall
energy density is significantly increased. Most of the volume is dedicated to the LHTPV system in
this case (1300 — 1850 m® at 100 GWhl/year, storing a thermal energy capacity of 0.7 — 1.1 GWh),
and the hot water tanks represent a small fraction of the total system volume (130 — 180 m? at 100
GWhlyear, storing 6 — 8 MWh of thermal energy), and are only used to store the heat coming from
the cooling of the TPV cells.

Therefore, a key difference between LHTPV and Li-ion batteries in these applications regards the
way of storing the surpluses of PV electricity for delivering the heating demand. In LHTPV
systems, these surpluses are stored at high energy density in the LHTPV battery, which is oversized
to deliver this additional heating demand. In the case of Li-ion batteries, these surpluses must be
stored at low energy density in separate hot water tanks, which occupy a very large volume. The
high amount of heat losses that exist in LHTPV systems at small scales favors the use of hot water
tanks, and this explains the lower overall energy density of LHTPV-based systems that is obtained
in this case. It should be noted that Li-ion batteries could be hybridized with other more efficient
heating systems (e.g., heat pumps) and high energy density heat stores (e.g., low temperature PCM)
to result in a more efficient and economical solution. The analysis of all these possible scenarios is

outside the scope of this study and should be analyzed in future works.

The main difference between Si and FeSiB systems that is observed in Figure 11 (panels a and b) is
the scale at which LHTPV starts having a clear advantage over Li-ion. Despite Si-based systems
provide slightly lower LCOE at large scales, FeSiB-based LHTPV systems become advantageous
(i.e., provide lower LCOE and higher energy densities than systems based on Li-ion batteries) at
smaller scales. Like in the previous section, this is linked to the lower cost per energy capacity that
is attainable at smaller scales (Figure 4-a) due to the lower melting temperature of the FeSiB PCM

that allows for a more efficient and cost-effective thermal insulation. Figure 11 (panel c) shows the
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LCOE for the best-case scenarios of both Li-ion and FeSiB-LHTPV batteries as a function of the
yearly energy consumption for different costs of the PV installation, ranging from 600 €/kW to
2000 €/kW and for two cases of LHTPV systems: with an optimized crucible height (solid red lines)
and a fixed crucible height of 1.5 m (dashed red lines). These figures show that the scale at which
the LHTPV systems outperforms Li-ion batteries increases with the price of PV. This is also the
case for the reduction in LCOE that can be obtained at large scales with LHTPV. Therefore, large
scales and low PV prices favor the use of LHTPV systems over Li-ion batteries. As lower PV prices
are attainable in large-scale installations, this reinforces the conclusion that self-consumption
cogeneration solutions based on LHTPV should target very large-scale applications. Moreover, at
large scale applications, a dedicated building is probably needed for the LHTPV system, which

enables the use of tall crucibles (e.g., over 1.5 m), ultimately resulting in even lower LCOE.

Figure 12 shows the LCOE of a LHTPV system optimized at a yearly energy demand of 2
GWhlyear, as a function of the TPV conversion efficiency. The optimal size of the LHTPV system
ranges from 12 — 15 MWh (for Si systems) to 13 — 15 MWh (for FeSiB systems) and the optimal
heat loss from ~ 4 %/day (for Si systems) to ~ 2.5 %/day (for FeSiB systems), independently of the
TPV efficiency. The optimal size of the PV installation is ~ 2 MW, also independently of the type
of LHTPV system and TPV conversion efficiency. This figure illustrates that a system based on
LHTPV can get lower LCOE than those based on Li-ion batteries at a reasonably low TPV
conversion efficiency of just over ~ 20 %, which is attainable with current existing technologies.
Moreover, the increase in the conversion efficiency over ~ 40 % does not bring a very significant
advantage. This is explained by the lower amount of heat that is obtained from the cooling of the
cells in this case, which makes necessary to generate this heat by other means. If LHTPV only
supplied electricity, one could expect the optimal energy and power capacities of the LHTPV and
PV systems to decrease with the TPV conversion efficiency *. A clear advantage could be expected
by increasing the TPV conversion efficiency in this case. However, if LHTPV supplies both heat
and electricity in a fully electrified cogeneration application where the heating needs must be
satisfied with electricity, either coming from the PV installation or from the grid, the PV and
LHTPV installations still need to be sized to deliver the heating needs. This precludes a very
significant advantage by increasing the TPV conversion efficiency over ~ 40 %. Increasing the TPV
efficiency mostly impacts on the electricity consumption, which represents only 20 % of the total
energy demand in this case, and thus, a relatively low TPV conversion efficiency is enough to have

a significant impact on reducing the LCOE. The optimal size of the TPV generator that is obtained
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at 40 % TPV conversion efficiency (e.g., 250 kW, for the best-case scenario of a Si-based system)
barely increases at higher efficiencies (e.g., 260 kWe at 80 %), preventing a more significant
advantage.

It worth noticing that the simulations shown in this section require a very large PV installation (e.g.,
from 1 to 10 MW for a yearly energy demand from 1 to 10 GWh and a PV cost of 900 €/kW). A
large PV installation is needed to minimize the LCOE, i.e., avoid the use of electricity from the
grid, due to the assumption of a constant price of grid electricity. In this case, the battery is only
charged using electricity from the PV installation. On the contrary, if we assume hourly
discrimination for the price of grid electricity, the battery could be charged with grid electricity
during the valley periods, and thus, the required PV installation would be smaller. Analyzing this

and other possible scenarios is out of the scope of this article and should be studied in future works.

4 An experimental test bed unit

An experimental LHTPV test-bed unit has been fabricated in the frame of the EU-funded
AMADEUS project %. The system was designed for crucibles with an inverse truncated cone
geometry, following previous designs intended for concentrated solar applications 23, Like the
hollow cylindrical configuration described in the previous sections, the inverse truncated cone
geometry has a cross-sectional area (perpendicular to the heat flux) that diminishes in the direction
of heat flux. This makes heat flux density (in W/m?) to increase towards the TPV emitter; thus,
minimizing the temperature gradient in the PCM during the solidification process. The fabricated
system integrates a graphite heater to heat up the crucible from above by thermal radiation. The
crucible has 0.63 liters of volume capacity, and it is thermally insulated from the environment by
means of a ~ 25 cm cover of graphite fiber mat 1. The TPV cell is mounted in a copper water
cooled plate and faces the bottom of the crucible, and it produces electricity from the thermal
radiation originating in the crucible walls. The purpose of this system is to be a test bed for the
characterization of materials and devices that will be eventually used to develop optimized LHTPV

systems.

Figure 13 shows preliminary results of the characterizations conducted with this system. Panel a
shows the short-circuit current and the complete 1-V characteristics (inset) of a 1.48 cm? GaSb TPV
cell (from JX Crystals) as a function of the crucible temperature. Panel b shows the produced TPV

power density as a function of the crucible temperature along with the projections made with a TPV
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cell model that is based in detailed balance calculations 2. A maximum power density of 478
mW/cm? has been measured at the maximum crucible temperature of 1030°C, which is 59% of the
theoretical maximum of 808 mwW/cm? (assuming an ideal GaSh cell, unity view factor, and a
crucible emissivity of 0.81). The highest TPV cell temperature is 37 °C and it corresponds to the
highest crucible temperature (1030 °C). Figure S5 in the Supplemental Information shows the
open circuit voltage and the short-circuit current of the cell under variable irradiance conditions and
different controlled temperature, along with the one of real operation conditions. The data in this
figure is used to estimate the TPV cell temperature in operation. A linear dependence is found
between the produced electric power and the cell temperature according to which cell temperature
increases ~ 4 °C per additional 100 mWe that are produced (panel b in Figure S5). Despite this rate
is very dependent on the specific cooling system and the kind of TPV cells that are used (e.g., the
cells used in this experiment do not have a back surface reflector, and thus, need to dissipate large

amounts of heat), this illustrates that cell cooling might be an issue at very high-power densities.

Finally, panel c in Figure 13 shows the time evolution of the crucible temperature, as recorded by a
calibrated pyrometer, and the projected TPV power density (dashed lines) calculated using the
model mentioned above. The crucible contains 0.357 liters (3.19 kg) of copper in this case, which
represents ~ 180 Wh of thermal energy in the form of latent heat. Different solidification processes
are shown at different cooling rates, which are controlled by the electric power supplied to the
heater from above. During the solidification, the temperature of the crucible keeps at an almost
constant temperature in the range of 1050 — 1070 °C, which is slightly lower than the melting point
of copper (1080°C) due to the temperature gradient in the crucible walls. Projected TPV power
densities during the discharge are in the very narrow range of 500 — 550 mW/cm?, almost
independently of the cooling rate. The cooling rate, which is linked to the storage duration, barely
affects the temperature gradient in this case due to the very high thermal conductivity of copper,
although a slightly higher gradient is observed at the highest rate, as expected (Figure 3).

From the experiments shown in Figure 13, we can make some projections of the overall system
performance. If the bottom part of the crucible (6 cm diameter) would be fully populated with TPV
cells, the electricity produced by the system during the discharge would range from ~ 5.5 Wh to ~
18 Wh for discharge durations between 0.37 and 1.22 hours (the two extreme values shown in
Figure 13-c). This is a very small fraction (3 — 10 %) of the total latent heat contained in the PCM
(180 Wh), which is attributed to the very high amount of heat loss existing in this lab prototype.
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Remarkably, the heating electrodes are refrigerated and account for a large fraction of the heat loss,
especially for short discharge times, where the input electricity to the electrodes is small and not
enough to offset the heat loss. The steady state heat loss through the thermal insulation cover (25
cm of graphite fiber mat) at 1060 °C crucible temperature is 156 W, as calculated using a CFD
model and neglecting heat loss in the electrodes. This means that ~ 1.4 % of the stored latent heat is
lost through the thermal insulation per minute. This very high value is attributed to i) the use of
copper, which has a much lower energy density than Si or FeSiB; ii) the very small scale of the
prototype, which is several orders of magnitude smaller than those considered in the previous
sections; and iii) the relatively thin thermal insulation layer. Assuming a TPV conversion efficiency
of 22 % (which has been reported for these cells “°) and neglecting heat loss in the electrodes, the
discharge efficiency (defined as the delivered electricity during the phase change divided by the
total stored energy) and the discharge duration would be 6.6 % and 0.8 hours, respectively, which
are in the range of values explored experimentally. If the heat loss would be drastically reduced to 3
%J/day (i.e., passing from 156 W to 0.225 W of steady heat loss), the discharge efficiency and the
storage duration would be increased to 21.9 % and 2.7 hours, respectively. Obviously,
manufacturing such a well thermally insulated system is hardly attainable at these small scales,
where the high surface-to-volume ratio leads to very high amount of heat loss. This again points to

the relevance of scale in LHTPV systems.

5 Conclusions

LHTPV batteries that are based on Si (m.p. of 1414 °C) or FeSiB (m.p. 1157 °C) PCM can reach
very low costs per energy capacity (< 10 €/kWh) at large scales, and thus, both are appealing
solutions for long-duration storage applications. Their very high latent heat (1.2 MWh/m?®) enables
very dense energy storage and small surface-to-energy ratios, ultimately resulting in relatively low
thermal insulation requirements and low cost. The lower melting point of FeSiB further relaxes the
thermal insulation requirements and enables lower costs per energy capacity, especially at smaller
scales. Systems as small as 1 MWh are in principle possible using FeSiB PCM, whereas systems
over 10 MWh are necessary for Si PCM to mitigate the impact of the more expensive thermal
insulation system. The combination of high energy density and lower melting temperature of FeSiB
makes this system especially appealing for long duration storage applications, where a low-cost and
high-efficient thermal insulation is particularly important. Optimal heat losses, resulting from an

optimal balance between cost and thermal insulation efficiency, are significantly lower in FeSiB
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than in Si-based systems, offsetting the higher TPV conversion efficiencies attainable in Si-based
systems. Besides, the long discharge duration ensures a minimal temperature gradient through the
PCM during discharge, which is particularly important to ensure a low cost per power in such ‘low’
temperature FeSiB-based systems. On the contrary, the higher melting point of silicon enables a
much higher TPV power density, ultimately resulting in a lower cost per discharge power capacity.
Thus, Si-based systems are better suited for shorter duration applications, where the cost per power
is more relevant. The cost per power capacity can be reduced in both kinds of systems by using very
low bandgap TPV cells, like InGaAsSh (bandgap of 0.53 eV), or by designing the crucible to
minimize the temperature gradients in the PCM during the discharge. In this work, a hollow
cylindrical crucible unit has been considered, in which the temperature gradient is minimized by
reducing the difference between crucible’ inner and outer radius. This unavoidably brings a
reduction in the amount of PCM per unit crucible, ultimately resulting in a lower energy density and
a higher cost per energy capacity. Thus, a trade-off exists between cost per energy and power

capacities that relies on the crucible design.

Besides of long duration storage applications, LHTPV brings some key advantages over Li-ion
batteries for dispatchable cogeneration in fully electrified systems. The optimal solution takes
advantage of the very low cost and high energy density of LHTPV to store the vast amounts of heat
that otherwise should be stored at much lower energy densities in (e.g.) hot water tanks. As a result,
the LHTPV-based solution has a slightly lower cost and a much higher energy density than a
solution based on Li-ion batteries that relies on hot water tanks for heat storage. Like in long
duration storage applications, large scales favor the use of LHTPV over Li-ion due to the lower cost
per energy capacity. Large scales also enable lower cost of solar PV installations, which further
benefit the use of a (cheaper) LHTPV system over a (more efficient) Li-ion battery in self-

consumption applications.

An experimental test bed unit has been fabricated in the frame of the European Project AMADEUS
that is intended to test materials and devices that will be eventually incorporated in an optimized
LHTPV system. The first experimental results using copper PCM and GaSb TPV cells have been

presented, illustrating the capabilities of this experimental setup to guide future developments.
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6 Resource availability

6.1 Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead
contact, Alejandro Datas (a.datas@upm.es).

6.2 Materials availability

This study did not generate new unique materials.

6.3 Data and code availability

The data that support the findings of this study are available from the Lead author, upon reasonable

request.
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11 Figure legends and Tables

Figure 1. Diagram illustrating the key components of a LHTPV battery with one input (electricity) and two
possible outputs (heat and electricity).

Figure 2. A LHTPV system based on the hollow cylindrical crucible units described in 2.

Figure 3. Emitter temperature during the discharge of different LHTPV systems as a function of discharge
duration (i.e., average energy-to- (output thermal) power ratio). Solid lines represent the average emitter
temperature during discharge and colored bands represent the full range of emitter temperatures during the
discharge. The discharge time is modified through the variation of the effective TPV cell area. Smaller TPV
generators produce smaller heat flux, and thus, smaller temperature gradients over the discharge. In this
simulation, a container with 4 cm thick SiC walls (Lcon= 4 ¢cm), emitter enclosure of 10 cm diameter (Reav= 5
cm) and different external radius (Reont = 34 ¢cm for red curves and Reont = 19 cm for blue curves) is
considered. Results are shown for both Si (melting point of 1414°C) and FeSiB (melting point of 1157°C)
PCMs. The minimum discharge time shown for each configuration corresponds to the heat flux conditions of
an emitter cavity fully populated with InGaAsSb cells (0.53 eV bandgap) with 95% back-surface reflectivity.
The top view of the crucibles is illustrated next to each corresponding curve for the case of pure Si PCM.

Figure 4. Panels (a) and (b) show the cost per energy capacity (CPE) in €/kWh of complete LHTPV systems
of 1 MWh (panel a) and 100 MWh (panel b) capacity as a function of the melting temperature and the latent
heat of the phase change material (PCM). The height of the crucibles is set to H = 0.5 m (panel a) and H= 1.5
m (panel b), and the cost per volume of the PCM (CPV) is set to 3.29 €/1 to illustrate the case of using Si or
FeSiB PCM. Panels (c) and (d) show the CPE and the energy density, respectively, as a function of energy
storage capacity of a LHTPV system that uses either Fe, Si or FeSiB PCMs and are comprised of NxN
crucibles, of a height (H) that is varied from 1.5 m to 0.5 m, determining the lower and upper bounds of each
colored band, respectively. Panels (e) and (f) show the CPE and the energy density, respectively, as a function
of the self-discharge duration for a 1 GWh LHTPV system using the same PCMs. In this case, the lower and
upper bounds of the colored bands represent crucible heights ranging from 2 to 5 m, respectively. In all
panels, the thermal insulation cover is composed of two layers, the outermost being fumed silica board (2.5
€/1) and the innermost alumina fiber mat (7 €/1) 7. The thickness of these two layers is calculated to get a
maximum temperature for the silica board of 1000 °C and the desired amount of heat loss in each case. The
PCM container is assumed to be made of silicon carbide, and the thermophysical and cost data of the
materials are taken from Table 1. Otherwise indicated, heat loss (self-discharge duration) is set to 5 %/day
(20 days or 480 hours) and the crucibles have Lcont = 4 ¢m, Reont = 34 ¢m, and Reay = 5 ¢cm. The number of

crucibles is set to provide the required energy capacity in each case.

Figure 5. TPV conversion efficiency (panel a) and cost per power (panel b) as a function of the emitter
temperature for InGaAs (bandgap 0.75 eV) and InGaAsSh (bandgap 0.53 eV) TPV cells. The cells have been
modeled using a detailed balance approach 26 assuming an internal luminescence efficiency of 84% (reported
for InGaAs TPV cells #'). In panel a, sub-bandgap reflectivities in the range of 90 to 98 % are represented in

each band. The ideal case of TPV cells with an internal luminescence efficiency of 100% is also shown as a
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reference. In panel b, bands represent different costs per unit of area in the range of 1 to 3 €/cm? In both
panels, dashed lines represent the case of cells with a series resistance of 10 mQ (cell area is 1 cm?). In all

simulations, the emitter emissivity is set to 0.9 and the TPV cells operate at 80 °C.

Figure 6. Cost per output power capacity (CPPoy) as a function of the discharge duration for LHTPV systems
based on Si (panel a) and FeSiB (panel b) PCMs, using InGaAs (yellow) and InGaAsSb (red) TPV generators,
and containers with Reont = 34 cm (solid lines) and Reont = 19 cm (dashed lines). Colored regions represent the
uncertainty assumed in this work for the TPV generator cost of 1 — 3 €/cm?. All simulations assume a TPV

generator with overall sub-bandgap reflectivity of 95 %.

Figure 7. Cost per energy capacity (CPE) and cost per power capacity (CPP) of a LHTPV system with 100
MWh of energy capacity, 50 h of discharge time, and 1000 h of self-discharge duration (heat loss of 2.4
%/day). Each point represents a different system configuration that uses Si or FeSiB PCMs, InGaAs or
InGaAsSh TPV cells, and containers with Reont = 34 or 19 cm (indicated as numbers near each point in the
graph). All LHTPV systems have Lcont = 4 cm and Reay = 5 cm. CPE errors bar indicate systems with H=1m
(upper bound) and H = 2 m (lower bound). CPP error bars indicate TPV generator cost of 3 €/cm? (upper
bound) and 1 €/cm? (lower bound). The case of Li-ion batteries, lead-acid, and vanadium redox flow batteries
(VRFB) 19, as well as pumped hydroelectric (PHS), compressed air storage (CAES) and Hydrogen 32 are also
plotted as a reference.

Figure 8. Relative difference in LCOS between LHTPV and Li-ion batteries of 100 MWh capacity as a
function of the TPV efficiency, the heat loss (panels a-d) and the storage duration (e-f) for LHTPV systems
based on Si (panels a, ¢, and e) and FeSiB (panels b, d and f) PCMs. In panels e and f, the heat loss is
optimized (i.e., set to the value that minimizes the LCOS). In all the cases, CPP and CPE for Li-ion batteries
are set to 52.5 €/kW and 87 €/kWh, respectively, which represents the best-case scenario in Figure 7. CPP and
CPE for LHTPV batteries assume the most favorable case in Figure 6 (InGaAsSb TPV cells at 1 €/cm2),
Rcont = 34 cm, Lcont = 4 cm, Rcav = 5 cm, and an optimized crucible height (i.e., the one that minimizes
CPE). LCOS is calculated assuming an input cost of electricity of 1 c€/kWh, a discount rate of 7 %, and a

system lifetime is 25 years, and assuming a symmetric cycling (charging time equals discharging time, i.e.,

tC = td)

Figure 9. Panels a - d show the breakeven TPV efficiency as a function of the storage duration and the
storage capacity for Si- (panels a and ¢) and FeSiB-based (panels b and d) LHTPV systems using high-cost (3
€/cm?) InGaAs (panels ¢ and d) and low cost (1 €/cm?) InGaAsSb (panels a and b) TPV cells. Panels e and f
show the relative difference in breakeven TPV efficiency between LHTPV systems based on Si and FeSiB
PCMs that use low-cost (1 €/cm?) InGaAsSb (panel e) and high-cost (3 €/cm?) InGaAs (panel f) TPV cells.

Breakeven efficiency is defined as the one that results in an identical LCOS for LHTPV and Li-ion batteries.
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In all the cases, CPP and CPE for Li-ion batteries are set to 52.5 €/kW and 87 €/kWh, respectively, which
represents the best-case scenario in Figure 7. The CPE for LHTPV batteries is calculated assuming Reont = 34
cm, Leont = 4 €M, Reav = 5 cm, and an optimized crucible height (i.e., the one that minimizes CPE). LCOS is
calculated assuming an input cost of electricity of 1 c€/kWh, a discount rate of 7 %, and a system lifetime is

25 years, and assuming a symmetric cycling (charging time equals discharging time, i.e., t, = t,).

Figure 10. Complete system configurations for energy storage and cogeneration in a fully electrified building

that uses Li-ion (panel a) and LHTPV (panel b) batteries. The electric demand includes air conditioning (AC).

Figure 11. Panels (a) and (b) show the levelized cost of energy (in €/kWh) and the total energy density of the
two system configurations illustrated in Figure 10 as a function of the yearly energy demand (heat and
electricity). For Li-ion batteries, each colored band represents the value obtained within the margin of
confidence for CPP and CPE, which are indicated in Table 3. For LHTPV systems, each colored band
represents the upper and lower bounds of CPP, which are taken from Figure 6, and thus, depend on the cost
of TPV (1 — 3 €/W) and the discharge duration at nominal power conditions. The LHTPV system has Rcont =
34 cm, Leont = 4 ¢m, Reav =5 cm. The CPE for LHTPV is determined by the heat loss (%/day) and the height
of the crucibles, both being optimized parameters. Panel (c) shows the levelized cost of energy for the best-
case scenarios of a LHTPV system (using FeSiB PCM and InGaAsSb TPV cells) and a Li-ion battery with
different assumptions of the cost of the PV installation, ranging from 600 €/kW to 2000 €/kW. Both systems
with a fixed (1.5 m) and an optimized crucible height are shown. In all cases, the TPV conversion efficiency
is assumed to be 35 % and 40 % for the systems based on FeSiB and Si PCM, respectively. Otherwise
indicated, Table 3 describes the parameters that have been set to a constant value or that have been optimized
in these simulations. The optimal parameters corresponding to the results shown in panels a and b are shown
in Figure S4 of the Supplemental Information.

Figure 12. Levelized cost of energy (LCOE, in €/kWh) as a function of TPV conversion efficiency for a
cogeneration solution (Figure 10) that uses a LHTPV battery that is based on InGaAsSb TPV cells and uses
either Si (yellow curves) and FeSiB (red curves) PCMs. The LCOE for the case of Li-ion batteries is shown
as a reference. The systems have been optimized for a yearly annual demand of 2 GWh/year (i.e., an average
daily consumption 1.1 MWh of electricity and 4.4 MWh of heat) and the sizing of each element of the system
(PV installation and stores capacities) along with other LHTPV parameters (heat loss and crucible height)
have been optimized to obtain the minimum LCOE. The optimum storage capacity of the LHTPV system
ranges from 12 — 15 MWh (for Si systems) to 13 — 15 MWh (for FeSiB systems) and the optimal heat loss
from ~ 4 %/day (for Si systems) to ~ 2.5 %/day (for FeSiB systems), independently of the TPV efficiency.
The optimal size of the PV installation is ~ 2 MW, independently of the type of LHTPV system and TPV
conversion efficiency.

Figure 13. LHTPV lab prototype characterization results: (a) Short-circuit current produced by the GaSb TPV
cell as a function of the crucible temperature. Pictures of the TPV cell in operation (irradiated by the bottom
part of the incandescent crucible) and a few examples of the 1-V curves of the TPV cells under the different
irradiance conditions are shown in the inset. (b) Experimental and calculated TPV power density as a function
of the crucible temperature. Calculated values are obtained from a detailed balance TPV model that is
explained elsewhere 2°. The worst-case scenario for the calculated power density (1) assumes a crucible
(emitter) emissivity of 0.81, a cell bandgap of 0.726 eV (GaSb), an internal electroluminescent efficiency
(nint) of 1 %, a back surface reflector (BSR) reflectivity of 10 % and series resistance (Rs) of 50 mQ. Different
scenarios (2 — 6) assume incremental improvements which are indicated in the inset. InGaAsSb cells have a
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bandgap of 0.53 eV. (d) The crucible temperature and the projected TPV power density as a function of time
during the cool down of the crucible. Results for an empty crucible and a crucible filled with 3.19 kg of
copper are shown. Different cooling rates are obtained varying the supplied power to the upper part of the

crucible.

Table 1. Thermophysical properties of selected materials used for TES in LHTPV systems.

Material Density | Specific | Latent | Thermal Melting / CpPVv Refs
(g/cm®) | heat Heat conductivity | Maximum (€M
(JgK) | (J/9) (WmiK?) | Temperature
(i) (°C)
Si 2.33 0.98 1800 29 (solid) 1414 3.29 11641
60 (liquid)
Fe 7.86 0.72 247 36 (solid) 1538 0.84 11641
40 (liquid)
Fe-26Si-9B 5.39 0.95 77 30 (solid) 1157 3.29( | 16
60 (liquid)
SiC 3.21 1.26 - - 2827 3.21 4
Alumina fiber - 0.26 1650 (max) |7 17
mat(iii)
Fumed silica - 0.034 1000 (max) | 2.5 =
board®™)

) Data provided at approximately 1000 °C
(D The cost per volume of FeSiB is assumed to be identical to that of silicon.
(i Alumina mat by Zircar Ceramics (USA)
M WDS Ultra by Morgan Advanced Materials (UK)
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Table 2. Techno-economic assumptions for the components shown in Figure 10. Ambient temperature is

assumed 25 °C.

Component Parameter Value
. . Cost per power capacity 900 €/kW
PV installation - - —
Nominal PV power installed Optimized (kW)
Cost per energy capacity 30 €/ kWh
Energy capacity Optimized (kwh)
Hot water storage Heat loss 0.1 W-K .dm™372
Electric heater efficiency 100 %
Temperature of storage 60 °C

LHTPV battery

Height of the crucibles

Optimized (m)

Cost per energy capacity

Calculated for each size and heat loss (€/kWh)

Energy capacity

Optimized (kwh)

Cost per input power capacity

20 €/kW

Input power capacity

Optimized (in (kW)

Cost per output power capacity

Calculated for each storage duration (€/kW)

Output power capacity

Optimized (kW)

Self-discharge (heat loss)

Optimized (%/day)

Li-ion battery

Cost per energy capacity

87 — 145 €/kWh

Energy capacity

Optimized (kwWh)

Cost per input power capacity

52.5-60.8 €/kW

Input power capacity

Optimized (kW)

Cost per output power capacity 0 €/kW
Output power capacity Equal to the input power capacity
Self-discharge 0 %/day
Round-trip efficiency 90 %
Cost of grid electricity 0.17 €/kWh *
Electric grid Cost of grid power capacity 50 €/kW *
Price of electricit_y injected to the 0 €/kWh
grid
Weighted Avgrage Cost of 40 35
Other economic Capital
variables Inflation 2%
Lifetime of all technologies 25 years
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