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Molten salts, phase change materials commonly employed in thermal energy storage (TES) systems, are widely
known to enhance the efficient use and storage of solar energy in concentrated solar power (CSP) plants. Here,
three-dimensional TES (3DTES) have been manufactured from highly porous (up to ~90 %) 3D printed patterned
vermiculite (V) and alumina (Al,O3) supports, which have been infiltrated with molten sodium nitrate salt (nn)
and solar salt (ss). These 3DTES have been validated under real concentrated solar radiation in a parabolic solar

furnace. Among the different 3DTES, those based on V-nn exhibits the best efficiency for the conversion of the
incident solar radiation into heat; whereas Al;O3-nn transfers the heat more efficiently and allows a faster
charging-discharging cyclability due to its higher thermal conductivity. This study confirms the benefits of ad-
ditive manufacturing to develop a new class of innovative TES for CSP applications.

1. Introduction

The current increasing energy global consumption linked to the use
of fossil fuels has prompted the search for alternative environmentally
friendly approaches that can stabilize the power grid and reduce
greenhouse gas emissions. Renewable energy sources provide a clean
and sustainable solution to energy demands. In this context, concen-
trated solar power (CSP) emerges as a promising and competitive
technology to mitigate the elevated cost of electricity [1-3]. CSP can
dispatch high amounts of energy by employing the huge solar radiation.
Compared to the photovoltaic technology, which can convert the solar
radiation directly into electricity, the main advantage of CSP is that it
can be coupled with thermal energy storage (TES) systems to produce
and store energy in form of heat 24 hours a day, regardless the weather
conditions, releasing the thermal energy to produce the electricity on
demand [4].

TES systems have several advantages compared to other energy
storage technologies, such as lower capital costs and very high operating
efficiencies [5]. They stock thermal energy by heating or cooling a
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reservoir for further use in thermal applications and power generation
[6]. Thermal energy can be stored as a change in the internal energy of
the reservoir material as latent heat, sensible heat, thermochemical and
a combination of all of them [7]. Latent heat storage (LHS) uses the
enthalpy of a phase change material (PCM) to store large amounts of
energy [8]. In particular, solid-liquid phase transformations offer better
efficiencies and are suitable for medium-high temperature applications,
such as those attained in CSP, at low operational costs. Although the
most widespread TES technologies use only sensible heat storage (SHS),
LHS has attracted great attention in recent years because it provides
higher energy storage densities than SHS [1]. Other advantages of LHS
are the wide range of PCM available, its high thermal efficiency, and
nearly isothermal operation at the phase transition temperature [9].
However, their overall thermal performance is limited by their usually
low thermal conductivity, the liquid leakage in the molten state and
corrosion issues [10,11]. One of the strategies to minimize these prob-
lems is the PCM encapsulation or infiltration into porous supports, in
particular, ceramics such as porous clay powders or mesoporous silica
foams [12], leading to the development of form-stable composite PCM
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(FSPCM) [8,13,14]. Recently, some of the present authors have reported
the additive manufacturing of robust and highly porous patterned 3D
ceramic supports infiltrated with sodium nitrate (NaNOs) salts, known
as 3DTES, as a promising alternative to solve the lacks of PCM also
improving the energy storage performance [15,16].

The aim of the present work is to move a step forward and validate,
for the first time, the 3DTES approach under relevant and real concen-
trated solar radiation using a very specific solar furnace at PROMES-
CNRS. In this way, two types of large ceramic supports with different
thermal conductivity, vermiculite and alumina (Al,03), have been ad-
ditive manufactured by robocasting, a direct ink writing technology, to
be infiltrated with two distinct molten salts commonly employed in CSP
applications; in particular, NaNOs, a low-cost salt with high thermal
capabilities, low supercooling and a melting temperature of ~307 °C,
and solar salt, a binary mixture of NaNO3 and KNOj3 (60:40 in weight)
with a melting point of ~222 °C that allows working in a wider tem-
perature range due to its high decomposition temperature (565 °C) [17].
Solar salt is also commonly used as sensible heat storage material in
conventional CSP plants. The energy stored, solar absorptance, thermal
emittance, heliothermal efficiency, thermal conductivity and heat
transfer coefficient of the developed 3DTES have been investigated.

2. Materials and methods
2.1. Manufacturing of 3DTES

The development of printable expanded vermiculite (V) and
boehmite (B) inks, the latter as precursor of the Al;O3 scaffolds, was
reported elsewhere [16,18]. Briefly, a pseudoplastic V ink containing, in
weight, 36.3 % of clay, 9.1 % of activated carbon (AC) employed as a
pore former, and 54.6 % of ultrapure water, was formulated; whereas
the B ink was produced with 52.0 wt.% of solids and 48.0 wt.% of ul-
trapure water. Unframed cylindrical structures with a linear array of 9
parallel filaments on the X-Y plane and between 130 (V) and 160 (B)
layers orthogonally assembled respect to the adjacent layer on the
z-direction were computed designed with a CAD software (RoboCAD
4.2, 3-D Inks LLC). The dimensions of the scaffold design varied as a
function of the materials (20.3 mm in diameter and 62.3 mm in height
for V supports, and 24 mm in diameter and 76.7 mm in height for B
structures) taking into account their different shrinkage during the
further thermal treatments. The goal was to produce scaffolds with a
final diameter of 20 mm and 50 mm in height in both cases.

The inks were extruded through a nozzle tip with an inner diameter
of 610 um, at room temperature in air onto flat alumina substrates, and
using a three-axis robocasting system (A3200, 3-D Inks LLC) at a con-
stant speed of 10 mm-s~'. The as-printed scaffolds were dried in air for
24 h and, then, heat treated under distinct temperature conditions. V
scaffolds were heated at 800 °C for 1 h to remove the water, burn out the
activated carbon and partially sinter the structures; while B supports
were sintered in air at 1300 °C for 2 h to fully transform the boehmite
into a-AlyO3 crystalline phase. The geometrical density (pg,) was
calculated from the weight and dimensions of the ceramic scaffold;
whereas the total porosity (r;q) of the 3D support was obtained using
the equation 7orq = 100 x (1 - pgeo/psr), being p, the theoretical density
of each support (2.60 g-cm ™ for V and 3.98 g-cm > for a-Al,03). Be-
sides, the porosity associated to the open channels of the patterned
design, or 3D porosity (n3p), was calculated using the geometrical pa-
rameters; whereas the porosity of the ceramic struts, labelled as rod
porosity (7;oq), was determined from the expression: ©;oq = 100 X (T¢otal -
n3p)/(100- m3p).

The PCM wettability on the supports was investigated by placing a
compacted cube (3 mm in diameter and 3 mm in height) of each PCM on
a bulk vermiculite or alumina plate (15 x7 x2 mm®) and using a heating
microscope (HR18 model, Axel Hesse Instruments). The tests were car-
ried out in air, up to 250 °C (solar salt) and 320 °C (NaNOg), and
employing a heating rate of 5 °C-min".
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The infiltration step with NaNOg and solar salt was carried out in an
electric furnace in air conditions at ~ 50 °C above the melting point of
each PCM, i.e., at 350 °C and 270 °C, respectively. The 3D support was
completely submerged for 30 min into an alumina crucible containing
the fully molten salt. Afterwards, the scaffold was removed and left to
cool down at room temperature. Three different 3DTES were produced,
in particular, V-nn, V-ss and Al;O3-nn (“nn” and “ss” correspond to
NaNOj3 and solar salt, respectively). The encapsulation capacity of the
3D ceramic supports (1) was assessed for each PCM from the expression:
Ne (%) = 100 x (W3prES — W3p)/WspTEs, where Wsprgs and Wsp refer to
the weights of the 3DTES and ceramic supports, respectively. The
melting temperature (Tpp), enthalpy of fusion (AH) and specific heat
when the PCM is in the solid (C, s,1) and liquid states (C, 1iq) were ob-
tained by differential scanning calorimetry (DSC, Discovery DSC, TA
Instruments). The DSC tests were conducted from room temperature up
to 350 °C for scaffolds infiltrated with NaNOs, and up to 270 °C for those
infiltrated with solar salt, using nitrogen as purge gas. Heating/cooling
rates of 5 °C-min~! (for Tmer and AH) and 10 °C-min~! (for Cp) were
employed. Optical stereomicroscopy (Nikon SMZ1000) was used to
observe in detail the microstructure of the infiltrated scaffolds.

2.2. Parabolic solar furnace experiments

The medium size solar furnace used (MSSF at PROMES-CNRS) con-
sists of a parabolic mirror of 1.5 m in diameter. The MSSF has a
maximum total power of 850 W at the focal point, considering a direct
normal irradiation (DNI) of ~1000 W-m~2, which is defined as the
amount of solar radiation received per unit area by a surface that is al-
ways normal to the Sun’s rays [19]. In the present work, the experiments
were carried out with a DNI of 968 =+ 26 W-m 2. The solar beams were
directly reflected from the Sun to the MSSF through a solar mirror or
heliostat that can be aligned in the NS (north-south) and EW (east-west)
axes in order to track the Sun thanks to a servo-electric motor system
(Fig. 1a).

To study the heat front propagation, each 3DTES specimen was
gently ground to achieve a final height of 44 mm and, then, placed at the
focal point of the parabola into a mobile platform. The schematic
configuration of the MSSF installation is shown in Fig. 1b. Five ther-
mocouples (from T1 to T5, RS Pro 363-0250, Z2-K-1M-MP) were
laterally introduced in holes drilled (1 cm in depth and 1 mm in diam-
eter) through the 3DTES outer wall (Fig. 1c), starting at 2 mm (T1) from
the top of the sample to avoid the thermocouple to be directly under the
solar radiation. The rest of thermocouples (T2-T4) were equispaced
about 10.5 mm towards the bottom of the specimen (Fig. 1c). The last
thermocouple (T5) did not require a hole as it was located at the bottom
of the scaffold. Therefore, five cylindrical regions (from R1 to R5,
Fig. 1c) can be established for the further energy analysis. The temper-
ature of each region was supposed to be radially uniform at the tem-
perature of its corresponding thermocouple. All thermocouples were
connected to a temperature sensor (Graphtec, midi LOGGER GL 220).
The temperature (T) was represented versus the time (t) for each ther-
mocouple, obtaining T(t) curves in which the charging-steady state-
discharging processes can be observed. These curves were also
employed to assess the heat transfer coefficient. The MSSF was equipped
with a trap or door and an external/manual controlled shutter that can
be tuned from 0 to 100 %, allowing regulating the solar input power.

3DTES specimens were introduced into a stainless steel (Grade 310)
cylinder and an Inconel 625 cover with Pyromark paint (solar absorber)
was used to homogenize the heat on the 3DTES top receiving surface
(Fig. 1c). Since the solar irradiation forms a cone at the focal point with a
spot diameter of about 10 mm, the top surface of the 3DTES was shifted
~12 mm above the focal point to ensure the whole 3D specimen surface
(20 mm in diameter) received the solar irradiation. The shutter was first
opened by 2 % at a time, which means an input solar power of 3.8 +
0.1 W taking into account the power interpolation as a function of the
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Fig. 1. a) Building with the solar installation, including the heliostat and the obturator. b) Solar parabola reflecting the solar beams (yellow arrows) directly to the
3DTES specimen. ¢) Schematic configuration of the 3DTES for running the solar experiments, where the thermocouples (T1-T5) location along the specimen in the

different established regions (R1-R5) of the specimen are shown.

shutter’s opening (Figure S1) and the average DNI on each solar
parabola experiment. Then, the obturator was gradually opened by 1 %
every 5min until the maximum temperature for thermocouple T1,
associated to the corresponding melting temperature of the infiltrated
PCM, was reached. As result, the maximum apertures for 3DTES-nn and
3DTES-ss were 12 % (solar power = 34.0 + 0.5 W) and 14 % (solar
power = 41.6 + 1.7 W), respectively. The steady state was maintained
at least 30 min to guarantee the thermal stabilization of all thermo-
couples. A cooling system at the bottom of the metallic support avoided
the overheating of the experimental set-up during the charging and
steady-state steps; whereas free cooling down took place during the
discharging process.

2.3. Optical and thermal properties of 3DTES

The solar absorptance (o) of 3DTES was derived from the spectral
reflectance measurements at room temperature, which were carried out
in two wavelength ranges: 0.250-2.5 pm (Perkin Elmer Lambda 950)
and 1.25-25 pm (SOC-100 HDR reflectometer, Surface Optics Corpo-
ration, coupled with a Nicolet FTIR 6700 spectrophotometer), using
cylindrical samples of 20 mm in diameter and 12 mm in height. In this
way, for opaque materials with no transmission, os was calculated from:

J11=R0)J-G()-dh
= 1
* TG0 0
where R()) is the spectral reflectance and G()) the standard solar irra-
diance spectrum (ASTM G173-03 AM1.5 Direct + circumsolar Refer-
ence Spectrum [20]). Additionally, the thermal emittance (e¢(T)) was

also calculated for the different 3DTES using the following equation:

1 - R()|MO(4, T)-dA

TMOLT) i @

e(T) = /1

where MJ(A,T) is the blackbody spectrum at the average maximum
temperature measured during solar experiments, i.e., 360 °C for 3DTES-
nn and 430 °C for 3DTES-ss, as derived from Plank’s law [21].

The thermal diffusivity (ar) was measured by the Laser Flash method
(LFA, Netzsch, 457 Instrument) up to 270 °C for samples infiltrated with
NaNOs3, and up to 180 °C for those containing the solar salt. The thermal
conductivity (k) was then calculated from oy according to the following
expression:

kr(T) = ar(T)-Cp(T)-Pyeo(T) 3

Top and bottom faces of the samples were ground to achieve 10.3
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%10.3 mm? on the x-y plane and a thickness of 2.7 mm and, afterwards,
the specimens were coated with graphite to improve the energy ab-
sorption/emission at the surface. The measurements were carried out
under Argon atmosphere (Argon flux of 1000 em®min) witha heating
rate of 5 C-min~!. The reported data correspond to three consecutive
measurements with an interval of 5 min between each shoot.

3. Results and discussion
3.1. 3DTES characterization

Table 1 collects some of the main microstructural parameters of the
different heat treated 3D supports, including the filament diameter
(drod), width of the open channels (Wchannel), Pgeo and the main porosity
parameters. 3D V supports were much lighter (0.25 g-cm™') than the
corresponding 3D Al,0s ones (0.47 g-cm™1), and both of them exhibited
quite similar values of Ty (— 90 %) and n3p (~76 %). The 3D
vermiculite skeleton was formed by filaments of 0.48 mm in diameter
spanned 1.29 mm; whereas, in the case of the Al;O3 supports, the
channel width was slightly higher (1.35 mm) as a consequence of a
larger shrinkage of this ceramic skeleton (22 % and 55 % for V and B as-
printed supports, respectively) during the sintering process that led to
slightly thinner (0.43 mm in diameter) and denser filaments. In fact, m.oq
was lower for the 3D Al,;Os3 structure (52.9 %) than for the vermiculite
one (60.4 %).

The encapsulation capacity and some thermal parameters of the
distinct 3DTES are summarized in Table 2. As it can be seen, 1 for V-nn
was higher (80.7 wt.%, 82.8 vol.%) than for AloO3-nn (64.7 wt.%, 76.3
vol.%). Taking into account that the wettability of the NaNO3 salt on
both ceramic supports is quite similar (Figure S2), that encapsulation
difference can be explained by a distinct 1. into the filaments due to
differences in 7;0q of the vermiculite and AlyO3 structures. In this way,
considering that the patterned structures for both supports were mostly
infiltrated by the molten PCM, i.e., n associated to the channels would
be alike n3p, the encapsulation into the ceramic skeletons would be
7.3 vol% for V-nn and 0.5 vol% for Al;O3-nn. In addition, it seems that
NaNO;3; and solar salt present a good and comparable wettability
(Figure S2) to the vermiculite support as ne was alike for both V 3DTES
(~80 wt.%). Despite the molten PCM filled the open channels of the
supports, the 3D structures appeared infiltrated just about 54 % of the
total height in the solid state after the solidification step (Fig. 2) due to
the liquid-solid volume shrinkage of the PCM (18 % for NaNOg [22] and
12 % for the solar salt [23]). This means that only R1-R3 regions con-
tained PCM encapsulated into the open channels of the 3DTES and, thus,
R4 and R5 were discarded in the further analysis of the thermal energy
storage.

Data of enthalpy of fusion are directly related to both the PCM
encapsulation and the AH value of the pure salt (AHyan03 = 178.4 J- g’l,
AHgolar sait = 110.7 J-g’l). In this way, AH for V-nn was about 12 %
higher (147.4 J~g’1) than for Al,Os-nn (131.8 J~g’1); whereas the
enthalpy for V-ss reached a value of 93.9 J-g ™, a 36 % lower latent heat
storage than for V-nn. Then, the latent thermal energy storage efficiency
(E) for each 3DTES was estimated using the melting (m) and solidifying
(s) enthalpies of the pure salts and the 3DTES according to the following

Table 1

Geometrical density (pgeo), total porosity (miiota1), 3D porosity (n3p), rod porosity
(m;0a) and diameter (d;oq), and channel width (Wchanner) Of the heat treated 3D
vermiculite (V) and Al,O3 supports.

3D Pgeo Ttotal T3p Trod drod Wehannel
support (g-em™3) (%) (%) (%) (mm) (mm)
A% 0.25 + 90.3 + 75.5 + 60.4 + 0.48 + 1.29 +
0.1 0.3 0.7 0.3 0.01 0.07
Al,03 0.47 + 88.6 + 75.8 + 52.9 + 0.43 + 1.35 +
0.2 0.6 0.5 1.5 0.01 0.03
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equation: Es = 100 x [AHspres, m) + (AHspres, 5] / [AHpem, m) +
(AHpcw, 5)]- As result, E for V-nn, V-ss and Al,O3-nn reached values of
86.7, 83.6 and 76.6 %, respectively.

3.2. 3DTES performance under real concentrated solar radiation

A representative example of the temperature increment with time of
the thermocouples placed along the height of V-nn, V-ss and Al;O3-nn
during the MSSF tests is shown in Fig. 3 (see plots of all experiments in
Figure S3).

Considering the decomposition temperatures for the NaNO3 (380 °C)
and the solar salt (565 °C) [17], the solar irradiation received on the
3DTES specimens was controlled to reach during the tests a maximum
temperature (Tpax) in the thermocouple T1 around 360 °C for V-nn (361
+ 18 °C) and Al;03-nn (355 + 17 °C); while a value of Tpax of 429 + 21
°C was attained for V-ss. The charging, steady-state, and discharging
processes can be clearly seen in the T(t) curves of Fig. 3. In this way, the
heating rate, i.e., the slope, during charging decreased with the distance
from the heat source (i.e., from T1 to T5), and the same behaviour was
observed for the cooling rate during the discharging process. A constant
temperature response was recorded for all thermocouples and specimens
during the steady-state region (Fig. 3). As result, T1 and T2 measure-
ments during the steady-state for V-ss were above the solar salt melting
temperature and then R1 and R2 were melted; but for both 3D supports
infiltrated with NaNO3 only T1 was above the corresponding melting
temperature and, then, just the first region (R1) of the 3DTES was
melted.

In order to calculate the total stored energy after the charging phase
(Estored) of the different 3DTES, the contributions of the sensible heat
storage, in the temperature range below (solid state) and above (liquid
state) the melting point, and of the latent heat storage, during the solid-
liquid phase transition, must be considered. The percentage of molten
PCM in each region for the distinct 3DTES (Table S1), considering only
T1, T2 and T3, was calculated knowing the height of the sample (or
distance to the top surface) where the melting point is located and the
PCM encapsulation in R1, R2 and R3. The position of the melting point
can be established with the corresponding temperature profiles in the
steady-state region (Fig. 4), taking into account the temperature dif-
ference between each experimental value and the ambient temperature
(6), which was about 13-14 °C due to the cooling system. The PCM loss
after the solar experiments was 1.1 % for V-nn and Al,O3-nn, and 5.7 %
for V-ss. The reason for the higher loss in the case of V-ss could be
explained by its larger percentage of molten PCM in the 3DTES (71.3 %,
Table S1), as compared to that in V-nn (27.9 %) and Al,O3-nn (25.0 %),
which was due to its higher volume (R1 and R2 regions) of the former
3DTES at a temperature above the melting point. In view of all these
issues, Egored for the regions containing molten salts was calculated
using the following equation:

Estored = MSHS.S 'Epsol'(Tmelt - Tamb) + MLHS -AH +MSHS,1'Epliq'(Tmax - Tmelt)
C)

where M is the 3DTES mass (Table S1) contributing to the SHS in the
solid (Msps,s) and liquid (Mgys, 1) states, and also to the LHS (M us); Tamb
is the ambient temperature, and Cp sol and Ep liq are the average specific
heat from Tpelt to Tmax that was fitted to 360 °C for V-nn and Al,Os-nn
and 430 °C for V-ss (data collected in Table 2). In the case of regions
having unmolten PCM, only the first term is considered and T}t should
be replaced by Tnax. Besides, the energy storage density per unit mass
(Q) can be assessed as Q= Egorea/M, Where M is the total 3DTES mass
included in the R1, R2 and R3 regions.

Comparing 3DTES infiltrated with the same PCM (Table 3), i.e.,
NaNOg, a slightly better (~10 %) energy storage density response -both
Estored and Q- was obtained for the vermiculite support than for the
Al,O3 one, a consequence of its larger SHS and LHS contributions
(Table S1). Despite V-ss presented lower enthalpy and specific heat
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Table 2
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Encapsulation capacity (ne) of 3DTES. The thermal parameters considering R1-R3 regions in the specimens are also included, in particular, the melting temperature
(Tmelt), enthalpy of fusion (AH), latent thermal energy storage efficiency (Es) and specific heat when the PCM is in the solid (CP sol) and liquid (CP lig) phases.

3DTES Ne Me Tnelt AH E, Cpol Coiiq
(Wt.%) (vol.%) ) Ug™h (%) A ) @-g k™
V-nn 80.7 + 0.5 82.8 + 0.5 306.4 147.4 86.7 1.45 1.56
V-ss 80.0 £ 1.4 826 +1.4 222.4 93.9 83.6 1.42 1.53
Al,O3-nn 64.7 £ 0.9 76.3 £ 0.9 306.8 131.8 76.6 1.44 1.61
) A1203-nn

N

SN

Fig. 2. Optical views of the 3D structures before and after the infiltration process with the molten salts for: a) V-nn and V-ss, and b) Al,O3-nn. Detailed views of the

top surfaces of the 3DTES are also shown in the images at the bottom of the panel.

values than V-nn, Eg.q was comparable because Tp,qx reached a higher
value (up to 430 °C).

The solar absorptance, obtained by integrating the reflectivity
spectrum (Fig. 5), for V-nn, V-ss and Al,03-nn was ~69 %, ~42 % and
~23 % (Table 4), respectively, which evidenced a clear effect of the 3D
support (higher o for the vermiculite support using the same PCM) and,
to a lesser extent, also of the PCM, as NaNOs led to a larger og than the
solar salt for the same 3D support. The thermal emittances were quite
similar for all 3DTES (Table 4), slightly lower for V-ss. Based on these
results, it can be concluded that V-nn presented the best optical per-
formance under relevant solar radiation. From oy and ¢ (T), the theo-
retical heliothermal efficiency (Wheliothermal) Was calculated to quantify
the efficiency for the conversion of the incident solar radiation into heat
as [21]:

g(T)-o(T* — Tg)

()
CI 'nopt

Nheliothermal = ¥s —

where ¢ is the Stefan-Boltzman constant, T is 633 K for V-nn and Al,03-
nn and 703 K for V-ss, Tg is 273 K, C relates to the solar concentration
ratio (100), I is referred to the incident solar flux density (900 W~m_2),
and nopt is the concentrator solar efficiency (0.8). As seen in Table 4, V-
nn exhibited a good solar-to-thermal conversion response (Nheliothermal
~67 %), three times larger than that obtained for the 3DTES using the
same salt but distinct support (AloOs3-nn, Nheliothermal ~20 %). Besides,
the NaNOs salt almost doubled this energy conversion parameter as
compared with the solar salt, taking into account that T for the latter was
even higher.

The thermal conductivity as a function of temperature was assessed
using the thermal diffusivity (Figure S4), the density and the specific
heat of 3DTES (Table S2). The densities varied depending on the state of
the infiltrated PCM. In this way, the values in the solid state (experi-
mentally measured) were 2.05 g-cm_3 (V-nn), 1.79 g~cm_3 (V-ss) and

2.07 g-cm™° (AlyO3-nn); while in the liquid state they were calculated
employing the molten salt content into the 3DTES, the density of the
ceramic support, and the density of the molten PCM at each temperature
using data from literature for NaNOs [22] and solar salt [23]. In addi-
tion, the density of the ceramic supports was considered constant within
the temperature range analysed. Regarding the thermal diffusivity, ot
value at each region of the 3DTES was interpolated from the experi-
mental curve (Figure S4) when the temperature was below Ty
whereas a data above Ty, were estimated employing the ar depen-
dence with the temperature reported in the literature for “nn” [22] and
“ss” [24]. Fig. 6 plots kr for V-nn, V-ss and Al;Os-nn at the different
temperatures recorded in each thermocouple (numerical data collected
in Table S3). As expected, the larger conductivity of Al,O3 as compared
to vermiculite led to a higher kr value of the corresponding 3DTES. In
this way, Al,O3-nn exhibited 40-50 % higher kr than V-nn in the whole
range of temperatures tested, varying from a maximum value at 56 °C
(T5) of 1.31 W-m~1.K™! to 0.36 W-m~1.K™! at 354 °C (T1). Comparing
both salts on 3D vermiculite supports, and taking into account that the
PCM encapsulation is similar for V-nn and V-ss, the infiltration with
NaNOs enhanced the conductivity of the 3DTES due to the higher kt of
the pure NaNOs (1.39 W-m 1K ! at 25 °C and 0.87 W-m 1.K! at 180
°C [16]) than that of the molten salt (1.25 W-m LK ! at 25 °C and
0.71 W-m LK1 at 180 °C [25]). The increment observed at 450 °C for
V-ss is related to higher thermal diffusivity estimated for this salt
(Figure S4).

An important parameter during the steady-state process is the heat
transfer coefficient (h), which is related to the ability that the 3DTES
surface has to transfer heat to its surroundings, and can be calculated
from the equation [26]:

h=m? -kr-r/2 6)

where r is the radius of the 3DTES, kt is the thermal conductivity
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Fig. 3. Representative temperature-time curves for each thermocouple (T1-T5) in: a) V-nn, b) V-ss and c) Al,03-nn showing the charge, steady-state and discharge
regions. A horizontal line corresponding to the melting temperature of the corresponding PCM is also included in the plots.

averaged from the thermal conductivity values for each region in the
specimens (Table 4), and m is referred to the temperature decay with the
distance from the irradiated surface of the 3DTES (Fig. 4), and corre-
sponds to the exponent of the exponential fitting (Table 4). In addition,

0(x) = 6™ )
0; being the maximum temperature difference between the top and the
bottom part of the 3DTES. A deeper explanation of those equations can
be found in the Figure S5 of the Supporting Information.

Data shown in Table 4 indicate that Al,O3-nn would transfer the heat
more efficiently than V-nn, with a h value almost twice than that for V-
nn (11.7 vs 6.2 W-m~2.K™1). This result can be explained by its higher kr
that would lead to a faster charging-discharging cyclability. The
response as a function of the type of salt using the same support is less
remarkable, with about 20 % of increment in the h parameter when the
PCM was NaNOs, coinciding with smaller differences in kr,

0/6; versus the time (t) in the discharging region for the distinct
3DTES was plotted in Fig. 7 to evaluate the release of the thermal en-
ergy, where 6 and 6; corresponds t0 Texp-Tamb and Tmax-Tamp, respec-
tively. Only regions containing molten PCM were considered, i.e., R1 for
3DTES-nn and R1 plus R2 for V-ss. 3DTES-nn curves (Fig. 7a) exhibited
an initial decrease of the temperature with the time until reaching an

inflection point where the slope drastically reduced, which is linked to
the liquid-solid phase transition of NaNOs (the melting temperature is
represented by a straight line). The crystallization of the salt occurred in
a short period of time without a significant variation in the temperature.
This behaviour, enlarged in Fig. 7b, kept around 60 s for V-nn; while it
lasted only half as long (30 s) for Al,03-nn, which can be attributed to its
higher thermal conductivity. In the case of V-ss, the change in the slope
was observed in R2 (Fig. 7c¢), as the phase transition of the solar salt took
place in this region, and it lasted ~ 300 s (Fig. 7d).

All curves were fitted to an expression based on the Newton’s Law of
Cooling in the form of e¥" where 1, namely time constant, is the time in
which the temperature decays to 37 % of its initial value and gives an
idea of how fast the 3DTES is discharged. The lower the 7 parameter the
faster the energy is released, which is convenient for CSP applications.
As it can be seen in Table 5, the thermal time constant in R1 for Al,O3-nn
(11 = 424 s) was slightly lower than for V-nn (17 = 440 s), which would
indicate that the former 3DTES would induce a faster release of the
energy due to its higher thermal conductivity and heat transfer coeffi-
cient (Table 4). For V-ss, a similar t; than for V-nn was attained in the
first region (446 s, fully melted region). However, the phase change
occurred in R2, with a t3 of 507 s, leading to the slowest release of the
energy (lower kt and h parameters).
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Fig. 4. Temperature profile within the 3DTES in the steady-state process for V-
nn (square), V-ss (circle) and Al,O3-nn (triangle). The temperature difference
(0) between each experimental value and the ambient temperature (13-14 °C) is
plotted versus the distance of the different thermocouples (T1 to T5) to the top
irradiated surface of the specimen. The melting temperatures of NaNO3 (nn)
and solar salt (ss) minus the T,,, were highlighted by a straight line. Data were
fitted (dashed lines) to an exponential decay using an equation in the form of 6
x) =0;-e™

Table 3
Energy storage density per mass-unit (Q) and energy stored density (Esoreq) for
the different 3DTES.

3DTES Q Estored
[g™h (kJ)

V-nn 443 £18 5.6 £0.3

V-ss 474 £ 28 5.7+ 0.4

Al,O3-nn 408 + 8 51+0.1

100

80 -

60 1

40

20 1

.7~ — BB 360°C

Reflectance (%)/normalized irradiance

Wavelength (um)

Fig. 5. Spectral reflectance (R(4)) for the different 3DTES (V-nn, V-ss and
Al;03-nn). The blackbody spectrum (BB) at 360 °C and 430 °C and the solar flux
have also been included.
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4. Conclusions

3DTES have been manufactured in a two-step process consisting of
direct ink writing of light and highly porous 3D vermiculite and Al;O3
supports and subsequent infiltration with molten nitrate-based salts. 3D
vermiculite supports allows reaching PCM encapsulation capacities up
to ~80 wt.%, superior than for 3D Al;O3 supports (65 wt.%) and inde-
pendently of the selected molten salt, due to a larger infiltration degree
of the salt into the vermiculite struts. As a result, and due to its larger
sensible and latent heat storage contributions, V-nn has about 10 %
better energy storage density response in terms of Egreq and Q than
Al,Os-nn. All 3DTES do not show significant liquid leakage of the
encapsulated molten salt after the parabolic solar furnace tests.

The combination of vermiculite supports and NaNOs salt leads to
3DTES with the best optical performance under relevant solar radiation
(s = 69.3 %) and solar-to-thermal conversion response (Nnheliothermal
~67 %) from the set of developed 3DTES. Conversely, Al,O3-nn presents
40-50 % higher thermal conductivity than V-nn in the 25-270 °C tem-
perature interval due to the contribution of the ceramic support, leading
to about two times more efficient heat transfer (h = 11.7 W-m 2K 1)
and, hence, faster charging-discharging cyclability. Consequently, the
release of the energy is the fastest for Al,O3-nn, decreasing for V-nn and
V-ss. The results open a promising approach through additive
manufacturing strategies for the development of novel TES based on
high temperature molten salts for CSP applications.
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Table 4

(blue triangle).

Optical and thermal parameters of 3DTES. Solar absorptance (as), thermal emittance (e(T)), heliothermal efficiency (Nheliothermal), heat transfer coefficient (h), averaged
thermal conductivity (kr) for the whole 3DTES specimens, temperature difference between the top and the bottom part of the 3DTES (6;), exponential fitting (m) to the
Eq. (7), and maximum temperature reached at the top of the 3DTES (Tx—_¢)) were also included.

3DTES [N e(T) Nheliothermal h kr 6; m Tx=0)

(%) (%) (%) (W-m 2K ™) W-m LK) Q) m™ Q)
V-nn 69.3 88.5 66.9 6.2 + 2.3 0.66 + 0.25 390.0 + 31.8 43.4 £ 5.0 404.0 + 31.8
V-ss 41.8 83.8 38.4 52+22 0.47 + 0.20 453.6 +17.0 47.0 £ 4.0 466.6 + 17.0
Al,O3-nn 22.7 88.0 20.2 11.7 + 4.8 1.04 £ 0.39 352.7 + 24.3 47.6 £ 5.0 366.7 + 24.3
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Table 5

Thermal time constant (t) in R1 and R2 for the different 3DTES.
3DTES 71 (5) T2 (s)
V-nn 440 + 58 —
V-ss 446 + 107 507 £ 76
Al;O3-nn 424 + 6 —
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