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ARTICLE INFO ABSTRACT

Keywords: The performances of a pilot scale packed bed thermal energy storage system filled with 162 kg of developed

Thermal Energy Storage phosphate-based ceramic materials (cylinders of 1.5 cm x 4 cm) was experimentally investigated under different

ETOSphate operating conditions of inlet air temperature for the charge (334 +/- 21 °C, 531 +/- 23 °C and 760 +-/- 15 °C), air
ay

flowrate for charging and discharging (26.5 to 74 kg/h), as well as under consecutive cycles.

The packed bed performed well at different temperature and charge / discharge flowrate. The cylindrical
shape of the produced clay/phosphate-based ceramic combined with the horizontal implementation of the
storage tank did not provoke a significant preferential path for the air inside the storage medium and did not
create a significant thermal de-stratification during the charging and discharging phases. Furthermore, under
consecutive cycles, the TES system could be quickly stabilized demonstrating the robustness and flexibility of the
developed TES system, which can cover a wide range of application cases. The production of the developed
ceramics is mastered by ceramic industries allowing the availability at industrial scale worldwide with
competitive cost and carbon footprint.

This work opens new prospects for using phosphates-based ceramics as alternative promising media to build
new generation of flexible and reliable high temperature TES system for industrial assets decarbonation, grid
services as well as renewable energies high penetration into the grid.

Thermocline
Pilot scale
Industrial decarbonization

can be stored in the form of heat in a long duration Thermal Energy
Storage system (TES). In such a system, hybrid or not, heat can be stored
when the resource is abundant and later restored under the form of
electricity and/or heat, which can contribute to shape the energy supply
and demand. To-date, conventional Concentrated Solar Power plants
(CSP) can produce electricity from solar energy, with possibility of TES
integration, which can ensure a 24/24 electricity production without
any use of fossil fuel [3,4 5 6 7]. However, the cost of the commercial
product (electricity) is still high (>0.20 $/kWh), causing the limited
expansion of this technology [1]. Improving the storage system,
particularly to reach high temperature thermal energy storage offers a
promising way to increase the global efficiency of CSP plants, thus,
contributing to the reduction cost of the final product.

Currently, the most developed TES concept for industrial scale use
two tanks molten salt systems, allowing typically heat storage for 6-18

1. Introduction

To mitigate global climate change and the associated negative con-
sequences on natural and human systems, it is necessary to reduce the
GHG emissions as fast as possible. Integrating renewable energy systems
in substitution to fossil fuel is indispensable for achieving the energy
transition target. But the availability of renewable sources such as solar
and wind is intermittent at daily and seasonal scale, and is dependent on
the weather conditions. Energy storage is mandatory to regulate the
dephasing of energy availability and demand [1,2]. Electricity produc-
tion by photovoltaic (PV) has been largely industrialized but storing
electricity by an efficient and economical manner is still a great chal-
lenge. As an alternative solution, the energy collected from PV, Wind
Turbine Generators (WTG) or Concentrated Solar Technologies (CST)
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Nomenclature

Greek letters

Threshold coefficient (%)

Porosity (%)

Charging or discharging rate (%)

Thermal conductivity (W/m/K)

Dimensionless axial air temperature distribution
calculated by T/Tmax, where T is the measured air
temperature at a certain time and Tmax the hot inlet air
temperature

Q=S 0™

Latin letters

m Mass flow rate (kg/h)

Cp Specific heat (J/kg/K)

E Energy (kWh)

Eff syerau  Global efficiency of a given storage cycle (%)
Hie Thermocline thickness (m)

Hicmax  Maximal thermocline thickness (m)

m Total mass of phosphate-based ceramics (kg)

n number of storage volume

P Recovered thermal power (kW)

Pihmax  Maximal recovered thermal power (kW)
T Temperature (°C)

t Time (h)

X Axial coordinate of bed (m)

Subscripts

Air Air

b Low temperature, beginning of storage charge
ceram  Phosphate-based ceramics

ch Charge

CSP Concentrated Solar Power

dis Discharge

H High-temperature, end of storage

in Inlet

max Maximum

out Outlet

overall Overall performance of storage

thr Threshold

h. Several implantations are operating worldwide such as Andasol [7 8 9
10] in operation since 2008, Gemasolar [11], NOOR I, IT & III [12], or
more recently the biggest thermal solar project under commissioning in
Dubai, DEWA NOOR Energy 1 [13]. In such CSP plants, the storage
media consists of molten nitrate salt (commercially named Solar salt@, a
mixture of 60 wt% NaNOs and 40 wt% KaNOs), which is used under the
liquid form between 290 and 565 °C [14 15 16]. The two-tank storage
concept is chosen for industrial scale because it is effective and easy to
handle [17]. However, this configuration presents a relative high capital
cost, up to ca. 20 % of the total cost of a CSP plant [18 19], and in reality,
only one equivalent tank is fully charged at a given time. In addition, the
working temperature of molten salt is limited below 565 °C because of
the risk of irreversible thermal decomposition, preventing its utilization
in systems such as central receiver solar power plants which can reach
800 - 1000 °C [20].

To reduce the cost and boost the performance of the overall power
plant, simple TES system concept based on a single tank named “ther-
mocline TES system” has received significant research attention during
the last decade [21 22 23 24 25 26 27 28 29 30]. According to Pacheco
et al. [31], the thermocline configuration is expected to be 66 % cheaper
than conventional two tanks TES using molten salt. In a thermocline
TES, a high temperature HTF passes through a storage packed bed for
exchanging heat during charging and discharging steps. Cheap and
available monolithic materials are generally investigated as storage
media and different geometries of storage vessel, including vertical,
horizontal, cylindrical, parallelepiped shapes, have been considered to
analyze the thermocline performances [54-59].

Depending on the filler material, the thermocline TES system can
advantageously use air as HTF and operate at high temperature ranges
(>1000 °C) such as in a high temperature central receiver CSP towers
[32 33]. Air has been studied by several works and considered as a
suitable working fluid considering the following characteristics: free and
abundant, no limitation on temperature, does not suffer degradation, no
toxicity, no chemical issues, good compatibility with most of storage
materials and can operate at high temperature ranges and thus increases
the energetic storage capacity.

The single tank thermocline concept, in addition to being able to
store heat generated by CSP, is a relevant technology for industrial waste
heat recovery, which represent an important source of energy to valo-
rize. According to the French Agency of Energy (ADEME), the industrial
waste heat can represent up to 60 % of inlet process energy in heavy
industries and is mainly available at high temperature up to 1000 °C

[34]. The same observation was commented by the US Department of
Energy; they have evaluated these waste heat as around 20 % of the
input energy of steelmaking processes and above 25 % for the glass and
foundry industries [35]. Furthermore, since the last years, several
technologies based on the thermocline concept are in demonstration
phase (TRL 4 - 6) in industry worldwide for decarbonization purposes
[36]. Various filler materials have been investigated such as volcanic
rocks [37 38], alumina [39], concrete [40 41], silica sand [42], graphite
blocks [43], graphite-aluminum alloys, ceramics [44], steel [45], in-
dustrial by-products based ceramics [51-53]. It is commonly observed
that most of high temperature (>650 °C) thermocline TES pilots usually
use packed bed of alumina, graphite and rocks beads as TES medium [39
29 36]. Due to the wide variety of rocks (mineral composition, size,
geometry) associated to the high degradation; the high cost and high
environmental impact of alumina, it is primordial to develop alternative
materials, satisfying the main criteria required for a TES material, such
as high working temperature range, good availability at the industrial
scale, easy processing, low cost, low environmental impact, high ther-
mophysical & thermomechanical properties, and high thermal stability
[46 47].

We have recently reported the first research work on clay/
phosphate-based ceramic materials for high temperature thermal en-
ergy storage [48]. These ceramics were found to be thermally stable at
high temperature (>1000 °C) and to have competitive thermo-physical
and thermo-mechanical properties. In addition, they are available at
large industrial scale worldwide, low carbon footprint, easy to process
and are expected to be less expensive than commercially available
alumina.

In the present work, these new promising materials are investigated
in high temperature TES (up to 800 °C) at the pilot scale, using air as
HTF. The objective is to validate the effectiveness and reliability of the
thermocline system during a typical operation of the system (full charge
and discharge phases). The impact of degraded operational parameters
as inlet air mass flow rate and temperature during the two phases of
charge and discharge is investigated. Cyclic performance is also studied.

2. Materials and methods
2.1. Ceramics processing

The ceramics used in this study were elaborated by the extrusion of a
mixture of clay, a synthetic phosphate (commercial hydroxyapatite from



A. Razac Sane et al.

1400

1200 -
1000 ~
800 -
600 -

Cpceram(J/kg/K)

400 -
200

0 200 400 600 800 1000 1200
Temperature°C)

2160

2150 A

2140

2130 -

pceram(kg/m3)

2120 A

2110 -

2100

Temperature®C)

0 200 400 600 800 1000 1200

1.6

Solar Energy 278 (2024) 112799

1.4 4

14
0.8
£ 0.6
0.4
0.2 |

HW/M/K)

er:

1.2-/\

0 200 400 600

800 1000 1200

Temperature°C)

Fig. 1. Evolution of the fired ceramic thermophysical properties with temperature a) heat capacity (Cp), b) thermal conductivity (A) and c) bulk density (p).

Table 1
Thermophysical properties of the fired ceramic.
X a b c d e
J -3957.107"3 1558-107° -2288.107° 1597-1073 7142107
CPecran { jeg ¢
( w) -3.107'2 5107° -2:107° 3107 1-0661
Aceram | ——
m-K
kg 0 3000-107"* -5000-107% -2000-107° 2150.5
Pceram m
Air outlt Table 2
1r outle
a oute U, Main characteristics of the TES pilot.
Thermocouple (T) ¢
Flow meter y§ Parameters Value Unit
Air —'D @ 'JTQ‘ [ "ITi'. .')Ti,‘ Slorakgc Nominal thermal storage capacity 34 kWhg,
tank .
Blower Air heater HTF Alr -
Pressure sensor (P) TES materials Clay/phosphates-based
ceramic
Packed bed length, L 1.4 m
b Air outlet Packed bed height, H 0.3 m
! Thermocouple (T) Bed volume, V 0.126 m®
Flow meter y ? ? Packed bed porosity, ¢ 0.41 -
Particles emissivity, e 0.91 —
. Do S Storage
\&7 i}
Air E = @ . ank Packed bed mass, m 162 kg
Blower Air heater an Tank walls thickness (vermiculite) 0.1 m
£ Pressure sensor (P) Tank coating thickness (rock wool) 0.25 m
Heat capacity of vermiculite 1000 J/kg/K
Thermal conductivity of vermiculite 0.15 W/m/
K
Fig. 2. S.chemat'ic of.the.present study experimental set-up. a) charging circuit Density of vermiculite 600 kg/m®
and b) discharging circuit. Blower max delivered flow 305 m®/h
Electrical heater power 30 kw
Prayon S.A company) and water. The mixture was prepared in a Mf}’“mum inlet temperature charging, 900 °C
_ . P 0, H
laboratory-type kneading bowl by mixing 95 wt% of raw clay extracted Minimun inlet temperature discharging, 25 oc

in the south of France and 5 wt% of hydroxyapatite. This was found as
optimal composition according to our previous work [48]. Then, water
(15 wt%) was added to the mixture, and the extrusion was performed at
8.0-9.0 bars pressure to obtain cylinders of approximatively 15 mm
diameter and 20-30 cm length. These cylinders were subsequently dried
in an electrical oven at 25 °C, 45 °C, 65 °C and 105 °C with a plateau

Ty

time of 24 h at each temperature. Then, they were fired under the air in
an industrial KILNOGY cell kiln (3 m®) at 1140 °C for 1 h with a heating
rate of 2 °C/min. After a natural cooling to room temperature, the fired
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Fig. 3. A) photo of the packed bed storage tank during the filling with the fired ceramic; b) thermocouples position: x means the length from the top of the backed
bed storage tank from the left-hand-side. Inside each section: the black dots indicate the positions of the thermocouples in each section, the red and the black numbers
indicate the tags and the positions of the thermocouples. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version

of this article.)

phosphate-based products were cut to reach the final shape (cylinders of
15 mm diameter and 40 mm length, as illustrated in (Fig. 3 a).

The thermo-physical properties of the phosphate-based ceramics
were evaluated from room temperature to 1000 °C. The heat capacity of
the fired ceramic (C,) was measured using a differential scanning
calorimetry with a DSC 404 F1 Pegasus®. The measurement was carried
out in a dynamic argon atmosphere (gas flow rate: 50 NmL/min) from

room temperature to 1000 °C with a heating rate of 20 °C/min.

The thermal diffusivity (¢) was measured by Laser Flash technique in
a NETZSCH laser flash apparatus (LFA 467 HyperFlash@) from room
temperature to 1000 °C. The thermal conductivity (\) was then deduced
as described in our previous work [48].

The bulk density (p) was measured at room temperature using a
water absorption technique described in our previous study [48].
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Table 3
Characteristic parameters for calculating the properties of the air as a function of the temperature.
X a b c d e
G J 2.42.107"° -7.131-107 6.581.10~* -8.615.1073 1006
Pair | gkt
N ( w 0 9.38-107'2 -2.592:107 7.298-107° 2.477-1072
“r\mK

The thermal dimension variation of the fired material was performed
in a TMA 1600 SETERAM dilatometer from room temperature to
1000 °C (5 °C/min heating rate).

The thermogravimetry analysis of the fired material was carried out
in a Q600 apparatus (TA Instruments) from room temperature to
1000 °C (5 °C/min heating rate).

Then, from the density determined at room temperature, and the
variation of mass and dimension as a function of the temperature, the
density of the fired ceramic could be calculated from room temperature
up to 1000 °C.

From the results obtained, the expressions of Cp, A, and p, as a
function of the temperature could be deducted according to the Eq. (1),
plotted in the Fig. 1.

X =aT*+bT® +cT*+dT +e (¢

The characteristic parameters of the Eq. (1) to calculate X are summa-
rized in Table 1.

2.2. Thermocline TES pilot description

Fig. 2 shows a scheme of the pilot used for TES tests, which includes a
packed bed storage tank, a fan blower, an electric heating generator (30
kW power, SureHeat Max HT) and an insulated pipeline circuit. This
apparatus allows performing either single charge or discharge, or
several consecutive charge-discharge cycles.

During the charging process (Fig. 2 a), hot HTF (i.e. air) heated up to
900 °C passes throughout the storage tank and transfers heat to the filler
material, up to a defined threshold temperature.

For the discharging step (Fig. 2 b), ambient air, at a constant mass
flowrate using a fan blower (SCL K06) equipped with a frequency con-
verter, is injected in the opposite direction of the charge to generate the
useful recovered energy (hot air). A DELTAFLOWC flow meter located
after the fan blower was used to measure the air mass flow with respect
to the temperature of the fluid with an accuracy of + 4 %. The signals
are monitored with a Graphical User Interface developed using the
LabVIEW software.

Table 2 shows the characteristics of the TES pilot. The dimension of
the packed bed is 1.4 m length, 0.3 m width, and 0.3 m height, leading to
a total storage volume of 0.126 m®. The walls of the pilot were built by
vermiculite material (10 cm thickness), insulated by a rock wool (25 cm
thickness), and mechanically protected by a stainless-steel shell
(Fig. 3a). The total storage volume of the tank allows calculating a
nominal maximal thermal storage capacity of 34 kWhy, if it is filled with
the developed materials and charging temperature of 900 °C. In this
study, it is fulfilled with 162 kg of the fired clay/phosphate ceramic
presented above (cylinders of 1.5 cm diameter and 4 cm length), leading
to the void fraction of the packed bed of ca. 40 %, which was calculated
from the mass and the density of the ceramic, and the total volume of the
TES tank. The axial and radial temperature profiles inside the storage
tank are carefully monitored using a series of 33 K-type thermocouples
implemented along the tank and in the insulation wall as shown in
Fig. 3b. Nine thermocouples implemented in the centerline of the tank
from the left to the right record the axial temperature profile. Radial
temperature distribution is monitored within three sections A, B, C. The
section A, which was found at 0.225 m from the top of the storage tank
from the left-hand-side, was composed of nine thermocouples, 8 of them

were located at 5 cm far from the tank wall, while the 9th one was set at
the center of the section. The sections B and C, which were found at 0.75
and 1.275 m from the top of the storage tank from the left-hand-side,
also contained 9 thermocouples each, with the same configuration as
for those of the section A. All the thermocouples are calibrated in the
temperature range of 25-900 °C with an uncertainty of + 1 °C.

Four more thermocouples are placed respectively in the vermiculite
wall, between the vermiculite and the rock wool, in the center of the
insulation and close to the steel wall.

2.3. Experimental investigations

Charge and discharge tests were performed with the fulfilled pilot.

For these tests, temperature thresholds (cut-off temperatures) have
been chosen to evaluate performances. These temperatures depend on a
threshold coefficient, p, which has been arbitrarily defined according to
Eq. (2) and Eq. (3).

Tehior = Tp +f-(Tu — Tp) (2
Taisihr = To + (1 — f)-(Tu — Ts) 3)

During a typical charge, when the outlet temperature (Toy) increases
and reaches the charge temperature threshold (Tcp ), the charge is
stopped. Similarly, during a typical discharge, when the outlet temper-
ature decreases and reaches the discharge temperature threshold (Tg;s,
thr), the discharge is stopped.

Temperature thresholds enable the estimation of different parame-
ters used to evaluate the performance of the thermocline TES including
the load rate (n.), the discharge rate (ngis), the thermocline thickness
(Hyo), the ratio of energy wasted at the outlet of storage not recovered
(Nou) and the energy losses through the walls (Ewal,loss)-

e The load rate (y.,), which is calculated by Eq. (4), is the ratio be-
tween the charged energy when the defined threshold is reached
(Ech,thr), and the maximum energy that could be charged in the
storage media (Epax). This ratio corresponds to the final state of the
charge and considers the thermal gradient in the storage tank. Ech,thr
and Epay are calculated according Eq. (5) and Eq. (6) where Cp.,q, iS
specified in Table 1.

E
New = Eh,thr (4)
max
nom [Tenor
Ech.[hr = Zi:l; Cpceram(T)dT (5)
Tamb
Emax = m'Cpceram(TH - Tb) (6)

e The discharge rate (14;,), which is calculated by Eq. (7) corresponds
to the ratio between the energy that has been discharged (Egjs thr) and
the energy that has been charged in the storage tank before starting
the discharge step (Einitially, ch)- Edis,thr iS calculated from the begin-
ning of the discharge to the moment where the Tgs i is reached (Eq.
(8)). For the calculation of Egjs thr, the properties of the air is provided
by Eq. (9) and Table 3.
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Table 4

Indicators of the storage performances at different threshold coefficients.
Threshold coefficient, p (%) 20 40 60
Threshold temperature, Tep iy (°C) 83 146 209
Ein (kWh) 10.78 13.25 15.72
Ech,thr (KWh) 10.30 11.91 12.97
Charge duration, tep ¢y (h) 1.65 2.02 2.41
Neh (%) 69.20 80.10 87.20
Nout (%) 3.10 7.70 14.30
Hie,max (m) 0.93
Enall loss (KWh) 0.14 0.32 0.50

—8—Charge 335°C,

70 kg/h
—e—Charge 338°C,
70 kg/h

© o o o ©
o o N o ©
L

o o
w b
L

o o
a0 N

Dimensionless axial air temperature (-)

S _

1.25

— —t

0 025 05 075 1
Bed lenght (m)

Fig. 5. Reproducibility test of charging phase.

o
1

E;:
Nas =5 — ‘_h_g‘thr @)
initiallych

l(Tdis.rhr)
Edisir = mair'cpair(Tout - Tb)dt (3
0

X =aT* +bT? +cT?>+dT +e ©)

e The quantity of heat dissipated at the outlet and not stored in the
tank (E,y) was evaluated using Eq. (10). Finally, the rate of energy
loss (1) is defined by Eq. (11) where E;, is the energy of the air at
the inlet at a given time calculated using Eq. (12).

t( Tenthr ) Tout thr
Eout,thr = / mair / Cpai,dT dt (10)
0 Tomp
Eout
']out - Ein (11)
t(Tananr ) Tin,thr
Einthr = / Mair / CpqirdT | dt 12)

0 Tamb
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Table 5
Indicators of the storage performances for different threshold coefficients.
Threshold coefficient, p (%) 20 40 60
Threshold temperature, Tgjs e (°C) 272 209 146
Ediss,thr (KWh) 9.38 11.45 12.27
Discharge duration, tg, (h) 1.61 2.07 2.34
Naiss (%) 69.40 84.60 90.70
Hye (m) 0.84
1 ——— N —e— Dischar; N
— ——— ge 19°C
— e~ 70kg/h
< 09 + —~ I~ <~ Discharge 22°C
g L
5 087
Ia 3
e 0.7
g I
T 061
© L
< 051
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% L
= 037t
kel -
[72]
c 027
g L
A 017
H &30
= N
} T e
0 025 05 0.75 1 1.25 15

Bed lenght (m)

Fig. 7. Reproducibility test of the discharging phase.

o The heat loss through the walls was then calculated using Eq. (13)
only during the charging phase.

Ewall_lass,thr = Ein,t}u - Echr,thr - Eoux,thr (13)

e The thermocline thickness (Hi.) represents the thickness of the
thermal gradient in the storage tank. It is defined as the part of the
tank in which the temperature is between two thresholds (B = 0.9
and 0.1). It is evaluated by Eq. (14), as already reported in many
scientific studies [49 50].

Hry,, — Hry,, if Tin<T109%and Tou>Tooy
HT90% -0 lf Tin > T1ow% 14
H- HTm% 'f Tour < Toos

H, =

e Recovered thermal power (Py,):

Piy = Egiss /t(Tais.enr) (15)
o Global efficiency of a given storage cycle (Eff,,,ora):

Effoverall = Nais Ncn (16)

3. Results and discussions

3.1. Description of a typical charge

Fig. 4 a shows the axial air temperature evolution along the storage
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Fig. 8. Radial temperature profiles inside the packed bed during a charging step with the hot inlet air at a) 535 °C and at the flowrate of 49.5 kg/h; b) 775 °C and the

flowrate of 57 kg/h; c¢) 343 °C and the flowrate of 74 kg/h.

medium pictured every 0.25 h during the first full charge, using hot air
at 335 °C with a mass flowrate of 70 kg/h. At the beginning of the charge
(t = Oh), the temperature of the full storage medium reached T}, = 24 °C.
The inlet temperature was quickly stabilized at 335 °C after 0.25 h and
remained stable during the test (Fig. 4 b). The charge is stopped after
2.75 h with a storage packed bed average temperature around 300 °C,
when the temperature of the outlet air reached trhe threshold (Tcp i =
265 °C, Fig. 4 b).

It can be observed that for a selected charging time, the axial tem-
perature decreases by increasing the length of the bed; which shows the
thermocline evolution within the tank, i.e. the slope between a hot and a
cold zone. A perfect charge would give a vertical slope between the
zones with a homogeneous high and cold temperature. The observed
slope is due to the non-perfect heat exchange between air/ceramics and
the thermal diffusion in the packed bed.

Fig. 4 c shows the evolution of the thermocline thickness during the
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Fig. 9. Dimensionless axial air temperature distribution along the storage tank
during the charge by different hot inlet air temperature of 334 °C, 531 °C and
759 °C; mass flowrate of 48 +/- 2 kg/h.

charging time. At t = Oh, the thermocline thickness is 0 m. Within 0-0.5
h of charge, the thermocline was formed and its thickness quickly
increased to reach ca. 0.48 m. Then, the thermal diffusion and the non-
perfect exchange air/packed bed induced the expansion of the thermo-
cline within 0.5-1.4 h of charge. At 1.4 h of charging time, a maximum
thickness was found at ca. 0.94 m, representing 67 % of the packed bed
zone. Then, this thickness decreased with the time up to 0.45 m at the
end of the charge (t = 2.75 h). In fact, after reaching the maximum value
(at t = 1.4 h), the thermal gradient got out of the tank leading to the
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increasing of the outlet temperature as presented in Fig. 4 b.

In Fig. 4 b, the load rate (#.,, Eq. (4)) increased with the charging
time as expected. At the end of the charge, when the outlet air reached
the threshold (Tch s = 265 °C), the load rate reached 90 %. Generally,
the load rate can vary, depending on the properties of the filler medium,
but also on the selected threshold temperature, or the threshold coeffi-
cient (B, see Eq. (2). In this study, the impact of this threshold coefficient
was investigated between 20-60 %. Different charging tests were done
(results not shown) and Table 4 summarizes the results for threshold
coefficient of 20 %, 40 % and 60 %. Thus, increasing the threshold co-
efficient (which leads to increasing threshold temperature) allowed
increasing the load rate (.;,). However, this also led to an increase of the
rate of energy loss (1,,.). In the case of the fired clay/phosphate-based
ceramic, for a high threshold temperature of 209 °C in comparison
with the inlet hot air temperature of 335 °C, the rate of energy loss (#],,:)
of 14.30 % is acceptable, showing the high performance of the devel-
oped material to store heat.

To illustrate the reproducibility of the charging step, a second
charging test was carried out under the similar conditions (Ty=335 °C,
air mass flow of 70 kg/h). The results are presented in Fig. 5, showing
the perfect repeatability of the charge using the fired clay/phosphates-
based ceramic.

As partial conclusion, the studied TES system filled with the fired
clay/phosphate-based ceramic can be advantageously used to collect
heat with high reliability. The thermocline storage effectiveness during
a typical charge strongly depends on the defined threshold coefficient
and therefore on the operating conditions. It is essential to know the
behavior of the whole system in which the storage system is connected
to evaluate the optimal threshold.

3.2. Typical discharge description

After the charging phase (Fig. 4), the system was immediately dis-
charged with the cold air (ambient temperature, ca. 25 °C, flowrate of
70 kg/h), which was injected from the right-hand-side of the tank
(opposite side of the charging phase). Fig. 6 a shows the evolution of the
temperature along the storage tank at different discharging times, while
the inlet and outlet temperature of the hot air is displayed in Fig. 6 b. As

Table 6
Load rate, charge duration, thermocline thickness for a charging temperature of 334 °C, 531 °C and 759 °C with a threshold coefficient of 60 %.
m(kg/h) Tu (°C) Ten,enr (°C) tenr (h) Ech,thr (KWh) Emax (KWh) Neh,thr (%0) Nout,thr (%) Hic, max (m) Ap (Pa)
48 334 216 3.15 12.80 14.80 86.70 17.60 1 181
49.5 531 329 3.46 22.10 25.23 87.60 14.30 0.96 376
48 759 466 3.76 32.90 37.81 86.90 13.80 0.96 450
Table 7
Effect of the charging air mass flow; Experimental working conditions and results for different inlet temperature. (A): 334 +/- 21 °C; (B): 531 +/- 23; (C): 760 +/- 15.
(A) Charging conditions teneCh) Ecn,thr (kWh) TNch,thr(%) Hie,max(m) Nout(%) Ap (Pa)
Tu(°C) m(kg/h) Teh,thr
(§®)]
Test 1 334 +/-21 48 215 3.24 12.85 86.70 1.00 17.60 181
Test 2 66.5 224 2.57 13.73 87.10 0.97 15.80 341
Test 3 70 210 2.44 13.31 87.40 0.95 15.50 370
Test 4 74 214 2.28 13.27 86.90 0.91 14.10 430
(B) Charging conditions tenr(h) Ech,thr (KWh) Neh,thr(%) Hic,max(m) Nout(%) Ap (Pa)
Tu(°C) m(kg/h) Teh,the("C)
Test 5 531 +/- 23 49.50 329.40 3.46 22.14 87.12 0.96 14.30 329
Test 6 55 345.10 3.14 22.82 88.10 0.93 14.60 376
Test 7 66 331.60 2.79 22.83 87.80 0.91 14.20 484
© Charging conditions tene(h) Ech,thr (KWh) TNch,thr(%) Hie,max(m) Nout(%) Ap (Pa)
Tu(°C) m(kg/h) Teh,tnr(°C)
Test 8 760 +/- 15 48 465.60 3.76 32.90 86.90 0.96 13.90 449
Test 9 57 475.80 3.25 33.90 87.20 0.92 12.90 498
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Fig. 10. Effect of the charging air mass flow; Outlet temperature and thermal power as function of time for different inlet temperature. (a): 334 +/- 21 °C; (b): 531

+/- 23; (c): 760 +/- 15.

expected, at a given discharging time, the temperature of the filler
material decreased from the injection side to the outlet side (Fig. 6 a). In
parallel, the inlet temperature quickly decreased to the room tempera-
ture and remained stable along the discharge, and the outlet tempera-
ture progressively decreased up to the room temperature at the end of
the discharge (Fig. 6 b). It is worth noticing that due to the thermal losses
(wall losses), the outlet temperature could not reach a plateau along the
discharging phase. It strongly decreased after 1.25 h when the thermo-
cline was extracted. As consequence, the discharge rate (14, Eq. (7))
quickly increased during the first 2.5 h of discharge before gradual
tapering. The first half of stored heat could be discharged within the first
hour at the highest temperatures. At the end of the discharge, all the
energy stored by the clay/phosphates-based ceramic bed was released
and the discharge rate is close to 1 (Fig. 6 b). As observed for the
charging phase, the thermocline thickness passed through a maximum
of 0.83 m (59 % of the storage bed length) at 1.25 h of discharge before
decreasing until the complete discharge of the system (Fig. 6 c).

The impact of the threshold coefficient (B, Eq. (3)) during the

10

discharge was also investigated. Table 5 compares the discharge dura-
tion, the discharge rate and heat losses calculated for different arbitrary
threshold temperatures. For low threshold coefficient of 20 %, corre-
sponding to an application case which requires heat above 270 °C, 69.5
% of the stored energy can be recovered during with 1.61 h of dis-
charging time. By decreasing the threshold temperature, the discharge
rate logically increased.

The repeatability of the discharge was also verified. Fig. 7 shows that
the discharging step was relatively well repeated when it the conducted
twice under the similar conditions.

3.3. Homogeneity of air flow during a typical charge

As mentioned before, 27 thermocouples were implemented within 3
sections A, B, C (9 thermocouples for each section) for the monitoring of
the temperature inside the storage tank (Fig. 3). As an example, Fig. 8 a
shows the evolution of the radial temperature of each section during the
charge using inlet hot air at 531 °C temperature and 49.5 kg/h flowrate.
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Fig. 11. A) outlet temperature and b) output power as function of time at 26.5, 38.5 and 56 kg/h discharge flow rate.

Table 8
Effect of the discharging air mass flow; Experimental working conditions and
results for a threshold coefficient (§ = 0.6).

Test  Discharging conditions Pp-max  tg(h)  Naiss(%)  Hye
m(kg/ T(°C) Tais, (kW) max()
h) he(°C)

1 26.50 25°C 400 3.80 5.05 90.30 1.10

2 38.50 +/-5 5.40 3.55 94.40 1

3 56 7.90 2.42 91.20 0.86

During 3 h of charge, the radial temperature profile was practically
homogeneous for each section, which proves there is no significant
preferential path of the hot air inside the storage medium. This behavior
was also observed for the charging steps under other conditions (Fig. 8 b
and c). This strongly answers to the requirement for a suitable operation
of a thermocline TES system. Similar behavior could also be observed for
the discharging step (see Figures SI 1, SI 2 and SI 3 in Supporting In-
formation). Thus, we can conclude that both the horizontal position of
the storage tank and the cylindrical shape of the extruded fired clay/
phosphate ceramic developed in this work did not generate a notable
preferential flow in the storage medium and did not create enough
thermal stratification during the charging and discharging phases,
proving the high potential of application of this material at the industrial
scale.

3.4. Effect of the charging temperature

Fig. 9 shows the axial air temperature profile along the packed bed
recorded during the charging step with three different temperatures of
the hot inlet air (334 °C, 531 °C and 759 °C) and with the same mass
flowrate of 48 +/- 1.5 kg/h.

To compare the three experiments, the dimensionless axial air tem-
perature profiles were used. At 1 h of charging time, the profiles were
similar to each other along the storage bed. At 2 and 3 h of charging
time, the dimensionless axial air temperature inside the packed bed was

only slightly lower when the temperature of the hot inlet air was higher.
This means that the thermocline was extracted more quickly for low
inlet temperature and the wasted heat at the outlet was higher. The
slight difference in the dimensionless axial air temperature distribution
shown in Fig. 9 can be explained by considering the variation of the
thermal properties of the fluid and the packed bed with the temperature.
Keeping stable the hot inlet air at high temperature led to more energy,
which was lost by being stored in the wall of the tank. Accordingly, as
shown in Table 6, for the same threshold coefficient (f, Eq. (2)) of 60 %
representing a relative deep charge of the system, the charge duration
slightly increased when increasing the temperature of the hot inlet air.
Nevertheless, there was not any notable influence on the load rate and
the thermocline thickness. However, the pressure drop notably
increased; explained by the evolution of the air thermophysical prop-
erties with the temperature leading to a significant velocity increase
through the packed bed. This pressure drop increase requires more en-
ergy for the auxiliary (pumping energy). On the other hand, this allows
storing more thermal energy (Ecp,thr, Table 6).

Hence, as partial conclusion, the thermocline TES system filled with
the fired clay/phosphate-based ceramic can be advantageously used in a
large range of heat sources.

3.5. Influence of the charge / discharge air mass flowrate

3.5.1. Charging phase

The effect of the inlet air mass flowrate during the charge was
studied by keeping the inlet temperature relatively stable, and varying
the air mass flowrate. The performance of the storage was then evalu-
ated by fixing an arbitrary threshold coefficient (p = 0.6). The experi-
mental working conditions and the results are summarized in Table 7
and Fig. 10.

Table 7 A and Fig. 10 a shows the results obtained with the inlet air
temperature of 334 +/- 21 °C. As expected, the increase of the inlet air
mass flowrate allowed reducing the charging time (t,), the energy loss
rate (7,,) and the outlet thermal power. Furthermore, it provoked an
increase of the pressure drop inside the storage tank. On the other hand,

Table 9

Experimental working conditions used for consecutive charge/discharge cycles.
Charge Discharge
Inlet temperature, (°C) Air flowrate (kg/h) Tihr,cn(°C) B (%) Inlet temperature, (°C) Air flowrate (kg/h) Tihr,dis(°C) B (%)
576 60 113 15 ca. 25 °C 60 498 15
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Fig. 12. Axial temperature profiles along the packed bed pictured at the end of
the charge and discharge phases during the continuous operation.

the inlet air mass flowrate had no significant impact on the load rate (ncp,
thrs ca. 87 %) and the maximal thermocline thickness (Hicmax, ca.
0.9-1.0 m).

Low mass flowrate leads to increases the residence time of the air in
the bed which means higher temperature gradients due to a low heat
transfer through convection between the air and the filler material, the
thermal diffusion and then higher thermal losses at the outlet of the
tank.

3.5.2. Discharging phase

The impact of the air mass flowrate on the TES system performances
was also investigated by varying the discharge flowrate within 26.5-56
kg/h; the inlet temperature and the final load rate of the charging phase
being kept constant at 25 °C +/-5 and p = 0.6, respectively.

As expected, the increase of the discharging air flowrate allowed
accelerating the discharge of the storage tank, as illustrated by the outlet
air temperature and the recovered thermal power in Fig. 11. Thus, at the
discharging air flowrate of 26.5 kg/h, more than 9 h is necessary to
completely discharge the tank (outlet air temperature at around 50 °C),
whereas this time decreased to ca. 6.5 and 4.5 h at 38.5 and 56 kg/h,
respectively (Fig. 11 a). Consequently, the profile of the recovered
thermal power (Py, Eq. (15)) was strongly impacted as illustrated in
Fig. 11 b. At high discharging flowrate, Py, started at a high value (7.9
kW) and quickly decreased due to the fast decrease of the outlet tem-
perature. This means most of the stored heat was extracted at the
beginning of the discharge. In contrast, at lower discharging flowrate,
Py, started at lower values (5.4 and 3.8 kW at 38.5 and 26.5 kg/h,
respectively), and the extraction of the stored heat needed more time
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since the heat transfer between the air and the filler material is low.
Regarding now other parameters, at the same threshold coefficient (f =
0.6), the discharge rate (n4iss) was practically unchanged which reached
90.3-94.4 % as shown in the Table 8. However, the maximal thermo-
cline thickness (Hic,mayx) slightly increased from 0.86 m at 56 kg/h to 1.1
m at 26.5 kg/h of discharging flowrate explained by the low velocity of
air through the bed leading to a low convection heat exchange, an in-
crease of the heat losses and the thermal diffusion. Thus, as partial
conclusion, by modulating the discharging air flowrate, it is possible to
control the output thermal power as a function of the downstream uti-
lization without performances degradation, using clay/phosphate-based
material developed in this work.

3.6. Continuous operation

To validate the robustness of the TES system, three consecutive
charge/discharge cycles were performed. The experimental conditions
are summarized in Table 9. In fact, during continuous operation, phe-
nomenon such as natural convection is more likely to appear resulting in
stratification of the thermocline.

Fig. 12 shows the temperature profiles along the packed bed for these
three cycles pictured only at the end of each charge and discharge, when
the outlet air temperature reach the corresponding threshold value (T,
ch and Tinr gis). The temperature profiles of the first cycle were slightly
different from those of the second and the third cycles. Only a small de-
stratification was observed between the cycles with a small decrease of
the temperature slope, which suggests a good stability of the tempera-
ture profiles.

Table 10 summarizes the main characteristic parameters of the TES
system during the consecutive cycles. Globally, as already observed in
Fig. 12, apart a small variation between the first and the next cycles, all
the parameters of the TES storage could be remained constant. These
significant results prove the ability of the developed thermocline TES
system to perform in continuous conditions, which suggests its high
potential of application at the industrial scale.

4. Conclusions

The performances of a pilot scale storage packed bed system (useful
tank dimension: 1.5 m x 0.3 m x 0.3 m) containing 162 kg of clay/
phosphate-based ceramic material (cylinders of 1.5 cm x 4 cm) was
experimentally investigated under different operating conditions of inlet
air temperature for the charge (334 +/- 21 °C, 531 +/- 23 °C and 760
+/- 15 °C), charging and discharging air flowrate, as well as under
consecutive cycle regime.

Salient conclusions arising from this study are summarized below:

The cylindrical shape of clay/phosphate-based ceramic and the
horizontal implementation of the storage tank did not provoke a
significant preferential path for the air inside the storage medium,
and did not create a thermal stratification during the charging and
discharging phases.

The storage packed bed performed well at different inlet air tem-
peratures within ca. 334—760 °C, and different charging and dis-
charging air flowrate (26.5 — 74 kg/h). In addition, under the

Table 10
Main indicators evaluated during a symmetrical charge and discharge of the storage system.
Unit Cycle 1 Cycle 2 Cycle 3
- Charge Discharge Charge Discharge Charge Discharge
Tnr °C 113 498 113 498 113 498
tehr h 1.89 1.39 1.16 1.24 1.01 1.26
Neh,thr % 67 - 64 - 63.20 -
Ndiss, thr % - 68 - 64 - 65
Effoveran % 45.50 41.00 41.20
Hie,max m 0.98 1.00 111 0.95 1.15 0.95
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continuous regime, the TES system could be quickly stabilized after
the first cycle. This demonstrates the robustness and flexibility in the
operation of the developed TES system, which can cover a wide
range of application cases in the industry including waste heat re-
covery, grid services, CSP and hybrids power plants such CSP/PV/
Wind.

This study opens new prospects for using the clay/phosphates-based
ceramic to build new generation of robust, flexible, reliable, and cost-
effective high temperature thermocline TES system for industrial as-
sets decarbonation through renewable heat (high temperature) and/or
electricity supply and supporting the high penetration of renewable
sources into the grid. The availability of the developed ceramics at in-
dustrial scale worldwide provides an excellent opportunity for the
effective commercialization of the TES technology.

Future work will focus on the economical evaluation and the vali-
dation of the long-term performances of this concept at the industrial
scale with variable operating conditions and different heat transfer
fluids.
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