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ARTICLE INFO ABSTRACT

Keywords: The present work introduces an innovative layered radial flow packed-bed thermal energy storage able to pro-
Thermal energy storage vide enhanced thermal and hydrostatic performance, limiting their inherent trade-off. The performance of the
Packed bed

proposed packed-bed thermal energy storage concept is modelled, in both thermal and hydrodynamic aspects,
via a 1D-two phases numerical approach. Representative storage sizes for industrial applications and laboratory
prototype are considered to highlight the potential for scaling and the representativeness of prototyping. Con-
figurations with two and three coaxial layers are also analyzed. The investigation includes a multi-objective
optimization of the thermal energy storage design considering a set of main design variables and a set of
sensitivity analyses aimed at highlighting the influence of major operational parameters. The results show that
the proposed storage geometry can provide simultaneous optimization of both thermal and hydrodynamic
performance. The proposed storage unit could attain pressure drop reductions higher than 70 % with respect to
uniform radial flow packed bed storage (and higher than 85 % with respect to axial flow units) at the expense of a
useful duration reduction lower than 5 %. Industrial scale storage would benefit from low aspect ratios and
arrangement with modular units, ensuring enhanced system flexibility and reduced parasitic consumptions
thanks to lower pressure losses meanwhile guaranteeing extensive useful durations in both charge and discharge
operation. Downscaled prototypes can provide a good representation of the thermal and hydrodynamic behavior
of the proposed thermal energy storage solution and a relevant base for validation. This work paves the way for
future prototyping and validation of the proposed layered radial flow packed-bed thermal energy storage
concept.

Design multi-objective optimization
High temperature

prototyped. Fig. 1 summarizes the most promising ones. The traditional
cylindrical tank with axial HTF flow, sketched in Fig. 1(a), is the most
mature solution and it has been deeply investigated both numerically
[6,7], and experimentally [8-10]. Different solid materials (such as
natural rocks [11], steel slags [12], and commercial ceramics as AloO3
[13,14] or ZrO4 [15]), working temperatures (with the largest opera-
tional range of 100 °C - 900 °C [16]), and HTFs (such as thermal oil [17],
molten salts [18,19], air [9,20] and CO, [21]) have been considered.
This PBTES design offers good thermal stability and limited thermocline
degradation, leading to thermal efficiency higher than 90 % [7]. For
liquid HTFs, inherently ensuring lower pressure drops, this design is
shown to be the most relevant one for scaling up and industrial appli-
cations [22]. However, key drawbacks such as high sensitivity to ther-
mal ratcheting and high thermomechanical load on the tank, as well as
elevated thermal losses are still to be fully targeted. Additionally, when
operated with gaseous HTFs this PBTES design causes elevated pressure
drops, which results in high parasitic consumptions and elevated

1. Introduction

High-temperature thermal energy storage (TES) systems are
becoming more and more relevant in the energy sector and they are
recognized as key components in the future energy system [1]. High-
temperature TES could enable waste heat recovery and facilitate the
electrification of the hard-to-abate industrial sector by providing the
needed flexibility [2,3]. The TES integration is also a key aspect of any
concentrating solar power plant, ensuring dispatchable solar power and
enabling lower levelized cost of electricity [4].

Packed bed TES (PBTES) systems store sensible thermal energy by
heating and cooling solid particles by means of a heat transfer fluid
(HTF) that flows through the bed. They have been shown to be an
economically viable TES solution, particularly suitable for high tem-
perature systems and applications [5]. Within the available literature,
different packed bed TES designs have been proposed, investigated, and
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Nomenclature
Acronyms
AX Axial flow
HTC Heat transfer coefficient
HTF Heat transfer flow
KPI Key performance indicator
LR Layer ratio
MOO Multi-objective optimization
PBTES  Packed bed thermal energy storage
PCC Pearson correlation coefficient
RAD Radial flow
TES Thermal energy storage
Symbols
Cp Specific heat [J/(kgeK)]
D TES diameter [m]
AT Temperature difference [°C]
ATC Thermocline thinckness
ApTEs Pressure drop [Pa]
Ar Radial difference Ar = roy-rin [m]
d, Particle diameter [mm]
EtEs TES energy capacity [kWh]
G Mass flow rate per unit area [kg/(m2es)]
H TES height [m]
h Convective heat transfer coefficient [W/(m?eK)]
h* Corrected convective heat transfer coefficient [W/(m?eK)]
Nu Nusselt‘s number

Greek letters
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Fig. 1. Main packed bed TES designs investigated in the state of the art of the technology: (a) traditional cylindrical packed bed TES with axial HTF flow [8]; (b)
buried truncated conical TES with axial HTF flow [23]; (c) self-insulated unconstrained packed bed TES [24]; (d) horizontal flow packed bed TES [25]; (e) modular
layered packed bed TES with horizontal flow [26]; (f) radial-flow packed bed TES [27].
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operational costs, which are likely to represent a major roadblock for up-
scaled industrial applications.

To address some of the challenges of traditional axial flow cylindrical
PBTES some alternative designs have been proposed. Zanganeh et al.
introduced a buried truncated conical TES with axial HTF flow, shown in
Fig. 1(b) [23], later widely investigated for upscaled systems in [28].
The truncated conical shape limits the thermal ratcheting by guiding the
particles upwards. However, the thermal losses from the top surface are
increased due to the larger surface exposed to external airflow. The
capital expenditure and the environmental footprint of the unit are
increased due to the additional excavation cost and land impact. Gauche
et al. introduced a self-insulated packed bed TES, made of an uncon-
strained pile of rocks packed around a central rigid pipe with a porous
heat exchange region at the bottom, sketched in Fig. 1(c) [24]. This
concept offers low installation costs and is self-insulated, reducing
thermal losses and costs for insulation. However, it is also likely to lead
to undesirable performance due to thermocline instabilities [29], linked
to the unpredictability of the flow passage and distribution through the
bed [30]. This would lead to operational issues and difficulties in
attaining reliable system integration. A horizontal flow packed bed has
been introduced in [25], shown in Fig. 1(d). The TES is similar to the
traditional axial flow vertical tank, only differentiated by its orientation.
Such an arrangement with dominant TES length over height would limit
the ratcheting phenomenon and the thermomechanical load on the TES
walls. However, particularly during standstill, buoyancy forces and
natural convection would lead to temperature non-uniformities and
vertical stratification causing lower thermal efficiency [31]. A PBTES
concept characterized by modular parallel packed bed layers with hor-
izontal flow has been developed by Schlipf et al., Fig. 1(e) [26]. The
shorter length of each module can limit the issues highlighted before for
horizontal PBTES arrangements. The modular design enables the utili-
zation of different materials in each layer, increasing the TES flexibility.
However, flow uneven distributions both along the vertical axis in each
module and among the different modules have been measured [32].

A radial-flow packed bed TES design, shown in Fig. 1(f), has been
proposed and tested by the authors [27] and numerically investigated
also in [33]. This PBTES concept could offer self-insulation, leading to
lowered thermal losses and limiting thermal ratcheting thanks to
reduced temperature variability at the TES walls. The experimental
validation of the unit confirmed limited pressure drops and thermal
losses [27]. However, the temperature degradation and thermocline
spread have been identified as the key drawbacks of this TES configu-
ration limiting its efficiency to about 70 % for long operation cycles,
while efficiencies higher than 90 % were obtained in a similar TES unit
for shorter cycles [34].

Notwithstanding the relevant R&D work shown in literature, packed
bed TES are not yet commercial solutions. Structural challenges, such as
thermal ratcheting, thermal performance limitations, such as thermo-
cline degradation, and operational requirements, such as elevated
pressure drops, are the main limiting factors for packed bed commer-
cialization. To boost the industrial application of packed bed TES these
challenges should be addressed simultaneously, limiting the inherent
trade-offs. The present work, builds upon authors’ previous experiences
[35], and aims at targeting the aforementioned challenges. Specifically,
the work introduces an innovative layered radial flow packed-bed TES
concept able to maintain the self-insulating arrangement and its
consequential benefits, and to further reduce the pressure drop while
improving the local heat transfer between fluid and solid maximizing
the TES thermal performance. The performance of the TES concept is
analyzed via a numerical investigation including multi-objective opti-
mization and a wide range of sensitivity analyses. The results show that
the proposed innovative packed bed TES design could ensure a large
reduction of the pressure drop, leading to limited auxiliary power con-
sumption, whilst improving the thermal performance of the unit. This
work paves the way for the prototyping and validation of the proposed
TES design.
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2. Materials and methods
2.1. Innovative thermal energy storage concept description

A conceptual 2D axis-symmetric sketch of the innovative layered
radial flow packed bed TES is shown in Fig. 2. The PBTES is comprised of
multiple annular coaxial packed bed segments (shown and exemplified
as S1, S2, and S3), a porous inner pipe and an outer annulus. During
charge, the HTF enters from the inner central pipe, flows radially out-
wards crossing the layers from S1 to S3, is collected in the outer annulus,
and exits from the lower outlet port. During discharge, the flow direction
is reversed. The HTF enters from the outer annulus, travels the PBTES
radially inward (from S3 to S1), is collected in the inner pipe and leaves
the unit from the top outlet. As shown by the authors [35], in homo-
geneous single material radial flow packed bed TES, the HTF speed is
higher in the inner region of the TES due to smaller cross-sectional area.
A different HTF flow speed along the radial direction leads to an uneven
development of the pressure drops and thermocline. The majority of the
pressure losses occurs in the inner section, where higher flow speed is
registered. Contrarily, the thermocline degradation is influenced by the
effectiveness of the heat transfer between HTF and solids. The thermo-
cline degrades more rapidly in the outer section of the TES, where the
convective heat transfer is limited by the slower flow speed. From a TES
design perspective, minimization of pressure drops and thermocline
degradation typically requires contrasting approaches leading to critical
trade-offs. The proposed PBTES design targets both performance metrics
aiming at a comprehensive PBTES performance improvement. Specif-
ically, in the inner layer (S1) an elevated heat transfer between HTF and
solid is guaranteed by the high flow speed, while pressure losses should
be reduced. Larger particles are introduced in S1 limiting the pressure
drop. This will reduce the effective heat transfer area between HTF and
solid material, however the elevated flow speed can counteract this
decrease leading to limited reduction of the TES thermal efficiency.
Contrarily, the outer section (S3) is filled with smaller particles which
increase the heat transfer area between solid filler and HTF improving
the convective heat transfer. Smaller particles will also hinder thermal
radiation among particles, thus limiting the effective thermal
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Fig. 2. 2D axis-symmetric sketch of the proposed innovative layered radial
flow packed bed TES.
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conductivity contributing to reducing the thermocline degradation.
Thanks to the low flow speed in S3, the introduced smaller particles will
not cause drastic increments of the pressure drop. Additionally, each
layer has dedicated loading ports to facilitate the filling procedure and
ensuring uniform void fractions. If required by the specific application,
different materials could also be used in the different segments maxi-
mizing the TES flexibility.

2.2. Layered radial flow packed bed thermal energy storage modelling

In order to investigate the behavior of the proposed PBTES a pre-
liminary sizing has been performed by considering the target TES energy
capacity, Ergs, and Eq. (1).

Ers
Vigs = "5 1
TES (/)L‘,;)Eﬂ AT, (@]

Where, Vigs is the resulting volume of the PBTES, AT is the design
temperature difference of the HTF equal to Tnax — Tmin, 7o is the pre-
liminary efficiency of the TES unit ensuring an oversizing of the TES unit
account for thermal losses and thermocline degradation, (pcp)eff is the

effective energy density calculated as in Eq. (2).
(PCs) = €PrCpr+ (1= €)pscps )

Where, ¢ is the void fraction of the PBTES, p and c, are the density
and the specific heat of the solid or HTF, respectively. Air at ambient
pressure (101.325 kPa) has been considered as the HTF and its ther-
modynamic properties have been gathered from the REFPROP database
[36]. While commercial ceramics [37], with the properties listed in
Table 1, have been considered as the solid filler material for the base
PBTES configuration.

The HTF mass flow rate during charge and discharge, mgisch, has
been assumed constant and equal between the two phases and evaluated
as from Eq. (3).

P ch/disch

¢, rAT 3

Meh/disch =

Where, P is the target thermal power during operation. Two main TES
energy capacities, Etgs, has been assessed: 10 MWh representative of an
industrial installation also offering the opportunity for modularity, and a
representative laboratory scale prototype of 50 kWh. Table 2 summa-
rizes the main design parameters considered for the base configuration
of both PBTES units.

The thermodynamic behavior of the PBTES has been described by
adapting the Schumann model [38] to the radial geometry. Specifically,
the 1D two phases model can be summarized by Egs. (4) and (5), which
describe the evolution of the fluid and solid temperature, respectively.
This approach evaluates the temperature in 1D, considering uniform
temperature distribution on the PBTES vertical direction. This assump-
tion can be considered valid when limited standstill operation is
considered, as in the case of this work which models consecutive charge
and discharge phases. Vertical temperature distribution as well as nat-
ural convection phenomena would require more detailed 2-3D

Table 1
Properties of the considered solid filler materials as gathered from [37,46-48].
Property
Material Density, Specific heat, ¢ s Thermal conductivity, ks
ps [J/(kgeK)] [W/(meK)]
[kg/m?]
Commercial 2096.8 820 3
ceramic
Steel slags 3500 950 1.5
Copper slags 3600 1300

Aluminum dross 2450 880 1
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Table 2

Main PBTES design parameter for laboratory and industrial units.
Parameter Value Unit

Industrial Laboratory

Energy capacity, Ergs 10,000 50 kWh
Minimum HTF temperature, Tpin 200 °C
Maximum HTF temperature, Tpax 800 °C
Preliminary efficiency, 7, 0.85 -
Void fraction, ¢ 0.38 -
Target power, Pch/disch 4000 20 kw
Aspect ratio, « = Ar/H = (roue — Tin)/H 1 -
Layer Ratio, LR - 2 coaxial layers 0.5 -
Layer Ratio 1, LR;-3 coaxial layers 0.33 -
Layer Ratio 2, LRy-3 coaxial layers 0.33 -
Inner layer particle diameter, dp i 80 20 mm
Mid layer particle diameter, d, miq 40 10 mm
Outer layer particle diameter, dp, out 20 5 mm
Inner pipe diameter, Dy 0.75 0.13 m

approaches.

oTx " G JTx keey (1 0 oTx +haf(T5 —Tr) U, (Tw —Tr)

= 7F i 2 =L

ot €pp Or  €ppcpr \¥ Or \' Or EPpCpF Heppcpr
“@
0T ks 10 0T ha,
S B (L () ) (T T) )
o (1—e)p,cps \ror\ or (I —€)pscps

Where, G is the specific mass flow rate, H is the TES height,a;is the shape
factor, transposing h in the volumetric form, and defined as the packed
bed surface to volume ratio equal to 6(1 — ¢)/d,, Uy, is the heat transfer
coefficient between the wall and the ambient air calculated as in [39],
kreff and ks o are the effective thermal conductivities for the fluid and
solid, respectively, they have been calculated following the procedures
explained in [40,41], and h is the heat transfer coefficient between the
solid filler material and the fluid flow, calculated by applying the
Wakao’s correlation as from Eq. (6) [42].

Nu =2+ 1.1-Re"-pr'/? (6)

Spherical particles, with sphericity equal to 1, have been assumed. In
the case of a non-negligible thermal gradient within every single pebble
(flagged by Biot’s number higher than 0.1), caused by large particle
diameter and low solid thermal conductivity, the HTC has been modified
into k", which is defined in Eq. (7) [43] and has been extensively vali-
dated over a wide range of operating conditions and Re in an experi-
mental work presented in [44].

11 4,

K h 10k

@)

To solve Egs. (4) and (5), Dirichlet boundary conditions have been
applied for the entering fluid equal to Tpax during charge and Tpin
during discharge; Neumann boundary conditions with null heat flux
have been considered at all other boundaries. Uniform temperature
distribution has been assumed as the initial condition for both charge
(equal to Tp,,) and discharge (equal to Tpax).The pressure drop along
the packed bed has been evaluated via the widely exploited Ergun’s
correlation, Eq. (8), [45]. It should be noted that this approach permits
to account only for the pressure drop across the packed bed, not
including the inner pipe and outer annulus of the TES unit. More
detailed engineering should be performed to account for these addi-
tional pressure losses as well as other piping connections which might
represent crucial losses in full scale system integrations.

APTES 1—¢ Gz (1 - 8)2 G/"F
= —17 1 —
(Row — Rin) : ( & ) Prdy 10 & deﬁ ®

Validation of the above model, applied to axial geometry, has been
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presented by the authors in [5], and supported for the radial geometry
by the data presented by the authors in [35].

2.2.1. Storage multi-objective design optimization

In order to optimize comprehensively the thermodynamic and hy-
drodynamic performance of the proposed PBTES, a multi-objective
optimization (MOO) approach has been followed. The model
described in Section 2.2 has been applied to the PBTES geometries
sketched in Fig. 3. The two geometries considered have two coaxial
layers (Fig. 3(a)) and three coaxial layers (Fig. 3(b)). Both configurations
have been analyzed and compared to identify the relevance and po-
tential benefits offered by the introduction of additional layers. The
main objective function considered in the PBTES design MOO is
described by Eq. (9).

F = min (APTES7 - t:h/disch) ©

Where the two key performance indicators (KPI) considered are the
pressure drop Aprgs, as calculated in Eq. (8), and the useful duration of
charge and discharge, t;, sdisch> defined as the time at which the outlet
HTF temperature reaches the cut-off value. Due to the thermocline
degradation during charge the HTF outlet temperature will remain
around Tp, for the initial part of the process, then it will start
increasing. A charge cut off temperature equal to Tp, + 100 °C has been
imposed. Similarly, during discharge the HTF outlet temperature will
remain around the maximum value in the beginning and then it will
decrease. A discharge cut off temperature equal to Tpax — 100 °C has
been considered. Additionally, the maximum thermocline thickness
reached during charge and discharge operation, ATCgisch, has been
also calculated, as in Eq. (10) [39], and considered as a supportive
performance indicator.

|r |7 ~Ta=50°C = Flre=Tmts0°c {

ATC epydgisen = Ar

(10)

Where, Aris the radial distance traveled by the HTF equal to roy — 7in-
The useful duration of charge and discharge has been given more rele-

|In/Outlet
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5
|
A
v
=
- S
g g
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] &
[= Rt
£ 3
In/Outlet
iRotat. Axis Radius

(2)
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vance during the optimization than the thermocline thickness since from
an operational perspective this parameter has a higher influence over
the TES, its system level integration and overall performance.

The influence of various design variables has been addressed in the
MOO. In particular, particle diameter in the different layers, dp i, dp, mid,
and dpou, the relative thickness of the layers, defined as LR =

(Tayer — Tin) /Ar, for the PBTES configuration with two coaxial layers and

as LRy = (Tiayer.1 — T'in) /Ar and LRz = (Fiayer.2 — Tiayer1) /AT for the PBTES
configuration with three coaxial layers, and the aspect ratio, defined as
a = Ar/H, have been considered as decision variable during the PBTES
design MOO. The considered ranges for the above listed decision vari-
ables are summarized in Table 3. Considering the high level of corre-
lation between the above listed design variables, their individual
influence over the TES KPIs has been quantified via the Pearson corre-
lation coefficient (PCC), ra g, as defined in Eq. (11).

1 N A =\ (Bi— g
TN ( 0Oa )( og ) an

i=1

Where, N is the number of observations (equivalent to the number of
simulations run in the MOO, for all specific MOO the number of ob-
servations was always between 600 and 1200, thus ensuring validity and

Table 3

Values and constraints considered for the design decision variable in the TES
design MOO. The main values listed refer tot the industrial scale TES unit
(10MWh), while the values reported in the parathesis refer to laboratory scale
TES (50kWh).

Variable Minimum Maximum Step Unit
Inner particle diameter, d, i, 60 (12) 100 (22) 10 (2) mm
Mid particle diameter, dp, mia 20 (4) 60 (10) 10 (2) mm
Outer particle diameter dj ou 5(2) 20 (8) 5(2) mm
Layer ratio, LR 0.1 0.9 0.1 -
Layer ratio 1, LR; 0.1 0.7 0.1 -
Layer ratio 2, LR, 0.1 0.7 0.1 -
Aspect ratio, « = Ar/H 0.5 2 0.5 (0.25) —
{In/Outlet
Tin |
} H
Flayer,1 |
| Nayer,2 |
~
Fout
b
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(b)

Fig. 3. 2D axis-symmetric representation of the considered PBTES geometry and main design variables for a PBTES unit with 2 coaxial layers (a) and a PBTES unit

with 3 coaxial layers (b).
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reliability for the evaluation of the PCC), and p and ¢ are the mean and
standard deviation of the variable and KPIs. To evaluate the correlation
coefficients, all the simulations have been considered as the number of
observations, not only the PBTES designs belonging to the Pareto fronts.
It should be highlighted that the Pearson correlation coefficient can
identify linear relationships among variables (a PCC equal to +1 implies
a perfect positive relationship between variables; whilst a PCC equal to
—1 implies a perfect negative relationship between variables), but it
does not reflect parabolic (or higher order) type of relationships, thus
possibly limiting the attainable insights.

The influence over the TES performance of operational variables
such as the charge and discharge thermal power, and consequently the
time duration of the TES, and the operating temperatures has been
assessed via dedicated sensitivity analysis. Different solid filler mate-
rials, whose main thermodynamic properties are listed in Table 1
[37,46-48], have also been investigated. When changing operating
conditions or solid filler materials the TES dimensions have been kept
unchanged, so equal to the ones calculated for the base case using
commercial ceramics operating between 200 °C and 800 °C.

3. Results and discussion

In this section, the main results are presented and discussed. Firstly,
an overview of the main thermodynamic and hydrostatic behavior for a
set of TES designs is shown. Secondly, the results of the proposed PBTES
design MOO are presented for the industrial scale TES unit as well as the
laboratory scale unit, aiming at highlighting the main different and
representativeness of the downsized unit. Finally, the influence of some
key operational parameters is shown via a set of sensitivity analysis.

3.1. General thermal and hydrodynamic behavior

Fig. 4 presents the HTF (solid lines) and solid (dashed lines) tem-
peratures along the TES radial direction during charge (a) and discharge
(b) at different time instants (after 10 min, 1 and 2 h) for three different
PBTES arrangements with two coaxial layers and LR equal to 0.1, 0.5
and 0.9. The presented results refer to a laboratory sized TES unit, and
similar temperature profiles are attained by the upscaled industrial TES.
The inner layer, filled with larger particles, is highlighted by the grey
area in Fig. 4. Similarly, Fig. 5 presents the HTF (solid lines) and solid
(dashed lines) temperature along the TES radial direction during charge

10 min 1h 2h|
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o
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(a) and discharge (b) at different time instants (after 10 min, 1 and 2 h)
for three different PBTES arrangements with three coaxial layers and
different values of LRy and LR,. The main sizing parameters of the TES
units, including particle diameters, have been considered as for the base
configuration listed in Table 2. The progressive flattening of the tem-
perature curve during operation can be observed in all plots. The ther-
mocline degradation is particularly relevant during discharge operation,
during which flatter temperature curves can be observed leading to
wider thermocline regions. The effect of particle size can be seen, for
examples, by comparing the temperature behavior for a two coaxial
layers PBTES configuration at LR = 0.1 and the one with LR = 0.9.
Smaller particles grants larger heat transfer area between HTF and solid
and higher heat transfer coefficients. This results in steeper temperature
curves and thinner thermocline regions. This behavior can be observed
also in the configurations with intermediate LR for which a change of the
slope of the temperature curve in between two adjacent layers is visible.
Additionally larger particle diameters also enlarge the temperature
difference between the HTF and the solid due to a worsening of the heat
transfer between HTF and solid. The introduction of a third additional
coaxial layer, at least considering the specific particle sizes considered,
does not affect largely the temperature profile with the PBTES units.
Fig. 6 highlights the hydrodynamic behavior and pressure drop
reduction potential attainable by the proposed PBTES design with two
coaxial layers, for both the industrial 10 MWh TES unit (Fig. 6(a)) and a
50 kWh prototype (Fig. 6(b)). The total pressure drop and its share be-
tween the inner and outer layer is shown for three different PBTES ar-
rangements with LR equal to 0.1, 0.5 and 0.9. Inner particle diameter
(dp,in) of 80 mm and outer particle diameter (dp, our) of 20 mm have been
considered for the 10 MWh TES, while d,;, equal to 20 mm and dj, oyt
equal to 5 mm have been applied to the 50 kWh unit. Similarly, the total
pressure drop of two radial flow PBTES with uniform particle diameter
of 20 mm and 80 mm (or 5 mm and 20 mm in the downsized TES) is
shown (to enable a better understanding of the pressure drop distribu-
tion along the radius for these two examples with uniform particle size
distribution the share between inner and outer layer assumes a LR equal
to 0.5). To provide a better overview, the total pressure drop of two
similarly sized axial flow PBTES with unitary aspect ratio, defined as
aax = H/D, and uniform particle diameter of 20 mm and 5 mm is also
presented. Fig. 6 shows also the useful duration of charge and discharge
operation for the different radial flow PBTES units considered. Firstly, it
can be noted that the radial flow PBTES design ensure a pressure drop
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Fig. 4. (a) HTF (solid lines) and solid (dashed lines) temperature profile over the 2 coaxial layers PBTES radius for different LR during charge; (b) HTF (solid lines)
and solid (dashed lines) temperature profile over the PBTES radius for different LR during discharge.
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Fig. 6. Pressure drop across the PBTES for the proposed design with 2 coaxial layer, considering different LR, and a similar reference PBTES with axial flow for a 10

MWh industrial unit (a) and a 50 kWh laboratory scale unit (b).

reduction of about 50 % with respect to similar axial flow PBTES units,
both in the industrial and downsized unit. The radial TES lead to limited
useful operation time reductions, generally below 6 % in lab scale units,
and below 1 % for thermally effective large scale TES with small parti-
cles (i.e. AX 20 mm and RAD 20 mm). For larger particle size (i.e. RAD
80 mm) useful operation time reduction of about 15 % are recorded with
respect to comparable axial flow PBTES. The layered design can attain
further pressure drop reductions at the expenses of limited operation
time reductions. In radial flow PBTES with uniform particle size more
than 75 % of the total pressure drop occur in the innermost 50 % of the
TES radius, as showed by the bars RAD 20 mm and RAD 80 mm (or RAD
5 mm and RAD 20 mm for the prototype unit). This highlights the need
to act on the inner section of the TES unit to limit the parasitic losses. As
an example, introducing larger particles (80 mm diameter against the
original 20 mm) in the inner 50 % of the TES (LR = 0.5) leads to a total
pressure drop reduction of about 68 % with respect to the homogenous

20 mm particle radial flow PBTES, and about 83 % with respect to the
homogenous 20 mm particle axial flow PBTES. When looking at the
influence of the LR a parabolic trend can be noted, with larger relative
Aprgs reductions attainable at small LR. A plateau can be reached for
high LR, meaning that when most of the PBTES is already filled with
large particles a further increment of LR does not produce a relevant
hydrodynamic performance enhancement. The trade-off between ther-
mal and hydrodynamic performance is evident when looking also at the
useful duration of charge and discharge. PBTES units with reduced Aprzs
have lower ¢, /disch- HOWever, introducing larger particles in the inner 50

% of the TES would cause a reduction of the useful operation time of
only 8 % for large TES units and 5 % for prototype TES, whilst providing
a pressure drop reduction of about 70 % with respect to a radial flow
PBTES with uniform small particle diameter. This example highlights
that beneficial results could be attained by the proposed TES unit largely
reducing pressure drop at the expenses of limited reductions of the
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useful operational time. The reported useful operation time also shows
that the downscale TES units is more largely affected by inefficiencies
and thermal losses. The ), Jdisch for @ 50 KWh TES unit is in average about

9 % lower than the one for a 10 MWh PBTES. Fig. 6 also indicates that for
upscaled TES units the useful duration attained in charge and discharge
are similar (with an average difference of 1.8 min), while an average
difference of 7.4 min (equivalent to about 6 % of the average useful
duration) is reported for a 50 kWh PBTES. This shows that the in-
efficiencies during the TES operation affect more relevantly the
discharge phase and this is more visible in laboratory scaled TES units.

Similarly, Fig. 7 shows the pressure drop recorded for the proposed
PBTES design with three coaxial layers, for a 10 MWh and a 50 kWh unit
and considering a set of representative LR; and LRy. The share of pres-
sure drop in the different layers is also indicated together with the useful
duration time both during charge and discharge. The wider the inner
and intermediate layer the lower the total pressure drop. As visible also
in Fig. 6, for larger TES units, the inner layers are responsible for a larger
share of the total pressure drop. By comparing the PBTES with two or
three coaxial layers, it can be observed that the differences of both total
pressure drop and useful durations are limited. Thus, a PBTES with two
coaxial layers could represent a better alternative thanks to its simpler
construction.

3.2. Radial flow layered packed bed storage design optimization

Fig. 8 and Fig. 9 show the Pareto fronts obtained from the PBTES
design MOO for a 10 MWh and a 50 kWh unit, respectively. The con-
figurations with two coaxial layers are shown in Fig. 8(a) and Fig. 9(a)
while the units with three coaxial layers are shown in Fig. 8(b) and Fig. 9
(b). The curves directly summarize the trade-off between pressure drop
and useful duration of operation, during both charge and discharge. The
color of the dots shows the maximum thermocline thickness measured
during both operations. By comparing the plots, it can be observed that
the addition of a third layer has a limited influence over the identified
Pareto fronts and similar trends occur. This further confirms that layered
PBTES with only two coaxial layers could serve the purposes whilst
limiting construction challenges. In both TES sizes considered, the
discharge phase suffers from wider thermocline spreads, due to the
previously highlighted flatter temperature profiles in discharge opera-
tion. From Fig. 8, it can be observed that for an industrial sized PBTES an

increase in the wuseful duration th/dmh corresponds to thinner
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thermocline thicknesses ATC and charge and discharge operation phases
are characterized by similar useful durations. The target useful duration
of 2.5 h can be attained at a pressure drop lower than 500 Pa and at
maximum thermocline thicknesses of about 0.3 during charge and 0.55
during discharge. The long attained useful operation translate in a
maximum thermal efficiency of the TES unit of about 88 %.

The laboratory scale PBTES unit is instead characterized by shorter
useful operations, with a particular reduction for the discharge phase.
This reduction translates also in a reduction of the TES thermal effi-
ciency down to maximum values of about 76 % and 72 % in charge and
discharge, respectively. In charge operation useful duration longer than
2 h are attained with thermocline thicknesses of about than 50 %.
Contrarily, in discharge operation the ATC measured along the Pareto
front is always higher than 70 %. PBTES configurations that cause high
maximum thermocline spreads during discharge still ensure relatively
high t;, because in these units the thermocline spreads internally
reaching the outlet at a late time. Thanks to this internal spread of the
thermocline the outlet HTF temperature raises less rapidly ensuring
sufficient t ,. However, due to the poorer thermal performance ach-
ieved in discharge operation, in order to attain an useful duration of 2 h
a PBTES units causing higher pressure drops, about twice the values
measured during charge, is required.

3.2.1. Influence of design decision variables

Fig. 10 highlights the influence of the two most relevant design
variables in the PBTES with two coaxial layers, the layer ratio LR (a-b)
and the aspect ratio o (c-d), over the Pareto fronts for the 10 MWh and
50 kWh units. Their specific influence over the KPIs can be also
observed, in the form of the Pearson correlation coefficient, in Fig. 11.
Increasing the LR, meaning that larger sections of the PBTES are filled
with bigger particles, causes reduced pressure drops but worse thermal
performance. Lower pressure drops are ensured thanks to the lower HTF
flow blockage effect of wider particles. Worse thermal performance is
due to lower effective heat transfer areas and convective heat transfer
coefficients in the regions with larger particles. A similar trend can be
observed for both industrial and laboratory scaled PBTES. However, for
laboratory scaled units a larger set of the Pareto front is characterized by
LR higher than 0.5. This difference is related to the different selection of
aspect ratio along the Pareto fronts for the industrial and lab scale
PBTES. In large scale applications, the pressure drop becomes more
relevant; thus, TES configuration with low o and Aprgs are preferred. To
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Fig. 7. Pressure drop across the PBTES for the proposed design with 3 coaxial layers for a 10 MWh industrial unit (a) and a 50 kWh laboratory scale unit (b)

considering different representative LR; and LR,.
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coaxial layers (a) and with 3 coaxial layers (b) (for a 50 kWh PBTES unit), also showing the maximum thermocline thickness.

achieve such pressure drop reduction, the most relevant design param-
eter to act upon in industrial scale units is the aspect ratio, as testified
also by a 1y ap,s Of 0.7 (against a rig ap,,; of —0.24). Contrarily, in lab-
oratory scaled units the LR has the largest influence with a rg ap,,, of
—0.57, while 14 ap,, is limited to 0.27. A high LR causes shorter useful
duration both in charge and discharge, as testified by the negative ry .
The worsening of the TES thermal performance caused by increasing LR,
particularly in industrial units, is also highlighted by the increase of the
thermocline thickness. High TES aspect ratios provide longer useful
durations but at the expense of higher pressure drops. The influence of «
over the TES thermal performance in laboratory scaled PBTES is rele-
vant, as shown by r,, + higher than 0.6, and compensate for the increased
pressure drop. Contrarily, in industrial systems the thermal benefits
provided by high aspect ratios are less relevant (r, of about 0.24).
Thus, on the Pareto front a is limited to up to 1. It should be remembered
that low aspect ratios imply taller TES units which would suffer from
higher stresses on the walls. This might represent a critical roadblock for

further upscaling and massive radial flow PBTES installations, unless
targeted via a modular approach.

Fig. 11 summarizes the Pearson correlation coefficients r4 g between
the considered KPIs and design variables for a radial flow PBTES with
two coaxial layers considering an industrial Fig. 11 (a) and a laboratory
scale Fig. 11 (b) PBTES. The values for LR and a sustain the trends and
explanations provided before. Additionally, it can be observed that the
particle diameter has a less relevant influence over the KPIs than LR or o
with r values between —0.06 and 0.06 in industrial sized PBTES and
between —0.15 and 0.11 in lab scale units. As expected, an increase of
the particle size limits the pressure drop but it also causes shorter useful
durations. Considering the limited influence of the particle size, it is
suggested to act of the LR and aspect ratio (while keeping larger particles
in the inner layer and smaller ones in the outer section) to optimize the
TES thermodynamic and hydrodynamic performance.

Fig. 12 presents the Pearson correlation coefficients between the
considered KPIs and geometrical design variables for a radial flow
PBTES with three coaxial layers. The TES aspect ratio has a clear
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influence over the performance of the TES and as highlighted before a
different relevance depending on the size of the TES unit. For industrial
scale PBTES low aspect ratios are preferred and still provide relevant
thermal performance, again sustained by a 74ap,, of almost 0.6.
Contrarily for laboratory scale units, higher aspect ratios are required to
achieve longer useful operation though also causing higher pressure
drops. Low « ensures limited pressure losses but has detrimental effect
over the thermal performance of the TES unit, both trends supported by
a Ty apys Of about 0.2 and r,+ higher than 0.55. Increasing LR; provides
reduced pressure drops but worse thermodynamic performance,
particularly causing reductions of the useful duration in charge and
discharge. Specifically, LR; around 0.2 and in the range 0.3-0.4
(coupled with a higher than 1) are suggested for industrial systems and
laboratory one, respectively. LRy shows similar influences over the
considered KPIs; however, its impact is in average less relevant than the
inner LR. For laboratory scaled units, an increase of both LRs causes a
reduction of the maximum thermocline thickness measured during
discharge. This behavior is mostly due a reduced heat transfer between
HTF and solid at larger particle causing a faster release of the thermo-
cline and a faster decrease of the TES outlet temperature during
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discharge, as testified by negative rjg . . In contrast with the PBTES
configuration featuring two coaxial layers, in the unit with three layers
the particle diameters have a more relevant impact over the TES per-
formance. In particular, the outer particle size shows the highest Pearson
correlation coefficients. Larger dp, o, can widely contribute to reducing
the pressure drop with g, ap,,.; @s low as —0.4 and — 0.6 for industrial
and prototype sized PBTES. However, an increase of d,, o, has also non
negligible effect on the PBTES thermal performance, as shown by ry, .~
between —0.42 and — 0.25. In particular, industrial PBTES would
require dp i, in the range 70-80 mm and dy, oy¢ of about 15 mm. Instead,
optimal laboratory scale (50 kWh) PBTES units would present dp, i, in the
range 17-21 mm and d;, oy in the range 6-7 mm. The specific influence
of some of most relevant design variables over the Pareto fronts in the
PBTES configuration is shown in the Appendix.

3.3. Assessment of main operational conditions

The influence of the target operation time over the PBTES perfor-
mance is summarized by Fig. 13 (thermal KPIs) and Fig. 14 (Aprgs) for
both industrial and laboratory scale units with two coaxial layers. It
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Fig. 13. Influence of the target time of operation (linked to the charge and discharge power) over the thermal KPIs for a PBTES of 10 MWh (a) and 50 kWh (b).
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should be highlighted that in looking at different target operation time
the TES energy capacity has been maintained constant (10 MWh and 50
kWh) while the power during charge and discharge has been modified
accordingly to the target operation time. All the other design parameters
describing the PBTES units have been maintained as from the base
configurations summarized in Table 2. The results are reported as per-
centage changes with respect to the values observed in the base case TES
configuration (characterized by a target operation time of 2.5 h). Since
the differences between configurations with two and three coaxial layers
are negligible, only the data for two co-axial layers are shown. Firstly, it
can be noted that the operating power has higher influence over the
pressure drop when considering industrial units and a much higher in-
fluence on the thermal performance when looking at laboratory scale
TES. Such difference is due to the fact that pressure drop is a dominant
KPI for industrial units, which are instead generally characterized by
higher thermal performance. Pressure drop in industrial scale PBTES has
a major influence due to larger flow rates, particularly at high power
rates.
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For industrial scale PBTES a change in the charge and discharge
power will lead to relative changes of the thermal KPIs in the range 4 10
%. The best operating conditions can be identified for a target operation
time of 5 h (equivalent to a power during charge and discharge of 2
MW), which can provide an increase of the useful operation time of up to
2 % and a reduction of the maximum thermocline thickness during
charge of about 8 %. Such target operation time would also lead to a
reduction of the pressure drop by about 70 %. These results suggest that
modular approaches (with multiple TES units interconnected) for
upscaled systems are likely to result in optimal operational performance.
As previously noted, modular installations would not only limit the over
pressure drop at the expenses of limited thermal performance re-
ductions, but they would also ensure lowered mechanical and structural
risks in upscaling, limiting the stresses on the TES walls.

For laboratory scale PBTES different target operating times might
lead to thermal KPIs variations in the range — 40 % to +60 %. Higher
power rates (resulting in shorter operating times) would lead to
improved thermal performance with up to 12 % longer useful duration
and thermocline thicknesses reduced by more than 10 % for a target
operating time of 1 h. The improvement of the thermal performance is
largely related to the lower thermal performance and higher influence of
thermal losses typical for laboratory and small-scale installations. The
thermocline thickness during charge is the KPI the most affected by the
power rate, showing an increase of more than 60 % for very slow
operation (i.e. target operating time of 10 h).

Fig. 15 and Fig. 16 show the influence of the maximum and mini-
mum operating temperatures of the PBTES over the thermal KPIs for all
PBTES configurations analyzed. Similar trends can be noted also be-
tween the industrial and laboratory scaled unit, showing full represen-
tativeness of laboratory prototypes on this point. The maximum
operating temperature has a wider influence on the PBTES performance.
Higher Tp,x causes an increase of the thermal losses toward the sur-
rounding environment (even more relevant in small scale TES) and an
increment of the effective thermal conductivity of the packed bed,
leading to a more rapid spread of the thermocline region and a faster
change of the HTF outlet temperature with consequent reduction of the
useful duration. T« has a negligible influence on the pressure drop due
to limited relative changes of the HTF properties at high temperatures.
The minimum operating temperature has a limited influence over the
PBTES thermal performance, with KPIs relative changes in the range +
10 %. A change of Tpin shows a contrasting influence with respect to the
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Fig. 15. Influence of the maximum operating temperature over the thermal KPIs for a PBTES of 10 MWh (a) and 50 kWh (b).
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Fig. 16. Influence of the minimum operating temperature over the thermal KPIs for a PBTES of 10 MWh (a) and 50 kWh (b).
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Fig. 17. Influence of the solid filler material over the useful duration in charge and discharge (a) and over the maximum thermocline thickness during charge and

discharge (b) for all considered PBTES configurations.

described impact of Tpax. This shows that, regardless of the specific
working temperature, changes in the operating temperature difference
(Tmax — Tmin) would have a similar impact on the PBTES thermal per-
formance. Increasing Tpin, causes an increase of Aprgs due to the
increased viscosity and reduced density of the HTF. At higher Tp;,, and
lower operating temperature differences for the PBTES, the thermal
performance improves thanks to a reduced effect of thermal conduction,
which contributes to reducing the thermocline spread.

Lastly, Fig. 17 summarizes the influence of the filler material over the
TES thermal KPIs. Comparable outcomes are attained for industrial scale
and prototype scale TES unit; thus, showing the potential for relevant
laboratory testing and reliable upscaling. The material selection has a
negligible influence on the hydrodynamic performance, considering that
for all materials a unitary sphericity has been assumed, which might not
always be achievable from a manufacturing perspective.

Instead, the filler material has a higher impact over the thermody-
namic performance of the PBTES and particularly its useful duration
during both charge and discharge. Materials with higher energy density,

13

such as copper slags, permit to attain longer useful duration particularly
for PBTES configurations with three coaxial layers. Materials with high
thermal conductivity cause flatter temperature profiles over the TES
radius. However, in large scale PBTES, the maximum thermocline
thickness is not directly affected by the solid filler material since the
variability of thermal conductivity showed by the considered materials
is limited. In laboratory scale TES unit, the effect of the thermal con-
ductivity is more visible, showing decreasing ATC for lower materials
with lower thermal conductivity, such as copper slags and aluminum
dross. Overall, copper slags seem to be a very promising PBTES material
thanks to its elevated energy capacity and low thermal conductivity.

4. Conclusions

The present work has introduced an innovative layered radial flow
packed-bed TES concept able to provide self-insulation while enhancing
thermal and hydrostatic performance, limiting the inherent trade-off
between them. The performance of the proposed packed-bed TES
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concept has been analyzed based on a 1D-two phases thermal and hy-
drodynamic numerical model. Packed-bed TES configurations with two
and three coaxial layers have been considered. Additionally, the study
analyses the performance of an industrial size TES unit (10 MWh) and
compares this against a laboratory size prototype (50 kWh) aiming at
highlighting the potential for relevant TES downsizing and the scal-
ability of laboratory testing campaign and results. The investigation
includes a multi-objective optimization of the TES design considering a
set of major design variables and a set of sensitivity analyses over the
main operating parameters. From the presented results the following
main conclusions can be drawn:

1. The introduced innovative layered radial-flow high-temperature
packed bed thermal energy storage could enable comprehensive
storage design optimization targeting simultaneously both thermal
and hydrodynamic performance.

2. The presented innovative layered radial-flow high-temperature
packed bed thermal energy storage could attain pressure drop re-
ductions higher than 70 % with respect to uniform radial flow packed
bed storage and higher than 85 % with respect to axial flow units at
the expenses of a useful duration reduction lower than 5 %.

3. The addition of a third coaxial layer has only a minimal influence on
the overall attainable thermodynamic and hydrostatic performance
of the storage unit, suggesting that two coaxial layers would be
sufficient whilst limiting the construction challenges.

4. The aspect ratio and the layer ratio are the most relevant design
variables to be considered, showing contrasting influence over the
accounted performance indicators.

5. Large scale layered radial-flow high-temperature packed bed ther-
mal energy storage would benefit from low aspect ratios and
arrangement with modular units. This would ensure enhanced sys-
tem flexibility and reduced parasitic consumptions due to pressure
losses meanwhile guaranteeing extensive useful durations in both
charge and discharge operation. Overall, thermal efficiency as high
as 88 % could be attained.

6. Downscaled prototypes of the proposed PBTES can provide good
representation of the thermal and hydrodynamic performance of the

Appendix A
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solution and a relevant based for validation. When downsizing the
proposed TES solution, main attention should be paid on the
discharge operation which shows worse performance. Operation at
different power rates can also lead to wider thermal performance
variations.

This work paves the way for the prototyping and validation of the
proposed layered radial flow packed-bed TES concept. Additionally,
future works will be focused on the upscaling of the TES unit, addressing
the highlighted challenges, and investigating modular solutions target-
ing solar thermal applications and the industrial heat decarbonization
market.
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Fig. A summarizes the influence of some of most relevant design variables over the Pareto fronts in the PBTES configuration with three coaxial
layers for an energy capacity of 10 MWh and 50 kWh. Specifically, the aspect ratio o, the inner layer ratio LR; and the inner and outer particle diameter

are shown.

14
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Fig. A. Influence of the aspect ratio (a-b), LR1 (c-d), inner particle size (e-f), and outer particle size (g-h) over the identified Pareto curves for PBTES with 3 coaxial

layers and energy capacity of 10 MWh and 50 kWh.
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Laboratory scale PBTES — 50 kWh
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