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Abstract

Concentrating solar power plants are currently working with Solar Salt and conventional Rankine steam power cycles with
upper temperatures of 565 ◦C. To achieve higher efficiencies, advanced power cycles are currently investigated (500 ◦C
to 700 ◦C). As heat transfer fluids, both molten sodium and three types of molten salt are considered in this study. For
power tower plants, the heat transfer fluid is typically also the storage medium. This is the case for state-of-the-art
commercial plants using molten salt, and past and present pilot plants using sodium. However, this work shows for both
cases that a packed bed arrangement, where the heat transfer fluid is replaced by a filler material, may be a technically
feasible and economically viable alternative. Furthermore, for sodium there are additional safety concerns related to
having a large sodium inventory, which the packed bed arrangement can help alleviate. In this study, a 40 MWhth

storage system with quartzite as filler material is numerically investigated with a one-dimensional model. The results
are evaluated in terms of discharge efficiency, pumping power, storage cost and thermocline degradation during standby
to assess the potential of this storage solution for future scientific investigations. The packed bed system with sodium
shows slightly higher discharge efficiencies (96.8 %) than with molten salt (95.2 - 95.7 %) and also lower required pumping
power. However, the thermocline region expands faster during standby due to the high thermal conductivity of sodium.
The influence of porosity, tank diameter-to-height ratio and filler particle diameter is analysed in a parametric study.
Highest discharge efficiencies are achieved for both sodium and molten salts with small tank diameter-to-height ratios
and small filler particles. For sodium, low porosities are preferable, while for molten salts, high porosities lead to better
discharge efficiencies.
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1. Introduction

Operational concentrating solar thermal power plants
like Gemasolar or Crescent Dunes use a NaNO3-KNO3

mixture (composition by weight 0.60-0.40) called ‘Solar
Salt’ as the heat transfer fluid (HTF) and as the stor-
age medium. To increase the efficiency of central receiver
systems, advanced power cycles with higher upper tem-
perature limits are currently considered [1], [2]. However,
the operating temperature range of Solar Salt is limited
by its decomposition temperature (≈ 600 ◦C). For higher
temperatures, alternative HTF candidates are proposed.
A review by Pacio et al. [3] shows that liquid metals (e.g.
sodium, lead-bismuth-eutectic, sodium-potassium and tin)
might qualify as attractive HTFs, because of their excel-
lent heat transfer properties. Among these, sodium stands
out due to its low melting point and high boiling temper-
ature. Sodium has already been tested as HTF at the
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IEA-SSPS central receiver facility in Almeria, Spain, dur-
ing the 1980s [4] and currently in a pilot-scale (1 MWe)
plant at Jemalong, Australia [5]. However, its compara-
bly low volumetric thermal capacity (ρfcpf) and high cost
do not advertise it as storage fluid in a direct two-tank
configuration, as is currently applied in operational solar
tower plants with molten salts. Furthermore, sodium re-
acts exothermally in contact with air and water. However,
with the high standards of safety inherited from the long
term nuclear industrial experience, these risks can be min-
imized [6]. Therefore, a thermocline packed-bed thermal
energy storage system is suggested, leading to less sodium
inventory, higher storage densities and lower storage ma-
terial cost, as shown by Niedermeier et al. [7].

On the other hand, alternative salt compositions are
also considered as HTFs for advanced power cycles. These
are not only interesting due to higher decomposition tem-
peratures compared to the commonly used Solar Salt, but
also due to their applicability as storage media. The main
disadvantage is their relatively high melting temperature,
which makes extensive heat tracing inevitable. The Con-
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centrating Solar Power Gen3 Demonstration Roadmap [8]
suggests three main canditate salt mixtures: ZnCl2-NaCl-
KCl (composition by weight 0.686-0.075-0.239), MgCl2-
KCl (composition by weight 0.375-0.625) and Na2CO3-
K2CO3-Li2CO3 (composition by weight 0.334-0.345-0.321).
The chloride salts are already very low in price, but a
single-tank packed bed system with cheap filler material
could lead to even further reduced cost. Additionally, one
tank is used rather than two, which means more than 25 %
investment cost reduction due to the reduced tank mate-
rial [9]. In this study, these three salts are compared to
sodium as HTFs in a packed bed thermocline storage sys-
tem.

Quartzite (SiO2) spheres are taken as examplary packed
bed material. Chemical compatibility issues with the HTFs
in the considered temperature range are not considered in
this study. Further filler material candidates are listed in
a review by Esence et al. [10].

The technical feasiblity of thermocline storage systems
with filler material has been demonstrated in several pro-
jects in the past. A thermocline storage with granite rocks
and sand as filler material and oil as HTF was used in the
first large-scale power tower test plant, Solar One, in the
1980s [11]. Furthermore, Pacheco et al. [12] performed
experiments on a pilot-scale plant with Solar Salt as HTF
and a quarzite rock and sand mixture as filler material.
Recently, the German Aerospace Center (DLR) has put
a pilot-scale facility into operation for demonstration and
material studies of a thermocline storage with salt mix-
tures and filler material [13].

However, a liquid metal thermocline storage system
with filler material has rarely been reported in the litera-
ture, neither theoretically nor experimentally. Pomeroy et
al. [14] proposed a packed bed of iron spheres with sodium
as the HTF in the 1980s. To the authors’ best knowledge,
no further investigations have been performed since.

Therefore, a comparison of high temperature salts and
sodium as HTFs in a packed bed system is performed
in this work based on a one-dimensional two-phase sim-
ulation. Firstly, a review of performance comparisons of
thermocline storage systems in the literature is conducted
(Section 2). The methodology for the comparison in this
work is introduced (Section 3) and the numerical model is
presented (Section 4). Finally, the results of the compari-
son are discussed (Section 5) and summarised (Section 6).

2. Review: Performance comparison of thermo-
cline storage systems

In the literature, the performances of different HTFs in
thermocline storage systems with filler material are com-
pared based on numerical studies. However, the reference
cases and definitions of storage efficiency used are not al-
ways consistent.

Modi et al. [15] compare Solar Salt, HITEC and Ther-
minol 66. The reference case is a 5 h storage system with

fixed tank dimensions and two selected maximum temper-
atures (390 ◦C and 560 ◦C). The remaining storage param-
eters (fluid velocity, particle size and porosity) are taken
from Pacheco et al. [12]. They show the temperature
profiles at the beginning and at the end of one discharge
cycle and evaluate the efficiency based on the tempera-
ture distribution along the tank height and on the storage
capacity after discharging. The latter is defined as the to-
tal accumulated thermal energy in the tank (by filler and
fluid). However, as only the dimensions of the tanks are
fixed and not the total initial storage capacity, Thermi-
nol 66 and HITEC have smaller initial storage capacities
than Solar Salt. Their comparison concludes that, both
regarding stratifiction and storage capacity, best results
can be accomplished with Solar Salt, followed by HITEC
and Therminol 66.

Cascetta et al. [16] choose air, Therminol VP-1 and
Solar Salt as HTFs for their comparison. The reference
case is a 5 h storage system with a fixed storage capacity
of 5 MWhth. Different lower and upper temperature limits
are defined for each fluid, which results in different tank
sizes and fluid velocities for each fluid. The authors define
the storage efficiency as the ratio of storage capacity after
each cycle to the “maximum energy”. This “maximum en-
ergy” is the initial storage capacity of the system, which is
the same for all fluids. They find the highest efficiency for
Solar Salt, however, only the first 5 cycles are shown and
the storage efficiency does not appear to have stabilised.

Vilella and Yesilyurt [17] compare the discharge effi-
ciency of Solar Salt, HITEC XL and Therminol as HTFs
in a packed bed storage with a capacity based on Andasol 1
(1 GWhth). The operating temperature limits are 291 ◦C
and 384 ◦C to guarantee that all fluids are liquid at any
time. The definition of the storage efficiency is the ratio of
energy extracted during discharge related to the energy of
an ideal discharge. At first, they compare with constant
mass flow concluding that Solar Salt is the best perform-
ing HTF. However, they state that a fairer comparison
should be based on the “thermal mass flow rate” (ṁcpf).
This leads to similar efficiencies for all investigated HTFs.
Additionally, they note that Therminol would have the
least pumping losses (however, no values are given) and
that this parameter should also be included in a compari-
son. The authors also include the storage material cost of
the HTF in their analysis with the Solar Salt system being
the cheapest one. Furthermore, they perform a parametric
study on the height-to-diameter ratio of the tank resulting
in an increased efficiency for higher ratios.

Reddy et al. [18] perform a comparison between Ther-
minol VP-1, Solar Salt and HITEC in a packed bed storage
with a capacity of 40 MWhth. The temperature range is
adapted to a parabolic trough plant (300 ◦C to 410 ◦C).
The storage efficiency chosen for the comparison is the
ratio of energy extracted during discharge to the energy
delivered in an ideal charge. They compare the efficien-
cies of the different HTFs while keeping the tank diameter
and height constant, resulting in highest efficiencies for
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Therminol VP-1, followed by Solar Salt and HITEC. Fur-
thermore, they conduct a parametric study regarding the
bed porosity and conclude that a porosity in the range of
0.15 to 0.35 is desirable. The authors also state that with
very low porosities the pumping power is not negligible
anymore, however, no values are given.

The literature review on comparative papers shows dis-
agreement concerning the storage parameters that are kept
constant and the definition of the efficiency. Furthermore,
the storage costs and the pumping power required are typ-
ically not included in these papers. Moreover, no compar-
ison of high temperature fluids for an advanced power cy-
cle, including any liquid metals, has been conducted yet.
These gaps shall be filled with this paper.

3. Methodology

The methodology for the comparison of sodium and
high temperature salts in the thermocline packed bed is
explained in this section. The reference case for the com-
parison (Section 3.1), the storage parameters (Section 3.2),
the selected performance parameters (Section 3.3) and the
definition of the storage cost for the economic analysis are
introduced (Section 3.4). Finally, the selection of param-
eters for the parameteric study and the range they are
varied in are presented (Section 3.5).

3.1. Reference case

The comparison in our work is based on a packed bed
storage with a capacity similar to the one chosen by Reddy
et al. [18]. It is applied to operating temperatures suit-
able for an advanced power cycle with an electric output of
4 MWe. With an assumed efficiency of 40 % in the power
block, a thermal power of 10 MWth is necessary from the
storage system during discharge. With a discharge time
of 4 h this leads to a necessary thermal storage capac-
ity of 40 MWhth. This storage capacity is kept constant
throughout the paper, while the dimensions of the tank
are calculated depending on the physical properties of each
HTF (see Section 3.2). Furthermore, the bed porosity, the
tank diameter-to-height ratio, the filler material and di-
ameter are defined and listed below (comparable to the
experiment of Pacheco et al. [12]).

� Discharge time: ∆t = 4 h
� Storage capacity: Q = 40 MWhth = 144 GJth

� Tmin = 500 ◦C, Tmax = 700 ◦C
� Porosity: ε = 0.22
� Tank diameter-to-height ratio: D/H = 0.5
� Filler material: Quartzite (SiO2)
� Filler diameter: d = 0.015 m

3.2. Storage parameters

With the previously defined reference case, the result-
ing storage tank height (H), mass flow rate (ṁ), liquid
quantity (mf) and solid quantity (ms) can be calculated

for each HTF depending on the fluid and solid properties
(Table 1).

H =

(
4Q

π(D/H)2(ρfcpfε+ ρscps(1− ε)) (Tmax − Tmin)

)1/3

(1)

mf =
ερfQ

(ρfcpfε+ ρscps(1− ε)) (Tmax − Tmin)
(2)

ms =
(1− ε)ρsQ

(ρfcpfε+ ρscps(1− ε)) (Tmax − Tmin)
(3)

ṁ =
Q

cpf∆t (Tmax − Tmin)
(4)

Table 1: Physical properties at Tmax = 700 ◦C, HTS 1 := ZnCl2-
NaCl-KCl, HTS 2 := MgCl2-KCl and HTS 3 := Na2CO3-K2CO3-
Li2CO3

cp ρ λ µ Ref.

Jkg-1K-1 kg m-3 Wm-1K-1 mPas

Na 1256 798 57.5 0.2 [19]
HTS 1 900 1977 0.29 4.2 [20]
HTS 2 1150 1660 0.5 5.0 [8],[21]
HTS 3 1612 1848 0.47 5.9 [22]
SiO2 1050 2640 2.5 - [23]

3.3. Performance parameters

In this subsection three performance parameters are
defined: the discharge efficiency, the standby efficiency and
the pumping power.

In the literature, several definitions of the efficiency of a
packed bed storage are proposed (see Section 2). Haller et
al. [24] gives an overview of definitions of those efficiencies.
In this paper, the definition in Equation 5 is used. It is the
ratio of extracted energy during discharge Qdis,out com-
pared to the initial sensible heat Qchg,in,max in an ideal
charging step. The discharge mass flow ṁ is assumed to
be the same as the charge mass flow, and the discharge
time tdis the same as the charge time tchg. This definition
allows a direct comparison to a two tank arrangement,
which would have an efficiency of 100 % assuming perfect
insulation. It implies that all the outgoing thermal energy
can be used regardless of which temperature. As this work
aims to primarily compare different HTFs, this definition
is sufficient.

η =
Qdis,out

Qchg,in,max
=

∫ tdis
0

ṁ(cpfTf,dis,out(t)− cpfTmin) dt∫ tchg
0

ṁ(cpfTmax − cpfTmin) dt
(5)

The standby efficiency is evaluated using the thickness
of the thermocline region ∆xtc, which increases over the
standby time tstandby, related to the height of the tank
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H (Equation 6). The limits of the thermocline region are
defined by Tmin + 5 K and Tmax - 5 K, similar to Ref. [25].

ζ =
∆xtc(tstandby)

H
(6)

The pumping power is evaluated according to Equa-
tion 7 with the pressure loss calculated with the Ergun
equation (Equation 8) using the velocity u0 through the
cross-sectional area of an empty tank (Equation 9) [26].

P = V̇∆p =
ṁ

ρf
∆p (7)

∆p

H
= 150

(1− ε)2

ε3
µfu0
d2

+ 1.75
(1− ε)
ε3

ρfu
2
0

d
(8)

u0 =
4ṁ

ρfπ(D/H)2H2
(9)

3.4. Material cost

Bulk storage material costs alone are considered in this
economic comparison, independent of the additional costs
associated with the tanks and balance-of-system compo-
nents. It is assumed that for an equivalent capacity stor-
age system, these additional costs are of similar magni-
tude. The overall storage material cost related to the en-
ergy content of a packed bed thermal energy storage (M)
is calculated with Equation 10 based on the material cost
data of the fluid (Cf) and the filler material (Cs), which
are listed in Table 2. The costs data of the molten salts are
adjusted to the currency of December 2016 using the pro-
ducer price index commodity data for industrial chemicals
provided by the Bureau of Labour Statistics [27].

M =
ερfCf + (1− ε)ρsCs

(ερfcpf + (1− ε)ρscps) (Tmax − Tmin)
(10)

Table 2: Material cost data of fluids and filler, HTS 1 := ZnCl2-NaCl-
KCl, HTS 2 := MgCl2-KCl and HTS 3 := Na2CO3-K2CO3-Li2CO3

Na HTS 1 HTS 2 HTS 3 SiO2

C (ekg-1) 2.6 1.3 0.4 2.6 0.5
Ref. [28] [29],[30] [30],[31] [30],[32] [28]

3.5. Parametric study

The effects of the porosity (ε), the tank diameter-to-
height ratio (D/H) and the particle diameter (d) on the
discharge efficiency (η), pumping power (P ), storage cost
(M) and thermocline thickness (ζ) during standby are
studied. Table 3 shows which storage parameter has an im-
pact on which performance parameter, marked by a tick.
For each parameter, the storage capacity is kept constant
as previously defined in the reference case (Section 3.1)
and the storage parameters are calculated according to
the equations given in Section 3.2.

Table 3: Varied parameters, their range and the affected performance
parameters

Parameter Range η P M ζ

ε [0.1,0.22,0.5,0.7,0.9] X X X X
D/H [0.2,0.5,1.0,1.5] X X - X
d (mm) [5,15,30,50] X X - -

4. Model description

The temperature distributions of the fluid (HTF) and
solid material (filler) are mathematically described by a
one-dimensional two-phase model as described in Ref. [33].
For this comparison the velocity and the inlet tempera-
ture are taken as uniform over the cross-section of the
tank. This is typically achieved by using a distributor.
Moreover, the porosity is assumed to be uniformly dis-
tributed and the wall of the tank is considered to be per-
fectly insulated. With these assumptions the temperature
distribution varies only along the tank axis and thus a
one-dimensional mathematical model can be used. The
validity of this approach is confirmed in Section 4.6 by
comparison with existing experimental data.

For molten salts, a lumped capacitance can be assumed
for the solid phase leading to a simplified model. However,
in a sodium thermocline storage with filler material, the
internal heat diffusion in the filler particles has to be con-
sidered due to significantly higher Biot numbers.
The Biot-number is defined by Bi = α · (d/2)/λs with the
heat transfer coefficient α = Nu · λf/d. The filler parti-
cles are modelled as spheres of diameter d. As the flow in
the packed bed is very slow, a minimum Nusselt number
Nu = 2 (only conduction) is assumed as a conservative
estimation. In this case, the definition of the Biot number
simplifies to Bi = λf/λs. This results in Bi ≈ 0.1 for the
molten salts and Bi ≈ 11.6 for molten sodium, according
to the properties of Table 1.

In contrast to molten salt, the Biot number of the
sodium system is � 1 and therefore the assumption of
a uniform temperature distribution within the solid is not
valid anymore [34]. Thus, the diffusion process inside the
solid spheres needs to be considered.

A simplified model (Section 4.1) can therefore only be
applied for molten salts (see Figure 1 left). For liquid
sodium, a model including heat diffusion in the filler par-
ticles is used (see Figure 1 right). The energy equations
solved for both models are presented in the following.

4.1. Model I: Molten salts

The temperature distribution in a molten salt thermo-
cline storage with filler is calculated with a one-dimensional
two-phase model with the assumption of a simplified lum-
ped capacitance for the solid phase due to low Biot num-
bers� 1. The energy equation for the fluid phase is given
in Equation 11 and for the solid phase in Equation 12.
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Figure 1: Left: schematic temperature distribution in storage tank
during discharge; Right: schematic temperature distribution in filler
particle during discharge

The equations are coupled by the volumetric heat transfer
coefficient hv in a source/sink term.

ερfcpf

(
∂T

∂t
+ u

∂T

∂x

)
= ελf

∂2T

∂x2
− hv(T − Ts) (11)

(1− ε)ρscps
∂Ts
∂t

= hv(T − Ts) (12)

4.2. Model II: Sodium

The temperature distribution for liquid sodium is also
determined with a one-dimensional two-phase model, how-
ever, the intra-particle diffusion is considered specifically.
The energy equation for the fluid phase is given in Equa-
tion 13 and for one representative filler particle in Equa-
tion 14. The filler particles are assumed to be spheres in
this model. The equations are coupled by the last term in
Equation 13 being it also the boundary condition at the
surface of the filler spheres (Equation 19).

ερfcpf

(
∂T

∂t
+ u

∂T

∂x

)
= ελf

∂2T

∂x2
− hv(T − Tp

∣∣
y= d

2

) (13)

ρscps
∂Tp
∂t

= λs

(
∂2Tp
∂y2

+
2

y

∂Tp
∂y

)
(14)

In both models, the axial diffusion in the solid phase is ne-
glected because point contact between the spherical filler
particles is assumed. Furthermore, the tank is ideally in-
sulated and thus heat losses to the ambient are neglected.
A uniform velocity and temperature are assumed at the
inlet of the packed bed, which can be realized by well-
designed distributors. Temperature dependent properties
for the HTFs and constant properties for the solid filler
material are used, according to references listed in Table
1.

4.3. Initial and boundary conditions
The initial condition at t = 0 is a homogeneous con-

stant temperature in the tank. This temperature is either
Tmax (fully charged) or Tmin (fully discharged). If several
cycles are considered, a temperature distribution in the
tank is applied as the initial condition for the next step.

t = 0 :


T (x) = Ts(x) = Tp(x, y) = Tmax

T (x) = Ts(x) = Tp(x, y) = Tmin

T (x) = f(x), Ts(x) = g(x), Tp(x, y) = h(x, y)

(15)

As boundary condition for the fluid, constant temperature
at the inlet (x = 0) and zero heat flux at the outlet of the
tank (x = H) are imposed. It is assumed that the solid
material does not exchange energy at the inlet and outlet
of the tank.

x = 0 : T = Tin
∂Ts
∂x

= 0 (16)

x = H :
∂T

∂x
= 0

∂Ts
∂x

= 0 (17)

In the core of the solid particles (y = 0) a symmetry condi-
tion is applied. At the surface (y = d/2) heat is exchanged
with the fluid, which is taken into account by a convection
boundary condition.

y = 0 :
∂Tp
∂y

= 0 (18)

y = d/2 : −λs
∂Tp
∂y

= hv(T − Tp) (19)

4.4. Heat transfer between fluid and filler
The volumetric heat transfer coefficient hv is linked to

the (surface specific) heat transfer coefficient α by the spe-
cific surface of the particles in the bed. The heat transfer
coefficient α between fluid and filler is being calculated
with Nusselt correlations for a packed bed.

hv = α
6(1− ε)

d
α =

Nubed · λf
d

(20)

The Nusselt correlation of Wakao and Kaguei [35] is widely
used for molten salts in the literature, although it is valid
for gases (Pr ≈ 0.7).

Nu = 2 + 1.1Re0.6p Pr1/3 15 ≤ Rep ≤ 8500 (21)

For sodium or liquid metals in general, which have a signif-
icantly low Prandtl numbers, no packed bed heat transfer
correlation can be found in the literature. There is a cor-
relation of Melissari and Argyropolus [36] for a wide range
of Prandtl numbers (0.003 < Pr < 10).

Nu = 2 + 0.47Re0.5p Pr0.36 102 ≤ Rep ≤ 5 · 104 (22)

However, this correlation is derived from experimental data
for a single sphere and not for a packed bed. Therefore,
only conductive heat transfer is assumed as conservative
assumption for the simulations with sodium in this study,
which leads to the minimum Nusselt number for a sphere
of Nu = 2.
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4.5. Solution procedure

The equations are solved with a finite volume method
that has been implemented in Matlab®. The second-
order Crank-Nicolson scheme is used for the time discretiza-
tion. A central difference scheme and a first order upwind
scheme are used for the spatial discretization of diffusive
and advective terms, respectively.

A sensitivity analysis for the number of control vol-
umes (CVs) in the tank and in the filler particles has been
conducted for all configurations presented in this paper.
The number of CVs is defined as satisfactory if the outlet
temperature differs less than 0.1 % from that of the next
finest grid.

A cycle is considered to be stable if the temperature at
the end of a discharge step of two subsequent cycles differs
no more than 0.1 %.

4.6. Validation with experimental data

The code is validated with experimental data from a
molten salt experiment (2.3 MWhth) by Sandia National
Laboratories [12]. The temperature distribution at t = 0
is fitted and taken as initial condition for the simulation of
a 2 h discharging process. The thermo-physical properties
of Solar Salt and the filler material quartzite (rocks and
sand) are assumed constant in the considered temperature
range and are taken from Ref. [23]. The experimental and
simulated fluid temperature distributions at the beginning
of the discharge and after 0.5 h, 1 h, 1.5 h and 2 h are shown
in Figure 2. The experimental and simulation data are in
quite good agreement.
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Figure 2: Validation with experimental data from Sandia Laborato-
ries experiment (taken from Ref. [12]), Model I: 500 CVs in tank
axis, time step = 3.6 s, Model II: 500 CVs in tank axis, 50 CVs in
particle, time step = 3.6 s

A second validation is conducted using data from the
Solar One storage test (170 MWhth) with thermal oil as
HTF and granite rock and sand as filler material [11].

Again, the temperature distribution at t = 0 is fitted and
taken as initial condition for the simulation of a 8 h dis-
charging process. The fluid properties of thermal oil (Calo-
ria HT) are taken from Ref. [37] and the solid properties
from Ref. [38]. Again, the experimental and numerical
results shown in Figure 3 are in good agreement after 4 h
and 8 h discharge time.
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Figure 3: Validation with experimental data from Solar One (taken
from Ref. [38]), Model I: 500 CVs in tank axis, time step = 7.2 s,
Model II: 500 CVs in tank axis, 30 CVs in particle, time step = 7.2 s

The average difference between the numerically calculated
(Tnum) from the experimental temperatures (Texp) is ≈ 4 K
and the relative mean square error is < 1.6 10-4 (calcu-
lated from 1/n

∑
(
(
Texp − Tnum

)
/Texp)2). These figures

are in the same range as those obtained by Hoffmann et
al. [38] comparing results from a one-dimensional two-
phase model without heat losses with their experimental
values.

It has to be noted that packed bed porosities smaller
than 0.26 (closest packing of spheres) can only be achieved
with non-uniformly sized filler spheres [39]. However, we
assume uniformly sized filler spheres in our model. The
validation cases both have porosities of 0.22 and are thus
below this limit. Nevertheless, the validation using this
value with uniformely sized filler material has been sat-
isfactory. Therefore, we also use this porosity with uni-
formly sized filler particles for our reference case despite
being below the limit of 0.26.

4.7. Thermocline degradation

During standby only heat conduction is present and the
thermal conductivity of the filler material cannot be ne-
glected anymore. A homogenous model is used where only
molecular diffusion of energy is considered by an effective
“mixed” thermal diffusivity accounting for both solid and
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liquid phase, resulting in the following equation:

∂Tmix

∂t
= amix

∂2Tmix

∂x2
(23)

The mixed thermal diffusivity of the homogenous phase is
defined according to Ref. [25]:

amix =
ελf + (1− ε)λs

ερfcpf + (1− ε)ρscps
(24)

An ideal thermocline is assumed as initial condition for
the assessment of the standby behaviour, i.e. the bottom
half of the tank is at the minimum temperature, whereas
the upper half is at the maximum temperature.

t = 0 :

{
Tmix(x) = Tmin 0 ≤ x ≤ H/2
Tmix(x) = Tmax H/2 < x ≤ H

(25)

As boundary conditions, no heat exchange is assumed at
the top and bottom of the tank.

x = 0 ∧H :
∂Tmix

∂x
= 0 (26)

5. Results

Initially, the storage tank is fully charged with fluid
and filler being at maximum temperature (Tmax) and then
discharged for 4 h. After that, the storage is charged again
for 4 h. This is repeated until a stable cycle is reached.

5.1. Reference case

The parameters that define the reference case are listed
in Section 3.1. Based on the different physical properties of
the fluids, the resulting storage parameters are displayed
in Table 4. In the following, the molten salts are abbrevi-
ated with HTS 1 (ZnCl2-NaCl-KCl), HTS 2 (MgCl2-KCl)
and HTS 3 (Na2CO3-K2CO3-Li2CO3).

Table 4: Storage and simulation parameters for reference case with
physical properties at Tmax, HTS 1 := ZnCl2-NaCl-KCl, HTS 2 :=
MgCl2-KCl and HTS 3 := Na2CO3-K2CO3-Li2CO3

Na HTS 1 HTS 2 HTS 3

Height H (m) 11.5 11.3 11.2 10.9
Fluid mass mf (tons) 53 123 102 104
Solid mass ms (tons) 622 581 574 526
Mass flow ṁ (kg s-1) 39.8 55.6 43.5 31.0
Velocity u0 (mm s-1) 1.9 1.1 1.1 0.7
Pumping power P (W) 22 64 64 31
Cost M (ekW-1h-1) 11.2 11.2 8.2 13.3
Model II I I I
CVs in tank axis 1000 500 500 500
CVs in particle 70 - - -
Time step (s) 2.9 4.8 4.8 4.8

The storage tank with sodium is the largest one due to

its lowest volumetric thermal capacity (ρfcpf) compared to
the salts. However, the fluid mass of sodium is lowest due
to its lower density compared to the salts. Furthermore,
sodium requires the least pumping power compared to the
salts due to its low viscosity (Equation 8). However, it has
to be noted, that all pumping power figures are very low
due to the low fluid velocities in the tank.

The packed bed storage with HTS 2 is the least expen-
sive one due to the very low-cost of the chloride salts. It
would be even cheaper without the chosen filler material
(6.3e/kWh). Nevertheless, HTS 2 is also included in this
study, as cost reduction is possible in principle, if other
cheaper filler materials are chosen.
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Figure 4: Temperature distributions of Na and salts during discharge
in the stable (fourth) cycle starting from a fully charged tank in the
first cycle
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Figure 5: Fluid outlet temperature of Na and salts discharge in the
stable (fourth) cycle starting from a fully charged tank in the first
cycle

The temperature distributions during discharging in a
stable cycle along the tank axis at time intervals of 1 h
are shown in Figure 4. The corresponding outlet temper-
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atures (at x = H) over the discharge time are displayed
in Figure 5. In the case of sodium, energy can be ex-
tracted from the storage at the maximum temperature for
a longer period of time than for HTS 2, followed by HTS 3
and HTS 1. This leads to discharge efficiencies of 97.8 %
(Na), 97.2 % (HTS 2), 97.0 % (HTS 3) and 96.7 % (HTS 1)
in the first cycle. The efficiencies decrease to 96.8 % (Na),
95.7 % (HTS 2), 95.5 % (HTS 3) and 95.2 % (HTS 1) in a
stable cycle (Figure 6). A stable cycle is reached after
three cycles for all considered fluids.
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Figure 6: Discharge efficiencies vs. number of cycles

The slightly higher discharge efficiency of sodium com-
pared to the salts is due to its higher heat transfer co-
efficient (Table 5) resulting from its significantly higher
thermal conductivity compared to that of the considered
salts (≈ 100 times higher). Therefore, the thermal energy
can be transferred into the filler faster leading to steeper
fluid temperature gradients along the tank axis (see Fig-
ure 4). Due to the lack of suitable Nusselt correlations for
a packed bed for low Prandtl number fluids, a constant
value of Nu = 2 is assumed. Thus, the heat transfer coeffi-
cient (and thereby the discharge efficiency) is even under-
estimated here. In Table 5, the values resulting from the
correlation of Melissari and Argyropoulos (Equation 22)
are given in brackets, resulting in practically the same dis-
charge efficiency. Among the molten salts, the best effi-
ciencies are also reached for the highest heat transfer co-
efficients.

Table 5: Heat transfer characteristics at Tmax, *with Equation 22,
HTS 1 := ZnCl2-NaCl-KCl, HTS 2 := MgCl2-KCl and HTS 3 :=
Na2CO3-K2CO3-Li2CO3

Na HTS 1 HTS 2 HTS 3

Nu 2 (2.7*) 11.3 8.7 8.2
hv (kWm-3K-1) 2392 (3251*) 66 91 80
η (%) 96.8 (96.9*) 95.2 95.7 95.5

However, a high thermal conductivity is disadvanta-
geous if standby periods are considered between charging
and discharging. Figure 7 shows the temperature distri-
bution along the tank height (11 m) after 12 h, 24 h and 4

days of standby for sodium and HTS 1.
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Figure 7: Standby behaviour of a packed bed with Na and HTS 1
after 12 h, 24 h and 4 days

Starting from an ideal step function, the thermocline re-
gion expands much faster for a sodium packed bed system
than for one with salts. This is due to the one order of
magnitude larger effective thermal diffusivity amix of the
sodium packed bed system compared to the salt cases (see
Table 6).

Table 6: Thermal diffusivity for standby simulation at Tmax, HTS 1
:= ZnCl2-NaCl-KCl, HTS 2 := MgCl2-KCl and HTS 3 := Na2CO3-
K2CO3-Li2CO3

Na HTS 1 HTS 2 HTS 3

amix (m2s-1) 6.6 10-6 7.8 10-7 8.0 10−7 7.2 10-7
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Figure 8: Thermocline thickness vs. standby time

The three salts show no noticeable difference in the tem-
perature distribution, as the mixed thermal diffusivities
are of the same order of magnitude. Therefore, only HTS 1
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is displayed here as a representative salt. The thermocline
thickness reaches 100 % of the tank height for a sodium
packed bed system after 6 days, whereas the thermocline
of the salt packed bed system takes up only 32 % in the
same period (Figure 8). Even after 12 h of standby, the
thermocline expands to more than 25 % of the tank for
the sodium system compared to 10 % for HTS 1.

It can be concluded that a sodium packed bed sys-
tem has higher efficiencies during cycling due to high heat
transfer coefficients, resulting in sharp temperature gradi-
ents along the tank axis. However, these latter temper-
ature gradients cannot be maintained over long standby
periods between cycling. In case of the considered molten
salts the opposite conclusions can be drawn.

5.2. Parametric study

In the parametric study, the effect of the porosity, the
tank diameter-to-height ratio and the particle diameter
on the discharge efficiency (after reaching a stable cycle),
pumping power, storage cost and thermocline degradation
during a certain standby period are investigated. For each
investigated parameter the remaining parameters (includ-
ing the storage capacity) are kept constant as defined in
the reference case (Section 3.1).

Firstly, the porosity (ε) is varied from 0.1 to 0.9. Chang-
ing ε leads to different tank dimensions. All four consid-
ered performance parameters are influenced by ε (Table 3).
For molten salts, the discharge efficiency (in a stable cy-
cle) increases with increasing ε, i.e. increasing fluid volume
fraction (Figure 9a). However, for molten sodium, it is the
opposite: the discharge efficiency increases with decreas-
ing ε, i.e. increasing solid volume. Sodium shows best effi-
ciencies for low ε, because this leads to the lowest thermal
conductivity in the packed bed (ελf), implying a steeper
temperature profile. At the same time, the volumetric heat
transfer coefficient (hv) remains high enough to guarantee
a very good energy exchange between fluid and filler ma-
terial (Table 7). In contrast, the thermal conductivity of
molten salts is very low at all ε, but the bottleneck are the
low values of hv, implying a quite ineffective heat transfer
to the filler material. Therefore, a high amount of fluid,
and thus high ε, are advantageous. It has to be noted that
a validity range of the correlation of Wakao and Kaguei
(Section 4.4) with respect to the porosity is not given in
Ref. [35]. For low values of porosity, ε = 0.22, the val-
idation with experimental data (Figures 2 and 3) shows
the validity of the correlation. However, for high porosity
values, ε = 0.7 and 0.9, the correlation must be used with
caution because of the lack of experimental data for a val-
idation.
To illustrate the impact of ε on the thermocline thickness,
the latter is evaluated after 4 days standby starting from
an ideal step function (Figure 9b). It has to be noted that
varying ε not only influences the thermal diffusivity (amix),
but also leads to a different tank height (due to keeping
the storage capacity constant), which also influences the
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Figure 9: a) Discharge efficiency η (stable cycle) vs. porosity ε; b)
Thermocline thickness ζ after 4 days vs. ε; c) Pumping power P vs.
ε; d) Storage material cost M vs. ε

Table 7: Effect of porosity on thermal conductivity in the packed bed
and volumetric heat transfer coefficient (at Tmax), HTS 1 := ZnCl2-
NaCl-KCl

Na HTS 1

ε ελf hv ελf hv

Wm-1K-1 kWm-3K-1 Wm-1K-1 kWm-3K-1

0.10 5.8 2760 0.03 77
0.22 12.7 2392 0.06 66
0.50 28.8 1534 0.15 41
0.70 40.3 920 0.20 24
0.90 51.8 307 0.26 8

relative thermocline thickness during standby. For exam-
ple, in the case of HTS 1 the height varies from 11.1 m
(ε = 0.10) to 12.5 m (ε = 0.90), while for sodium from
11.2 m (ε = 0.10) to 14.6 m (ε = 0.90). The degradation
of the thermocline (i.e. increasing thickness) intensifies
for higher ε in the case of sodium due to the large thermal
conductivity compared to the filler material. On the con-
trary, low values of ε lead to a higher degradation of the
thermocline in case of molten salt, as the salt conductivity
is lower than that of the filler.
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The pumping power increases strongly for ε < 0.22 for
all HTFs, with the lowest value required for sodium (Fig-
ure 9c). But even for ε of 0.1, the pumping power for all
HTFs is lower than 0.03 % of the electric output of 4 MW.
The storage cost decreases with decreasing porosity for
HTS 1, HTS 2 and sodium due to lower cost of the filler
material, however, for HTS 2 higher porosities are advan-
tageous due to the lower cost of the fluid (Figure 9d).

The next parameter considered is the tank diameter-
to-height ratio (D/H), which is varied from 0.2 to 1.5.
The discharge efficiency (in a stable cycle) decreases with
increasing D/H (Figure 10a). The effect is stronger for
sodium than for the molten salts.
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Figure 10: a) Discharge efficiency η (stable cycle) vs. diameter-to-
height ratio D/H; b) Thermocline thickness ζ after 4 days vs. D/H;
c) Pumping power P vs. D/H

Higher D/H mean larger tank diameters, which lead to
lower fluid velocities. For salt, this implies also a decreas-
ing heat transfer coefficient. In case of sodium, the mini-
mum Nusselt number is assumed (Nu = 2) and therefore
the velocity has no influence on the heat transfer coeffi-
cient used for the simulations. At the same time, higher
D/H means smaller tank heights. Thus, the thermocline
region accounts for a larger space compared to the total
height. As the conductivity of sodium in the packed bed
is much higher than for salt, this effect is more significant
for sodium and explains the stronger influence of the D/H
ratio on the discharge efficiency for sodium.
The effect of D/H on the standby behaviour is shown in
Figure 10b. A smaller ratio is preferable, i.e. a high tank
with a small diameter. For sodium the thermocline thick-
ness after 4 days can be reduced from approximately 70 %
(D/H = 0.5) to 40 % (D/H = 0.2) starting from an ideal

thermocline, and for salt from 25 % (D/H = 0.5) to 15 %
(D/H = 0.2).
The D/H ratio also influences the pumping power. Lower
D/H ratios, i.e. smaller tank diameters, lead to an in-
crease in pumping power due to the higher velocity through
the bed (Figure 10c).

The final parameter considered is the filler diameter
(d), which is varied from 5 mm to 50 mm. Increasing the
diameter of the filler material results in a decrease in dis-
charge efficiency (in a stable cycle) for all HTFs (Fig-
ure 11a). A larger d leads to an increase of the Nusselt
number due to an increasing Reynolds number (Rep) for
the molten salts (Equation 21). However, the heat trans-
fer coefficient (α) and volumetric heat transfer coefficient
(hv) decrease with increasing diameter (Equation 20).
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Figure 11: a) Discharge efficiency η (stable cycle) vs. filler diameter
d; b) Pumping power P vs. d

Table 8: Effect of filler particle diameter on heat transfer from fluid
to filler (at Tmax), HTS 1 := ZnCl2-NaCl-KCl

d Nubed α hv

mm - Wm-2K-1 kWm-3K-1

Na

5 2 23003 21531
15 2 7668 2392
30 2 3834 589
50 2 2300 215

HTS 1

5 7 383 359
15 11 211 66
30 16 150 23
50 21 118 11

In the case of sodium, a constant Nusselt number is as-
sumed and therefore a decrease in d by a factor of 10 leads
to a decrease in hv by a factor of 100 (Table 8). For the
molten salts, this effect is reduced due to the rising Nus-
selt numbers. Nevertheless, the decrease in discharge effi-
ciency is still stronger for molten salt. This is due to the
fact that the heat transfer is still excellent for large d in
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case of sodium, but for molten salt, by contrast, it is much
lower.
A reduced d results in an increase of the required pumping
power (Figure 11b). However, this is still a small fraction
(less than 0.02 %) of the electric output of 4 MWe for all
considered HTFs, even for the smalles considered diameter
of 5 mm.

6. Conclusion

In this paper, the performance of sodium and three
high temperature molten salts as HTFs in a packed bed
thermal energy storage system is investigated. Quartzite
spheres are taken as exemplary filler material neglecting
chemical stability issues in the considered temperature ran-
ge and compatibilty with the chosen fluids. A 40 MWhth

storage system is numerically studied with a one-dimensio-
nal two-phase model. The discharge efficiency, pumping
power, storage cost and thermocline degradation are anal-
ysed to assess the potential of this storage solution for
future scientific investigations.

The packed bed system with sodium shows a slightly
higher discharge efficiency (96.8 %) than that obtained with
molten salts (95.2 - 95.7 %). The reason is the significantly
higher thermal conductivity and therefore the higher heat
transfer coefficient compared to molten salt. However,
during standby the high effective thermal diffusivity of the
sodium packed bed system leads to a faster expansion of
the thermocline region. Furthermore, the required pump-
ing power for sodium is lower than for the salts due to
its lower viscosity. The storage material cost for sodium
is 11.2e/kWh, for the considered molten salts it ranges
from 8.1e/kWh to 13.3e/kWh.

In a parametric study, the influence of bed porosity,
tank diameter-to-height ratio and filler size on the se-
lected performance parameters is studied. To achieve high
discharge efficiencies, a low tank diameter-to-height ratio
and small filler diameters are preferable for all HTFs. Al-
though still negligible in magnitude, more pumping power
is needed in this case. In the case of sodium, the discharge
efficiency can be further increased by decreasing the poros-
ity in the bed (i.e. more filler). For molten salts, however,
the discharge efficiency is higher for higher porosities (i.e.
more HTF). The storage costs can also be minimized with
low bed porosity, as the filler material is typically cheaper
than the HTF (except for HTS 2). This leads to an ef-
ficient and economical storage system for sodium with a
high amount of filler material, whereas an optimum be-
tween efficiency and investment cost needs to be found for
the molten salts.

The standby behaviour for the sodium packed bed stor-
age can be improved with low porosities and a small tank
diameter-to-height ratio. For molten salts, a small tank
diameter-to-height ratio is also preferable, however, in con-
trast to sodium, high porosities are beneficial due to a
lower conductivity of the salts compared to the considered
filler material.

All in all, sodium is slightly more efficient than the
considered molten salt system during discharge, however,
the high thermal conductivity leads to a fast degradation
of the thermocline region during stand-by. Therefore, ei-
ther only short standby times are allowed or the hotter
part needs to be separated from the colder one during
standby. This could be implemented by draining hot and
cold sodium into separate tanks, using insulating layers or
a multi-tank system. The molten salts, by contrast, are
less-efficient HTFs in the packed bed storage, but have
better standby behaviour.
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Nomenclature

Subscripts
chg Charge
dis Discharge
f Fluid
max Maximum
min Minimum
mix Mixed
p Particle
tc Thermocline
s Solid
v Volumetric

Acronyms
CV Control volume
HTF Heat transfer fluid
HTS High temperature salt
HTS 1 ZnCl2-NaCl-KCl
HTS 2 MgCl2-KCl
HTS 3 Na2CO3-K2CO3-Li2CO3
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