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Abstract Solar energy is an important alternative energy source that will likely be
utilized in the future. One main limiting factor in the application of solar energy is
its cyclic time dependence. Therefore, solar systems require energy storage to
provide energy during the night and overcast periods. Although the need of
thermal energy storage also exists for many other thermal applications, it is par-
ticularly notable for solar applications. It can improve the efficient use and pro-
vision of thermal energy whenever there is a mismatch between energy generation
and use. In sensible thermal storage, energy is stored by changing the temperature
of a storage medium. The amount of energy input to thermal energy storage by a
sensible heat device is proportional to the difference between the storage final and
initial temperatures, the mass of storage medium and its heat capacity. Each
medium and porous matrix has its own advantages and disadvantages.
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Nomenclature
asf Specific surface area, m-1

c, cp Specific heat, Jkg-1K-1

C Inertia coefficient
dp sphere diameter
D Cylinder diameter, m
G Mass velocity, kg m-2 s-1

h Surface heat transfer coefficient, Wm-2K-1

hsf Interfacial heat transfer coefficient between solid matrix and fluid,
Wm-2K-1

H Height of the cross section, m
k Thermal conductivity, Wm-1K-1

K Permeability, m-2

L Cylinder height, channel length, m
m Mass flow rate, kg s-1

p Pressure, Pa
Pr Prandtl number
q Heat flux, Wm-2

r, z Cylindrical coordinates, m
Re Reynolds number
s Channel thickness, m
t Time, s
T Temperature, K
u, v Velocity component, ms-1

x, y, z Cartesian coordinates, m

Greek
e Emissivity coefficient
u Porosity
l Dynamic viscosity, Pa s
q Density, kgm-3

Subscripts
f Fluid
in Initial
p Porous
s Solid
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1 Introduction

Energy storage not only plays an important role in the energy conservation but also
improves the performance and reliability of wide range of energy systems, and
becomes more important where the energy source is intermittent such as solar.
Energy storage process can reduce the rate mismatch between energy supply and
energy demand. Devices for the energy conservation and management are largely
employed in many industrial and commercial applications to supply thermal
energy, if it would be needed. Energy demands in the commercial, industrial and
utility sectors vary on daily, weekly and seasonal bases. These demands can be
matched thanks to thermal energy storage (TES) systems that operate synergisti-
cally. TES for thermal applications, such as space and water heating, cooling, air-
conditioning, etc., has recently received much attention [1–9]. A storage system
therefore constitutes an important component of the solar energy utilization system.

Solar energy is an important alternative energy source that will likely be uti-
lized in the future. One main limiting factor in the application of solar energy is its
cyclic time dependence. Therefore, solar systems require energy storage to provide
energy during the night and overcast periods. A line diagram of a typical solar
energy utilization system is shown in Fig. 1 [10]. Thermal energy can be stored as
sensible heat, latent heat or chemical energy. An overview of major technique of
storage of solar thermal energy is shown in Fig. 2 [11]. In sensible heat storage,
heat is stored by increasing the storage medium temperature. In case of latent heat
storage systems, the energy is stored in phase change materials. The heat is stored
when the material changes phase from solid to a liquid. Thermo-chemical storage
is a technique, which involves chemical reactions.

Since the first oil crisis of the 1970s, concentrated solar power (CSP) generation
has become a promising alternative to conventional electricity production. Con-
trary to other renewable energy technologies like photovoltaic or wind power, CSP
offers the advantage of thermal energy storage (TES), which allows for electricity
production on demand and independently of the solar resource. The most wide-
spread CSP technology is the parabolic trough system, where parabolic mirrors are
used to concentrate sunlight onto an absorber tube located at the focus line. A heat
transfer fluid (HTF) circulates in thousands of meters of lighted pipes to collect the
thermal energy and then transfer it to a steam generator via a heat exchanger.

Fig. 1 Line diagram for a solar energy utilization system [10]
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TES in concentrated solar power (CSP) technology is very important to deliver
high-temperature heat in the form of sensible heat storage in a packed bed of rocks or
other ceramic materials and it is especially suitable when a gas is used as the heat
transfer fluid in the solar receiver [10–15]. However, some other types of porous
media such as ceramic foams or honeycomb could be employed as material for High
Temperature Thermal Energy Storage (HTTES) unit to realize a different sensible
heat storage system with lower thermal capacity and pressure drop [4, 12, 16].

Thermal energy storage systems for concentrated solar power (CSP) plants have
featured the use of molten salt [17, 18], steam [19], and concrete [20] for sensible
heat, phase change materials for latent heat [19], and reversible reactions for
thermochemical storage [12, 20, 21]. The use of a packed bed of rocks as sensible
heat storing material and air as heat transfer fluid was studied in [22]. This method
of storage concept is incorporated in solar power plants using air as working fluid
[23, 24]. Its main advantages are: (a) abundant and economical storing material;
(b) applicability in a wide temperature range, with limiting temperatures given by
the rock’s melting point; (c) direct heat transfer between working fluid and storage
material; (d) no degradation or chemical instability; (e) no safety concerns, and (f)
elimination of chemicals and corrosive materials.

A packed bed storage system consists of loosely packed solid material through
which the heat transport fluid is circulated. Heated fluid, usually air, flows from
solar collectors into a bed of graded particles from top to bottom and thermal
energy is transferred from the fluid to the particles during the charging phase.
Packed bed, generally, represents the most suitable energy storage unit for air
based solar systems as mentioned by Coutier and Farber [25]. During the charging
phase, solar heated air is forced into the top of the container, i.e., upper plenum

Fig. 2 Overview of thermal energy storage systems [11]
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and then passes evenly down through the bed heating the storage and passes out
through the lower plenum. Air is drawn off at the bottom and returned to the solar
collectors. When energy is needed from storage, the airflow is reversed. However,
some other type of porous media such as ceramic foams or honeycomb could be
employed as material in the storage unit to realize a different storage system with
lower thermal capacity and pressure drop.

Several investigations describe numerical simulation models for sensible heat
storage in porous media [16].The heat transfer to and from a flowing fluid to a
packed bed has been the subject of many theoretical and experimental researches
since Schumann’s original work [26]. A one-dimensional two-phase model for
packed bed system was assumed by ignoring the thermal capacity of the fluid,
axial conduction both in the fluid and in the bed material. Some elaborations were
performed in [27–29] to facilitate the extraction of numerical information from the
solutions by providing nomograms, extensive graphs and tabulations. Numerical
simulations were carried out to solve the governing equations for the packed bed
by finite difference methods [30–32]. A mathematical model to evaluate the
dynamic response of a packed column to an arbitrary time dependent inlet air
temperature was accomplished in [33]. Different aspects of sensible heat storage
systems were analyzed in [34]. It was reported that the preference of sensible heat
storage system depends upon the storage period, economical viability and oper-
ating conditions. An investigation on different energy storage techniques and
materials employed in sensible heat storage systems was accomplished in [35].
A comparative numerical study on packed bed thermal models suitable for sensible
and latent heat thermal storage systems was presented in [36]. Four basic groups of
models were investigated and the models were compared in relation to the influ-
ence of particle size, void fraction, particle material, flow rate variations, working
fluid inlet temperature variations and wall thermal losses.

A method of preserving the stratification by segmenting the storage bed was
numerically studied in [37]. In fact, segmenting a standard rock bed and routing
the flow to segments cooler than the inlet air during charging was shown to
preserve stratification throughout the bed. An experimental investigation on heat
transfer and pressure drop characteristics of packed bed solar energy storage
system with large sized elements of storage material was presented in [38]. Cor-
relations were developed for Nusselt number and friction factor as function of
Reynolds number, roundness and void fraction. An extensive literature review of
research work on packed bed systems was presented in [10]. The effect of multiple
charge and discharge cycles was studied in detail in [39]. The amplitude of
temperature fluctuation, a parameter relating to the energy storage, was seen to
vary significantly with distance and time. A high temperature TES was numeri-
cally parametrically analyzed by using CFD code to solve the governing equation
in porous media in transient regime [40]. High temperature TES in a packed bed of
rocks was studied in [13] for air-based concentrated solar power plants. A 1-D
porous medium model in local thermal non equilibrium was assumed and two-
phase energy conservation equations for combined convection and conduction heat
transfer were solved numerically for charging/discharging cycles. A comparison
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between numerical results and their experimental data was accomplished for a
packed bed of crushed steatite (magnesium silicate rock) at 800 K. A thermal
energy storage system, consisting of a packed bed of rocks as storing material and
air as high-temperature heat transfer fluid, was analyzed for concentrated solar
power (CSP) applications in [8].

The honeycomb structure is used in many applications such as heat storage,
heat regenerators, drying and cooling of electronic equipment [8, 12, 14, 41–49].
A micro-cell aluminum honeycomb employed in augmenting heat transfer in
compact heat exchangers was investigated by an analytical model in [41]. For
convective cooling, the overall heat transfer rate was found to be elevated by about
two order of magnitudes when an open channel was designed with an aluminum
honeycomb core. A two-dimensional numerical simulation model to solve fluid-
dynamic and thermal problem in a composite honeycomb regenerator was
developed in [42]. Dynamic temperature and velocity profiles of gases and solid
heat-storing materials were carried out. The energy storage was calculated and
thermal performance of honeycomb heat regenerator was evaluated at different
switching times and loading. A honeycomb reactor obtained by the assembling of
several cavities, in order to optimize a thermo-chemical reactor for hydrogen
production or high temperature heat storage, was analyzed in [43]. A simplified
method to evaluate the optimized solar thermo-chemical reactor geometry also
considering radiation in the cavity and conduction inside the reactive material was
proposed. A honeycomb porous microchannel cooling system for electronics
cooling was proposed and experimentally investigated in [44]. The design, fab-
rication, and test system configuration of the microchannel heat sink were repor-
ted. The experimental results allowed to conclude that the considered cooling
system is able to perform heat dissipation well. A numerical investigation on a
two-dimensional model for predicting heat and mass transfer in an alanate hydride
reactor with metallic honeycomb structure heat exchanger was accomplished in
[45]. Heat transfer process in honeycomb ceramics systems to estimate the effects
of temperature difference and hole side length on heat transfer and the resistance
losses was numerically investigated in [46]. The results showed that the temper-
ature difference between the gas and honeycomb ceramics was larger, then the heat
transfer effect was better, and the resistance loss was bigger. The design and
characterization of monolithic heat sinks were disclosed in [47]. The proposed heat
sink geometries presented a performance enhancement relative to a conventional
longitudinally finned heat sink. A multiphase transport model to simulate drying of
honeycomb ceramic substrates in a conventional (hot air) drier was numerically
studied in [49]. Heat and moisture transport in the honeycomb walls as well as
channels were modeled. Thermal storage in a honeycomb solid matrix was
numerically investigated in [50]. Moreover, ceramic foams were considered as a
porous matrix in a high temperature solar thermal energy storage [51].

In the following the governing equations for porous media in Local Thermal
Non-Equilibrium (LTNE) are written in cylindrical coordinate to represent a TES
and three different porous matrixes are examined: packed bed with spherical
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particles, foam and honeycomb with square channels. Some results are shown to
compare the behaviors of the different porous matrixes employed in the thermal
energy storage system.

2 Physical Problem Description and Governing Equations

A sensible heat thermal energy storage system can be considered as a container
with inside a porous matrix. Several systems have a cylindrical form and the
porous matrix can be set up by a packed bed or a honeycomb with square channels
or a foam. In the following it will be examined a case study of a thermal energy
storage. The physical system and geometry under investigation are shown in
Fig. 3. It consists of a cylinder whose diameter is equal to 0.60 m and height is
1 m. The material storage is made of alumina or cordierite and it is analyzed in
three different porous medium configurations: (a) packed bed with spherical par-
ticles, (b) ceramic foam or (c) honeycomb with transversal square section chan-
nels. The heat-carrying fluid is air. Thermo-physical properties of the materials are
temperature independent. In some cases radiation heat transfer effect are taken into
account. Heat losses with the external environment (Tamb = 300 K) are considered
by setting the surface heat transfer coefficient equal to 5 W/m2K.

In the porous medium region, the generalized flow model, known as the
Brinkman-Forchheimer-extended Darcy model, is used in the governing equations.
The conservation equations for mass, momentum and energy are, assuming a local
thermal non equilibrium condition, [52–54]:
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Fig. 3 Geometric configuration and physical domain
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where C2 = 2 CK-0.5.
The permeability K and inertia coefficient C of porous medium depend on the

porous matrix. The term hsfasf is present due to the local thermal non-equilibrium
assumption and it is related with the local convective heat transfer inside the
porous medium between the fluid and the solid porous matrix surfaces.

The packing of sand is best illustrated by showing the packing of uniform
spheres that gives the maximum and minimum porosity, Fig. 4. The cubic packing
of spheres, or in line configuration, has a porosity equal to 0.48 whereas for
rhombohedral packing, or staggered configuration, the porosity is 0.26. Random
packing will result in a porosity of about 0.4.

The permeability coefficient K and inertia coefficient C of porous medium, in
packed bed configuration are based on these two relations [54]:

K ¼
d2

pu
3

175ð1� uÞ2
; C ¼ 1:75ffiffiffiffiffiffiffiffi

150
p

u1:5
: ð5Þ

The convective heat transfer coefficient and the interface area per volume of
packed bed [55, 56] are based on these two relations:

(a) (b)

Fig. 4 Packed bed with spherical particles: a cubic packing, b rhombohedral packing
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hsf ¼
kf ð2þ 1:1 Pr1=3 Re0:6

p Þ
dp

; asf ¼
6ð1� uÞ

dp
ð6Þ

with

Rep ¼
vj jdp

m
ð7Þ

For ceramic foams permeability, inertia coefficient, convective heat transfer
coefficient and interface area per volume of foams are evaluated by relations given
in [53, 57]. Photographs of typical foam samples are shown in Fig. 5.

The radiative heat transfer was taken into account in the case of ceramic foams
considering an effective thermal conductivity for the porous matrix which takes
into account both heat conduction and thermal radiation as given in [58].

The permeability, K, and porosity, u, of the considered porous medium, in
honeycomb configuration, Fig. 6, are based on the following relations [55, 57].

K ¼ H4

32ðH þ sÞ2
; u¼ H2

H þ sð Þ2
ð8Þ

where, with reference to Fig. 6, H is the width or height of the cross section of the
single channel, s is the channel thickness where the thickness and the inlet section
of single channel varies with the porosity. In Table 1 are given some thermo-
physical properties.

Convective heat transfer coefficient, hsf, and interface area per volume, asf, have
been evaluated numerically for single channel by means of a 3-dimensional
convective steady state problem. The effect of radiative heat transfer is evaluated
for the single channel and it is reported in terms of a surface heat transfer coef-
ficient. This value is added to the convective heat transfer coefficient and
employed in the evaluation of hsfasf coefficient. The evaluated heat transfer
coefficients are summarized in Table 2 both without and with radiative heat
transfer.

Fig. 5 Foam samples: a 5 PPI; b 40 PPI
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Different charging-discharging cycles are considered. In the charging phase the
gas enters at 1,473 K whereas in discharging phase it enters countercurrent at
1,073 K. The charge, in the first cycle, starts with the heat storage system tem-
perature set at 300 K and, in some cases ends when 90 % of maximum storable

s H

(a)

(b)

Fig. 6 Honeycombs
configuration: a channel,
b square transversal section

Table 1 Thermophysical
properties of cordierite

q [kg/m3] c [J/kg K] k [W/m K]

2,300 900 2.5

Table 2 Heat transfer
coefficients

Porosity, u h [W/m2K] without
radiation

h [W/m2K] with
radiation e = 0.9

0.9 39.6 48.5
0.3 35.2 45.5
0.1 29.0 33.1
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energy, in this cycle, is reached. Then the discharging phase starts and the cycle
ends when the outlet gas temperature reaches 1,173 K. The same criteria are
utilized in the second cycle that starts with the heat storage system temperature set
at 1,073 K.

3 Results

First results are presented for storage obtained by a porous medium. Two different
porous media are considered: spheres or foams. In all cases a ceramic material is
considered. For packed bed configuration, the results are presented in terms of
stored energy profiles for cordierite spheres. Five porosity values are analyzed in
ranging from 0.2 to 0.6, mass flow per unit cross section, G, inlet has values equal
0.1, 0.2, and 0.3 kg/m2s for all cases.

In Fig. 7, energy stored is reported as a function of time, for e values in the
range from 0.2 to 0.6 and G equal to 0.1 kg/m2s, for charge and discharge cycles.
Decreasing the porosity the charging and discharging time increases due to the
thermal capacity increase. Increasing the porosity value steady state conditions are
reached at lower time both in charging and discharging phases.

In Figs. 8 and 9, stored thermal energy as a function of time is depicted for
mass flow per unit cross section equal to 0.2 and 0.3 kg/m2s. It is noted that the
steady state is attained at lower time value due to a more efficient convective heat
transfer between the fluid and the solid matrix. However, increasing the mass flow
rate the energy level, in the case with adiabatic external surface of the storage, any
variation in the energy stored values is detected. In this case, the main result is that
charging and discharging times decrease as the mass flow rate increases.

Also for ceramic foam configuration, the results are presented in terms of
energy stored profiles.

Fig. 7 Energy stored for several porosity values and G equal to 0.10 kg/m2s: a charge cycle,
b discharge cycle
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Alumina foam with porosity equal to 0.858 and 20 PPI is investigated. For
charge phase the initial temperature of solid is equal to 300 K while at inlet the
temperature is equal to 1,473 K. In the discharge phase the air has the inlet section
opposite at the one in the charge phase and the inlet temperature is 1,073 K. In this
configuration also the effect of heat transfer losses is analyzed. For all studied
configurations, the heat transfer coefficient on the external surface of cylinder is
assumed equal to 5 W/m2K. Three different mass flow rates are analyzed and they
are equal to 0.050, 0.10 and 0.20 kg/s. For mass flow rate equal to 0.20 kg/s also
the case with radiative heat transfer is analyzed.

Figure 10 shows stored energy profiles as a function of time for adiabatic and
with heat losses cases. When mass flow per unit cross section increases charging
and discharging times decrease. Steady state conditions are reached in any case. It
is noticed that for the cases with heat transfer losses with an external heat transfer
coefficient equal to 5.0 W/m2K, the energy stored value is lower than the adiabatic

Fig. 8 Energy stored for several porosity values and G equal to 0.20 kg/m2s: a charge cycle,
b discharge cycle

Fig. 9 Energy stored for several porosity values and G equal to 0.30 kg/m2s: a charge cycle,
b discharge cycle
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ones. In Fig. 11 the effect of radiation heat transfer mechanism is showed. The
stored energy stored are the same for both configurations studied, but for con-
figuration with radiation heat transfer charging and discharging time decrease.

In the following results are presented for porosity equal to 0.395, spheres
diameter equal to 0.010, 0.025, and 0.040 m. Mass flow inlet has values equal to
0.05, 0.10, and 0.20 kg/s for all cases.

In Fig. 12 thermal energy stored, volumetric fluid and solid average tempera-
ture are shown as function of time, for u = 0.395 and dp = 0.025 m, for the first
cycle. At the increase of mass flow rate, charging and discharging time decrease.
Regime condition is not reached for any case. The stored thermal energy is 200
and 50 kWh are released during the discharge phase as quickly as the mass flow
rate increases.

Fig. 10 Energy stored for several mass flow rate values and porosity equal to 0.858: a adiabatic
case, b h = 5 W/m2 K

Fig. 11 Energy stored for
mass flow rate value equal to
0.2 kg/s and porosity equal to
0.858 with and without
radiative heat transfer
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In Fig. 13 thermal energy stored, volumetric fluid and solid average tempera-
ture are shown as function of time, for u = 0.395, dp = 0.025 m, for the second
cycle. At the increase of mass flow rate, charging and discharging time decrease.
Charging and discharging time increase compared to the first cycle. Regime
condition is reached only for mass flow rate equal to 0.05 kg/s during the charging

Fig. 12 Thermal energy stored, volumetric fluid and solid average temperature for u = 0.395,
dp = 0.025 m, first cycle
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phase. The energy stored value is lower than that corresponding to the stop rate,
charging and discharging time decrease. The energy stored value is lower than that
corresponding to the stop value. The stored thermal energy is 80 kWh for mass
flow rate equal to 0.05 kg/s and is 85 kWh for m = 0.10 kg/s and for
m = 0.20 kg/s. This energy is completely released during the discharge phase as
quickly as the mass flow rate increases.

Fig. 13 Thermal energy stored, volumetric fluid and solid average temperature for e = 0.395,
dp = 0.025 m, second cycle
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In Table 3, second-law efficiency of analyzed TES [59], in packed bed con-
figuration is shown. It is noted that TES efficiency decreases increasing dp and
decreasing mass flow rate. II Cycle TES efficiency values are, generally, higher
than the I Cycle ones. In this cycle only for mass flow rate equal to 0.05 kg/s TES
efficiency values are less than the corresponding values of the first cycle. This is
due to the system impossibility to reach stop condition in the charging phase.

Table 3 Second-law efficiency for packed bed configuration u = 0.395

I cycle II cycle

Mass flow rate [kg/s] Mass flow rate [kg/s]

Sphere diameter [m] 0.05 0.10 0.20 0.05 0.10 0.20
0.010 0.126 0.198 0.246 0.050 0.309 0.434
0.025 0.120 0.187 0.200 0.085 0.171 0.391
0.040 0.113 0.150 0.163 0.065 0.124 0.228

Fig. 14 Stored energy for different porosity values and mass flow; G = a 0.1 kg/m2s and
without radiation effect; b 0.2 kg/m2 s and without radiation effect; c 0.1 kg/m2s and e = 0.9;
d 0.2 kg/m2s and e = 0.9
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For the Honeycomb solid matrix results are presented in terms of thermal
energy stored. Two different mass velocity, G, equal to 0.1 and 0.2 kg/m2s are
studied for three porosities equal to 0.1, 0.3 and 0.9, the effects of radiation are
taken into account for all configurations studied, the emissivity is set equal to 0.9.
The analysis takes into account the outlet section to evaluate the charging time i.e.,
the time at which the outlet section reaches the inlet fluid temperature and the
steady state is reached.

Figure 14a and b show stored thermal energy as a function of time for assigned
porosity values equal to 0.9, 0.3 and 0.1, and mass flow values equal to 0.1 and
0.2 kg/m2 s, without radiation heat transfer effects. Decreasing the porosity the
charging time increases due to the thermal capacity increase. Increasing the
porosity value steady state conditions are reached at lower time for the charging
phase. However, increasing the mass flow rate any variation in the stored energy
values is detected. As expected, for assigned mass flow rate, the porosity value
determines also the stored energy level whereas, for assigned porosity, the mass
velocity or the mass flow rate affects the charging time of the system.

In Fig. 14c and d the radiative effects on stored thermal energy are observed. In
fact, considering radiation heat transfer, any variation in stored energy values is
detected but the charging time decreases.

The stored energy values at steady state condition are summarized in Table 4. It
is observed that an increase of the stored energy of about 5 times is obtained
passing from the porosity value equal to 0.9 to a value of 0.3 whereas passing from
0.9 to 0.1 the increase is about 6.4 times.

Figure 15 depicts the temperature behavior for charge and discharge cycle for a
porosity equal to 0.9, mass flow rate per unit section area equal to 0.1 and 0.2 with
and without radiation effect. The charging and discharging times decrease
increasing the mass flow rate. The presence of radiative heat transfer in the porous
medium determines a decrease in charging and discharging times. At decreasing of
porosity charge and discharge times increase, according to the previous presented
results.

Table 4 Energy stored
values

u Q [J]

0.9 1.2 9 108

0.3 6.4 9 108

0.1 7.7 9 108
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4 Conclusions

Thermal behavior of high temperature sensible heat thermal energy storage system
with different solid matrixes in cylindrical container was analyzed. The governing
equations were written employing the Brinkman-Forchheimer-Darcy model in
local thermal non equilibrium. The study was performed in the charge and dis-
charge phases, analyzing the effect of packed bed with ceramic spherical particles,
ceramic foams and honeycomb structure with square transversal section channels.
Results in terms of temperature profiles of outlet section as a function of time
allowed to determine the effects of porosity, mass flow rate and the radiation on the
complete charge and discharge time. The heat losses and the presence of radiative
heat transfer in porous medium determined an increase in charge and discharge
times. The main effect was due to the porosity which determined also the thermal
energy storage value. An optimal porosity value could be evaluated taking into
account also the pressure drop and the viscous dissipation inside the system.
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Fig. 15 Temperature profiles for porosity equal to 0.9 and a G = 0.1 kg/m2s; b G = 0.1 kg/m2s
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