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Abstract

This review summarizes different solar thermal energy storage techniques
from a particle technology perspective, including sensible, latent and ther-
mochemical techniques for low- and high-temperature applications that use
particles as the storage medium in the thermal energy storage system. The
focus is on applications, experimental results, modeling and future trends.
This review describes two different particle technologies used to store ther-
mal energy: packed and fluidized beds. The advantages and disadvantages
of both technologies are reviewed throughout different studies found in the
literature for various thermal energy storage systems. Packed beds have
the main advantage of thermal stratification, which increases the efficiency
of solar collectors in low-temperature sensible energy storage systems and
augments the exergy content in the bed. Moreover, they have been proven

to be suitable as dual-media thermocline storage systems for CSP plants.
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In contrast, the high mixing rates of fluidized beds makes them suitable for
the rapid distribution of concentrated solar energy in particle receiver CSP
systems. In addition, their high heat and mass transfer rates, compared
with those of packed beds, make them the preferred particle technology for
thermochemical energy storage applications. This review also notes that
it is important to find new materials with an appropriate size and density
that can be properly used in a fluidized bed. Additionally, more specific
research efforts are necessary to improve the understanding of the behavior
of these materials during the fluidization process and over a high number of
charging/discharging cycles.

Keywords: Energy storage, Packed beds, Fluidized beds, Thermal solar

energy
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1. Introduction

The use of renewable energies, especially solar energy, requires a storage
system to equilibrate the mismatch that can occur between the availability
of the renewable energy and its consumption. There are different ways to
store solar energy depending on the temperature, the total amount of energy
to be stored, the storage time (which can vary from a few hours to several
months) and of course, the final application of the energy. Low-temperature
solar energy is widely used in building applications, for domestic hot water
applications (Duomarcol 2015)) and for building heating or air conditioning
(Belmonte et al.,|2016). Over the past few years, the production of electricity
in CSP (Concentrating Solar Power) plants has become of great interest
to the research community. The most common CSP plants are based on
large parabolic trough concentrators (Gil et al., 2010]), where the maximum
operating temperature is typically limited to about 400 °C to avoid thermal
decomposition of the oil used as the heat transfer fluid (HTF). Another type
of CSP plant is based on a field of heliostats that reflect solar beam radiation
onto a central receiver. This type of plant uses molten salts as the HTF,
which may allow an increase in the maximum working temperature up to
565 °C (Rodriguez-Sanchez et al., 2014). Currently, there is great interest
in developing new HTFs, energy storage materials and technologies that
permit even greater maximum operating temperatures, up to approximately
1000 °C (Ho, [2017)), which result in a higher power plant efficiency.

Once the solar energy is collected and transferred to an HTF, the energy
is usually stored in a tank or deposit. The heat storage medium can be
the same HTF, a different HTF (if an intermediate heat exchanger is used),

a bed of solid particles or a combination of both. Typically, solid particles
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store energy in sensible form by increasing their temperature. They can also
be embedded or filled with a phase change material (PCM), which notably
increases the energy density of the storage system using latent energy at a
nearly constant temperature. Another promising alternative is to employ a
thermochemical reaction (Solé et al., 2015; |Aydin et al., [2015; Prieto et al.
2016; |Yadav and Banerjee, 2016). In this case, the HTF and the solid
particles undergo an endothermic reaction at a certain temperature. The
reversible exothermic reaction can release the energy on demand. Sensible
energy storage systems require large volumes to store large quantities of
energy. The use of a PCM can double or triple the energy density compared
with sensible energy systems (Pardo et al., [2014b). A wide variety of PCMs
have potential use in low- and medium-temperature applications (Cabeza
et al. 2015), although there are still no commercially available materials
that can withstand temperatures as high as those reached in CSP plants
(over 400°C). Thermochemical energy storage can store ten times more
energy in the same volume (compared with a sensible energy storage system),
allowing a wide range of temperatures and applications (Pardo et al., [2014b)).
Currently, most studies have focused on finding new materials and reactions
that can reach a minimum temperature to carry out a power cycle (André
et al| [2016; Prieto et al.,[2016)), although low-temperature applications have
recently attracted much interest (Solé et al., 2015).

This paper reviews different possibilities for energy storage depending on
the particle technology employed in the thermal energy storage system. Re-
gardless of the temperature level (low, medium or high) or the form in which
the energy is stored (sensible, latent or thermochemical), when particles are

employed as the storage medium, they can be in a packed (also called fixed)
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or fluidized bed. In a packed bed, the particles or solids E| are at rest, and
an HTF percolates between the voids in the bed. The main characteristic of
a packed bed is the use of large-sized particles typically ranging from a few
millimeters up to several centimeters. In gas packed beds, the large size of
the particles permits the use of high enough fluid velocities to reach turbu-
lent flow in the fluid without notably increasing the pressure drop. In packed
beds with air, which is one of the most common fluids used in packed beds,
the superficial air velocity is typically around 0.1m/s < ugs < 1m/s. The
lower limit can lead to very low heat transfer rates between the solids and
the air, whereas the upper limit can lead to an excessive gas pressure drop.
Figure [I] shows the variation in the minimum fluidization velocity, defined
as the gas velocity at which the gas pressure drop overcomes the weight of
the bed, depending on the particle size, assuming spherical particles with
a typical density p, = 2600kg/m3 for two different temperatures, 300 and
1000 K. The minimum fluidization velocity u,,; was calculated according
to [Kunii and Levenspiel| (1991). For particles larger than approximately 1
mm, the minimum fluidization velocity is always higher than 1m/s, which

ensures that the particles in the bed are at rest.
[Figure 1 about here.]

Particles under d, ~ 1mm can be easily fluidized without very high
gas flow rates, which ensures a reasonable pumping cost. The fluidization

process of solid particles strongly depends on the density and size of the

'In this article, the only difference between “particles” and “solids” is the size. When
we mention “particles” or “granules”, we are referring to small-sized particles d, < 1072 m,

while “solids” or “capsules” have larger sizes dp 2 1072 m.
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particles. |Geldart| (1973) defined the fluidization regimes shown in Figure
which are currently considered to be the standard classification system by
the fluidization community. Geldart distinguished between four main groups
of particles. The lower-left side of the diagram shows particle sizes under
approximately 50 pm, which are type C particles. These particles are very
cohesive and difficult to fluidize. They tend to rise with the plug flow in
beds with small diameters, or channels are formed from the distributor to
the bed surface (rat holes), through which the gas can bypass the bed with
little contact with the particles in beds with large diameters (see Figure .
Type A particles can be easily fluidized with low gas velocities and form
small bubble sizes for high gas velocities. Greater particle diameters than
those corresponding to the Geldart A classification lead to type B particles,
which are characterized by vigorous bubbling and mixing and are typically
associated with the growth of large bubbles along the bed height. Finally,
type D particles have a mean particle size d, = 1mm, which is the lower
particle size limit for packed beds, as mentioned in Figure[I] Type D parti-
cles are difficult to fluidize because very large bubbles appear at the top of
the bed and the pumping cost to fluidize these large particles is very high.
Therefore, type D particles are used in packed beds or, alternatively, are
fluidized in a spouted bed. In this type of fluidization process, the gas is
introduced to the bed through a small orifice in the center of the base of the
bed. Spouted beds “.. appear to achieve the same purpose for coarse par-
ticles as fluidization does for fine materials ...”" (Epstein and Grace, 2011)).
Figure [2] also shows a color map for the minimum fluidization velocity. For
Geldart C, A and B particles, the minimum fluidization velocity is always
under 1m/s, which ensures a reasonable pumping cost during the fluidiza-

tion process. In contrast, in Geldart D particles, the minimum fluidization
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velocity notably increases with particle size and density. Table|l|summarizes
the main characteristics and differences between packed and fluidized beds,

depending on the type of particle.
[Table 1 about here.]
[Figure 2 about here.]

The original Geldart diagram was obtained for air at ambient conditions.
Grace| (1986]) extended Geldart’s classification scheme to other gases and for
a wide range of temperatures and pressures. Grace’s diagram for gas-solid
contactors is represented by the following non-dimensional particle diameter

and superficial gas velocity:

P99 (op = pg)]"?
dy = d, [2} (1)
Hg
) 1/3
O R — @)
1 9 (Pp = Pg)

Figure shows the regions of different particle types according to Gel-
dart’s classification and the minimum fluidization and terminal velocities of
the particles. Figure shows the typical regions where different particle
reactor types operate. Circulating bed and transport reactors operate with
velocities above the terminal velocity of the particles, because in these types
of reactors the solids are continuously in motion. These types of reactors are
not used for thermal energy storage applications. Spouted and moving beds
are contained in the region with minimum fluidization velocity and large-
sized particles. The area under the minimum fluidization curve, colored in
gray, corresponds to the region in which packed beds operate, whereas the
region between the minimum fluidization and the terminal curves in the re-

gion of A-B particles, which is also highlighted in gray, corresponds to the
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region in which conventional fluidized beds operate. The regions marked in

gray are the regions of interest in this review.
[Figure 3 about here.]

Although most fluidized bed applications use a gas, typically air, as
the fluidizing agent, it is also possible to use a liquid, such as water, for
example. Nevertheless, the behavior of a liquid-fluidized bed is completely
different than that of a gas-fluidized bed. When a liquid is used to fluidize
particles, once the velocity overcomes the minimum fluidization velocity,
the bed expands, increasing its voidage in a homogeneous manner (Epstein,
2003). Consequently, as the liquid velocity is increased, the voidage also
increases up to the terminal velocity limit. (Grace| (1986) also represented in
a diagram the different regions observed in packed and fluidized beds using
the non-dimensional variables d), and ug. This diagram is represented in
Figure [l The area under the minimum fluidization curve corresponds to
the region of the packed bed. Once the superficial liquid velocity is reached,
the bed tends to expand, increasing the voidage until the maximum limit

€ = 1, which coincides with the terminal velocity curve.
[Figure 4 about here.]

The differences between packed and fluidized beds, in addition to their
different particle sizes and gas velocities, are summarized in Table[2l One of
the main differences between the two particle technologies, which is of pri-
mary importance for thermal energy storage applications, is the temperature
distribution in the bed. In a packed bed, the temperature distribution in the
bed is stratified, which is a major advantage for solar systems, as the fluid

that is pumped to the solar collectors comes from the lower-temperature
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region of the packed bed, increasing the efficiency of the collector. Rosen
(2001)) showed that in a packed bed with the same energy content, its exergy
content increases with stratification. A packed bed with a sharp thermal
front, has a higher exergy content that the same bed with a lower ther-
mal gradient in the thermocline region or a well mixed bed, because during
the discharging process the HTF can be extracted at a higher temperature
(higher exergy content) for longer periods of time. In contrast, fluidized
beds are characterized by high mixing rates, which tend to produce a uni-
form temperature distribution in the bed and therefore reduce the exergy
content. The high mixing rates of fluidized beds are favorable for thermo-
chemical reactions because the risk of hotspots is minimized and the kinetic

of the chemical reactions is improved. (Solé et al., 2015).
[Table 2 about here.]

This paper reviews the different works published in the literature that
use either packed or fluidized beds as a medium for solar thermal energy
storage. The review covers all the different forms of thermal energy storage,
sensible, latent and thermochemical, as well as a wide range of temperature
applications, from low-temperature applications used for heating, ventilation
and air conditioning (HVAC) in buildings to high temperatures used in CSP
plants. The main goal of this review is to compare technologies and to clearly
define the advantages and disadvantages of packed and fluidized beds that

make a particle technology more appropriate for a certain application.
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2. Packed beds

2.1. Sensible energy storage.

2.1.1. Low-temperature applications and experiments.

This subsection covers the current state of research in the field of low-
temperature energy storage using air-based solar energy systems, based on
the sensible energy stored in the thermal mass (p, - ¢,) of solid materials
when their temperature is varied. More precisely, this subsection focuses
on applications in which the temperature range of the application ranges
from near ambient to values corresponding to low-pressure steam (in the
range of 100-150°C). In such applications, solar energy can be provided by
nonconcentrating collectors, such as flat plate solar air heaters (SAHs). In
recent years, in such temperature range, greater attention has been paid
to liquid-based solar energy systems because of their higher energy density
(e.g., the thermal mass of rocks is between one-third and one-half of that
of water), as well as the better thermal properties of liquid HTFs compared
with those of air from a heat transfer standpoint (e.g., water has a 4-times-
higher specific heat and 24-times-higher thermal conductivity than air). As
a consequence, greater storage volumes and pumping operation costs should
be expected from solar air-based systems compared with liquid-based sys-
tems. Nevertheless, low-temperature air-based solar systems are sometimes
preferred over liquid-based systems because they offer some advantages (Alk-
ilani et al. (2011)); |Tyagi et al.| (2012)); Saxena et al| (2015)), for example,
SAHs are relatively simple in construction and are in general cheaper than
liquid flat collectors, with high reliability for summer or winter operation.
The majority of applications (except for those in which a liquid is necessary,

such as for domestic hot water (DHW) applications) do not require the use

11
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of additional heat exchangers, and hence, lower SAH outlet temperatures
are required for operation, which increases the SAH collection efficiency and
solar utilizability (Oztop et al.| (2013); Duthie and Beckman| (2013)); as air
is used as the HTF, problems of boiling or freezing, which water or water
solutions suffer, are avoided. Additionally, the corrosion and leakage of air

are not major concerns when dealing with air-based systems.

Different solid materials can be used to store sensible heat in air-based
solar energy systems. The review of [Singh et al.|(2010) described the most
common materials. Table [3| lists the solid materials proposed by the au-
thors, including water as a reference for comparison. Among them, because
of their high availability and consequently low cost, pebbles and rocks (listed

as stones in the table) are the most typical.

[Table 3 about here.]

A typical rocks bed storage consists of an insulated container filled with
rocks of sizes typically ranging between 0.01 and 0.05 m and a screen in
the lower part of the storage bed to support the weight of the packed bed.
Packed bed storage units are sized according to the load requirement and
should be proportional to the collector area. Typical values found in the lit-
erature (Duffie and Beckman| (2013)); [Singh et al. (2015); |Dincer and Rosen
(2011)) recommend storage volumes per unit of collector area from 0.15 to
0.35 m?/m?. These values are much greater than those used for solar liquid

systems, which are usually between 0.05 and 0.18 m®/m?.

Typical design
parameters for solar air-based systems are shown in Table |4 This table also

includes solar liquid system parameters for comparative purposes.

12
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[Table 4 about here.]

Packed bed storage units usually have two (or more) openings, one in
the upper part and one in the lower part of the storage bed, to promote
thermal stratification. In operation, solar energy is supplied to the stor-
age bed (charging) by hot air from the SAHs, increasing the temperature
of the rocks. During this period, the airflow circulates downward through
the rock bed, entering the storage unit though the upper opening so that
the rocks near the top opening were heated first, leaving the storage bed by
the opening located at the bottom, which is connected to the solar collector
inlet ductwork. When solar energy collection is zero or small (early morn-
ing, late afternoon and during non-sunny hours), the heat recovery process
(discharging) may be activated, in which the load-side fans blow cold air
from the load (a building, industrial process, etc.) to the rocks bed storage.
This air stream enters the storage bed through the opening at the bottom,
passing upward though the rocks, leaving from the upper opening, where it
is then supplied to the highest temperature level in the storage bed. In this
manner the buoyancy effects maintain the shape of the thermal front and
the bed has a high degree of temperature stratification. Figure [5| plots simu-
lation results obtained using the program TRNSYS® (Klein et al.| (2017)),
which illustrate this concept, showing the main operation temperatures of a
rock bed storage unit during a four-day operation period in winter. In this
figure, Toutiets ;. Tepresents the outlet temperature from the SAH, while
TRocksTop and TRocks pouonm are the temperatures of the rocks near the upper
and lower openings of the storage, respectively. Additionally, the left axis

represents the ambient outdoor temperature, T gmpient- 1he right axis repre-
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sents the airflow rates at the solar- and load-side loops, denoted in the figure
as Vgaps and VUnload, respectively. These flow rates occur during charging
(VSAHs > 0) or discharging periods (VUnload > 0), as this technology, in
contrast with liquid storage systems, does not allow the simultaneous addi-
tion and recovery of heat. This figure also shows how during the charging
period, the rocks at the top level are heated first, while the rocks at the
bottom maintain lower temperatures. This improves the SAH efficiency, as
the collector inlet temperatures are lower, and reduces the auxiliary energy
needed to meet the load during the heat recovery period, as the rocks in the
upper level are the warmest. It is also shown in the figure that a uniform
temperature over the entire storage volume is only achieved when it is fully

discharged at night.

[Figure 5 about here.]

An example of a basic air-based solar system is reproduced in Figure [f]
(Duffie and Beckman| (2013])). This schematic shows how the packed bed
storage unit may link the solar resource (hot air from SAHs) and load (a
building, industrial process, etc.) sides of the system in a very simple way
without the need of additional heat exchangers, as air acts as the HTF and
can be directly supplied to the load, permitting greater operational flexibil-
ity of the system and increasing the utilization of the solar energy, which is

intermittent and highly variable in nature.

[Figure 6 about here.]

There is a wide variety of low-temperature applications in which this

14
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storage technology can be used, such as in greenhouses to store part of its
heating needs, which will extend the cultivation period of agricultural prod-
ucts and thus increase their productivity. An example of this application
can be found in the work of |Ozturk and Bascetincelik| (2003)). In this work,
the authors studied the energy and exergy performance of a greenhouse with
a floor area of 120 m?, heated by a solar system with 27 m? of SAHs using an
underground packed bed storage unit of 7.2 m? filled with volcanic stones.

Another related application is in the field of agricultural crop drying. A
number of works can be found in the literature with the aim of achieving ef-
ficient drying process for long periods of time for different agricultural prod-
ucts, such as onions, apples, grapes or pepper, using different system con-
figurations (Atalay et al.| (2017); Abu-Hamdeh (2003); |[Fohr and Figueiredo
(1987); [Tomar et al.| (2017); |Jain| (2005); [Helwa and Abdel Rehim| (1997)).
Figure [7] shows an example configuration for this application, in which the
trays for crop drying are located above the packed bed storage unit, which
stores the thermal energy from hot air blown from the greenhouse during

sunny hours to provide heating during non-sunny periods.
[Figure 7 about here.]

Another example configuration of a solar dryer integrated with a packed
bed unit was proposed and experimentally tested by |Atalay et al. (2017)).
The studied system, which was designed for drying apple slices, consisted
of a drying cabin containing 10 trays, a heat recovery system, 3 SAHs with
an area of 2 m? each and a packed bed thermal storage unit containing ap-
proximately 2000 kg of pebbles to provide greater stability and continuity
to the drying process. The studied drying system was able to dry 7 kg of

apple slices in 5 to 6 hours through 12 experiments conducted in August

15



s0 and September under weather conditions typical for Turkey.

301

302 Packed bed storage units can also be integrated in buildings for DHW or
303 space heating or cooling applications (Duffie and Beckman| (2013));] Ahmed Ghoneim:
30 (1989)) to store part of their heating or cooling needs. An example of a solar
305 air system integrated with a packed bed storage unit, capable of providing
36 part of the DHW, space heating and cooling needs, is reported in the work
sor  of |[Karaki et al| (1977). The authors presented experimental data gathered
ss  during operation of the Colorado State University House II (CSU II House)
309 solar air system integrated with a packed bed unit during the heating season
s of 1976-77. This solar system had a solar field with a net area of 64.1 m?
s of conventional SAHs and a nearly cubic storage unit containing 10.2 m?
312 of pebbles with sizes between 2 and 4 cm. This system required an air-to-
313 water heat exchanger to preheat the DHW. For year-round operation, two
314 fans were necessary, one for heating the building and a second for cooling,
315 which also supplied hot air to the DHW preheat tank. A summary of the
316 most relevant operating data obtained during several months of the heating
317 season is plotted in Figure[8] The tested solar air system was able to deliver
a8 large solar energy contributions from the DHW and meet the space heating
319 demand of the building. The delivered solar energy represented solar frac-
30 tions between 52 and 91 % in the case of DHW and between 53 and 86 %
31 of the space heating needs. Solar fraction is defined as the ratio of the solar
32 contribution to the load divided by the load.

323
324 [Figure 8 about here.]
325 Finally, although it is more difficult to find, this storage technology can
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also be used in solar desiccant systems to allow operation during hours of

inadequate solar radiation (Duffie and Beckman, 2013).

2.1.2. Operation of a thermocline tank

This subsection focuses on CSP storage systems, in which the thermal en-
ergy in the HTF is used to heat a packed bed of solid particles. Most packed
bed systems have a single tank that acts as a thermocline, so that the tank
contains both HTF hot and cold reserves and a filler material compatible
with the HTF, which provides sensible heat capacity at a reduced cost. A
thermocline storage system is considered to be a low-cost storage system
alternative to active two-tank systems, as they use molten salt as a liquid
storage medium, so that the volumes of hot and cold liquid are maintained
in separate tanks. |Bayon and Rojas| (2013) established that the cost of the
tanks and the molten salt inventory domines the two-tank storage system
cost. Thus, thermocline tanks have the advantages of using one tank instead
of two tanks and having a lower volume of Solar Salt than two-tank systems
(Kolbl 2011), being the cost of thermocline tanks approximately 2/3 the
cost of a two-tank system for parabolic trough power plants (Pacheco et al.|
2002)). Moreover, Rodriguez et al. (2016) concluded that direct thermocline
systems enable a reduction in the capital investment of 41.6 %, while this
figure was 25.3 % for indirect systems (with an intermediate heat exchanger
between the solar collection and the storage systems).

Figure [9] shows the temperature profile inside a conventional rock-filled
thermocline tank. Hot salt is stored at the top of the tank and is withdrawn
during the discharge process to generate steam. Cold salt is stored at the

bottom of the tank and exits the tank floor during the charge process to
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be heated in the solar receiver. During charging, the hot HTF from the
collection field enters the tank at the top, flowing down and transferring
the heat through the porous bed, and leaves from the bottom of the tank,
so that the heat-exchange region moves downward until the tank is filled
with hot HTF. For the discharge process, the flow is reversed, so that the
cold HTF enters the tank at the bottom, and is heated as the fluid flows up
through the porous bed, until the heat-exchange region climbs to the top of
the tank. The operation of the CSP plant entails a minimum threshold tem-
perature (Tqischarge,cut-off) for the molten salt extracted from the tank during
discharging that is useful for steam generation, and a maximum threshold
temperature (Ttharge cut-off) during charging to prevent overheating inside the
receiver. Both temperature limits result in an intermediate thermal dead

zone that cannot exit the thermocline tank.
[Figure 9 about here.]

In order to evaluate the degree of stratification of a thermocline tank,

Zavattoni et al. (2015) defined the stratification efficiency by,

ASfully—mixed - ASreal
ASfully—mixed - ASstratiﬁed

3)

Nstr =

where AS;q, is the entropy change of a real system, with respect to the
initial dead-state, ASsiratified 1S the entropy change of a perfectly stratified
TES (a packed bed with two adiabatically-separated regions, the one at the
high temperature at the top and that at low temperature at the bottom)
and AStylly-mixed is the entropy change of a fully mixed TES (considering
the entire volume of the packed bed at the average temperature). According

to the proposed definition, a stratification efficiency close to unity indicates
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that the real TES is operating with a sharp thermal stratification, and conse-
quently the thermal energy is stored at the highest thermodynamic quality.

The particle size has a notable influence on the thermal front (White,
2011; [White et al., 2014, 2016). For small particles, the heat transfer area
between the HTF and the particles augments, and the length of the thermo-
cline region is reduced. This fact reduces the irreversibility associated with
the heat transfer. In contrast, the pressure drop of the HTF along the bed
increases when the particle size is reduced, and the irreversibility associated
with this pressure drop augments. As a consequence, there is an optimum
particles size that minimizes the sum of both effects. For example, White
et al.| (2014) fixed a particle size of 10-20 mm to avoid an excessive pressure

loss in a thermocline tank with argon as HTF.

2.1.8. High-temperature applications and experiments.

The most common liquid materials used for thermal storage in CSP
plants are molten salts, as they present high thermal capacity, high thermal
stability at high temperatures, low vapor pressure, low viscosity for reduc-
ing the pumping costs, high thermal conductivity, non-flammability and
non-toxicity (Nunes et all [2016; Pelay et al., 2017} [Srivastva et al., 2017)).
The two leading candidates are the binary mixture Solar Salt, consisting
of 60% NaNO3 and 40%KNOj3, and the ternary mixture HitecXL, formed
by 48%Ca(CO3)2, 7% NaNOg3 and 45%KNO3 (Gil et al., |2010). Solar Salt
has the highest thermal stability (600 °C), the lowest cost, and the highest
freezing point (221 °C), whereas HitecXL has the advantage of presenting
a lower freezing point at 133 °C, but its thermal stability is limited to 500
°C (Kearny et all [2003). According to |Zhao and Wu (2011)) and Kearney
et al| (2003) the cost of the Solar Salt was 0.5%/kg and 1.1$/kg for the
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HitecXL. The major obstacle of the molten salt is its high freezing point,
which demands increased operation and maintenance requirements. [Zhao
and Wu/ (2011)) reported a novel ternary salt mixture of KNOs, LiNO3 and
Ca(CO3)2 with a low melting temperature below 100 °C, and Wang et al.
(2013) presented a quaternary salt consisting of a mixture of LiNO3, KNOs,
NaNOj3 and NaNOgy with a freezing point at 100 °C and a higher heat ca-
pacity than both Solar Salt and HitecXL.

In a thermocline tank, the liquid HTF and the filler bed are in direct
contact, so the materials must be chemically compatible. The ideal filler
material must be inexpensive, widely available and non-hazardous; have a
high heat capacitance and a low void fraction to reduce the amount of liquid
required; and be compatible with the salt. |Pacheco et al. (2002) tested the
compatibility of some materials with both Solar Salt and HitecXL. They
concluded that both taconite pellets and quartzite rock presented acceptable
behavior under thermal cycling conditions typical of a thermocline system.
In the experiments, they added filter sand to reduce the void fraction in the
thermocline tank.

Sensible heat storage in a packed bed of rocks is especially suitable in
air-based central receiver CSP plants, which uses air as the HTF. Therefore,
a heat exchanger between the HTF and the storage tank is not necessary,
and the operating temperature constraints due to chemical instability of the
HTF or the rocks are eliminated. However, higher air mass flow rates and
larger surface areas are needed due to the lower volumetric heat capacity and
thermal conductivity of air compared with those of other proposed HTF's
(Hanchen et al., [2011)).

For air-based central receiver CSP plants, [Fricker| (2004) studied the

storage efficiency and cost of different ceramic bodies for high-temperature
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storage up to approximately 800°C. They concluded that a packed bed of
ceramic saddles has the lowest cost and the highest net capacity as a function
of gross storage capacity, followed by a packed bed of ceramic spheres.

Meier et al.|(1991) measured the transient behavior of magnesium silicate
rock as the storage material at 550 °C during the charging process, and the
results showed a fairly well-stratified temperature distribution.

Furnas| (1930) experimentally studied the heat transfer process from a
stream of air to a bed of iron balls at temperatures up to 750°C for differ-
ent particle sizes, temperatures and flow rates, and they concluded that the
heat transfer coefficient increases with temperature and gas velocity and
decreases for higher particle diameters. Nsofor and Adebiyi (2001)) used
cylindrical pellets of zirconium oxide as the heat storage material to mea-
sure the convective gas-pellet heat transfer coefficient in a packed-bed. The
correlation developed is valid for temperatures up to 1000 °C and Reynolds
numbers between 50 and 120.

Thermal oil is another liquid that has been employed as storage fluid
in CSP plants. However, due to its higher cost in comparison to molten
salt, commercial parabolic through power plants that work with thermal oil
in the solar field, employ molten salt as the storage media in a two-tank
system. Dual-media thermoclines, consisting of a packed bed of rocks and
thermal oil, have been proposed as an alternative to reduce the cost of the
storage system in plants where the oil is intended to be used both in the
solar field and the storage system. For example, Bruch et al.| (2014) built
an experimental test loop to study the charging and discharging process
of a dual-media TES system of rocks and sand and thermal oil, where the
maximum inlet temperature of the thermal oil was 300°C. In their exper-

iments, 250 thermocouples installed inside the tank along the radial and
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axial directions allowed to check the transversal temperature uniformity,
with maximum temperature differences of 15°C at a given axial position
for the highest mass flux tested. In this manner, the one-dimensional as-
sumption made in their numerical model was corroborated. Additionally
they proposed a new approach, experimentally verified, for the application
of the Ergun equation (Ergun, |1952)) to calculate the pressure drop in a bed
made of a mixture of sand and rocks of different particle size. Moreover,
the model proposed was verified with experimental data, concluding that
to represent accurately the experimental behavior, the thermal capacity of
the tank wall needs to be considered in the model, what is done typically
through the inclusion of an equivalent density in the solid energy equation,

that accounts for the additional mass of the wall.

2.1.4. Numerical modeling: description.

Modeling the thermal performance of a packed bed storage unit is a
complex task because of the complex heat transfer and fluid transport phe-
nomena involved. When using a stream of low-temperature air (or other gas)
as the HTF, some simplifications can be assumed without significant loss of
accuracy. Although all heat transfer mechanisms are present during heat
exchange between the air stream and the particles, they do not contribute
equally, and the heat transfer process is mainly dominated by the convection
term due to the low thermal conductivity of air. Radiation, as well as heat
conduction within a particle (intra) and between particles in direct contact
(inter), usually do not play an important role in heat exchange and are thus
negligible in most models (Jalalzadeh-Azar et al., [1996)). For this reason,
the shape and size of particles, as well as their position and orientation in

relation to the airflow direction (as these factors are responsible for the tur-
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bulent flow behavior), are major factors in analyzing heat transfer (Singh

et al., 2009) in a packed bed with a low-temperature gas as the HTF.

The first attempt to model packed beds was by [Anzeliug (1926]) and
years after by [Schumann| (1929), with the development of the “Schumann
model”. [Anzelius (1926) presented the solution for the temperature differ-
ence between both phases whereas Schumann| (1929) extended the previous
work of |Anzelius (1926) obtaining the solutions for the temperatures of the
gas and solid. This model is a two-phase continuous model that neglects
thermal diffusion in both phases, i.e., the interparticle conduction and the
energy stored in the gas phase. This last simplification is acceptable when
air is used as the HTF because its thermal capacity is several orders of mag-
nitude lower than that of solids. To ensure energy balance between the fluid
and particles, both equations can be mathematically coupled by a common
convection heat transfer term. One important limitation of the Schumann
model, which was treated in detail by various authors years later, is that
it does not take into consideration the internal heat conduction within the
solid particles. For this reason, this method is only considered adequate for

low Biot numbers. The Biot number is defined as:

_ hdy

Bi
7 ]{p

(4)
where h is the convective heat transfer coefficient between the fluid and the
external surface of the capsule or granule, d, is the characteristic particle
size and k,, is the thermal conductivity of the particles.

For practical purposes, some authors (Singh et al| (2009); Xu et al.
(2012a); Esence et al.| (2017))) have established a limit for the application of
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the two-phase continuous model to Biot numbers less than 0.1. A different
approach to model the behavior of packed beds is to extend the validity range
for applications of lumped capacitance methods based on zero-dimensional
(0D) models (only valid for small Biot numbers, as they are based on the
assumption that the temperature of the particle is only a function of time)
to greater Biot numbers. Following this approach, [Xu et al. (2012a) de-
veloped an interesting method capable of accurately predicting the thermal
behavior of storage units and compared their results to analytical results.
The model proposed by the authors showed good agreement with analytical
results for a wide range of Biot numbers up to Bi = 100. In this study, the
authors proposed a novel approach by modifying the expressions for both
the heat transfer coefficient between the fluid and particles and the Biot
number of the storage unit, presenting formulas for the effective expressions
(for both the heat transfer coefficient and Biot number) that could be used
in the lumped capacitance method to include the intraparticle heat conduc-
tion effect. However, the analytical approaches mentioned above, although
useful, were still not able to reproduce the long-term thermal response of
solar energy systems operating under real conditions, characterized by ar-
bitrary time-dependent inputs (such as solar radiation, temperature, etc.);
therefore, the integration of packed beds in more complex and realistic sys-

tems required the use of numerical techniques.

In packed beds at high temperature, the main difference from low-temperature

modeling is the ability to account for radiative heat transfer between the
HTF and the particles, which is neglected for low-temperature applications.
Another important aspect is the thermal energy stored in the HTF within
the tank. For packed beds with air as the HTF, the energy stored in the
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gas is several orders of magnitude lower than that stored in the solids and is
thus usually neglected, as in the Schumann model. In contrast, when using
a liquid as the HTF, because its heat capacity is similar to that of the solids
in the bed, this term must retained in the energy balance equations. Addi-
tionally, the Biot number cannot be below 0.1 in some cases, depending on
the heat transfer coefficient between the fluid and the solids. The thermal
conductivity of the liquids is higher than that of air, although the liquid
usually flows in the bed at lower velocity, which reduces the heat transfer
coefficient. For cases where B¢ > 0.1, interparticle conduction should be
taken into account in the model.

Apart from simple packed bed tanks, in recent years, work on the thermal
modeling of tanks for high-temperature applications has focused on predict-
ing the performance of thermocline tanks. Thermocline storage tanks for
CSP plants have been simulated as packed bed systems. Most of the numer-
ical models of thermocline tanks solve the heat transfer between the HTF
and the filler by considering a volumetric interstitial heat transfer coefficient
calculated from empirical correlations. Commonly, the solid filler is treated
as a dispersed phase embedded in a continuous HTF phase, so the effective
thermal conductivity of the HTF-filler mixture is obtained from empirical
correlations. There are different correlations in the literature for both, the
interstitial heat transfer coefficient (Gupta et al., [1974; Wakao et al., [1979;
Dixon and Cresswell, [1979; Achenbach, [1995) and the effective thermal con-
ductivity (Yagi and Kunii, 1957 |Yagi et all {1960; Krupiczkal |1967; [Elsari
and Hughes, 2002} Van Antwerpen et al., 2010; Suérez et al., 2017)). De-
pending on the author, some discrepancies can be observed. For example
Wakao et al.| (1979)) observed discrepancies in the heat transfer coefficient up

to a factor of 4. Nevertheless, the use of different correlations for both the
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interstitial heat transfer coefficient and the effective thermal conductivity
from the literature was studied by Xu et al. (2012b)), concluding that the
predictive thermal performance is relatively insensitive to the correlation

chosen.

2.1.5. Numerical modeling: results for low-temperature applications.

Using a numerical approach to model heat transfer within a packed bed,
Kuhn et al.| (1980) applied a finite-difference method to numerically ap-
proximate the differential equations of the two-phase continuous model for
the fluid and bed temperature. They concluded that the simplified model
proposed by Hughes et al.| (1976|) (commonly known as the “infinitive-NTU
method” or the “Single-Phase Model”), based on the assumption that the
temperatures of the particles and air at any point in the bed are equal,
produced essentially the same results as the two-phase continuous model
for the majority of situations, while requiring much lower computing costs.
Such situations in which the “infinitive-NTU method” was fully applicable
without significant loss of accuracy were defined by Hughes et al.| (1976) as
those in which the corrected values of NTU (NTU,) proposed by |Jeffreson
(1972) were much greater than ten, which in practice, corresponds to the
majority of packed bed units. Using a finite-difference method, other sim-
ilar approaches can be found in the literature, such as that developed by
Mumma and Marvin (1976), which proposed a simplified one-dimensional

heat transfer model to solve the transient response of the packed bed.

Saez and McCoy| (1982)) developed a basic numerical model that could
be implemented in a programmable calculator of that year. Compared with

the experimental and analytical results, the proposed method was able to

26



585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

607

608

609

610

611

accurately reproduce the axial heat dispersion and intraparticle heat con-

duction in a packed bed.

Singh et al.| (2015]) proposed a simplified numerical model, which demon-
strated good agreement with experimental tests conducted in a packed bed
heat storage system containing 8500 kg of pebbles with an equivalent di-
ameter of 5 cm. The authors reported that the discrepancy between the
predicted and experimental hot air temperatures exiting the bed varied by

+10% during the tests.

To optimize the storage design and propose guidelines for the adequate
sizing of energy storage units, many researchers have noted the inevitable
trade-off between enhanced thermal performance and increased pressure
drop related to the cost of pumping air through the packed bed. [Zavattoni
et al.| (2015) and White et al. (2016) analysed and quantified the different
exergy losses that occur in packed beds. To improve the exergy efficiency of
packed beds with sensible energy storage, different works proposed to seg-
ment the bed into different layers to promote thermal stratification through-
out the bed. |Crandall and Thacher| (2004)) showed that dividing the bed into
different segments and with an appropriated control scheme, stratification is
preserved, getting higher temperatures during the discharging process than
those achieved in a conventional bed.

Several works can be found in the literature (Maaliou and McCoy| (1985),
Choudhury et al.| (1995)), Singh et al. (2006]), Singh et al. (2013]), Webb
(1979), Agrawal et al. (2018])) that report that the storage geometry, rock
size and shape, void fraction and airflow rates are the main parameters to

consider in the design process to achieve an acceptable solution between the
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minimum friction factor (related to air pumping costs) and the maximum
heat transfer coefficient (related to the thermal performance). In this direc-
tion, [Maaliou and McCoy| (1985) optimized, from an economic standpoint,
the main operating parameters of a cylindrical storage containing steel and
rock spheres, namely, its bed length, diameter, airflow rate, diameter of the
particles and collection time. A similar study was conducted by [Choudhury
et al.| (1995) for a storage bed with a square cross-sectional area by includ-
ing the total energy stored in the storage unit in the economic optimization
process. Singh et al.| (2006)) treated the trade-off between the thermal perfor-
mance and pressure drop comprehensively, reporting an extensive number
of correlations for the Nusselt number and friction factor as function of
Reynolds number (Re), airflow rate (V), sphericity (1)) and void fraction
(¢) for different shapes. Table |5 reports the range of variation of the input
variables considered in their work. Years later, these authors, in a different
work (Singh et al. (2013)), discussed in more detail the thermo-hydraulic
relations in packed beds among temperature stratification, thermal perfor-
mance, void fraction, and the shape and packing arrangement of the parti-
cles in the bed by studying particles with different sphericity (from perfect
spheres (¢ = 1) to rectangular blocks with ¢ = 0.65) and concluded that
spheres with the minimum void fraction (¢ = 0.275 when packed in rhombo-
hedral arrangement), exhibited the largest thermal stratification associated
with the highest Nusselt numbers, demonstrating a strong correlation be-
tween them. In this work, the best hydraulic behavior, that is, the minimum
friction factor, was achieved when cubic particles (with sphericity ¥ = 0.8)
with the largest void fraction (e = 0.48) were tested. Considering both ther-
mal and hydraulic effects, the authors, using the parameter defined by [Webb

(1979), which combines both terms in a single parameter, concluded that
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the spheres with the lowest void fraction give the best packing arrangement.

[Table 5 about here.]

2.1.6. Numerical modeling: results for high-temperature applications.

Flueckiger et al.| (2014) developed a one-dimensional simplified model
for incorporation in a system-level model of a 100 MWe power tower plant
to investigate the storage performance during long-term operation. The re-
sults showed that the annual plant capacity factor was increased to 0.531
due to the inclusion of a molten-salt thermocline tank which was sized to
provide 6 h of thermal energy storage. As shown in Figure power pro-
duction is sustained each day after nighttime shutdown of the solar receiver.
In addition, an excellent year-long storage effectiveness exceeding 99% was
obtained, which is due to the short duration of standby periods when the
flow is stagnant inside the tank.

Pacheco et al.| (2002) developed a numerical one-dimensional model based
on Schumann’s equations, considering that fluid and packed bed particles
have different temperatures and neglecting heat conduction in the fluid,
heat exchange between the packed bed particles and thermal losses to the
environment. They concluded that the thermal capacity obtained from the
numerical model showed good agreement with the results obtained from a
pilot-scale test. |Kolb and Hassani (2006) developed a model of the Saguaro
solar parabolic trough plant based on the TRNSYS simulation system, in-
cluding a thermocline storage tank. This model allowed thermal conduction
between control volumes and included thermal losses to the environment,
so that the results show good agreement with the Solar One data recorded

during a discharge test and during a multi-day cool down of the tank (Faas
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et al., [1986)).
[Figure 10 about here.]

However, one of the problems associated with dual-media thermocline
tanks is the thermal ratcheting caused by the cyclic charge and discharge
processes. During the charge half-cycle, the steel tank shell expands and
the filler particles collapse to fill the extra volume in the tank. During the
discharge half-cycle, the steel tank shell cannot recover its original shape
due to the resistance posed by the rearranged filler, which results in a grad-
ual increase in the mechanical stress in the steel tank shell over repeated
operation cycles. |[Flueckiger et al| (2011) developed a multi-dimensional
two-temperature computational fluid dynamics (CFD) model in FLUENT,
which included the energy transport in the wall, to obtain the maximum
thermomechanical stress used to predict thermal ratcheting under different
heat loss conditions. Hoop stresses are determined by the magnitude of
the temperature fluctuation, and thus, thermal ratcheting can be reduced
by maximizing the insulation between the steel shell and the filler region.
Because CFD models require high computational cost to simulate a ther-
mocline tank, considering transient state operation, a simplified dual-phase
model that includes unsteady heat transfer through a multi-layer wall was
developed by |[Fernandez-Torrijos et al.| (2017), which was validated against
the CFD results. They studied the influence of the molten salt flow rate
on the thermal response of the steel shell and concluded that the normal-
ized stress decreases as the Reynolds number increases because there is not
enough time for the wall to be affected by the cyclic molten salt fluctuations

for high Reynolds numbers, as shown in Figure

[Figure 11 about here.]
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Bayon and Rojas (2013)) developed a single-phase one-dimensional model
for characterizing the behavior of thermocline tanks, which was validated
against experimental data found in the literature (Faas et al., 1986} |[Pacheco
et al.; 2002). They proposed a design equation to obtain the minimum tank
height that ensures the maximum theoretical efficiency of the thermocline
tank, given the tank diameter, temperature interval, storage medium and
thermal power.

Zhao et al. (2017) used a one-dimensional enthalpy-based dispersion-
concentric model, to study the operation of a TES system composed of so-
lar salt and different solid-filler layers configurations, including both sensible
materials and PCMs. The simulations conducted investigate the effect of the
partial charge/discharge of the tank on the storage capacity of the system.
Although in the majority of studies focused on packed beds in solar systems,
the packed bed storage is considered to accomplish a full charge/discharge
cycle as the outlet temperature reaches specified cut-off values, real oper-
ation typically entails partial charges caused by a lack of energy collection
(e.g. as may occur in cloudy days) and partial discharging, due to low de-
mand of power generation. According to their results, the introduction of
partial charging-releasing cycles led to significant variations in the energy
storage and release capacity in the subsequent full charging-releasing cycles
performed afterwards.

Anderson et al. (2014) measured charging and discharging cycles of a
packed bed of alumina particles, using air as HTF. The experiments were
used to validate a two-phase model, which included the thermal losses to the
surroundings. According to model results, wall losses have a strong effect
on the temperature profile and can be mitigated by using a shorter vessel,

increasing the flow velocity, increasing the heat capacity of the solid, or low-
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ering the overall heat transfer coefficient of the vessel walls. In a different
work, the authors (Anderson et al 2015) proposed a one-phase model that
assumes thermal equilibrium between the fluid and the solid phases and
solves the energy equation for the packed bed, insulation and vessel con-
sidering axial and radial temperature variations. The one-equation thermal
model can be adopted when the thermal conductivity and thermal capacity
of the solid are high compared to those of the heat transfer fluid, which is
the case for the air/alumina system presented. Using the model, the effect
of temperature-dependent thermophysical properties is studied, concluding
that even at a narrow range of operation the temperature dependence of the
alumina and air properties need to be accounted to obtain accurate results.

Zanganeh et al.| (2012)) built a pilot-scale storage tank made of concrete
and filled with pebbles, that was used to validate a numerical model. To
this end, a 110 h charging experiment with air at 550 °C was conducted. The
tank had a truncated cone shape to make use of the lateral earth pressure,
for reducing the normal force on the walls during the thermal expansion of
the rocks by guiding them upwards and to reduce the wall losses due to the
higher volumen-to-surface ratio on the top of the tank, where the temper-
ature is highest. The quasi-one dimensional two-phase heat transfer model
formulated was used to simulate the behavior of a storage tank of rocks and
air for the temperature range from 20 to 650°C. The energy balance equa-
tion was written in terms of the enthalpy for the fluid phase and in terms
of the internal energy for the solid phase, to account for the temperature-
dependent solid and fluid properties. Since the fluid was a gas, the radiation
exchange between the particles and between the particles and the walls was
considered. Moreover, the pressure drop in the packed bed was calculated

using the equation presented by [Ergun| (1952)), but conveniently modified
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to include a buoyancy term. According to the analysis of [Zanganeh et al.
(2012), the thermal losses were under 0.5% and the outflow temperature
during discharging process remained over 590 °C.

White et al.| (2016) numerically studied a packed bed filled with a gas and
performed an exergy optimization of the system. The authors calculated the
different exergy losses in the packed bed and concluded that the efficiency is
maximized when the thermal losses, associated to the irreversibilities in the
heat transfer process between the gas and the particles, the pressure drop
losses and the conductive losses, that occur when the heat is conducted down
the temperature gradient within the thermal front, are balanced. [White
et al. (2016|) also observed that the use of segmented reservoirs can reduce
the minimum loss between 25 and 50 % and suggested that adjusting the
ratio between the height and the diameter of the bed, the minimum loss
can also be reduced. [McTigue and White| (2016|) also proposed a segmented
packed bed for a Pumped Thermal Energy Storage (PTES) system, where a
heat pump works between two temperature levels, established by the energy
stored in two separated packed beds. When necessary, the energy stored
is transformed into electricity by a heat engine. The authors demonstrated
that segmentation reduces the conductive losses during the charging process,
increasing the efficiency and the total energy stored per cycle.

Several simulation works have been dedicated to study the effect of differ-
ent parameters, such as fluid flow rate, tank height or solid particle size, on
the performance of thermocline tanks. To study the influence of molten-salt
flow rates on the efficiency of a thermocline thermal storage system, |Yang
and Garimella (2010b) developed a multi-dimensional two-temperature com-
putational fluid dynamics (CFD) model to simulate mass, momentum and

energy transport inside a molten salt thermocline tank, which did not include
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heat losses through the tank wall. The discharge efficiency of a thermocline
tank was defined in this work as the ratio between the useful energy re-
covered during discharging, which is the energy retrieved above a certain
temperature level, and the total energy initially stored in the thermocline
tank. They concluded that the efficiency decreases for higher Reynolds
numbers, as increasing the Reynolds number reduces the slopes of the tem-
perature profiles in the heat-exchange zone, so that the high-temperature
zone is reduced.

Later, |Yang and Garimellal (2010a)) studied the effects on the heat trans-
fer and fluid flow of a non-adiabatic tank wall, considering a wall Nusselt
number of 1.6 x 10°. Comparing the results obtained for adiabatic and
non-adiabatic wall boundaries of thermocline tanks, the flow field in adia-
batic thermoclines was uniformly distributed, whereas that in non-adiabatic
thermoclines showed distorted streamlines. Although the overall tempera-
tures were lower in non-adiabatic thermoclines, the decrease in the outflow
temperature was larger at small Reynolds number because higher Reynolds
numbers result in lower discharge periods. They concluded that the dis-
charge efficiency increases with the Reynolds number in a non-adiabatic
thermocline, in contrast to the behavior of an adiabatic thermocline. In-
terestingly, for a non-adiabatic tank with a modest wall Nusselt number,
the discharge efficiency first increases and then decreases as the Reynolds
number increases, as shown in Figure The initial increase indicates that
the increased discharge time has a dominant influence on the discharge ef-
ficiency, whereas the subsequent decrease shows that the expansion of the
heat-exchange zone caused by the increase in Reynolds number has a more

important effect on the efficiency.
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[Figure 12 about here.]

Flueckiger and Garimellal (2012) studied the influence of the internal
granule diameter and external convection losses on the tank performance,
and they concluded that the use of smaller filler particles can greatly increase
the discharge efficiency, as the heat-exchange region is narrower for smaller
particles, which yields higher outflow temperatures during discharge. The
same conclusion was reached by [Zanganeh et al.|(2015b)), who simulated the
charging and discharging processes of a TES unit containing rocks using air
at high temperature as HTF. The results showed that the outlet temperature
at the end of the discharging process increased when the rock diameter
decreased due to the higher heat transfer coeflicients between the solid and
the fluid.

For air-based central receiver CSP plants, Hanchen et al. (2011) devel-
oped a 1D two-phase transient model, which considers uniform-temperature
particles, neglects radiation heat transfer and heat conduction in the fluid
phase, and accounts for heat loses through the walls. The model was vali-
dated against the experiments of Meier et al.| (1991). The authors studied
two different scenarios: i) a tank, initially at ambient temperature, was
charged for 6 h and then discharged for the same period of time (single
charge/ discharge cycle) and ii) a series of consecutive 6-h charge and 6-h
discharge daily cycles until the steady state will manifest itself (continu-
ous operation). Different behavior in terms of the charging, discharging
and overall efficiency and capacity ratio are observed for the two scenarios
considered. For the continuous operation of the tank (at the 20th cycle),
they concluded, that high air mass flow rates lead to superior capacity ratio

(amount of energy stored compared to the theoretical maximum energy that
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can be stored when the solid material in the tank reaches the input temper-
ature of the air stream). The overall efficiency (ratio of recovered energy for
a single charge/discharge cycle to the input and pumping energy) showed a
maximum at intermediate flow rate.

Concerning the effect of the tank height, Hanchen et al.| (2011)) observed
a decreased in the capacity ratio and a moderate increase in the overall
efficiency with increasing tank height. This last effect was attributed to the
lower losses of the hot fluid leaving the tank during charging, due to its lower

temperature associated with the longer tank length

2.2. Latent energy storage with PCMs.

The use of PCMs in solar energy storage systems has two main advan-
tages over traditional sensible energy storage systems: first, they increase
the energy density of the storage system by augmenting the energy stored in
the same volume or reducing the volume required to store the same amount
of energy and second, PCMs are able to store large amounts of energy at a
nearly constant temperature. Some applications require the solar energy to
be stored at lower temperatures than those reached in sensible storage sys-
tems. A typical example is a simple solar facility for DHW. This application
requires water to have a maximum temperature of approximately 45-50 °C.
A simple solar facility can reach temperatures of approximately 80-90°C in
summer. Therefore, the water has to be mixed with cold water prior to its
final use. This process is very inefficient from an exergy point of view.

When using a PCM in a packed bed, it must be encapsulated, typically in
a spherical geometry. Due to the change in volume that a PCM suffers during
phase change, it is necessary to not completely fill the encapsulation with

PCM because the walls of the container can be damaged and the PCM can
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leak out when it is in liquid form. Several authors explained and reviewed
the different methods and processes of PCM encapsulation (Wei et al. 2017}
Navarro et al 2017} [Yataganbaba et al.| 2017; Milian et al., 2017)).

2.2.1. Low-temperature applications and experiments.
As previously mentioned, packed beds with sensible energy storage typ-
ically use air as the HTF. |Rady| (2009alb) and [Izquierdo-Barrientos et al.

(2013} 2016Db)) experimentally and numerically studied the performance of a

packed bed filled with a commercial granular PCM from Rubitherm (www.rubitherm.eu,

2017) with air as the HTF. This granular material consists of a porous ma-
trix with embedded paraffin. The SiOo matrix gives mechanical support to
the paraffin, maintaining the paraffin inside the solid matrix even when it
is in the liquid state. This material is used commercially in a wide range of
low-temperature applications (between -10 and 90°C) and with two differ-
ent particle sizes: a finer grade, with particles between 0.2 and 0.6 mm, and
a coarser grade, with diameters between 1 and 3 mm. The smaller grade is
composed of Geldart B particles, which are more suitable for a bubbling flu-
idized bed, while the larger grade is composed of Geldart D particles, which
are more suited for use in a packed bed (Izquierdo-Barrientos et al., [2016d)).
Rady| (2009a) experimentally studied the materials GR27 and GR41 (the
number represents their approximate phase change temperature in degrees
Celsius) in a column with an internal diameter of 45 mm and a test section
height of 200 mm, and they developed a simple two-phase numerical model
for the heat transfer process. |Rady| (2009a)) concluded that the correct deter-
mination of the phase change characteristics of the material and the voidage
of the bed are the main parameters that affect the results of the numerical

model. Other parameters, such as the particle-to-fluid heat transfer coeffi-
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cient and the axial dispersion have a negligible impact. [[zquierdo-Barrientos
et al| (2016b) used materials with a higher transition temperature (GR50
and GR80), which they were tested in a facility of larger dimensions than
that used by [Rady| (2009a), with an internal bed diameter of 200 mm and
tested height of 200 mm. The authors developed a numerical model, which
in non-dimensional form, can be used with the same numerical scheme for
either sensible or latent energy storage. Their model also includes the energy
stored in the walls of the bed and heat losses to the surroundings. Under
their experimental conditions, they observed that the energy stored in the
walls of the bed represents 8.2 % of the energy stored in the granular PCM.
Figure shows the experimental data obtained by |[zquierdo-Barrientos
et al.| (2016b) using the material GR50 and an air flow rate of 250 L /min,
together with the numerical model results. Good agreement is observed
between them. They also analyzed the influence of the air flow rate and ob-
served that the numerical model fits better with the experimental data for
low flow rates because the heating rate of the process is similar to the slow
heating rate (= 0.5°C/min) of the DSC measurements used to determine

the temperature-enthalpy curve of the granular material.
[Figure 13 about here.]

Rady| (2009b)) also studied the possibility of mixing two granular PCMs
with two different transient temperatures in different proportions. |[Rady
(2009b) mixed GR27 and GR41 in ratios between mggra7/mcra1 = 0.2 and
5.0. The conclusions of the work indicate that the optimum mixing ratio to
maximize the exergy efficiency of the system is around mgre7/magra1 ~ 1,
independent of the Reynolds number.

With air as the HTF, |Arkar and Medved| (2005) experimentally study a
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packed bed of a PCM, but they did not use granular materials; instead, they
filled the bed with 5-cm-diameter spheres filled with RT20 paraffin from Ru-
bitherm (www.rubitherm.eu) 2017). The bed had a diameter of 34 cm and
a height of 152 cm. The air flow rate was between 50 and 220 m3/h. They
experimentally measured the temperature along the bed as well as inside
the two spheres. They compared the experimental data with numerical re-
sults from a simple two-phase model and concluded that the best agreement
between the experiments and the model for the apparent specific heat was
measured at a heating rate of 0.1 K/min, which was the nearest value to the
slow heating rate of their experiments. [Beasley et al.| (1989) also experimen-
tally studied 2.1-cm-diameter polypropylene spheres filled with paraffin wax
in a packed bed with air as the HTF. They compared the experimental data
with two different models, one with constant temperature during the phase
change and other with rising temperature during the melting process. Both
models agree well with the corresponding experimental data. [Karthikeyan
et al.| (2014) numerically studied the influence of different parameters on the
performance of a packed bed with air. The packed bed consisted of spherical
capsules filled with paraffin. They varied the size of the spheres between 6
and 10 cm, the air inlet temperature of the bed between 67 and 80 °C, the air
flow rate between 0.05 and 0.015kg/s and the effective thermal conductivity
of the bed between 0.4 and 2 W/(mK). They observed that the charging
time is more influenced by the air inlet temperature than by the ball size
or the mass flow rate in the ranges tested in their work. [Karthikeyan et al.
(2014)) also concluded that an increase in the equivalent thermal conductiv-
ity of the bed beyond 1 W/(mK) does not improve heat transfer because
the dominant resistance is associated with air convection.

The ability of the PCM to maintain a fairly constant outlet tempera-
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ture for the HTF during discharging is advantageous for applications such
as the drying of agricultural crops. For this purpose, [Esakkimuthu et al.
(2013) performed experiments using a solar-based dryer consisting of a solar
air heater, a packed bed composed of a PCM storage tank and a drier. In
that system, the PCM was HS58, because its melting point was suitable
for the drying process, which required hot air at approximately 55°C. The
PCM was contained in spherical capsules 75 mm in diameter. The authors
concluded that the selection of a PCM with a suitable phase change tem-
perature prevented overheating of the air during the peak sunshine hours
due to the absorption of heat by the PCM at a constant temperature and,
consequently, reduced the spoilage of food products due to excessive heating.

Other authors proposed the integration of a packed bed energy storage
system into a solar collector. For example, recently, Arfaoui et al.| (2017)
experimentally studied a novel solar air heater integrated with an latent
energy storage system, which consists of two rows of 156 spherical particles
filled with a PCM with a transition temperature of 27 °C. The diameter of
the spheres is approximately 7.5 ¢m. During the sunny hours of the day,
the system provides a flow of heated air and, at the same time, stores part
of the energy absorbed in the PCM capsules. This stored energy can be
released during the non-sunny hours of the day. Figure [14] shows the results
of the instantaneous powers absorbed, carried out by the gas stream (useful
heat) and stored in the bed, during a typical day. The charging period is
from 09:00 to 17:00. The system maintains a nearly constant power carried

out by the gas stream until 07:00 the next day.
[Figure 14 about here.]

In addition to the extensive studies using air as the HTF, packed beds
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with spherical capsules filled with a PCM have also been studied for domestic
hot water applications, using water as the HTF. |[Nallusamy et al.|(2007) and
Nallusamy and Velraj| (2009) carried out experiments by varying different
operating conditions in a 48-L storage tank. A total of 264 spherical capsules
5.5 ¢m in diameter filled with paraffin max were placed in the tank. The
resulting voidage was approximately 0.5, which indicates that half of the
tank stored energy in sensible form by increasing the water temperature and
the other half stored latent energy in the spheres during the phase transition
of paraffin. In their experimental study, Nallusamy et al.| (2007) carried out
experiments under two different conditions: first, with a controlled water
inlet temperature in the tank and second, with the tank directly connected
to flat solar collector, which results in a variable source. They varied the
mass flow rate (between 2 and 6 L/min) and the inlet temperature of the
water (between 66 and 70°C). They observed a notable decrease in the
charging time during the phase change process of the PCM, whereas the
reduction in the charging time was negligible when the bed temperature was
less than the phase change temperature of the PCM. Increasing the mass
flow rate notably reduced the charging time under various source conditions
(connected to the solar collector) due to the large amount of energy absorbed
by the water in the collector. An increase in the mass flow rate from 2
L/min to 6 L/min reduced the charging time from 200 min to 140 min.
Under constant inlet temperature conditions, an increase in the mass flow
rate did not reduce the charging time because, over the range tested, the
flow was in the laminar regime and the major thermal resistance was in the
PCM capsules. [Nallusamy and Velraj (2009) studied two different voidages
in the bed 0.5 and 0.61. They observed a reduction in the charging time

(a reduction of 18% for a mass flow rate of 6 L/min) due to the lower
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mass of the PCM in the storage system. An increase in the voidage led to
a reduction in the interstitial fluid velocity and, consequently, a reduction
in the capsule-water heat transfer coefficient. Thus, the reduction in the
charging time was not proportional to the increase in the voidage. Figure
shows the temperature evolution in the center of the bed for voidages of 0.49
and 0.61, where a reduction in the charging time is observed. This figure
also shows a notably reduction in the phase change time in both cases of

approximately 60 minutes for € = 0.49 and 30 minutes for ¢ = 0.61.
[Figure 15 about here.]

Saitoh and Hirose (1986)) proposed the use of a heat pump system in
parallel between a packed bed with a PCM heated by a conventional solar
collector and the final systems for heating a building. In this way, the heating
pump can compensate the supercooling problems observed when using salt
hydrates as the PCM for the capsules of a packed bed. Figure [16|shows how
the PCM maintains the COP of the system at an approximately constant

at value of four over two hours.
[Figure 16 about here.]

Mao| (2016]) reviewed the different geometrical parameters in the TES
that helps to improve the performance of the system. Mao| (2016) concluded
that, for packed beds with encapsulated PCMs, the geometrical parameters
of the storage system can significantly affect the heat transfer rate. Sev-
eral research works can be found in the literature that vary the geometrical
parameters with the aim of reducing the charging times. The authors also
highlighted that trends in packed beds are towards TES containing encap-
sulated PCMs.
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2.2.2. High-temperature applications and experiments.

For medium-temperature applications, phase change materials have been
employed in packed bed storage units, one of the most promising being
a solar thermal power plant powering an Organic Rankine Cycle (ORC)
to be used in small- and medium-scale systems (from kilowatts to a few
megawatts). Manfrida et al. (2016]) simulated the operation of a solar power
plant consisting of a solar field of parabolic through collectors, which fed
both the evaporator of a basic ORC and two storage tanks filled with en-
capsulated spheres of a PCM installed in parallel. A dynamic simulation
(over 1 week) of the system was conducted using TRNSYS, coupled with
the transient model of the latent heat storage tank developed in EES. Ery-
thritol (C4H1004), which has a melting temperature of 117°C, was chosen
as the PCM and was encapsulated in 4-cm-diameter spheres, and pressur-
ized water was used as the HTF (15 bar). The simulation showed that, due
to the heat storage system, the ORC plant could generate almost constant
power over the period studied.

PCMs have also been investigated for application in the storage systems
of CSP plants. However, a major drawback in using PCMs is their low
thermal conductivity, which causes high thermal resistance to heat transfer
during the charging and discharging period. Encapsulation of the PCM
in small capsules, forming a packed bed, can overcome this limitation by
increasing the surface heat transfer area between the PCM and the HTF. In
molten salt storage tanks, dual-media thermocline tanks have been proposed
to reduce the cost of the storage system, as part of the more costly molten
salt is replaced by a low-cost particulate granular material. Moreover, only

one tank is needed instead of the two tanks employed in commercial molten
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tank storage systems (one for hot and one for cold molten salt), as previously
discussed in detail in Section 2.1.31

A proposed design modification for reducing the tank size by increasing
the energy density is the replacement of the internal filler rock with an encap-
sulated PCM (Flueckiger and Garimella), |2014). Smaller tanks are desired,
as the tank height is constrained by the bearing capacity of the underlying
soil, while a large tank diameter increases the potential for maldistribution
of the fluid flow inside the porous bed. System-level simulations of a 100-
MWe-power tower tank were conducted by [Flueckiger and Garimella; (2014))
to evaluate the performance of a PCM to replace quartzite rock in a dual-
media thermocline tank of Solar salt (60 wt.% NaNO3, 40 wt, % KNO3),
operating between 300 °C and 600 °C. To facilitate direct comparison, a hy-
pothetical encapsulated PCM filler with a density, specific heat, and ther-
mal conductivity equivalent to those of quartzite rock was considered. The
model results revealed that the use of a single PCM as the filler material
did not provide a substantial increase in the plant’s capacity factor, and in
fact, at some of the melting temperatures tested, this ratio decreased. For
low-melting-temperature filler materials, the tank stored more energy than
a quartzite-filled tank, but at such low temperatures, this additional latent
heat is not viable for steam generation, as the threshold temperature that
qualifies as useful for steam generation is higher than the melting temper-
ature. High melting temperatures can support steam generation, but only
a portion of the filler material undergoes a phase change during charging,
limiting the utilization of the latent heat. However, an alternative design,
referred to as a cascade latent heat thermocline tank, consisting of a struc-
ture composed of three layers of PCM with different melting temperatures

was proposed, which yielded a 9.7 % increase in the annual power output
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1060 relative to a quartzite-filled tank of the same dimensions. If the objective
1061 were to match the annual power plant output achieved with sensible heat
162 material filler, the cascaded latent heat tank proposed should have a diam-
063 eter 16 % lower. However, the extra cost related with the PCM and the
1064 more sophisticated fabrication processes need to be taken into consideration
1065 to evaluate whether they can be effectively compensated by the increased
1066 plant revenue and the lower initial costs with the storage size reduction.
1067 Wu et al.|(2014) developed a transient one-dimensional dispersion-concentric
1068 model to simulate the cyclic operation of a molten salt packed bed TES sys-
e tem using spherical capsules. Two different cascaded systems of three (C3)
wro and five layers (C5) of PCMs with different phase change temperatures were
w7 studied and compared with a system with a single PCM (non-cascaded sys-
w2 tem, NC) over the temperature range of 290°C to 390°C (see Figure [L7).
1073 They concluded that the system with non-cascaded PCM capsules may be
174 inappropriate for use in TES systems utilizing a liquid as the HTF. In con-
w075 trast, the cascaded system with five layers showed a shorter charging time,
wre  higher charging ratio (ratio of the amount of heat storage during the charg-
w77 ing period to the total storable energy provided by the hot molten salt) and,
178 at the same time, a low discharging time. Nevertheless, the authors noted
1079 that the discharging process should be optimized for a given application be-
wso cause it depends on the Tyischarge,cut-off and the phase change temperature
1081 of the materials. The reported conclusions are explained by the fact that
ws2 even if a prior investigation (Wu et al., 2016) recommended the selection of
1083 a material with a high phase change temperature, as it provides a longer
1084 time with a high enough molten salt outlet temperature to support steam
wss  generation and higher discharging efficiency (ratio of the useful discharge en-

s ergy to the total energy initially stored), this configuration does not utilize
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the latent heat inside the tank completely. This can be seen in Figure
which shows that after 5 h of charging the tank, most of the PCM cap-
sules in system C5 were completely melted, while only the PCM capsules

in the region between 12 and 14 m were completely melted in the NC system.

[Figure 17 about here.]
[Figure 18 about here.]

Alternatively, for cascaded PCM configurations, |Galione et al.| (2015])
simulated the behavior of a multi-layered solid PCM packed bed, in which
layers of a low-cost solid material (quartzite rock and sand) were com-
bined with layers of PCMs with different phase change temperatures and
molten salt as the heat transfer fluid, with an operation temperature in
the range of 290°C-390°C. In this design, a layer of PCM with a phase
change temperature in the admissible temperature range for discharging
([Thischarge,cut-ot — Th]) was placed at the top end of the tank, while a layer
of PCM with a phase change temperature in the admissible temperature
range for charging ([T% — Ttharge,cut-off]) Was placed at the bottom end of
the tank. Between them, one or more layers of solid material and eventu-
ally a layer of PCM with a transition temperature outside the admissible
temperature ranges for charging and discharging were included. Figure
gives a comparison of some of the different filler configurations. The three
configurations shown in Figure present a layer of PCM on top of the
tank with a melting temperature of 380 °C, which is slightly lower than the
charging temperature (390 °C). Configurations C1 and F1 are able to pro-

vide stable outflow temperatures during the discharging process to be close
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to the charging temperature. However, this is not the case for configuration
D1, since there is a thick layer of PCM in the middle zone, with a melting
temperature of 340 °C, which acts as a thermal buffer maintaining the tem-
perature of the molten salt close to this melting point. Thus, the presence
of the other PCM with a higher temperature (380 °C) at the exit of the tank
is not enough to stabilize the outflow temperature. The same behavior is
observed for the outlet temperature of the molten salt withdrawn from the
bottom of the tank during the charging process. While configurations C1
and F1 are able to keep this temperature in the admissible range of 290 °C-
305°C for a longer duration, configuration D1 exhibits a charging process
that lasts one hour less, reached when the outlet temperature rises above the
Teharge,cut-oft = 305 °C. The results of the simulations showed that although
prototype F1 presented the highest energy storage and exergy flow (differ-
ence between the exergy exiting and entering the tank with the fluid), the
ratio of stored energy to storage capacity was only 65 %, with 61 % of the
PCM effectively changing phase. In contrast, a different concept, prototype
C1, stored approximately 87% of the energy stored by prototype F1 but
presented a higher ratio of stored energy to storage capacity (77 %) and a
similar exergy flow. Additionally, it employed only 40 % of the mass of the
PCM and 79 % of the mass of the confined HTF of those in prototype F1
(which were replaced by a low-cost solid material), leading to a lower-cost

storage system.

[Figure 19 about here.]

Liao et al. (2018) compared the thermal performance of a 100 MWh

packed bed containing only rocks and with rocks and a layer of PCM on the
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top of the bed to maintain a more stable outflow temperature during the
discharging process. As established by the previous authors, they remarked
the importance of the proper selection of the cut-off temperatures for the
charging or discharging processes because if they are not proper selected,
the PCM can even reduce the storage capacity of the TES.

Zanganeh et al. (2015a)) also combined sensible heat material and PCM
in a packed bed with air as the HTF in the temperature range of 25°C -
700°C for CSP applications. A 42kWhyy, lab-scale prototype 40 cm in di-
ameter and 1.68 m in height was fabricated, containing a 9-cm-high layer
of encapsulated phase change material (AlSil2) on top of a 127-cm-high
packed bed of sedimentary rock with a mean diameter of approximately 3
cm. AlSil12; which melts in the range of 573°C-577°C and has a heat of
fusion of 466 kJ/kg, was encapsulated in AISI316 tubes with a 16-mm inner
diameter and 1-mm wall thickness. An experimental facility was used to
validate a two-phase transient heat transfer model of the thermal storage
cycle. The experimental results showed that although the outflow tempera-
ture during discharging initially drops faster for the tested prototype than
for the same tank filled entirely by rocks, after approximately 70 min of
discharging, the temperature of the “rocks only” setup dropped below that
of the “rocks + PCM” setup. In this manner, the outflow air temperature
was stabilized at around the melting temperature of AlSi12. According to
the authors, the benefit of the propose prototype is that, regardless of if
the downstream application is a steam or gas turbine, the temperature sta-
bilization allows the turbine to operate at its design point. On the other
hand, if the downstream application is a chemical process, stabilization may
be crucial because it can ensure that the outflow temperature stays above

the required reaction temperature. In another study, (Geissbiihler et al.,
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2016) conducted an efficiency and cost assessment of the described concept.
The experimentally validated model was used to compare the performance
of the combined sensible-latent heat storage design with a conventional sen-
sible heat storage unit consisting of a packed bed of rocks. The systems were
studied for application in two industrial-scale storage units: the industrial-
scale packed bed storage in Ait Baha, Morocco, and the molten salt storage
of the Andasol CSP plant. The sensible and combined storage configurations
were compared in terms of the normalized maximum outflow temperature

drop during discharging,

A Tc n T Td out,min
AT g maz = 7 e ) (5)
’ Tc,in - Td,in

which is a parameter that should be minimized, as the temperature of the
HTF entering the power block has a direct impact on the efficiency of the
power block. Figure shows a comparison of the steady cycling outflow
temperature during discharging for the sensible reference configuration and
a combined storage tank (rocks with a layer of PCM on the top) both with
the same height and volume. It can be observed that after an initial decrease
of the temperature, in which the PCM is cooled to its melting temperature,
the combined storage can deliver heat maintaining almost constant the out-
let temperature. This temperature drop can be reduced by two different
methods. For the combined storage it can be reduced by increasing the
amount of PCM on the top of the packed bed of rocks while it is kept con-
stant the tank height, and hence reducing the amount of rocks accordingly.
On the other hand, for the sensible heat storage configuration, the tempera-
ture drop can be reduced by increasing the height of the tank and therefore

its volume. According to |[Yang and Garimella| (2013)) a shorter tank has a
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shorter heat-exchange zone, as at steady state this region occupies nearly
the entire height of the storage. As a shorter heat exchange zone provides
a smaller distance for the fluid to be completely heated or cooled, which
results in a larger temperature difference between the filler and the fluid,
greater heat transfer rates between the phases. The larger temperature dif-
ference results in a larger entropy change, leading to a more significant loss
in the quality (i.e. temperature) of the available thermal energy, that is the
stratification efficiency (Equation (3)) would be lower. Sensible and com-
bined storage units at steady cycling conditions and with the same charging
and discharging times were compared, in terms of their exergy efficiency and
specific material cost, as a function of the maximum temperature drop dur-
ing discharging. It should be noted that the temperature drop is controlled
by increasing the tank height in the sensible heat storage and therefore units
with different height and volume are compared. In their study, |Geissbuhler
et al.| (2016) showed that the reduction in the maximum temperature drop
during discharging upon increasing the height of the sensible bed resulted
in a significant decline in exergy efficiency due to an increase in the thermal
losses and pumping work resulting from the increased tank height. In con-
trast, the exergy efficiency of the combined storage is maintained above the
limit of 95 % of the exergy efficiency, independent of the maximum tempera-
ture drop during discharging. This exergy efficiency limit, together with the
cost of the storage system being below 15$/kWhyy,, a maximum charge time
of 6 h and minimum discharge period of 6 h, meets the target established
by the U.S. Department of Energy’s SunShot Initiative to make CSP cost
competitive with other sources of power-generation technologies. Moreover,
the material costs per net energy output of the combined storage option

are lower than those of the sensible heat storage unit, because even if the
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PCM and encapsulation are costly, the required volume is very low, and this
compensates for the increase in cost of the sensible storage unit resulting
from the higher height needed to keep the output discharge temperature at

a high level.
[Figure 20 about here.]

While low-temperature PCM encapsulation techniques are highly devel-
oped, the encapsulation of high-temperature PCMs for solar thermal plants
requires other methods than the use of the polymeric shells usually employed
at low temperatures. |Gimenez-Gavarrell and Fereres| (2017) summarized the
shell materials used in the literature to encapsulate different types of high-
temperature PCM (nitrates, chlorides and metals) and proposed borosilicate
glass as an alternative shell material, which was compatible to both steam
(HTF) and inorganic salts or metals (core material), with melting temper-
atures in the range of 300°C-400°C, to be used for latent heat storage in
direct steam generation (DSG) solar thermal plants. In a proof-of-concept
study, spherical capsules 20 mm in diameter were fabricated and tested in
an experimental rig. According to the authors, although the possibility of
mass production and the fragility of the borosilicate shell capsules need to
be further investigated, the tested capsules showed mechanical and thermal
stability over 10-15 cycles. PCM capsules were also experimentally tested
by (Bellan et al., 2015) in a latent heat packed bed with air as the heat
transfer fluid. In this case, spherical capsules approximately 3 ¢m in diam-
eter of a molten salt PCM were encapsulated in a shell made of polymer
using a non-vacuum encapsulation technique. The deformation experiments

showed that the capsules did not collapse after 2200 thermal cycles.
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2.2.8. Numerical modeling: description and results.

Numerical modeling of packed beds with PCMs have been widely stud-
ied. Different authors have proposed different numerical models for predict-
ing the thermal behavior of such beds. The majority of models published

in the literature can be cataloged into two main groups: concentric disper-

sion models (Karthikeyan and Velraj, 2012; |Or6 et al., |2013; [Karthikeyan|
et al., 2014; Bhagat and Saha;, 2016|) and continuous phase models
et al., [1989; [Arkar and Medved, 2005} Radyl, 20092} (Wu and Fang), 2011}
Bellan et al., 2014} Izquierdo-Barrientos et al., |2016b)). Different reviews

have explained in detail the equations of both types of models (Ismail and
Stuginsky Jr, 1999; Xia et al.| [2010; de Gracia and Cabezal 2016). Con-

centric dispersion models typically solve the energy equation for the fluid
phase flowing through the bed as well as the transient conduction equation
within the capsules containing the PCM. Therefore, it is possible to deter-
mine the properties (typically, temperature and liquid fraction) of the PCM.
In contrast, continuous phase models treat the phases (fluid and capsules
or granules) as two interpenetrating media and two continuous phases. In
this case, the temperature and liquid fraction of the PCM is obtained as a
function of the axial position in the bed and time. Both models are physi-
cally correct, although depending on the latent energy storage system, the
dimensions of the capsules containing the PCM and the heat transfer fluid,
one model may be more accurate. One of the main parameters to consider
when choosing the model, as mentioned previously for packed beds with
sensible energy storage, is the Biot number, defined in Equation (4)).
Traditionally, for heat transfer problems, a practical limit of Bi < 0.1

is set to render the thermal gradient inside the solid negligible. Therefore,
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packed beds composed of spheres or capsules several centimeters in diame-
ter can reach high Biot numbers, and the concentric dispersion model may
be more appropriate. Regarding the heat transfer fluid, when using air, the
heat transfer coefficient h is typically one order of magnitude lower than that
of water (Karthikeyan and Velraj, 2012) for the same mass flow rate, so with
the same particle size, the Biot number with air is always smaller than that
with water. For this reason, when using air and granulates a few millimeters
in diameter, the two-phase continuous model reproduces the experimental
data (Radyl 2009a; Izquierdo-Barrientos et al., |2016b). Karthikeyan and
Velraj| (2012) compared two different two-phase continuous models (regard-
less of the axial thermal conduction), and a concentric dispersion model
solves the thermal gradient inside the particles. Figure shows a com-
parison of two continuous phase models (with and without conduction in
the solid phase) and a concentric dispersion model, along with experimental
results for two different air flow rates, 0.05 and 0.015 kg/s. The authors
did not observe differences between model 1 (continuous phase model with-
out conduction in the solid phase) and model 2 (with conduction). The
experimental data were obtained for spheres 7 cm in diameter filled with
paraffin max. For these experimental data, the Biot numbers were 7.5 and
4.7 for air flow rates of 0.05 and 0.015 kg/s, respectively. In both cases,
the concentric dispersion model fit the experimental results better, though
the differences between the models reduced as the Biot number decreased.
Figure summarizes the numerical results obtained by Karthikeyan and
Velraj| (2012)) when using air and water as the HTF and varying the sphere
size (50, 70 and 100 mm) and the mass flow rate (0.05 and 0.015 kg/s).
This figure compares the charging times at a bed height of X/L = 0.2. It is

clearly observed that the differences between the models are smaller when
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using air as the HTF. The low thermal conductivity of air allows it to ob-
tain lower Biot (Bi < 10) numbers than water. When reducing the size of
the spheres, the Biot number generally decreases, though not in the same
proportion because the heat transfer coefficient increases (Karthikeyan and
Velraj, [2012)). In general, the lower the Biot number, smaller the difference

between the models.
[Figure 21 about here.]
[Figure 22 about here.]

2.8. Thermochemical energy storage.

In thermochemical energy storage, the energy is stored through a re-
versible reaction, which can be expressed in a general form as follows (Solé
et al., [2015):

A+ HEAT < B + C (6)

During the charging process, heat is supplied to the endothermic reaction
to produce two new compounds, which can be stored, even at ambient tem-
perature, without thermal losses to the surroundings. When the energy is
to be discharged, the reaction is shifted to the left, and the two compounds
B and C react in an exothermic reaction. Some authors discussed about the
processes that should be called “Thermochemical Energy Storage” because
they do not consider physical adsorption (a surface phenomenon in which
one substance is adhered to the surface of an adsorbent without a change
in the molecular structure of the compound) or physical absorption (when
the molecules of one substance penetrate the volume of the absorbent) to

be a type of thermochemical storage, as indicated in Figure [23| (N’tsoukpoe
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2009). Some authors (Yu et all 2013; [Solé et al., [2015]) have dis-

cussed the different criteria and expressions used by other authors for the

different processes shown in Figure 23] In this section, we consider both
processes, chemical and sorption processes, as we are only interested in par-
ticle technologies employed in reactors. We focus only on gas/solid reactions

(for both low- and high-temperature applications) and not on gas/liquid or

solid/liquid reactions (Linder} 2015 [Yu et al., [2013).

[Figure 23 about here.]

2.8.1. Low-temperature applications and experiments.

For low-temperature applications (7' < 150°C, temperatures suitable
for solar collectors to obtain without concentration in buildings ), sorption
processes have been widely studied (Yu et al., 2013; Solé et al., [2015; |Aydin|
using zeolites, silica gel and salt hydrates as sorbents. When a

packed or a fluidized bed is used with direct contact between the particles
(sorbent) and the heat transfer fluid (typically air), in the charging process,
hot and dry air is pumped through the bed of particles, and water is released,
which is collected from the outlet of the bed as a stream of air and water at
low temperature. During the discharge process, it is necessary to introduce a
flow of air and water to the reactor, as water is retained in the sorbent during
an exothermic process. The released energy increases the temperature of
the air at the outlet of the reactor. The integration of the reactor with

auxiliary systems can be in an open or a closed configuration, as shown in

Figure [24] (Solé et all 2015; Krese et al) 2018). In an open system, the

water produced during the charging process is released to the atmosphere.
During the discharging process, atmospheric water is used to invert the

process. In this open configuration, the atmospheric humidity plays an
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important role, and an additional humidifier may be necessary to increase
the humidity to achieve a good discharging rate. In a closed configuration,
water is condensed and stored in liquid form and is evaporated later during
the discharging process. The closed configuration has the main advantage

of permitting the control of the operating pressure in the reactor.
[Figure 24 about here.]

Johannes et al. (2015) constructed a prototype of low-temperature TCS
with Na-X zeolites in a packed bed reactor. They distributed 80 kg of ze-
olites into two different packed beds of 40 kg each, and the beds could be
combined in series or in parallel. They carried out different experiments
with air flow rates of 120 and 180 m?/h and temperatures of 120 and 180 °C
during the charging process. During the discharging process, the air tem-
perature was fixed at 20°C, and the relative humidity was varied between
50 and 70 %. Figure [25|shows the experimental results during charging (Fig-
ure and discharging (Figure[25(b)|). The charging process is complete
after approximately 5 hours, when the temperatures at the bottom and at
the top of the packed bed remain constant and equal to 110°C. The tem-
perature difference between the inlet temperature of the air and the steady
state after 5 hours is related to thermal losses to the surroundings. During
the discharging process, the air temperature is increased up to 57°C and
maintained at this temperature over approximately 4 hours. After approxi-
mately 7 hours, the bed is fully discharged. The authors obtained the COP
values, defined as the ratio between the heat gained and the sum of the
electric consumption of the fan and the humidifier, which varied between
1.7 and 6.8 depending on the operating conditions, along with recovery effi-

ciency values (ratio between the released and the stored energy) of 50 % in
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most cases.
[Figure 25 about here.]

In a different work, Zondag et al.|(2008) experimentally studied a packed
bed of reduced dimensions (diameter of 1 cm) with the solid salts MgSO, and
CaCly and zeolites. Figure 26| shows the experimental data obtained during
the charging process with the salt CaCls. The bed was initially at 50°C
and a stream of steam was introduced in the bed at 10 °C. The exothermic
process led to an increase in the bed temperature of approximately 10°C.
The salt temperature is higher at the top of the bed than at the bottom.
Zondag et al.| (2008) observed that in a packed bed reactor, the heat and
mass transfer rates are low, which led to longer charging and discharging
times. As a possible solution, they proposed to stir the reactor and remove
the inert gas. Figure compares the charging process of the packed bed
with zeolites and the same bed but stirred. It is clearly observed that the ag-
itation process improves the heat and mass transfer rates to produce higher

temperatures.
[Figure 26 about here.]
[Figure 27 about here.]

The ECN (Energy Center Netherlands) developed a seasonal energy stor-
age system based on a packed bed with MgCl,-6H50 as the thermochemical
storage material (Ferchaud et al.,[2012). They constructed a 20-L prototype.
Showing that the MgCl, - 6H0 could be dehydrated at temperatures below
130°C, while subsequent hydration process could be generate sufficiently

high temperatures to provide tap water heating at 60°C.
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Krese et al| (2018]) reviewed thermochemical energy storage systems for
building applications and concluded that the most promising technology is
that based on physical sorption with water vapor as sorbate. The authors
also remarked that, the prototypes tested so far did not perform as successful
as expected, exhibiting a lower thermal storage capacity due to the low heat

and mass transfer rates in the packed bed reactors.

2.3.2. High-temperature applications and experiments.

High-temperature thermochemical energy storage aims to increase the
maximum temperature in CSP over the actual limit imposed by molten salts
(approximately 565° C) to enhance the efficiency of the power cycle (Pardo
et al., [2014b; Prieto et al., [2016; |André et al., 2016; Pan and Zhao, 2017).
Pan and Zhao| (2017) compared the different reactors employed for high-
temperature TES and noted that packed beds have been extensively studied
experimentally by different researchers, although their intrinsic drawbacks
(low heat and mass transfer rates) limit their applicability. They proposed
other reactors types, including continuous reactors (such as fluidized beds
and rotatory kilns), where the motion of the particles improve the heat and
mass transfer rates, and direct-type reactors, which avoid air gaps among
particles in the packed beds, which can lead to low thermal conductivity.
They concluded that more investigation is needed for continuous and direct-
type reactors due to their high potential for large-scale and seasonal energy
storage. Pan and Zhao| (2017) also analyzed different reactions and recom-
mended different reactors for each reaction. Table [6] summarizes the rec-
ommendations for packed and fluidized bed reactors. For the four reactions
studied by the authors the fluidized bed was preferred due to their higher

heat and mass transfer rates compared with packed beds, what favours the
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kinetic of the thermochemical reactions. Only in metal/metal hydride re-
actions fluidized beds are not recommended due to safety reasons, because

the hydrogen produced during the reactions is highly explosive.
[Table 6 about here.]

The first studies on high-temperature TES in packed beds were carried
out during the early 1980s. The pioneering works of [Kanzawa and Arai
(1981) and Fujii et al.| (1985) proposed different systems with extended sur-
faces to improve the heat transfer rate in a packed bed reactor filled with
particles of calcium oxide, which were hydrated to obtain calcium hydroxide,

according to the following reaction:
CaO + HyO = Ca(OH), (7)

These initial works noted the main drawbacks of packed beds reactors, i.e.,
their low thermal conductivity and heat transfer rate, and proposed solutions
to overcome these problems.

More recently, [Schaube et al.| (2013); Yan and Zhao (2016|) experimen-
tally studied the same reaction (Equation 7)) in packed beds. [Schaube et al.
(2013)) studied a packed bed with a height of 158 mm and a diameter of 54.5
mm that was filled with 60g of Ca(OH),, particles with a mean particle di-
ameter of d, = 5.26 pm. These small-sized particles are Geldart C particles
(see Figure . The interparticle forces in this type of particle are strong,
and the authors observed agglomeration during the tests; the mean particle
size grew to 11.1 ym and 17.6 ym after 25 cycles. This notably reduced the
diffusion process in the particles, which indicates that such small particles
are not favorable for this process. Yan and Zhao| (2016|) studied a larger

reactor with a volume of 1 L. and introduced 400 g of sample in the bed.
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The authors did not indicate the particle size. They measured tempera-
tures at different positions in the bed, as indicated in Figure 28(a)| where
thermocouples A and B are located inside the reactor and thermocouple C
in located on the outer wall. Position D indicates the water vapor inlet in
the reactor. Figure shows the experimental results obtained during
the charging process. The temperature measured by thermocouple B, T,
was always higher than that measured by thermocouple A, T4, because the
reactor was heated by electrical resistance from the outer wall. The differ-
ence between the temperatures is caused by the low thermal conductivity of
the bed. The same figure shows the outlet temperature in the bed and ayge,

which is the percentage of mass in the bed that reacted.
[Figure 28 about here.]

Wokon et al. (2017) carried out experiments in a tube 54.3mm in di-
ameter, with a packed bed of granular manganese-iron oxide. The redox

reaction in the reactor is
6 (Mng.75Feq.25)5 O3 (s) = 4 (Mng.75Feq.25)5 O4 + O2 (8)

They introduced approximately 500 g of material in the packed bed with an
initial mean particle size of 2.13 mm. After various cycles, the particles were
eroded, and the mean particle size was reduced to 1.74 mm. Figure[29|shows
the temperatures along the bed height and the Os concentration during the
full charging-discharging cycle. The bed was at 940°C at the beginning
of the experiment, and the temperature of the inlet air was increased up
to 1040°C. After 150 min the discharging process began, reducing the air

temperature at a rate of 5K/min. [Wokon et al. (2017) concluded that
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the charging time is reduced when the air flow rate and/or the air inlet

temperature are augmented.
[Figure 29 about here.]

Strohle et al. (2017)) proposed a novel heat storage system combining
a sensible packed bed energy storage unit and a thermochemical storage
unit on the top of the bed to maintain more stable the outlet temperatures
of the HTF during the discharging period. In a conventional packed bed
with sensible energy storage, the outlet temperature decreases with time,
which can lead to a significant decrease in the efficiency of the power block.
The configuration proposed by |Strohle et al. (2017) permits to maintain
very stable the outlet temperatures of the HTF for prolonged periods of the
discharging stage. In the thermochemical section, the gas and the solid are
placed inside tubes, which are physically separated from the HTF, allowing
the reaction pressure to be adjusted to the operating conditions. They used

the thermochemical reaction of manganese oxide:
6 MnysO3 = 4 Mn3Oy4 + Og (9)

Strohle et al. (2017) carried out numerical simulations of the proposed sys-
tem following the model proposed by the same authors (Strohle et al., 2014).
Strohle et al| (2017) studied a storage tank with 1m? of cross section area
and a total height of 4m. They compared the performance of this tank
filled with sensible energy storage material with two different alternatives:
CS1 (which consisted in a storage of 3.5m in height of sensible and 0.5 m
of thermochemical energy storage material) and CS2 (3.25m in height of
sensible and 0.75m of thermochemical energy storage material). Figure

shows the HTF outlet temperature of both thermochemical configurations
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compared with the 4m in height sensible heat material packed bed under
the same experimental conditions. In both cases the outlet temperature
remained nearly constant during 12 h, whereas a progressive reduction was

observed for the sensible packed bed.
[Figure 30 about here.]

Alvarez de Miguel (2017) experimentally compared the redox reaction
of manganese oxide pellets (commercial Mn3O4LH material) under packed
and fluidized bed conditions. The pellets were between 2 and 3.6 mm in
size, which makes them type D particles according to Geldart’s classification
(Geldart, [1973)). Figure |31(a)|shows the experimental measurements of the
temperature evolution in the packed bed, with an air flow rate of 20 Nm?/h
over 25 cycles. In the upper-right zone of the graph, the reduction process
occurs, and the oxidation process occurs in the lower-left region, where the
temperature is at a minimum. The lines that do not follow the general trend
represent the first cycles, which are affected by the initial conditions in the
bed. |Alvarez de Miguel (2017) studied the pellet properties before and after
the cycling process and observed two different materials after the cycling
process: a black material located at the top of the bed, which did not suffer
high temperatures, and a brown-red material at the bottom of the bed, which
was heated to high temperatures. The main difference was observed in the
mean pellet size, which was reduced from 2.9mm to 2.7mm and 2.6 mm
for the pellets located at the top and bottom of the bed, respectively. The
hardness of the pellet notably increased from an initial value of 33N to 45 N
for the black material at the top of the bed and to 77N for the brown-
red material at the bottom. No relevant differences were observed in the

pellet density. Figure shows the experimental results obtained with
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a pellet of manganese oxide doped with 5% iron. In this case, the pellet
density increased from an initial value of 1700kg/m? to 2200 kg/m3. The
temperature range of the doped material slightly increased compared to that
of the regular material. Additionally, the repeatability of the cycles is better

when using the doped material.

[Figure 31 about here.]

3. Fluidized beds

3.1. Low-temperature sensible energy storage.

The application of fluidized beds to sensible heat storage has been exper-
imentally investigated, and it has been shown that a fluidized bed behaves
similar to a well-mixed tank with negligible variations in the temperature
along the bed (Elsayed et al.l 1988; El-Refaee et al., 1988 [Megahed et al.,
1988; Izquierdo-Barrientos et al., 2013, 2015a; Mahfoudi et al., |2015). For
this reason, when the bed is coupled with a solar collector, packed beds are
preferred because stratification permits an increase in the thermal efficiency

of the solar collection system, as was explained in Section

3.1.1. Applications and experiments

Elsayed et al.| (1988) experimentally tested sand particles (d, = 0.4 mm,
Geldart B) in a cylindrical bed with different inlet air temperature ramps:
constant supply temperature and temperatures increasing linearly or expo-
nentially. They observed that the storage efficiency is always higher with a
constant supply temperature. 90 % of the maximum energy is reached after

7 = 12 (7 being a non-dimensional time) with a constant air temperature
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at the inlet of the fluidized bed, whereas 7 = 24 is needed when the sup-

ply air temperature is increased linearly or exponentially. [El-Refaee et al.

(1988)) developed a numerical model that satisfactory corresponded with the

experimental results of [Elsayed et al.| (1988]). Megahed et al. (1988) used

the numerical model of [El-Refaee et al.| (1988)) to study the performance of

a fluidized bed coupled with a solar concentrator. Their results showed that
there is a ratio between the area of the bed and the area of the concentrator

that maximizes the efficiency of the system.

The more recent works by Izquierdo-Barrientos et al. (2013, |2015a)) com-

pared the performance of a fluidized bed with a sensible material (Gel-
dart B sand particles) and one with the granular PCM from Rubitherm
described in Section but with a low particle size more suitable for
use in a fluidized bed (Izquierdo-Barrientos et al) 2016d). Rady| (2009alJb)

and |Izquierdo-Barrientos et al| (2013} 2016b), in their studies for packed

beds with PCM, used granular PCMs with particle sizes between 1 and 3

mm, whereas [Izquierdo-Barrientos et al.| (2013, 2015a)) used the same ma-

terial but with a particle size between 0.2 and 0.6 mm, which belongs to

Geldart B particles (Izquierdo-Barrientos et al., 2016d). The experimental

results presented by [Izquierdo-Barrientos et al| (2013, 2015a) corroborate

the well-mixed behavior of the fluidized bed with sand.
When the particles are fluidized, the heat transfer coefficient between the

fluidized particles and any internal surface notably increases due the contin-

uous motion of the particles in comparison with a packed bed.

Barrientos et al. (2015b]) experimentally measured values in the range 100 —

200 W/(m? K) for sand particles in a packed bed, whereas the same particles
fluidized reached values up to approximately 900 W/(m? K) for a superficial

air velocity 1.6 times over minimum fluidization conditions. This fact opens
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the possibility of introducing an internal heat exchanger in the fluidized
bed to recover the energy from the solids continuously, avoiding the need
to work discontinuously. Izquierdo-Barrientos et al.| (2016a)) studied differ-
ent heat exchanger geometries (helical coils) immersed in a fluidized bed
and observed that when the coils are separated, the contact between the
fluidized particles and the heat transfer surface is improved, increasing the
heat transfer coefficient. |Izquierdo-Barrientos et al.|(2015b, |2016¢]) measured
the heat transfer coefficient in a fluidized bed with sand (see Figure
and observed a heat transfer coefficient between 500 and 900 W/(m? K) for
fluidization velocities up to 1.6u,,s. |[Mahfoudi et al| (2015) numerically
studied with Fluent the potential of a fluidized bed to be used as energy
storage system. They concluded the chaotic behavior of the bubbles in the
bed allowed a high heat transfer coefficient between the gas and the fluidized

solids.
[Figure 32 about here.]

3.2. High-temperature sensible energy storage.

CSP plants typically use HTFs such as thermal oils or molten salts,
whose main inconvenience is their operating limit temperature: 400 °C and
560 °C, respectively. Thus, there is considerable interest in the search for
new HTFs that permits elevation of the maximum temperature to improve
the cycle efficiency. In this context, the use of solid particles is becoming in a
true alternative to conventional HTFs because they can reach temperatures
up to 1000°C without degradation, well above the limit of 560°C of the
current CSP system obtained with molten salts as HTFs (Ho, 2016} Calderon
et al., [2018).
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The use of particles in CSP has been previously studied by different
researchers. For example, Hruby (1986) and |Greif and Crowe| (1987) were
the pioneers in the development of downstream particle receivers.

Figure summarizes the different receiver designs proposed by Ho
(2016), who classified them in two main categories, depending on whether
the solar radiation is supplied directly or not on the particles. Direct par-
ticle heating receivers irradiate the particles directly as they fall through
a receiver, while indirect particle heating receivers utilize tubes or other
enclosures to convey heat to the particles. Alternative direct particle re-
ceiver designs include free-falling, obstructed flow, centrifugal and fluidized
beds. The main advantage of all these designs, thanks to direct heating of
the working fluid, is that the energetic losses through an intermediate heat
exchanger are reduced in a power cycle; furthermore, the flux and the tem-
perature limitations associated with a tubular central receiver (high stresses
resulting from the containment of high-temperature, high-pressure fluids)
are mitigated. However, indirect particle designs (gravity-driven particle
flow through enclosures, flow in tubes with or without fluidization) have the

ability to store the particles for energy production during non-solar hours.
[Figure 33 about here.]

Matsubara et al.| (2014]) distinguished between two different schematics
of CSP reflector systems: a conventional tower system (Figure and
beam-down reflector system (Figure . Both schemes can be used to
directly radiate the particles in a fluidized bed, although the beam-down
reflector is preferred because it avoids the high pumping cost of moving
the particles up. [Flamant| (1982) proposed a novel fluidized-bed receiver to

be located on the top of the tower, similar to a conventional tower system,
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although this design was not developed. Most of the research using fluidized
beds with direct radiation on particles used beam-down systems (Flamant,
1982} |[Flamant and Olalde, [1983; [Matsubara et al., 2014} [Tregambi et al.,
2016; Salatino et al., 2016)). Table [7| summarizes the different particles used
by different researchers who used a fluidized bed with direct radiation on

particles.

[Table 7 about here.]
[Figure 34 about here.]

3.2.1. Direct particle radiation

According to |[Flamant and Olalde, (1983) the fluidization process has
several advantages, such as high absorptance, uniform temperature distri-
bution and high heat transfer coefficients (insomuch as the particles are
in continuous movement). The author compared packed and fluidized bed
receivers through a high-temperature solar receiver bed (temperature level
of air ranges 700-1500 K, depending on the concentrated solar flux, which
ranges 250-2200 kW /m?2). Using the experimental results of [Flamant and
Olalde, (1983), Figures [35| and [36{ compare the temperature profiles and the
efficiencies obtained for both beds.

Figure |35| shows the temperature profile for a packed and fluidized bed
as a function of axial distance for each receiver. The fluidized bed exhibits
a large plateau indicating a stable temperature (close to 1000K) in ap-
proximately 80 % of the bed height. In the fixed bed, higher temperatures
(over 1300 K) are reached on the top of the bed, where the solar radiation
impinges, which results in higher IR emission losses, which are 3.8 times

greater than for the fluidized bed.
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[Figure 35 about here.]

Figure shows the thermal efficiency vs. mass flow for two different
materials: SiC and ZrOs for packed and fluidized beds. Thermal efficiency
was defined by |[Flamant and Olalde| (1983)) as the ratio between the thermal
power given by the particles to the gas stream divided by the incident power
on the bed. The thermal efficiency increases with the gas flow rate. Although
it is not plotted in Figure the range of outlet gas temperature is 800 —
1550 K for packed and 650 — 1150 K for fluidized beds. In view of these
results, Flamant and Olalde (1983]) proposed a linear relationship between
the outlet gas temperature and the thermal efficiency of the system. For the
same flow rate, higher thermal efficiencies are obtained when working with

SiC instead of ZrOs and with fluidized beds instead of fixed beds.
[Figure 36 about here.]

Furthermore, one conclusion of this work involves the combined effi-
ciency, defined as the ratio between the net power of a thermal cycle and the
incident power on the bed. They did not study any specific cycle. Instead,
the authors assumed a modified Carnot efficiency for the cycle efficiency.
The maximum value of the combined efficiency for packed bed was 0.27,
and it reached the range of 750 — 950 K for the SiC and 0.18 in the range of
1100—1300 K for ZrO». For fluidized beds, higher efficiencies were obtained:
the maximum combined efficiencies were 0.40 and 0.24 with SiC and ZrO,
in the range 700 — 900K and 800 — 1000K, respectively.

Table |8 shows the energy balance in the packed and fluidized beds stud-
ied by [Flamant and Olalde (1983)) for different bed materials. The main
conclusion is that fluidized beds obtain higher fractions of the energy trans-

ferred to the air than packed beds, mainly due to the high values of reflected
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1668 solar radiation and energy losses by IR emission in packed beds, which can
1660 reach values up to 70 %. The high values of infrared losses in packed beds are
1670 directly related to the high temperatures on the bed surface, as represented

671 in Figure [35]
1672 [Table 8 about here.]

1673 In a previous work, Flamant| (1982)) proposed a theoretical model to
1674 describe the heat transfer phenomena and determine the temperature profile,
1675 total emissivity, flux density distribution, and effective mean penetration
1676 distance from measurements in high-temperature solar fluidized beds. His
1677 results correlated well at incipient fluidizing conditions for beds of silicon
178 carbide and chamotte (both materials with high values of absorption and
1679 emissivity) but were imprecise for beds of zirconia and silica sand.

1680 Tregambi et al.|(2016) experimentally studied the behavior of a laboratory-
181 scale fluidized bed radiated with a 4kW short-arc Xe lamp. The authors
1682 characterized the solar flux density of the bed surface and measured the bed
1683 surface temperature with an IR camera. They studied the effect of bursting
168¢  bubbles on the bed surface using SiC particles with a mean particle size of
1685 127 ym (Geldart B particles) with a minimum fluidization velocity of 0.018
1686 m/s at ambient temperature. Figure |37 shows the probability density func-
1687 tions of the bed surface temperature under freely bubbling conditions with
1688 increasing gas flow rates. [Tregambi et al. (2016)) observed how increasing the
1680 air flow rate made the distribution of the bed surface temperature narrower
1600 due to the higher mixing rate and larger particle diffusion in the fluidized

1691 bed

1692 [Figure 37 about here.]
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Recently, Salatino et al. (2016)) proposed some prerequisites for fluidized
beds and thus achieved an effective CSP application. These standard re-
quirements are focused on minimization of parasitic energy losses associ-
ated with the establishment of the fluidized state, large surface-to-bed heat
transfer coefficients and very large thermal diffusivity. The minimization of
parasitic energy losses and the maximization of surface-to-bed heat transfer
can be solved using fine bed solids (groups of Geldart A or B powders) and
operating at gas superficial velocities just beyond incipient fluidization. To
achieve high thermal diffusivities, which permit minimizing the large thermal
gradients in a bed with a concentrated energy input, |Salatino et al. (2016)
proposed two different alternatives to traditional fluidized beds: uneven and
unsteady (pulsed) fluidized beds.

Figures and show the differences between even and uneven flu-
idization. Figure. |38|is a qualitative scheme that compares the gross solids
flow patterns that are likely establish in the case of even (A) and uneven
(B) fluidization. In uneven fluidization, a fraction f of the bed cross-section
is fluidized at a gas superficial velocity exceeding the minimum fluidiza-
tion velocity (Up,r), where (1 — f) is the fractional cross-section of the bed
that is kept at incipient fluidization. Figure amplifies the qualitative
features displayed in the previous figure and presents snapshots from 2D
CFD computations of the flow structures of the fluidized beds of Geldart
group B particles (d, = 2.5 x 107* m; p = 2560kg/m?) operating with each
mechanism of fluidization (even and uneven fluidization). Salatino et al.
(2016) estimated that uneven fluidization can improve the solid diffusivity
by one order of magnitude, augmenting the effective bed solid diffusivity
from O(1072)m?/s up to O(10~1) m?/s.

In addition, according to Salatino et al. (2016) unsteady fluidization
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(pulsed) has two other main advantages: (a) the thermal properties can
be continuous modulated, and (b) a pulsed bed can operate with similar
effective thermal properties with superficial velocities, on a time-average

basis, lower than the minimum required to fluidize the bed.
[Figure 38 about here.]
[Figure 39 about here.]

One of the main parameters to define in any fluidized system is the gas
flow rate, which has to be higher than the minimum needed for fluidiza-
tion. In general, as the gas velocity increases, a greater agitation occurs and
therefore the mixing of the particles is favored, reaching high and homoge-
neous temperatures in most parts of the bed. Such temperature uniformity
was observed by Flamant| (1982)) (Figure and by Matsubara et al.| (2014))
(Figure . Figure40|shows the axial temperature profiles in a bubbling flu-
idized bed for different excess gas velocities over the minimum fluidization.
The results clearly indicate how increasing the gas velocity increases the
uniformity of the temperature and reduces the average temperature in the
well-mixed region. For the highest gas velocity tested by [Flamant| (1982),
which 1.7 times over minimum fluidization velocity, almost 80 % of the bed
height is fully mixed with an average temperature close to 1000 K. Only at
the bottom of the bed, which can be influenced by the jets coming from the
distributor (Rees et all 2006), is the temperature lower.

Matsubara et al.| (2014) experimentally studied a spouted bed with a
draft tube, which organizes the particle motion in the bed. They measured
the temperature distribution in the bed, maintaining a ratio between the gas
velocity in the core and in the annulus of the bed vp/va = 1.56 (see Fig-

ure . Their results also show that when the air flow rate is increased, the
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bed of particles is better mixed, and the temperature is more homogenous

along the bed height.
[Figure 40 about here.]
[Figure 41 about here.]

One of the main disadvantages of the use of a fluidized bed located on the
ground is the high temperature that the secondary reflector has to support.
Even if constructed with a highly reflective material, the ratio between the
area of the heliostat field and the area of the secondary reflector could be very
high. To overcome this difficulty, (Gomez-Hernandez et al. (2017) proposed
a novel ground solar receptor, which is shown schematically in Figure
With a linear Fresnel system, it is possible to increase progressively and
linearly the temperature of the solids that are displaced horizontally due to
the action of the fluidization process. The particles are fluidized by the air
action and move horizontally. Their study showed that in moving 0.1 kg/s
of sand particles (Geldart B classification) with a total length of 30 m, the
temperature can reach 900 °C, assuming a solar radiation of 100 kW /m?.

In direct-particle receivers systems there is an important lack of informa-
tion about the properties of the materials to be used during the fluidization
process at very high temperatures, one of the most promising being desert
sand, due to its very low cost and optimum site for the CSP location. |Diago
et al| (2018) fully characterized these particles for high-temperature TES.
For some samples they observed that at certain temperatures, the particles
agglomerated, in a similar manner that [Izquierdo-Barrientos et al.| (2016d)
observed for granular PCMs. Although Diago et al.| (2018)) indicated that
the agglomeration was soft, it can provoque the defluidization of the bed.

Further research is required in this field.
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[Figure 42 about here.]

3.2.2. Indirect particle radiation

Recently, other authors proposed transporting fluidized particles inside a

tube (indirect receiver) radiated by a sun oven (Flamant et al.,|2013; Benoit|

let al.l 2015} (Garcia-Trinanes et al., [2016}; Zhang et al., [2016; |Gomez-Garcial
et al 2017} Zhang et al [2017}|Garcia-Trinanes et al.,2018). Figure[d3|shows

how the solar absorber tube is suspended on a horizontal metallic frame,
thus allowing its thermal expansion through two end-fitted compensators.
The bottom of the tube is colder than the top (red-hot) because of the cold

particle feed. The particles get hotter while passing through the irradiated

cavity. Benoit et al| (2015) were able to maintain a solid temperature of

750°C with tube temperature under its maximum operation limit. They
increased the particle temperature 200 °C in a length of 50 cm of irradiated
tube. In this type of indirect radiation system, it is very important to have
high heat transfer coefficients for the particle suspension in order to reduce

the temperature and the thermal stress on the tube. The data obtained

by Zhang et al.| (2017)) show, under their experimental conditions (Geldat

A particles, SiC, with a mean particle size of 64 ym and solid flux under
100kg/(sm?)), the heat transfer coefficient increases approximately linearly
with the flux of solid moving in the tube. Figure [44(a)| shows how the
heat flux transferred to the particles in the bed increases linearly with the
particle flow for both single- and multi-tube systems. Figure shows

the increase in the heat transfer coefficient with the solid flux for different

tube diameters. [Zhang et al.|(2017) did not observe high differences in this

coefficient by changing the diameter, although the use of fins in the tube
notably increased (by a multiple of two) the heat transfer coefficient.
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'Trinanes et al. (2018), under the same experimental conditions of
(2017)), measured the particle motion within the tube together with

the heat transfer coefficient. They concluded that the motion of particles on
the inner surface of the wall tube is the dominant factor that controls the

overall heat transfer coeflicient at the tube.
[Figure 43 about here.]
[Figure 44 about here.]

3.2.3. Integration in a power block

|Gomez-Garcia et al. (2017) and [Zhang et al.| (2017)) proposed different

alternatives to integrate a solar indirect particle receiver with the power

block. Gomez-Garcia et al| (2017) proposed a series of fluidized-bed heat

exchangers to evaporate water and carry out a simple Rankine cycle of

50 MW with one reheater. As an alternative, Zhang et al.| (2017)) proposed

a combined cycle. The authors claimed to obtain 1.3 MW, with an overall

efficiency of 47 % with a LCOE below 100 euros/MWh.

3.3. Latent energy storage with PCMs.

3.8.1. Applications and experiments

Very few works have explored the use of granular PCM in fluidized beds

units to store energy for solar applications. [zquierdo-Barrientos et al.| (2013))

conducted experiments where a tank filled with a granular phase chang-
ing composite (Rubitherm-GR50) was charged with a hot air stream up
to 65°C. This PCM was a commercial product that consisted of a natu-
ral porous mineral matrix and a PCM (paraffin wax in this case) that was

bounded to the matrix, ensuring that, when in the liquid form, it did not
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leak out of the granulate. The result is that the bound PCM is always a
solid in its macroscopic form. Material with a mean particle size of 0.5 mm
was chosen in one of the configurations experimentally studied, where the
bed was operated in the bubbling fluidization regime. The material tested
(with a transition temperature of 50°C) was properly fluidized when the
paraffin was in the liquid state and endured 75 h of continuous operation
and 15 melting-solidification cycles, maintaining its fusion and solidification
enthalpy unaltered (Izquierdo-Barrientos et al.l 2016d)). In a subsequent
work, Izquierdo-Barrientos et al.| (2016al) experimentally showed a compara-
tive study where a bed of the same change material charged with hot air was
discharged with a water stream that circulated inside a coil immersed in the
bed. The performance of the fluidized bed of granular PCM was compared
to that of well-known storage methods such as fluidized beds with sand and
packed beds with sand or PCM. Higher heat transfer coefficients and heat
exchanger effectiveness were measured for the fluidized bed compared with
the packed bed and for the PCM compared with the sand. These results
demonstrated the benefits of maintaining the bed fluidized when it is dis-
charged using a heat exchanger immersed in it. [zquierdo-Barrientos et al.
(2015b) measured the heat transfer coefficient in a fluidized bed with sand
and PCM, and both results are compared in Figure For the PCM case,
the heat transfer coefficient was between 500 and 600 W/(m? K) for fluidiza-
tion velocities up to 2.5 u,,s. [Izquierdo-Barrientos et al.| (2015b) observed
an important increase in the heat transfer coefficient with granular PCM
when it changed its phase. Figure shows a heating-cooling experiment
in a fluidized bed with a granular PCM. The figure shows the bed and the
air temperature together with the heat transfer coefficient measured with a

heat transfer probe. When the bed temperature was over 50 °C, the phase
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change temperature of the material and the heat transfer coefficient was
around 350 W/(m?K). In contrast, during the discharge of the bed when
the temperature dropped below 50 °C, the heat transfer coefficient increased
up to 850 W/(m? K) due to the energy released during the liquid-solid tran-

sition of the granular material.
[Figure 45 about here.]

Fluidization has also proven to be beneficial when applied in thermal
energy storage systems that employ a liquid instead of air as fluidizing
agent. Sozen et al. (1988)) performed thermal cycling experiments of hol-
low polypropylene spheres 25 mm in diameter that encapsulated a fluid
mixture consisting of 96% by weight Glauber’s salt and 4% borax. The
spheres were fluidized in a cylindrical column. Additional experiments were
performed under fixed bed conditions in the same column with the same
capsules simply by decreasing the superficial water velocity in the column
below the minimum fluidization velocity. Fluidization reduced the segrega-
tion within Glauber’s salt capsules, achieving charging efficiencies of nearly
60% over 96 cycles. Under fixed bed conditions, the heat storage capacity of
the same capsules dropped to approximately 38%. Beemkumar et al.| (2017))
compared the performance of fixed and fluidized beds using spheres (100 mm
diameter) filled with D-mannitol as PCM and Therminol-66 as heat transfer
fluid. They studied different encapsulations for the PCM: copper, aluminum
and brass. The fluidized bed with aluminum encapsulation system obtained
the lower cost per kW of energy stored. The authors also concluded that
fluidization improves the energy transfer in comparison with fixed beds, but
they indicated that the pressure drop could be higher.

Another application of heat storage in a fluidized bed of PCM was stud-
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ied by Belmonte et al. (2016)), who conducted TRNSYS simulations of the
heating system of a single-family house consisting of a solar air heater in-
tegrated with a fluidized bed energy storage unit that contained the same
granular PCM employed by |Izquierdo-Barrientos et al. (2016d). Figure
shows the schematic of the system simulated. During the loading process,
hot air was blown through the solar collectors to transfer heat energy to
the storage unit, melting the PCM. The unloading process occurred during
non-sunny hours, supplying hot air to the heated zones of the building to
either partially or fully meet the heating demands. The simulations revealed
that, compared with conventional storage system technologies, such as wa-
ter tanks used in liquid-based system or pebble bed storage units typically
used in air-based systems, the fluidized bed system exhibited the capacity to
provide higher solar fractions with relatively low tank sizes. The advantages
of the described system summarized by the authors are as follows: 1) the
low heat capacity of the air requires smaller amounts of solar radiation to
operate the system; 2) unlike liquid solar heating systems, solar air heating
systems do not require heat exchangers to heat an intermediate HTF; 3) the
high heat transfer coefficients of the fluidized bed system provides efficient
charging and discharging of the fluidized bed storage system; and 4) because
the building is heated by an all-air heating system, in which thermal energy
is directly carried by duct work to the conditioned spaces, avoiding the need
of an intermediate heat exchanger, the temperature level required at the air

collector outlet is lower, increasing the collector efficiency.

[Figure 46 about here.]
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3.4. Thermochemical energy storage.

To the author’s knowledge, there is no relevant research on the use
of fluidized bed technology for thermochemical energy storage in the low-
temperature range (below 150°C). Thus, this section is focused on high-
temperature thermochemical conversion with fluidized beds for CSP appli-

cations.

3.4.1. Applications and experiments

Flamant et al.| (1980) was one of the first works on this topic. They
compared the performance of both a fluidized bed and a rotary kiln as
a high-temperature thermochemical reactor for CSP applications with the

reversible reaction of decarbonation of calcite at 900 °C:
CaCO3 = Ca0 + COq (10)

Figure shows the experimental data obtained by Flamant et al. (1980)
in a small-scale fluidized bed with an inner diameter of dyoq = 3.6 cm and
10 g of calcite. The particle size was 200-315 um, and the gas velocity was
two times the minimum fluidization velocity. Curves A and B show the
temperature inside the bed and on the bed surface, respectively. The bed
temperature increases rapidly and remains flat for approximately 300 s when
the reversible reaction (Equation ) occurs. Compared with a rotary kiln,
the fluidized bed reaches higher efficiencies of the thermal conversion and of
the decarbonation of the CaCOs: 40 % and 20 %, respectively, for the flu-
idized bed, whereas the maximum values obtained with the rotary kiln were
30% and 15 %, respectively. In addition, the conversion for decarbonation
reaches 100 % in the fluidized bed, remaining at 60 % for the rotary kiln.
The main disadvantage of the fluidized bed noted by Flamant et al.| (1980)
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1023 was the low absorptivity of the system, which can reach values of approxi-
1024 mately 0.5. To overcome this drawback and maintain the advantage of the
1925 fluidization process, the authors proposed the reactor shown in Figure [48]
1926 which consists of an annular fluidized bed with an internal cavity of high

1027 absorptivity.
1028 [Figure 47 about here.]
1929 [Figure 48 about here.]

1930 More recently, Pardo et al.| (2014a)) experimentally studied the Ca(OH),/CaO
w31 reversible reaction (Equation )in a fluidized bed reactor. They explained
132 that the main difficulty in directly fluidizing the commercial particles of
1033 calcium hydroxide was their small particle size, which is typically close to
s 1 — 15 um and belong to Geldart C particles (Geldart], 1973). When they
1035 tried to directly fluidize these particles, they observed gas channeling and
1036 fissures in the bed of particles, as shown in Figure They proposed to
1937 mix alumina particles, with a mean particle size of 171.7 um (Geldart A
138 particles), with the Geldart C calcium hydroxide particles, with a mass
1030 proportion of 70 %wAl,O3 /30 %w Ca(OH),. [Pardo et al. (2014a)) experi-
1040 mentally observed that the temperature in the bed was uniform, which is

1041 indicative of a proper fluidization of the mixture of particles.
1042 [Figure 49 about here.]

1043 Pardo et al. (2014al) also analyzed the stability of the fluidization pro-
1044 cess and the thermochemical conversion during various cycles, as shown in
145 Figure The discontinuities observed after 17, 32 and 44 cycles occurred

1946 because the bed was opened to remove particles accumulated at the top
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larger section of the bed and return them into the main reaction zone. This

issue could be solved with the use of a cyclone.
[Figure 50 about here.]

Criado et al.| (2017) modified the experimental facility employed by
Pardo et al.| (2014al) to operate at conditions relevant for large-scale sys-
tems. They also studied the thermochemical Ca(OH),/CaO reaction ex-
perimentally in a fluidized bed of larger dimensions (0.105 m diameter and
0.9m height). In addition, the particle size employed by |Criado et al.| (2017)
was sieved in the range of 200 — 400 pm, which belongs to group B particle
according to the Geldart classification (Geldart, [1973). They used between
1.5 and 3.0 kg in each experiment, and the power supplied to the bed with
electrical resistances located around the bed was approximately 3 — 4 kWyy,.
Figure [51] shows the temperature measured at different axial and radial po-
sitions in the fluidized bed used by |Criado et al. (2017) in a complete cycle
with 1.8 kg of material in the fluidized bed. The temperatures measured are
independent of the position within the bed, which indicates a good mixing
and fluidization quality. The temperature T'B6 differs from the other tem-
peratures because this temperature is over the bed surface. [Criado et al.
(2017)) also proposed a K-L model (where the letters refers to Kunii and Lev-
enspiel (1991)), which was satisfactorily validated with their experimental
results. The K-L model of a fluidized bed rector assumes that the tempera-
ture in the dense phase is uniform whereas the temperature of the gas that
crosses the bed in the form of bubbles varies along the height of the bed.

Kunii and Levenspiel (1991) explained in detail this model.

[Figure 51 about here.]
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In a different work, Rougé et al.|(2017)) modified the experimental facility
employed by Criado et al| (2017) to include an internal heat exchanger in
the fluidized bed to maintain a steady temperature in the reactor supplying
or removing energy during the dehydration or hydration process. The reac-
tor operates under realistic conditions during various hours, and the steady
state measurements were compared with a proposed K-L model. The parti-
cles employed were type B according to the Geldart classification (Geldart,
1973)), with a sieve diameter in the range of 200 — 800 pm. Figure |52/ shows
the comparison of the experimental data, in terms of HoO production during
the hydration process. In this experiment, a molar fraction of HoO of 0.5
was used in the mixture air/H5O introduced to fluidize the bed, with a su-
perficial velocity of 0.6 m/s. The model properly predicts the experimental

results.
[Figure 52 about here.]

Criado et al.| (2014) proposed the scheme shown in Figure [53|for a large-
scale CaO/Ca(OH), thermochemical energy storage with fluidized beds.
They proposed the use of a circulating fluidized bed instead of a bubbling
one due to its capacity to handle large circulation rates of solids. The pro-
posed system has two storage silos for CaO and Ca(OH),. An intermediate
heat exchanger recovers sensible energy from the solid,s leaving the reactor
to produce steam. They analyzed a system of 100 MWy, and the results

indicate that the operation could be technically viable.
[Figure 53 about here.]

Alvarez de Miguel (2017) compared the performance of manganese oxide

pellets in packed and fluidized beds. Figure 31| compares both experimental
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results. The repeatability of the cycles during the fluidization test (Fig-
ure was notably better than in the packed bed case (Figure
with the same pellets. The larger size of the pellets (2-3.6 mm) requires
the use of very high flow rates of 45 Nm?®/h, with a minimum fluidization
velocity approximately 2.25m/s. Also in the fluidized bed, the variation of
the pellet properties is more relevant: the mean pellet size is reduced from
2.9mm to 2.3mm after 25 cycles. The density and the hardness increase
from 2150 kg/m? to 3000kg/m? and from 33N to 120 N, respectively.
Flegkas et al.| (2018)) proposed a numerical model for the MgO — Mg(OH)
reaction in a fluidized bed, taking into account the kinetic of the reaction.
They observed that the particles must have sufficient residence time in the
fluidized bed to complete the reactions. This fact provoques that the en-
ergy recovery should be at a temperature level lower than the equilibrium

temperature.

3.4.2. Integration in a power block

Regarding the integration of a TCS system in a packed or fluidized bed
with the power block of a CSP plant, [Strohle et al.| (2016) performed an
interesting study comparing the performance of a packed and a fluidized bed
integrated with a power block. They studied two different configurations:
with the TCS system in parallel (Figure or in serial (Figure with the

power block. The authors studied the reaction:
6 MnyO3 = 4 Mn3O4 + Oy (11)

in a packed bed of 1.5m high and particles type D according with Geldart
classification (d, = 5 mm) and in a fluidized bed of 0.4 m height with Geldart

A particles (d, = 100 um). They concluded that parallel configuration is
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not recommended with a fluidized bed TCS because T o is set by the
temperature of the thermochemical reaction during the charging process,
and this temperature is generally much higher then the temperature of the
HTF leaving the power block (T cout > TpB,out), Which result in high
exergy losses. In contrast, in a serial configuration, the high temperature
of the HTF leaving the TCS during the charging process can be directly
supplied to the power block. For a packed bed, the parallel configuration is
preferred because the chosen operating condition allowed T ¢ out = T't,d,in =
TpB,out resulting in low exergy looses from the two HTF streams.

Strohle et al.| (2016]) also showed that the thermochemical conversion
in the fluidized bed reactor is superior than in the packed bed, because in
the packed bed only 14 % of the total material in the bed reacted. As a
consequence in the packed bed configuration only 9% of the energy stored
was thermochemical, and the rest 91 % was in sensible form. In the fluidized
bed, 95% of the material reacted and 37% of the energy was stored in
sensible form and 63 % in thermochemical form. In view of these results
Strohle et al.| (2016) suggest the possibility of filling the packed bed on the
top with inert material, which is cheaper and store the energy in sensible
form. |Strohle et al.| (2016) also remarked that the sensible energy stored
in a TCS is not negligible and should be taken into account. Under their
conditions the total amount of energy stored in the packed bed was 11 %
higher than the fluidized bed, although in sensible (not thermochemical)

form.
[Figure 54 about here.]

[Figure 55 about here.]
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4. Discussion

In view of the different studies reviewed, it is clear that both particle
technologies: packed and fluidized beds have been extensively used in dif-
ferent applications for thermal energy storage. Packed beds, due to their
simplicity and easier operation in comparison with fluidized beds, have been
more used in actual applications, specially for low temperature applications
and not large powers. For example, packed beds have the important ad-
vantage of the thermal stratification when used with a conventional SAH,
because the HTF is returned to the SAH from the bottom of the bed, where
the temperature is lower, increasing the efficiency of the solar collector and
increasing the overall efficiency of the solar facility. In fluidized beds, the
temperature is homogenous in the bed, and consequently the efficiency of
the SAH during operation is reduced. In contrast, the use of fluidized beds
permits to reduce the charging/discharging times because the particle size
employed is smaller, increasing the heat transfer surface and the heat trans-
fer coefficients are also higher compared with packed beds. Nevertheless,
the charging times in packed beds, although are lower, are highly enough
for charging during the day and discharging during the night or non-sunny
periods in low temperature applications, so fluidized beds are not compet-
itive for low-temperature sensible energy storage applications. In addition,
the packed beds present the advantage of its higher exergy content due to
the stratification in the bed. Some studies tried to maximize this exergy
content in a packed bed maintaining, during longer periods of time, the out-
flow temperature as high as possible. In this way, different works probed
that the segmentation of the bed tends to increase the exergy content in the

bed (Crandall and Thacher], 2004; White et al., [2016; McTigue and White,
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2016). Other researchers explored the possibility of modifying the geomet-
rical parameters of the bed (Zanganeh et al., 2012; [Mao, 2016|) or the use
of PCMs combined with sensible heat materials (Flueckiger and Garimellal,
2014; |Galione et al., |2015; Geissbiihler et al., [2016)).

The use of granular PCMs with fluidized beds for low temperature ap-
plications (Izquierdo-Barrientos et al. 2013), opens the possibility of main-
taining the temperature level in the bed at the desired temperature. If the
storage system is properly designed, the particles in the bed can reach a
maximum temperature established by the PCM. In this case, there is no
differences in the solar facility efficiency because the temperature in the bed
is imposed by the PCM, not by the stratification or the mixing in the bed.
This technology, although has been preliminary tested in lab-scale facili-
ties (Izquierdo-Barrientos et al., 2013)) is not commercially available. It is
necessary to test and produce in large quantities, with a reasonable price,
granular PCMs with a particle size suitable to be used in fluidized beds
(0.1mm < d, $ 1mm) and with a high resistance due to the high abrasion
process under fluidization conditions (Izquierdo-Barrientos et al. 2016d).

For high temperature applications in CSP, thermocline tanks has been
showed to be competitive in comparison with the two-tanks system with
molten salts, due to the reduction in costs (Pacheco et al., 2002). There
are also different studies that integrate different PCM increasing the energy
density of the tank, which have been proved to be energy efficient, although
there is no economic studies that assures to make profitable the higher cost
of the material. Also, more studies in large scale facilities and during longer
periods of time are necessary to contrast the performance of the PCM.

The natural trend to increase the efficiency of actual CSP is to increase

the temperature at which the energy is stored. Actual CSP plants are lim-
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ited to 565°C or 400 °C when using molten salts or thermal oil, in central
receiver or parabolic though collectors, respectively. Nowadays there is a
notable interest in the use of solid particles, storing the energy in sensible

form, reaching temperatures up to 1000 °C 2016; |Calderén et al., 2018)).

In this research line, the high heat transfer coefficient and elevated mixing

rates of fluidized beds, in comparison with packed beds, makes them suitable

for this application (Flamant, |1982; Flamant and Olalde, |1983; Matsubaral

et al. [2014; [Tregambi et all [2016} |Salatino et al., [2016). |[Salatino et al.|
(2016) properly explained that working with a fluidized bed of Geldart A

or B particles and gas velocities just beyond the minimum fluidization ve-
locity, permits to operate with elevated surface-to-bed heat transfer rates
and maintain the energy parasitic looses low. In addition, he proposed the
use of uneven and pulsed fluidization to improve the effective solid diffusiv-
ity in the fluidized bed, that permits to rapidly distribute the concentrated
solar energy on the top of the bed (beam-down reflector) to all the parti-
cles. It is clear that fluidized bed is the proper technology for a CSP with
a beam-down reflector. The main difficulty to implement this technology in
the near future, is not related with the fluidization technology, is the high
temperature that the secondary reflector has to support in large scale CSP
with various megawatts.

A different alternative, to store the solar energy in particles is to trans-

port the fluidized particles in a tube, and radiate the external surface of the

tube (Flamant et al., 2013; Benoit et al., [2015; Garcia-Trinanes et al., 2016}
Zhang et all [2016; |Gomez-Garcia et al., 2017 [Zhang et al., 2017} [Garcia-

'Trinanes et al. 2018). This technology has been proved experimentally in

a solar furnace with solar energy concentrated in the tube between 213 and

393 kW /m? (Benoit et al.,[2015)). This indirect radiation technology has two
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main drawbacks compared with a central solar receiver with molten salts:
the low heat transfer coefficients and mass flow rate of particles transported.
Benoit et al. (2015) measured heat transfer coefficients between the inter-
nal surface of the tube and the particles in the range 600-800 W/(m? K),
whereas with molten salts flowing with a velocity of 1.8 m/s inside tubes
with an internal diameter of 4 cm (similar to the one used by [Benoit et al.
(2015) with particles) the heat transfer coefficient is around 6kW/(m?K)
(Rodriguez-Sanchez et al.,|2014). |Chen et al.| (2016]), also using molten salts,
measured heat transfer coefficients between 3 and 8kW/(m? K) with fluid
velocities between 1 and 5m/s in a 2 cm i.d. tube. As a conclusion, the
heat transfer coefficients in molten salts are one order of magnitude higher
than with fluidized particles. In addition [Benoit et al.| (2015) used a super-
ficial mass-flow rate of 50kg/(s m?), whereas in a conventional solar central
receiver with molten salts this value is around 3 x 10 kg/(s m?) (Rodriguez-
Sanchez et al., [2014), various orders of magnitude higher. In summary, the
low heat transfer coefficients and mass flow rates when using particles in a
tube, provoques a low capacity of the particles to transport energy. As a
consequence, in a large scale CSP plant with indirect solar radiation, the
tube has to support very high temperatures and can suffer thermal stress
(Rodriguez-Sanchez et al.| 2014; Marugan-Cruz et al., |2016).

In either direct or indirect radiation system, it is also necessary more re-
search on the behaviour of the material employed in the fluidized bed during
operation and during various cycles at high temperatures. It is necessary
to test the posible variations in the particles properties (Diago et al., 2018])
(such as density, for example) that could affect the fluidization process. Also
the abrasion or agglomeration processes should be studied in deep prior to

test this technology in the near future in large scale power plants. Nowadays
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there is lack in the literature about this topic.

In thermochemical energy storage, it seems clear that fluidized bed tech-
nology, due to their high heat and mass transfer coefficients and mixing
rates, compared with a packed bed, is the appropriated particle technology.
For sorption processes of low temperature applications, the few experimen-
tal works published in the literature (Johannes et all, 2015} [Zondag et al.,
2008; Ferchaud et al., |2012)), used packed bed technology. Some authors re-
marked that the main limitation when using a packed bed is its low heat and
mass transfer rates, which limits the kinetic of the thermochemical reaction
(Aydin et al.l 2015; Zondag et al., [2008; [Solé et al., 2015)). In this context,
fluidized technology can help to improve this packed bed limitations. In
this point, it is necessary to have materials with a particle size and density
appropriated to be fluidized (see Figures 2| and .

For high-temperature thermochemical energy storage, the same prob-
lems observed in sorption processes have been detected when using a packed
bed: low heat and mass transfer rates. First works during the 80’s tried to
overcome this problem with use of extended surfaces in the packed bed re-
actor (Kanzawa and Arai, 1981; Fujii et all [1985]). Schaube et al.| (2013)
experimentally study a packed bed for thermochemical energy storage with
particles if very small size (d, = 5.26 um, Geldart C particles). This so
small particles, although present a very high heat transfer surface per unit
of bed volume, are not suitable to be used in neither a packed or a fluidized
bed. In Geldart C particles, interparticles forces are very high and provo-
ques agglomeration and channeling in the bed. As a consequence there is no
good contact between the gas percolating the bed and the particles. [Pardo
et al.| (2014a) mixed Geldart C particles with Geldart A particles of higher

diameter to be able to fluidize them. This solution, has the disadvantage
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that the thermochemical energy storage capacity is reduced, because the
inert material introduced to improve the fluidization quality only store en-
ergy in sensible form. |Criado et al| (2017) used Geldart B particles, with
a particle size in the range 200-400 um and were properly fluidized with-
out agglomeration process. So, fluidized bed technology is appropriated for
high temperature thermochemical energy storage, but it is necessary to have
particles belonging to group A or B, according to Geldart classification to
assure a good fluidization process with high heat and mass transfer rates.
Finally, Table [0] summarized the main aspects observed in the review for
the different thermal energy storage forms studied in this review: sensible,

latent and thermochemical for packed and fluidized beds.

[Table 9 about here.]

5. Conclusions

This review has showed that packed beds are a simple and efficient parti-
cle technology for storing thermal energy at low temperature sensible form,
as it has the advantage of the thermal stratification in the bed, which in-
creases the solar collectors efficiency. Packed beds have been also used with
success for high temperature applications, such as dual-media thermocline
tanks for CSP plants. New geometries, segmentation of the bed and the
combination of sensible energy storage tanks with PCMs in the recent years
are the new and promising research lines to improve the performance of
packed beds, aiming at maintaining high and nearly constant the outflow
temperature. In contrast, fluidized beds are more appropriated for CSP
plants with direct radiation on particles. The high mixing rates of fluidized

beds permit to rapidly distribute a concentrated energy on the top of the
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bed when a beam-down CSP plant is used. The high heat and mass transfer
rates of fluidized beds, compared to packed beds, makes them the preferred
technology for thermochemical storage. Nevertheless, in both cases it is
necessary more efforts in finding new materials with the suitable particle
size and density for fluidized beds (particles type A or B according Geldart
classification). In addition, greater knowledge of the behaviour of these ma-
terials during various charging/discharging cycles and during longer working
periods in large scale facilities is necessary for the proper design, sizing and

operation of thermal storage units.
6. Notation
Bi  Biot number [-]
¢p Specific heat of the particle [J/kg K]
d, Particle size [m]
d, Non-dimensional particle size defined by Equation -]
h  Convective heat transfer coefficient [W/(m? K)]
k, Thermal conductivity of the particles [W/(mK)]
Re Reynolds number [-]
T Temperature [K]
umys Superficial velocity at minimum fluidization conditions [m/s]

us Superficial velocity [m/s]
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V)

CSP

DHW

DSG

FCC

HTF

HVAC

ORC

PCM

PCT

SAH

TES

Non-dimensional superficial velocity defined by Equation ]

Volumetric flow rate [m?/s]

6.1. Abbreviations
Concentrating Solar Power
Domestic Hot Water

Direct Steam Generation
Fluid Catalytic Cracking
Heat Transfer Fluid
Heating, Ventilating and Air Conditioning
Organic Rankine Cycle
Phase Change Material
Phase Change Temperature
Solar Air Heater

Thermal Energy Storage

6.2. Greek symbols

Voidage [-]
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iy Gas viscosity [Pas]
pg Gas density [kg/m3]
pp Particle density [kg/m?]

®  Sphericity [-]
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Figure 1: Minimum fluidization velocity, calculated according [Kunii and Levenspiel|
(1991)), for spherical sand particles as a function of the particle size for 7' = 300 K and
T = 1000 K. The gray region indicates the typical range of air velocities in a packed bed.
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a mixture quartzite rock and sand.
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Figure 21: Comparison of the continuous phase models without conduction in the solid
phase (model 1) and with conduction (model 2) along with the concentric dispersion
model (model 3) and the experimental data (Karthikeyan and Velraj| [2012)).
Experimental data were obtained using air as the heat transfer fluid and
70-mm-diameter spheres filled with paraffin wax as the PCM.
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Figure 22: Deviations in the charging times obtained at a bed height of /L = 0.2 for

the concentric and the continuous phase model obtained by [Karthikeyan and Velraj|

. Data were obtained for different diameters and mass flow rates using air and
water as heat transfer fluids. The Biot number is also indicated in the figure.
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Figure 25: Experimental results obtained by [Johannes et al.| (2015) during the charging
process (ab) and discharging process (b). In both cases, the air mass flow rate was

180m®/h, and the relative humidi

ty of the air in the discharging process was 70 %.
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Figure 26: Experimental results in a packed bed with a 1-cm diameter obtained by
Zondag et al.|(2008)) during the discharging process using CaCls. The initial temperature
of the reactor was 50 °C and the steam was introduced in the reactor at 10°C.

148



80
G 70 M
= 5 Wrred
o
= 7/ "} fixed
2 50 |
J;{///
Qo
€ 30 gij / — stirring, bottom |
|2 20 —stirring, top |

hydration of zeolite| |—fixed, bottom
10 T evaporator =19 C| | —fixed, top ]
0 T T T T T T T
-20 -10 0 10 20 30 40 50 60

Time (minutes)
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Figure 29: Experimental results of the full charging-discharging process in a lab-scale
packed bed through the redox reaction of manganese-iron oxide. In the discharging
process, the air inlet temperature is reduced at a rate of 5 K/min (Wokon et al., [2017).
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Figure 30: Numerical results of the charging process obtained by [Strohle et al.| (2017) in
a reactor with a diameter of 1 m and height of 4m. In (a), the temperature profile over
time along the bed height is shown, and (b) shows the details of the thermochemical
section at the top of the reactor, including the temperatures of the tubes and the HTF.
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Figure 33: Scheme of classification of different particle receiver design. [Ho| (2016))
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performed on SiC with a gas mass flow rate of 0.27 kg/m*s
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Figure 37: Probability density functions of the bed surface under freely bubbling
conditions for different air flow rates. Data obtained by [Tregambi et al|(2016).




Figure 38: Qualitative outline of the solid flow patterns in dense gas fluidized beds: A)
even fluidization; B) uneven fluidization. (Salatino et al., [2016)
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Figure 39: Solid flow patterns in dense gas fluidized beds from 2D CFD computations:

A) even fluidization (U = Uy, s-in the inset: details of the flow patterns around a rising

bubble); B) uneven fluidization (f = 1/5;U/f = 6Umys; U/(1 — f) = 1.5Umy). (Salatino |
| et al., [2016)
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Figure 40: Experimental axial temperature distribution in the fluidized bed vs. number

of fluidization: silicon carbide, d = 0.25-107% m; ¢1 = 20 - 10~*W/m? (Flamant, [1982).
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Figure 43: Photograph of the sun-heated absorber tube in the solar receiver during
cooling. (Benoit et al., 2015
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(b) Heat transfer coefficient

Figure 44: (a) Heat flux transferred to the particles for a single and a multi-tube particle
solar receiver and (b) heat transfer coefficient for different single tube diameters.
Experimental data reported by |Zhang et al.| (2017]).
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Figure 45: Evolution of the heat transfer coefficient in a fluidized bed with a granular
PCM (Izquierdo-Barrientos et al.l [2015b)). Thi, is the air inlet temperature and T the
bed temperature.
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Figure 46: Schematic of the solar heating system simulated by |Belmonte et al.| (]2016[)
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Figure 47: Temperature evolution versus time obtained by [Flamant et al.| (1980) in a
fluidized bed with 10 g of calcite. Curve A represents the temperature within the bed
and curve B the temperature of the free bed surface.
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Figure 48: Scheme of the annular-fluidized bed thermochemical reactor proposed by
Flamant et al.[ (1980).

170



(a) Gas channelling (b) Fissures in the bed

Figure 49: Experimental observation of [Pardo et al.| (2014a) when they tried to directly
fluidize Ca(OH), with a mean particle size of 3.8 um.
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Figure 50: Cycling study carried out by [Pardo et al.| (2014a)).
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Figure 51: Temperatures measured in the bed during a full charging-discharging cycle in
a fluidized bed with 1.8kg of CaO/(Ca(OH)), (Criado et al.,[2017).
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Figure 52: Comparison of the experimental data obtained by Rougé et al. (2017) with
their model. The smooth curve of the experimental data represented with a dotted line
was obtained with a Savitzky-Golay smooth 4*® degree filter. The Xfactor = 1.5 indicates
the interchange between the bubble and the emulsion phase in the K-L model.
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Figure 53: Scheme of the CaO/Ca(OH), thermochemical energy storage system with a
circulating fluidized bed during (a) discharge (hydration) process and (b) discharge
(dehydration) process.
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Figure 54: Scheme of a TCS system in parallel configuration (Strohle et al., [2016]).
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Figure 55: Scheme of a TCS system in serial configuration (Strohle et al., [2016]).
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haracteristics of the different particle types used in packed and

Main c

Table 1

gas-fluidized beds.
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Packed beds

Fluidized beds

Particle size

> 1mm

< lmm

Temperature distribution in the bed

plug-flow and stratified

well mixed and homogenous

Heat transfer rate with an immersed surface

low, h = 10 — 102 W/(m? K)

high, h = 102 — 10> W/(m? K)

Erosion and abrasion of the particles

null

high

Pressure drop and pumping costs

low-medium

can be high for deep beds

Table 2: Main characteristics of packed and fluidized beds.
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Density | Specific heat | Heat capacity | Thermal conductivity
Medium p lkg/m®] | ¢ [kJ/kgK] | p-cp [kJ/m*K] A [W/mK]
Aluminum 2707 0.896 2425.47 204 at 20°C
Aluminum oxide 3900 0.84 3276
Aluminum sulfate 2710 0.75 2032.50
Brick 1698 0.84 1426.32 0.69 at 29°C
Brick magnesia 3000 1.13 3390 5.07
Concrete 2240 1.13 2531.20 0.9 1.3
Cast iron 7900 0.837 6612.30 29.3
Pure iron 7897 0.452 3569.44 73.0 at 20°C
Calcium chloride 2510 0.67 1681.70
Copper 8954 0.383 3429.38 385 at 20°C
Earth (wet) 1700 2.093 3558.10 2.51
Earth (dry) 1260 0.795 1001.70 0.25
Potassium chloride 1980 0.67 1326.60
Potassium sulfate 2660 0.92 2447.20
Sodium carbonate 2510 1.09 2735.90
Stone, granite 2640 0.82 2164.80 1.73-3.98
Stone, limestone 2500 0.9 2250 1.26—1.33
Stone, marble 2600 0.8 2080 2.07-2.94
Stone, sandstone 2200 0.71 1562 1.83
Water (For reference) 1000 4.186 4186 0.591 at 15°C

Table 3: Comparison of the thermal properties of sensible heat storage materials (Singh
et al. (2010)).
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Parameter

Solar air-based systems

Solar liquid-based systems

Collector flow rate

5-20

s-m?

30- 70 5

h-m?

Storage capacity

0.15 - 0.35 m3 of pebbles

m?2 of solar collector

50 - 180 — 1 of water

of solar collector

Pebble size (graded to uniform size)

0.01 - 0.05 m

Bed length, flow direction 1.25 - 2.5m -
Pressure drops:
Pebble bed 55 Pa -
Collectors 50 - 200 Pa -
Ductwork 10 Pa -
Maximum recommended entry velocity 4m/s 1.5-2m/s

Table 4: Typical design parameters for low-temperature solar air-based and liquid-based

systems (Duffie and Beckman| (2013)).
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Parameter Studied range

Sphericity (1) 0.55-1.00
Void fraction (&) 0.306-0.63
Mass velocity (G) 0.155—0.266 (kg/s m?)

1257-2157 (T-joint masonry tile bricks)
1047-1797 (standard masonry tile bricks)
Reynolds number (Re) 1257-2157 (standard masonry bricks)
1558-2674 (concrete cubes)

1139-1955 (concrete spheres)

Table 5: Range of variation of the main parameters studied by |[Singh et al.| (2006]).
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Packed beds | Fluidized beds
Oxide/hydroxide favorite favorite
Metal /metal hydride | favorite unavailable
Oxide/carbonate acceptable favorite
Redox reaction acceptable favorite

Table 6: Popular reactors for different high-temperature reactions (Pan and Zhao, [2017).
“Favorite” indicates that the reactor is recommended, “Acceptable” indicates that the
reactor can be used with some intrinsic drawbacks, and “Unavailable” indicates that the
reactor is not suitable.
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Table 7: Particles used by different researchers for fluidized bed with direct radiation on

particles.
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Packed Bed

Fluidized bed

ZrQOs SiC ZrQOs SiC
Fraction lost by reflexion* 50% 10% 55% 19%
Fraction lost by conduction-convection 5% 5% 5-10 % | 5-20%
Fraction lost by IR Emission 15-25% | 45-55% | 1-6% | 10-25%
Fraction transferred to the gas 20-30% | 30-40% | 30-40% | 40-70%

Table 8: Experimental heat balance of both receivers. Terms are representative of a

fraction of incident solar power|Flamant and Olalde| (1983)
*And transmission in fluidized bed
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Table 9: Summary of the main highlights for packed and fluidized beds for different

thermal energy storage forms and temperatures.
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