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ARTICLE INFO ABSTRACT

Keywords: Concentrated solar power is a suitable technology for production of green electricity. However, to attain a
Exergy ) uniform electricity production, concentrated solar power should be coupled with large Thermal Energy Storage
Granular material (TES) systems. Among the different technologies of TES systems, storage of sensible heat in granular material is
Optimization . I . .

Thermocline widely used due to its simple operation. These TES systems store energy as an increase of temperature of a large
TES mass of small solid particles, through which a fluid circulates exchanging heat. TES systems are typically

operated in a fixed bed regime, maximizing their exergy output, thus limiting the maximum allowable velocity of
the fluid flow. In this work, a novel confined bed is proposed to mechanically prevent the motion of the solid
particles conforming the TES system even for high fluid velocities, to guarantee that the exhaust temperature of
the fluid is maximum during a discharge process. In this novel confined bed, a thermocline evolves from bottom
to top of the system, separating the low and high temperature of the bed during the discharge process. An
analytical model was applied to describe the evolution of the thermocline and the effect of the different operating
parameters on the thermocline thickness.

The effect of the thermocline thickness was combined with a thermo-economic analysis of a confined bed TES
system proposed for a case of study. The new confined bed here proposed was optimized considering thermo-
dynamics aspects, namely the fluid exergy increment in the bed, and economic factors, specifically the total
investment cost of the TES system. The optimization resulted in low values of the fluid velocity, between 0.2 and
0.4 m/s, but still higher than the minimum fluidization velocity of sand particles of 750 pm, justifying the
requirement of a confined bed, and low bed aspect ratios, between 0.25 and 0.9, to prevent excessively high fluid
pressure drops. However, the bed aspect ratio increases significantly for higher granular material particle sizes,
up to a ratio of bed height to diameter of 3 for a particle size of 10 mm and a TES demand time of 6 h.

In addition, TES systems can also soften the short-term fluctuations of
the energy captured by CSP plants caused by the transient blockage of
solar irradiation incident in concentrators by passing clouds [10].
Three main technologies of TES systems are currently available:
sensible heat storage, latent heat storage, and thermochemical heat
storage [18]. Sensible heat storage consists in storing energy in the form
of an increase of temperature in a substance, whereas latent heat storage
system takes advantage of the phase change energy of the storage ma-
terial. In contrast, energy is stored in thermochemical heat storage
systems by means of a reversible chemical reaction, which is endo-
thermal in one direction and exothermal in the opposite direction.
Among the different alternatives for TES systems, sensible heat storage is
the most mature, and thus, the most widely used technology for large
scale [23]. The storage materials used in sensible heat storage systems
can be liquids or solids. Among the liquids, molten salts are widely used

1. Introduction

The depletion of fossil fuels and the requirement of reducing the
anthropogenic pollutant emissions to the atmosphere motivate the
search of renewable technologies capable of supplying the increasing
electric energy demand with limited or null associated emissions. In this
sense, Concentrated Solar Power (CSP) plants are a suitable alternative
to fossil fuels, especially in countries where solar irradiation is high. CSP
plants commonly integrate large Thermal Energy Storage (TES) systems
to produce electricity uniformly for several hours, even though solar
irradiation is highly non-steady. TES systems can store energy in the
central hours of the day, when solar irradiation is high, and release the
stored energy later, once solar irradiation decreases, allowing the
operation of the power block of the plant under steady state conditions.
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Nomenclature

A Area [m?]

Bi Biot number [-]

o Specific heat [J kg_1 K]

C Investment cost [$]

ds Solids diameter [m]

D TES vessel diameter [m]

D* Dimensionless diffusion coefficient [-]
E Exergy [W]

g Gravity acceleration [m s72

H Height of the TES vessel [m]

i Specific enthalpy [J kg ']

k Thermal conductivity [W m~ K~!]

mg Mass of solid particles [kg]

me Fluid mass flow rate [kg s

Nu Nusselt number [-]

Pe Peclet number [-]

Pr Prandtl number [-]

Qloss Heat dissipated through TES walls [W]
P Pressure [Pa]

r Radial coordinate [m]

R TES vessel radius [m]

Re Reynolds number [-]

R, Individual gas constante of air [J kg’1 K1
s Specific entropy [J kg’1 K1

t time [s]

ty Discharge time [h]

t; TES demand time [h]

T Temperature [K]

u Fluid velocity [m s 1]

u Dimensionless fluid velocity [-]

U Global heat transfer coefficient [W m~2 K]
14 TES volume [m®]

z height coordinate [m]

Greek letters:

p Dimensionless thermal conductivity [-]
y Dimensionless volumetric heat capacity [-]
8¢ Thermocline thickness [m]

€ Void fraction [-]

4 Dimensionless height [-]

n Isentropic efficiency [-]

M Politropic efficiency [-]

0 Dimensionless temperature [-]

A Dimensionless thermocline thickness [-]
Dynamic viscosity [kg m ' s']

Ty Compressor pressure ratio [-]

P Density [kg m3]

c Thermocline thickness deviation [-]

T Dimensionless time [-]

¢ Percentage of volume occupied [-]

Abbreviations:

CSP Concentrated Solar Power

SM Solar Multiples

TES Thermal Storage System

Subscripts:

0 Dead state

a Ambient

ct center

c Compressor

dist Distributor

eff Effective

ext External wall

f Fluid phase

fg Foam glass

found Foundations

h High

in Inlet

int Intermediate

1 Low

mat TES material

mc Microporous

mf Minimum fluidization

min Minimum

out Outlet

opt Optimal

s Solid phase, sand

ss Stainless steel

t Thermocline

w Wall

to store sensible heat due to their favorable heat transfer properties [32].
However, the use of molten salt has also some drawbacks, such as the
higher investment cost due to the usage of two storage tanks in most
cases and the limited temperature operation, which should always be
between the crystallization and the decomposition temperature of
molten salts [7]. Regarding solids as basis material for sensible heat
storage, a single tank filled with granular material can be used to reduce
costs and the operating temperature can be increased up to 1000 °C,
which is beneficial for the performance of the turbine to which the TES
system outlet is connected [39]. Furthermore, the high temperature
attainable by sensible heat TES systems using solids as storage material
permits the use of working fluids such as air or supercritical CO5 for
which improved power cycles can be designed, leading to higher con-
version efficiencies [6,30].

When a working fluid circulates through a bed of small solid particles
in the upwards direction, the characteristics of the system depend
strongly on the fluid velocity. For low fluid velocities, the fluid perco-
lates through the voids between solid particles, which remain stationary,
in what is called a fixed bed regime. At a certain value of the fluid ve-
locity, the drag force of the fluid on the particles balances their gravity

force. Then, the solid particles are suspended in the fluid, presenting a
radical reduction of the friction between adjacent particles. This kind of
bed is referred to as an incipiently fluidized bed and the fluid velocity is
the so-called minimum fluidization velocity of the solid particles. The
increase of the fluid velocity above the minimum fluidization velocity
usually produces instabilities in the bed and the appearance of bubbles
of fluid, in which is known as a bubbling fluidized bed [22]. The char-
acteristics of fixed and bubbling fluidized beds differ remarkably. For
instance, in terms of mixing, the stationary character of the solids in a
fixed bed results in a null mixing of particles, whereas in bubbling flu-
idized beds, the motion of bubbles induces high degrees of solid mixing
[34]. The high mixing of solids in bubbling fluidized beds leads to a
homogeneous temperature of the entire bed during operation, which is
one of the main advantages of bubbling fluidized bed reactors to hold
chemical reactions in applications such as conversion of solid fuels, for
which bubbling fluidized beds have higher conversion degrees than
fixed beds [28].

For applications like energy storage as sensible heat in TES systems,
the homogeneous temperature of bubbling fluidized beds is a significant
drawback. While in a fixed bed reactor the discharge of the bed would be
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progressive from bottom to top, presenting a thin thermocline that
separates the zones of low and high temperature of the bed, the
discharge under a bubbling fluidized bed regime will correspond to a
uniform temperature reduction in the entire bed, following an inverse
exponential decay of the bed temperature with time [17]. Therefore,
from the point of view of the power block, connected to the outlet of the
bed of solid particles conforming the TES system, the temperature of the
fluid supplied to the turbine will be high during a long time if the bed is
operated under a fixed bed regime, whereas an exponential reduction of
the fluid temperature with time occurs when operating the bed under
bubbling fluidized bed conditions. Therefore, the availability of exergy
in the fluid supplied from the TES system to the power block will be
maximized when operating the bed of granular material under a fixed
bed regime, as stated by Herndndez-Jiménez et al. [17]. Nevertheless,
the operation of the TES system at fixed bed conditions requires a low
velocity of the fluid, below the minimum fluidization velocity of the
solid particles conforming the granular system, which may be a hand-
icap for the application of these TES systems in large scale power plants,
where the mass flow rate of fluid, and thus the velocity of fluid, are
typically high. Considering these limitations, this work proposes as a
novelty the use of a confined bed for the granular material TES system.
In this novel system, the solid particles are mechanically confined be-
tween two gas distributors, one at the bottom and one at the top of the
bed, preventing the appearance of bubbles, and thus the motion of
particles, even for fluid velocities above the minimum fluidization ve-
locity of the solids. Therefore, this new configuration using a confined
bed operates as a fixed bed independently of the fluid velocity, showing
the thermocline evolution and stratification of the bed, maximizing the
exhaust temperature and exergy of the fluid at the outlet of the TES
system during the discharge process.

The evolution of the thermocline in a granular material TES system
can be characterized by solving the energy conservation equation of the
solids and fluid. To that end, Votyakov and Bonanos [40] proposed a
perturbation model to decouple the energy conservation equations. The
model was later extended to account for the increase of the thermocline
thickness as a function of time and location in the tank [2]. The
analytical model of the thermocline evolution proposed by Votyakov
and Bonanos [40] was originally validated with the results from Bayon
and Rojas [4]. The model was further validated by the authors in
Votyakov and Bonanos [41], Bonanos and Votyakov [2] and Bonanos
and Votyakov [3] using numerical results of Yang and Garimella [45]
and Hanchen et al. [16], and with experimental measurements of Meier
et al. [26] and Hoffmann et al. [19]. This analytical model is valid
provided that the solids conforming the granular material bed remain
stationary. Thus, it will be valid both for fixed bed and for the proposed
confined bed.

Different new storage bed concepts have been proposed to try to
solve the main drawbacks of traditional cylindrical tanks, such as ther-
mal ratcheting or high thermal losses, while other disadvantages arise.
For example, Zanganeh et al. [46] proposed a truncated tank to reduce
thermal ratcheting by guiding particles towards the upper part of the
bed. This configuration increases the top surface through which the
working fluid leaves the system at the highest temperature, therefore
increasing its thermal losses. There are other more complex designs such
as those proposed by Gauche [12] or Schlipf et al. [31] in which ther-
mocline and flow instabilities appear. More recently, Trevisan et al. [38]
proposed a novel radial flow packed bed TES system. The system pre-
sents limited pressure drops and thermal losses while the maximum
thermal performance was 72 %. The thermal performance was penalized
due to the appearance non-homogeneous temperature distribution at
the outlet of the bed due to a non-uniform porosity distribution, which
makes the thermocline evolution a critical aspect of the system. While
these new designs present promising results, they also entail some
drawbacks that make traditional cylindrical tanks worth to be enhanced
and analyzed.

The number of works facing the optimization of sensible heat TES
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systems is relatively scarce. Marti et al. [25] performed a multi-objective
optimization of a TES system based on different constrains. They
considered two competing objectives: maximum exergy efficiency and
minimal material costs, which were accounted for using the Pareto front.
They applied the method to three pilot scale and an industrial scale unit,
which allowed to select the most efficient design for a given cost or the
cheapest design for a selected efficiency. Zhu et al. [47] carried out an
optimization of the particle diameters in different layers of cascaded
packed bed based on its exergy efficiency. Trevisan et al. [37] proposed
novel quasi-dynamic boundary conditions to perform a techno-
economic optimization of a packed bed TES system. The inlet design
of a TES system based on molten salts was optimized to minimize the
thermocline thickness by Weiss et al. [43]. Lou et al. [24] optimized the
flow distribution in a molten salt TES system based on the thermocline
evolution by introducing inlet and outlet manifolds. Other works studied
combinedly the packed bed TES system with the power cycle in which it
is integrated. In this sense, Trevisan et al. [36] developed a quasi-steady
state thermo-economic model of the integrated concentrating solar
power plant which includes the power cycle, the TES system, and the
receiver. In general, the literature review suggests that the optimization
of TES systems should be performed considering both thermodynamics
and economic factors.

In this work an innovative granular material TES system is proposed
based on a confined bed that mechanically prevents the fluidization of
the solids conforming the bed to operate under a fixed bed regime at
high fluid velocities. The stratified operation of the confined bed gua-
rantees the supply of the fluid to the power block from the exhaust of the
TES system with a maximum exergy availability for the complete
discharge process. The novel confined bed TES system was optimized for
the discharge of energy applied to a case of study in which the TES
system is integrated in a CSP plant and coupled to an air Brayton cycle,
using the operating parameters of Rovense et al. [30]. The discharging
process (i.e., the TES system is already hot) is analyzed, since it is the
most important process for the correct operation of the power block.
However, an inverse similar analysis could be done for the charging
process. The optimization of the confined bed was performed consid-
ering thermodynamic and economic aspects, by minimizing the total
investment cost of the TES system per unit of fluid exergy increase.

2. Theory
2.1. Thermocline evolution

Granular material TES systems are composed of a large bed of small
particles through which a fluid percolates. This TES systems store energy
in the form of sensible heat by heating the solids at high temperature
when an excess of heat is produced in the CSP plant and releasing that
heat to the fluid once the thermal power required by the turbine cannot
be reached by the solar system. When a fluid, with a different temper-
ature, percolates through a bed of granular material where the solids
remain stationary, a temperature front evolves from the inlet of the
fluid, typically at the bottom of the bed, to the outlet of the fluid,
commonly at the top of the bed. This temperature front, which separates
the high and low temperature regions of the bed as shown in Fig. 1, is the
so-called thermocline, whose thickness and location in the TES system
depend on the operating conditions.

The evolution of the thermocline of a granular material TES system
can be estimated from the temperature distribution of solids and fluid
inside the packed bed. These temperature distributions can be deter-
mined analytically assuming one-dimensional plug flow for the fluid, no
heat losses, and average uniform thermophysical properties for the
solids and the fluid. Under these assumptions, the energy conservation
equations for both the fluid and the solids in dimensionless form are,
respectively [40]:
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Fig. 1. Schematic view of the thermocline of a granular material TES system.
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The dimensionless temperatures for the fluid (f) and the solids (s) are
determined as a function of the low, T}, and high, T}, temperatures of the
TES system (notice that subscript i represents either the fluid f or the
solids s):

_T,-T
T =T

3

The dimensionless parameters for height, z, and time, t, in the energy
conservation equations are determined as follows:

z
(= I ©)]
r kg
- (5)
T (pcp)eff

where the effective properties are calculated as a function of the prop-
erties of fluid (f) and solids (s), considering the void fraction, ¢, as X =
eXy + (1 —e)X;. The dimensionless form of the thermal conductivity, k;,
and volumetric heat capacity (pcp)i, for the fluid (f) and solids (s) are
computed as follows:

ki
pi= 'k (6)
) %
(pcl’)eﬂ

where ¢; denotes the percentage of volume occupied by fluid (f) or solid
(s), i.e., ¢ =c¢ and ¢, =1 —¢.

The remaining two factors affecting the energy conservation equa-
tions are the dimensionless numbers of Biot, Bi, and Pecklet, Pe, defined
as follows:

6(1 — )k NuH?

Bi = 8

d ®
uH (pc,

pe _ H )y ©@
Sk(,ff

Applied Thermal Engineering 224 (2023) 120123

where u is the velocity of the working fluid and ds is the diameter of the
granular material.

The heat transfer between the fluid and the solids is characterized by
the Nusselt number, Nu, which can be estimated for a packed bed of
granular material as a function of the Reynolds, Re, and Prandtl, Pr,
numbers using the correlation of Wakao et al. [42]:

hd,

Nu = k— =2+ 1.1PriRe*® (10)
f

where the common definitions of the Reynolds, and Prandtl, numbers
are applied:

dx
Re = 1% an
Hy
C
A 12)
ke

Votyakov and Bonanos [40] proposed a perturbation model to
analytically solve the energy conservation equations for the fluid and the
solids, Egs. (1) and (2), which is founded on the assumption of a small
difference between the fluid and the solids temperature, i.e., a low value
of §; —6, which is a reasonable assumption considering the high values
of the convective coefficients found for fluids percolating though a fixed
bed of granular material [11]. With the perturbation model of Votyakov
and Bonanos [40], the energy conservation equations for the fluid and
the solids, Egs. (1) and (2), can be decoupled and transformed into:

ae, -9 D*ﬁ

13
e oc? a3

_, , lyrPe 0o,
0 = O+ T 14

The parameters u” and D" in Eq. (13) are the dimensionless fluid
velocity and diffusion coefficient, respectively, defined as follows:

u = ysPe (15)

(r;7.Pe)’

D =1
BT

16

The analytical solution of the perturbation model represented by Eqgs.
(13) and (14) is [40]:

u't
1+ 17
b0 = { Erf(\/4D r>} an
G—u'r)?
versPe exp( - T‘z)
0,(7,{) =0y £ = 18
(T é‘) f Bi \/m ( )

where the + sign applies for a discharge process and the - sign for a
charge process, and erf represents the error function. According to Bell
[1], the error function can be approximated with a precision higher than
3-10°3 by the following exponential expression:

et =] - s ~2) ]| a9

Introducing the approximation of the error function, Eq. (19), in Eq.
(17), the following expression for the dimensionless temperature of the
fluid is derived:

% N2 1/2
0r(7,0) = {1 + sign(¢ — u'7) {1 - exp( - %) } } (20)

Eq. (20) can be rewritten in terms of the dimensionless center, ¢,
and thickness, A, of the thermocline, which are defined as follows [41]:
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L) =u' (1)
A(z) = V4zD'z. 22)

The parabolic rate law obtained for the dimensionless thickness of
the thermocline is typical of a diffusion-controlled growth [35]. Intro-
ducing the expression for the center, ¢, and thickness, A, of the ther-
mocline in Eq. (20), the dimensionless temperature of the fluid yields:

2\ 91
gf(ﬁ C) = % 1+ sign(é_f — Cct) 1— exp| — é‘ 714‘51 ) (23)
2

According to Eq. (23), the temperature of the fluid changes from the
low to the high temperature, i.e., 6; changes from 0 to 1, when the
distance to the center of the thermocline is below half of its thickness,
that is, when |¢ —( | < A/2. The location of the center of the thermocline
can then be determined as a function of time considering the height of
the TES system, H, and {:

z(t) =¢ H (24)

The time evolution of the location of the center of the thermocline
calculated by Eq. (24) obviously coincides with the evolution of the
center of the thermocline location obtained from a global energy bal-
ance between the fluid and the solids:

(/) p ) f ot
([)C'p ) eff

The thermocline can also be defined as the region where 6; varies
from O to 1 to some extent o, for instance, for a deviation of 5 %, ¢ =
0.05, from the low and high temperatures. In that case, the dimen-
sionless thickness of the thermocline can be computed as follows:

/ 1
Ae = 1\/4nD*1log yy—y (26)

Therefore, the thickness of the thermocline can be determined, as a
function of time, considering the height of the TES system of granular
material:

Zz(t) = (25)

8,(1) = A.H. 27
2.2. Exergy balance

During a discharge process, the fluid outlet of the granular material
TES system is coupled to the turbine of the power cycle, for whose
operation the exergy of the fluid flow is critical. Therefore, the discharge
process, i.e., starting with the TES system at the high temperature and
heating the fluid flow rate from the low to the high temperature, is set as
the optimizing problem due to its strong effect of the performance of the
power block of the plant. However, an inverse similar analysis could be
done for the charge process.

The exergy balance for the fluid on the control volume enclosing the
TES system (see the schematic in Fig. 1) is:

Ty

AE = mf(Al - T()AS) - (1 _T> Gioss» (28)

where AE is the exergy increment of the fluid, my is the mass fluid flow
rate, Aiis its enthalpy variation between the inlet and the outlet, As is its
entropy variation between the inlet and outlet, g is the heat dissipated
through the TES system walls, T, is the temperature of the TES system
interior wall, and Ty is the reference temperature or temperature of the
dead state, which is considered equal to the ambient temperature, T,.
The heat losses can be determined for each external surface of the TES
system as follows:
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Gloss = e.nAex!(Tw - Ta) (29)
with U,y being the global heat transfer coefficient through the external
walls of the TES system, Ay the external surface of TES system, T, the
TES system interior wall temperature, which will be the high or low
temperature of the system depending on time and location in the bed.
For the calculation of the heat losses through the TES system wall, the
height of the system with a wall temperature equal to the low temper-
ature is that below the center of the thermocline, calculated either by Eq.
(24) or by Eq. (25),i.e., T}, = T} <2z < 2z, whereas the wall temperature
above the center of the thermocline will be at the high temperature, i.e.,
Tw = Tn < 2 > 2. The bottom and top wall temperatures are considered
to be at the low and high temperatures, respectively, during the
discharge process.

The required natural convection coefficients for the calculation of
the global heat transfer coefficients U,y were estimated using the clas-
sical correlations for free convection [20]. The TES system is considered
insulated by three layers of different materials: stainless steel, micro-
porous insulation, and foam glass. The thickness of each insulation layer
was implemented as a function of the TES vessel diameter, D (see
Table 1). The estimation of the thickness of the different insulation
layers was made based on the thickness found in a literature review of
TES systems [8,25]. These insulation materials and thicknesses ensure
that the energy losses along a whole day are below 2 % of the thermal
energy stored in the TES system.

The variation of enthalpy, Ai, and entropy, As, of the fluid required
for the exergy balance, Eq. (28), can be determined from the ideal gas
law, assuming the fluid as an ideal gas:

Ai = ¢ (Tou —To), (30)

Tou in
As = c,,flogT—_' — Rglogiﬁ.

(€20)]
where Cpy Is the specific heat at constant pressure of the ideal gas, R, is
the individual gas constant of air, p;, is the inlet pressure of the fluid to
the turbine, and Ap is the pressure drop of the fluid circulating through
the confined bed TES system. There are two contributions for the fluid
pressure drop: i) the pressure drop caused by the gas percolating through
the packed bed of solid particles conforming the TES system, Apjyeq, and
ii) the pressure drop due to the fluid distributors, Apg;, which should be
high enough to guarantee a proper fluid distribution in the radial di-
rection:

Ap = Appeq + Apais- (32)

The pressure drop of the gas percolating through a packed bed of
solids, App.q, can be calculated using Ergun’s equation [9] and the
pressure drop of the gas flowing across the distributor, Apgs, can be
estimated using the classical recommendation from Karry and Werther
[21] of setting the pressure drop of the distributor at 30 % of the pres-
sure generated by the weight of the particles at minimum fluidization
conditions, uys. This common value used for fluidized beds would ensure
an even more uniform distribution of the flow in the cross section
confined bed, given the higher pressure drop of the gas across the bed in
the confined bed operation regime. Note that two distributors are used
in this work, one at the bottom and another on top of the bed to me-
chanically prevent the movement of the solids, avoiding their fluidiza-
tion during the discharging process. Also, the distributor situated at the

Table 1
TES vessel insulation layers and characteristics.

Insulation layer Thickness Thermal conductivity [W/mK]
Stainless steel 0.015D 20

Microporous 0.025D 0.025

Foam glass 0.025D 0.05
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top part of the bed guarantees a proper distribution of the gas flow in the
bed in case it is injected from its top part during the charging process,
ensuring that the flow field inside the bed is uniform and retaining in
this manner the thermal stratification of the system. The pressure drop
of the bed and the distributors can be thus expressed as follows:

150u,H (1 — ¢)? L (L75Hp, (1 —¢)
Apped = M< d? & +u a B , (33)
u 2
Apiss = 0.6gHp, (1 —¢) ) (€2))

where u is the velocity of the working fluid, p; and y, are the density and
dynamic viscosity of the fluid, respectively, H is the height of the bed, d,
is the particle side of the solids conforming the TES system, ¢ is the
porosity of the bed, and g is the gravity acceleration.

2.3. Discharge time

There are several definitions of the discharge time of a granular
material TES system depending on the objective of this parameter. The
most widely used definition for the discharge time is the time required
by the center of the thermocline, 2, to attain the height of the TES
system vessel, H. Using this definition, an expression of the discharge
time, t;, can be obtained by substituting z, by H in Eq. (25) and isolating
the time:

H (pcﬁ)eff
==
u (pcﬂ)‘[

(35)

However, at t = t;, the temperature of the fluid at the outlet of the
TES system will be the average temperature between the high and the
low temperature of the system. Thus, the exergy of the fluid at the
exhaust of the TES system at that time would be substantially lower than
that obtained when the fluid exits the TES system at the high tempera-
ture. Therefore, a better definition of the discharge time, in terms of the
exergy availability of the fluid at the outlet of the TES system is the time
required by the front of the thermocline to reach the TES vessel height, i.
e., the time at which 2z, + A;/2 = H. This new definition of the discharge
time results in more restricted times, guaranteeing that the exergy of the
fluid leaving the TES system is still high to be converted in the power
block. The discharge time to maximize the fluid exergy at the outlet of
the TES system can be obtained from the following equation:

(pc), Dk 1
=ty 4+, [=— —L—log——t, (36)
(/)Cl’)gﬁ' ‘ H (/)Cﬁ)eff ¢ 40— 407"

The discharge time, defined as the time required by the front of the
thermocline to reach the TES vessel height, can be obtained by solving
Eq. (36) using a changing of variables, in the form £* = t;, and solving
the resulting quadratic equation. This definition of the discharge time
will be used in this work to keep a maximum fluid exergy at the outlet of
the TES system for the complete discharge process.

2.4. Thermo-economic optimization of the TES system

The exergy analysis can be combined with a cost analysis for a
thermo-economic optimization of the TES system. For that purpose, all
the costs involved in the manufacturing of the system should be
considered. The total investment cost, C, is calculated as the summation
of the cost of the TES system, Crgs, and the extra cost due to the
requirement of a more powerful compressor, C., capable of overcoming
the pressure drop generated by the fluid circulating through the TES
system:

C = Crgs+C.. 37)
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The cost of the TES system includes the cost of each of its compo-
nents, namely, the TES granular material, the vessel of stainless steel,
insulation layers composed of microporous insulation, and foam glass,
and the foundation required to install the TES system. The specific cost,
per unit of volume or area, of the TES system components, summarized
in Table 2, were obtained from Marti et al. [25] and Trevisan et al. [36].
Note that each specific cost should be multiplied by its corresponding
volume or area.

Cres = Cpar + Cys + Crp + Crp + Crouna- (38)

An estimation of the investment cost of a typical power cycle
compressor working with dry air can be found in Ghaebi et al. [13]. This
cost is a function of the compressor pressure ratio, the dry air mass flow
rate, ny, and the efficiency of the compressor, .. Thus, the overrun due
to the extra power required for the compressor to overcome the fluid
pressure drop, Ap, can be estimated in US dollars as follows:

] in in + A A in + A
C =711 {p—log<p + p) +—plog<u>} (39)
0.92 — N. | Pa Pin a Pa

where p, is the ambient pressure.

Considering the exergy increment of the fluid in the TES system, AE,
obtained from Eq. (28), and the total investment cost, C, estimated by
Eq. (37), a thermo-economic optimization of the TES system can be
carried out by minimizing the total investment cost per unit of exergy
increment of the fluid, i.e., C/AE, or by maximizing the exergy incre-
ment of the fluid per unit of cost, i.e., AE/C.

3. Confined bed

In the novel confined bed TES system proposed in this work, two
fluid distributors, at the bottom and the top of the bed, mechanically
confine the granular material, preventing the fluidization of the solids
and the appearance of bubbles even for fluid velocities above the min-
imum fluidization velocity of the solid particles. The fixed bed regime
can be maintained in the confined bed TES system even for high fluid
velocities, guaranteeing the operation of the single storage tank under
stratified conditions both for the charging and discharging processes,
with a thermocline separating the low temperature of the TES system
located at the bottom and the high temperature of the system at the top.
The thermocline evolves from bottom to top of the bed during a
discharge process, increasing in thickness as described in Section 2.
Thus, the confined bed allows a higher fluid exergy increment in the TES
system maintained for long discharge times even for high values of the
fluid velocity.

A schematic view of the confined bed TES system as a part of the CSP
plant is depicted in Fig. 2. The concentrated solar power is used to heat
air, which is the working fluid of the power block. When the solar
thermal power received is higher than the power required for the
nominal operation of the power block, the thermal power excess is
charged in the TES system as sensible heat. For that, air is introduced
through the top part of the granular bed that conforms the TES and
leaves the system at a lower temperature through its bottom part, pro-
moting a stratification of the system in a higher temperature region at
the top part of the bed and a low temperature region at the bottom re-
gion. These two regions are separated by the thermocline. When the

Table 2
Specific costs of the TES system obtained from Marti et al. [25] and Trevisan
et al. [36].

Specific cost Value Unit

TES material (mat) 66 [$/m?]
Stainless steel (ss) 42,354 [$/m%]
Microporous (mc) 4269 [$/m°]
Foam glass (fg) 616 [$/m?]

Foundations (found) 1210 [$/m?]
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Confined bed Power block
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Fig. 2. Schematic view of the CSP plant using a granular material TES system.

thermal power concentrated in the central receiver is insufficient to
operate the power block, the thermal energy previously stored in the
TES system can be discharged introducing air through the bottom part of
the bed, which exits the top part of the bed at a high temperature suit-
able for power generation in the power block. For simplicity, no air
purification measures are included in the diagram shown in Fig. 2 nor
considered in this work, as it is devoted to the study of the confined TES
system. However, the appropriate measures shall be taken to ensure that
no fine particles from the TES system are dragged through the turbine of
the power block.

A schematic of the fixed bed, bubbling fluidized bed and confined
bed operation as granular material TES system is depicted in Fig. 3. As
discussed above, the fixed bed shows the separated zones of high T, and
low T; temperature, while the bubbling fluidized bed operates at an
intermediate temperature Tj,, between the high and low values. How-
ever, the fluid velocity, and the corresponding mass flow rate, is limited
in the case of the fixed bed to prevent fluidization by keeping the fluid
velocity below the minimum fluidization velocity of the solid particles
conforming the TES system. This limitation is solved by the proposed
confined bed, which allows the operation of the bed with separated
zones of high and low temperature and the evolution of a thermocline

regardless of the fluid velocity. This results in a high mass flow rate of
fluid at the outlet of the TES system at high temperature, i.e., a high mass
flow rate of fluid with a high exergy availability, which is optimal for the
power block coupled to the TES system.

4. Case of study

The thermo-economic procedure described in Section 2 was applied
to optimize a granular material TES system for the plant proposed in
Rovense et al. [30]. They modelled a closed Brayton cycle with inter-
cooling coupled to a CSP plant in which the TES system is based on
sensible heat storage. They proposed the analysis of two solar multiples,
SM, of 1.5 and 2, and found that for SM = 2 the demand of hours fully
covered by the TES system is 1, 5 and 12 h for the 21st of December, the
21st of March, and the 21st of June, respectively. Therefore, the TES
system will be optimized for a range of demand hours from 1 to 12 h.

The TES system proposed by Rovense et al. [30] is a fluidized bed
heat exchanger where the working fluid of the cycle flows inside tubes
immersed in the fluidized bed. The particles conforming the bed were
heated up with the working fluid when the solar availability was suffi-
cient, during a charge process, and then they were stored in two tanks.

Fixed Bubbling .
Bed fluidized bed Confined bed
A A
n w11
bubbles distributor
Th Th
. Tmt .
thermocline thermocline
T T
distributor

REEEE

U < Upyy

{TTTH

U> Uy

"
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Fig. 3. Schematic view of the fixed, bubbling fluidized and confined beds operation during a discharge process of a granular material TES system.
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Once the bed was charged, the fluidized bed heated the working fluid
during the discharge process, when solar irradiation was not high
enough. The TES system proposed here represents an alternative to the
whole system proposed in Rovense et al. [30]. This TES system consists
of a single tank where the granular material is confined with two fluid
distributors to mechanically prevent fluidization, guaranteeing the
operation of the system under a fixed bed regime, as stated in Section 3.
The proposed TES system counts on several advantages: i) the sub-
systems required for the whole TES unit are reduced, ii) the operation
under a fixed bed regime maximizes the exergy of the fluid at the outlet
of the TES system / inlet of the turbine [17], and iii) the operation under
fixed bed conditions prevent operational problems of fluidized beds,
such as abrasion/erosion of tubes [44], attrition of particles [27],
agglomeration formation [15], or de-fluidization of the bed [14].

The input data used for the thermo-economic optimization of the TES
system based on confined granular material for the plant described in
Rovense et al. [30] are reported in Table 3. The granular material pro-
posed to fill the confined bed of the TES system for the case of study is
regular silica sand with an average particle size of 750 pm and a typical
value of the bed void fraction of 0.4 for the random packing of particles
poured into the bed. The thermo-physical properties of silica sand used
for the calculations are included in Table 4. The minimum fluidization
velocity of these silica sand particles, estimated by the correlation of
Carman-Kozeny [5] for the average bed temperature, i.e., for 630 °C, is
Uy = 0.2 m/s. The accuracy of the correlation of Carman-Kozeny to
estimate uy at high temperature was proven by Soria-Verdugo et al.
[33], comparing its predictions with experimental measurement for
regular silica sand particles of similar particle size for a temperature
range from room temperature to 600 °C.

5. Results and discussion
5.1. Thermal performance of the TES system

The inlet parameters of the case of study, reported in Table 3, were
used to evaluate the evolution of the temperature in the confined bed of
granular material representing the TES system. The confined bed was
cylindrical in shape. For the characterization of the thermal perfor-
mance of the TES system, the bed height was set arbitrarily to H = 10 m
and the diameter D was varied to analyze the effect of the fluid velocity u
on the thermocline thickness. Since a constant fluid mass flow rate of
my = 50 kg/s is kept constant, as indicated in Table 3, this results in a
fluid velocity inversely proportional to the square of the bed diameter.
For instance, considering a bed diameter of D =11.9 m leads to an
average fluid velocity of u = 0.18 m/s in the TES system. Calculating the
fluid temperature as a function of time and bed height by means of Eq.
(23), the discernment of the high and low temperature of the bed can be
made as time progresses. This is illustrated in Fig. 4, where a contour
plot of the fluid temperature as a function of time and bed height during
the discharge process of the confined bed TES system is presented for an

Table 3
Input data for the thermo-economic optimization of the TES system of the study
case.

Parameter Value
Fluid mass flow rate, my [kg/s] 50
Compressor pressure ratio, m, [-] 6
Compressor polytropic efficiency, #, [-] 0.915
Compressor isentropic efficiency, 7. [-] 0.894
Ambient temperature, T, [K] 293
Ambient pressure, p, [bar] 1
Turbine inlet pressure, p; [bar] 5
Working fluid Air (ideal gas)
TES high temperature, T, [K] 1108
TES low temperature, T; [K] 698

TES demand hours, t; [h] 1-12
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Table 4
Properties of the granular material used for the TES system of the study case.

Parameter Value

TES granular material Silica sand

Sand diameter, d; [pm] 750
Bed porosity, ¢ [-] 0.4
Sand density, p, [kg/m?] 2600
Sand specific heat, ¢, [J/kgK] 896
Sand thermal conductivity, k; [W/mK] 1
10 1100
7.5 1000
-g- 5 900
N
2.5 800
0 700
0 2.5 5 7.5 10
T[K]

t[h]

Fig. 4. Contour plot of the fluid temperature of the confined bed TES system for
a fluid velocity of 0.18 m/s.

average fluid velocity of 0.18 m/s. In the figure, the fluid temperature
along the bed height can be determined as a vertical line for specific
values of time. For the discharge process, the entire bed is at high
temperature at the beginning of the process, and the thermocline
evolves from bottom to top of the confined bed as time progresses. The
thermocline can be observed in Fig. 4 as the diagonal separating the high
and low temperature zones of the bed. The increase of the thermocline
thickness with time predicted by Eq. (27) can also be observed in the
figure as a wider zone of intermediate temperatures for high values of
the bed height and long times. The discharge time can be determined in
the figure as the time for which the outlet temperature of the fluid co-
incides with the high temperature, i.e., drawing a horizontal line at the
confined bed height, H = 10 m, until the temperature starts to decrease,
obtaining a value of the discharge time slightly lower than 10 h for a
fluid velocity of 0.18 m/s.

The local distribution of temperature in the confined bed for a spe-
cific instant can be determined by fixing the value of time in Eq. (23).
Considering the walls of the TES system adiabatic as a first approxi-
mation, the discharge process would be one-dimensional, and the fluid
and solids temperature would change only in the axial direction, i.e., the
direction of the bed height, with no temperature variation in the radial
direction. Fig. 5 a) represents the temperature distribution in the entire
confined bed after 5 h of discharge process with a fluid velocity of 0.18
m/s. At that time, almost half of the bed is at the low temperature, while
the half top of the confined bed remains at the high temperature. Thus,
the thermocline is located around the middle of the bed, where a narrow
zone with a temperature distribution from the high to the low temper-
ature of the system, corresponding to the thermocline thickness, is
visible in the figure. Considering the 1D discharge problem, Fig. 5 b)
shows the temperature distribution along the bed height for t = 5 h and
u = 0.18 m/s, where the sharp temperature change at around the middle
of the confined bed height can be observed. The thermocline thickness
can be determined in this figure as the region where temperature varies
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Fig. 5. Temperature distribution a) in the entire confined bed and b) along the confined bed height for a fluid velocity of 0.18 m/s after 5 h of the discharge process.

from the low to the high value with a deviation of 5 %, i.e., c = 0.05 in
Eq. (26), corresponding to §; = 0.61 m for this case. Noticeably, the
position of the thermocline is affected by the value of the porosity of the
bed, as it has direct impact on the confined bed energy balance. How-
ever, as mentioned in Section 4, a standard value of a porosity of 0.4 is
used in this work. It was observed that the thickness of the thermocline is
not strongly affected by this parameter. Nevertheless, the sensitivity of
the results to the value of the bed porosity is analyzed in Section 5.2.1.

The time evolution of the thermocline thickness in the confined bed
can be determined by Eq. (27). The result is plotted in Fig. 6, where the
growth of the thermocline thickness with time can be observed for
various fluid velocities. In all cases, the thickness of thermocline in-
creases with the square root of time, as a typical characteristic of a
diffusion-controlled problem [35]. Fig. 6 shows that the thermocline
thickness is proportional to the fluid velocity, obtaining high values of &,
for greater values of u. Thus, low values of the fluid velocity are rec-
ommended to prevent an excessive growth of the thermocline, which
would also contribute to limiting the pressure drop of the fluid circu-
lating through the bed according to Eq. (32). However, an excessively
low fluid velocity would result in a large bed diameter, leading to an
overrun of the TES investment mainly due to the isolation material and
the foundations of the confined bed TES system, as established by Eq.
(37). Therefore, the optimization of the geometry and operating con-
ditions of the confined bed TES system should be carried out considering
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Fig. 6. Time evolution of the thermocline thickness for various fluid velocities.

both thermodynamic and economic factors.

5.2. Thermo-economic optimization of the confined bed TES system for
the case of study

A confined bed TES system for the case of study presented in Section
4 was optimized considering thermodynamic and economic factors. The
optimization was performed for a variable TES demand time, t;, between
1 and 12 h, considering the operating conditions and thermophysical
properties reported in Tables 3 and 4. First, the volume of the confined
bed TES system, V, can be directly derived from the energy balance
between the fluid and the solids as a function of the TES demand time:
v Mt (40)

pCp (1 —€) +pycye

Once the required volume of the confined bed is determined, V, the
mass of solid particles, m;, can be calculated as a function of the solids’
density, p,, and their void fraction, ¢, as follows:

m; =p (l—¢)V. (41)

However, the volume of the confined cylindrical bed can be attained
by multiple combinations of bed heights, H, and diameters, D. Each of
these combinations result in a different average fluid velocity, u, for a
fixed value of the mass flow rate of fluid of my = 50 kg/s, as stated in
Table 3 for the case of study. The average fluid velocity will affect the
real discharge time of the system, t;, calculated by solving Eq. (36),
which will differ slightly from the TES demand time, t;, because of the
thickness of the thermocline. The geometry of the confined bed TES
system can be optimized considering its effect on the exergy availability
of the fluid at the outlet of the TES system, AE, Eq. (28), and on the total
investment cost of the whole TES system, C, Eq. (37). The effect of the
variable average fluid velocity, u, on the fluid exergy variation, AE, and
the total investment cost, C, are represented in Fig. 7 for various TES
demand times, t;.

Fig. 7 a) shows the variation of the fluid exergy increment in the TES
system during a discharge process as a function of the average fluid
velocity. For all TES demand times, t;, the curves of AE present a similar
trend. Considering a constant fluid mass flow rate of m; = 50 kg/s, the
fluid exergy increment in the TES system decreases with the average
fluid velocities due to the increased pressure drop, as indicated in Eq.
(42). The fluid exergy increment presents a maximum at low values of
the average fluid velocity. A significant effect of the TES demand time, ¢;,
on the fluid exergy increase, AE, can also be observed in Fig. 7 a). This
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Fig. 7. Effect of the average fluid velocity on a) the fluid exergy increment and b) the total investment cost for various TES demand times.

effect is caused by the linear increase of the TES system volume with the
demand time. Keeping a constant fluid mass flow rate, the same average
fluid velocity can be only attained by maintaining the same bed diam-
eter, D, and thus, to account for the volume increase for different TES
demand times, a higher bed height, H, would be required for higher
values of t;. Therefore, a substantial increase of the TES system pressure
drop, Eq. (42), is obtained for higher values of the demand time due to
the greater bed height required, inducing a sharper reduction of the fluid
exergy increment, AE, as the TES demand time, t;, is increased.

The total investment cost of the TES system is shown in Fig. 7 b) as a
function of the average fluid velocity for various values of the TES de-
mand time. The shape of the curves is similar, with a sharp increase of
the investment cost for low values of the average fluid velocity. This
increase in the total investment cost is motivated by the cost of the TES
vessel, i.e., the cost of stainless steel and the insulating materials. As
stated above, the reduction of the average fluid velocity can be only
attained by an increase of the bed diameter for a constant value of the
fluid mass flow rate. Considering that the confined bed volume is con-
stant for all average fluid velocities, with a different value for each de-
mand time, the increase of D at low u causes a reduction of H. Thus, for
low values of the average fluid velocity the bed will be shallow, with a
low ratio H/D, resulting in an increased external surface of the confined
bed which involves a vessel cost overrun. For intermediate values of the
average fluid velocity, the total investment cost decreases fast to
different values for each demand time due to the cost of the granular
material, which is proportional to the bed volume (Table 2). Then, the
total investment cost increases again for high values of the average fluid
velocity due to the over cost of the compressor required to overcome the
fluid pressure drop across the confined bed TES system. Therefore, the
total investment cost of the TES system presents a minimum value for
different average fluid velocities depending on the TES demand time,
with higher costs for higher values of t; due to the larger volume of the
TES system.

The total investment cost per unit of fluid exergy increment was
analyzed to optimize the average fluid velocity for each TES demand
time. The results are depicted in Fig. 8. All curves present a high value of
C/AE for low average fluid velocities as a result of the sharp increase of
the total investment costs of the TES system and the decrease of the fluid
exergy increment for low values of u. At high average fluid velocities, the
ratio C/AE increases again because of the increasing pressure drop of the
fluid circulating through the confined bed TES system, which motivates
a reduction of the fluid exergy increment, AE, and an increase of total
investment cost, C, as discussed above. Therefore, the total investment
cost per unit of fluid exergy increment shows a minimum value for an
optimal value of the average fluid velocity depending on the selected
value of the TES demand time. The minimum value of the ratio C/AE
increases for high values of the demand time because of the larger TES
system required for higher demand times.
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Fig. 8. Total investment cost per unit of fluid exergy increment.

The optimal average fluid velocity, defined as the velocity for which
the ratio C/AE is minimum, and the minimum value of the ratio of in-
vestment cost to fluid exergy increment are plotted in Fig. 9 a) and b),
respectively, as a function of the TES demand time. The optimal average
fluid velocity decreases with the TES demand time because of the higher
size required for the confined bed, which would lead to high fluid
pressure drops for higher average fluid velocities. The values of the
optimal average fluid velocity range from around 0.2 to 0.4 m/s, which,
considering the estimation of the minimum fluidization velocity of the
solids of 0.2 m/s, justifies the use of the confined bed to guarantee that
the fixed bed regime is kept at fluid velocities above u,s by mechanical
confinement of the particles.

The minimum value of the total investment cost per unit of exergy
increment of the fluid increases with the TES demand time, as antici-
pated in view of Fig. 8. However, the increases of the minimum value of
C/AE with the TES demand time showed in Fig. 9 b) should be analyzed
with caution. This parameter shows the investment cost per unit of fluid
exergy increase, which is higher for increasing TES demand times.
Nonetheless, a longer demand time involves a larger bed for which the
discharge time is also longer. Thus, even though there is an increase of
the investment cost per unit of fluid exergy increment for higher demand
times, that increased fluid exergy can be maintained for a longer time,
specifically during the whole discharge time, and then, the investment
cost for high demand times should not be penalized without considering
the effect of the discharge time.

To determine the discharge time of the confined bed TES system, the
geometry of the bed and particularly the bed height is required. Once the
optimal average fluid velocity of the bed is calculated for each demand
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Fig. 9. a) Optimal average fluid velocity and b) minimum value of the investment cost per unit of fluid exergy increment.

time, the optimal bed diameter can be calculated from the constant fluid
mass flow rate, and the optimal bed height from the volume of the TES
system, which depends on the demand time. The results of the optimal
diameter and height of the confined bed can be observed in Fig. 10. The
optimal diameter of the bed increases slightly with the demand time,
whereas a higher increase of the optimal bed height is observed. The
increase of the optimal bed height together with the decrease of the
optimal average fluid velocity with the demand time limit the value of
the fluid pressure drop across the TES system. Considering the optimal
values of the diameter and height of the confined bed for TES demand
times ranging from 1 to 12 h, the aspect ratio of the cylindrical confined
bed varies from 0.25 to 0.9 for the operating conditions of the case of
study, shown in Table 3, and the selected characteristics of the solids,
reported in Table 4. Additionally, once the optimal dimensions of the
system were determined, the maximum temperature sustained by the
different insulation materials proposed in Table 2 were evaluated,
corroborating that each maximum temperature is lower than the
maximum temperature allowed by the corresponding material.

Once the geometry and operating conditions of the confined bed TES
system are established, the discharge time can be computed by solving
Eq. (36) for the conditions corresponding to each TES demand time. The
relation of the discharge time and the demand time is shown in Fig. 11
a), where a small effect of the thermocline can be observed as a slightly
lower discharge time compared to the TES demand time. This low effect
of the thermocline is motivated by the low values obtained for the
optimal average fluid velocity, which lead to a thin thermocline, as
shown in Fig. 5 and in the thermocline thickness equation, Eq. (27). A
reduction of the demand time of around 2.4 % is obtained for the
discharge time as an effect of the thermocline thickness. However, this
effect could be much more significant for higher average fluid velocities
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Fig. 10. Optimal dimensions of the confined bed TES system for the conditions
stated in Tables 3 and 4.
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and/or different particle sizes and properties. The discharge time was
considered as the time for which the fluid exergy increment can be
maintained for each case. Taking into account the discharge time, the
evolution of the minimum investment cost per unit of fluid exergy
increment times the discharge time is represented in Fig. 11 b) as a
function of the TES demand time. Considering the linear increase of the
actual discharge time with the demand time, C/(AEt;) decreases when
longer TES demand time are required. Therefore, according to Fig. 11 b),
higher TES demand time results in a lower investment cost per unit of
fluid exergy increment times discharge time. However, the TES demand
time should be selected considering the solar multiple SM of the CSP
plant and the higher operating cost derived from a longer discharge
time.

5.2.1. Sensitivity analysis

The confined bed of the TES system designed for the case of study
was optimized considering regular silica sand as granular material, with
a particle size of 750 pm and a bed void fraction of 0.4. However, both
the particle size of the solids conforming the bed, ds, and the bed void
fraction, ¢, have a remarkable effect on the results of the optimization
since the pressure drop of the fluid circulating along the packed bed
depends strongly on the solids diameter and the bed void fraction, as can
be seen in Eq. (33). Thus, to quantify the effect of the bed void fraction
and the solids’ diameter on the optimization of the confined bed, a
sensitivity analysis of those parameters was performed.

Fig. 12 represents the effect of the bed void fraction on the optimal
dimensions of the TES system for different demand times. Noticeably,
varying the bed porosity within reasonable values, from 0.35 to 0.45,
does not promote a qualitative change of the behavior of the TES system,
however, it has implications on the optimal dimensions of the system, as
shown in Fig. 12. The packing of the system has two different effects on
the optimization process. On the one hand, a higher packing of the bed,
i.e., a lower void fraction, implies a reduction of the volume required to
fit a determined mass of solids, resulting in a more compact system. On
the other hand, the void fraction strongly affects the pressure drop of the
fluid in the bed, as shown in Egs. (33) and (34). Thus, a higher packing of
the bed, or lower void fraction, induces a significant increase of the
pressure drop, which promotes a lower optimal velocity and/or bed
height to limit the value of the pressure drop. The lower optimal velocity
or bed height required for more densely packed beds is obtained by an
increased value of the bed diameter, as depicted in Fig. 12. Therefore,
reducing the void fraction of the bed results in a higher optimal diameter
of the bed that enhances a reduction of the bed pressure drop by limiting
the optimal velocity of operation and reducing the bed height. These
tendencies of the optimal dimensions can be clearly observed in Fig. 12.
All in all, the qualitative behavior of the system remains the same in all
cases. However, the use of a confined bed is not consistent with loosely
packed systems, provided that the mechanical confinement of the bed
will forcedly promote the formation of a densely packed bed.
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Fig. 12. Optimal dimensions of the confined bed TES system as a function of
the bed void fraction.

To quantify the effect of the solids’ diameter on the optimization of
the confined bed, the operating parameters of the case of study (Table 3)
and the thermo-physical properties of sand (Table 4) where used to
optimize a confined bed conformed of silica sand particles of d; ranging
from 250 pm to 10 mm, for a fixed TES demand time of ; = 6 h. The
optimal dimensions of the cylindrical confined bed are represented in
Fig. 13 as a function of the silica sand particle size. The significant
reduction of the fluid pressure drop for higher granular material particle
sizes results in much deeper optimal confined beds for coarser particles.
The optimal bed height increases with the diameter of the solids,

25 ‘ T \
20t - ]
E
c15¢ 1
RS
2]
G
£ 10 1
[a)
5’1 1
1
Dopt 6h ~ ~ -Hopt 6h
0 L 1 L
2 4 6 8 10
dS [mm]

Fig. 13. Optimal dimensions of the confined bed TES system as a function of
the diameter of the solid particles for a TES demand time of 6 h.
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per unit of fluid exergy increment times discharge time.

considerably faster for low values of d;, for which small particle size
increments lead to significant reductions of Ap. The aspect ratio of the
optimal confined bed increases up to H/D = 3.5 for particle sizes of 10
mm. Nonetheless, the particle size of the solids conforming the confined
bed of TES system should be selected low enough to avoid undesired
temperature distributions inside single particles by keeping a low par-
ticle Biot number.

6. Conclusions

A new configuration using a confined bed is proposed as a granular
material TES system to store sensible heat in a concentrated solar power
plant. The selection of this novel confined bed is based on the idea of
maximizing the exergy of the fluid leaving the TES system, which is
coupled to the power block of the plant. An analysis of the performance
of the thermocline in the confined bed during a discharge process was
performed, quantifying the effect of the thickness of the thermocline on
the discharge time. The effect of the thermocline on the discharge time
was found to increase with the fluid velocity.

The effect of the thermocline was combined with a thermo-economic
analysis of a confined bed TES system proposed for a case of study. This
confined bed was optimized considering both thermodynamic and
economic aspects. The optimal geometry and operating conditions of the
confined bed were derived as a function of the demand time by mini-
mizing the investment cost per unit of fluid exergy increment. The
optimal fluid velocity for a confined bed of silica sand of 750 pm in
diameter was found to be low, between 0.2 and 0.4 m/s, to prevent
excessive increments of the fluid pressure drop across the confined bed,
while the bed aspect ratio range between 0.25 and 0.9, depending on the
TES demand time. However, the optimal fluid velocity is higher than the
minimum fluidization velocity of the solids selected, thus, the novel
concept of confined bed proposed is necessary to maximize the exergy
availability of the fluid supplied to the turbine from the TES system. The
optimal dimensions of the confined bed were found to depend strongly
on the particle size of the granular material, since this parameter has a
significant effect on the fluid pressure drop. Considering the effect of the
thermocline thickness on the discharge time, the newly proposed
confined bed TES system operates better for longer demand times, for
which the total investment cost required to keep the fluid exergy
increment during the discharge time is lower. However, the demand
time of the TES system should be selected considering the solar multiple
of the concentrated solar power plant to account for the excess of energy
available to charge the TES system.
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