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Abstract

Thermal Energy Storage is becoming a necessary component of sustainable
energy production systems as it helps alleviate intrinsic limitations of Re-
newable Energy Sources, such as intermittent use and mismatch between
power demand and supply. This paper discusses a packed bed thermocline
tank as a thermal energy storage solution. Firstly, this paper presents the de-
velopment of a numerical model calculating heat transfers within the tank,
based on a discretization over several nodes and the nodal formulation of the
heat balance equation. The model considers a filler material and a heat trans-
ferring fluid and uses the finite difference method to calculate the tempera-
ture evolution of the two media across the tank. The model was validated
with two different packed bed systems from the literature during a discharg-
ing process, presenting a good fit with the experimental results. Secondly, the
experimental packed bed is presented and characterized for a charging cycle
from ambient temperature to approximately 180°C. The charging experiment
was accurately reproduced with the numerical model requiring minimal
computational time. Two additional charging modes were simulated with
different inlet HTF conditions: constant temperature and varying tempera-
ture following the profile produced by a thermal solar collector field. The
temperature profiles obtained from the three charging modes were analysed
and compared to each other. The proposed numerical and experimental tools
will be used in future studies for a better understanding of the design and op-
erating conditions of packed bed thermal energy storage systems.
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1. Introduction

Systems exploiting Renewable Energy Sources (RES), such as solar, are strongly
affected by intermittent meteorological conditions, therefore presenting varying
energy availability and imbalance between energy demand and supply. Thermal
Energy Storage (TES) applications can help alleviate this issue by storing energy
in periods with lower demand and/or higher supply and releasing it during peak
demand periods [1] [2]. In addition, TES technology can result in CO, and cost
reduction by making sure energy is used when it is less expensive and when re-
newable energy presents an increased share in the mix. Furthermore, TES con-
tributes to the increase of the efficiency, reliability, and security of energy sys-
tems.

Currently, application of TES technology can be found in the building sector
(HVAC, DHW), the industrial sector (chemical industry, food industry, etc.)
and power production (solar thermal power plants) [2]. Recent advances in the
field propose pumped thermal electricity storage, a technology that uses TES
tanks (usually large scale packed-bed reservoirs) to store electricity produced
heat and later convert it back to electricity [3] [4].

Focusing on thermal solar energy systems, there are three main forms of TES
applications: sensible, latent and thermochemical storage. TES in sensible form
presents several attractive advantages: simpler and less expensive implementa-
tion, completely reversible charging and discharging operation and limited de-
gradation over a repeated number of thermal cycles [5] [6].

The most mature technologies today are those based on the first option, Ze,
sensible form, with the most widespread application being the Domestic Hot
Water (DHW) tanks (solar water heaters), using water as the storage medium.
However, at temperatures above 100°C, usually coupled with concentrating solar
systems for industrial and power generation applications, the use of water is no
longer cost-effective, making the use of other materials necessary [7]. The design
of a sensible TES system is an elaborate process that includes several considera-
tions, such as the required application field (usually defining the temperature
span), technical aspects (available volume, storage capacity, compatibility be-
tween selected materials etc.) and economic factors (cost of material and tank
assembly, availability of material, etc.) [8].

Among available types of sensible TES systems, several studies report the ben-
efits of packed bed applications, including high reliability and operability [9],
being simpler to develop [10] and exhibiting improved performance compared
to other options, due to a high surface area for heat transfer [11]. The packed
bed configuration consists of a single tank solution, containing a fixed bed of fil-
ler solid material, used as the Filler Material (FM), and a second medium tra-
versing the container, acting as the Heat Transferring Fluid (HTF) [12] [13] [14]
[15]. The HTF is therefore used for the charging and the discharging process of
the packed bed, as heat transfer occurs through direct surface contact of the FM
and the HTF [16]. The use of the FM reduces the amount of needed fluid in the
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tank, thus reducing the cost and the volume of the TES application. Further-
more, the heat exchange between the filler material and the HTF creates temper-
ature stratification, Ze, thermocline, in this way removing the need for a second
storage tank.

The design of an appropriate packed bed TES system, as well as the choice of
the FM and HTF materials, is a challenging task as undesired effects are to be
avoided, such as insufficient storage capacity, overheating of the system, over-
pressure, etc. [8]. Within the Solar and Other Energy Systems Laboratory at the
National Center for Scientific Research “Demokritos”, a research and innovation
infrastructure has been developed for the production and storage of me-
dium-temperature thermal energy. Among other elements, the infrastructure in-
cludes a solar thermal parabolic collector and a packed bed TES system. The ex-
ploitation of this infrastructure, including the investigation of its performance
and effective control strategies scenarios for specific building and industrial ap-
plications, requires the development of advanced numerical tools that simulate
the heat transfer phenomena in an accurate and timely manner.

Within this context, the present study describes the numerical method used to
develop a model that reproduces the performance of a packed bed TES system.
The model is validated with the use of experimental data from two different lite-
rature studies. Afterward, the research and innovation infrastructure is intro-
duced, focusing on the packed bed tank. At present, few studies examine the
performance and the potential of solar thermal applications using magnetite ore
as the filler material of a coupled TES system. A thermal charging cycle of this
type of system is presented, offering novel experimental data. The characteristics
of the tank are introduced to the developed model and the same charging cycle is
numerically reproduced. Three different charging modes are investigated, pro-
viding different charging profiles, by altering the inlet HTF temperature (con-
stant and varying). Results obtained from the experimental charging and the ad-
ditional simulated scenarios are examined and compared, whereas useful ther-

mal performance parameters are calculated.

2. Numerical Model

2.1. Description

A numerical model was developed in this study with the aim to simulate the
performance of a TES tank. The model considers cylindrical geometry for the
tank and spherical geometry for the filler material. It is based on the formulation
of the heat balance equations for the filler and transfer media that are solved
under MATLAB-Simulink environment [17] [18] [19]. Solution of the model lies
on the discretisation of the investigated medium into a specific number of layers
(nodes) and the subsequent application of the energy balance equation on each
of them.

The tank is represented as a vertically placed cylinder, fully packed with the filler
material, while the HTF flows around it and through the void fraction (Figure 1).
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Figure 1. Schematic representation of the thermal energy storage tank.

The HTF flow inside the tank is considered uniform and in one dimension
(across the axial direction). The FM is considered as a perfect sphere with tem-
perature uniformity across it. The TES tank is considered as a porous medium
with a uniformly distributed FM, having a porosity ¢. The number of nodes, n,
is taken equal to the round quotient of the height of the tank by the diameter of
the filler sphere. Volume expansion and shrinkage during the charging and dis-
charging phase respectively are neglected. Lastly, radiation related heat transfer
is also neglected.

The energy balance equations are expressed for the HTF and the FM, taking
into account applicable heat transfer phenomena. Figure 2 illustrates the heat
transfer processes for consecutive nodes (ie., i — 1, i, i + 1) occurring between
the HTF, the FM and the surrounding.

Based on the aforementioned considerations and assumptions, the energy

balance equation for the HTF at the ith node is expressed as follows:

dT,
pan,aVa d_ta

. (oka Aﬁ N (pka Ai— R
= (Dmcp,a (Ta,i—l _Ta,i )+ Aym,: (Ta,i+1 _Ta,i )+T71V:(Ta,i—l _Ta,i ) 1

—-UA; (Ta,i _Tamb)+ hy Ay (Tp,i _Ta,i)

Similarly, the energy balance equation for the FM at the jth node is expressed

as follows:
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Figure 2. Nodal discretisation of the TES tank and representation of heat transfer phenomena.

dT,
ppcprpvp dt
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where 7'is the node temperature, p is the density, kis the

(Toi—To)

(2)

thermal conductivity,

G, is the specific heat capacity, V'is the node volume, 4 is the node cross area,

Ay is the distance between two consecutive nodes, ¢ is the porosity, U is the

natural convective heat transfer coefficient at the vertical surface of the tank, A,

is the interstitial heat transfer coefficient, A, is the wall surface of the cylinder,

A, is the superficial area per unit volume area and m
Subscripts a and p refer to the HTF and FM respectively,

axial nodal position.

is the fluid flow rate.

while 7 represents the

Equations (1) and (2) are then discretised with the use of the implicit finite

difference method.
For the HTF at the ith node this is expressed as follows:

Toi

3)

)

ai+l

T _thdt
c v 2 &l
Patpate ™ at
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i-Li

For the FM at the ith node this is expressed as follows:

t t—dt
=Th

p.i p.i
ppvapr At
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+UA, (T;,i _Tatmb)+ h A (Ta\t,i _T;,i) (4)

U, the natural convective heat transfer coefficient at the vertical surface of the

tank, is calculated based on the following equation [13]:

Nuk_;
U= air 5
d ®)

p

where Nu the Nusselt number is taken from [20]:

Nu = 0.6Re®*Pr*? (6)
And Rethe Reynolds number and Prthe Prandtl number [21]:
4md
Re=—s (7)
D u

where D, is the tank diameter, d, the solid sphere diameter, and x the fluid vis-
cosity.
In a similar manner, A, the interstitial heat transfer coefficient, is calculated

using [22] Equation (5), where Nusselt number is taken from [22]:

Nu = 2+1.8Re**Pr¥? (8)
A, the superficial area per unit volume area, is calculated as [23]:
6V, (1-
A= g ?) (9)

p

This formulation leads to a system of linear equations that are scripted in
MATLAB environment and solved by matrix algebra techniques. Based on this,
the HTF and FM temperatures for each node are calculated at every time step,
using as inputs the HTF inlet temperature, the HTF flow rate and the tempera-
tures of the layers at the previous time step. For the first time step, an initial state
of the tank is set, for example as fully charged/discharged or with a specific tem-

perature profile.

2.2.Validation

The presented numerical study is validated through a twofold comparison of
obtained results with experimental data from the literature. Specifically, the con-
ditions observed during the experiments of Pacheco et al [24] and Hoffmann et
al. [25] are used in the simulation. This section briefly presents the experimental
work from these two studies and compares the experimental and simulated re-
sults (temperature evolution at various axial points in the tank over time). Table
1 lists the characteristics of the developed systems from Pacheco et al [24] and
Hoffmann et al. [25].

2.2.1. Validation, Pacheco et al.

Pacheco et al [24] developed a thermocline experimental system as part of a
larger TES application. The tank exterior is made of steel and has a height of 6.1
m and a diameter of 3.0 m. The insulation of the tank consisted of 23 cm of fi-

berglass on the sides and 20 cm of calcium silicate ridged block at the top of the
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Table 1. Characteristics of two different thermocline tanks from literature for model va-

lidation.
Parameter Pacheco et al. [24] Hoffmann et al. [25]
Energy 2.3 MWh 8.3 kWh
Filler material Quartzite and silica filter sand Quartzite rock
Heat transfer fluid Molten salt Rapeseed oil
Tank height 6.1m 1.8 m
Tank diameter 3.0m 04m
Porosity 0.22 0.41
Discharge time 2h 3.5h
Temperature of HTF, charge 390°C 210°C
Temperature of HTF, discharge 290°C 160°C

tank. The FM is a mixture of quartzite and silica filter sand (2:1 ratio) and the
HTF is molten salt (a nearly eutectic mixture of sodium nitrate and potassium
Nitrate). The final void fraction of the tank is 0.22 and the total storage capacity
reached 2.3 MWh.

The salt was heated to approximately 390°C and was then was poured to the
tank from the bottom for the charging process; during the discharging process
the temperature of the salt was 290°C. Measurements of the temperature at dif-
ferent axial positions along the tank were taken (middle radial point) every 30
min during the discharging phase, for a total discharge phase of two hours.

The initial state of the tank for the simulation is set based on the experimental
values at time 0 h. The comparison is performed for the remaining experimental
values during the 2 h discharge process, with a 30 min interval. The inlet tem-
perature of the HTF is considered constant over the course of the experiment
and taken equal to 290°C. Based on these conditions and the tank characteristics,
the discharge process is simulated with the use of the numerical model. Figure 3
illustrates the experimental and numerical results for the temperature distribu-
tion of the HTF across the TES tank (axial direction).

It can be noted that the developed numerical model manages to accurately re-
produce the experimentally observed temperature evolution at different axial
points of the tank, for several time instances during the discharging process. The
minor observed differences, for instance for time =2 h at H=4.9 - 6.1 m, are
consistent with findings from the literature ([26] fig. 13, [27] fig. 3) and can be

attributed to experimental uncertainties.

2.2.2.Validation, Hoffmann et al.

Hoffmann et al [25] developed a laboratory scale thermocline TES tank, 1.8 m
high and 0.4 m in diameter. The tank is insulated with a 20 cm aluminum foil
covered rock wool layer. The FM is quartzite rock and the HTF is rapeseed oil.

The void fraction of the developed apparatus is 0.41 and the total storage capacity

DOI: 10.4236/jpee.2023.115001

7 Journal of Power and Energy Engineering


https://doi.org/10.4236/jpee.2023.115001

N. Stathopoulos et al.

t=2h simulation
t=2h experimental

——t=0h simulation t=1h simulation
% t=0h experimental ¢ t=1h experimental
t=0.5h simulation t=1.5h simulation
t=0.5h experimental * t=1.5h experimental

400 T T T T T T

&
o

3
o

320

HTF Temperature [°C]
®
o

300

I 1 1 1 I 1

280
1 2 3 4 5 6 7

Tank axial distance [m]

Figure 3. Comparison between numerical and experimental results from Pacheco ef al
[24], temperature profile during discharging process.

is 8.3 kWh. The instrumentation consisted of 32 thermocouples placed at the
axial direction of the tank and several additional sensors along the radial axis,
allowing monitoring the temperature evolution across the TES unit over time.
The temperature of the heat transfer fluid during the charging and the discharg-
ing phases was 210°C and 160°C respectively.

Similar to the previous validation study, the initial state of the tank is equal to
the experimental measurements at time #= 0 h and the remaining experimental
data are used to validate the model. A 3.5 h discharge phase is simulated, with a
constant inlet HTF temperature of 160°C. Figure 4 presents the experimental
and numerical results of the HTF temperature evolution at the axial direction of
the tank, with a 30 min interval. Results demonstrate anew the good agreement
between experimental data and numerical prediction, offering a second valida-
tion of the proposed numerical work. Minor discrepancies are observed, for in-
stance for time 7= 1h and ¢= 1.5 h, also reported in the results of Hoffmann et
al. ([25], fig. 8), probably related to experimental uncertainties.

Through this approach, the TES tank numerical model is compared with two
experimental systems ([24] [25]), holding different sizes, FM, HTF, as well as
discharging periods and inlet HTF temperatures. This consistent study validates

the proposed numerical method and its outcomes in a rigid manner.

3. Description of TES Tank

The investigated application concerns a sensible heat packed bed TES (Figure

5). Its cylindrical part is divided into three separate chambers carrying the filler
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|

Figure 5. The experimental 2 m® magnetite TES tank (left) and internal structural details

and flow configuration during charging (right).

material and is enclosed at the two ends by suitably designed conical parts with
internal dividers, in order to achieve a more uniform flow distribution at the in-
let and exit. The TES tank contains magnetite ore [28] as the filler material and
Therminol® SP [29] as the heat transfer fluid. Magnetite ore (Fe,O,) is a com-
mon substance in the course of iron extraction. It is abundantly available, inex-
pensive (0.18 $/kg, [30]), non-flammable, low-permeable and has high density
and thermal conductivity values [31]. These characteristics make it an excellent
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candidate as a filler material, however only a handful of studies investigate its
potential ([31] [32] [33] [34] [35]). It should be noted though that this storage
technology is being used in an actual concentrating solar thermal plant, operat-
ing on an organic Rankine cycle (ORC), driven by a Fresnel collector solar field
[36].

The TES tank has a cylindrical shape (vertically placed), with a height of 2.39
m and an internal diameter of 1.1 m; the porosity ¢is 0.39. The tank is thermally
insulated with a 13 cm thick rock wool layer. Table 2 resumes the properties of
the FM and HTF.

An elaborate instrumentation study resulted in the positioning of 23 thermo-
couples across the axial direction of the tank, in the middle radial point, that are
used to obtain the temperature profile of the TES system (Figure 6). Two addi-
tional thermocouples are placed at the inlet and outlet point of the tank to mon-

itor the HTF at the entrance and exit positions of the tank.

4. Results and Discussion

Three different charging scenarios of the TES tank are presented in this section.
The first one concerns a charging process with an increasing inlet HTF temper-
ature at a nearly linear rate. This mode was the one experimentally executed,
corresponding to electric heating of oil and then reproduced using the validated
numerical model. It is representative of an initial charging cycle, whereby the
tank (oil and filler material) is initially at ambient temperature.

The second charging mode, which is the one most often encountered in the
literature, considers a constant inlet temperature of 180°C for the HTF from the
beginning until the end of the charging process. The heating of the tank with an
increased HTF temperature from the start of the process leads to a significantly
faster charging, as the HTF at the outlet point of the tank reaches its maximum
temperature in less than 1 h.

The third charging mode concerns a varying temperature based on realistic
conditions, representative of heating from a solar-collector field. Previous stu-

dies have captured this profile for a typical operation day and have found that a

Table 2. Properties of Therminol® SP as HTF and magnetite ore as FM.

Therminol® SP (at 150°C) Magnetite ore

Density (kg/m’) 784 5186
Specific heat capacity (kJ/(kgK) 2.37 0.85
Thermal conductivity (W/mK) 0.1133 2.825

Liquid viscosity (mPa-s) 1.29 -

Operating Temperature (°C) —-28 to 290 -

Equivalent diameter of ) 10
magnetite particles (mm)
Porosity ¢ of packed bed - 0.39
DOI: 10.4236/jpee.2023.115001 10 Journal of Power and Energy Engineering
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Figure 6. Schematic representation of the position of thermocouples inside the TES tank
(all distances are represented in cm).

sixth-degree polynomial adequately approximates it [37]. The polynomial has
the following form:

T, =at+at+at’ +at’ +a,t* +at’ +ait’ (10)

where t refers to time (in min) and 4, to 4 are presented in Table 3.

Figure 7 presents the inlet HTF temperature for the different investigated
charging modes. The initial temperature of the tank was set to approximately
27°C and the HTF flow rate was 2.2 kg/s for all three cases. The characteristics of
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Table 3. Polynomial coefficients in Equation (10), solar collector field.

Coefficient Value (solar heating)
a, —1.420431356898 x 1073
a 2.103778934489 x 103
a, 3.051129914167 x 10°°
a, —1.593109661544 x 1077
a, 2.808978144742 x 107
as —1.011443517559 x 10713
ag —1.814326134579 x 107%¢
200 T T T T T T T T T
180 1
160 1
140 - 1
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o
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Temperature [°C]
]
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20 + - Tinlet solar collector 4
Tinlet constant
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Time [h]

Figure 7. Inlet HTF for the different charging scenarios.

o
L
L
L
L

the packed bed TES system, as well as its initial state, HTF inlet temperature and
flow rate were introduced to the numerical model and the three charging cycles
were simulated until the TES tank reached a fully charged state at an approx-
imate temperature of 180°C. Regarding the third scenario (solar collector field),
the simulation was carried out until t = 6 h, given the fact that the subsequent
period, with inlet temperature reducing with time, would result in the gradual
discharging of the TES tank.

Figure 8 focuses on the first scenario and compares the experimental and
numerical results for the HTF temperature at different axial positions of the tank
for selected time intervals (every 4 h). The experimental values represent a
charging cycle of a magnetite-based TES system and are a novel addition to the

literature. It can be observed that, once again, the numerical model reproduces
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Figure 8. Comparison between numerical and experimental results for packed bed TES,
temperature profile during charging process, scenario 1, increasing inlet HTF temperature.

the behaviour of the TES system accurately, in this case during a charging process
with a varying inlet HTF temperature.

Thermal performance parameters showing the total amount of energy stored
in the tank, the instantaneous charging efficiency and the thermal stratification
number are also investigated for the three modes.

The total energy stored is calculated as follows [38]:
Q= z:j MyireCp ure AT AL (11)

where Q is the energy stored, M. and c, . are the flow rate and specific
heat capacity of the HTF, A T'is the inlet and outlet temperature difference of the
HTF, At is the time interval in the simulations and ¢, is the overall charging
time, ¢.= n*A¢, with nthe number of intervals.
The instantaneous (or transient) charging efficiency 7 is calculated as follows
[38]:
_ Tin _Toul

—_n_ o 12
Tin _Tini ( )

n

where 7}, 7, are the inlet and outlet temperatures of the HTF and 7, is the in-
itial temperature of the storage.

Furthermore, whereas according to the study by Lou et a/ [39], the above pa-
rameter belongs to the class of performance indicators reflecting the quantity of
the stored thermal energy, there are other factors characterizing the thermal strati-
fication level, such as the stratification number Stz This is a time-dependent pa-

rameter, defined as [39]:
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(0T /oz),

Str(t)= (T Jez)

(13)

max

where Stris the stratification number, (0T /oz )t the mean temperature gradient
for each radial position at each time interval and (8T/6z)  the maximum
temperature gradient during the charging process.

This parameter is used here also to compare the different charging modes.

Table 4 summarises the calculated charging time and total energy stored for
the three investigated charging modes. The first mode results in a higher energy
storage, followed by the third one, while the second mode presents the lowest
value, even though being much faster. However, given the different charging
conditions, the tank does not reach a similar state at the end of each process. The
stored energy values are therefore presented for the sake of completeness of in-
formation but are not directly comparable.

Figure 9 presents the axial temperature distribution for the three charging
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Figure 9. Axial temperature distribution for the three different inlet HTF profiles: increasing for a charging duration of 16 h and
time interval of 1 h (a), constant for a charging duration of 1 h and time interval of 5 min (b) and solar collector field for a charg-
ing duration of 6 h and time interval of 30 min (c). (Axial distance measured from the top)
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modes (depicted as a, b and ¢). As also indicated in Table 4, the charging
process duration differs for each case following the respective inlet HTF condi-
tion. The reported charging duration and time interval are accordingly adjusted
in Figure 9 to best illustrate the temperature profile of the tank during the
charging process.

Figure 10 shows in a more illustrative manner how stratification develops in
the tank for two of the three charging modes. More specifically, the stratification
number is plotted vs a normalized time # £, so that a common time range is used
for all modes. It can be observed that for the constant inlet temperature case this
number attains its highest value already from the start and this remains high for
almost one third of the total charging cycle. It then reduces gradually and almost
vanishes after two thirds of the cycle. In the case of input from a solar source, it
is observed that the peak value of stratification is attained at about one third of
the cycle and then the drop is almost linear until the end of the cycle. In the case

Table 4. Charging time and total stored energy per charging mode

Charging Stored Maximum (3T/ 62)t
time (h) energy (kWh) (°C/m)
Increasing inlet HTF temperature 16 387.9 3.82
Constant inlet HTF temperature 1 329.5 64.27
Solar collector field inlet
6 340.0 7.06

HTF temperature

T T T T

1 [ T T T T T ]
Solar collector field

09+ — — — - Constant Tinlet 4
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© © © © o o
N w H (4] » ~

©
-
T

~
0 I L L I 1 L i P A

0 0.1 02 03 04 05 06 07 08 09 1
Dimensionless charging time

Figure 10. Stratification number for two different inlet HTF profiles during a charging
cycle: constant inlet temperature and heating from solar collector field.
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of increasing inlet temperature, the tank does not reach a uniform state, as the
input HTF is constantly augmenting, but instead maintains a mild linear strati-
fication at all times. As such, this case is omitted for this specific comparison.

Certainly, when the stratification numbers are considered in a non-normalized
form they have quite different values, as can be seen in Table 4. In particular, the
constant inlet HTF temperature mode presents the highest maximum value of
Str, followed by the solar collector field charging and the increasing inlet HTF
temperature.

The stratification number Str(#) has been also used by Lugolole et al. [40], who
used a variable inlet temperature in their oil-pebble storage tank experiments
and the form of its time variation is similar to our results shown in Figure 10 for
the solar collector field inlet temperature, exhibiting peaks at the first half of the
cycle, followed by a gradual decrease until the end of the cycle.

Additional results are presented in Figure 11, illustrating the inlet and outlet

HTF temperature for the three charging modes. Charging modes 1 and 3 lead to
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Figure 11. Inlet and outlet HTF temperature profiles for the three different inlet HTF profiles: increasing for a charging duration

of 16 h and time interval of 1 h (a), constant for a charging duration of 1 h and time interval of 5 min (b) and solar collector field
for a charging duration of 6 h and time interval of 30 min (c).
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a nearly constant increase of the outlet HTF temperature, while mode 2 results
in the formation of temperature difference between the top and the bottom parts
of the tank. Minor fluctuations of the inlet HTF temperature values are noted,
due to experimental uncertainties or possible instantaneous deficiencies of the
equipment.

The total stored energy in the tank presents small differences between the
examined scenarios, as previously discussed. Figure 12 presents the amount of
stored energy with time. The first scenario presents a steady increase of the
stored energy, the second one a steady increase until its full charging and the
third one follows the solar collector energy yield (slower in the beginning and
the end of the charging process).

Figure 13 presents the instantaneous charging efficiency for each of the sce-
narios. The inlet HTF temperature fluctuations of the first charging mode are
propagated to this parameter as well (Figure 13(a)). The instantaneous charging

efficiency in this case presents low values from the first hour and remains low
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Figure 12. Total energy stored for the three different inlet HTF profiles: increasing for a charging duration of 16 h and time in-
terval of 1 h (a), constant for a charging duration of 1 h and time interval of 5 min (b) and solar collector field for a charging dura-
tion of 6 h and time interval of 30 min (c).
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Figure 13. Instantaneous charging efficiency for the three different inlet HTF profiles: increasing for a charging duration of 16 h

and time interval of 1 h (a), constant for a charging duration of 1 h and time interval of 5 min (b) and solar collector field for a

charging duration of 6 h and time interval of 30 min (c).

throughout the charging process. The second mode results in higher energy effi-
ciency values, in agreement with the continuously increased inlet HTF tempera-
ture and the fast charging time. Efficiencies above 0.5 are noted for almost half
of the charging period in this case. Lastly, the third mode presents an interme-
diate performance compared to the two previous cases. Efficiencies above 0.5 are
only observed for the first charging hour and are significantly lowered after that.
The general form of the efficiency curve in Figure 13(c) closely resembles the
respective transient efficiency curves in the study of Mawire et al [38], which is
one of the few considering a variable inlet temperature. In fact, their time varia-
tion was similar to the one assumed for solar-field heating in the present work,

and for almost the same duration of the charging process.

5. Conclusion

Packed bed TES applications have proved to be a promising addition to RES
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systems for heat and power generation, improving efficiency, reliability and se-
curity. Nevertheless, numerical tools are required to better understand their
performance and improve the design process. This study presents the method to
develop a one-dimensional numerical model that solves the heat balance equa-
tions of a discretised tank and predicts the temperature evolution of the filler
material and the heat transfer fluid across the axial direction of the tank. A
magnetite ore based packed bed TES system is also presented and characterised
under a thermal charging process. The model is validated through a solid ap-
proach, using data from two literature studies, as well as the experimental results
of the presented packed bed tank. The model proves its accuracy under varying
conditions, ie., different dimensions of the tank, filler material, heat transfer
fluid, charging/discharging process and inlet temperature. Three charging mod-
es of the tank are investigated based on varying and constant temperature pro-
files of the inlet HTF temperature, resulting in an analysis and comparison of
obtained results. The model will be further developed to include thermal processes
during a phase change, allowing the simulation of the performance of Phase
Change Materials as a storage medium. The developed tools will be used in fu-
ture studies to investigate an optimal TES tank configuration and operation in
terms of FM, HTF, tank geometry and porosity, as well as charging conditions.
The aim is also to conduct comparative studies between sensible and latent ther-

mal storage applications, demonstrating the benefits and drawbacks of each case.
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Charging time [s]

Diameter [m]

Height of tank [m]

Heat transfer coefficient [J-kg™']
Conductivity [W-m™.K™']
Energy [kWh]

Stratification number
Temperature [°C, K]

Physical time [s]

Natural convective heat transfer coefficient, tank level [W-m™ K]
Volume [m’]

Time interval [s]

Distance [m]

Flow rate [m>h™]

Greek Letters

* D™ xr 3

Charging efficiency
Viscosity [kg-m™-s™']
Density [kg-m’]
Tank porosity

Subscripts/Superscripts

a
amb
i

in
ini

out

st

Referring to heat transfer fluid
Referring to ambient

Node position, axial direction
Referring to inlet

Referring to initial

Referring to outlet

Referring to filler material
Referring to surface

Referring to interstitial / superficial
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