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a b s t r a c t

This paper is focused on modularized concrete sensible thermal energy storage systems with thermal
oil as heat transfer fluid; the thermal storage systems have been conceived to be integrated into a
concentrated solar power plant. This work is mainly focused on the effect of the modules’ arrangement
on the overall performance of the thermal energy storage system. Series and parallel arrangements are
investigated, to determine the most performant solutions in terms of exchanged thermal energy as a
function of the main operating conditions: oil mass flow rate and pressure drop, both in heating and
cooling phase. Two different boundary conditions are considered: adiabatic and diabatic external walls.
The simulations are carried out using an extended version of a model proposed by the present authors
for a single concrete block, that was validated with experimental data. The exchanged thermal energy,
the oil mass flow rate, the pressure drops, and the duration of the process are changed to evaluate
the storages under different operating conditions. The best thermal energy storage configuration is
determined by a thermal energy assessment: it coincides with the first one that reaches the asymptotic
values with the minimum number of elements. Furthermore, in the diabatic case, the loss heat
flux toward the environment has a significant role and highlights the differences between charging
and discharging phases, its presence contributed to a more aware choice of the most suitable and
performant modularized system.

© 2020 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

It is a common opinion that energy production should involve
sustainable and renewable resources and other technologies that
can optimize the overall process. The thermal energy storage
(TES) is one of the most attractive ways to improve concentrated
solar power (CSP) plant performances (Gil et al., 2010; Medrano
et al., 2010; Kuravi et al., 2013; Pelay et al., 2017), by meeting the
energy peak demand during cloudy weather or overnight. In the
charging or heating phase, the solar field heats the heat transfer
fluid (HTF), which commonly flows inside pipes embedded in the
TES. Then, it warms up the TES and stores energy by increasing
its temperature. Conversely, during the discharging or cooling
phase, the cold fluid is pumped through the TES to extract the
thermal energy that will be employed in the power plant. In
particular, concrete is widely used for TES construction because of
its thermal, mechanical and affordable properties (Salomoni et al.,
2014; Laing et al., 2006, 2009; Tamme et al., 2004).
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This paper is focused on modularized concrete sensible TES
systems and the most efficient modules’ arrangement is inves-
tigated, both in the heating and cooling phase. Different se-
ries, parallel and mixed configurations are considered, and their
performances are evaluated, combining the exchanged thermal
energy, the mass flow rate and the pressure drops along with
the system. Many studies about TES modularization have been
conducted but a specific comparison of the stored energy amount
and a focus on the series or parallel connection are still missing
in the open literature.

Many types of TES modularization have been studied. Haller
et al. (2009) reviewed different methods to characterize thermal
stratification in energy storage, focusing on the methods that can
be used to determine the ability to promote and maintain strat-
ification. The thermal response of a multi-tank TES was studied
by Cruickshank and Harrison (2011). The storage was assembled
from three standard hot-water storage tanks which were con-
nected in series or parallel configuration. The series ones reached
high levels of temperature stratification during periods of rising
temperatures and limited destratification during periods of falling
temperature. This effect was not observed in the parallel one.
Then, Dickinson et al. (2013) investigated the thermal behavior of
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Nomenclature

c specific heat capacity [J kg−1 K−1]
D diameter [m]
e roughness [m]
f friction factor [-]
L length [m]
ṁ mass flow rate [kg s−1]
m mass [kg]
Nu Nusselt number [-]
p pressure [Pa]
q heat flow rate [W]
R thermal resistance [K W−1]
Re Reynolds number [-]
t temperature [◦C]
v velocity [ms−1]

Greek symbols

γ interpolation coefficient [-]
∆ difference [-]
ε efficiency [-]
ρ density [kg m−3]
τ time [s]

Subscript

amb ambient
cnc concrete
ext external
in inlet
ins insulating layer
int internal
loss dissipated
m mean value
oil oil
out outlet

Acronyms

CFD Computational Fluid Dynamics
CSP Concentrating Solar Power
HTF Heat Transfer Fluid
PCM Phase Change Material
S*P Series*Parallel
TES Thermal Energy Storage

a stratified tank when subjected to constant temperature charg-
ing and constant volume hourly draws. Charging in the series
configuration was the most effective option, when combined with
parallel draws, led to the mixing of unequal delivery tempera-
tures from the tanks. Macias et al. (2018) examined soda lime
silicate glass–graphite composites for use as a storage medium
in a TES unit. A simple one-dimensional model for thermal con-
ductivity was developed based on equivalent thermal circuits for
series–parallel composite walls but without an optimization anal-
ysis. Venegas-Reyes et al. (2019) presented a parametric method-
ology to size stationary solar collector fields. The costs of the
collector loop piping and the pumping power of different series–
parallel arrays are considered. The optimal series–parallel array
was determined by the assessment of the payback time. Vig-
neshwaran et al. (2019) developed a cost-effective concrete based
TES system by performing experimental studies and numerical

simulations. For evaluating the temperature variation along the
length of the module, an object-oriented framework is adopted
by implementing the theory of continuous stirred tank in series.
Yongtai et al. (2019) designed a heat storage vacuum tube solar
collector. The parallel and series–parallel solar air collector sys-
tem prototype was designed and tested but without a focus on
the best disposition.

Cimmino (2019) presented a semi-analytical method for the
calculation of g-functions of bore fields with mixed arrangements
of series and parallel connected boreholes. However, it was not
possible to account for changes in flow direction within the bore
field, which is expectable in seasonal storage systems. Rosato
et al. (2019) investigated the performance of an Italian district
heating network. The plant was based on the operation of solar
thermal collectors connected to a double U-pipe vertical borehole
TES. They analyzed also the connection type (series, parallel or
mixed) and found out that for a given number of borehole TES,
the series one was the most performant. Anyhow, they considered
just a few elements in the simulation.

The TES systems that are based on Phase Change Materi-
als (PCM) are also gaining attention because of their potential
improvements. Keshavarz et al. (2010) studied a TES system,
consisting of different PCMs arranged in series, from the irre-
versibility point of view, with charging and discharging processes
occurring periodically. The number of PCMs and their arrange-
ment influenced the irreversibility of the system. Amirifard et al.
(2018) studied the integration of a solar pond with latent heat
storage for performance stability. Two parallel and one series
layouts were studied. The average efficiency of discharging time
for the series layout showed a higher increase compared with the
parallel one. A hybrid concentrator photovoltaic PCM system was
developed by Emam and Ahmed (2018). The developed system
included four different configurations of PCM heat sinks and nine
different pattern arrangements of PCM. Increasing the number
of parallel cavities led to a reduction in solar cell temperature.
However, increasing series cavities had an unfavorable effect on
the solar cell temperature. Shang et al. (2018) proposed modular-
ized TES fabricated by encapsulating paraffin, thermally enhanced
via copper or nickel foams, with epoxy resin. Theoretical and
experimental validations revealed that the effective thermal con-
ductivity was increased, and they also developed a series–parallel
model to predict it. Besagni and Croci (2019) proposed a pilot-
scale PCM storage, to be coupled with solar-assisted heat pumps.
The storage system was operated considering series and parallel
heat exchanger configurations and implementing a broad set
of boundary conditions, to test the storage unit under relevant
operating conditions. Rezaei et al. (2020) presented a design
methodology for a high-temperature latent heat TES unit, em-
ploying metal PCM. They assessed that the in-series or in-parallel
arrangement of multiple units into a complete system provides
higher performances, but they did not study which layout gave
the best result. Huang et al. (2020) proposed a system using a
PCM as a TES unit combined with a water tank for solar heating
systems. The series system showed an enhancement of the solar
fraction compared with a single water tank system and with
a water tank-PCM unit parallel system. However, they did not
multiple element configurations.

Concrete TES systems have been studied mainly for CSP in-
tegrations. A new type of TES for CSP plants was presented
by Bergan and Greiner (2014). The energy storage medium is
concrete with high thermal conductivity. Heat is transported by
the HTF which flows through the steel pipe. The flow through the
modular system is arranged in parallel and series but without a
specific investigation of the best configuration. Concrete was also
studied for TES integration in CSP plants by Wu et al. (2014). The
discharging performance of four concrete structures is studied.
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The packed-bed gives the best discharging performance, followed
by the rod-bundle structure, the parallel-plate structure, and the
channel-embedded structure. Hoivik et al. (2019) studied a TES
based on concrete modular system design with steel pipe heat
exchangers. A heat exchanger design using thermal elements
arranged in series and parallel was developed. Multiple thermal
elements were stacked inside a steel frame, and the elements
were connected through pipes. The pipes in each element were
configured so that the HTF flows in and out of one element
through two parallel U-shaped pipes. However, the authors did
not focus on finding the most efficient series/parallel configura-
tion. Suárez et al. (2020) developed a simplified zero-dimensional
model of a passive sensible TES system for application in CSP
plants, using concrete as a storage medium and thermal oil as
HTF. The authors used a correction function determined through a
set of Computational Fluid Dynamics (CFD) numerical simulations
and they did not investigate the effect of series/parallel dispo-
sition of the elements. Roy et al. (2020) studied a sensible TES
made of concrete and water as HTF. The computational work was
carried out using Comsol Multiphysics software, with a specific
focus on the exergy factor, but without consideration of the
possible modularized arrangements.

The present work follows a previous study already published
by Doretti et al. (2019). The paper presented a simple lumped
capacitance-based computing model for a single concrete module
that is recalled in the following model description.

2. Model description

The model proposed by Doretti et al. (2019) aimed at devel-
oping a computational tool to predict the behavior of a single
concrete storage module. It allowed for the real-time simulation
of the general TES module’s parameters during the operation of
the entire system. The main parameter describing the TES is the
stored or released thermal energy from or to the HTF. So, the
model was meant to compute the transferred energy over time,
and the related HTF temperature at the outlet of the module. To
validate the developed model, a suitable set of experimental tests
was selected, the agreement between numerical simulations and
tests was very good (Doretti et al., 2019).

The storage element consists of a stainless steel AISI 316 tube
embedded into the concrete matrix in a 4-passages configuration.
The module is 3 m long while the tube has an inner diameter
equal to 14 mm and an outer diameter of 16 mm, the total
tube length is 12 m. It has a square cross-section parallelepiped
(0.2×0.2 m), with a total weight of around 290 kg, as can be seen
in Fig. 1. ParathermTM NF mineral oil (Paratherm NF Bulletin) was
chosen as HTF. The modules were covered with two insulating
layers, one made of ceramic wool and the other by Rockwool, to
reduce the convective heat losses to the surroundings.

The proposed model schematized the concrete storage module
as a cylinder with an equivalent diameter. The storage module
was considered as 4 sub-units arranged in series. In this way, the
basic element assumes the well-known geometry, often described
as ‘‘washer’’, in which the tube is placed in the cylinder center;
in the specific case, each of 4 elements has 2 adiabatic sides
(toward the adjacent elements), and 2 diabatic sides (toward the
external insulating layers). All the simplified simulation models
are based on the well-known lumped capacitance method with
other additional assumptions (Doretti et al., 2019).

2.1. Governing equations

When combining the internal (A) and external (B) section
calculations and considering the 4 basic elements arranged in
series that constitute the entire TES module, the heat flux balance

for the entire TES element for the heating and cooling phase can
be written.

Heating/charging phase energy balance (Fig. 2, left-hand side
schematic):

qcnc,A = qoil,A qcnc,B = qoil,B − qins − qloss (1, 2)

qcnc = qcnc,A + qcnc,B = qoil,A + qoil,B − qins − qloss (3)

Cooling/discharging phase energy balance (Fig. 2, right-hand
side schematic):

qcnc,A = qoil,A qcnc,B = qoil,B − qins + qloss (4, 5)

qcnc = qcnc,A + qcnc,B = qoil,A + qoil,B − qins + qloss (6)

In this way, after an iterative procedure on heat fluxes and
temperatures, the internal energy variation of concrete TES and,
consequently, the new value of TES element temperature can be
obtained at each time-step:

∆tcnc =
qcnc

mcncccnc
· ∆τ =

⏐⏐tcnc,τ+∆τ − tcnc,τ
⏐⏐ (7, 8)

tcnc,τ+∆τ = tcnc,τ ± ∆tcnc (9)

with the sign (+) for heating (the concrete temperature is in-
creasing) and sign (−) for cooling (the concrete temperature is
decreasing). The HTF Nusselt number is considered equal to 3.66
in the laminar zone, while it is estimated with the well-known
Dittus–Boelter semi-empirical correlation (Dittus and Boelter,
1930) in the turbulent zone, and interpolated as reported by
Gnielinski (2013) in the transition zone:

Nu = (1 − γ ) · Nulam,2300 + γ · Nuturb,4000 (10)

with:

γ =
Re − 2300

4000 − 2300
(11)

where Nulam,2300 is the Nusselt number at the end of the laminar
zone (Re = 2300) and Nuturb,4000 is the Nusselt number at the
beginning of the turbulent zone (Re = 4000).

The heat flux equations are here reported for the two dif-
ferent processes: thus, referring to heating/charging process (in
which the oil heats the concrete TES), and in the case of cool-
ing/discharging (in which the concrete heats the oil mass flux) in
which the absolute value has to be used.

The heat flux between oil and concrete for the internal section
(called ‘‘A’’, from the oil to the TES core), considering the TES
module (i.e the sum of the 4 sub-units), is defined as:

qoil,A =

⏐⏐⏐⏐ toil,m − tcnc
2Rint

⏐⏐⏐⏐ (12)

section A is geometrically equal to the B one, each section has half
of the entire area, so the overall thermal resistance is multiplied
by a factor 2.

The heat flux between oil and concrete for the external section
(called ‘‘B’’, from the oil to the TES boundaries), considering the
TES module (the sum of the 4 sub-units), is given by:

qoil,B =

⏐⏐⏐⏐ toil,m − tcnc,ext
2Rint

⏐⏐⏐⏐ (13)

while the heat flux between concrete and environment is:

qloss =
tcnc,ext − tamb

Rext
(14)
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Fig. 1. Concrete module and piping 3D sketch.

Fig. 2. Heat fluxes scheme for heating (left) and cooling (right) test.

Table 1
Energy and thermal efficiency comparison between 2 blocks in series and parallel in charging phase.
Configuration Energy 1st block Energy 2nd block Total energy Efficiency Pressure drop
[–] [MJ] [MJ] [MJ] [%] [bar]

Single module 44.42 – 44.42 98.58 0.22
2 modules in series 44.42 43.99 88.41 98.11 0.44
2 modules in parallel 43.98 43.98 87.96 97.61 0.11

Table 2
Energy and thermal efficiency comparison between 2 blocks in series and parallel in discharging phase.
Configuration Energy 1st block Energy 2nd block Total energy Efficiency Pressure drop
[–] [MJ] [MJ] [MJ] [%] [bar]

Single module 44.11 – 44.11 97.92 0.21
2 modules in series 44.11 43.49 87.60 97.20 0.42
2 modules in parallel 43.31 43.31 86.62 96.12 0.11

This loss heat flux will be considered only in the second
part of the analyses, while in the first considerations a quasi-
infinite external thermal resistance Rext = ∞, will be considered
(i.e. adiabatic conditions).

The concrete external temperature can be estimated as:

tcnc,ext = toil,m ±
qoil

Rint
= toil,m ±

qoil,A + qoil,B

Rint
(15)

with the sign (−) for heating, and sign (+) for cooling processes.
The insulating temperatures are also calculated.

The internal energy stored in insulating layers due to their
mean temperature variations is given by:

qins1 =
mins1cins1∆tins1

∆τ
qins2 =

mins2cins2∆tins2
∆τ

(16, 17)

qins = qins1 + qins2 toil,out = toil,in ±
qoil

ṁoil · coil
(18, 19)

with (−) for charging (outlet oil temperature is lower than the
inlet one) and (+) for discharging phase (outlet oil temperature
is higher than the inlet one).

As described before, the model was developed for a single
concrete module, but the present work aims to analyze the per-
formance of a modular system composed of several elements
arranged in series and parallel arrays. The elements arranged
in parallel have all the same behavior, so these subdivisions
are simply obtained by dividing the total oil mass flow rate by
the number of parallel elements. All the calculations are then
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Fig. 3. Parallel (top) and series (bottom) disposition of two representative elements.

Fig. 4. Mean concrete and oil inlet and outlet temperature of a single element in charging.

Fig. 5. Mean concrete and oil inlet and outlet temperature of a single element in discharging.
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Fig. 6. Adiabatic analysis: oil temperature at the end of the simulation in charging (a) and discharging (b) for different configurations.

performed for a single element, then the total amount of energy is
calculated by multiplying the resulted heat fluxes by the number
of parallel elements.

Differently, the elements arranged in series present different
working performances one from each other, the outlet oil of
an element becomes the inlet of the following one. So, the oil
temperature changes along with the series array and the code
needed to be adapted to this configuration.

Mixed arrangements (with a variable number of branches
and a different number of series elements) consider both the

described procedure for series and parallel, in order to estimate
their performance. The parallel and series arrangements of the
elements is reported in Fig. 3 for two modules, as a clarifying
scheme. The different temperatures and oil mass flow rate are
also reported.

3. Pressure drops calculation

In order to identify the best option between series, parallel
and mixed configurations in terms of overall performance, the
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thermal energy is not enough, and the analysis needs to consider
also the related pressure drops. As expected, for the same amount
of inlet oil mass flow rate, their value remarkably varies when
passing from a pure parallel configuration to a pure series.

The pressure drops are a function of the friction factor, which
depends on the laminar or turbulent flow. The HTF flows inside
circular pipes, so the following equations are used:

• In laminar flow:

f =
64
Re

(20)

• in turbulent flow, the well-known implicit Colebrook–White
equation is implemented:

1
√
f

= −2 log
(

e
3.7 Dint

+
2.51

Re
√
f

)
(21)

The pressure drops are calculated by:

∆p = f
L
D

ρ
v2

2
(22)

4. Numerical simulations

All the numerical simulations presented in the following para-
graphs are performed with the described code which in addition
includes the possibility to estimate the performance of any differ-
ent multiple module arrangements. The first part of the analyses
considers the concrete blocks with adiabatic external surfaces.
Then, the heat loss is introduced and a comparison with the
adiabatic results is finally presented.

4.1. Adiabatic external boundaries

The first simulations consider adiabatic concrete surfaces. This
condition is obtained by inserting a nearly-zero ambient heat
transfer coefficient. In this way, the heat loss is equal to zero, so
the exchanged heat fluxes are the ones related to concrete, oil
and insulating material.

4.1.1. Single element simulations
A preliminary simulation with just one concrete block is con-

ducted, both in the charging and discharging phase. The input
parameters are chosen by referring to a compatible TES system
in a CSP plant. So, in the charging phase the initial concrete
temperature is set at 150 ◦C, the inlet oil temperature at 300 ◦C,
the oil mass flow rate at 500 kg/h and the simulation time at
18000 s (5 h). The number of hours in which the solar energy
overcomes the production request coincides with the loading
time of the TES system. It varies concerning the latitude, the
season and the industrialization level of the country in which
the CSP plant is settled, so a simulation time of 5 h could be a
reasonable value (Kuravi et al., 2013; Achkari and El Fadar, 2020;
Herrmann and Kearney, 2002; Rodat et al., 2015; Zhang et al.,
2013).

During the discharging phase, instead, the inlet oil tempera-
ture is set at 150 ◦C and the concrete one at 300 ◦C, while all the
other parameters (e.g. oil mass flow rate and simulation time)
keep the same values (Rodat et al., 2015; Achkari and El Fadar,
2020; Cocco et al., 2016; Rodríguez et al., 2016).

In this configuration, the thermal energy exchanged by oil
and concrete is about 44 MJ, with a pressure drop of 0.2 bar, as
reported in Figs. 4 and 5. During the simulation, the outlet oil and
concrete temperature progressively get closer to the inlet oil tem-
perature, with an asymptotic trend. This means that the energy
exchanged by the two materials is very high at the beginning of
the simulation, because of a high-temperature difference between

Table 3
Thermal energy with 500 kg/h of mass flow rate and 2.5 bar of
pressure drop for adiabatic (A) and diabatic (D) boundary.

Table 4
Thermal energy with 500 kg/h of mass flow rate and 5 bar of
pressure drop for adiabatic (A) and diabatic (D) boundary.

oil and concrete and then decreases as the concrete temperature
approaches the oil one.

When more elements are put in series or parallel, with the
same total oil mass flow rate, the exchanged thermal energy
increases, but the increase is not proportional to the number
of elements. In Tables 1 and 2 the comparisons between two
elements in series and parallel, in charging and discharging phase
respectively, are reported. If a second element is put in series to
a previous one, the thermal energy increases, but that exchanged
in the second block is lower than the one in the first block. This
is due to the lower inlet oil temperature.

Besides, pressure drops also increase. If the two blocks are
arranged in parallel, the total energy also increases, but it is lower
than the one estimated for the series. Each block exchanges less
because of the lower oil mass flow rate which leads to lower
pressure drops.

In Tables 1 and 2, the thermal efficiency is also reported.
It is calculated as the ratio between the value of the thermal
energy stored in the TES and the maximum theoretical value,
referred to inlet oil temperature. More details about the efficiency
calculation are reported in Doretti et al. (2019). The efficiency
is higher for a single block than for two elements. The series
combination, also, achieves higher efficiencies, in both charging
and discharging stages. However, the values are very similar for
the three configurations, so the main difference is represented by
the thermal energy amount, which is very different passing by
one to two concrete blocks.

These considerations highlight the need of a more compre-
hensive analysis, in order to investigate the performances of
more complex configurations, trying to identify a rationale best
configuration for given operating conditions.

4.1.2. Thermal energy at a variable number of elements
The performance of different configurations was assessed at

different operating conditions. The simulations started by keeping
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Table 5
Thermal energy with 500 kg/h mass flow rate and 10 bar pressure
drop for adiabatic (A) and diabatic (D) boundary.

Table 6
Thermal energy with 250 kg/h of mass flow rate and 5 bar of
pressure drop for adiabatic (A) and diabatic (D) boundary.

Table 7
Thermal energy with 1000 kg/h of mass flow rate and 5 bar of
pressure drop for adiabatic (A) and diabatic (D) boundary.

constant the initial concrete and oil temperatures, the total time
and the total oil mass flow rate and then, for each number of
branches (from 1 to 8), the number of elements arranged in series
that lead to a target pressure drop was calculated. Finally, for each
combination, the exchanged thermal energy was estimated. The
results are listed in Tables 3–7.

For an oil mass flow rate of 500 kg/h and a target pressure drop
of 2.5 bar, the combinations Series*Parallel (S*P) 11*1, 22*2, 32*3,
etc. were obtained (Table 3). It means that with a mass flow rate
of 500 kg/h and 3 branches, each branch needs 32 elements in
series to get an overall pressure drop of 2.5 bar, with a total num-
ber of 96 elements. With a lower number of branches, the mass
flow rate for each branch is higher, so the number of elements in
series to reach the target pressure drop is lower (i.e. 22*2). The
thermal energy during both charging and discharging phase was
hence calculated. Table 3 also demonstrates that the total energy
increases with the number of branches, because the total num-
ber of elements also increases (the elements numbers are valid

both for adiabatic and diabatic boundary), but then it reaches an
asymptotic value (for 3 branches), when the number of branches
is increased, even if a higher number of elements is involved,
the thermal energy remains almost the same, meaning that these
configurations are not optimized.

When increasing the target pressure drop to 5 bar (Table 4),
the resulted combinations, for a given number of branches, ex-
hibit more modules arranged in series because of the greater
amount of available pressure drop. The firsts were (S*P) 23*1,
44*2, 63*3 and so on. As already stated, by increasing the number
of branches, the thermal energy also rises until the same asymp-
totic value of the previous simulations. However, in this case, the
maximum value is obtained for lower parallel subdivisions (in
particular, for 2 branches) because the number elements in series
for each branch is higher. If the target pressure drop is brought to
10 bar (Table 5), the number of series elements for each branch
increases accordingly, and the asymptotic thermal energy value
is reached for 2 branches again.

Further considerations can be made by varying the oil mass
flow rate, considering 250, 500 and 1000 kg/h, in Tables 6, 4 and
7, respectively, while keeping constant the value of the pressure
drop at 5 bar. The asymptotic value is reached at lower number
of branches for lower mass flow rate; in fact, at 250 kg/h it is
achieved with the first combination yet, while with 1000 kg/h at
6 branches. In any case, the asymptotic thermal energy value is
different for the three simulations, because it increases with the
inlet oil mass flow rate.

This preliminary analysis allowed to understand the effect of
the oil mass flow rate and pressure drop on the performance
of different arrangements of concrete modules in complex TES
systems. Besides, in order to understand the specific underlining
heat transfer behavior of these systems in their charging and
discharging phases, a more detailed analysis must be done. How-
ever, it is unfeasible to study in detail all the operating conditions
presented before, thus a typical set of parameters for the HTF
was considered (Rodat et al., 2015; Achkari and El Fadar, 2020;
Cocco et al., 2016; Rodríguez et al., 2016). In particular, in the
next paragraphs, the analysis was carried out by keeping constant
the oil mass flow rate at 500 kg/h, as also reported in Rodat et al.
(2015), Giannuzzi et al. (2017), while the maximum allowable oil
pressure drops were limited to 5 bar, that can be considered a
consistent value for a centrifugal pump available in the market.

4.1.3. Oil and concrete temperatures along the series
The detailed analysis can start from one of the most meaning-

ful parameters, the oil temperature profiles through the series of
the concrete modules for the different parallel configurations, in
the case of adiabatic boundary conditions. The profiles relative to
the first four modules arrangements (23*1, 44*2, 63*3 and 95*4),
at the end of the process (5 h) at a mass flow rate of 500 kg/h and
imposing the pressure drop at 5 bar, were plotted, both during
charging (Fig. 6a) and discharging (Fig. 6b) phases. The profiles
start at the inlet oil temperature and progressively approach the
concrete one module by module, with a clear asymptotic trend.
It is interesting to point out that the first configuration (23*1,
pure series) does not reach the asymptote because the number of
elements is limited by the allowable pressure drop. The second
one (44*2) reaches the asymptotic value both for temperature
and thermal energy (see Table 4): it is the first configuration that
exchanges the maximum amount of thermal energy. All the other
combinations also reach the asymptotic values, both for temper-
ature and thermal energy (Table 4), but they employ a larger
number of elements, becoming more expensive solutions without
storing a greater amount of energy, which remains almost the
same, as listed in Table 4.
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Fig. 7. Adiabatic analysis: energy for different configurations at constant mass flow rate (500 kg/h) and pressure drop (5 bar) in charging (a) and in discharging (b).

4.1.4. Thermal energy over time
The stored thermal energy over time allows for a more com-

prehensive understanding of the behavior of the different mod-
ules’ configurations. In the previous analyses, the simulation time
was always set to 5 h, which recalls a value of working hours for
a typical CSP, that hardly can be extended to 6–8 h (at relatively
high solar radiation). When the working time is increased, the
selected configurations show interesting results, all the charging
and discharging curves (Fig. 7a and 7b) present similar behavior
because the temperature difference between oil and concrete and
the other variables are set to equal values. In fact, the thermal
energy profile of all the different combinations, at first linearly

increases with time, then it approaches its specific asymptotic
value, which depends upon the total number of elements and it
is reached in a relative high time.

Considering a typical daily cycle for a CSP plant, the charging
and discharging phases last in 6–8 h, thus, the first configuration
23*1 has almost achieved its asymptotic value yet; differently, all
the other configurations are still in the linear zone, storing higher
values of thermal energy. This is further proof that the second
combination (44*2) is the optimal one (for the set simulation
time) because it gets the same thermal energy of 63*3 and 95*4,
but with fewer concrete blocks. With different simulation time,
different optimal combination will be obtained.
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Fig. 8. Adiabatic analysis: oil heat fluxes at different hours for 44*2 configuration (500 kg/h, 5 bar) in charging (a) and discharging (b) (2 videos are available as
additional files).

4.1.5. Oil heat fluxes over time
As already stated, the second configuration (44*2) has demon-

strated the best overall performance in term of stored energy in
reasonable time (5 h); for this reason, the oil heat flux at different
time steps is plotted along the series, as shown in Fig. 8, for the
charging phase (Fig. 8a) and the discharging one (Fig. 8b).

At the beginning of the simulation (i.e. 1 h), all the con-
crete blocks present the same temperature, thus the first one
exchanges the maximum oil heat flux, as it can be seen from
Fig. 8a. In charging phase, the oil cools down by flowing through
the cold elements, and, consequently, the heat flux decreases

through the series. Then, as the charging phase proceeds (i.e. 1.5,
2, 3 h, etc.), the first blocks asymptotically approaches the oil
temperature and the heat flux sharply decreases to almost zero.
The hot oil, which can be considered as a thermal wave, progres-
sively reaches the following elements and the relative maximum
heat flux moves to the central blocks and finally monotonically
decreases as the oil temperature diminishes. The maximum value
of heat flux moves gradually to the central blocks and reaches
lower values.

During the discharging phase (Fig. 8b), the profiles are similar,
but the oil and concrete temperatures are obviously switched.
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Fig. 9. Adiabatic analysis: heat fluxes at the end of the simulation for 44*2 configuration in charging (a) and discharging (b).

Hence, the oil becomes progressively hotter by flowing through
the concrete blocks and this reduces the heat flux. Also, in
this case, the curves present a maximum, but the profiles are
smoother.

4.1.6. Heat fluxes along with the series
It is worth showing the profiles of the oil, concrete, insulating

heat fluxes through the 44 elements of the 44*2 configuration
after 5 h (i.e. at the end of the simulation) of both charging
(Fig. 9a) and discharging (Fig. 9b).

Only three curves are shown because the reported simulation
is carried out considering adiabatic conditions, so the loss heat
flux is null and the difference between oil and concrete heat flux

is equal to the insulating heat flux. They all have a maximum
in the central blocks and then decreases progressively through
the last element of the series. This means that the first blocks,
have already exchanged heat with the oil mass flow rate in
the previous hours, so the oil can reach the central block being
still hot and charge the storage. This also means that even this
configuration has not reached the maximum amount of storable
energy.

4.2. Diabatic external boundaries

Further investigations can be made by introducing the heat
flux between concrete blocks and the environment. The insulating
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Fig. 10. Diabatic analysis: oil temperature at the end of the simulation in charging (a) and discharging (b) for different configurations.

materials exchange heat with the surrounding ambient, set at
20 ◦C. This new boundary condition remarkably affects the results
of the simulations and the differences between the charging and
discharging phases emerge, in terms of both temperature and
exchanged heat. It is important to assess this condition because
it seems closer to a real operating situation.

The exchanged thermal energy both in charging and discharg-
ing phases is reported in Tables 3–7 for the same combinations
used for the previous analyses. In general, the results are similar
to those obtained for adiabatic conditions, but there is important

evidence: the asymptotic thermal energy related to charging and
discharging set at different values and this is due to the loss of
energy toward the environment. In fact, in charging phase, the
concrete blocks are set at 150 ◦C and heated up by oil mass flow
rate, which enters at 300 ◦C. Conversely, in discharging phase, the
elements have 300 ◦C starting temperature, while the inlet oil one
is equal to 150 ◦C. The environment temperature is always set at
20 ◦C, so the temperature difference between concrete and the
surroundings changes during the simulation and it is different for
the two phases. The diabatic boundary influences the heat flux
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Fig. 11. Diabatic analysis: energy for different configurations at constant mass flow rate (500 kg/h) and pressure drop (5 bar) in charging (a) and discharging (b).

and the thermal energy too, specifically in the charging phase
more amount of thermal energy is exchanged than in discharging.

4.2.1. Oil and concrete temperatures along with the series
The temperature curves at the end of the simulations, for dif-

ferent configurations, are reported even for the diabatic analyses
in Fig. 10. As before, they are related to 500 kg/h oil mass flow
rate and pressure drop of 5 bar. The general trend is similar to
the adiabatic one and the second combination (44*2) is even in
this condition the first that reaches the asymptotic value, both in
the charging (Fig. 10a) and discharging phase (Fig. 10b).

Nevertheless, the two (44*2) asymptotes are set on different
values compared with the adiabatic case. In the charging phase,
the temperature profiles do not stop at 150 ◦C, which is the initial
concrete one, but they reach 140 ◦C and this is due to the heat

loss to the environment by the hot concrete modules. In fact, the
blocks are cooled by the heat loss to the external ambient, so
the oil is brought to that temperature, too. In the same way, in
the discharging phase, the blocks initially are set at 300 ◦C and
progressively decrease their temperature. The oil mass flow rate
temperature cannot arise until 300 ◦C and stops at 287 ◦C. The
temperature difference between the oil inlet and outlet is greater
in charging than in the discharging phase. This causes a difference
also in the related heat fluxes and thermal energy.

4.2.2. Thermal energy during time
The major differences can be highlighted considering the ther-

mal energy during time, in Fig. 11. After the initial linear trend,
the curves do not set on an asymptotic value, but there is an
increase in charging and a decrease in the discharging phase. In
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Fig. 12. Diabatic analysis: heat fluxes at the end of the simulation for 44*2 configuration in charging (a) and discharging (b).

the charging phase, the thermal energy keeps increasing, even if
with a lower slope. In the discharging phase, instead, the thermal
energy achieves a maximum, different for the various combina-
tions, and then decreases progressively. It must be underlined
that the two diagrams present different scales to improve the
readability.

Even in diabatic conditions, the second combination (44*2)
appears to be the optimum one in the range of operative time of
a common CSP plant. It reaches the same thermal energy amount
of the others, but with fewer concrete blocks.

4.2.3. Heat fluxes along with the series
The different heat fluxes at the end of the simulations (5 h)

have been plotted along with the series even for this situa-
tion. There are some main changes compared to the adiabatic

simulations; the results are reported in Fig. 12.
The loss heat flux has a relevant role in this situation, and

it is more significant where the concrete block’s temperature is
higher. It happens for the first elements in charging phases, which
have been already heated, and for the last ones in discharging
phases, which still maintain a high temperature.

In the charging phase, the last elements encounter a nega-
tive concrete heat flux. This is due to the high loss heat flux,
whose difference between the oil one brings the concrete heat
flux below zero. For those elements, the insulating heat flux is
null because it has already been balanced with the environment
temperature, the central elements present the oil, concrete and
insulating fluxes peaks.

In the discharging phase, the concrete heat flux has higher
values that the oil one. Once again, this is due to the high loss heat
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flux, which enters in the balance and keeps the concrete heat flux
higher than the oil one. The insulating heat flux has a peak in the
middle, like the oil and concrete ones, while it is approximately
negligible for the last blocks.

5. Conclusions

The numerical analysis for large-scale modularized concrete
thermal energy storage systems was conducted. The simulations
were carried out by means of a dedicated code, an improved
version of the one proposed by Doretti et al. for single concrete
TES block. Different arrangements of various elements in series,
parallel and mixed configurations were investigated, and their
performances compared, to determine the best configuration as
a function of the imposed operating conditions.

The exchanged thermal energy was assessed both during the
charging and discharging phase, considering adiabatic and dia-
batic external surfaces. The initial concrete, oil and environment
temperatures were set at fixed values, to achieve comparable
results. The oil mass flow rate, the pressure drops, and the process
duration were instead varied to evaluate the performance of
the different configurations. All the parameters were set to be
suitable values for a real CSP plant.

At fixed total mass flow rate and pressure drop, the number
of parallel branches was progressively increased. The number of
elements in series for each branch was consequently calculated.
The thermal energy increased at each consecutive branch, until
an asymptotic value. For mass flow rate (500 kg/h) and pressure
drop (5 bar), the most performant configuration was (44*2) that
exchanged the same amount of energy of the following ones,
but with fewer blocks. Hence, for the given operating conditions,
the best possible configuration was found, considering thermal
energy, pressure drops and economic issues.

The oil temperature profiles were also predicted and there are
relevant differences between the adiabatic and the diabatic situa-
tions. In the adiabatic case, the curves tended with an asymptotic
way to the starting concrete temperature, while in the diabatic
case the heat loss shifted down them. The exchanged heat with
the surroundings led to a progressive increase in the thermal en-
ergy in the charging phase while during the discharging phase a
maximum value was observed. The best modules’ configurations
in diabatic conditions were the same for the adiabatic simulations
but with different overall thermal energy, due to the heat loss to
the surroundings.

Moreover, in the adiabatic case, after a few hours of operation,
the exchanged heat fluxes presented a maximum in the central
blocks of the series, the first elements had already been fully
charged, so a peak appeared in the middle. In the diabatic case,
the heat loss to the surroundings had a significant role and
highlighted the differences between the charging and discharging
phases. Its presence was not negligible and contributed to a more
aware choice of the most suitable system.
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