‘ energies

Article

Experimental Evaluation of a Combined Sensible and Latent
Heat Thermal Energy Storage System

Adio Miliozzi

check for
updates

Academic Editor: Xiaohu Yang

Received: 22 September 2025
Revised: 21 October 2025
Accepted: 31 October 2025
Published: 4 November 2025

Citation: Miliozzi, A.; Nicolini, D.;
Napoli, G.; Giorgi, G.; Liberatore, R.
Experimental Evaluation of a
Combined Sensible and Latent Heat
Thermal Energy Storage System.
Energies 2025, 18,5808. https://
doi.org/10.3390/en18215808

Copyright: © 2025 by the authors.
Licensee MDP], Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license

(https:/ / creativecommons.org/
licenses /by /4.0/).

, Daniele Nicolini

, Giuseppe Napoli ¥, Gianremo Giorgi © and Raffaele Liberatore *

ENEA—Italian National Agency for New Technologies, Energy and Sustainable Economic Development,
Lungotevere Thaon di Revel 76, 00186 Rome, Italy; adio.miliozzi@enea.it (A.M.); daniele.nicolini@enea.it (D.N.);
giuseppe.napoli@enea.it (G.N.); gianremo.giorgi@enea.it (G.G.)

* Correspondence: raffaele liberatore@enea.it

Abstract

Thermal energy storage (TES) systems are crucial for industries to overcome the temporal
misalignment between heat demand and availability, while also reducing greenhouse
gas emissions. This is fundamental for increasing industrial production efficiency and
promoting renewable energy sources, such as solar energy. Among various TES solutions
(sensible, latent, and thermochemical), combined sensible/latent heat TES (CSLHTES) is
attracting more interest. It combines the ideal characteristics of individual sensible or latent
heat storage technologies: high stored energy density, compactness, high efficiency, stable
heat supply temperature, and good power output. This work experimentally evaluates the
thermal behavior and potential improvements of a CSLHTES system. This system, named
HyTES, consists of two series-connected TES units—one sensible and one latent—operating
within a 180-280 °C range, to meet typical industrial application requirements. A test
procedure was developed to define key performance indexes (KPIs). The results confirm
that CSLHTES systems generally show improved performance compared to individual
units. This indicates that further analysis of this approach is justified, moving beyond just
energy and exergy perspectives to also include economic and environmental impacts.

Keywords: thermal energy storage; sensible heat; latent heat; combined sensible/latent
heat TES; testing procedures; key performance indexes

1. Introduction
1.1. Motivation

Worldwide, the generation of electrical power and thermal energy remains substan-
tially reliant upon carbonaceous energy commodities: specifically, hard coal, methane, and
petroleum-derived liquids [1]. Energy-related greenhouse gas emissions, like CO; released
into the atmosphere, contribute to global warming with serious consequences. These
emissions can only be reduced through an increase in energy efficiency and the widespread
use of renewable energy sources, which must also meet the world’s growing energy needs
for electricity and heat [2]. Both energy efficiency (which involves the recovery of otherwise
lost energy) and the use of renewable sources (where supply must meet user demand)
require managing energy that is available but not immediately usable. Energy storage
systems (ES) are key to achieving this [3]. Including a storage system in a renewable energy
plant decouples the energy availability for the end user from the actual availability of the
renewable source. This, in turn, allows for the large-scale use of renewable energy, with a
consequent reduction in CO, emissions [4,5].
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Thermal energy makes up a substantial fraction of energy demand. Itis used in diverse
applications, from electricity generation (such as in CSP plants) to providing process heat
for manufacturing goods and for building air conditioning. In most cases, the demand for
heat is not constant, but characterized by various peaks.

Addressing the temporal misalignment between heat demand and availability necessi-
tates the use of thermal energy storage (TES) systems. Such systems are crucial for shifting
peak demand and optimizing demand management [6,7]. In fact, these storage systems
offer CSP plants the advantage—compared to photovoltaic systems—of allowing electricity
production when the sun’s radiation is absent through stored heat [8-12]. Additionally, TES
systems enable the recovery of waste heat in different processes and industrial sectors [13]
and are often designed in combination with heat pumps to increase their efficiency [14,15].

Notwithstanding extensive research endeavors in this domain [16], the successful
assimilation of thermal energy storage (TES) technology into industrial operations is inher-
ently challenging. This difficulty stems from the imperative for swift returns on investment
and demonstrable profitability, which serve as crucial determinants for capital allocation
decisions [17]. Consequently, the substantial preliminary capital outlay remains a consid-
erable impediment [18-20]. Furthermore, owing to the inherent strengths and limitations
of individual storage systems, their practical viability is acutely contingent upon specific
process specifications and technical constraints, such as available energy conversion mech-
anisms and governing thermodynamic boundaries [17]. While typical industrial process
infrastructure and energy provisioning systems exhibit a protracted operational longevity,
spanning multiple years to several decades [21], process demands frequently undergo a
more rapid evolution.

A TES system can store energy as sensible heat (sensible heat TES—SHTES), latent
heat (latent heat TES—LHTES), or through thermochemical reactions. So far, the most
commercial technology is certainly the sensible heat system, based on both solid and liquid
storage materials. Latent heat systems are often used for low temperatures but are still
being researched for medium to high temperatures. High-temperature thermochemical
storage, on the other hand, is still at an early stage of research and will take time before
becoming marketable. SHTES and LHTES can also be used in combination to meet specific
requirements or applications.

1.2. Sensible Heat Thermal Energy Storage

Thermal energy storage in the form of sensible heat occurs through a change in
internal energy—specifically, a temperature changing—in materials that do not undergo a
simultaneous phase change [22]. The thermal energy content is quantified as the product
of the substance’s mass, its mean specific isobaric heat capacity, and the temperature
differential between the maximum and minimum temperatures reached by the storage
medium. In addition to the average specific heat and density, other important properties for
sensible heat storage include the following: the rate of heat extraction (a function of thermal
conductivity and diffusivity), vapor pressure, corrosivity, the material compatibility of the
system’s components, stability, the coefficient of thermal dissipation dependence upon the
surface area-to-volume proportion, and crucially, cost. These systems are generally low-cost
and do not require extensive fundamental research, though they still necessitate engineering
and testing at both small and large scales. Water is considered the best candidate for sensible
heat storage, due to its high heat capacity, cost-effectiveness, and large-scale availability.
However, for temperatures above 100 °C under normal pressure conditions, materials
such as oils, molten salts, and liquid metals and rigid media, such as mineral assemblages,
advanced ceramic compounds, metallurgical alloys, concrete, etc., are used, with some
materials being applicable up to 1000 °C [23].
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A latent heat thermal energy storage system (LHTES) is based on the absorption or
release of significant amounts of heat when the storage medium undergoes a phase change,
typically solid-liquid or liquid—gas (or vice versa), within a small temperature range and at
a quasi-isothermal transition. These materials are commonly referred to as phase change
materials (PCMs).

Among the various technologies for thermal energy storage, LHTES systems offer a
high energy storage density and have the advantage of charging and discharging a large
amount of heat at an almost constant temperature during the melting and solidification
of the storage medium [24]. The theoretical thermal energy stored in an LHTES system
is given by the product of the latent heat of fusion (solid-liquid) and the molten mass of
the PCM.

However, achieving a perfectly isothermal storage system at the phase change temper-
ature is difficult, since the system typically operates over a temperature range that includes
the melting point. In such cases, in addition to the latent heat, the contribution of sensible
heat in both the solid and liquid states must also be considered.

Thermal energy supplied at a constant temperature and pressure can be fed to a
turbine, allowing it to operate under optimal conditions. This is a significant advantage
over sensible heat storage systems, where the temperature decreases as the thermal energy
storage (TES) is discharged, unless costly double-tank systems are employed. Furthermore,
utilizing an LHTES with a high melting point can significantly reduce the size of the energy
storage system, limiting relative costs due to the high energy density associated with PCMs.
The smaller container size also reduces heat loss to the surroundings by minimizing the
external surface area. A key requirement for these systems is that the temperature of the
heat transfer fluid (HTF) and the phase change temperature of the heat storage medium
(HSM) are compatible.

Various categories of phase change materials (PCMs) are employed as a latent heat stor-
age (LHS) medium, contingent upon the specific application and operational temperature
regime. PCMs that undergo a liquid-to-gas phase transition, for instance, typically exhibit
high transformation enthalpies, but introduce difficulties concerning the management
of the heat storage material (HSM) in its gaseous state (e.g., inordinately large volumes
and/or elevated pressures). Consequently, these materials are often impractical for a broad
spectrum of uses. Conversely, PCMs that exhibit a solid-to-liquid change are generally
considered more viable, as they secure a substantial quantum of stored thermal energy with
a concomitantly minimal volumetric expansion that is correlated with the transformation.

PCMs are typically classified into three main categories: inorganic compounds, organic
compounds, and eutectic compounds of inorganic and/or organic materials.

Inorganic compounds (salts, salt hydrates, and metals) are primarily characterized
by high specific heat, high melting points, and high latent heat values, similar to those
of organic compounds. Compared to organic PCMs, they also possess higher thermal
conductivity, higher densities, and smaller volume variations. However, inorganic PCMs
also exhibit disadvantages, such as a tendency toward undercooling and corrosiveness.

Although numerous substances have been contemplated and thoroughly examined
for deployment in LHTES systems, only a limited number have reached the commercial
application stage [25-29]. Persistent problems, which have not been completely overcome,
include phase separation, undercooling, corrosion, long-term stability, and low thermal
conductivity [30]. The most critical disadvantage regarding LHTES performance is the low
thermal conductivity of most PCMs [24].

Various methods have been presented in the scientific literature to increase heat trans-
fer between the heat transfer medium and the PCM [31]. Main strategies include the addi-
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tion of fins or other extended surfaces [32-34], porous media [35], or nanoparticles [36,37]
into the PCM.

1.3. Combined Sensible/Latent Energy Storage System Approache

In summary, for the two analyzed thermal storage technologies, sensible and latent,
the main advantages and disadvantages can be summarized as follows:

e  Sensible heat TES: These are the most commercially mature systems, easy to manufac-
ture, based on easily available liquid or solid materials, with good specific heat values
and thermal diffusivity (good power output) and a low cost. On the other hand, they
have a low stored energy density and, consequently, a large volume requirement and
high thermal losses (large exposed surfaces);

e  Latent heat TES systems are highly advantageous for several reasons. They exhibit a
high energy storage density due to latent heat, which results in great compactness and
reduced thermal losses. In addition, they can supply energy at a nearly constant (or
stabilized) temperature, thereby increasing the quality of the heat released (exergetic
value). On the other hand, primarily due to the low thermal conductivity of the
storage medium, these systems often face challenges such as lower power outputs,
more complex heat exchange systems, and higher costs. Furthermore, corrosion
problems can arise if the HSM (heat storage medium) is chemically aggressive.

An “ideal” thermal storage system should have characteristics that belong to one of
the storage technologies, such as, for example: high stored energy density, compactness,
high efficiency, stable temperature of the heat supplied, or good power supplied during the
discharge phase. To achieve this goal, a combined sensible/latent heat thermal storage sys-
tem in which both technologies coexist and contribute to the achievement of the indicated
targets would be a useful solution [38—41].

Frazzica et al. [42] proposed an integrated solution of a container filled with a sensible
heat storage medium and equipped near the outlet section, with a set of capsules containing
a PCM. The testing of the small-scale sensitive/latent hybrid storage system used water, to
which macro-encapsulated PCMs (commercial paraffin and hydrated salt mixture) were
added inside the tank. The results showed a significant increase, up to 10%, in the capacity
for volumetric energy retention, including in cases where restricted quantities of the phase
change material were employed. Frazzica et al. [43] revived the same concept of hybrid
storage, in which the macro-encapsulated PCM was evenly distributed within the container,
along its entire length. This storage tank was developed specifically for the supply of
hot water onboard ships, and was tested by selecting a commercial PCM on a laboratory
scale. The obtained results showed the possibility of increasing the volumetric density
of energy storage by up to 30% compared to the configuration with only sensible heat.
Zauner et al. [44] investigated a hybrid sensible/latent heat storage concept based on a
commercial shell and tube heat exchanger, in which the phase change material, high-density
polyethylene (HDPE), is encapsulated within the tubes and the thermal oil acts as a sensible
heat storage and heat transfer fluid. The research established the broad applicability of these
energy storage technologies within various sectors, where the specifications for thermal
capacity, temperature set points, power demand during cycling, and cost-benefit analysis
exhibit substantial variation (specifically in renewable energy systems, industrial process
heat, centralized district heating, electricity generation, and domestic heating). The study of
a similar system was, therefore, carried out by Liu et al. [45] to implement a promising TES
system for a CSP plant. They investigated the thermal behavior of different systems: cascade
with three PCMs, cascade with five PCMs, hybrid PCM (Na;CO3-K,CO3)—graphite-PCM
(NapCO3-KCI-NaC(l), and single graphite. All PCMs considered have proven to be potential
storage media and can meet the operational requirements of the CSP. Comparing them,
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single graphite storage (sensible) was less problematic, but showed a lower storage density
(47 kWh/ton). However, in a PCM-graphite-PCM (sensible/latent hybrid) sandwich
configuration, the energy density is increased to 61 kWh/ton and the storage efficiency
of this hybrid system reaches 70.7%, which constitutes the peak performance observed
among the entire set of evaluated TES systems. On the other hand, the three PCMs in
cascade (NapyCO3-K,CO3/NaCl-Na,CO3/Nay;CO3-KCI-NaCl) and five PCMs, that added
two worse identified molten salts, reached an energy density of 62 and 72 kWh/ton, and
an efficiency of 61.7 and 54%, respectively. Due to their inherent properties, metals and
metal alloys are evaluated as being highly favorable candidates for phase change materials
(PCMs); these materials, in fact, had a much higher energy density (91 kWh/ton) and
efficiency (57%) compared to the others.

In some cases, a single PCM is distributed in the sensible heat medium [46-48], while
in others, the PCM is inserted in the inlet and /or outlet section of the container, effectively
creating a multilayer or cascade system [49-53].

The differences between the proposed systems and the one proposed in this work lie
mainly in the degree of integration between the sensible and latent heat storage materials.

In any case, creating systems in which the sensible and latent heat media were physi-
cally separated has only been imagined in a few cases: Becattini et al. [54] have implemented
a combined sensible/latent TES system, consisting of two separate vessels—one for the
sensible heat medium and one for the latent heat medium. A three-component thermal
energy storage system was introduced by Laing et al. [55]. In this scheme, phase change
material (PCM) storage is designated to manage the latent heat associated with two-phase
evaporation, whereas a concrete storage element is employed for sensible heat accumula-
tion, encompassing both water preheating and steam superheating. Furthermore, a pinch
analysis serves to identify the boundary conditions between the solar collector array and
the power block, thereby furnishing a framework for the dimensional specification of the
latent and sensible storage units.

Stiickle et al. [56] reported numerical simulations and a testing of a direct steam
generation system; the TES module consisted of storage of both latent heat (NaNO3) and
sensible heat, by means of high-temperature concrete.

JCA project [57] has been developing a thermal circuit equipped with a storage system,
using two different modules including phase change materials, and one that is larger,
consisting of cementitious material. Since the storage temperatures can reach 450 °C, the
heat transfer fluid to be used for charging and discharging the modules is the so-called
solar salt. The development of such a high-temperature TES (thermal energy storage) will
allow for testing two important aspects:

e Integration of a thermocline cementitious module with two different kinds of PCMs;
e  Performing experimental tests on cement materials in contact with molten salts, at a
temperature of about 400 °C.

In general, the main reason for combining sensible/latent storage with separate sensi-
ble and latent containers can be summarized as follows:

e  The cross-sectional area of latent storage can be different in size from that of sensitive
storage and improve the heat transfer rate and melting of PCMs;

e [tis possible to switch from an experiment with only the sensible or latent TES, or
with the combined TES, by disconnecting and reconnecting the pipes connecting the
two containers;

o  The construction of a container for the PCM is easier than if the encapsulated PCM
had been placed in the single container;

e Atanindustrial scale, the implementation of an independent latent heat reservoir sim-
plifies the maintenance and exchange of the phase change material (PCM), primarily
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by obviating complications associated with inter-material corrosion between the PCM
and its encapsulation;

e Atan industrial scale, a separate sensible heat storage allows a possible packed bed
simplified access (without an encapsulated PCM) to the upper part for the replacement
of those rocks that can be degraded by higher temperatures.

For these reasons, CSLHTES systems, which use both sensible heat and latent heat,
can be used in various applications where efficient, compact, and relatively stable TES are
required. In fact, thermal energy storage (TES) is crucial across several sectors, notably
in buildings for heating, cooling, domestic hot water, and enhancing thermal comfort.
It is also essential for concentrated solar power (CSP) plants, guaranteeing continuous
operation, and in industrial settings for recovering and reusing waste heat. Additionally,
TES facilitates effective energy demand management by converting surplus electricity into
heat (e.g., Carnot batteries), with materials like PCM being used for temperature stability
in areas such as food preservation.

On the other hand, the separation of the sensible heat storage tank from the latent
heat storage tank has the main disadvantage of increasing thermal losses, due both to the
connecting pipes between the two containers and to the greater total surface area of the
separate containers compared to the single one, and, consequently, an increase in material
costs. In any case, this drawback could be overcome with design optimization.

In conclusion, the adoption of combined sensible/latent TES systems appears to be a
good solution to obtain thermal storage with improved characteristics and, therefore, is
worthy of further development.

1.4. Objective of This Work

In light of the previous, this research sets out to experimentally characterize the thermal
behavior of a combined sensible/latent thermal energy storage (TES) system, assessing
areas for potential improvement. This system is designed to operate in a temperature range
between 180 °C and 280 °C, to meet the requirements of various applications, such as
concentrating solar power (CSP) plants, processing heat, district heating/district cooling,
and desalination. In contrast to the current literature’s findings, where the sensible and
latent parts are often closely and physically integrated, it is hypothesized here that the
two technologies are connected and operate in combination, but they remain physically
separate (a cascade configuration, as illustrated in Figure 1).

HyTES

Discharge
Latent Heat = Sensible Heat TES :

i TcEnsn o = (Concrete)

Charge

Figure 1. Combined sensible/latent TES system. Diagram with separate containers. Regarding the
arrows: red for maximum, orange for average, and blue for minimum operating temperature.

Specifically, the combined sensible/latent heat TES, called HyTES, consists of two
units connected in series: one consisting of a cement-based element, mainly using sensible
heat, and the other with a latent heat element (PCM). In line with Beccantini et al.’s obser-
vations [54], this solution was adopted due to the industrial implementation advantages
and disadvantages outlined in Table 1.
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Table 1. Advantages and disadvantages of a cascading sensitive/latent hybrid TES system with

separate containers.

Advantages Disadvantages

Increased flexibility (modular configuration) Higher thermal lossgs: neecll to take care of

thermal insulation

Easy design and optimization of individual
unit layouts

Ease of maintenance

Increased material costs

The experimental characterization will be accompanied by the preparation of a test
procedure that is as rigorous as possible and aimed at determining the main key perfor-
mance indexes (KPIs), a fundamental element to be able to compare different types of
systems. Because there are currently no standardized test procedures to be used, it has
been necessary to derive them by a recent IEC TS 62862-2-1:2021 standard [58], and the
work elaborated by the SFERA-III project group [59].

1.5. Paper Structure

Following this introductory section, the article is organized into three main parts.
Section 2 describes the HyTES system, detailing its constituent subsystems, the experi-
mental setup, the test procedures, and the identified KPIs. Section 3 then presents and
discusses the experimental results and calculates the KPIs that characterize the combined
sensible/latent heat TES system. Finally, Section 4 summarizes the work and provides
suggestions for future research.

2. Materials and Methods

In this chapter, the materials for thermal storage, the experimental setting, and the
analysis methods used in the study are presented.

2.1. Heat Storage Materials
2.1.1. Phase Change Material

For the considered operating temperature range, the so-called “solar salt” was cho-
sen as a phase change material (PCM); it is a mixture of sodium and potassium nitrates
(6040 wt% of NaNO3-KNO3), having the following basic characteristics at 240 °C: density
1946 kg/m?3, thermal conductivity 0.463 W /(m-K), specific heat 1547 ]/ (kg-K) [60], latent
heat of fusion 110 kJ/kg [61], it solidifies at 221 °C and starts to crystallize at 238 °C,
dynamic viscosity 0.005015 Pa-s, solid-liquid volume change of 4.6% [62].

2.1.2. Concrete

As a sensible heat storage medium, a special concrete mixture was formulated with
the help of the Calcestruzzi Cipiccia Spa company, located in Narni (Terni, Italy). This
consists of a base concrete, to which 10% nominal weight of a micro-encapsulated PCM
has been added [63]. The basic concrete mix has a low water/cement ratio (0.32) and has
been designed to operate as a thermal storage medium at a temperature of at least 400 °C.
It includes metal fibers, to promote thermal conductivity and increase the mechanical resis-
tance of the material, and nylon fibers, to limit spalling phenomena. Micro-encapsulated
PCM (mEPCM or SS-PCM) consists of the “solar salt” adsorbed by a porous medium,
diatomite, in an 80:20 ratio [64]. A small amount of mEPCM has been incorporated into
the base concrete, replacing some aggregates in an appropriate way. The main thermal
and mechanical strength properties of this mixed design, after curing, degassing (105 °C),
and heat treatment at 200 °C, are [63] as follows: density 2186 kg/m?, thermal conductiv-
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ity 1.12 W/ (m-K), specific heat 732 ]/ (kg-K), compressive strength 20.7 N/mm?, indirect
tensile strength 2.77 N/ mm?, and latent heat due to PCM 11 kJ/ kg.

2.1.3. Thermal Oil

Therminol66® thermal oil (Eastman Chemical Company, Kingsport, TN, USA) was
used in HyTES, both as a heat transfer fluid and, to a much lesser extent, as a thermal
storage medium. It offers good performance up to 345 °C, including thermal stability
and low vapor pressure. The main thermal properties can be extracted from the product
data sheet [65].

2.2. Configuration of the Combined Sensible/Latent Heat Storage System

The combined sensible/latent heat TES system, examined here, is composed of two
thermal storage units, one with sensible heat (SHTES) and one with latent heat (LHTES),
connected in series. The two technologies, SHTES and LHTES, have been developed and
characterized separately in a previous national project (ENEA-MITE Program Agreement,
PTR 2019-2021). A basic element (SH02) has been developed for sensible heat thermal
storage [66], which uses the special concrete described above as HSM. On the other hand,
for thermal storage with latent heat, the basic element (LH02) is a shell-and-tube type,
using Solar Salt as PCM.

2.2.1. Sensible Heat Storage Unit

The ENEA-TES-SHO2 thermal storage element [63] is designed to store thermal energy
mainly in the form of sensible heat, by exploiting the thermal variation in the concrete. It
has a parallelepiped shape with a square base (220 x 220 x 3000 mm) and is mainly made
up of a metal heat exchange tube (Figure 2a) in AISI 304, with 16 mm external diameter,
1.5 mm thickness, and 11.9 m total length, and a heat storage medium (Figure 2b), formed
by concrete. The heat transfer fluid, a diathermic oil, passes through the exchange tube,
responsible for the transfer/recovery of heat to/from the storage medium. One device
contains about 319 kg of concrete, of which about 25 kg is PCM, and a nominal heat capacity
of 7 kWh, for the temperature range considered. Nominal heat capacity is the amount
of thermal energy provided at a real full discharge, and it is different from theoretical
capacity, which instead represents the ideal maximum thermal energy of the system when
all its components, starting from the minimum operating temperature, reach the maximum
temperature. The component is completed with an appropriate external thermal insulation
(400 mm thick) to limit heat losses, including a protective sheet, support, and an instrument
for temperature acquisition.

Figure 2. ENEA-TES-SHO02: (a) an image of the sensible heat thermal storage element; (b) the insulated
SHTES prototype.
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The insulation material is a rockwool by the Rockwool® group (Hedehusene,
Denmark), with a density of 70 kg/ m?3, thermal conductivity of 0.035 W/(m-K), and heat
capacity of 1030 J/ (kg-K).

2.2.2. Latent Heat Storage Unit

The ENEA-TES-LHO02 thermal storage element is designed to store thermal energy,
mainly in the form of latent heat, by exploiting the phase change in a PCM. It consists of
a metal container in the shape of a parallelepiped (725 x 355 x 865 mm), to include the
storage medium, and two AISI 304 serpentine pipes (20 mm external diameter and 2 mm
thickness), arranged symmetrically with respect to the vertical median plane that cuts the
larger base side (12.5 m long each one). The sections of vertical tube, to promote thermal
conductivity in the storage medium, have four 500 mm-long longitudinal fins (20 high and
1 mm thick).

The prototype includes approximately 387 kg of sodium and potassium nitrate salt
(solar salt). The thermal capacity for a temperature range of 200-300 °C is about 31 kWh,
with approximately 40% (12 kWh) being latent heat. The component is enclosed in an ap-
propriate external insulation (200 mm thick) to limit thermal losses, including the protective
sheet, as well as supports and instrumentation for temperature acquisition (Figure 3).

(a) (b)

Figure 3. ENEA-TES/LHO02: internal thermal exchange pipe (a) and the LHTES prototype
with insulation (b).

The insulation material is a Knauf® DP4, with a density of 40 kg/m?3, thermal conduc-
tivity of 0.037 W/(m-K), and heat capacity of 1030 J/(kg-K).

The differences in the kind of insulation applied to the SHO2 and LHO2 are due to
the different surface area to volume ratio. For the first device it is 18.85 m—!, while on the
second one it is 10.7 m~!. In addition, the diffusivity of the solar salt is lower than the
concrete (1.53 x 1077 vs. 7.00 x 10~7 m?/s). In these conditions, as reported in Table 2,
SHO2 showed thermal losses of 257 W and 848 W, respectively, at 180 °C and at 280 °C, while
LHO02: 211 W was at 180 °C, and 299 at 280 °C. These results confirm the recommendation
to reduce the surface-to-volume ratio as much as possible.
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Table 2. Composition of the heat stored in HyTES system at maximum and minimum operating

temperatures.
Material M Cp,180°C Cp,280°C Qsens Qlat Qtot
kg J/(kg-K) ]/ (kg-K) kWh kWh kWh

TES-PCM
HSM 387 1604.0 1549.1 13.0 11.8 24.8
HTF 4 2121.4 2494.0 0.4 0.4
Steel Heat 21 500.0 500.0 0.3 03
Exchanger
Steel container 56 500.0 500.0 0.8 0.8
Insulating 54 1030.0 1030.0 0.8 0.8
Subtotal 522.0 15.2 11.8 27.0
TES-CLS
HSM 319 731.79 676.58 5.1 1.0 6.1
HTF 1.34 2121.4 2494.0 0.1 0.1
Steel Heat 6.43 500.0 500.0 0.1 0.1
Exchanger
Insulating 380 1030.0 1030.0 5.4 5.4
Subtotal 706.8 10.8 1.0 11.7
Total HyTES 1228.8 25.9 12.8 38.7

2.3. The Experimental Apparatus

The experimental apparatus, named Solteca3, used to analyze the combined sen-
sible/latent heat TES system, is located in Rome, at the ENEA Casaccia Research
Centre (Figure 4).

Figure 4. Pictures of the Solteca3 experimental apparatus (a) and the assembled combined sensi-
ble/latent heat TES prototype (b).

It was designed to perform experimental thermal charging and discharging tests up to
300 °C, using a diathermic oil as the heat transfer fluid, on small-to-medium sized thermal
energy storage elements, under typical industrial plant conditions. The main components
included in Solteca3 (Figure 5) are as follows:
e  Anoil tank (T-101) with a volume of approximately 50 L, operating at a maximum pres-
sure of 0.5 bar, and equipped with a safety valve (PSV-101) and a level gauge (L-101).
e A magnetic drive centrifugal circulation pump (P-101), regulated by an inverter based
on the flow rate set by the operator (0-1000 kg/h).
e An electric heater (E-101) with a power of 21 kWth, which allows the oil entering
the TES to be heated to the desired temperature, provided it is below a set value
(approximately 340 °C).
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An oil cooling circuit (heat exchanger E-102) that uses circulating air to reduce the
temperature of the oil exiting the TES before it is returned to the tank. This cooling is
necessary because of the heat extracted during the discharge phase.

Four solenoid valves (YV-101A, YV-101B, YV-101C, and YV-101D), which allow for
the correct circulation of the diathermic oil to heat or cool the oil and to charge or
discharge the TES.

Two valves (GV-103 and GV-104) are connected to the thermal storage system that will
be characterized.

K-type thermocouples, to detect the temperature related to the following point:

1 in the oil vessel;

1 after the E-101 exchanger (IT);

1 before and 1 after the cooling system;

4 between SHTES and LHTES, as shown in Figure 6a. This image highlights the
oil flow path during the charging process; the flow is reversed during discharge;
e. 5 in the SHTES—4 located on the exchanger surface and one within the

e oo

concrete (Figure 6b);

f. 16 on an iron mesh installed within the PCM. They are located at equal distances
between the vertical exchanger tubes installed in the LHTES (Figure 6¢,d). The
thermocouples are arranged across 4 different heights on 4 parallel rows of
tube. Specifically, Figure 6¢ illustrates the thermocouples installed among the
inner tube bundles (number 1 is on the right and 2 on the left), while Figure 6d
shows the more peripherical ones (number 3 is on the right and 4 on the left);
the letters A, B, C and D in the Figure 6¢,d specify the vertical positioning of
the thermocouples.

g. 2 on the mantles: one on the SHTES (Tmant_SHTES) and one on the
LHTES (Tmant_LHTES).

A control system, both local and remote, which allows for the regulation of the oil
supply temperature, flow rate, and the opening status of the four solenoid valves.

A data acquisition system, managed by a program developed in Labview®,(National
Instruments (NI), Austin, TX, USA) allows for the acquisition and recording of key
parameters: the flow rate of the heat transfer fluid, using a Rotamass TI Coriolis Mass
flow meter, and the temperature at various points in the circuit, including the inlet
and outlet of the various TES units, using K-type thermocouples.

air —

D<—

GV-102B

_N_

GV-102A

E-102 A

B M8 e 8
L (] (o) ’Tv-mm YV-1018
<t

GV-101A

=)
£-101
P-101 = % — 1%
Yv-101C [ YV-101D
><
GV-104
GV-103
LN

Figure 5. Simplified diagram of the Solteca3 experimental apparatus.
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(d)

Figure 6. Positioning of the thermocouples in: SHTES (a); in the piping, they are highlighted by
the yellow circles while the yellow arrows show the thermal oil flow in charging (b); in the internal
part of the LHTES (showed by the red points) (c); in the external part of the LHTES (showed by the
red points) (d).

The measurement uncertainties in Solteca3 relating to direct measurements (tem-
peratures and flow rates) and to the quantities derived from the previous ones (powers)
have been evaluated by taking into account the main components of the acquisition chain:
thermocouples, resistance thermometers, flow meter, analogic-to-digital acquisition, and
conversion cards. This uncertainty will be reflected in performance indicators (KPIs) ac-
cordingly. This analysis was carried out based on several documents drawn up at an
international level and aimed precisely at this purpose [67-70].

The uncertainty for the flow measurement is estimated to be 1.12% using a Coriolis
flowmeter, while the temperature one is 0.34% or 0.24% if type K thermocouples or PT100
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resistance thermometers are used, respectively. Instead, the uncertainty about the calculated
power is a computable derivative datum, as Equations (1) and (2) show:

2+ [u(AT)r o

u(cp)

Cp

AT

where (AT) T (T)
u U
AT fzﬁ T @

Consequently, since the uncertainty of the temperature variation and, therefore, of the

power is about 8%, using RTDs, the extended uncertainty is 16%.

2.4. Test Procedures

The purpose of a TES characterization is to perform a series of experimental procedures
to identify its performance through appropriate KPIs. In previous years, in the absence of a
dedicated standard, there have been several attempts to suggest the solutions of more or
less standardized test procedures [71-73].

Recently, the first attempts to regulate the characterization of these TES systems
have come out. The International Electro-Technical Commission issued a standard in
2021, IEC TS 62862-2-1:2021 [58], which defines the requirements and test methods for the
characterization of TES. However, it is limited to evaluating the operational efficacy and
inherent attributes of active direct and indirect thermal energy storage systems, specifically
those employing only sensible heat within solar thermal power facilities utilizing liquid
storage media. To extend these concepts to other types of systems, such as those considered
here, it is still necessary to refer to the work of international groups on this subject, such
as, for example, the partners of the above-mentioned SFERA-III project [56]. The latter
approach was followed in this work to determine appropriate test procedures.

Therefore, to characterize the behavior of HyTES and, subsequently, to deduce/calculate
the related performance indexes (PIs) and key performance indexes (KPIs), two different
procedures have been developed:

(1) To obtain the power curve of the HTF in charging and discharging phases, with
evaluation of thermal losses at a constant temperature (energy balance method);
(2) To analyze the thermal behavior of the system during multiple charging/discharging cycles.

The first test provides the most complete dynamic characterization, from which we
can derive the TES power curve under nominal conditions and assess its thermal losses.
The second test, in contrast, evaluates the stability of its operation in cyclic conditions. The
parameters monitored during the tests are basically the same as those that will form the
final result: the flow rate and inlet temperature of the HTF, to verify its congruity with
the required load history; the HTF outlet temperature, to evaluate the heating/cooling
dynamics of the system; and any other internal reference temperatures, to assess the state
of the storage medium.

2.4.1. HTF Power Curve in a Charging/Discharging Cycle and Thermal Losses at
Constant Temperature

In this type of test, aimed at deriving the characteristic power curve of the thermal
storage prototype, it is planned to charge the system up to a thermal storage level of 100%
and, subsequently, to discharge it up to a charge level of 0%. The system is heated at 180 °C
for 24 h to reach an initial steady state. Then, the charging phase, up to 280 °C, starts with
an initial transient charge of 30 min and a stationary charge of 15 h. Subsequently, the
system is discharged up to 180 °C, after reversing the direction of the HTF flow, with the
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same timing as the charge. Throughout the test, the flow rate of HTF remains constant and
equal to 630 kg/h. Given the inlet and outlet temperatures of the HTF from HyTES, it is
then possible to derive the instantaneous thermal power curve of the system:

Pate = m X Cp(Tout — Tin) 3)
where the average specific heat of the HTF can be calculated as follows:

— Cp(Tin) + Cp(Tout)
P 2

4)

The assessed powers include both the heat transmitted to the TES and the thermal
losses. Once the latter have been evaluated, it is possible to calculate the heat retained
by the TES or released by it. When the HyTES system reaches a steady-state condition
at the end of the charging (280 °C) and discharging (180 °C) phases, the power supplied
is presumed to be solely for compensating thermal losses. The energy balance between
specific enthalpies at the input and output HTF side under constant input conditions, after
stabilization of the steady-state temperature for f = t*, is as follows:

Pytr (t) =mx @(THTF,out(f*) — THTE,in (t)) = Ploss (f*, Tom — Too) )

with

Ten ( t*> _ Tutrin () -; ThtF,out (1) ©)

If these losses vary linearly with temperature, we can extrapolate the contribution of

thermal losses at any operating temperature to evaluate the amount of energy stored in
HyTES and its various elements.

Pioss(T) = Pioss(T180) + [Pross(T280) — Pioss(T180)] % (T — Tigo)/ (T280 — Tigo)  (7)

2.4.2. Analysis of Partial Consecutive Charging/Discharging Cycles

The objective of this test is to observe and verify the system’s performance during the
initial cycles, ensuring the timing aligns with the required operating conditions. It is similar
to the previous test, but here, after the warm-up phase, a typical charging/discharging
cycle is repeated N times, with both the charge and discharge times reduced to 3 h.

3. Performance Analysis: KPIs

Characterizing a TES system means deriving some system parameters (SP: tempera-
tures, pressures, flow rates, ...) from its response, and, from these, a series of key perfor-
mance indicators (KPIs) that are of particular interest to the stakeholders. In this case, to
fully represent the performance of the HyTES system, a series of KPIs have been identified
and illustrated below.

Charging and discharging time: The charging time between 0% and 100% storage
states is the time necessary for the thermal storage system to charge from a 0% storage level
to a 100% storage level, under rated charging conditions. The nominal charging time is
obtained when, starting from the fully discharged tank, the conditions of full charge are
reached. In comparison, the discharging time between two 100% and 0% storage states is the
time necessary for the thermal storage system to discharge from a 100% storage level to a
storage of 0% level under nominal discharge conditions.
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Cin

Transmitted or released energy: The energy transmitted /released by the HTF is
defined as the integral of the thermal power exchanged during the loading phase or the
discharging phase, to bring the system from a charging level of 0% to 100% or 100% to 0%:

char

t
Qcharge = QHTF,in = A PHTF(g)dE‘ (8)

taise
Qdischarge = QHTFout = /O PHTF(C)dE» &)

Theoretical storage capacity: The theoretical storage capacity represents the maximal
quantum of energy that a storage medium can accommodate, as determined by thermody-
namic principles. It is an idealized metric that deliberately excludes considerations of heat
dissipation or stratification effects. The theoretical storage capacity of the HyTES system is
calculated as the sum of the storage capacity of the following: the heat transfer fluid, the
HSMs, the integrated heat exchangers, the PCM container, and the thermal insulation. That
is, through the following relationship:

= Musm{cprsm(Tasmmax) X Trsmmax — Cp,sM (TrsMmin) X Trismmin + AH1at }
+Murr ( ¢p,HTE (THTEmax) Tiyrp oy — CpHTF(THTE min) X THTE,min 10)
+]\/Ist‘eelcp,steel(THTF,max - THTF,min)

TrisM max — THTE,mi
+Mc0ibcp,coib ( maxz o

It should be noted that the contribution of the thermal insulation material is also
considered in this definition. In reality, the thermal energy stored in this material is not
easily available during the discharge phase, due to the long release times resulting from its
low thermal conductivity or diffusivity. For this reason, this term is often overlooked in the
evaluation of the theoretical thermal capacity and the related KPI. In our case, however, we
will rigorously take it into account.

Nominal storage capacity: The thermal storage capacity of a TES is the amount of
thermal energy that the system can provide at full discharge under well-defined start and
end conditions. It is as follows: SC = Qgischarge- When the discharge occurs at the nominal
mass flow, it is defined as the nominal storage capacity. It can also be defined a charge capacity,
which is distinct from the discharge capacity. The storage capability is contingent upon both
the initial and operational storage conditions.

Average thermal power: The average thermal power is an average value throughout the
discharge process that is directly related to the nominal discharge time: Pyeqn = 2. If

taisc”
relevant to the TES system, the average charge power can be indicated next to the discharge

Qchnrqe
value: Prean,char = o

Exergy: Similarly to energy, the exergy transmitted /released by the HTF is defined
during a charging or discharging phase that brings the system from a charge level of 0% to
100% or 100% to 0%, as follows:

T
€ = 1— W’) d : 11
charge /c Harge ( THTF,in QHTF,m ( )
T
€clischarge = ) (1 — _amb )dQHTF,out (12)
discharge THTP,out

Stored energy: The stored energy in the TES is defined as the difference between the
energy transmitted /recovered by the HTF and the energy lost:

tchar
Qsto_char = Qcharge - /O Ploss(g)d‘(-v (13)
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taisc
Qsto_disc = Qdischarge - /O Ploss(é’)da (14)

Storage level and utilization factor: The storage level is defined as the quotient of the
extractable thermal energy, commencing from the system’s current operational status to
complete depletion, and the rated storage capacity. The state of charge is designated as
zero percent when the quantity of serviceable energy that is procurable from the thermal
storage system is negligible. Conversely, it is considered one hundred percent when
the magnitude of serviceable energy available from the system reaches its apex, under
nominal temperature and pressure conditions. Furthermore, the state of charge can also be
delineated as the ratio of the actual storage capacity (SC) under present conditions to the

nominal storage capacity:
SC
present
SCrated

The utilization factor is the ratio of the system’s actual storage capacity (SC) to its

Storage Level = (15)

theoretical capacity (Cy,) under nominal conditions, expressed as a percentage. The nominal
utilization factor is obtained when full discharge is considered:

e

FU = —
Cin

(16)

Energy and exergy storage efficiency: Energy storage efficiency is the ratio of the energy
gained by the heat transfer fluid from the storage device during the discharging phase to
the energy supplied by the heat transfer fluid during charging, in a consecutive charging
and discharging cycle. When nominal conditions are applied, i.e., full charge and full
discharge, the nominal storage efficiency is obtained:

Qdischarge

17
Qcharge {7

NTES =
By analogy, the exergy storage efficiency is the ratio between the exergy extracted by
the storage device during discharge and the exergy supplied by the heat transfer fluid

during charging:

€discharge
Mex = (18)
€charge

4. Results and Discussion
4.1. Power Curve

The main results of the test with a charging /discharging cycle, aimed at deriving the
power curve of HyTES and evaluating its thermal losses at a constant temperature (energy
balance method), are reported below.

During the test, the ambient temperature remained stable between 20 and 25 °C.
The casing temperature of the individual TES units was around 37 °C, which was in line
with the project’s specifications. The temperature and flow rate inlet to HyTES were kept
constant and equal to the test specification values. The velocity of the heat transfer fluid
is about 1.5 m/s in the SH02 and 0.5 m/s in the LHTES, implying turbulent heat transfer
everywhere. Figure 7 shows the temperature trends of the HTF entering and exiting HyTES
and the individual units of the internal and external temperatures at SH02 and LH02. Given
the input and output temperatures of the HTF from HyTES and from the individual units,
it is then possible to derive the relative power curves (Figure 8). The power will then be
negative during the charging phase (heat transferred to the TES) and positive during the
discharge phase (heat recovered from the TES). The calculated powers include both the
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heat transmitted to the TES and the heat lost by it. Once the thermal losses have been
assessed, it is possible to calculate the share of heat retained by the TES or released by it.
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Figure 7. Evolution of the inlet and outlet temperature of HTF from HyTES and constituent
systems (a), of the internal temperatures at SHO2 (b) and LHO2 (c), and the external temperatures
at LHO2 (d).
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Figure 8. Power (P) and absorbed/released energy evolution (E) for LH02 (a) and SHO02 (b) and
HyTES (c) units.

4.2. Thermal Losses

Upon the HyTES system reaching a steady state at the conclusion of its charging
(280 °C) and discharging (180 °C) phases, the power supplied to the system and its com-
ponents is assumed to precisely compensate for thermal losses, as documented in Table 3,
where thermal losses at the maximum and minimum operating temperatures are reported.
In the hypothesis that these losses vary linearly with temperature, it is possible to extrap-
olate the contribution of thermal losses at any operating temperature and, therefore, to
evaluate the amount of energy actually stored in HyTES and in the various elements.
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Table 3. Performance indexes of HyTES and constituent units.

HyTES LHO02 SHO02
Charging time (hours) 8 7 9
Discharging time (hours) 10 10 6
Charged energy (kWh) 41.4 24.0 14.6
Discharged energy (kWh) 25.7 19.1 52
Average charging power (kW) 52 34 1.6
Average thermal power (kW) 2.6 1.9 0.9
Nominal capacity (kWh) 25.7 19.1 52
Energy lost at 280 °C (W) 1654 299 848
Energy lost at 180 °C (W) 292 211 257
Charged exergy (kWh) 19.2 11.1 6.6
Discharged exergy (kWh) 9.6 7.2 1.8
Stored energy (kWh) 29.6 22.0 7.8
Released energy (kWh) 28.8 224 6.8
Optimal utilization factor 66.3% 70.8% 44.0%
Optimal energy efficiency 61.9% 79.8% 35.3%
Optimal exergy efficiency 50.1% 64.7% 27.7%

4.3. Evaluation of KPIs

By processing data obtained from the charging/discharging test to determine the
power curve of the HyTES system, it is possible to derive a series of “performance indica-
tors” (PIs) to define the main characteristics of the system. From these indices, it is then
appropriate to extract the most important and generic ones, making them “key performance
indicators” (KPIs).

The storage capacity of the HyTES system under theoretical conditions is calculated
as the sum of the storage capacity of the following: the thermal storage medium, heat
transfer fluid, integrated heat exchangers, PCM container, and thermal insulation. As
THTEmax = 280 °C and THTEmin = 180 °C, it has been assessed to have a theoretical capacity
of 38.7 kWh (Table 2).

Thermal insulation has been considered because it represents a significant share of the
storage capacity (about 47% in the case of concrete TES). TES with PCM contributes 70%
of HyTES storage, with latent heat accounting for 44%. The TES in concrete also shows a
small contribution of latent heat (8%), while the stored heat is divided into almost equal
parts between the concrete (52%) and the insulation (48%). The remaining performance
indices were calculated, as shown above, and reported in Table 3.

4.4. Partial Consecutive Charging/Discharging Test

The main results of the HyTES test, to evaluate its thermal behavior following dif-
ferent charging/discharging cycles, are shown below. As specified, four consecutive
charging/discharging cycles were carried out in the operating range of 180-280 °C, with
reduced charging and discharging durations compared to the previous single cycle.

The primary goal of this test is not to assess the material’s durability or the long-term
reproducibility of its behavior. Instead, it is to observe the system’s performance during
the initial cycles. This test, indeed, serves to verify the system’s first stabilization, with
particular attention to the comparison between the initial cycles. Figure 9 shows the trends
of the inlet and outlet temperatures of HTF in HyTES and its components.
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Figure 9. Evolution of the HTF setting and inlet and outlet temperatures from the SHTES and LHTES
units for the cyclic test on the HyTES system.

The various factors characterizing the HyTES system in these new conditions were
then calculated. Figure 10 and Table 4 show the main results obtained by the partial
consecutive charging/discharging test on the HyTES system. Specifically, the trend of these
properties is observed to be oscillating, and it tends to dampen as the cycling continues;
a stable profile is only obtained after the first two charging/discharging cycles. Based on
the imposed operating conditions, the thermal behavior of the HyTES can be summarized
as follows:

e  The system shows a thermal efficiency of about 70%, due to the present thermal losses;

o Its exergetic efficiency, on the other hand, is about 58%, due to the higher quantity
of heat charged at a high temperature compared to the lower one discharged at a
lower temperature;

e  The storage level is 64% and the utilization factor is 43%: these values are quite
low because the duration of the cycle is too limited and, consequently, the energy
discharged is much lower than both the ideally downloadable energy (cycle at 100%)
and the theoretical one, respectively;

e  The energy charged in Hytes is about 23.5 kWh, while the discharged one is 16.5 kWh;

e  The energy stored in HyTES is about 19 kWh and the released energy is 17.6 kWh;

e  The charged exergy is equal to 10.9 kWh and the discharged exergy is 6.3 kWh.

Table 4. Main results obtained by cyclic test on HyTES system.

Cycle 1 Cycle 2 Cycle 3 Cycle 4
HyTES LHTES SHTES HyTES LHTES SHTES HyTES LHTES SHTES HyTES LHTES SHTES
Charging phase
Charged energy (kWh) 24.1 16.1 6.6 24.0 15.9 6.7 23.1 15.2 6.6 23.5 15.4 6.6
Average charging power (kW) 8.0 5.4 22 8.0 53 22 7.7 51 22 7.8 51 22
Charged exergy (kWh) 11.2 7.5 3.0 11.1 7.3 3.0 10.7 7.0 29 10.9 7.2 3.0
Stored energy (kWh) 19.6 15.3 44 19.4 15.0 45 18.7 14.3 4.4 19.0 14.5 4.4
Discharging phase
Discharged energy (kWh) 15.6 12.5 2.6 16.8 13.3 3.0 16.4 13.0 2.9 16.5 13.1 29
Average thermal power (kW) 52 42 0.9 5.6 4.5 1.0 5.5 44 1.0 5.5 44 1.0
Discharged exergy (kWh) 59 48 1.0 6.3 5.0 1.1 6.2 49 1.0 6.3 5.0 1.0
Released energy (kWh) 16.8 13.7 3.6 17.9 14.5 3.9 17.5 14.2 3.8 17.6 14.3 3.8
Cycle Charge/Discharge
Energetic efficiency (%) 64.7 77.2 40.1 69.9 83.7 447 70.9 85.8 437 70.3 84.9 44.1%
Exergetic efficiency (%) 53.0 63.3 321 57.1 68.5 355 58.1 70.3 34.8 57.6 69.6 35.1%
Utilization factor (%) 40.3 46.1 225 43.3 49.2 25.7 424 48.2 245 426 484 24.8%

Storage level (%) 60.8 65.2 512 65.3 69.5 58.3 63.9 68.1 55.6 64.3 68.4 56.4%
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Figure 10. Histograms of the main results obtained from the cyclic test on HyTES sys-
tem: (a) Efficiency vs. Cycle; (b) Storage Level vs. Cycle; (c) Utilization Factor vs. Cycle;
(d) Charged/Discharged Energy; (e) Stored /Released Energy; (f) Charged /Discharged Exergy.

4.5. Discussion

Overall, the illustrated experimental tests have shown that, for the HyTES system,
the sensible heat section, while providing a substantial contribution in terms of stored
heat, could be improved. To enhance its performance, it would be necessary to increase its
thermal capacity, or to use not just one but several concrete elements connected in series
and parallel. This way, the thermal losses (exposed surface) can be lower in relation to the
thermal capacity (volume) of the SHTES subsystem.

After a few rounds of cyclic testing on HyTES, it was observed that it takes at least
three to four full charge—discharge cycles to achieve stable thermal behavior. To achieve
a performance closer to the maximum, you need to extend the charging and discharging
times beyond what was used in the current tests. In this regard, the study by Becattini
et al. similarly underscored the need for multiple charge/discharge cycles to stabilize
a system’s thermal behavior over time, a process that can, however, lead to diminished
performance [54]. In fact, they state that, in their experience, the presented results indicate
a decrease in the performance of the TES at each cycle, attributing it to four factors: thermal
losses, mass flow rates measured experimentally lower than those designed, average
mass flow rates measured during the discharge phases that are lower than the charge
phases, and the inflow temperature of the heat transfer fluid not being constant during
charging. The effect of these factors, and especially of thermal losses, can also be present
in the current experimentation, and may include the capacitive contribution of insulation.
This contribution becomes important in a system with low storage capacity, such as the
SHTES of HyTES. Despite the reduction in its performance, the HyTES system maintains
the positive characteristics of an LHTES system, such as a high density of stored energy,
compactness, and stabilization of the output temperature during the discharge phase, with
a substantial contribution from the SHTES system in terms of increasing overall capacity,
energy recovery, and, therefore, cost containment.

The main results, which include the performance indicators, are summarized in
Table 5. It is worth noting that exergy efficiency penalizes charging at a higher temperature
compared to discharging at a lower temperature, and is therefore naturally lower than
energy efficiency. This is an important aspect to consider when heat quality is relevant (e.g.,
for the CSP assessment).
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Table 5. Main performance indicators (PI) of the HyTES system.

PI# Description Value
Process Parameters

1 Minimum operating temperature [°C] 180
2 Maximum operating temperature [°C] 280
3 Maximum HTF thermal difference [°C] 100
4 Theoretical capacity [kWh] 38.7
5 Nominal capacity [kWh] 25.7

6 Maximum charging time [h] 15

7 Maximum discharge time [h] 14.1

Energy Transfer Parameters

8 Charging time [h] 8

9 Charging energy [kWh] 414
10 Average charging power [kW] 5.2
11 Injected exergy [kWh] 19.2
12 Charging factor [%] 76.5%
13 Stored energy [kWh] 29.6
14 Discharging time [h] 10
15 Average output power [kW] 2.6
16 Discharging energy [kWh] 25.7
17 Extracted exergy [kWh] 9.6
18 Utilization factor [%] 66.3%
19 Released energy [kWh] 28.8
20 Efficiency [%] 61.9%
21 Exergetic efficiency % 50.1%
22 Heat losses at a constant temperature of 280 °C [W] 1654
23 Heat losses at a constant temperature of 180 °C [W] 292

From an economic perspective, it must be noted that determining a definitive cost for
a CSLHTES system is extremely challenging, as it is contingent upon numerous factors,
encompassing both technical specifications and application requirements.

Some of these factors are as follows:

e  The size factor (capacity): Larger systems (e.g., for industrial or solar power plants)
benefit from economies of scale. In fact, costs are often expressed in €/kWh of
storage capacity;

e The operating temperature: Systems that operate at higher temperatures (e.g., for
industrial or CSP applications) require more expensive materials (both for PCMs and
for containers/heat exchangers) and better-performing thermal insulation;

e  PCMs: These are the key element of latent storage and they have a higher cost than
materials for sensible storage (such as water, rock, or gravel). The cost varies according
to the type of PCM (paraffins, hydrated salts, eutectics) and their purity;

e System design (heat exchangers): Efficient integration of PCMs into a system
(e.g., through encapsulation or finned heat exchangers) is complex and costly, as PCMs
generally have low thermal conductivity. The need for sophisticated heat exchangers
(tubes, fins) has a significant impact;

e  Specific application: A low-temperature system will have a different cost and
complexity than a large industrial storage system (high temperature) or a passive
integrated system.

However, the TES systems illustrated here have estimated individual costs, for low and
medium production prototypes, of about 80 €/kWh for the LHTES system and 60 €/kWh
for the SHTES system. The cost of a CSLHTES system will then be determined, since
the two technologies are separate, by the proportion between them, or by the type of
performance required and the application considered. Of course, future large systems are
expected to have reduced costs due to the benefits of economies of scale.
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5. Conclusions

Thermal energy storage holds a fundamental significance in the industrial sector by
allowing companies to overcome the temporal misalignment between heat demand and
the availability of the heat source. This is fundamental for increasing the efficiency of
industrial production and for promoting the use of renewable energy sources, such as solar
energy. Among the various available TES solutions (sensible, latent, or thermochemical),
the combined sensible/latent heat TES (CSLHTES) solution is attracting more attention
because it exhibits several “ideal” characteristics inherited from the single sensible or latent
heat storage technologies: high energy storage density, compactness, high efficiency, stable
supplied heat temperature, and good power output. The aim of the present work is to
experimentally characterize the thermal behavior of a CSLHTES system and to evaluate
its potential improvements. This system, HyTES, consists of two thermal storage units
connected in series: one with sensible heat (ENEA-TES-SH02) and one with latent heat
(ENEA-TES-LHO2). It operates in a temperature range between 180 °C and 280 °C to meet
the requirements of typical industrial applications (such as CSP plants, process heat, district
heating/cooling, and desalination). The experimental characterization was accompanied
by the preparation of a test procedure, which was designed to be as rigorous as possible,
based on existing documents and regulations. This procedure aims to determine the main
key performance indicators (KPIs) (Table 5), which are essential elements for comparing
different types of systems.

This was essential because so far, there are no standardized test procedures. The
results obtained for HyTES lead to the following conclusions:

e In the absence of dedicated standards, an appropriate test procedure was developed,
based on some limited new standards (IEC TS 62862-2-1:2021) and works of interna-
tional groups such as the partners of the SFERA-III project;

e  The combined system suggests, as assumed, a general improvement in performance
compared to the individual units. Its thermal behavior is driven by the performance of
the LHTES unit, given its higher thermal capacity, but the SHTES unit still contributes,
to increase overall capacity, energy recovery, and, therefore, cost-effectiveness;

e Although the sensible heat section contributes significantly to the stored thermal
energy, its efficiency is diminished by substantial thermal losses and the predominant
influence of thermal insulation;

e Toimprove the SHTES unit performance, an increase in its thermal capacity, using not
one but several concrete elements connected in series and parallel, and an accurate
sizing of the insulation are necessary. This way, thermal losses are lower in relation to
the thermal capacity of the SHTES subsystem.

e  The cyclic tests have shown that more than four complete charging/discharging cycles
are necessary to stabilize the thermal behavior of the system;

e In the cyclic test, charging and discharging times longer than those adopted should be
carried out to increase the performance of the system;

e  Some performance indicators are obtained for the HyTES system. They character-
ize this CSHTES in the current configuration and it should be compared with its
future evolutions.

Most papers in the literature concern the use of integrated CSLHTES systems (a single
container for both technologies), where latent heat is only a modest fraction of the total
thermal capacity, as it is responsible for stabilizing the outlet temperatures of the HTF
during the exhaust phase.

A comparison with the literature articles often indicates integrated designs and a
smaller share of latent capacity. A comparison between them shows that a reduced-
scale hybrid sensible/latent heat accumulator (e.g., characterized by a nominal volume
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of 48.6 dm? at 80 °C, comprising an aqueous medium, hosting macro-encapsulated phase
change materials (PCMs)) can reach efficiencies up to 58%. Meanwhile, in larger hybrid
systems, 70% has been achieved.

Higher efficiencies have been obtained with hybrid thermocline-type systems, featur-
ing encapsulated PCMs, or with cascaded PCMs configurations of three to five stages.

In any case, the most encountered problem with PCMs is their low thermal conductiv-
ity; consequently, low-cost sensible natural stones are used to improve the heat transfer of
the PCM. Stone packing height is another factor that influences storage performance, and
therefore different filling heights can be analyzed.

Thermocline thermal energy storage, which can use molten salt as a heat transfer fluid
(HTF), may present a drawback when integrated with CSP (concentrated solar power),
due to its low capacity and utilization ratio, resulting from fluctuations in solar energy
availability or alterations in electrical demand. However, some results show that the
combined sensible-latent heat storage scenario yields the highest capacity ratio.

In some cases, in fact, excellent energy density and efficiencies have been obtained by
PCM-graphite-PCM, where high temperature is required. In fact, by integrating PCMs with
graphite in a sandwich design, the storage efficacy of the graphite system was enhanced
from 59.0%, in the sole graphite configuration, to 80.2%, in the hybrid system. In addition,
PCM in cascade can also be a good alternative to these systems, providing up to 57%
efficiency and 91 kWh/ton of energy density if molten metal alloys are considered to be
PCMs. Nevertheless, some of the literature’s findings suggest that an augmented quantity
of phase change materials (PCMs) is required to facilitate an efficacious cascaded thermal
energy storage (TES) system, should the thermal input (temperature) of the hot heat transfer
fluid (HTF) be diminished.

The evaluation and comparative assessment presented herein were predicated on
the thermodynamic efficacy of the TES configuration. Given judicious engineering spec-
ifications, all investigated TES architectures are capable of satisfying the predetermined
operational criteria. To ascertain an optimal configuration, a subsequent economic viability
study is warranted, utilizing the thermodynamic performance metrics derived from this
research. This financial assessment should ideally be executed at the concentrated solar
power (CSP) plant scale, given that modifications within the TES subsystem may potentially
impact the operational parameters of the solar receiver, heat exchange apparatus, and the
power generation cycle.

Finally, beyond the disadvantage of having to manage the greatest heat losses, adopt-
ing a solution that keeps the two technologies separate can have numerous advantages:

e Itallows for the optimization of heat exchange, and the related surfaces, as a function
of the adopted technology;

e It facilitates the design of individual SHTES and LHTES systems;

e Itallows for rapid maintenance of individual systems;

o [t allows great flexibility in the sizing of CSLHTES systems of various capacities
and compositions.

Also, the proportion between the capacity of the SHTES system and that of the LHTES
system must also be studied according to the kind of application, taking into account the
ability of the PCM to stabilize the output temperatures of the HTF. In fact, the latent heat
unit may offer a higher capacity than the other unit. This is especially true for systems that
require high compactness and stored energy density, provided the costs of a pure LHTES
system remain limited. The heat-sensible unit holds a good thermal storage capacity but
guarantees greater cost-effectiveness. The current experimental work on a simple combined
sensible/latent storage system can be used to validate simplified models to be developed,
aimed at analyzing the thermal behavior of these systems and optimizing their size and the
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best proportion between sensible and latent technologies, which also depends on the type
of application.

In conclusion, this approach should be further analyzed and deepened, not only from
an energy and exergetic point of view, but also from an economic and environmental impact
one. Subsequently, it would be necessary to move on to experimental tests with larger
CSLHTES systems to verify their performance and evaluate their main KPIs.
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Abbreviations

The following abbreviations are used in this manuscript:

Cp Heat capacity at constant pressure [J/ (kg °C)]
CSLHTES Combined sensible/latent heat TES

csp Concentrating solar power

Cth Theoretical storage capacity [J]

AT Temperature difference [°C]

FU Utilization factor

HDPE High-density polyethylene

HSM Heat storage medium

HTF Heat transfer fluid

HyTES Hybrid thermal energy storage

KPI Key performance indicator

LH Latent heat

LHTES Latent heat thermal energy storage
mEPCM Micro-encapsulated phase change material
M Mass [kg]

m Mass flow [kg/s]

P Power [W]

PCM Phase change materials

PIs Performance indexes

Q Thermal energy [J]

Qsto_char Stored energy in charging phase [J]
Qsto_disc Stored energy in discharging phase [J]

SC Storage capacity [J]

SFERA-III Solar Facilities for the European Research Area III
SH Sensible heat

SHTES Sensible heat thermal energy storage

SP System parameters

SS-PCM Shape-stabilized phase change materials
TES Thermal energy storage

T Temperature [°C]
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Tm Average temperature [°C]
u Uncertainty

w Flow [m/s]

S Time integration variable
€ Exergy [J]

TTES Energy storage efficiency

Tex Exergy storage efficiency

Subscripts

amb Environment

char Charge

coib Thermal insulator

disc Discharge

in Inlet

max Maximum

min Minimum

out Outlet
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