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Abstract: Thermal energy systems (TES) systems contribute to the on-going process leading to greater integration between
different energy systems in order to achieve cleaner and more sustainable use of energy resources. This paper reviews the current
literature showing the development and deployment of TES-based solutions in power grid-connected systems. These solutions
integrate the energy system to gain new potential for energy management, make better use of renewable energy (RES) resources,
modernize energy system infrastructure, facilitate network operation practices that include energy conversion and service delivery.
The network is cost-effective, facilitating. This paper provides a complementary look at other investigations into energy storage
technologies and materials for TES and TES building applications and electrical energy storage aids for network applications. The
main aspects discussed are the features, parameters, and models of TES systems, the deployment of TES in variable RES systems,
small networks, multi-power networks, and emerging trends for TES applications.
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1. Introduction
Energy storage is an essential aspect of
continuous transfer to more efficient and
sustainable energy systems. This depends on the
ability to control the transmission or control of all
or part of the energy flow to the appropriate storage
system and then use the stored energy if needed.
Without storage, the traditional view of energy
services is one commodity at a time, as production
seeks load (also reducing energy losses). Introducing
storage at various levels through energy exchange
(in the injection mode) in the grid changes the
model from a timely commodity to a commodity
that is produced in almost real-time in an adjustable
state with the consequent load generation (also
Given the uncertainty, that should be reduced
(fluctuation with reserve). This wide range of
applications permits consumers to also participate
from domestic energy producers (i.e., consumers) in

providing energy services to a variety of energy
markets, including new forms of local energy
markets and energy communities [2]. That is
predicted. Energy storage is also a key component
of decarbonization scenarios, such as the elements
defined in the European Roadmap to 2050 [3],
whose main objectives include high energy,
diversification of sources of production, and
increasing the percentage of renewable energy
sources (RES). Is. On the roadmap, renewables are
involved in scenario development, and at least in
2050, they will receive at least 55% of the energy
required. Various types of storage (not just energy)
are considered, such as pumping water storage,
hydrogen storage, recording, and carbon storage.
Healthy
development
of
intelligent
infrastructure, including energy storage. The main
goal is to increase the availability of different points
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of view of the system, namely energy improvement
Energy storage is an important aspect of
(as well as multiple energy systems and markets) and continuous transfer to more efficient and
energy grid management (dealing with system sustainable energy systems. This depends on the
planning and reinforcement, provisioning, increase ability to control the transmission or control of all
sustainability, reduce vulnerability, increase or part of the energy flow to the appropriate storage
vulnerability, control Frequency, energy efficiency, system and then use the stored energy if needed.
etc.). Voltage control and network disturbance Without storage, the traditional view of energy
reduction). Other goals include achieving services is one commodity at a time, as production
environmental goals to reduce greenhouse gas seeks load (also reducing energy losses). Introducing
emissions and improve air quality as well as social storage at various levels through energy exchange
goals, for example, empowering consumers as (in the injection mode) in the grid changes the
described in the Clean Energy for All Europeans model from a timely commodity to a commodity
package [4]. Alternatively, the achievement of the that is produced in almost real-time in an adjustable
Sustainable Development Goals issued by the state with the consequent load generation (also
United Nations General Assembly. The best Given the uncertainty, that should be reduced
combination of technology to power systems needs (fluctuation with reserve). This wide range of
to be identified to achieve this end. The existence of applications permits consumers to also participate
storage systems increases the demand variability at from domestic energy producers (i.e., consumers) in
power grid stations. The pattern of net demand providing energy services to a variety of energy
patterns becomes more variable and, in principle, markets, including new forms of local energy
more variable and less predictable. On the supply markets and energy communities [2]. That is
side, the evolution towards higher renewable energy predicted. Energy storage is also a key component
creates more fluctuations in the outputs of the RES of decarbonization scenarios, such as those shown
system that require sufficient storage to facilitate by the European Roadmap for 2050 [3], whose main
these fluctuations, with additional energy storage objectives include high energy, diversification of
generated and released upon over-demand to the production resources, and increasing the percentage
generation that is now available. Energy storage is of renewable energy sources (RES) on the roadmap,
useful to reduce peak demand, backup power of the share of renewable resources in the energy
during power outages, and more efficient conversion and storage portfolio.
networking (with the lowest current in-network
branches, thereby reducing network losses).

2. Materials and Methods
TES is a technology that allows the temporary
storage of energy at low or high temperatures by
cooling or heating a storage device (in a heat
sink/tank) over a given period. The stored energy is
used later, for hours, days, or months in heating,
cooling, and power generation programs. Storage
temperature is maintained at a higher (hotter) or
lower (cooler) temperature than the ambient
temperature. Benefits of TES are low carbon
emissions and energy demand, low cost and
maintenance cost of TES system; low pollutant
emissions; good performance; superior thermal
storage capacity per unit weight, and energy from
any heat or electric source if required [21].
Disadvantages of TES, the relatively low efficiency
of the TES system and thermal readiness losses
(heat losses between storage and environment) [11].
The characteristics of TES systems vary in different
forms of storage. As such, the types of services

provided are only those that are TES specific. In
particular, with respect to electrical energy storage,
which can provide relatively fast secondary service,
for example, quality improvement, network
stability, and standby power in the short term
[22,23], the system TES has a slower response.
Because of its inherent thermal capability, it can
affect thermal transfer [24]. At the same time, heat
(or cooling) cannot be stored for a long time due to
the heat losses caused by the work of removing
storage media. For long-term seasonal storage, TES
can be inappropriate or at least a low priority option
for surplus energy storage from the electricity grid
and a high priority for batteries, pumped water
storage (PHS), or compressed air energy storage
(CAES), energy. Gas (P2G) or hydrogen, and is
used in electric pumps [25]. Natural gas may also be
considered for storage that emits carbon dioxide
due to the use of natural gas in boilers [26]. TES
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systems are found to reduce peak energy demand in energy density (W / l) is the ratio between the power
centralized systems (with CHP, significant district capacity and the capacity of the energy storage
heating and cooling, industrial plants, or RES) or system.
distributed systems (for residential or commercial
buildings) [27]. In order to extend the lifetime of
TES, control options coordinated with several CHP
systems can be adjusted by reducing TES
involvement in system performance [28]. Cold-TES
is a distributed TES type that uses refrigeration and
air conditioning technologies controlled by a virtual
station to transport cargo. TES has been
significantly managed to convert maximum
applications into commercial buildings and cities
Figure 1. Phase change phenomena of thermal storage
with semi-arid areas [30].
material (Melting process)
Three essential parameters are used to illustrate
TES technologies:
Energy storage temperature compared to
indoor temperature: For this purpose, there are lowtemperature TES materials and high-temperature
TES materials. Examples include building heating
(25–50 ° C), building cooling (0–12 ° C), industrial
cooling (less than 18 ° C) and industrial heat storage
(over 175 ° C) [31].
TES mode: Distinguishes between reasonable
Figure 2. Phase change phenomena of thermal storage
heat storage and latent heat storage. Reasonable
material (Freezing process)
temperature is the temperature that determines the
temperature change (increase or decrease) in the
Energy capability (Wh), as well as the ability to
heat storage of the material without altering its select energy and energy absorption from the energy
chemical composition or phase. Latent heat is the absorbed in the storage system when charging
heat that determines the phase change (transition under nominal conditions. Energy density or
from solid to liquid or from liquid to vapor) in a heat volume heat capacity (Wh / L or Wh / m3) is the
storage medium without changing the temperature ratio between the energy stored and the volume of
of the storage material (Figure 1). Phase change in the energy storage system.
heat storage occurs during heat exchange without
Shelf life (from hours to months) Indicates the
any difference in the chemical composition of the shelf life.
material. During the phase change, heat can be
Response time (from seconds to minutes) is
absorbed (in the melting process) or released (in the the speed at which energy is absorbed or stored.
freezing process).
Bicycle capacity (number of cycles) is the number of
Duration of stored thermal energy: The times a storage system releases energy after each
periods are short term (daily heat storage) and charge.
medium or long term (seasonal or annual heat
Life Cycle The maximum number of discharge
storage) [12]. Short-range TES is used to convert cycles under certain conditions.
maximum energy loads from two hours a day, to
Discharge Rate The amount of energy
reduce system size and to obtain economic benefits discharge is stored.
from changing energy prices over time or prices.
The discharge itself is the amount of energy
The term TES in the medium to long term refers to stored at the beginning and after the loss during a
seasonal energy storage, as the delay is from a few particular non-use period.
weeks to a few months [32] (See fig. 1 and 2).
The travel cycle or electronic cycle is defined
The main performance parameters of the TES as = Eout / Ein, where Ein represents the energy
system are:
required to charge the system, and Eout is the
Wattage (W) is the maximum power provided energy remaining after the loading and unloading
by the vacuum system when discharging. The
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cycle. If the storage system is selected in sleep mode, [12] (Fig. 3). Essential energy services provided by
there is no damage during unloading.
TES technologies include [4]:
Costs are determined by storage capacity (€/
Loss of production and demand for heat and
kWh) or energy capacity (€/kWh) for the storage cooling due to electricity demand.
system, taking into account capital costs, operating
Increase energy efficiency in the energy system,
costs, and lifetime storage of storage equipment. Be. for example, by storing heat that otherwise would
Energy cost is the result of the (utility) energy be destroyed by industrial waste.
cost per unit divided by storage efficiency.
The reduction of greenhouse gas emissions in
Cycle cost is the cost per unit of energy divided the heating and cooling sector is made possible by
by cycle life [12,35].
the greater use of renewable energy from wind, solar
Research manuscripts reporting large datasets and photovoltaic technologies, biomass, and
that are deposited in a publicly available database geothermal technologies.
should specify where the data have been deposited
The increase in flexibility and security of
and provide the relevant accession numbers. If the supply, because of the availability of supplying heat
accession numbers have not yet been obtained at and power in the term of high demand and low cost
the time of submission, please state that they will be
Increased flexibility and security of supply, due
provided during review. They must be provided to the availability of heat and power when demand
before publication.
is increasing, at relatively low cost in this segment
Interventional studies involving animals or reflect different modes of operation (charging,
humans and other studies require ethical approval discharging and idle).
must list the authority that provided approval and
The general deterministic storage model [37],
the corresponding ethical approval code.
the TES model is formulated with a sequence of
The main uses of TES are peak conversion, time steps k = 1, ..., K with the regular time steps
heat transfer, renewable, heat loss, or cold [36]. TES Dtk, according to the following inputs: Ek energy
systems are used to store heat lost in the form of stored in The time step k is the power of Pch, k
thermal energy to supply the energy needed [10]. which is the storage unit in step k that is charged by
TES systems are used to correct the difference the efficiency of ηch, and the power represents the
between thermal energy load and supply and are, same aspects of modeling.
therefore, important for RES integration [8]. Also,
The energy stored at the successive time step k
TES systems are useful for reducing peak demand, + 1 in the storage device is then expressed as:
carbon dioxide emissions, energy demand, and 𝐸𝑘+1 = (1 − 𝑢𝑘 𝜄𝑘 )𝐸𝑘 + 𝜂𝑐ℎ 𝑃𝑐ℎ,𝑘 Δ𝑡𝑘
𝑃𝑑𝑐ℎ,𝑘
energy system costs while improving endurance.
(
) Δ𝑡𝑘 (1)
−
ATES uses three performance modes: charging,
𝜂𝑑𝑐ℎ
storage (standby), and discharge (Figure 3).
Ek energy also corresponds to the charge state
(SoC) of the storage system, which may be
expressed by dividing it by the E capacity of the
storage system in units (or in percent):
𝐸
𝑆𝑜𝐶𝑘 = 𝑘 (2)
𝐸
Introducing the storage capacity P of the
storage system, load limitations, and discharge
values by:
𝑃𝑐ℎ,𝑘 ≤ 𝑢𝑘 𝑃 (3)
𝑃𝑑𝑐ℎ,𝑘 ≤ (1 − 𝑢𝑘 )𝑃 (4)
Figure 3. System framework

In charging mode, the power is supplied to the
TES system. In storage mode, the energy is stored
in the TES system (with associated internal losses),
while in the discharge mode, the TES system is
released into the heat load for further use. Energy
storage must be of sufficient capacity and capacity

The impact of the ramping constraint Rk (in
per units) on the charge and discharge during the
time step ∆tk can be expressed in terms of the SoCk
as in [39]:
−𝑅𝑘 Δ𝑡𝑘 ≤ SoCk+1 − SoCk ≤ R k Δt k (5)
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The idle operation of the TES is modeled by approach. Detailed TES models were formulated to
assuming uk = 1 and Pch,k = 0 so that the reduction heating transfer constraints in [43,44]. These models
in the energy stored is represented by the eﬀect of can be used to store sensitive heat and latent heat
the per-unit internal losses `k. Furthermore, the storage (see Section 3.1) with various parameters.
minimum limit EK and the maximum limit ˆ EK are The existence of nonlinear heat transfer constraints
imposed on the ﬁnal energy stored in the TES at the is solved by repetitive calculations. The results
showed that latent heat storage could provide more
end of the study period (k = K):
potential than appropriate heat storage, especially
with low initial thermal energy levels. For a TES
−𝐸𝑘 ≤ 𝐸 < 𝐸𝑘 (6)
The general model (6) is used when the consisting of a water reservoir, the model shown in
intention is to detect the same energy constraint at [45] is the amount of water in the reservoir as an
the beginning and end of the study period and use energy equilibrium variable, assuming that the hot
outside sources, for example, [40-42]. This extended and cold water temperatures are constant during the
model is more suitable for use in computational NaOH phase. Another detailed model of TES
tools that use uncertain or expected values, for consisting of a high-temperature section and a lowexample, in a model-based predictive control (MPC) temperature section is described in [38].

3. Thermal Energy Storage
3.1. The categorization of the TES
Technologies
TES technologies can be partitioned into three
categories:
3.1.1. Sensible heat storage
In heat-sensitive storage (SHS), thermal
storage materials store heat energy at their specified
thermal capacity by changing temperature [15]. The
storage medium can be liquid (water) or solid (rock,
earth). In this case, sensible heat storage materials
are heated during heat storage and cooled by heat
release [36]. Reasonable temperature changes in
storage depending on the temperature change and
the specific heat capacity of the storage material.
Express a reasonable heat storage amount or heat
capacity Q:
𝑄 = 𝑚. 𝑐𝑝 . Δ𝑇 = 𝑉. 𝜌𝑒𝑛𝑒𝑟𝑔𝑦 . Δ𝑇 (7)
3.1.2. Latent heat storage
In latent heat storage (LHS), heat storage
materials store their latent heat during a phase
change from solid to liquid [46, 47]. The latent heat
is released by the different phase shift process (from
liquid to solid). Latent heat also appears in the phase
change from liquid to gas, but this solid phase
change is not used to store thermal energy because
it requires large volumes or high pressures to store
heat in steam or gas [48]. Besides, the latent heat
from the solid phase change to the steel is generally
low so that thermal energy storage cannot be
considered [48]. LHS is a purely physical process
and has no chemical reaction when charging or
discharging. LHS is suitable for applications where
temperature stability must be maintained [36].

Given the specific latent heat L [kJ · kg - 1], the heat
energy stored by latent heat is expressed as follows:
𝑄 = 𝑚. 𝐿 (8)
Phase change materials (PCM) can be used in
LHS. PCMs are divided into organic (para, stearic
acid), inorganic (moistening salts), and eutectic (a
mixture of organic or inorganic PCM) at the
required melting temperature of 20 to 100 ° C: •
Cooling applications up to 21 ° C. 22-28 ° C for
comfort in building applications • 29-60 ° C for hot
water applications • High-temperature applications
requiring PCM range from 61 to 120 ° C.
3.1.3. Thermochemical storage
Thermal Chemical Energy Storage (TCS) or
THC requires a reversible chemical reaction [50-52].
THS is divided into three processes: charging,
storing, and discharging. In the charging process,
heat absorbed from an energy source (e.g.,
conventional energy sources or RES) separates the
thermocouple A in the heat reaction and the heat in
the B and C reactors [53]:
𝐴 + 𝐵 ℎ𝑒𝑎𝑡 + 𝐶 (9)
After this process, the reactants B and C with
different properties are stored independently at
ambient temperature without loss of heat. Internal
losses occur when materials break down [50]. In the
vacuum process, stored products B and C are mixed
in a heat reaction. In this case, a chemical reactor A
is formed, and heat is released for use as an energy
source [10]:
𝐵 + 𝐶 → 𝐴 + 𝐻𝑒𝑎𝑡 (10)
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In various references dealing with TES, the long-term storage, and long-range transport at
broader class of TCS using THS and energy storage ambient temperature [56]. Some barriers to defining
absorption has been considered. Adsorption THS were identified in [4]. This technology needs
depends on chemical processes and is divided into to reduce the volume and improve materials. More
adsorption and adsorption. Absorption occurs demonstrations are needed to assess their
when a substance is divided into a solid or a liquid. commercial use. Once the volume of THS "heat
Absorption occurs when a substance (liquid or batteries" reaches the household level, they can
gaseous) accumulates on the surface of the create more barriers to the type of enterprise that
adsorbent (solid or liquid) and forms a molecular or creates barriers for consumers who want to become
atomic layer [50]. More adsorption energy storage is more independent of external energy sources.
shown for applications at lower temperatures, such Today, these barriers are partly due to the drive to
as seasonal energy storage and cooling [55]. THS create energy communities in which consumers play
systems exhibit positive aspects that make them an active role, as predicted by consumer
more durable than SHS and LHS, higher density for empowerment already in some global trends (Table
energy storage (due to higher reaction enthalpy), 1).
Storage medium
Type
Advantage

Disadvantage

Present status

Table 1. Comparison of the three available technologies for TES
Sensible
Latent
Chemical
Water, gravel, pebble, soil, Organics, inorganics
Metal chlorides, metal hydrides, etc.
etc.
Water, rock, and ground- Active and passive storage
Thermal sorption and chemical
based system
reaction
Environmentally
friendly, Higher energy density Than Highest energy density, compact
cheap material, relatively sensible heat storage, and system, and negligible heat losses
simple system, easily control, provide thermal energy at a
and reliable
constant temperature
Low energy density, huge Lack of thermal stability, Inadequate heat and mass transfer
volumes
required,
self- crystallization corrosion, property
under
high-density
discharge and heat losses and high cost of storage condition, uncertain cyclability, and
problem, high cost of site material
high cost of storage material
construction, and geological
requirements
Large-scale demonstration Laboratory-scale
Laboratory-scale prototypes
projects
prototypes
Optimization of a control Researching for better Optimization for particle size
strategy to advance the solar phase change material reaction bed structure to get constant
fraction and reduce the materials with higher heat heat output, optimization of
power
consumption, of fusion, an optimal study temperature level during the
optimization of storage on store process and charging/discharging
process,
temperature to reduce heat concept,
and
further screening for more suitable and
losses, and simulation of thermodynamic and kinetic economical materials, and further
ground-based system with study, noble reaction cycle
thermodynamic and kinetic study,
the consideration of affecting
noble reaction cycle
factors

3.2. Electric Heat Storage

Electric Heat Storage (ETS) is an electric
heating system that uses heat-insulated refractory
bricks for later use [58] and is available for
residential and commercial applications [59]. ]. With
ETS, heat energy can be converted from electricity
and used to meet the heat demand [60]. In the ETS
model, which shows the charge energy of P (ETS)
il, k and ETS that are sent to electric heating at a
time and step k and with η (ETS) and Ets illustrate

the efficiency, the corresponding thermal energy of
the current P ( ETS), k = η (ETS) P (ETS) u, k.
Given the rate of discharge of ETS L (ETS) k, and
heat demand P (d) seventh, k where ETS serves at
time k, the energy stored in k + 1 consecutive time
in ETS as [60] It states:
𝐸𝑇𝑆
𝐸𝑇𝑆
𝑑
𝐸𝑘+1
= 𝐸𝑘𝐸𝑇𝑆 + (𝑃𝑡ℎ,𝑘
− 𝑃𝑡ℎ,𝑘
)Δ𝑡𝑘 − 𝐿𝐸𝑇𝑆
𝑡ℎ,𝑘 (11)

ETS [61] is included in resource optimization
with wind and inland water resources, including the
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Mart network, to make more use of RES and to output fluctuations. TEES, shown in Fig. 3 [63], can
limit the limitation of RES generation. ETS be used during peak demand for additional
modules are an essential asset for end-user electricity, heat conversion and heat storage for use
applications in cold weather. The heat storage in a secondary thermodynamic cycle with a steam
capacity of ETS units is more significant in volume turbine for an electrical generation used in the grid
than the temperature-controlled loads (such as during peak periods of electric charge (Fig. 4).
water heaters or air conditioners), and ETS units are
cheaper than batteries. Direct control of the ETS
allows it to be controlled by dynamic charging,
given that the thermal time constant is much higher
than the electric constants. The advanced energy
management developed in [60], using the MPCbased approach, considers the deviation in expected
values of renewable energy generation and demand.
3.3. The exploitation of TES with Variable
Renewable Energy Sources

Renewable energy (RES) sources such as
geothermal, marine, solar, and wind energy are
naturally variable and provide clean and sustainable
electricity. Due to climate change, the RES process
is highly studied with storage. Particular focus is on
variable renewable energy sources (VRES). VRES is
an irreplaceable RES (that is, it cannot be controlled
to track the variable demand for electricity). Due to
the variable nature, VRES cannot act as a controlled
reference, such as a power plant or biomass, or to
some extent as a geothermal energy source. VRES
generation systems such as solar energy
(photovoltaic solar, solar heating, CSP concentrated
solar energy) and wind energy (land and sea) have
variable energy due to their alternating nature [12].
The power of this VRES is uncertain and dependent
on weather conditions compared to conventional
removable power plants whose outputs are
concerning market conditions and energy balances.
For concentrated PV and solar systems, VRESbased power generation varies depending on the
presence of clouds but also on the effect of
temporary shading (which should be avoided as far
as possible by design). Besides, faulty units may
need storage outside the normal operating range to
compensate for lost power. Besides, the VRES site
depends on the availability of the energy source and
generally does not correspond to the location of the
loading centers [62]. Besides, VRES requires energy
storage to make seasonal and daily changes and
ensure continuous performance across systems.
VRES is used almost continuously to reduce VRES

Figure 4. Thermoelectrical energy storage (TEES)

TES, along with VRES can be either Thermal
Heat Energy Storage (HTES) or Cold Heat Energy
Storage (CTES) [64]. In both cases, when the
storage system is combined with a central heating
system or a local cooling system, the effect of TES
is more excellent.
A centralized solar system uses solar thermal
energy for thermal motor power (for example, a
steam turbine, Fig. 4 [65]). As such, it is easy to
replace CSP with TES, using heat exchangers to
transfer heat energy between the heat transfer fluid
used in the CSP and the storage system [66].

Figure 5. Concentrated power field-TES

Liquids used in storage systems are usually
molten salt. CSP heat that is not sent to the heat
engine is stored for later use. This fact is crucial for
converting benefits by converting energy into grids
from periods of low energy prices to periods of
higher energy prices. Besides, the presence of TES
may be an advantage to increase the size of the CSP
system relative to the capacity of the transmission
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line, whenever the CSP output exceeds the capacity warming [70]. In this case, the problem is analyzed
of the line, causing heat storage and heat stored in in a multipurpose framework, where objective
the thermal engine at a concentrated solar output functions are reduced, conventional production fuel
less than line capacity (Fig. 5).
costs and wind reduction, and the size of the heat
Various sources indicate that the presence of storage system varies. On the other hand, TES can
the TES system increases the value of the CSP be used to save the extra energy provided by wind
system [65]. The program described in [67] refers to systems if proper energy is transmitted. As such, it
the CSP system in addition to the TES in the system may be prevented from building a new thermal
connected to the power grid. The existence of a power plant, as in [71] concerning wind energy and
storage system allows to reduce the additional the possibility of storing heat (e.g., for space
burden on the components and thus reduces the heating) or cooling energy (through electric
need for further investment. Therefore, the added coolers). The debate is on. According to the TEES
value provided by TES results in significant cost principle, some sources suggest the possibility of
savings in terms of CSP use alone. The value of TES generating heat directly above the wind tower,
in optimal conditions for charging and discharging where there is a heat generator. In this structure,
storage is determined by reducing production costs there is no electric line inside the wind tower. The
while taking into account requirements for standby, heat generated by the heat generator is transmitted
needs balancing, availability, and factory to the TES system using the heat transfer fluid
performance. The study in [66] refers to a (HTF). A secondary circuit containing a steam
centralized solar system consisting of parabolic turbine (connected to a synchronous generator for
troughs, electric towers, or linear sections. As the power generation and connection), a capacitor and
size of CES-TES grows, the CSP-TES system a circular pump It is provided by a heat exchanger.
becomes more unique in converting power injected In the solution presented in [72] (Fig. 5), called
into the grid (and selling it on the market) to periods Wind Thermal Energy System (WTES), TES acts as
of higher electricity prices. Besides, as TES volume a heat source, and the electricity generated by the
increases, more energy is stored and used, which synchronous generator depends on demand. This
reduces unused generation. The presented results solution is more expensive than using the wind
show that breakeven cost (i.e., the maximum cost of system with battery storage. Another feature is the
capital that can be provided by expected earnings) ability to share some plant parts with CSP-based or
for using the CSP-TES system in different locations biomass-based plants using TES. The same
concerning the energy market, as well as by adding concepts are used in [73] to use WTES by directly
ancillary services market. The trade-off between converting rotational energy to heat, including oncost and income of a CSP plant with TES has been site electricity stocks and heat generation (Fig. 6).
examined using scenario-based analysis in [68],
looking at the uncertainties of renewable energy
production. The CSP-TES solution is coated in [69]
by adding an electric heater that converts electricity
from other sources (e.g., mains or other outputs of
other RES systems) to heat to increase efficiency.
The study program includes CSP-TES and the wind
energy system and considers the uncertainty of RES
in the random unit commitment and the model of
industrial transmission with energy and reserves,
Figure 6. Wind power field-TES
using scenario analysis.
Wind energy Thermal storage energy systems
In other words, negative heat storage, which
can be considered as an efficient and useful solution consists of storing heat in a building, is considered
in systems with high wind generation that when permitting indoor temperature changes. This
necessitate wind reduction and occur during solution is more suitable than using heat storage
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tanks to promote better integration of wind energy following the weaknesses of wind energy
with the installation of heat pumps [74]. Similarly, investments [77]. If there is a negative correlation
heat storage is evaluated by buildings where heat between the availability of different VRES systems,
pumps are installed [75] in systems with high wind the benefits may stem from the frequent misuse of
energy penetration. In the application described in different VRES systems. This can create a range
[76], there is a positive aspect of the relationship factor (that is, the ratio between average production
between wind energy and energy demand for the with maximum output, where maximum output is
heating season in seasons. In this case, heat storage expressed incapacity, and average power for a
from water tanks is sufficient to compensate for the specific period) that makes the combined plant
deviation of wind energy concerning space heating more efficient. Adding TES may improve u
needs. The feasibility and efficiency of using situation. In the example shown in [78], wind and
thermal storage with electric boilers to reduce wind CSP are in the same location, and the other benefits
power at wind penetration levels are reduced are the use of low-cost, high-efficiency TES in CSP.

4. Results and Discussion
TES systems for TES systems may be of
practical importance for smaller power systems,
such as distributed energy source microgrid (DER)
programs, as well as in isolated systems.
Mathematical models of optimal energy flow and
unit commitment have been formulated to describe
energy management strategies in the high-impact
microgrid. In these embodiments, TES systems are
designed in specific ways, taking into account their
features and limitations. Operation of a microgrid
that features multiple systems with improved
electrical and thermal loads, renewable energy
generation, cooling stations, combined heat energy
and heat storage units, optimized and integrated
electricity with the primary grid (including
answering services On-demand) also manages [79].
The contribution of ETS systems, including heat
dissipation for power management in the microgrid
in [60], along with other DER units, is designed with
consideration of network constraints and reactive
power support control. [80] The thermal ice storage
system is used to construct energy models to help
control voltage and reduce frequency fluctuations in
weak electrical networks.
Multifunctional Networks and Resilient
Aspects of Multiple Power Systems (MES) [81], as
the evolution of multi-generation distributed
systems [82], adds more dimensions and
opportunities to energy management in local
electricity networks. Also, through the interaction
of different energy carriers. In particular, MES has
been able to deploy multi-network services [83], in
which a combination of RES, CHP, boilers,
batteries, and TES offers broad prospects for
energy conversion and multi-force induction. [85].
The MES also incorporates the integration of

various power grids into power centers, taking into
account district heating and cooling (DHC) systems.
TES has many advantages over other storage
systems when it comes to DHC systems. An indepth discussion of these potential advantages and
disadvantages is provided in [54]. For example, to
reduce RES fluctuations, shaving heat or fascia can
affect the electrical grid as well as the energy
utilization for heat (P2H) solutions where electric
boilers are used instead of heat pumps. Energy cost
optimization with electricity, heat and gas networks
and various types of storage (including slope
constraints) is formulated in [39], and additional
services are provided by heat pumps alongside TES
in the combined RES system. Covered in [87]. At
MES, one of the critical aspects of improvement is
the ability to improve system performance and
opportunities to provide energy services. Many of
the applied definitions of electrical systems have
referred to the availability of a "generic set of
generator sets to respond to variance and
uncertainty in net load" or "ability to quickly balance
changes in renewable energy generation and
expected errors" in the energy system. In this
context, the TES system can be integrated either on
the women's side or the net load side. A talent that
can be provided by residential TES for load transfer,
arbitrage electricity, and emergency supplies is
discussed in [90]. Multiple energy storage is included
among the various accessibility options designed in
[83]. Electric boilers and heating cabinets are
intended to improve their availability in [40]. Heat
storage tanks are effective throughout the energy
system to save energy. In [91], TES with housing is
used in the optimization process to provide demand
response concerning thermal comfort. The
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possibility of using electricity for heating, called storage materials, also due to heat exchanger
P2H, along with heat storage, has become more performance; load-cycle reflection and discharge,
interesting [92.93]. Depending on the TES size, the mechanical and chemical stability of materials
potentials of P2H depending on the size of the TES Rotary storage, and a TES fusion device and control
can be significantly increased, as explained in [94] over the entire power system.
for central heating applications where electric
One of the critical drivers of future
boilers are used for P2H.
developments in feasibility assessment is the
The central aspect focuses on current trends in potential for TES integration into different energy
multi-power system performance. In this context, systems targeting smart cities and energy
numerous resources are available to provide communities [39]. Attention has been limited to the
demand response capability, which can be reduced implementation of TES in communities [2,38] but
or increased from the grid (at the request of a is now increasing [83]. It has been mentioned in
specific program) by considering the switching of community energy storage [98] that only
power between different power vectors. TES is part conventional heat storage with water tanks is
of smart heating and cooling strategies that can generally economically viable. In the future, more
make short-term availability options available at a integration is expected between different carriers.
relatively low cost [95]. Aspects of demand response The added power of the multipurpose system may
have been combined with ETS to provide more be to integrate TES with P2G and battery storage,
shave and enable RES at 61 degrees as a Smart to increase storage capacity for electricity and heat
Electric Heat Storage (SETS). This study was and to provide better network services. In this
conducted theoretically and experimentally in 1996 regard, P2G can be suitable for relatively long-term
with a detailed analysis of the aspects of heat storage, while battery storage can cover short-term
transfer. TES Residential is an example of demand- performance, and TES can be a complementary
side resources that can be used for energy judgment, option to enhance the effectiveness of mid-range
reducing net load instability, and securing reserves. operating strategies. Be it. Besides, TES mobile
In the United States, the Advanced Energy systems have been studied and tested. The system is
Research Projects Agency (ARPA-E) is portable using trucks to make the heat source
implementing a program called "Adding Time to accessible to remote areas of the thermal power
Power Storage (DAYS)" to develop storage systems grid. In particular, latent heat or chemical TES is
with a 10 to 100-hour timeframe [97]. About half of portable due to its relatively small size relative to the
the projects funded use some kind of TES. Besides, appropriate TES temperature [54]. More broadly,
ARPA-E runs an Advanced High Energy Thermal TES is attractive for improving the efficiency of
Storage Program (HEATS), to create a CAES technology and leads to the development of
revolutionary, cost-effective TES in three specific advanced CAI Adiabatic Solutions (AACAES) [8].
regions of a high-temperature solar TES, and These systems use TES to store heat from the
sunlight Convert heat to synthetic fuel production compression process. The stored heat is then used
and use TES to enable thermal management of to warm the air during the expansion phase. Beyond
internal combustion engine vehicles and to increase increased productivity, AACAES technology is
the range of driving of electric vehicles. The promising and operational on-site due to its minimal
potential of adopting TES solutions is also changing environmental impact and relatively low costs.
from developing materials to advanced properties, Experimental experiments were performed with
including some of the solutions investigated include combined physical temperature/potential, and their
nanostructured heat storage materials, mineral results provide a promising prospect for further
hydride storage, supercritical thermal energy storage analysis [101]. Including great solutions for TES,
systems, batteries Thermal, and new thermoelectric compressed heat energy storage, or compressed
materials by increasing the direct conversion thermal energy storage [102] is another attractive
efficiency for heat to electricity. A detailed solution because it only applies to geographical
evaluation of the critical aspects of obtaining highly constraints (as is the case for PHS or CAES) or It is
efficient TES is presented in [48]. These aspects not limited to a short life span.
include high energy density of storage materials, low
internal waste and possibly high-temperature
operation; high heat transfer between HTF and
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5. Conclusions
The use of TES technologies may increase
in future grid applications. These technologies
contribute to reducing the peak demand for
electricity, alleviating the fluctuations caused by
the uncertain generation of renewable energy
sources, and increasing the efficiency of energy
systems, providing additional network services
for distribution networks, micro-networks, or
multi-energy systems. These aspects are also
aimed at achieving the primary goals of strategic
plans to promote "clean energy" projects, by
reducing greenhouse gas emissions and
empowering consumers in a way that raises
awareness of local consumer groups-creating
local energy communities and markets. By
using TES, the energy transfer between
multiple energy carriers can increase the ability
to use integrated energy systems using
integrated energy systems, which reduces the
need for heat discharge to the environment.
Besides, TES systems require limited
maintenance. For these reasons, the adoption
of appropriate applications that exploit TES
systems is generally high. Today, despite
increasing access to tools that are capable of
analyzing energy systems such as TES and
estimating the potential benefits in recent times,

low awareness of technologies and their
potential arises. In specific applications (for
example, for cooling storage), it may be harmful
to use toxic or hazardous liquids, although the
replacement of these liquids with "green"
options is underway. Besides, aspects of
thermal capacity limit the significant availability
of TES systems and their direct involvement in
providing fast network services. At the same
time, heat capacity can create some degree of
"thermal defect" that can be beneficial because
of rapid temperature changes in energy
processes. Other aspects related to the use of
electrical energy storage and the combination of
TES in heat energy applications have been
explored to show their features that may lead to
new opportunities for grid applications. Many
positive trends for TES deployment are
emerging in current and future energy systems.
TES continues to play a unique role in crosscutting frameworks, including principles of
clean and clean energy, resource sustainability,
and consumer awareness, and can be more
critical in terms of improving material
efficiency and identifying new forms of energy
integration.

Funding
This research received no external funding.

Acknowledgments
In this section, we acknowledge the supports of the Amirkabir university of technology.

Conflicts of Interest
The authors declare no conflict of interest.

References
1. Jin, L.; Li, D.; Zhang, X. Mathematical modeling
and numerical simulation of a new thermal energy storage
system using thermo-sensitive magnetic fluid in porous
medium.
Energy
Storage
2019,
1,
e34,
https://doi.org/10.1002/est2.34.
2. Taler, D.; Dzierwa, P.; Trojan, M.; Sacharczuk, J.;
Kaczmarski, K.; Taler, J. Numerical modeling of
transient heat transfer in heat storage unit with channel
structure. Applied Thermal Engineering 2019, 149, 841-853,
https://doi.org/10.1016/j.applthermaleng.2018.12.104.
3. Zhang, Y.; Zhang, R.; Tian, W.; Su, G.H.; Qiu, S.
Numerical prediction of CHF based on CFD

methodology under atmospheric pressure and low flow
rate. Applied Thermal Engineering 2019, 149, 881-888,
https://doi.org/10.1016/j.applthermaleng.2018.12.100.
4. Ebrahimi-Moghadam, A.; Moghadam, A.J. Optimal
design of geometrical parameters and flow characteristics
for Al2O3/water nanofluid inside corrugated heat
exchangers by using entropy generation minimization
and genetic algorithm methods. Applied Thermal
Engineering
2019,
149,
889-898,
https://doi.org/10.1016/j.applthermaleng.2018.12.068.
5. Kim, D.H.; Yoon, S.H.; Kim, Y.; Lee, K.H.; Choi,
J.S. Experimental studies on the charging performance of

MATERIALS INTERNATIONAL | https://materials.international | 185

Nima Norouzi, Saeed Talebi, Maryam Fani

•••

single-tank single-medium thermal energy storage.
Applied Thermal Engineering 2019, 149, 1098-1104,
https://doi.org/10.1016/j.applthermaleng.2018.12.062.
6. Guo, Y.; Al-Jubainawi, A.; Ma, Z. Performance
investigation and optimisation of electrodialysis
regeneration for LiCl liquid desiccant cooling systems.
Applied Thermal Engineering 2019, 149, 1023-1034,
https://doi.org/10.1016/j.applthermaleng.2018.12.120.
7. Cai, R.; Zhang, M.; Ge, R.; Zhang, X.; Cai, J.;
Zhang, Y.; Huang, Y.; Yang, H.; Lyu, J. Experimental
study on local heat transfer and hydrodynamics with
single tube and tube bundles in an external heat
exchanger.
Applied
Thermal
Engineering
2019,
149,
924-938,
https://doi.org/10.1016/j.applthermaleng.2018.12.040.
8. Chen, W.; Huang, C.; Chong, D.; Yan, J. Numerical
assessment of ejector performance enhancement by
means of combined adjustable-geometry and bypass
methods. Applied Thermal Engineering 2019, 149, 950-959,
https://doi.org/10.1016/j.applthermaleng.2018.12.052.
9. Barroso-Maldonado, J.M.; Montañez-Barrera, J.A.;
Belman-Flores, J.M.; Aceves, S.M. ANN-based
correlation for frictional pressure drop of non-azeotropic
mixtures during cryogenic forced boiling. Applied Thermal
Engineering
2019,
149,
492-501,
https://doi.org/10.1016/j.applthermaleng.2018.12.082.
10. Saw, L.H.; Poon, H.M.; Chong, W.T.; Wang, C.-T.;
Yew, M.C.; Yew, M.K.; Ng, T.C. Numerical modeling of
hybrid supercapacitor battery energy storage system for
electric vehicles.
Energy Procedia 2019,
158,
2750-2755,
https://doi.org/10.1016/j.egypro.2019.02.033.
11. Aly, K.A.; El-Lathy, A.R.; Fouad, M.A.
Enhancement of solidification rate of latent heat thermal
energy storage using corrugated fins. Journal of Energy
Storage
2019,
24,
https://doi.org/10.1016/j.est.2019.100785.
12. Asgharian, H.; Baniasadi, E. A review on modeling
and simulation of solar energy storage systems based on
phase change materials. Journal of Energy Storage 2019, 21,
186-201, https://doi.org/10.1016/j.est.2018.11.025.
13. Al Siyabi, I.; Khanna, S.; Mallick, T.; Sundaram, S.
An experimental and numerical study on the effect of
inclination angle of phase change materials thermal
energy storage system. Journal of Energy Storage 2019, 23,
57-68, https://doi.org/10.1016/j.est.2019.03.010.
14. Li, Z.; Sheikholeslami, M.; Ayani, M.; Shamlooei,
M.; Shafee, A.; Waly, M.I.; Tlili, I. Acceleration of
solidification process by means of nanoparticles in an
energy storage enclosure using numerical approach.
Physica
A:
Statistical
Mechanics
and
its
Applications
2019,
524,
540-552,
https://doi.org/10.1016/j.physa.2019.03.129.
15. Seitz, G.; Helmig, R.; Class, H. A numerical
modeling study on the influence of porosity changes
during
thermochemical
heat
storage.
Applied
Energy
2020,
259,
https://doi.org/10.1016/j.apenergy.2019.114152.
16. Joybari, M.M.; Seddegh, S.; Wang, X.; Haghighat, F.
Experimental investigation of multiple tube heat transfer
enhancement in a vertical cylindrical latent heat thermal

energy storage system.
Renewable
Energy
2019,
140,
234-244,
https://doi.org/10.1016/j.renene.2019.03.037.
17. Singh, S.; Sørensen, K.; Condra, T.; Batz, S.S.;
Kristensen, K. Investigation on transient performance of
a large-scale packed-bed thermal energy storage. Applied
Energy
2019,
239,
1114-1129,
https://doi.org/10.1016/j.apenergy.2019.01.260.
18. Cui, G.; Dong, Z.; Wang, S.; Xing, X.; Shan, T.; Li,
Z. Effect of the water on the flame characteristics of
methane hydrate combustion. Applied Energy 2020, 259,
https://doi.org/10.1016/j.apenergy.2019.114205.
19. Leszczynski, J.S.; Grybos, D. Compensation for the
complexity and over-scaling in industrial pneumatic
systems by the accumulation and reuse of exhaust air.
Applied
Energy
2019,
239,
1130-1141,
https://doi.org/10.1016/j.apenergy.2019.02.024.
20. Elsido, C.; Martelli, E.; Kreutz, T. Heat integration
and heat recovery steam cycle optimization for a lowcarbon lignite/biomass-to-jet fuel demonstration project.
Applied
Energy
2019,
239,
1322-1342,
https://doi.org/10.1016/j.apenergy.2019.01.221.
21. Norouzi, N.; Fani, M.; Ziarani, Z.K. The fall of oil
Age:A scenario planning approach over the last peak oil
of human history by 2040. Journal of Petroleum Science and
Engineering
2020,
188,
106827,
https://doi.org/10.1016/j.petrol.2019.106827.
22. Kruizenga, A.; Gill, D. Corrosion of Iron Stainless
Steels in Molten Nitrate Salt. Energy Procedia 2014, 49, 878887, https://doi.org/10.1016/j.egypro.2014.03.095.
23. Feldman, D.; Shapiro, M.M.; Banu, D.; Fuks, C.J.
Fatty acids and their mixtures as phase-change materials
for thermal energy storage. Solar Energy Materials 1989, 18,
201-216, https://doi.org/10.1016/0165-1633(89)900543.
24. Xu, B.; Rathod, D.; Yebi, A.; Onori, S.; Filipi, Z.;
Hoffman, M. A comparative analysis of dynamic
evaporator models for organic Rankine cycle waste heat
recovery systems. Applied Thermal Engineering 2020, 165,
https://doi.org/10.1016/j.applthermaleng.2019.114576.
25. S Hasnain, S.M. Review on sustainable thermal
energy storage technologies, Part I: heat storage materials
and techniques. Energy Conversion and Management 1998, 39,
1127-1138,
https://doi.org/10.1016/S01968904(98)00025-9.
26. Hawlader, M.N.A.; Uddin, M.S.; Khin, M.M.
Microencapsulated PCM thermal-energy storage system.
Applied
Energy
2003,
74,
195-202,
https://doi.org/10.1016/S0306-2619(02)00146-0.
27. König-Haagen, A.; Höhlein, S.; Brüggemann, D.
Detailed exergetic analysis of a packed bed thermal
energy storage unit in combination with an Organic
Rankine Cycle. Applied Thermal Engineering 2020, 165,
https://doi.org/10.1016/j.applthermaleng.2019.114583.
28. Flores, R.A.; Aviña Jiménez, H.M.; González, E.P.;
González Uribe, L.A. Aerothermodynamic design of
10 kW radial inflow turbine for an organic flashing cycle
using low-enthalpy resources. Journal
of
Cleaner
Production
2020,
251,
https://doi.org/10.1016/j.jclepro.2019.119713.

MATERIALS INTERNATIONAL | https://materials.international| 186

Thermal Energy Storage for the Complex Energy Systems

•••

29. Nami, H.; Anvari-Moghaddam, A. Small-scale
CCHP systems for waste heat recovery from cement
plants: Thermodynamic, sustainability and economic
implications.
Energy
2020,
192,
https://doi.org/10.1016/j.energy.2019.116634.
30. Yao, Y.; Li, W.; Hu, Y. Modeling and performance
investigation on the counter-flow ultrasonic atomization
liquid
desiccant
regenerator.
Applied
Thermal
Engineering
2020,
165,
https://doi.org/10.1016/j.applthermaleng.2019.114573.
31. Saletti, C.; Gambarotta, A.; Morini, M.
Development, analysis and application of a predictive
controller to a small-scale district heating system. Applied
Thermal
Engineering
2020,
165,
https://doi.org/10.1016/j.applthermaleng.2019.114558.
32. Nayak, A.K.; Hagishima, A.; Tanimoto, J. A
simplified numerical model for evaporative cooling by
water spray over roof surfaces. Applied Thermal Engineering
2020,
165,
https://doi.org/10.1016/j.applthermaleng.2019.114514.
33. Chu, S.; Bai, F.; Cui, Z.; Nie, F.; Diao, Y.
Experimental investigation on thermal performance of a
heat pipe pressurized air receiver. Applied
Thermal
Engineering
2020,
165,
https://doi.org/10.1016/j.applthermaleng.2019.114551.
34. Oyekale, J.; Heberle, F.; Petrollese, M.;
Brüggemann, D.; Cau, G. Thermo-economic evaluation
of actively selected siloxane mixtures in a hybrid solarbiomass organic Rankine cycle power plant. Applied
Thermal
Engineering
2020,
165,
https://doi.org/10.1016/j.applthermaleng.2019.114607.
35. Jung, E.G.; Boo, J.H. Overshoot elimination of the
evaporator wall temperature of a loop heat pipe through
a bypass line. Applied
Thermal
Engineering
2020,
165,
https://doi.org/10.1016/j.applthermaleng.2019.114594.
36. Sun, J.; Zhang, G.; Guo, T.; Che, G.; Jiao, K.;
Huang, X. Effect of anisotropy in cathode diffusion
layers on direct methanol fuel cell. Applied
Thermal
Engineering
2020,
165,
https://doi.org/10.1016/j.applthermaleng.2019.114589.
37. Nayak, A.k.; Hagishima, A.; Tanimoto, J. A
simplified numerical model for evaporative cooling by
water spray over roof surfaces. Applied
Thermal
Engineering
2020,
165,
https://doi.org/10.1016/j.applthermaleng.2019.114514.
38. Yun, S.; Kwon, J.; Cho, W.; Lee, D.; Kim, Y.
Performance improvement of hot stamping die for
patchwork blank using mixed cooling channel designs
with
straight
and
conformal
channels.
Applied
Thermal
Engineering
2020,
165,
https://doi.org/10.1016/j.applthermaleng.2019.114562.
39. Qin, K.; Li, D.; Huang, C.; Sun, Y.; Wang, J.; Luo,
K. Numerical investigation on heat transfer
characteristics of Taylor Couette flows operating with
CO2. Applied Thermal Engineering 2020, 165,
https://doi.org/10.1016/j.applthermaleng.2019.114570.
40. ASTM E2860-12, Standard Test Method for
Residual Stress Measurement by X-Ray Diffraction for
Bearing
Steels,
ASTM
International,
West

Conshohocken,
PA,
2012,
www.astm.org,
https://doi.org/10.1520/E2860-12.
41. Zhang, X.; Tian, J.; Xu, K.; Gao, Y.
Thermodynamic evaluation of phase equilibria in
NaNO3-KNO3 system. Journal of Phase Equilibria
2003,
24,
441-446,
https://doi.org/10.1361/105497103770330091.
42. Norouzi, N.; Talebi, S. An Overview on the Green
petroleum Production. 2020, 4, 9-15.
43. Enescu, D.; Chicco, G.; Porumb, R.; Seritan, G.
Thermal Energy Storage for Grid Applications: Current
Status and Emerging Trends. Energies 2020, 13,
https://doi.org/10.3390/en13020340.
44. Bartolucci, L.; Cordiner, S.; Mulone, V.; Santarelli,
M. Ancillary Services Provided by Hybrid Residential
Renewable Energy Systems through Thermal and
Electrochemical Storage Systems. Energies 2019, 12,
https://doi.org/10.3390/en12122429.
45. Tian, Y.; Zhao, C.Y. A review of solar collectors
and thermal energy storage in solar thermal applications.
Applied
Energy
2013,
104,
538-553,
https://doi.org/10.1016/j.apenergy.2012.11.051.
46. Mehari, A.; Xu, Z.Y.; Wang, R.Z. Thermal energy
storage using absorption cycle and system: A
comprehensive
review.
Energy
Conversion
and
Management
2020,
206,
https://doi.org/10.1016/j.enconman.2020.112482.
47. Poblete, R.; Painemal, O. Improvement of the solar
drying process of sludge using thermal storage. Journal of
Environmental
Management
2020,
255,
https://doi.org/10.1016/j.jenvman.2019.109883.
48. Chen, G.; Su, Y.; Jiang, D.; Pan, L.; Li, S. An
experimental and numerical investigation on a paraffin
wax/graphene oxide/carbon nanotubes composite
material for solar thermal storage applications.
Applied
Energy
2020,
264,
https://doi.org/10.1016/j.apenergy.2020.114786.
49. Guo, F.; Zhu, X.; Zhang, J.; Yang, X. Large-scale
living laboratory of seasonal borehole thermal energy
storage system for urban district heating.
Applied
Energy
2020,
264,
https://doi.org/10.1016/j.apenergy.2020.114763.
50. 1. Gao, J.T.; Xu, Z.Y.; Wang, R.Z. Experimental
study on a double-stage absorption solar thermal storage
system with enhanced energy storage density. Applied
Energy
2020,
262,
https://doi.org/10.1016/j.apenergy.2019.114476.
51. Maouris, G.; Sarabia Escriva, E.J.; Acha, S.; Shah,
N.; Markides, C.N. CO2 refrigeration system heat
recovery and thermal storage modelling for space heating
provision in supermarkets: An integrated approach.
Applied
Energy
2020,
264,
https://doi.org/10.1016/j.apenergy.2020.114722.
52. Barde, A.; Nithyanandam, K.; Shinn, M.; Wirz, R.E.
Sulfur heat transfer behavior for uniform and nonuniform thermal charging of horizontally-oriented
isochoric thermal energy storage systems. International
Journal of Heat and Mass Transfer 2020, 153,
https://doi.org/10.1016/j.ijheatmasstransfer.2020.1195
56.

MATERIALS INTERNATIONAL | https://materials.international | 187

Nima Norouzi, Saeed Talebi, Maryam Fani

•••

53. Baniasadi, A.; Habibi, D.; Al-Saedi, W.; Masoum,
M.A.S.; Das, C.K.; Mousavi, N. Optimal sizing design
and operation of electrical and thermal energy storage
systems in smart buildings. Journal of Energy Storage 2020,
28, https://doi.org/10.1016/j.est.2019.101186.
54. Lao, X.; Xu, X.; Jiang, W.; Liang, J.; Miao, L.; Wu,
Q. Influences of impurities and mineralogical structure
of different kaolin minerals on thermal properties of
cordierite ceramics for high-temperature thermal storage.
Applied
Clay
Science
2020,
187,
https://doi.org/10.1016/j.clay.2020.105485.
55. Singh, S.K.; Verma, S.K. Numerical investigation of
thermal storage unit using multiple phase changing
materials.
Materials
Today:
Proceedings
2020,
https://doi.org/10.1016/j.matpr.2020.02.299.
56. Moon, H.; Miljkovic, N.; King, W.P. High power
density thermal energy storage using additively
manufactured heat exchangers and phase change
material. International Journal of Heat
and
Mass
Transfer
2020,
153,
https://doi.org/10.1016/j.ijheatmasstransfer.2020.1195
91.
57. Navarrete, N.; La Zara, D.; Goulas, A.; Valdesueiro,
D.; Hernández, L.; van Ommen, J.R.; Mondragón, R.
Improved thermal energy storage of nanoencapsulated
phase change materials by atomic layer deposition. Solar
Energy Materials
and Solar Cells 2020,
206, https://doi.org/10.1016/j.solmat.2019.110322.
58. Zhang, Y.; Wang, R. Sorption thermal energy
storage: Concept, process, applications and perspectives.
Energy Storage Materials 2020, 27, 352-369,
https://doi.org/10.1016/j.ensm.2020.02.024.
59. Wang, Y.; Hua, Q.S.; Sun, L.; Liu, Q.
Thermodynamic efficiency comparison between thermal
and electric storage for photovoltaic-driven chilling
system. Journal of Energy Storage 2020, 28,
https://doi.org/10.1016/j.est.2020.101253.
60. Hirmiz, R.; Teamah, H.M.; Lightstone, M.F.;
Cotton, J.S. Analytical and numerical sizing of phase
change material thickness for rectangular encapsulations
in hybrid thermal storage tanks for residential heat pump
systems. Applied Thermal Engineering 2020, 170,
https://doi.org/10.1016/j.applthermaleng.2020.114978.
61. Xie, N.; Wang, L.; Wang, Y.; Lin, X.; Lin, L.; Ji, L.;
Sheng, Y.; Chen, H. Spray-type packed bed concept for
thermal energy storage: Liquid holdup and energy storage
characteristics. Applied Thermal
Engineering
2019,
160,
https://doi.org/10.1016/j.applthermaleng.2019.114082.
62. Bott, C.; Dressel, I.; Bayer, P. State-of-technology
review of water-based closed seasonal thermal energy
storage systems. Renewable and Sustainable Energy Reviews
2019, 113, https://doi.org/10.1016/j.rser.2019.06.048.
63. Guo, J.; Jiang, Y.; Wang, Y.; Zou, B. Thermal
storage and thermal management properties of a novel
ventilated mortar block integrated with phase change
material for floor heating: an experimental study. Energy
Conversion
and
Management
2020,
205,,
https://doi.org/10.1016/j.enconman.2019.112288.
64. Stengler, J.; Linder, M. Thermal energy storage
combined with a temperature boost: An underestimated

feature of thermochemical systems. Applied Energy 2020,
262, https://doi.org/10.1016/j.apenergy.2020.114530.
65. Niu, J.; Tian, Z.; Lu, Y.; Zhao, H. Flexible dispatch
of a building energy system using building thermal
storage and battery energy storage. Applied Energy 2019,
243,
274-287,
https://doi.org/10.1016/j.apenergy.2019.03.187.
66. Zhu, X.; Han, L.; Lu, Y.; Wei, F.; Jia, X. Geometryinduced thermal storage enhancement of shapestabilized phase change materials based on oriented
carbon nanotubes. Applied Energy 2019, 254,
https://doi.org/10.1016/j.apenergy.2019.113688.
67. Thaker, S.; Oni, A.O.; Gemechu, E.; Kumar, A.
Evaluating energy and greenhouse gas emission
footprints of thermal energy storage systems for
concentrated solar power applications. Journal of
Energy
Storage
2019,
26,
https://doi.org/10.1016/j.est.2019.100992.
68. Tiwari, V.; Srinivasan, P. SWOT analyses of hightemperature phase change materials for thermal energy
storage.
Materials
Today:
Proceedings
2020,
https://doi.org/10.1016/j.matpr.2019.12.331.
69. Lim, H.S.; Ok, J.; Park, J.S.; Lee, S.J.; Karng, S.W.;
Kang, Y.T. Efficiency improvement of energy storage
and release by the inlet position control for seasonal
thermal energy storage. International Journal of Heat and
Mass
Transfer
2020,
151,
https://doi.org/10.1016/j.ijheatmasstransfer.2020.1194
35.
70. Lu, X.; Liang, B.; Sheng, X.; Yuan, T.; Qu, J.
Enhanced thermal conductivity of polyurethane/wood
powder composite phase change materials via
incorporating low loading of graphene oxide nanosheets
for solar thermal energy storage. Solar Energy Materials and
Solar
Cells
2020,
208,
https://doi.org/10.1016/j.solmat.2019.110391.
71. Manoj Kumar, P.; Mylsamy, K.; Prakash, K.B.;
Nithish, M.; Anandkumar, R. Investigating thermal
properties of Nanoparticle Dispersed Paraffin (NDP) as
phase change material for thermal energy storage.
Materials
Today:
Proceedings
2020,
https://doi.org/10.1016/j.matpr.2020.02.800.
72. Akba, T.; Baker, D.; Yazıcıoğlu, A.G. Modeling,
transient simulations and parametric studies of parabolic
trough collectors with thermal energy storage. Solar
Energy
2020,
199,
497-509,
https://doi.org/10.1016/j.solener.2020.01.079.
73. Philip, N.; Raam Dheep, G.; Sreekumar, A. Cold
thermal energy storage with lauryl alcohol and cetyl
alcohol eutectic mixture: Thermophysical studies and
experimental investigation. Journal of Energy Storage 2020,
27, https://doi.org/10.1016/j.est.2019.101060.
74. Bai, Z.; Miao, Y.; Xu, H.; Gao, Q. Experimental
study on thermal storage and heat transfer performance
of microencapsulated phase-change material slurry.
Thermal Science and Engineering Progress 2020, 17,
https://doi.org/10.1016/j.tsep.2019.100362.
75. Liu, C.; Luo, C.; Xu, T.; Lv, P.; Rao, Z.
Experimental study on the thermal performance of
capric acid-myristyl alcohol/expanded perlite composite
phase change materials for thermal energy storage. Solar

MATERIALS INTERNATIONAL | https://materials.international| 188

Thermal Energy Storage for the Complex Energy Systems

•••

Energy
2019,
191,
585-595,
https://doi.org/10.1016/j.solener.2019.09.049.
76. Liu, F.; Qiu, W.; Deng, J.; Mo, Q.; Groll, E.A.;
Zhao, J.; Liang, J. Multi-objective non-simultaneous
dynamic optimal control for an ejector expansion heat
pump with thermal storages. Applied Thermal Engineering
2020,
168,
https://doi.org/10.1016/j.applthermaleng.2019.114835.
77. Huang, P.; Lovati, M.; Zhang, X.; Bales, C.;
Hallbeck, S.; Becker, A.; Bergqvist, H.; Hedberg, J.;
Maturi, L. Transforming a residential building cluster into
electricity prosumers in Sweden: Optimal design of a
coupled PV-heat pump-thermal storage-electric vehicle
system.
Applied
Energy
2019,
255,
https://doi.org/10.1016/j.apenergy.2019.113864.
78. Scapino, L.; De Servi, C.; Zondag, H.A.; Diriken, J.;
Rindt, C.C.M.; Sciacovelli, A. Techno-economic
optimization of an energy system with sorption thermal
energy storage in different energy markets.
Applied
Energy
2020,
258,
https://doi.org/10.1016/j.apenergy.2019.114063.
79. Yang, X.; Cai, Z. An analysis of a packed bed
thermal energy storage system using sensible heat and
phase change materials. International Journal of Heat
and
Mass
Transfer
2019,
144,
https://doi.org/10.1016/j.ijheatmasstransfer.2019.1186
51.
80. Yuan, J.; Cui, C.; Xiao, Z.; Zhang, C.; Gang, W.
Performance analysis of thermal energy storage in
distributed energy system under different load profiles.
Energy Conversion and Management 2020, 208,
https://doi.org/10.1016/j.enconman.2020.112596.
81. Afshan, M.E.; Selvakumar, A.S.; Velraj, R.;
Rajaraman, R. Effect of aspect ratio and dispersed PCM
balls on the charging performance of a latent heat
thermal storage unit for solar thermal applications.
Renewable
Energy
2020,
148,
876-888,
https://doi.org/10.1016/j.renene.2019.10.172.
82. Rashid, K.; Mohammadi, K.; Powell, K. Dynamic
simulation and techno-economic analysis of a
concentrated solar power (CSP) plant hybridized with
both thermal energy storage and natural gas. Journal of
Cleaner
Production
2020,
248,
https://doi.org/10.1016/j.jclepro.2019.119193.
83. Okazaki, T. Electric thermal energy storage and
advantage of rotating heater having synchronous inertia.
Renewable
Energy
2020,
151,
563-574,
https://doi.org/10.1016/j.renene.2019.11.051.
84. Yu, Q.; Li, X.; Wang, Z.; Zhang, Q. Modeling and
dynamic simulation of thermal energy storage system for
concentrating solar power plant. Energy 2020, 198,
https://doi.org/10.1016/j.energy.2020.117183.
85. McTigue, J.D.; Wendt, D.; Kitz, K.; Gunderson, J.;
Kincaid, N.; Zhu, G. Assessing geothermal/solar
hybridization – Integrating a solar thermal topping cycle
into a geothermal bottoming cycle with energy storage.
Applied
Thermal
Engineering
2020,
171,
https://doi.org/10.1016/j.applthermaleng.2020.115121.
86. Zhou, Q.; Du, D.; Lu, C.; He, Q.; Liu, W. A review of
thermal energy storage in compressed air energy storage

system.
Energy
2019,
188,
https://doi.org/10.1016/j.energy.2019.115993
87. Li, C.; Zhang, B.; Xie, B.; Zhao, X.; Chen, J. Tailored
phase change behavior of Na2SO4·10H2O/expanded
graphite composite for thermal energy storage. Energy
Conversion and Management 2020, 208, 112586,
https://doi.org/10.1016/j.enconman.2020.112586.
88. Lee, J.; Jo, B. Surfactant-free microencapsulation of
sodium nitrate for high temperature thermal energy
storage. Materials Letters 2020, 268, 127576,
https://doi.org/10.1016/j.matlet.2020.127576.
89. Quan, W.; He, W.; Qie, X.; Chen, Y.; Zeng, M.; Qin,
F.; Chen, J.; He, Z. Effects of β-cyclodextrin, whey
protein, and soy protein on the thermal and storage
stability of anthocyanins obtained from purple-fleshed
sweet potatoes. Food Chemistry 2020, 320, 126655,
https://doi.org/10.1016/j.foodchem.2020.126655.
90. Xu, Z.Y.; Wang, R.Z. Absorption seasonal thermal
storage cycle with high energy storage density through
multi-stage output. Energy 2019, 167, 1086-1096,
https://doi.org/10.1016/j.energy.2018.11.072.
91. Yang, X.; Yu, J.; Xiao, T.; Hu, Z.; He, Y.-L. Design
and operating evaluation of a finned shell-and-tube
thermal energy storage unit filled with metal foam.
Applied
Energy
2020,
261,
114385,
https://doi.org/10.1016/j.apenergy.2019.114385.
92. Stropnik, R.; Koželj, R.; Zavrl, E.; Stritih, U.
Improved thermal energy storage for nearly zero energy
buildings
with
PCM
integration.
Solar
Energy
2019,
190,
420-426,
https://doi.org/10.1016/j.solener.2019.08.041..
93. Mahdavi, M.; Tiari, S.; Pawar, V. A numerical study
on the combined effect of dispersed nanoparticles and
embedded heat pipes on melting and solidification of a
shell and tube latent heat thermal energy storage system.
Journal of Energy Storage 2020, 27, 101086,
https://doi.org/10.1016/j.est.2019.101086.
94. He, L.; Mo, S.; Lin, P.; Jia, L.; Chen, Y.; Cheng, Z.
Synthesis and properties of nanoencapsulated Dmannitol for medium temperature thermal energy
storage. Solar Energy Materials and Solar Cells 2020, 209,
https://doi.org/10.1016/j.solmat.2020.110473.
95. Wang, Z.; Wu, J.; Lei, D.; Liu, H.; Li, J.; Wu, Z.
Experimental study on latent thermal energy storage
system with gradient porosity copper foam for midtemperature solar energy application. Applied Energy 2020,
261, https://doi.org/10.1016/j.apenergy.2019.114472.
96. Koyama, R.; Hotta, A.; Ohmura, R. Equilibrium
temperature
and
dissociation
heat
of
tetrabutylphosphonium acrylate (TBPAc) ionic semiclathrate hydrate as a medium for the hydrate-based
thermal energy storage system. The Journal of
Chemical
Thermodynamics
2020,
144,
https://doi.org/10.1016/j.jct.2020.106088.
97. Steinmann, W.-D.; Bauer, D.; Jockenhöfer, H.;
Johnson, M. Pumped thermal energy storage (PTES) as
smart sector-coupling technology for heat and electricity.
Energy
2019,
183,
185-190,
https://doi.org/10.1016/j.energy.2019.06.058.
98. Lao, X.; Xu, X.; Jiang, W.; Liang, J.; Liu, J. Effect of
excess MgO on microstructure and thermal properties of

MATERIALS INTERNATIONAL | https://materials.international | 189

Nima Norouzi, Saeed Talebi, Maryam Fani

•••

cordierite ceramics for high-temperature thermal storage.
Ceramics
International
2019,
45,
22264-22272,
https://doi.org/10.1016/j.ceramint.2019.07.252
99. Odenthal, C.; Steinmann, W.-D.; Zunft, S. Analysis of
a horizontal flow closed loop thermal energy storage
system in pilot scale for high temperature applications –
Part I: Experimental investigation of the plant.
Applied
Energy
2020,
263,
https://doi.org/10.1016/j.apenergy.2020.114573.
100. Lin, W.; Ma, Z.; McDowell, C.; Baghi, Y.; Banfield,
B. Optimal design of a thermal energy storage system
using phase change materials for a net-zero energy Solar
Decathlon house. Energy and Buildings 2020, 208, 109626,
https://doi.org/10.1016/j.enbuild.2019.109626.

101. Khor, J.O.; Sze, J.Y.; Li, Y.; Romagnoli, A.
Overcharging of a cascaded packed bed thermal energy
storage: Effects and solutions. Renewable and Sustainable
Energy
Reviews
2020,
117,
109421,
https://doi.org/10.1016/j.rser.2019.109421.
102. Mehari, A.; Xu, Z.Y.; Wang, R.Z. Thermallypressurized sorption heat storage cycle with low charging
temperature.
Energy
2019,
189,
116304,
https://doi.org/10.1016/j.energy.2019.116304.
103. Han, D.; Guene Lougou, B.; Xu, Y.; Shuai, Y.;
Huang, X. Thermal properties characterization of
chloride salts/nanoparticles composite phase change
material for high-temperature thermal energy storage.
Applied
Energy
2020,
264,
https://doi.org/10.1016/j.apenergy.2020.114674.

MATERIALS INTERNATIONAL | https://materials.international| 190

