
Sensible and Latent Heat Thermal Energy Storage | Encyclopedia.pub

https://encyclopedia.pub/entry/25632 1/17

Sensible and Latent Heat Thermal Energy
Storage
Subjects: Engineering, Environmental

Contributor: Riheb Mabrouk , Hassane Naji , Ali Cemal Benim , Hacen Dhahri

Sharing renewable energies, reducing energy consumption and optimizing energy management in an attempt to

limit environmental problems (air pollution, global warming, acid rain, etc.) has today become a genuine concern of

scientific engineering research. Furthermore, with the drastic growth of requirements in building and industrial

worldwide sectors, the need for proper techniques that allow enhancement in the thermal performance of systems

is increasingly being addressed. It is worth noting that using sensible and latent heat storage materials (SHSMs

and phase change materials (PCMs)) for thermal energy storage mechanisms can meet requirements such as

thermal comfort in buildings when selected correctly.

latent and sensible heat  lattice Boltzmann method

1. Introduction

Nowadays, the energy storage sector figures as a fundamental technology facing the rapid development of

industrialization and urbanization. Thereby, over the years, energy storage systems (ESSs) technology has been

widely developed to ensure the renewable energy resources sustainability and to balance the gap between energy

demand and supply . Throughout history, along with the increase in human population, the global consumption of

energy continues to increase, as shown clearly observed in Figure 1. Energy consumption is observed to increase

faster than population size . Yet, it is noteworthy to highlight the industrialization and welfare level as the main

factors responsible for the tremendous increase in energy consumption.
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Figure 1. Energy use (W) vs. population size in the world and in selected countries .

Inevitably, it is crucial to implement ESS into energy systems not only to limit the intermittency of renewable

energies but also to facilitate the flexibility of energy systems while increasing their efficiency. Generally, the use of

ESSs is aimed at matching the energy demand and supply. As illustrated in Table 1, there are different ESSs

approaches that can be used in various engineering applications .

Table 1. Energy storage (ES) methods, reprinted/adapted with permissionfrom Ref. , 2022, Springer Nature .
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Among several ES methods, TES appears as one of the emerging technologies that can bridge the intermittency

gap in renewables such as solar energy , energy saving and the promotion of environmental respect (greener

world). TES systems consist of a thermal energy storage medium (heat and/or cold) kept for a defined period to

use it when and where it is needed . The applications of these systems (TES) are in the building sector (air

conditioning, thermal comfort, domestic hot water, etc.) and industrial sector(chemical industry, food industry, etc.)

. It is worthy to emphasize that the estimated annual energy savings potential in the European Union (EU) is

7.5% thanks to the implementation of these technologies .In terms of environmental savings, the annual potential

CO  emissions were reduced by about 5.5% in the EU . Later, 90% of the CO  emissions mitigation is expected

by 2050 (according to the international renewable energy agency (IRENA)) through the application of these

systems (Figure 2) . Since then, these systems have received particular attention through an economic and

environmental analysis in several sectors (Figure 2).

Figure 2. Yearly CO  emissions from diverse sectors of energy by 2050 .

According to Calderón et al. , more than 14,000 publications have been achieved over the last decade, showing

that scientific research is increasingly productive in the TES field. However, the choice of an appropriate TES

system depends on various factors, basically depending on the targeted field of application, technical conditions

(volume, temperature span, etc.), storage time and economic aspect (marketing and cost-effectiveness) .

Considering the characteristics of the storage period, there are two concepts of TES systems called short-term

storage systems and long-term storage systems. The first concept is a storage cycle of a few hours known as

diurnal heat storage , while the second is known as storage seasonal heat . In this context and by way of

Energy Storage Methods
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example, the seasonal TES (STES) stores the heat collected in the summer for up to more than three months

(charging period) using thermal solar power plants to be used in winter (discharging period) . It is worth noting

that this reverse process can obviously be applied. Therefore, this second category of TES systems (STES) has a

significant contribution to the efficient use of renewable in building applications such as decarbonization and district

heating . Note that such a category competes with others on a large scale such as natural gas storage,

pumped storage hydroelectric system and heat generation methods. Yet, sector coupling remains as the most

important challenge for future energy concepts. Furthermore, large-scale TES systems are needed for the

conception of any other technology to ensure system stability and resilience. In addition, depending on the energy

storage method deemed, TES solutions can be classified into three categories, viz., sensible heat storage (SHS),

latent heat storage (LHS) using PCMs and thermochemical heat storage (TCHS). Moreover, these classes can be

implemented in active or passive buildings . In passive building technology, only the SHS and LHS methods

are used, which allow improving thermal comfort through materials use with high thermal inertia . As for the

concept of active buildings, the TCHS method, which enables to attenuate the peak load, is the one that is rather

used as it increases renewable energies contributions such as solar and aerothermal energies . It improves

the efficiency of systems by regulating the process range, for example using frequent starts/stops to reduce

discontinuous inputs . Ben Romdhane et al.  documented a review of passive building applications based

on the LHS method while comparing it to the SHS approach. They reported that the LHS technique stores five to

14 times more heat than the SHS method. Otherwise, Rathore and Shukla  presented a review of the different

types of TES used in construction while paying great attention to LHS materials. Furthermore, a description dealing

with several LHS designs has been provided, which has indicated that a macro-encapsulated phase change

material (MPCM) could be used for a period of time, helping to alleviate the reliance on heating and cooling

devices and, thereby, saving energy.

Lizana et al.  reviewed the development and applications of thermal energy storage materials for zero energy

buildings (ZEBs). Different properties, designs, and classifications of sensible, latent and thermochemical TES

materials have been described and compared based on recent scientific research, well-known international

projects, and commercial systems. They revealed that there exists a shortage of materials for TCHS solutions while

noting that the thermochemical method requires well-maintained tanks and heat exchangers for small-scale

processes. Thereby, further efforts are still needed to optimize the technical and economic concept of TCHS

systems. In parallel, Navarro et al.  conducted a comprehensive review of TES technologies embedded into

active buildings. It is worth noting that there are two types of active systems, viz direct and indirect systems where

the storage medium is either the heat transfer fluid (HTF) or another medium. These authors stated that the active

systems design requires proper maintenance to achieve suitable incorporation, taking into account various

conditions and requirements that may be climatic, aesthetic and/or operational. Each type of TES has its

advantages and disadvantages, the operating principle of which depends on the targeted application, such as

capacity or power.

A comparison of some TES methods is reported in Table 2 .

Table 2. Comparison of TES solutions .
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For some time now, various articles on energy storage have been published, pointing out research trends and

drawing up the state of the art . In this, Cabeza et al.  issued a bibliometric analysis using

VOSviewer software to develop research related to TES categories and identify research gaps. For TES topics, the

approach performed using the co-occurrence of the keywords found is illustrated in Figure 3. Through this

diagram, it appears that terms relevance can be identified from the circles size. Simply stated, a larger circle

identifies the subject with more studies. Furthermore, the research gaps are identified by smaller circles. As shown

and indicated in Ref. , subjects TES (red circle) and LHS with PCMs (purple circle) indicate high relevance,

meaning that they are the focus of intense investigation both experimentally and/or numerically. The benefit of this

overview is to serve as a guide for any reader interested in the decision-making process in evolving TES solutions

for different industries.

Figure 3. Keywords’ co-occurrence for the storage sector , reprinted/adapted with permission from Ref. ,

2022, Elsevier.

TES Technique Capacity (kWh/ton) Power (MW) Efficiency (%) Storage Time Cost (€/kWh)

Sensible heat 10–50 0.001–10 50–90 d/m 0.1–10

Latent heat 50–150 0.001–1 75–90 h/m 10–50

Thermochemical heat 120–250 0.01–1 75–100 h/d 8–100
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2. Sensible Heat Storage (SHS) Method

Sensible heat storage (SHS) is the most traditional, mature and widely applied TES solution due to its simple

operation and reasonable cost. However, it suffers from the low-energy storage density achieved compared to the

other two TES options, viz LHS and TCHS . In this approach, the energy transfer (as heat) to and from the

storage medium that can be liquid (water, oil, etc.) or solid (sand, rock beds, brick, etc.) results in the

corresponding change (increase or decrease) of the medium’s temperature. Figure 4 depicts the SHS typical

diagram during sensible heating or cooling with no phase transition during the process . One of the

advantages of this mode is that the storage and release of the accumulated heat (charging and discharging cycles)

can be repeated without any problem while involving a large volume to meet the needs . In addition, this method

generally takes the advantage of certain properties of the storage material such as its high specific heat .

Figure 4. SHS typical diagram during sensible heating or cooling with no phase transition.

Since the quantity of sensible heat stored (Q) depends on the mass (m), the heat capacity (  ) , two main

characteristics of SHS materials (SHSMs) should be pursued to increase the capacity storage volume (MJ·m )

with high specific heat and density. Among the abundantly available materials, water has a comparably high

specific heat and density, wherefore it is quite frequently used as a storage material in many practical applications.

For example, the sensible heat storage capacity has been estimated at 250 MJ·m  for a thermal gradient of 60 °C

in the case of water .

Fernández et al.  presented a bar chart where a certain property (e.g., specific heat capacity) is plotted for all

families of engineering materials mostly used in SHSMs to better identify and classify them. On the other hand,

thermal conductivity, thermal diffusivity and flow rate play a key role in charging/discharging cycles that ensure

stratification ability.
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It is worth noting that a high thermal stratification facilitates the release of heat, allowing a transfer of thermal

energy at low temperature toward the colder zones during the charging period, and thereby, a higher exergy

(quality energy) which is promptly obtained from the hottest zones during the discharge process . The thermal

effusivity parameter appears as the main variable influencing thermal inertia in passive construction applications

. This parameter characterizes the rate at which a material can release or absorb heat, where its raise augments

the heat stored quantity and thereby mitigates energy consumption . In addition, the availability, cost, toxicity

and volume change are further criteria for the selection of sustainable SHSMs . As mentioned before, the main

disadvantages are their limited energy density and the device self-discharge . To assess the SHS system

performance, González-Roubaud et al.  pointed out that the relevant quantities are energy storage capacity,

power, efficiency, time of charging/discharging cycles and cost.

According to Cabeza et al. , the SHS approach has been widely used in solar applications such as concentrated

solar power plants (CSP)  or desalination . For example, the water-based SHS is one of the most widely used

solar TES systems in residential applications (see sketch in Figure 5) , and besides, Koçak et al.  have

published a comprehensive review article on SHS systems and materials available and applied in industrial solar

heat applications. According to the temperature range, they pointed out that there are mainly three groups of solar

industrial processes, viz low-temperature (<150 °C), medium-temperature (150 °C < T < 400 °C) and high-

temperature (>400 °C) applications. They concluded that the fixed-bed thermocline technique is the most

economical and widely used method for sustainable solar applications, regardless of the temperature range. SHS

technologies are gathered in Table 3.
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Figure 5. Simple solar application: solar-based water heating device, reprinted/adapted with permission from Ref.

, 2022, Springer Nature.

Table 3. SHS techniques and their classification, reprinted/adapted with permission from Ref. , 2022, Elsevier.

It is noteworthy that numerical studies and experiments are increasingly performed to define optimal parameters to

improve the system’s performance.

2.1. Sensible Heat Storage Materials (SHSMs)

There are different reviews on TES solutions dealing with the thermophysical characteristics of commonly used

SHSMs and comparing the different parameters involved (such as physical, chemical, thermal, environmental,

economic, etc.) to fulfill construction requirements and/or industrial applications. The SHSMs can be classified into

solid and liquid storage materials ; regarding liquid heat storage materials, the most common materials are

water, oils, and pure alcohol or its derivatives, while rocks, stones, bricks, concrete, dry and wet soils, wood,

plasterboard and cork are the most commonly used as solid heat storage materials.

Fernández et al.  presented an overview of SHSMs in the temperature range of 150–200 °C leaning on Ashby’s

method  for material selection to find suitable and potential materials for long and short-term cycles for the

SHS method. According to these authors, solid SHSMs can be classified into metals and alloys, ceramics and

glasses, polymers and elastomers, and hybrids. The thermophysical properties of some commonly used SHSMs

are listed in Table 4 .

Table 4. Thermophysical properties of some commonly used SHSMs , reprinted/adapted with permission

from Refs. , 2022, Elsevier.
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SHS Techniques Classification

Underground thermal
energy storage

Aquifer thermal
energy storage

Borehole thermal
energy storage

Tank thermal
energy storage

Pit thermal
energy storage

Thermal energy storage in
tanks

Vertical (thermocline) Horizontal

Thermal energy storage in
packed bed

Stationary beds Fluidized beds

Thermal energy storage in
building structures
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SHSM Type Density
(kg·m )

Thermal Conductivity
(W·m ·K )

Specific Heat
(kJ·m ·K )

Water (80 °C) Liquid 970 0.67 4.19

−3 −1 −1 −1 −1
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Note that many factors must be ensured to guarantee a long life of SHSMs such as thermal and chemical stability

(constant thermal properties, no chemical decomposition and no degradation) at high temperature gradient

regardless of the number of cycles (charge/discharge). According to Klein et al. , storage substances should

conduct heat better, have higher specific heat and density, be able to operate in a suitable temperature range and

be easily accessible in terms of cost. Figure 6 displays the average volumetric specific heat capacity vs. average

thermal diffusivity for the most available SHSMs .

SHSM Type Density
(kg·m )

Thermal Conductivity
(W·m ·K )

Specific Heat
(kJ·m ·K )

Water (40 °C) Liquid 990 0.63 4.19

Water (10 °C) Liquid 1000 0.6 4.19

Oil Liquid 880 0.14 1.88

Ethanol Liquid 790 0.171 2.4

Propanol Liquid 800 0.161 2.5

Butanol Liquid 809 0.167 2.4

Ceramic brick Solid 1800 0.73 0.92

Rock Solid 2800–1500 3.5–0.85 1

Concrete Solid 2000 1.35 1

Wood Solid 700–450 0.18–0.12 1.6

Aluminum Solid 2707 204 0.896

Copper Solid 8954 385 0.383

Granite Solid 2640 4.0–1.7 0.82

Sand and
gravel

Solid 2200–1700 2 1.18–0.91

Clay or silt Solid 1800–1200 1.5 2.5–1.67

Limestone Solid 2600–1600 2.3–0.85 1

Cement mortar Solid 1800 1 1

Brick Solid 1600 1.2 0.84

Marble Solid 2500 2 0.88

Plastic board Solid 1050 0.5 0.837

−3 −1 −1 −1 −1
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Figure 6. Most available and common SHSMs, reprinted/adapted with permission from Ref. , 2022, Elsevier.

Today, the number of the available SHSMs (either liquids or solids) for engineering purposes exceeds 150,000 

. Among them, water is the most mature material due to its availability, non-toxicity, low cost and high specific

heat capacity .

Almendros-Ibáñez et al.  performed a synthesis study on different techniques for storing solar energy in particle

beds, emphasizing the different particle methods called packed beds and fluidized beds. They stated that liquid

SHSMs have a higher specific heat capacity than solids (e.g., rock). Unfortunately, some issues such as liquid

storage infrastructure, high cost of heat exchangers, risk of leaks and large storage tanks (hot and cold) limit their

use . On the other hand, concerning solids SHSMs, their main disadvantages are the low density, the

high investment cost and the risk of self-discharge (in the long term).

2.2. Sensible Heat Storage in Porous Media

Without detailing, the SHS mode consists of a sensible heat storage material (SHSM), an SHSM container (e.g.,

tank) to prevent leakage and heat losses and input/output devices .Among the tools used in this storage mode,

SHS in a porous medium is the most preferred solution. Out of the available case studies in the literature in this

field, a few representative ones are reviewed in the present section. Saturated tanks of porous solid SHSMs are
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used in many industrial and building applications such as power generation and heating . Figure 7 exemplifies a

residential heating application using a porous fixed bed storage tank. In general, a fixed bed storage tank is used

for the TES of solar air heaters and represents a volume of porous medium formed by packing particles of selected

SHSM into a container. In this system, the working fluid (e.g., air) advects heat from the collector to the reservoir.

Hot fluid passes through spaces between solid SHSMs (e.g., rock or sand), causing the particles to rise in

temperature during the day (charging loop), and the quantity of sensible heat stored inside the tank is recovered

during the night (discharging loop).

Figure 7. Heating application: porous packed bed SHS system, reprinted/adapted with permission from Ref. ,

2022, Springer Nature.

However, that the main parameters that influence the SHS system performance are the working fluid type, the flow

rate and the porosity .

A huge range of investigations in the literature have dealt with SHS in various porous units. Among the different

characteristics of a sensible storage medium, the porosity effect, which turned out to be a crucial characteristic, is

sketched herein. To address this topic, Mabrouk et al.  developed a numerical model to study the effect of pore

density parameter (PPI) on an SHS unit. The system deemed was subjected to forced convection and compared to

an LHS unit. They advised a porous metal foam to optimize energy and exergy efficiencies while indicating that

increasing the PPI for high porosity value mitigates energy losses for sensible heat systems and thereby increases
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the quality of stored energy. In another study, Amami et al.  explored the charging and discharging process

enhancement in a porous SHS duct held under a forced pulsating flow. They examined several porosities of the

porous support while estimating its thermal performance. They found that with increasing porosity, the sensible

energy amount stored is improved, and the exergy efficiency (quality) is significantly raised. As an example, the

energy efficiency increased from 31% to 68.2% when the porosity increased from 0.6 to 0.8, respectively, for a

given flow pulsation amplitude. The same shall apply to exergy efficiency, which goes from 32.4% (for ε=0.6) to

67% (for ε=0.8).

Elouali et al.  achieved four physical models through numerical simulations to describe the thermal behavior of a

packed bed for sensible heat storage. They particularly discussed the porosity influence on the packed bed during

charging and discharging periods. They demonstrated that a decrease in porosity improves the thermal storage

capacity of the packed bed and increases the interstitial heat transfer between the coolant and the solid particles.

Furthermore, they noted that high porosity slows down the charging process.

Kasaeian et al.  presented a review of numerous models to simulate nanofluid flow physics in a porous medium.

They gathered details on the main features of a porous structure embedded in thermal systems such as heat

exchangers and ducts. They stated that the use of a porous matrix extends the specific interface area between the

porous structure and the working fluid, which results in a higher rate of heat transfer and, thereby, significantly

improves the system thermal efficiency.

Sheremet et al.  conducted a numerical analysis of natural convection in a concentric horizontal annulus filled

with a porous structure saturated by Cu-water nanofluid. It turned out that a low porosity (ε<0.5) increases the

thermal conductivity of the medium, and it has no effect on the flow of the fluid nor on the heat transfer. On the

other hand, they found out that a large porosity (ε>0.5) intensifies the convective flow. In 2015, Sheremet et al. 

numerically examined the thermal behavior of a square cavity composed of solid porous medium (aluminum foam

and glass beads). They targeted the effects of pore morphological parameters such as porosity. The authors noted

that the local and mean Nusselt numbers are minimum at high porosity, and the latter significantly affects the heat

transfer rate.

In 2014, Amami et al.  proposed a porous unit designed to store sensible heat. They demonstrated that the use

of a porous medium with high permeability and low thermophysical properties improves the performance of the

considered TES unit and raises temperature and the stored sensible energy amount.

Heap et al.  discussed the influence of volcanic rock porosity and magma (SHSM). They indicated that an

increase in porosity decreases the density and compressive strength of rocks while increasing their deformability.

Thereby, they advised adopting a low porosity. Dhifaoui et al.  conducted an experimental study of SHS

performance of a vertical porous bed composed of glass beads and air which is heated with a constant heat flow.
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