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Abstract

performance.

In the current era, national and international energy strategies are increasingly focused on promoting the adoption

of clean and sustainable energy sources. In this perspective, thermal energy storage (TES) is essential in developing
sustainable energy systems. Researchers examined thermochemical heat storage because of its benefits over sensible
and latent heat storage systems, such as higher energy density and decreased heat loss. Solar energy is a promising
alternative among the numerous renewable energy sources. As a result, this study provides an overview of thermo-
chemical heat storage materials, focusing on materials utilized by solar energy systems in buildings. The research
examines the storage materials used in relevant studies and the models used to predict and enhance system
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1 Introduction

Energy security is a critical concern for every nation’s
economy, particularly as the global population has grown
from 2.5 billion to 8 billion in the past six decades, result-
ing in a surge in energy demand [1]. The depletion of
crude oil reserves has driven the search for alternative
energy sources. Researchers and scientists are explor-
ing new renewable, sustainable, eco-friendly, and cost-
effective energy sources and systems to meet the rising
energy demand. Many developed countries have transi-
tioned from fuel-dependent to renewable and more effi-
cient methods to achieve "Net Zero Emissions by 2050."
According to the International Energy Agency (IEA),
there was a 50% drop in conventional heating technolo-
gies such as coal, oil, and natural gas boilers in 2020.
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Furthermore, by 2030, low-carbon district heating and
renewables-based heating sales will rise by 80% [2].

The European Union’s 2030 Energy Strategy has ambi-
tious goals: reduce greenhouse gas emissions by 30%
compared to 1990 levels, raise the renewable energy
share to 27% in final energy consumption, and boost
energy efficiency by 27%. Building energy performance
is vital, as buildings currently contribute 40% of the EU’s
primary energy consumption and 36% of CO2 emissions
[3]. South Korea is committed to achieving its net-zero
goal by 2050 and is investing significantly in developing
low-carbon emission technologies. Buildings consume
approximately 33% of the electricity produced in South
Korea’s 2020 energy scenario. To reduce emissions, South
Korea intends to model the power system for the period
2034-2035. Flexible resource planning encompasses
power plants, grids, demand-side response, and storage
technologies [4].

Among different energy storage technologies, ther-
mal energy storage (TES) seems a viable option to
reduce electricity consumption in residential buildings
for district water heating, space heating, and cooling
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applications [5]. The three main types of TES technolo-
gies are sensible, latent, and thermochemical [6], as
shown in Table 1. The sensible TES system stores energy
as sensible heat without any phase transition of the stor-
age material and directly depends on the material-spe-
cific heat and temperature difference [7]. Sensible TES
systems are more developed and implemented tech-
nologies for heating and cooling applications but suffer
from high heat loss and large system sizing. Latent TES
involves the phase transition of storage material to store
energy at a constant temperature. The isothermal process
of latent TES contributes notably high storage density
compared to sensible TES [8]. The energy storage den-
sity for latent TES depends on the material phase change
enthalpy and melting temperature. However, drawbacks
such as phase separation, subcooling, low thermal con-
ductivity, corrosion, lack of stability, and inflexible heat
source temperature restrict latent TES utilization [9].

Though not yet economically practical, thermochemi-
cal heat storage systems show great potential due to
their unique properties. For heat storage, these devices
rely on reversible chemical processes. Heat is delivered
to the storage medium during the charging phase, caus-
ing an endothermic process. The key benefit here is that
the given heat may be kept for a lengthy period with low
heat loss as long as the endothermic reaction products
stay separated. This, paired with a much greater thermal
energy density when compared to sensible and latent
heat storage methods, as shown in Fig. 1, makes thermo-
chemical materials (TCM) an appealing alternative for
mid-to-long-term heat storage solutions [10].

In the last two decades, considerable research has been
carried out on thermochemical TES for short-term and

Table 1 Different types of TES systems [5]
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long-term heat storage applications. Such TES systems
exhibit high storage densities and can store thermal
energy for extended periods with minimum heat loss [8].
These attributes make thermochemical energy storage a
better option than sensible and latent heat storage tech-
nologies [9, 10]. Generally, thermochemical TES is cat-
egorized into sorption and chemical reactions, as shown
in Fig. 2 [11, 12]. The broad term “Sorption” describes
the absorption and adsorption phenomenon. "Absorp-
tion" is the process where gas-phase molecules are taken
up by a liquid or solid, altering its composition. This
integration results in a more uniform distribution of the
absorbed substance within the medium [13]. The bind-
ing of a gas to the surface of a solid or porous object is
known as adsorption. There are two types of adsorptions:
physisorption and chemisorption. Weaker Van der Waals
forces drive physisorption, while chemisorption relies
on stronger valence forces, forming more robust bonds.
Chemisorption can offer higher thermal energy densi-
ties but is often irreversible, making it unsuitable for heat
storage.

A typical thermochemical TES is further classified into
“Open” and “Close” cycle systems, as shown in Fig. 3 [15].
The open system operates at atmospheric pressure, and
the air stream transports sorbate and heat to or out of the
sorber bed. In charging/desorption operation, hot, dry
air in the sorber bed absorbs the water vapor resulting in
cooler and humid air at the bed outlet. Similarly, in dis-
charging/adsorption operation, wet cool air in the bed is
adsorbed by storage material, resulting in dry hot air at
the bed outlet. A close sorption system is almost like a
conventional vapor compression cycle, and a sorber bed
replaces only the mechanical compressor, which provides

Attribute Sensible Heat Storage

Latent Heat Storage

Thermochemical Heat Storage

Principle

Factor affecting energy density

Materials

Storage duration

Energy transport
Technology status

Thermal energy is stored by increas-
ing the material’s temperature
without changing its phase
Principle: Material specific heat

Thermal conductivity

Diffusivity

Vapor pressure

Solid medium: sand rock, concrete,
pebble beds, and bricks

Liquid medium: water, molten salts,
and Minerals

Small owing to severe heat loss

to surroundings

Short distance
Developed

Thermal energy is stored as the heat
of fusion by changing the phase

of the material at a sustained tem-
perature

Principle: Latent heat of fusion

Thermal conductivity (PCM)
Phase precipitation

Paraffin, non-paraffin, Fatty acid,
salt hydrates, metals, and eutectic
materials

Restricted owing to heat loss

Short distance
Polit scale

Thermal energy is stored in an endo-
thermic/exothermic reversible chemi-
cal reaction in breaking and reforming
molecular bonds

Principle: enthalpy and reactant mole
numbers

Reactor design
Heat and mass transfer

Silica gel, novel porous materials, com-
posite materials, and salt hydrates

Long with minimum heat loss

Relatively long distance
Laboratory and pilot scale
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the necessary thermal compression to the refrigerant.
In the charging/desorption process, hot fluid exchanges
heat with the sorber bed, which results in refrigerant des-
orption, and consequently, the refrigerant is condensed
and cooled in the condenser. Similarly, cold fluid cools
down the adsorber bed in the discharging process, and
the storage material adsorbs refrigerant from the evapo-
rator, releasing heat. This heat can be utilized for space
and district water heating applications.

In open systems, only water can be used as sorbate and
suffers from poor mass transfer characteristics compared
to heat transfer. Furthermore, the bed outlet temperature
is restricted by bed thermal mass, which makes the open
system more feasible for seasonal TES applications [16].

In contrast, a closed cycle system can use a variety of
sorbates and have better mass transfer than heat transfer
characteristics [17]. In addition, maintaining a vacuum
for extended periods, handling leakage issues, advancing
heat exchangers, and providing evaporation heat for heat
storage applications are some limiting factors that make
the close system feasible only for daily (short-term) heat/
cold storage applications.

Thermochemical TES systems are gaining increasing
attention due to their high energy density, low operat-
ing costs, and ability to store energy for extended peri-
ods. The performance of a TES system is influenced by
various factors, including the specific TES technol-
ogy employed, the temperature range within which it



Abdullah et al. Int. J. Air-Cond. Ref.

(2024) 32:1

Page 4 of 26

Integrated storage/reactor

1
. > Heat to load

i Condenser Evaporator
- ! i
Heattre:ec:led i ; Low temperature
ortoloa ! i source
i .
. 1
i .
; Water storage !
. 1
! i
(a)

Heat ambient air Rejected dry air

PPl Rl Ll SRS Al A .

I

I

Solar heat in' Heat to load

Storage/reactor

Storage/reactor

Rejected humid air

Fig. 3 a Closed cycle adsorption system (b) Open cycle system

operates, the duration of storage, and the system’s over-
all efficiency. The fundamental consideration for a typi-
cal thermochemical TES is the type of adsorbent material
used, adsorbate (refrigerant), isotherm properties pos-
sessed by the adsorbent, and the kinetic model used.
This study examines different thermochemical ther-
mal energy storage (TES) technologies, particularly
adsorbent materials used for seasonal heat storage in

(b)

Ambient humid
air

solar-powered building systems. This evaluation is
confined to thermochemical energy storage devices
with charging temperatures less than 140 °C. The pri-
mary goal is to offer a comprehensive understanding
of the broad spectrum of thermochemical materials
(TCMs) used in seasonal heat storage. Furthermore,
the study investigates and contrasts various meth-
odologies to improve our understanding of system
modeling.
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2 Adsorbent materials

Material selection is critical since it significantly influ-
ences sorption heat storage design—material qualities,
such as structure, size, and thermal properties, impact
system efficiency. As a result, while choosing storage
materials, particular critical properties must be consid-
ered [18, 19]. Choosing appropriate sorption materials
depends on several critical characteristics. Indeed, struc-
tural factors like porosity and surface area play a substan-
tial role in influencing adsorption and desorption. Higher
porosity and surface area improve sorption system effi-
ciency. Material size is crucial, impacting heat transfer
rates and performance. Smaller particles boast superior
surface area-to-volume ratios, expediting heat transfer
[20]. This advantage is particularly beneficial for adsorp-
tion-based thermal energy storage, as it accelerates heat
transport within the material. The increased surface area
enables swift heat absorption from the surroundings,
enhancing thermal energy storage effectiveness [21].

The increased surface area also improves the quick
distribution of absorbed heat, which is critical for suc-
cessful energy storage and release in thermal systems.
Smaller particles increased surface area-to-volume ratio
improves heat absorption, dispersion, and effectiveness
in thermochemical energy storage. Thermal character-
istics also play an essential role; increased thermal con-
ductivity and specific heat capacity improve heat storage
and release efficiency. These parameters work together to
provide a powerful sorption heat storage system. Choos-
ing the best sorption materials is critical for designing a
successful sorption-based energy storage system [22].
Some vital characteristics of adsorption material for ther-
mal energy storage are given below.

A. Compactness: Selecting sorption materials with
smaller molar volumes can significantly increase
the compactness of energy storage devices. Because
these materials have less void space between mol-
ecules, they can hold more gas in each volume or
weight. As a result, energy storage devices composed
of such materials have increased storage density,
more efficient space use, lower weight, and improved
handling. This strategic decision is crucial for appli-
cations that need space and weight reduction, such
as portable devices, transportation, and industrial
settings, emphasizing the importance of low-molar
volume sorption materials in compact energy storage
systems.

B. High sorption properties: Choosing materials with
good qualities in sorption thermal energy storage sys-
tems is critical because they allow for effective charg-
ing and discharging. These materials increase energy
storage and release capabilities, resulting in com-
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pact and efficient systems. High sorption qualities
improve energy storage efficiency, allow quick energy
release, and assure system longevity. This option
has advantages such as a smaller system footprint, a
longer operational lifespan, application adaptability,
and environmental friendliness, making it critical for
successful thermal energy management and sustain-
able energy solutions.

. Maximum energy density: sorption thermal energy

storage uses reversible chemical or physical changes
to bind gas to sorption materials at low temperatures
and release it at higher temperatures. The material
capacity, operating temperatures, favorable adsorp-
tion isotherms, and customized features influence
energy density, measured as stored energy per unit
volume. More significant energy storage potential is
enabled by larger adsorption capacity, which is best
achieved at lower operating temperatures for effec-
tive gas binding. A positive adsorption isotherm, in
which gas binds effectively under desirable circum-
stances, and enhanced physical and chemical adsor-
bent characteristics such as increased surface area
and specific gas affinity boost energy density even
more. Finally, choosing a material with a large capac-
ity and perfect properties for the desired tempera-
ture increases energy density, providing efficient and
space-effective thermal energy storage.

. Small volume changes: sorption thermal energy stor-

age attaches and detaches molecules from the sur-
face of a solid substance to store and release thermal
energy. It is critical to use materials with low-volume
changes throughout these procedures. This option
protects the structural stability of the system over
time, as considerable volume shifts might cause
material fatigue and failure due to mechanical stress.
Furthermore, by decreasing wear and tear caused by
repetitive heat cycling, materials with minimal vol-
ume fluctuations enhance the lifespan of the energy
storage system, assuring dependable and efficient
operation for the entirety of its operational life.
Choosing such materials, in essence, protects the sys-
tem’s integrity, performance, and durability through-
out thermal energy storage operations.

. High thermal conductivity: Sorption Thermal Energy

Storage (STES) system stores thermal energy by
adsorbing/absorbing and desorbing a working fluid
onto a solid/liquid absorbent. Thermal qualities,
notably high thermal conductivity in the adsorbent
material and the working fluid are critical to STES
efficiency. This conductivity speeds up heat trans-
port, allowing faster energy storage and release
cycles. Rapid temperature responses are assured,
which is critical for applications that require rapid
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energy transfers. Heat distribution is improved,
which is critical for optimizing material capacity.
High conductivity reduces inefficiencies caused by
localized overheating by reducing thermal gradients.
Energy losses are minimized, as effective heat trans-
fer reduces wastage. Furthermore, this trait allows for
more compact system designs, which may result in
cost savings. Thermal conductivity, stability, adsorp-
tion/desorption characteristics, and cost are all ele-
ments to consider when designing an efficient STES
system.

F. Low regeneration time: Low regeneration time in
Sorption Thermal Energy Storage (STES) denotes the
quick recovery of stored thermal energy as materials
release heat during desorption. This quick regenera-
tion cycle, made possible by materials with excellent
adsorption/absorption and desorption properties,
lowers downtime between energy release and cap-
ture phases. As a result, the STES system becomes
extremely responsive, eliminating idle time, maxi-
mizing energy use, and improving overall operational
efficiency for quickly addressing variable heating or
cooling requirements in applications such as indus-
trial processes and HVAC systems.

G. High heat and mass transport: High heat and mass
transport rates are critical for enhancing the effi-
ciency of the STES system. Rapid charging and dis-
charging operations are ensured by efficient heat
transfer inside the sorbent material and good thermal
conductivity at heat exchange interfaces, lowering
cycle durations and increasing total system efficiency.
Similarly, more excellent mass transfer rates enable
faster adsorption and desorption, allowing the system
to quickly adapt to changing energy demands. These
variables result in advantages such as increased sys-
tem control, smaller designs, and greater integration
into various applications, making STES a more effec-
tive and feasible alternative for sustainable energy
management.

H. Non-corrosive and non-flammable: Using non-corro-
sive and non-flammable sorption materials is critical
in STES. These properties are critical for assuring the
energy storage system’s endurance and safety. Non-
corrosive materials protect the system from deterio-
ration and possible interactions with the adsorbed
fluid. On the other hand, non-flammable materials
remove the possibility of igniting during adsorption
or desorption processes, protecting against fires and
explosions. STES systems prioritizing these charac-
teristics can function consistently, effectively, and
securely, contributing to sustainable energy solutions.

I. High reaction output: High reaction output in Sorp-
tion Thermal Energy Storage (STES) refers to the
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ability of sorption materials to capture and discharge
thermal energy efficiently throughout the charge and
discharge cycles. Reversible adsorption and desorp-
tion of a sorbate, such as water vapor, onto a solid
sorbent is essential in STES. The efficacy of STES is
dependent on the properties of sorption materials.
Sorption materials with high reaction output have
strong adsorption/absorption capabilities, allowing
for significant heat buildup. High reaction output
sorption materials effectively discharge significant
heat during this process, increasing energy yield.
Optimal sorption materials with high reaction output
exhibit effective adsorption and desorption charac-
teristics due to high capacity, optimal pore designs,
and favorable thermodynamic properties. This
improves energy storage and release performance,
elevating the entire STES system.

Selecting the optimal material for heat storage sys-
tems can be challenging due to the difficulty of finding a
single material that possesses all the desired properties.
Choosing the optimal material for heat storage systems
can be challenging since finding a single material that
encompasses all the desired properties is challenging.
However, among the properties listed above, sorption
energy and energy density are essential considerations.
Sorption properties, such as adsorption/absorption and
desorption capacity, play a critical role in determining
the effectiveness of heat storage systems. The ability of a
material to store and release thermal energy depends on
its sorption properties. Selecting materials with strong
sorption properties is crucial for efficient heat stor-
age systems. Energy density is equally vital, measuring
how much energy a material can store per unit volume
or mass. High-energy—density materials excel at storing
more thermal energy, enhancing their effectiveness in
heat storage applications.

Water is the chosen material for seasonal solar energy
storage in buildings due to its environmental friendliness
and cost-effectiveness. As a result, hydrophilic materi-
als are useful as sorbents. Silica gels are widely studied
hydrophilic compounds because of their high attraction
to water vapor, considerable water absorption capability
at low humidity levels, affordability, and ease of regen-
eration. Task 32 of IEA- SHC (International Energy
Agency-Solar Heating and Cooling) is a noteworthy
experimental study for heat storage applications [23]. For
instance, SPF [24] and MODESTORE [25] projects exam-
ined the closed cycle system for silica gel-water and zeo-
lite 13X-water pairs with energy storage densities of 33.3
kWh/m? and 57.8 kWh/m?, respectively. TCA (Thermo-
Chemical Accumulator) is a prominent IEA-SHC project
among prototypes developed. This experimental result



Abdullah et al. Int. J. Air-Cond. Ref. (2024) 32:1

reveals a high material-based energy storage density of
253 kWh/m?3, while a lower reported value of 85kWh/m?
for the system/prototype.

Li et al. [26] performed an experimental study to evalu-
ate energy and exergy performance for an adsorption
heat storage system. This study was performed for FAM-
Z01 and water as working pairs with reported energy
storage densities of 805 kJ/kg. Deshmukh et al. [27]
designed a closed-cycle system that utilizes a silica gel-
water pair with a heat storage capacity of 18 kWh.This
system can deliver 3 kWh of thermal energy over 6 h.
It achieves a storage density of 42 kWh/m3 by employ-
ing 350 kg of adsorbent material. Additionally, the heat
exchanger within the system has a capacity of 400 W/K.
ATES have higher energy densities than other technolo-
gies (latent and sensible TES); such systems still suffer
from poor thermodynamic efficiency, and technology
status is under research. Table 2 provides information on
energy storage densities and the temperatures required
for charging and discharging a range of thermochemi-
cal heat storage materials. Materials that exhibit lower
charging temperatures and higher energy storage densi-
ties are promising candidates for practical applications in
thermochemical heat storage.

These highly desirable materials offer efficient
energy storage for diverse applications and advance

Table 2 Conventional adsorbent for heating applications
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sustainable, eco-friendly energy systems. Water is often
recommended for seasonal solar energy storage in build-
ings due to its cost-effectiveness and ecological ben-
efits. Hydrophilic materials with rapid water absorption,
such as silica gels, are excellent sorbents. Silica gels are
an excellent choice for thermochemical energy storage.
They have a strong affinity for water vapor, a high water
absorption capacity even in low humidity conditions, and
are cost-effective. Additionally, they are easy to regener-
ate, making them an attractive option for this purpose.
Extensive research supports their significant potential for
storing seasonal solar energy in buildings.

Silica gels have a notable limitation regarding their low
hydrophilic characteristics within the operational range,
resulting in low material energy densities. Consequently,
the potential utilization of silica gels in solar energy stor-
age remains uncertain. Compared to silica gels, zeolites
have increased hydrophilicity due to the strong interac-
tion between their electrostatically charged structure and
water molecules [68]. As a result, zeolites require higher
temperatures for charging or desorption, which may
be customized using dealumination, ion exchange, or
changes in the aluminum-silicon ratio [104]. To improve
mass and heat transfer performance, a different approach
involves incorporating hygroscopic salts into mesoporous
silicates. However, the presence of salts causes salt

Principle Sorbent/sorbate Desorption Adsorption Energy Density References
Temperature Temperature (KWh/m3)
©0) ©0)

Adsorption Silica gel/ H,0O 88 32 50-125 [20, 21, 24-36]
Zeolite 13X/ H,0 160-180 20-40 97-160.5 [17,36-53]
Zeolite 4A/ H,0 180 65 130-148 [38, 54-59]
Zeolite 5A/ H,0 80-120 20-30 83 [60-62]
Zeolite MSX/ H,0O 230 - 154 [58, 63]
APO-n/H,0 95-140 40 240 [40, 63-68]
SAPO-n/ H,0 95-140 40 - [40, 63-67]
MeAPO-n/ H,0 95-140 40 [63-65, 68]

Absorption CaCly/ H,0 45-138 21 118-378 [69-74]
LiCl/ H,0 66-87 30 254-398 [24, 70]
LiCl,/ H,0 46-87 30 254 [20, 24, 75]
LiBr/ H,0 40-90 30 252-313 [70, 76-80]
NaOH/ H,0O 50-95 70 156-252 [24,70,81-88]
SIBr,/ H,0 80 - 62-324 [89-94]

Chemical reaction Cas0O,/ H,0 - 89 394 [11]
CuSO,/ H,0 92 - 576 [95]
Li,50,/ H,0 103 - 252 [95]
MgCl,/ H,0 130-150 30-50 555-696 [72,96,97]
MgSO,/ H,0 122-150 120 422-926 [8,98]
Na,S/ H,0 80-95 85-115 784 [99-103]
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species to leak and makes these composite materials vul-
nerable to corrosion [105].

As to specific examinations, microporous APO-n,
SAPO-n, and MeAPO-n) can change zeolites [106, 107].
These modifications offer advantages such as lower dis-
charging temperatures and higher energy densities [40,
63—68]. Researchers have primarily focused on enhanc-
ing the uptake of sorbate (water) for heat storage appli-
cations by incorporating silicon or metal cations into
aluminophosphates [67, 108, 109]. Even yet, after a few
charging and discharging cycles, the performance of
these compounds starts to decline due to framework
structure degradation and cation dislodgement [110].
Nonetheless, in contrast with zeolites (and silica gels),
the high price of aluminophosphate synthesis is a consid-
erable drawback [8, 44, 111].

Calcium chloride (CaCl,), lithium chloride (LiCl),
lithium bromide (LiBr), and sodium hydroxide (NaOH)
are often utilized as reactive sorbents in absorption heat
storage studies, using water as the sorbate. NaOH is clas-
sified as a strong base, whereas the remaining substances
are hygroscopic salts typically employed in solution form.
Strong acids and bases are advantageous due to their
exceptional water absorption properties and cost-effec-
tiveness. They are, however, caustic and need high charg-
ing temperatures. Chemical reactions are distinct from
sorption processes in that they include a change in the
molecular structure of the substances. While chemical
processes offer promise for energy storage at the material
level, their practical efficacy requires further research.
Deliquescence, swelling, and agglomeration impede long-
term responses beyond early cycles [112]. Furthermore,
volume changes in materials during chemical reactions
can cause hysteresis. Sorption processes, which need
less activation energy than chemical reactions, are bet-
ter suited for low-temperature applications such as sea-
sonal solar energy storage. In addition, due to corrosion
and crystallization concerns with liquid—gas absorption
systems, only heat storage applications employing solid—
gas adsorption techniques are explored in the following
section.

3 Modeling methods

Computational models based on sorption material prop-
erties can be used to develop and simulate sorption stor-
age systems. This approach enables the storage system’s
design to be optimized and its performance at an appli-
cation size to be evaluated without the need for costly
experimental experiments. Numerical models may be
used to create and model sorption storage systems,
allowing full-scale studies to evaluate the most promis-
ing storage techniques and materials. Spatially resolved
models, lumped-parameter, and Steady-state are the
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three methods used in simulating solid—gas adsorption
processes. These numerous modeling approaches capture
the dynamics and behavior of adsorption systems to var-
ying depths and precision.

Steady-state models assume thermodynamic equilib-
rium between the adsorbate and adsorbent to calculate
the upper-performance limit of a storage system, disre-
garding heat and mass transfer kinetics within the adsor-
bent bed. Lumped-parameter models are more exact
than steady-state models and may be used to scale the
reactor or estimate its overall performance in various
scenarios. Spatially resolved models, on the other hand,
are required for precise modeling and optimization of
reactor operations. Spatially resolved models provide
superior resolution and detailed insights into variable
distribution and events within the system. They account
for heat and mass movement, considering temporal and
spatial changes in state variables like temperature gra-
dients in the adsorbent bed during the entire process.
However, using geographically resolved models has the
disadvantage of necessitating the solution of complicated
boundary conditions and transient, spatially coupled heat
and mass transfer balance equations. This necessitates
the use of specific numerical methods such as the finite
difference method (FDM), finite element method (FEM),
and finite volume method (FVM).

3.1 Isotherms

To quantify the quantity of vapor adsorption by the
adsorbent at a given temperature and pressure, all the
modeling methodologies for solid—gas adsorption pro-
cesses listed above require an equilibrium isotherm.
Adsorption equilibrium is when a gas or vapor saturates
an adsorbent’s surface in specific pressure and tempera-
ture circumstances. This state of equilibrium could be
described as follows:

q=1£(P,T)

where q is the amount of adsorbate per unit weight of
adsorbent, P denotes the equilibrium pressure, and T
denotes the absolute temperature. There are three meth-
ods for expressing adsorption equilibrium:

1. Adsorption Isotherm: An adsorption isotherm
describes the relationship between adsorbate quan-
tity and pressure while the adsorbent temperature
remains constant, and the gas pressure varies q=£(P)
at constant T

2. Adsorption Isobar: When the gas pressure is held
constant while the adsorbent temperature fluctu-
ates, the adsorbate amount-temperature relation is
described as an adsorption isobar: q=f(T) at con-
stant P
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3. Adsorption Isostere: When the quantity of adsorbate
remains constant, the pressure—temperature rela-
tion characterized as an adsorption isostere: P=£(T)
when ¢ is constant

In applied adsorption research, isotherms are com-
monly used to represent the results, while isobars and
isosteres are less frequently employed. Adsorption iso-
therms show how the amount of adsorbate changes as
the gas pressure changes at a constant temperature. Sev-
eral mathematical models and theories have been devel-
oped to characterize adsorption isotherms [113]. Many
of these models are empirical and rely on experimen-
tal data to establish correlations between two or more
empirical factors. Unlike other methodologies, empiri-
cal equations frequently represent experimental data
more precisely. Numerous equilibrium isotherm models,
including Langmuir, Freundlich, BET, Redlich-Peterson,
Dubinin-Radushkevich, Temkin, Toth, Koble-Corrigan,
Sips, Khan, Hill, Flory—Huggins, and Radke-Prausnitz,
have emerged from three fundamental approaches. These
models provide distinct mathematical descriptions of
adsorbate interactions with adsorbents in adsorption
processes [114]. The first approach, Kinetic Considera-
tion, defines adsorption equilibrium as a dynamic state
where adsorption and desorption rates are equal [115].
The second approach, Thermodynamics, is a founda-
tion for deriving various adsorption isotherm models
[116, 117]. The third approach, Potential Theory, focuses
on generating characteristic curves [118]. A noteworthy
trend in isotherm modeling has emerged, encompass-
ing various approaches that result in differences in the
understanding of model parameters [119].

3.1.1 Two parameter models

Two-parameter isotherms are mathematical models that
describe the adsorption of a solute onto a solid surface
or the sorption of gases or liquids onto porous materials.
These isotherms relate the equilibrium concentration of
the adsorbate on the adsorbent to the pressure or con-
centration of the adsorbate in the gas or liquid phase.

3.1.2 Langmuir isotherm model

The Langmuir adsorption isotherm, developed initially
for gas—solid-phase adsorption onto activated carbon,
is commonly used to evaluate and compare different
biosorbents. This empirical model assumes a monolayer
adsorption scenario with a single-molecule-thick layer
on the surface. Adsorption is limited to specific, identi-
cal sites, free from lateral interactions or steric hindrance
among neighboring adsorbed molecules [120]. In the
Langmuir isotherm, homogeneous adsorption is consid-
ered, with each molecule having constant enthalpies and
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sorption activation energy, indicating that all sites pos-
sess equal affinity for the adsorbate [121]. Furthermore,
the adsorbate is not transmitted within the surface plane
[122, 123]. The Langmuir adsorption isotherm graphi-
cally exhibits a plateau, representing an equilibrium satu-
ration point [124], where further adsorption is prevented
once a molecule occupies a site [125, 126]. Langmuir’s
theory correlates the rapid decrease in intermolecular
attractive forces with increased distance. The mathemati-
cal expression of the Langmuir isotherm is outlined in
Table 3. The Langmuir isotherm introduces a dimension-
less constant, referred to as the separation factor (R;),
initially defined by Webber and Chakkravorti [127]. This
factor can be expressed as:

1

Rp=—
L= 14K.G ()

Here, K; (L/mg) stands for the Langmuir constant, and
C, represents the initial concentration of the adsorbate
(mg/L). A lower R; value suggests more favorable adsorp-
tion. In a more detailed interpretation, the RL value
characterizes the nature of adsorption as unfavorable
(R.>1), linear (R, =1), favorable (0<R <1), or irrevers-
ible (R =0).

3.1.3 Freundlich isotherm model

The Freundlich isotherm, introduced by Freundlich [141],
is one of the earliest models for describing non-ideal and
reversible adsorption, and it is not limited to monolayer
formation. This empirical model is suitable for multilayer
adsorption scenarios, where the distribution of adsorp-
tion heat and affinities across a heterogeneous surface
is non-uniform [142]. Historically, it was developed for
the adsorption of animal charcoal, highlighting that the
ratio of adsorbate to adsorbent mass was not constant
at different solution concentrations [125]. In this con-
text, the total adsorbed amount is the cumulative result
of adsorption at individual sites, each with its distinct
bond energy. Initially, the stronger binding sites are filled,
and as the process continues, the adsorption energy
steadily decreases, following an exponential trend [126].
Today, the Freundlich isotherm finds widespread use in
heterogeneous systems, particularly for organic com-
pounds or highly interactive species on activated carbon
and molecular sieves. The slope, which ranges between
0 and 1, measures adsorption intensity or surface het-
erogeneity, with values closer to zero indicating more
significant surface heterogeneity. The slope below unity
implies a chemisorption process, while a value above
one suggests cooperative adsorption [143]. Linearized
and non-linearized equations for the Freundlich iso-
therm can be found in Table 3. The Freundlich isotherm
has come under scrutiny recently due to its absence of a
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Table 3 Summary of isotherm models
Isotherm Nonlinear form Reference
Two parameter isotherms
Langmuir Go = %ﬁ% [115]
Freundlich Ge = KeCJ" [128]
Dubinin-Radushkevich Ge = qjexp(—kgdgz) [129]
Tempkin Ge = %W\TQ [130]
Flory-Huggins Ci = Key(1 — )" [131]
0
Hill el [132]
Ge = S+
Three parameter isotherms
Redlich—Peterson — _KrCe 133
Qe = T+anC? [133]
Sips _ KSCES [134]
e = 1+GSC§S
Toth = Mt [135]
9= Gracat
Koble-Corrigan _ AY 136
9 de = 787 el
Kh — __9sbkCe 137
o e = (b G 137
Radke-Prausnitz aperaCoR [120]
Je = — g7
app+rrCe
Multilayer physisorption isotherms
BET G = 9sCperCe [138]
€T (G=Co[1+Carr—1 (/s )]
FHH ,n(g)f_i(ﬁy [139]
G )= TR\ qd
MET [140]

fundamental thermodynamic foundation and failure to
converge to Henry’s law at low concentrations, which is
worth noting [144].

3.1.4 Dubinin-Radushkevich isotherm model

The Dubinin—Radushkevich (D-A) model [129] was ini-
tially formulated to model subcritical vapor adsorption
on micropore solids, focusing on the pore-filling mecha-
nism. This model is frequently employed for explaining
the adsorption process [145], incorporating a Gauss-
ian energy distribution on a heterogeneous surface [54].
This model often fits well for high solute activities and
intermediate concentration ranges but lacks satisfac-
tory asymptotic properties and doesn’t predict Henry’s
law at low pressures [146]. This approach is frequently
employed to differentiate between metal ions’ physical
and chemical adsorption [118]. It calculates the mean
free energy, E per molecule of adsorbate, required to
remove a molecule from its position in the sorption space
to infinity using the equation:

=]

1

J2Bon 2)

Here, Bpy represents the isotherm constant. Addition-

ally, the parameter € can be correlated as:
RT In |1+ ! 3

&= n —
c ()
In this equation, R, T, and C, denote the gas constant
(8.314 J/mol K), absolute temperature (K), and adsorbate
equilibrium concentration (mg/L), respectively. One dis-
tinctive feature of the Dubinin—Radushkevich isotherm is
its temperature dependence.

3.1.5 Temkin isotherm model

The Temkin isotherm, developed initially to describe
hydrogen adsorption onto platinum electrodes in acidic
solutions, incorporates a factor that explicitly considers
adsorbent-adsorbate interactions [147]. This model sim-
plifies the behavior by assuming that the heat of adsorp-
tion (which depends on temperature) decreases linearly
rather than logarithmically, with coverage [148]. The
equation suggests an even distribution of binding ener-
gies, reaching a maximum binding energy. The Temkin
equation proves helpful in forecasting gas-phase equilib-
rium, particularly in scenarios where a closely arranged
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structure with uniform orientation is not required. How-
ever, it may not be suitable for intricate adsorption sys-
tems, mainly when dealing with liquid-phase adsorption
isotherms [149].

3.1.6 Flory—Huggins isotherm model

The Flory—Huggins isotherm model [131], at times, used
to determine the degree of surface coverage of an adsorb-
ate on an adsorbent, helps express the feasibility and
spontaneity of an adsorption process. In this context, 6
represents the degree of surface coverage, while K;;; and
npy are indicators of its equilibrium constant and model
exponent. The equilibrium constant, denoted as Kgy,
used for calculating the Gibbs free energy of spontaneity,
is associated with the equation [120]:

AGy = —RT In (Kry) (4)

3.1.7 Three parameter models

Three-parameter isotherms are equations used to
describe the adsorption of solutes onto adsorbents.
They involve three parameters to account for additional
complexities in the adsorption process, offering greater
flexibility in fitting experimental data compared to two-
parameter models. These models often introduce an
extra parameter, such as a shape parameter or an expo-
nent, to improve the accuracy of adsorption predic-
tions. The choice of a specific three-parameter isotherm
depends on the nature of the adsorption system and the
available experimental data.

3.1.8 Redlich—Peterson isotherm model

The Redlich-Peterson isotherm [133] is a versatile model
combining Langmuir and Freundlich isotherms ele-
ments, incorporating three parameters into its empirical
equation [150]. This model features a linear concentra-
tion term in the numerator and an exponential function
in the denominator [151], allowing it to describe adsorp-
tion equilibria across a broad concentration range. Due to
their flexibility, they can be applied to both homogeneous
and heterogeneous systems [152]. Model parameters are
typically obtained through a minimization process that
maximizes the correlation coefficient between experi-
mental data and theoretical predictions. This is often
achieved using solver add-in functions in software like
Microsoft Excel [153]. In terms of behavior, at high con-
centrations, the Redlich-Peterson isotherm approaches
the Freundlich isotherm model (as the exponent [ tends
to zero), and in the low concentration limit, it aligns with
the ideal Langmuir condition (as the [ values are all close
to one) [151].

Page 11 of 26

3.1.9 Sips isotherm model

The Sips isotherm [134] is a composite model combin-
ing elements from the Langmuir and Freundlich expres-
sions. It is specifically designed to predict adsorption
behavior in heterogeneous systems [145] and overcome
the limitations associated with the Freundlich isotherm,
which fails to describe adsorption at rising adsorbate
concentrations. At low adsorbate concentrations, the
Sips isotherm reduces to the Freundlich model, while
at high concentrations, it predicts a monolayer adsorp-
tion capacity characteristic of the Langmuir isotherm.
In practice, the operating conditions influence the Sips
isotherm equation parameters [122].

3.1.10 Toth isotherm model

The Toth isotherm [135] serves as an empirical equa-
tion intended to improve the fitting of Langmuir iso-
therms when working with experimental data. It is a
valuable tool in characterizing heterogeneous adsorp-
tion systems, effectively addressing low and high-end
concentration boundaries [120]. This model assumes
an asymmetrical quasi-Gaussian energy distribution,
where most adsorption sites have energies lower than
the peak or mean value [144].

3.1.11 Koble-Corrigan isotherm model

The Koble-Corrigan model [136] is a three-parameter
equation like the Sips isotherm model. The constants
of the isotherm, identified as A, B, and n, are usu-
ally derived through a trial-and-error optimization
approach, often involving linear plots.

3.1.12 Khan isotherm model

The Khan isotherm [137] is primarily recommended for
pure solutions, with two parameters: by, representing
the model constant, and ay, signifying the model expo-
nent. This model excels when it attains high correla-
tion coeflicients and minimizes ERRSQ or chi-square
values, facilitating precise determination of maximum
uptake values [154].

3.1.13 Radke-Prausnitz isotherm model

The Radke-Prausnitz isotherm is often well correlated
with high RMSE and chi-square values. A model expo-
nent characterizes it as B, with the constants ay and ry
playing essential roles in the equation [120].

The Brunauer—-Emmett—Teller (BET) isotherm [138]
is a theoretical equation primarily applied in gas—solid
equilibrium systems. It was developed to describe
multilayer adsorption systems within a specific rela-
tive pressure range (0.05 to 0.30), corresponding to
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monolayer coverage between 0.50 and 1.50. Its equa-
tion for liquid—solid interfaces is as follows:

_ qsCper Ce s
(Co — Co[1+ Crer — D%/, )] ()

9e

In Eq. (5), Cger» Cy qy and q, represent the BET
adsorption isotherm (L/mg), adsorbate monolayer satu-
ration concentration (mg/L), theoretical isotherm satura-
tion capacity (mg/g), and equilibrium adsorption capacity
(mg/g), respectively. When CBET and Cypr(C,/C,) are
significantly greater than 1, the equation simplifies to:

_ qs
= e ©

Additionally, the Frenkel-Halsey-Hill (FHH) isotherm
[139], derived from potential theory, can be expressed as:

Ce _ @ [ 4gs :
h(q)‘ RT@M) @

Here, d, a, and r represent the interlayer spacing, iso-
therm constant, and the inverse power of distance from
the surface. Similarly, the MacMillan-Teller (MET) iso-
therm [140], which incorporates surface tension effects
in the BET isotherm, is written as:

X '
e=9Y9s\ 7707 8
gde = q (ln(cs/ce)> ®)

where k is an isotherm constant. When C/C, approaches
unity, the logarithmic term can be approximated as:

1
C.k 5

e — s 9

1 q(@—@) ®

As a note, the empirical isotherm is a reasonable fit for
Frenkel-Halsey-Hill (FHH) or MacMillan-Teller (MET)
isotherms when the relative pressures are higher than
0.8, and it approximates the Brunauer—Emmett—Teller
(BET) isotherm for relative pressures lower than 0.35.
Adsorption equilibria are commonly described using the
Langmuir isotherm [155], BET isotherm [138], Toth iso-
therm [135], and the Dubinin—Polanyi (DP) theory [156]
Table 3. The Dubinin-Polanyi (DP) theory is widely uti-
lized in modeling techniques to explain adsorption equi-
libria since it permits the derivation of all isolines from
a single characteristic curve. The Dubinin-Radushkevich
(DR) equation [129] and its generalization, the Dubinin-
Astakhov (DA) equation [157], are widely used expres-
sions for fitting experimentally obtained characteristic
curves.

The Dubinin-Polanyi theory requires the adsorbate
density function as a crucial parameter, which explains
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the temperature dependence of the adsorbate density
necessary for calculating the adsorbent loading and
adsorption enthalpy. Cook et al. [158] and Nikolaev et al.
[159] have proposed various density functions but were
not widely favored. Lehmann et al. [50] have investigated
the problem of selecting an appropriate adsorbate den-
sity function. and Nagel et al. [160]. In their studies, a
comparison was made among different density models.
Lehmann et al. [50] suggested that simpler density mod-
els should be preferred as they have little effect on the
resulting heat storage densities, thus improving compu-
tational efficiency. On the other hand, Nagel et al. [161]
advocated employing a comprehensive mathematical
expression to generate an acceptable fit of the experi-
mentally collected characteristic curve for energy storage
applications. They also proposed utilizing a linear density
model in this circumstance.

3.2 Adsorption kinetics

Adsorption isotherms depict an adsorbent’s equilibrium
vapor uptake as a function of adsorbent bed character-
istics such as temperature and pressure. On the other
hand, non-equilibrium conditions may result in a diver-
gence between the actual and maximum vapor uptakes,
which governs the rate of adsorptions. Typically, kinet-
ics modeling can be explained by Fickian diffusion [162],
the linear driving force (LDF) model [163], or its modi-
fied form. Fickian diffusion and the Linear Driving Force
(LDF) model are distinct approaches to understanding
mass transfer processes, including adsorption. Fick-
ian diffusion is a fundamental, mechanistic model that
describes the movement of molecules based on concen-
tration gradients and is suitable for situations with sig-
nificant concentration differences. In contrast, the LDF
model is an empirical approach that assumes mass trans-
fer is proportional to the difference between the equilib-
rium and actual concentrations. It is used when systems
are near equilibrium and concentration gradients are
small. The choice between these models depends on the
specific conditions of the system, with Fickian diffusion
providing a detailed description of diffusion and the LDF
model simplifying modeling for near-equilibrium situa-
tions. Depending on the system, a combination of both
models may be required for a comprehensive analysis.

3.2.1 Fickian diffusion in a spherical particle

Concentration behavior within a homogeneous sphere of
radius ‘a’ over time, governed by Fick’s law for isothermal
diffusion with a diffusivity constant ‘D, can be analyzed
to provide insights into short-term and long-term con-
centration changes [164].
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The solution of this equation is:
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where M;= gas uptake at time t and M= gas uptake at
equilibrium. For small times the solution reduces to

M, 6DPth

. (12)

n'ha

The primary challenge with this approach is the reduced
accuracy of experimental data during the initial uptake
period, owing to practical limitations, such as finite gas
exchange times [165]. Equation (11) involves a rapidly con-
verging series with the diffusion coefficient ‘D’ and time
't as complementary parameters. These parameters yield
a dimensionless time parameter specific to a given par-
ticle size. Using Eq. (11) to model Fickian diffusion into a
spherical particle, one can generate graphs of In (1—M,/
M,,) against 't and M,/M, against t'h, Notably, the graph
of In (1—M,/M,) against time displays linearity when M,/
M,,>0.5. This linearity allows for accurately determining
the diffusion coefficient by calculating the gradient, achiev-
ing a precision of 99% [166]. It’s essential to acknowledge
the potential impact of extra crystalline resistance, which
can decelerate the initial adsorption rate and disrupt the
linearity observed in the M/M_, against the time graph.
Furthermore, a significant variation in crystallite size can
also interfere with the linearity observed in the In (1—M,/
M,,) versus time graph. Additionally, it’s crucial to recog-
nize that the solution provided by Eq. (11) assumes iso-
thermal behavior. However, it’s important to note that
isothermal conditions may not always be maintained, espe-
cially during rapid adsorption [166].

3.2.2 Linear Driving Force (LDF)

The LDF (Linear Driving Force) Model describes how
adsorbate concentration on a per-mass unit basis within
a solid adsorbent evolves over time. This change is deter-
mined by the adsorbate concentration within the adsor-
bent, the concentration in the gas phase, and the kinetic
coefficient governing the diffusion process. When the
diffusion process in the solid is the controlling stage, the
adsorption kinetic is described by the following equation
[167]:

aw

— =k (W= W]

dt (13)
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When the diffusion process in the gas phase around the
solid particle (external mass transfer) is the controlling
stage, LDF equation is:

AW kSp(C - Cy)

s . (14)

where kL=LDF mass transfer coefficient, W =Mean
adsorbate loading at time t, W*=Equilibrium adsorbate
loading, Kf=External mass transfer coefficient, S, =Par-
ticle surface, C=Adsorbate concentration in the gas
external film around the particle, C,=Concentration of
the adsorbate in the particle surface. Due to its simplic-
ity and accuracy, the LDF (Linear Driving Force) model
is extensively employed in energy storage applications.
The LDF method successfully simplifies the mass trans-
fer resistance to a convenient form. Internal and exte-
rior mass transfer resistance must be considered when
simulating adsorption processes. Internal mass transfer
resistance refers to adsorbate diffusion within the pores
of the adsorbent material, whereas external mass transfer
resistance refers to adsorbate transport between the bulk
fluid and the adsorbent surface.

3.3 Gas dynamics in porous media

Two extensively used methods for determining adsorb-
ate flow inside the bed are Darcy’s law [168] and Ergun’s
equation [169]. Darcy’s Law is a fundamental equation
that describes the velocity field of fluids flowing through
a porous medium. It accomplishes this by utilizing aver-
age flow variables measured over a unit volume. Darcy’s
Law describes how fluids move through porous materials
by examining the flow properties averaged over a defined
volume. This equation is a cornerstone in studying fluid
dynamics in porous media, allowing us to understand
and predict how fluids, including gases and liquids, move
through these complex environments. The velocity field
through a porous medium by using average flow variables
over a unit volume can be presented as:

k
z=——Vp
I

(10)
where q is the Darcy velocity, « is the hydraulic permea-
bility of the porous material, and p is the dynamic viscos-
ity. Darcy’s Law and the Continuity equation as Eq. (11),
where p is the density of the fluid and ¢ is the porosity,
can be formulated as:

0

5(,08) + V.(pg) =0 (11)
This equation represents how fluid density and porosity

relate to fluid flow and changes in density within a porous
medium. It is a fundamental equation for studying fluid
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dynamics in porous media, particularly when considering
the transport of fluids such as gases and liquids through
these materials. It assumes steady-state, incompressible
flow in a homogeneous, isotropic medium with constant
fluid properties. However, it’s limited in non-Darcy flow,
transient conditions, and complex pore-scale effects.
Understanding these assumptions and limitations is cru-
cial for applying Darcy’s Law effectively in various practi-
cal scenarios.

Ergun’s equation encompasses broader effects, account-
ing for viscous and inertial forces. In contrast, Darcy’s law
assumes that inertial forces are insignificant compared to
viscous forces. Ergun’s equation, used to estimate pres-
sure drop in packed beds, operates under several key
assumptions and limitations. It assumes either laminar
or turbulent flow, excluding the transitional regime, and
presupposes the presence of uniformly sized spheri-
cal particles evenly distributed without channeling. The
equation also relies on the assumptions of steady-state,
incompressible flow, and interstitial voids filled with the
same fluid as the one flowing through the bed. Despite its
empirical nature, Ergun’s equation may not provide pre-
cise predictions for systems with non-spherical particles
or irregular distributions, and it may not be suitable for
extreme flow rates. Complex fluid-particle interactions,
particle characteristics, and heat transfer are not consid-
ered, so users must be mindful of these constraints and
may opt for more accurate methods, such as computa-
tional fluid dynamics or experimental data when facing
fewer ideal scenarios.

In modeling packed beds under turbulent flows, two
critical factors are considered: permeability and iner-
tial loss coefficients. These coefficients help describe the
pressure drop and flow behavior through the packed bed.
One commonly employed technique to determine the
appropriate constants for these coefficients involves using
the Ergun equation, a semi-empirical correlation widely
applicable over a broad range of Reynolds numbers and
various types of packing materials [170]. The Ergun equa-
tion provides a helpful framework for estimating pressure
drops in packed beds and can aid in characterizing and
modeling turbulent flow within these systems.

|Apl _ 150p (1 —€)?
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When modeling laminar flow through a packed bed, it
is expected to simplify the analysis by dropping the sec-
ond term in the Ergun equation, representing the iner-
tial loss. This simplification results in the Blake-Kozeny
equation. The Blake-Kozeny equation is a modification
of Ergun’s equation tailored for laminar flow conditions
and is particularly useful when the Reynolds number of
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the flow is sufficiently low, such that inertial effects can
be neglected. In this simplified form, the equation mainly
focuses on the permeability and viscous losses within the
packed bed and provides a more accurate representation
of pressure drop in such laminar flow scenarios.

|Apl _ 1504 (1 — )
- o0
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(13)

The use of Navier—Stokes (NS) equations to predict
gas flow through porous materials is infrequent due
to challenges associated with the unknown pore net-
work and computational issues. Table 4 summarizes
modeling efforts in the literature concerning solid—gas
adsorption processes for heat storage and transforma-
tion. These studies are classified based on the adsorption
pair modeled, the modeling purpose, parameterization,
the approach to adsorption equilibria, and the models
employed for internal and external mass transfer resist-
ance. The review also contains the numerical methods
and software for solving the model equations. Readers
are urged to refer to the thorough research undertaken
by Nagel et al. [161] for a complete and extensive assess-
ment of numerical modeling in thermochemical heat
storage and transformation processes.

4 Seasonal solar thermochemical energy storage
This solar thermal energy storage sorption system
includes an adsorbent reactor and a refrigerant container,
as shown in Fig. 4 [197]. The reactor features a shell-
and-finned tube design, with the adsorbent compressed
between the fins and a heat transfer fluid circulating in
the tubes. Each finned tube functions as a module, ena-
bling easy scalability by adding or removing modules.
The system is optimized for efficient solar thermal energy
recovery from flat-plate and evacuated tube solar col-
lectors due to its choice of materials with low desorp-
tion temperatures. However, thermal charging depends
on the adsorbent temperature surpassing the desorption
equilibrium temperature, which is dictated by the refrig-
erant condensation pressure and is influenced by varying
weather conditions. Hot water temperatures for space
heating are predefined based on end-user needs. While
the system aims to cover winter heating demand, its suc-
cess depends on practical operating conditions and fluc-
tuating ambient temperatures. Ma et al. [197] assessed
the viability of a seasonal solar thermal energy storage
(SSTES) system utilizing ammonia-based chemisorption
for residential use in the UK. The dynamic charging and
discharging performance of the SSTES was simulated
using actual weather data, solar thermal collector mod-
els, domestic heating demand models, and chemisorp-
tion models.
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Table 4 Summary of modeling techniques
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Working pairs Isotherm equation Kinetics Mass transport  Numerical Software References
equation model
Silica gel/ H,O Modified DA LDF Ergun FDM MATLAB n7z1
Silica gel/ H,0O Toth LDF - FDM - [165]
silica gel/ H,O Empirical LDF Ergun FVM - [39]
Silica gel/ H,0 Freundlich LDF - FDM 172]
Silica gel/ H,0O Empirical LDF Darcy’s law FVM - [173]
Silica gel/ H,O Toth - - FVM Ansys Fluent [36]
Silica gel/ H,0 Toth LDF - - MATLAB (174,175]
Silica gel/ H,O Empirical LDF - FDM - [vel
Silica gel/ H,0 Toth isoth - - FDM 77
Silica gel/ H,0 Modified DA - - FDM MATLAB [178]
Silica gel/ H,0 Empirical NS - FEM COMSOL Multiphysics [179]
Silica gel/ H,0 Empirical LDF - FDM - [38]
Silica gel/ H,O Empirical LDF Darcy’s law FDM - [180]
Silica gel/ H,O Toth LDF Darcy’s law FYM Ansys Fluent [33]
Silica gel/ H,O Modified DR derived derived FDM - [181]
Zeolite/ H,0 DA LDF Brinkman FEM COMSOL Multiphysics [54]
Zeolite/ H,0 Langmuir - Ergun FDM - [182]
Zeolite/ H,0 DR LDF - FEM COMSOL Multiphysics [183-185]
Zeolite/ H,0 DP theory, Nufiez modification LDF - - Modelica [51]
Zeolite/ H,0 Empirical LDF Darcy’s law FVM Dymola [186]
Zeolite/ H,0 Modified DA LDF - FVYM [187]
Zeolite/ H,0 Gorbach model - - - PDEX, TRNSYS [188]
Zeolite/ H,0 Empirical - Ergun FVM [189]
Zeolite/ H,0 Empirical LDF Darcy's law FDM Dymola [190]
Zeolite/ H,0 Empirical - Darcy's law FDM - [191,192]
Zeolite/ H,0 Modified Langmuir LDF Poiseuille, FVM - [52]
Zeolite/ H,0 Empirical - Ergun FDM - [193]
Zeolite/ H,0 Modified DA LDF Darcy's law FDM [194]
Zeolite/ H,0 - NS NS FDM - [195]
Zeolite/ H,0 DA LDF Brinkman - - [53]
Zeolite/ H,0 DR NS Darcy’s law FVM - (196]
Zeolite/ H,0 DP theory, Nuhez - - - OpenGeoSys [50, 160]

The choice of working salts was critical in system
design and dynamic performance. The CaCl2-4/8NH3
chemisorption system could meet nearly 100% of space
heating demand when using low-temperature heat-
ing facilities during the discharging phase. However, its
relatively higher desorption temperature and the lim-
ited sunlight available in Newcastle-upon-Tyne led to
the requirement for a larger solar collector area, often
exceeding the available roof space of typical dwellings
[197]. Conversely, the NaBr-0/5.25NH3 chemisorp-
tion system could contribute only 18.6% of the heating
demand because the discharged heat’s temperature fell
short of the required level for most heating seasons. The
most promising scenario studied involved utilizing the

BaCl2-0/8NH3 chemisorption SSTES with a storage vol-
ume of 45.2 m?, low-temperature heating facilities, and
a 30.5 m? solar collector. This configuration could cover
approximately 57.4% of space heating for a dwelling with
a heat loss coefficient of 150 W/K.

Effective space heating relies on meeting the dis-
charged heat’s quantity and quality requirements. Adjust-
ing the storage capacity is achievable by modifying the
number of solar collectors and the size of the storage
system. However, a critical factor is the temperature of
the incoming hot water. In the face of fluctuating ambi-
ent temperatures during the heating season, there’s a risk
that even with a fully charged SSTES, it may fall short of
covering 100% of the heating demand. This can happen
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when the adsorption equilibrium temperature isn’t ade-
quate to heat the return water to the desired feed water
temperature. In more challenging situations, the adsorp-
tion temperature might even be lower than the return
water temperature, as shown in Fig. 5. To address this
challenge, a reevaluation of the choice of working salts
is necessary. The equilibrium line for the preferred salt-
ammonia reaction in SSTES applications should have a
gentler slope on the Clausius-Clapeyron pressure—tem-
perature diagram. Such a design allows the working salt
to possess a relatively low desorption temperature, ensur-
ing high thermal efficiency of solar collectors in summer

while still achieving sufficiently high adsorption tempera-
tures in winter to meet space heating requirements.

Yue et al. [198] present a solar heating system incor-
porating seasonal and cascade thermal-energy storage
using a zeolite-water pair. This innovative design not only
boosts system efficiency through cascade storage but
also maximizes the effective utilization of solar energy.
Furthermore, they achieve a higher energy storage den-
sity by integrating daily and cross-seasonal energy stor-
age. A mathematical model was developed to analyze the
system’s performance. The study evaluates the system’s
performance in heating and non-heating seasons, with
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Chifeng City, China, as a practical case study. The find-
ings demonstrate that the proposed system outperforms
the reference system, achieving a 2.88% higher average
collection efficiency during non-heating seasons and a
7.4% improvement in the heating season. Additionally,
the utilization efficiency of the proposed system reaches
37.16%, surpassing the reference system by 3.26%. More-
over, the system generates 9.66% more heat supply, total-
ing 2135 GJ during the heating season. This research
presents an efficient solution for large-scale space heating
applications that rely on solar energy.

Crespo et al. [199] studied a solar-driven water-based
sorption system (Fig. 6) for seasonal energy storage
evaluated in three European cities: Paris, Munich, and
Stockholm. With 17.5 m? of solar collectors and 3.6 m?
of storage, the system achieved solar fractions between
28 and 45%, providing domestic hot water and space
heating to a single-family house. The system’s coeffi-
cient of performance (COP) ranged from 0.27 to 0.31,
with Stockholm performing best due to optimal control
and high charging efficiency. However, only 76% of the
storage capacity was used in winter due to limited solar
heat. Optimal control identified the minimum storage
size to reduce costs, and none of the locations fully uti-
lized the system’s capacity. The system was independent
of ambient temperature during winter, operating in very
low temperatures, except in Paris, where ambient air
was used for discharge due to milder winters. In sum-
mary, this sorption storage system can work well in Euro-
pean climates with intelligent control adaptation to local

conditions, offering an efficient way to store and use solar
energy for heating.

The discharging efficiency of the seasonal sorption
systems in the three different climatic zones exhibited
similar overall performance. However, their winter oper-
ation varied significantly due to diverse weather condi-
tions, as shown in Fig. 7. In Paris, the sorption thermal
energy storage (TES) required approximately six months
to achieve complete discharge, with the fastest dis-
charges occurring during periods of low space heating
(SH) demand, benefiting from ambient heat. In Munich,
the sorption TES was fully discharged in about four
months, driven by higher solar irradiation availability
and increased thermal demand during the colder season.
Stockholm saw around 72% of its stored energy released
in 4.5 months, with intermittent discharging due to peri-
ods of high SH demand but low solar irradiation. These
differences highlight the local climate’s influence on these
systems’ operational dynamics.

Jiang et al. [200] investigated a novel hybrid sorption
thermal energy storage (TES) system designed to har-
ness ultra-low-grade solar heat, focusing on addressing
winter heating needs in cold regions. By integrating this
system with a water-based solar photovoltaic-thermal
(PVT) setup, the study observed notable improvements
in energy efficiency (0.52 to 0.57) and overall exergy effi-
ciency (0.059 to 0.062) as water temperatures increased
from 31.4 °C to 51.2 °C in Hangzhou. Notably, in Hel-
sinki, the overall exergy efficiency reached 0.55, repre-
senting a 4.3% increase compared to Hangzhou. This
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research highlights the promising potential of the hybrid
TES-PVT system for severe cold regions.

Figure 8 [200] presents a schematic depiction of the
hybrid thermochemical sorption thermal energy stor-
age (TES) system tailored for harnessing ultra-low tem-
perature solar energy. During the summer charging, this
system utilizes solar photovoltaic-thermal (PVT) systems

Other thermal
use

Solar heat (low
than 50 °C)

Reactor

Solar/off-peak
electricity

Upgraded heat
out put

Reactor

(b)

Fig. 8 Hybrid thermochemical sorption TES system for solar utilization (a) charging phase in summer; (b) discharging phase in winter [200]
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or waste heat sources as the primary heat input. When
the temperature surpasses 50 °C, supplementary thermal
techniques, like sorption refrigeration, come into play
to bring down the heat source temperature. The hybrid
TES system consists of essential components, includ-
ing a sorption reactor, condenser, evaporator, compres-
sor, and valves, serving as the secondary stage to recover
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Solar electricity
for other use
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heat below the 50 °C threshold. This recovered heat pow-
ers the desorption process of ammonia from the sorp-
tion reactor, with the released heat dissipating into the
environment.

The process stores and converts thermal energy from
the PVT system into the chemical potential of the sorp-
tion working pair. In the winter discharging process,
where the PVT system’s heat output is relatively low for
direct heating, ultra-low heat is harnessed to facilitate
ammonia evaporation. The compressor, powered by elec-
tricity from the PVT system or oft-peak grid, pressurizes
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the ammonia for sorption in the reactor, effectively ele-
vating the heat to meet winter heating requirements.
Adjusting the collector-tank ratio in a PVT system
allows for fine-tuning final water temperatures and
energy output levels, as demonstrated in Fig. 9 for a
collector-tank ratio of 0.02. Notably, to account for the
limitation of hourly weather data from the EnergyPlus
Weather Data website, we applied linear interpolation
to obtain ambient temperature and solar irradiance val-
ues at a 10-s interval, matching the simulation model’s
time step. Initially, the PVT system exhibits low thermal
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Fig. 9 Ambient temperature and solar irradiance on the selected days and the corresponding transient electrical and thermal performance

of the PVT system with a collector-tank ratio of 0.02 [200]
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efficiency due to the cold starting temperatures of its
components. However, within just under 20 steps, the
efficiency sharply rises to a reasonable level as the system
nears its quasi-steady state. Towards the end of the simu-
lation, thermal efficiency drops, sometimes even becom-
ing negative, primarily due to significant heat loss and
reduced solar irradiance.

Sorption-based solar thermal energy storage systems
offer promise for meeting space heating needs, but their
efficiency depends on factors like working materials
selection, system design, and local climate conditions.
These systems utilize chemisorption and sorption reac-
tions to store and release thermal energy efficiently, and
they can potentially cover a substantial portion of heat-
ing needs. Challenges arise from fluctuating ambient
temperatures, affecting the ability to achieve complete
heating coverage. Careful consideration of adsorption
equilibrium temperature and material selection is neces-
sary. Innovative methods like cascade thermal energy and
cross-seasonal energy storage have improved efficiency
and heating supply, offering solutions for large-scale
heating needs. Integrating sorption thermal energy stor-
age with solar photovoltaic-thermal technology, hybrid
systems offer the potential for recovering ultra-low-grade
solar heat, especially in cold regions, providing a holistic
approach to winter heating requirements.

5 Conclusions

This study comprehensively looks at thermochemical
materials (TCMs) used for heat storage in solar energy
systems for buildings. The study focuses on TCMs with
charging temperatures less than 140 °C and addresses the
models used to forecast and optimize the performance
of thermochemical storage systems. Examining work-
ing pairs for thermochemical heat storage found a few
drawbacks, including high charging temperature, poor
energy density, corrosiveness, thermal/chemical instabil-
ity, ecologically unfriendly manufacture, and high cost.
However, sorption materials incorporating water vapor
as sorbate, notably zeolites and their composites with
hygroscopic inorganic salt hydrates and microporous
aluminophosphates, show exciting properties. Nonethe-
less, there is a difference in the energy storage density of
these materials at the material level and within the entire
system. To characterize adsorption equilibria, numerical
modeling approaches in solid—gas adsorption processes
primarily depend on the Dubinin-Polanyi theory, Darcy’s
law, and the LDF model to estimate pressure gradient and
adsorption rate. More study is needed to improve our
understanding of the interrelationship between material
synthesis, structural qualities, and system-level attributes
to promote the development of thermochemical heat
storage systems. This understanding will be essential in
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developing more efficient and effective thermochemical
heat storage technologies .
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