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A B S T R A C T

The efficient use of waste heat is essential for addressing global energy needs and achieving carbon neutrality
targets. High-Temperature Heat Pumps (HTHPs) play an important role in this endeavor. However, for their
efficient operation, these devices need a continuous supply of heat at temperatures higher than their evaporators’
temperatures. As a result, heat at temperatures below HTHP’s evaporator temperature is wasted. This study aims
to design and thermodynamically analyze a cascaded system where, next to the HTHP, a thermochemical system
based on salt hydrates is integrated, which is able to upgrade the low-grade waste heat of the HTHP. The system
incorporates a dual-reactor salt hydrate configuration in which the HTHP’s waste heat is utilized in two steps: as
a driving force to generate water vapour that reacts in one reactor, producing higher temperature heat, and to
charge the other reactor. The present study focuses mainly on the heat recovery performance of the thermo-
chemical heat transformer or heat pump coupled with the HTHP. The study emphasizes the need for open reactor
operation and presents a procedure for screening appropriate salt hydrates. A thermodynamic analysis is pre-
sented to evaluate the merits of the optimal system. Notably, using K2CO3 salt hydrate, thermodynamic analysis
shows promising performance, delivering heat of 62.28 kW per kg/s of air at 57.81 % efficiency at 145 ◦C. The
cascaded system has an overall efficiency of 85.33 % at 145 ◦C, with an estimated heat upgrading efficiency of
49.33 %.

Introduction

Energy systems with high efficiency and heat/temperature upgrad-
ing capability are most appropriate for addressing the energy demands
of the growing population while also minimizing greenhouse gas emis-
sions and attaining carbon neutrality. For this purpose, several studies
have proposed the use of High Temperature Heat Pumps (HTHPs) as one
potential strategy [1–4]. HTHPs are devices that transform heat at a low-
temperature to a high-temperature using external energy input. This
external energy could be electricity for mechanical heat pumps or heat
for Thermochemical Heat Transformers (THT) or thermochemical heat
pumps. Chua et al. [1] and Sandvall et al. [2] emphasized the signifi-
cance and possible applications of HTHPs. Dong et al. [3] highlighted
the role of cascaded HTHPs and examined various design conditions
based on energetic and economic performance. Simulation analysis of
Jarre et al. [4] suggests that using heat pumps in the power and heating
sectors can result in energy savings of 10–40 % when compared to
standard natural gas boilers. The experimental investigations of Lee [5]

also demonstrated that HTHPs can facilitate emission-free automobiles.
Gaur et al. [6] provided a comprehensive review highlighting that
HTHPs enhance energy efficiency and reduce fossil fuel dependence,
leading to lower CO2 emissions.

It is understood from the literature that there is no precise consensus
on the term ’high temperature’ in heat pump research. Some studies
used it to refer to heat sink temperatures of 75 ◦C–90 ◦C [7,8], others for
110 ◦C [9], some for 150 ◦C–160 ◦C [10–12], and it has recently been
used to refer to temperatures up to 200 ◦C [13,14]. In this study, HTHP
refers to using a heat source below 150 ◦C with the heat sink above
150 ◦C. Kosmadakis et al. [12] performed a techno-economic analysis to
investigate the feasibility of HTHPs for upgrading low temperature
waste heat up to 150 ◦C. They reported that HTHPs are viable for tem-
perature uplifting up to 150 ◦C and suggested that two-stage heat pumps
are more suitable when the required temperature uplift is more than
50 ◦C. Wu et al. [11] conducted experimental studies on an HTHP with
R178 as a working fluid and demonstrated its capability to upgrade heat
from below 100 ◦C to 150 ◦C. Using an evaporator temperature of 85 ◦C,
they could achieve a condensation temperature of 150 ◦C with a
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Coefficient of Performance (COP) of 1.96. Also, using an evaporator at
75 ◦C, they achieved a COP of 1.85 with the condenser at 140 ◦C.
Recently, Liu et al. [15] developed a prototype of hybrid mechanical-
absorption HTHP for steam production and demonstrated the produc-
tion of process steam at a temperature higher than 150 ◦C. The study was
aimed at utilizing the waste heat of flue gases as a heat source. Using a
heat source in the range of 80 ◦C to 170 ◦C, the system produced steam at
154 ◦C and 5.3 bar pressure. The output heat of the system was esti-
mated to be 70.15 kW, of which the waste heat share was about 81.1 %
and the share of electric heating was 18.9 %. Several studies on different
types of HTHP, including hybrid systems with varying temperature
levels, have demonstrated its potential for temperature uplifting in a
variety of thermal applications. Liu et al. [16] proposed an advanced
ammonia-water hybrid heat pump that recovers heat from flue gases
below 150 ◦C to generate steam, achieving a COP of 5.49. Mateu-Royo
et al. [17] evaluated five HTHP configurations, finding that advanced
designs can decrease CO2 emissions by up to 68 % compared to natural
gas boilers [18].

Even though HTHPs are energy efficient and environmentally
friendly, there are two major constraints regarding their operation. One
is that heat pumps are continuously operated systems that would require
additional energy storage components to effectively integrate fluctu-
ating energy streams, and the other is that they require heat supply at a
temperature higher than their evaporators’ temperature. As a result,
heat at temperatures below the minimum temperature of an evaporator
goes unutilized, and it is considered ‘waste heat’ for the HTHP. In gen-
eral, the heat at the outlet of the evaporator of an HTHP, at a temper-
ature lower than its operating temperature, is disposed of in the
surroundings. That heat, if collected and upgraded to the required inlet
temperature of the evaporator without using electricity, would further
enhance the energy utilization efficiency and total energy output as
well. As a result, it can be advantageous to integrate an HTHP with a
continuous heat supply system that can collect heat (thermal energy) at
lower temperatures, upgrade it, and deliver it at the required tempera-
tures of the evaporator.

Collection of thermal energy can be achieved by virtue of sensible
heat storage, latent heat storage, and Thermo-Chemical Energy Storage
(TCES). Despite the fact that sensible and latent heat storage methods
are highly researched and widely used all over the globe, their inability

to raise the temperature of heat makes them unsuitable for the objective
of the present study. On the other hand, TCES systems based on solid-
–gas reversible reactions are proven to be promising for storing thermal
energy at lower temperatures and delivering it at higher temperatures
[18–21]. The decomposition of a solid–gas based TCES system demands
heat supply as it involves an endothermic reaction, whereas the for-
mation reaction produces heat due to an exothermic reaction. This
feature of TCES enables the storage of available heat, and delivery on
demand. The most conspicuous attribute of these systems is that they are
pressure-dependent reaction temperature systems, which means that the
temperature of the heat of formation reaction is determined by the
pressure of the supplied gas. As a result, the supply of gas at higher
pressures enables the production of heat at elevated temperatures,
facilitating temperature upgrading. Another major distinguishing aspect
of TCES is that they can operate with low-grade heat due to their
inherent reaction kinetics.

Systems utilizing metal hydrides, salt hydrates, metal hydroxides,
and similar materials are categorized under TCES, and have been
extensively researched for various applications, including refrigeration
[22] and heat pumps [23,24]. Chen et al. [23] and Hayatina et al. [24]
emphasized the salient features of TCES as energy efficient and
pollution-free thermal systems. Among these, salt hydrate systems are
noted for their cost-effectiveness, energy efficiency, ease of operation,
and safety due to their reaction with water vapor at relatively low
pressures [18,20]. Therefore, these eliminate the need for high-pressure
vessels and, thus, enable easy operation. Richter et al. [19] conducted
experiments on a CaCl2 and water vapor-based THT in closed operation,
achieving a thermal upgrade of 35 K at 130 ◦C. In open operation, the
same team reported potential thermal upgrades of up to 65 K [20].
Michel et al. [21] also studied a CaCl2 THT with a packed bed reactor,
reporting over 60 K temperature uplift at a specific power of 180 W/kg.
It is to be noticed that they require reactors with large heat transfer
surfaces due to the poor effective thermal conductivity of salt hydrates.

Owing to the necessity of integrating a TCES system to an HTHP and
the associated advantages, the present study aims to propose the design
of a suitable configuration of a cascaded TCES-HTHP system for col-
lecting waste heat from an HTHP and delivering it at temperatures
higher than its evaporator temperatures, while leveraging the TCES
system’s heat pumping properties. The study focuses mainly on the heat

Nomenclature

cp Specific heat capacity (J/kg.K)
h Enthalpy (J/kg)
ṁ Mass flow rate (kg/s)
n Stochiometric coefficient
p Pressure (bar or kPa)
Q̇ Heat transfer rate (W)
R̃ Universal gas constant (J/mol.K)
T Temperature (K or ◦C)
W Compressor work (J)

Greek letters
ΔHo

r Enthalpy of reaction (J/mol)
ΔHe Latent heat of evaporation (J/kg)
ΔHc Latent heat of condensation (J/kg)
ΔSo

r Entropy of reaction (J/mol.K)
η Efficiency (%)
ϕ Relative humidity (1)
ω Specific humidity (kg water vapourper kg dry air)

Subscripts
a Ambient/dry air

c Condenser
cv Control volume
dh Dehydration
E Evaporator
g Saturated gas
h Hydration
i Initial state
in Inlet
out Outlet
r Reaction
R Reactor
v Unsaturated gas
w Water
wv Water vapour

Abbreviations
COP Coefficient of performance
HTF Heat transfer fluid
HTHP High temperature heat pump
TCES Thermochemical energy storage
THT Thermochemical heat transformer
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recovery performance of the TCES system coupled with the HTHP. It
starts with a preliminary qualitative assessment of the operational at-
tributes of four different configurations of a cascaded HTHP. This in-
cludes three novel configurations of a dual-reactor based TCES system
integrated with an HTHP and then selects the most suitable one for
further assessment. The functionality of the selected configuration is
described with the help of a van’t Hoff plot that depicts the pressur-
e–temperature correlation of the TCES system. In the next step, as the
right choice of salt hydrates is crucial for the efficient operation of the
system, its screening procedure is discussed. Finally, a thermodynamic
analysis based on performance indicators such as energy output, energy
efficiency, and water vapour recoverability is carried out to evaluate the
performance of the combination of the configuration and the salt hy-
drate material. The study presents the performance of the selected
configuration at various operating temperatures.

Temperature uplift using salt hydrate based TCES

The stochiometric equation of a salt hydrate based TCES operation is
presented in Eq. (1), where S denotes salt, ΔHo

r is the change in standard
enthalpy of reaction (J/mol) and n is the stochiometric coefficient of
water vapour.

S+ nH2O ↔ S • nH2O+ΔHo
r (1)

In this study, charging refers to heat collection, and discharging re-
fers to heat release. As mentioned earlier, salt hydrate based TCES are
pressure-dependent temperature systems. It is essential to know the
temperatures and the corresponding equilibrium pressures of a salt hy-
drate during charging and discharging to understand its feasibility of
operation in any thermal application. For this purpose, the van’t Hoff
equation [25] is adopted, which relates the pressure (peq) of water
vapour in equilibrium with a salt hydrate bed to its temperature (Tr). It
can be written as,

ln
(

peq

p0

)

=
ΔSo

r

R̃
−

ΔHo
r

R̃Tr
(2)

where ΔSo
r is the change in standard entropy of reaction (J/mol.K)

during the salt and water vapour interactions. R̃ is the universal gas
constant (J/mol.K) and p0 is the reference pressure (1 bar). Eq. (2) also
demonstrates that the supply of water vapour at higher pressures results
in higher temperatures of reaction which facilitates the temperature

upgrade.
Fig. 1 depicts a simplified schematic of temperature uplift utilizing

salt hydrates. During charging, low-temperature (Tdh) waste heat is
supplied to a salt hydrate reactor, and the produced water vapour is
collected using a condenser operated at ambient temperature (Ta). To
discharge heat at higher temperatures (Th), water vapour generated at
higher pressures utilizing waste heat is fed into the salt hydrate reactor,
resulting in higher hydration reaction temperatures. In order to realize a
continuous temperature upgrade (heat pump effect), a dual-reactor
system is operated in a quasi-continuous mode between the charging
and discharging processes.

Configuration of a cascaded HTHP system

The primary objective of the cascaded HTHP system presented in this
study is the transformation of waste heat of HTHP into useful heat that
can be reintegrated in the process. For this purpose, four configurations
are presented, as reported in Table 1, including a reference system of
conventional cascaded HTHPs. The other three configurations consider
a TCES cascaded with an HTHP through indirect and/or direct heat
transfer.

In the present study, the direct heat transfer method refers to a
concept, where the moist air acts as a Heat Transfer Fluid (HTF) and
passes directly through the solid salt hydrate bed. The moist air serves as
a reactant source (by providing water vapour for hydration), sink (by
collecting water vapour for dehydration), and HTF by supplying/
removing heat. TCES systems with direct heat transfer are considered
open reactor systems in this study. During the charging, in an open
reactor operation, hot and dry air passes directly through a porous salt
hydrate bed. It provides the required heat for dehydration, collects the
released water vapour, and exits the reactor in a relatively cold and
humid state. During the discharging, cold and humid air passes through
the anhydrous salt bed, where it provides water vapour required for the
hydration and, consequently, leaves the reactor in a relatively hot and
dry state by collecting the heat of hydration. This open reactor tech-
nology is expected to offer efficient heat transfer due to its lower thermal
resistance and enables the maximum possible temperatures to be ach-
ieved. However, the compatibility of a salt is crucial as it is directly
exposed to the air. These have been tested and demonstrated to be
inexpensive, compact, well-performing with high energy storage den-
sities, and easily manageable [26–28]. Michel et al. [27] emphasized the
cost-effectiveness and adaptability of salt hydrate systems in open
operation.

In contrast, in the case of indirect heat transfer, HTF flows through a
heat exchanger embedded in a salt hydrate reactor, and water vapour
transfers to or from the salt hydrate bed through a separate piping sys-
tem. In this study, the indirect heat transfer systems are referred to as
closed reactor operations. As depicted in Table 1, indirect heat transfer is
proposed to be accomplished using heat pipes. Heat pipes are a well-
known passive heat transfer technology that uses the phase transition
of a working fluid to transfer heat without the need for any moving
mechanical devices. They ensure close to isothermal and efficient heat
exchange.

The present study focuses on upgrading the temperature of the waste
heat of HTHPs by leveraging thermally driven heat pumps, which use
waste heat (at T0) as a driving force for their operation. Table 1 presents
schematics of possible cascaded system configurations proposed in this
investigation to recover waste heat from HTHPs. Because the aim of this
study is to make use of waste heat sources, the systems provided in
Table 1 assume the presence of a steady waste heat supply, such as in-
dustrial exhaust or process heat, which is referred to as a ’heat source’ in
this study.

Configuration 1 can be seen as reference as it consists of a cascaded
setup featuring an HTHP, denoted as HP1, alongside a low-temperature
HP, denoted as HP2. This cascaded configuration is used to compare
with the other configurations of thermally driven chemical heat pumps.

1/T 

p/
p o

Tdh

ph

pe

( T)lift

pc

pdh

TaTh

Fig. 1. Temperature upgrading using salt hydrates.
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Table 1
Configurations of the cascaded HTHP system and their attributes.

System configuration Pros and Cons

Configuration 1 (reference): Cascaded conventional HPs.

Pros:

+ Well developed technology
+ Isothermal discharge using heat pipes

Cons:

− Uses high grade energy (electrical/mechanical)
− No energy storage option

Configuration 2: Cascaded TCES – HTHP; Indirect charging and indirect discharging.

Pros:

+ Thermally driven using waste heat below T0

+ Energy storage option
+ Closed water vapour system
+ Isothermal discharge using heat pipes

Cons:

− Vacuum operation of condenser
− Requires a well-designed condenser and maintenance due

to pressure difference

(continued on next page)
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Table 1 (continued )

System configuration Pros and Cons

Configuration 3: Cascaded TCES – HTHP; Direct charging and direct discharging.

Pros:

+ Thermally driven using waste heat below T0

+ Energy storage option
+ Pressure-less operation
+ Direct contact heat transfer with HTF

Cons:

− Sensible heat loss between Ts+ and Ts during heat delivery
− Heat delivery temperature must be significantly higher

than the evaporator temperature

Configuration 4: Cascaded TCES – HTHP; Direct charging and indirect discharging.

Pros:

+ Thermally driven using waste heat below T0

+ Energy storage option
+ Pressure-less operation leads to design feasibility
+ Isothermal discharge using heat pipes

Cons:

− Some quantity of water vapour loss
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Here, heat below HP1’s evaporator temperature is elevated utilizing
HP2, thereafter supplied back to HP1 as a heat source. Notably, con-
ventional cascaded HPs necessitate significant high-grade energy input
(electrical/mechanical work) for their operation. While conventional
HTHP systems generally employ an HTF system to transfer heat from the
low temperature HP’s condenser to the HTHP’s evaporator [29,30], this
study incorporates heat pipes for better comparison with other
configurations.

The primary advantage of a TCES system lies in its feasibility of being
thermally driven i.e., the utilization of low-grade energy at a tempera-
ture markedly lower than the HTHP’s evaporator temperature (T0). Heat
at any temperature below that of the evaporator of HTHP can be har-
nessed to utilize it for TCES until it is above the temperature of the
reactor that is aimed at charging. Configurations 2, 3 and 4 are designed
to utilize the advantage of the principle of TCES. In Configurations 2, 3,
and 4, Reactor 1 and Reactor 2 are intended to be switched after each
half-cycle, i.e., Reactor 1 and Reactor 2 are used for charging and dis-
charging in one half-cycle, respectively, and vice versa in the next half-
cycle. Therefore, these systems are designed to function in a quasi-
continuous mode. It is important to note that all the three proposed
novel configurations are supposed to achieve the necessary heat upgrade
and temperature boost, but their performance characteristics will differ
significantly due to varying heat transfer capabilities.

Configuration 2 introduces an HTHP cascaded with a TCES system,
employing indirect charging and discharging mechanisms. Air supplies
heat to the evaporator to generate water vapour that is subsequently
utilized to discharge heat from Reactor 1 at the required temperature
(Ts+ > Ts), and subsequently goes on to charging Reactor 2. As salt hy-
drates are pressure-dependent temperature systems, the supply of water
vapour at an absolute pressure by the evaporator would facilitate higher
heat delivery temperatures. For this configuration of the system,
meticulous condenser design is imperative to operate under vacuum
pressure, requiring diligent maintenance due to susceptibility to gas
leakage owing to pressure differentials. Moreover, indirect heat ex-
change, compounded by the low effective thermal conductivity of salt
hydrates, accentuates thermal resistance, thereby limiting system
performance.

Configuration 3 depicts a cascaded TCES-HTHP system operating via
direct charging and discharging. Here, air traverses a closed loop,
entering Reactor 2 at a temperature lower than HTHP’s evaporator
temperature and exiting relatively cold and humid post-charging. To
ensure the air reaches the requisite heat source temperature (Ts+), it
undergoes preheating before passing through Reactor 1, where it pro-
vides water vapor for an exothermic reaction and collects heat. Never-
theless, air must attain a temperature significantly higher than the
evaporator temperature of the HTHP, thereby losing sensible heat due to
temperature gradients. This configuration poses more operational
challenges since the temperature upgrade relies solely on the partial
pressure of water vapor in the air.

The fourth configuration comprises a thermally driven cascaded
TCES-HTHP system with direct charging and indirect discharging. It is
similar to Configuration 2, but with air directly passing through Reactor
2 for charging, followed by passage through a condenser to recover
water vapor. Operating pressure-less, as air circulates in an open loop,
enables the condenser to function at ambient conditions. Nonetheless, a
portion of water vapor loss to the environment is inevitable as complete
condensation may not be attainable with the condenser at the ambient
temperature.

In addition to these four, there can be another configuration of a
cascaded TCES-HTHP system with indirect charging and direct dis-
charging. However, this may not produce satisfactory results since in-
direct charging causes greater resistance to heat transfer. The
temperature of heat in direct discharging would be much lower, as it is
governed by the partial pressure of water vapour present in the moist air
that is used for discharging. Also, the direct discharge makes it
extremely difficult to keep the air dry and at the required exit

temperature.
Considering the above qualitative analysis, Configuration 4 emerges

as the most viable solution for the targeted application. Supplying pure
water vapor at absolute pressure to Reactor 1 ensures elevated reaction
temperatures, while heat pipes facilitate effective and nearly isothermal
heat transfer. Concurrently, direct passage of dry air through Reactor 2
enables the maximum utilization of the thermal potential of air for
charging. Due to direct contact and no requirement of vacuum mainte-
nance, this configuration can be pressure-less which facilitates a simple
reactor and system design. Consequently, Configuration 4 is selected for
further scrutiny based on the foregoing analysis.

The functionality of Configuration 4 can be elucidated using a van’t
Hoff plot, as depicted in Fig. 2. Observing Fig. 2 reveals that the HTHP
operates at temperatures higher than T0, while heat below T0 can be
enhanced leveraging a TCES system. Based on Configuration 4 and
Fig. 2, air enters the evaporator of TCES system at T0 and its thermal
energy is harnessed in the evaporator until reaching T1, facilitating the
production of water vapour. Subsequently, the generated water vapor is
directed to Reactor 1, generating heat at a temperature corresponding to
the salt hydrate’s equilibrium pressure, which is then transferred to the
HTHP’s evaporator via heat pipes. Ideally, it is desirable to generate heat
in the Reactor 1 at Ts+. The air, at the exit of evaporator at T1, proceeds
to Reactor 2 for charging, where its temperature decreases further to T2.
It subsequently passes through a condenser operating at ambient
temperature.

Thus, the proposed novel cascaded HP system pertaining to Config-
uration 4 is based on using thermal energy below T0 in two ways: First,
the thermal energy between T0 and T1 is provided for the evaporation of
water at ambient pressure to discharge one reactor at Ts+ (thermally
driving the heat pump). Second, the thermal energy below T1 and above
T2 is used to drive the charging of the other reactor.

It may be noted that the van’t Hoff plot for Configuration 2 appears
similar to that of Configuration 4; however, the key distinction lies in the
heat transfer method. Configuration 2 utilizes indirect heat transfer,
while Configuration 4 employs direct heat transfer in Reactor 2 as
described earlier. The direct method is expected to cause a greater
temperature drop in the air due to the lower thermal resistance between
the air and the salt hydrate bed. Therefore, for Configuration 2 to ach-
ieve the same temperature drop in the HTF, it would require more
thermal energy input and, as a result, take longer when using air as the
HTF under the same operating conditions. This necessitates a longer
residence time for the HTF, requiring a specialized reactor design. A

1/T

p/
p o

T0 T1

ph

pe

p1

Ts

( T)lift

pc

pdh

p3

TaT2Ts+

Fig. 2. Van’t hoff plot for the operation of the system in configuration 4.
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similar rationale applies to Configuration 3.
Upon determining the optimal configuration of the cascaded TCES-

HTHP system, its efficacy predominantly hinges upon the characteris-
tics of the salt hydrate material tailored for a specific application within
the prescribed operational parameters. Hence, the choice of an appro-
priate salt hydrate is pivotal in dictating system performance. Subse-
quent sections discuss the criteria governing the selection of salt
hydrates.

Selection and evaluation of suitable salt hydrates for TCES
system

Screening of salt hydrates using van’t Hoff correlation and compatibility

Choosing an appropriate salt hydrate is crucial for designing a salt
hydrate based TCES system, as its performance primarily relies on the
characteristics of the selected salt hydrate. The van’t Hoff equation (Eq.
(2)) can be utilized for the preliminary screening of salts based on the
compatibility of equilibrium pressures and temperatures. The present
study considers the operating temperatures of the evaporator of the
HTHP (T0) in the range of 105 ◦C–145 ◦C. Subsequently, the heat in this
temperature range is harnessed to a level of 100 ◦C (T1) to generate
water vapour at 1 bar pressure in the evaporator of the TCES, which is
subsequently used to generate heat in Reactor 1. Further, the waste heat
at temperatures below 100 ◦C is utilized as a driving force for charging
the salt hydrate based TCES system. Furthermore, direct charging leads
to pressure requirements for water vapour present in the air that need to
satisfy the condenser pressures for its recovery. Based on the research
conducted by Richter et al. [31], some of the well-studied salt hydrates
listed in Table 2 are chosen for screening.

During the charging, the salt hydrate releases water vapour at a
pressure corresponding to the temperature of the heat supplied to it.
This water vapour can be recovered using a condenser. Therefore, it is
desirable to have higher desorption pressures. For instance, the equi-
librium pressures of the aforementioned salt hydrates at waste heat
temperatures of 80 ◦C–100 ◦C are plotted as shown in Fig. 3. It is
observed that LiCl, Na2S, K2CO3 and LiBr exhibit relatively higher
pressures in the chosen temperature range. SrBr2 is reported to be
compatible for open reactor operation, however, its equilibrium pres-
sures are extremely low that it may not fit for direct charging at the
intended temperatures.

Though the equilibrium pressures of LiCl and LiBr are relatively high,
they have an issue of deliquesce even at very low water vapor pressures
[31]. On the other hand, Na2S is reported to be not suitable for open
reactor operations as it degrades after 4 cycles [32]. The literature re-
ports that K2CO3 is compatible with closed and open reactor operations
due to its chemical stability when directly exposed to air [32]. Also,
K2CO3 seems advantageous as it provides relatively higher heat delivery
temperatures at the same pressures and amounts of water vapor ab-
sorption that suit the intended operating temperatures. Additionally, it

exhibits higher equilibrium pressures at the specified temperatures,
which is beneficial for open reactor operations during charging. More-
over, K2CO3 is cost-effective, abundantly available, and chemically
stable [33]. Recent studies have shown that K2CO3 salt hydrate exhibits
high specific heating power, large energy storage densities, and signif-
icant cyclic stability, making it well-suited for several thermal applica-
tions [34,35]. Consequently, K2CO3 has been selected in the present
study for the subsequent thermodynamic analysis of the performance of
material as well as the dual-reactor TCES system integrated with HTHP,
as illustrated in Configuration 4 (refer to Table 1).

It is also crucial to understand the maximum possible heat collection
by the TCES material during charging as a function of its water vapor
content, for determining waste heat utilization capacity with the
selected system configuration. Also, it is essential to determine the
maximum achievable heat delivery temperatures during TCES system
discharge to assess its feasibility for integration with an HTHP. To
achieve this, a thermodynamic analysis is conducted in the subsequent
section examining air outlet temperatures at various humidities.

Thermodynamic analysis of the selected salt hydrate performance

For the efficient design of an open reactor salt hydrate TCES system,
it is essential to comprehend the relationship between air inlet and
outlet temperatures as a function of water vapor content. This provides
basic insights and lays a foundation for the thermal design of the system.
In the following section, first, a correlation to approximate the tem-
perature of air at the outlet of the open reactor during charging is
developed using mass and energy balances. Then, a simpler evaluation
for the discharging is given.

Determination of charging temperature in open reactor concept
A simple schematic of the charging of an open reactor (referring to

Reactor 2 in Configuration 4) is depicted in Fig. 4. In this process, hot air
in a dry or low humid state is supplied to the saturated salt hydrate bed.
It transfers heat to the salt hydrate bed and collects desorbed water
vapour from it, thus exiting the reactor in a relatively cold and humid
state. For the sake of simplification of the analysis, a thermal equilib-
rium is assumed between the salt hydrate bed and water vapour. A
steady-state operation is considered and the salt hydrate bed is treated as
a lumped system exchanging heat with the HTF. The sensible heat
transfer to and from the salt hydrate bed during charging and dis-
charging processes to reach the reaction temperature is neglected. This
assumption may be legitimate because, during the charging process, the
sensible heat supplied to the reactor can be recovered post-charging by
supplying HTF at ambient temperature. Consequently, the reaction heat

Table 2
Salt hydrates selected for initial screening [31].

Salt hydrate ΔHo
r (J/mol) ΔSo

r (J/mol.K)

CaCl2 73,360 136.53
SrBr2 71,980 143.93
K2CO3 64,000 145.82
SrCl2 66,080 131.68
CaSO4 65,880 137.03
MnBr2 78,280 120.00
ZnSO4 82,650 160.83
LiCl 62,150 145.32
LiBr 69,550 153.50
MgSO4 75,380 154.03
MgCl2 71,270 146.73
Na2S 74,500 177.00
MnCl2 66,790 132.97

Fig. 3. Van’t hoff plots for the selected salt hydrates.
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becomes the most critical factor in these systems. This logic applies
equally to the discharging process. Also, it may be noticed that the
sensible heat supplied to and recovered from the salt hydrate bed is not
included in the energy and efficiency calculations.

Mass balance:
The air stream is composed of both dry air and water vapor. There-

fore, the mass balance equations account for the conservation of both
dry air and water vapor.

Dry air = ṁa2 = ṁa (3)

Water vapourṁwv1 + ṁwv = ṁwv2 (4)

where ṁa1 and ṁa2 are the mass flow rates (kg/s) of dry air at the inlet
and outlet of the reactor, respectively, which remain constant. ṁwv1 and
ṁwv2 denote the water vapour flow rates at the inlet and outlet of the
reactor. ṁwv denotes that rate of water vapour released by the salt hy-
drate bed during charging. Eq. (4) can be written as,

ṁa1ω1 + ṁwv = ṁa2ω2

where ω1 and ω2 indicate the specific humidity (kg of water vapour per
kg of dry air, denoted in this study as kgWV/kgDA) at the inlet and outlet
of the reactor, respectively. The rate of water vapour released during the
charging can be written as,

ṁwv = ṁa(ω2 − ω1) (5)

Energy balance:
Considering the salt hydrate bed as the control volume (cv), the

steady state energy balance equation for air can be written as,

Q̇cv = ṁa1h1 − ṁa2h2 (6)

here h1 and h2 are the enthalpies (J/kg) of moist air at the inlet and
outlet, respectively. Enthalpy of moist is the total enthalpy of dry air and
moist air (h = ha +ωhwv). Considering dry air as an ideal gas, its enthalpy
can be written as,

ha = cp,aT (7)

where cp,a (J/kg.K) is the specific heat capacity of dry air at a constant
pressure. The enthalpy of water vapour in the moist air can be written as
[36],

hwv ≅ 2500.9+1.82T, (T in ◦C) (8)

Heat exchange in the control volume is,

Q̇cv = Q̇r + ˙Qwv (9)

During the charging, the inlet hot air provides the heat of reaction
(Q̇r) to the salt hydrate bed and a part of heat is carried away by the
water vapour released ( ˙Qwv). Also, the rate of water vapour release in-
dicates the reacted fraction of the salt hydrate bed.

Q̇r = ṁwvΔHo
r

Sensible heat transfer to water vapour,

˙Qwv = ṁwvcp,wv(T1 − Ti)

Therefore, Eq. (9) can be written as,

Q̇cv = ṁwvΔHo
r + ṁwcp,wv(T1 − Ti)

Thus, Eq. (6) becomes,

ṁa2h2 = ṁa1h1 − ṁwvΔHo
r − ṁwvcp,wv(T1 − Ti)

ṁa2h2 = ṁa1h1 − ṁa(ω2 − ω1)ΔHo
r − ṁa(ω2 − ω1)cp,wv(T1 − Ti)

h2 = h1 − (ω2 − ω1)ΔHo
r − (ω2 − ω1)cp,wv(T1 − Ti)

cp,aT2 +
(
2501+ cp,wvT2

)
ω2 = cp,aT1 +

(
2501+ cp,wvT1

)
ω1

− (ω2 − ω1)ΔHo
r − (ω2 − ω1)cp,wv(T1 − Ti)

In the above equation, cp,wv (J/kg.K) is the specific heat capacity of
water vapour. ω, the specific humidity of air is estimated as,

ω =
0.622× ϕ×pg

p − ϕ×pg
(11)

where ϕ and pg (kPa) are the air relative humidity and saturation pres-
sure of water, respectively.

Limiting conditions for charging:

• To prevent condensation within the reactor, vapour pressure of air
passing through the salt hydrate bed must be less than its saturation
pressure corresponding to its outlet temperature, i.e., the relative
humidity (Φ) of air in the reactor should be less than 100 %.

Fig. 4. Schematic of charging a salt hydrate reactor with direct heating.

T2 =
cp,aT1 +

(
2501+ cp,wvT1

)
ω1 − (ω2 − ω1)

(
ΔHo

r + cp,wvT1 − cp,wvTi
)
− 2501ω2

cp,a + cp,wvω2
(10)
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The saturation pressure of air is estimated using Tetens equation
[37];

pg = 0.61078× exp
(
17.27× T
T + 237.3

)

, (T in ◦C and pg in kPa.) (12)

Discharging temperature
A simple schematic of the heat discharge with a closed reactor

coupled with an evaporator (referring to Reactor 1 in Configuration 4) is
shown in Fig. 5. In this operation, water vapour is generated in an
evaporator using the waste heat of the HTHP and fed to Reactor 1 for
hydration reaction.

In this study, water vapour is aimed to be generated and supplied to
Reactor 1 at the atmospheric pressure (1 bar) to enable the utilization of
cost-efficient pressure-less components. It is driven by the waste heat of
the HTHP in the temperature range of 105 ◦C–145 ◦C, thus, the evapo-
rator is operated at 100 ◦C (T1). The hydration reaction (discharge)
temperature (Tr or Ts+) of salt hydrates is calculated corresponding to
the 1 bar water vapour pressure using the van’t Hoff equationmentioned
in Eq. (2). For the efficient feeding of discharged heat to the HTHP, heat
pipes are incorporated in Reactor 1 as shown in Configuration 4. Please
notice that the heat pipes are not shown in Fig. 5.

Limiting conditions for discharging (hydration):

• Heat discharging temperature (Ts+) should be higher than the
HTHP’s evaporator temperature (T0).

Performance analysis of K2CO3

Further investigation following the mathematical equations for
direct charging in Reactor 2 and indirect discharging in Reactor 1 is
performed on K2CO3. This analysis helps in understanding the required
reacted fraction of the salt hydrate to achieve the intended energy
output and assists in designing the system effectively.

Charging

To evaluate the proposed concept of direct charging, the outlet
temperatures of air during the direct charging process are estimated
across various humidity levels. According to Configuration 4 of the
proposed cascaded heat pump, air enters Reactor 2 in a dry state (Φ1 =

0andω1 = 0kgWV/kgDA) at 100 ◦C (T1) for charging. The outlet tem-
perature of the air (T2) is then estimated using Eq. (10) at relative hu-
midity levels ranging from 0 (0 %) to 1 (100 %). It should be noted that
Eq. (10) is an implicit function, as the outlet specific humidity of the air
(ω2) is also a function of T2. For different relative humidity levels of the
outlet air (Φ2), specific humidity levels (ω2) are determined using Eq.
(12). The final expression for ω2 as a function of T2 can be formulated as,

ω2 =

0.622× Φ2 × 0.61078× exp
(

17.27T2
T2+237.3

)

p − Φ2 × 0.61078× exp
(

17.27T2
T2+237.3

) (13)

To solve for T2 at various outlet relative humidity values of air, Eq.
(10) is modified by substituting ω2 with Eq. (13) and the root of the
equation is estimated using the bisection method. This calculation is
programmed in C++. Variations in the temperature and the water
vapour pressure of outlet air as a function of relative humidity are
depicted in Fig. 6.

During the charging of an open reactor with hot air, the relative
humidity at the reactor exit indicates the extent of the utilization of air
for charging. A higher exit relative humidity signifies greater water
vapor absorption from the salt hydrate bed, indicating that the air has
supplied more heat for charging, resulting in a significant drop in its
temperature. This effect is shown in Fig. 6. It is noticed that the air
temperature decreases substantially with increasing outlet humidity as
it supplies water vapour to K2CO3 bed. During the direct charging, 10 %
relative humidity of output air causes a 19.1 ◦C drop in air temperature,
whereas 40 % results in a 60 ◦C drop. This suggests that careful design of
a salt-hydrate reactor and optimization of operating parameters are
required to ensure a defined outlet humidity and the optimum output
temperatures. The grey area in Fig. 6 represents infeasible operating
conditions where the air temperature drops below the initial tempera-
ture of the salt hydrate bed (20 ◦C). The vapor pressure of the outlet air
determines the necessary conditions for the condenser to extract water
from the air. Specifically, the condenser’s saturation pressure must be

Fig. 5. Schematic of discharging a salt hydrate reactor with indirect heat recovery.

Fig. 6. Variation in the outlet temperature (T2) of air and vapour pressure with
change in the relative humidity during charging at T1 = 100 ◦C.
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lower than the vapor pressure of water in the outlet air to facilitate
condensation. As Fig. 6 depicts, as the outlet air temperature decreases,
the vapor pressure increases significantly, indicating that more heat is
being supplied to the salt hydrate bed, which enhances the dehydration
reaction.

Discharging

The discharge temperature (Ts+) of K2CO3 corresponding to 1 bar
water vapour pressure in a direct reactor concept can be estimated using
Eq. (2) to 165.75 ◦C. The discharge temperature of the salt hydrate
considered for the study is significantly higher than the specified
evaporator temperatures (T0) of the HTHP, i.e., 105 ◦C–145 ◦C. The use
of heat pipes to deliver the upgraded heat back to the HTHP, as pre-
sented in the proposed system configuration, ensures effective heat
transfer.

The above analysis can also be performed on other salt hydrates that
satisfy the basic requirements of open reactor operations and the tem-
perature requirements of an intended application, as discussed in Sec-
tion 4. In the present study, this analysis is performed only on K2CO3, as
it is found to be the most suitable material among the chosen salt
hydrates.

Thermodynamic analysis of the TCES system of configuration 4

In this section, a thermodynamic analysis is performed on Configu-
ration 4 shown in Section 3 to evaluate the feasibility of cascaded TCES-
HTHP. The analysis focuses on the TCES with K2CO3 bed in both reactors
and the temperature of air at the inlet of the evaporator (T0) of TCES is
varied from 105 ◦C to 145 ◦C. The evaporator of TCES is considered to
operate at the atmospheric pressure and thus at 100 ◦C (T1), and the air
temperature at the exit of the evaporator is assumed to be equivalent to
the evaporator temperature. As a result, the HTF experiences a tem-
perature change of 5 K–45 K as it passes through the evaporator,
depending on the waste heat temperature. Consequently, the evaporator
generates an equivalent amount of water vapour corresponding to the
amount of thermal energy it receives from the HTF. It is to be noticed
that the evaporator supplies water vapour at a minimum pressure of
101.325 kPa because it is operated at 100 ◦C irrespective of the tem-
perature of waste heat (105 ◦C to 145 ◦C). Therefore, the reaction heat
temperature in Reactor 1 would always be ideally the same as it is a
function of water vapour pressure. However, the total amount of ther-
mal energy generated in Reactor 1 varies with the amount of water
vapour supplied to it, which is a function of the heat supplied to the
evaporator. The condenser is intended to operate at a typical ambient
temperature of 20 ◦C (Ta).

Using the stoichiometric equation of K2CO3/H2O reaction, its energy
storage density is calculated.

K2CO3(s)+1.5H2O(g)↔ K2CO3 • 1.5H2O(s)+ΔHo
r ΔHo

r = 64kJ/mol
(14)

Based on the stoichiometric equation, the weight percentage of water
vapour in a saturated potassium carbonate hydrate is estimated to be
16.355 %. Therefore, each kg of K2CO3 salt hydrate can absorb 163.55 g
of water vapour in its saturated state. This implies that when K2CO3
reacts with 1 kg of water vapour, it releases 3.575 MJ of heat.

Evaluation of the TCES system performance

The available waste heat from the HTF,

Q̇HTF = ṁa × cp,a × (T0 − Ta) (15)

Evaporator of TCES: The air stream at the outlet of the evaporator of
the HTHP is first used to generate water vapour in the evaporator of the
TCES system. The heat supplied to the evaporator (Q̇in,E) and the rate of
water vapour evaporation (ṁwv,E) are estimated as,

Q̇in,E = ṁwv,E × ΔHe + ṁwv,E × cp,w × (T1 − Ta) (16)

where ΔHe (J/kg) is the latent heat of evaporation. The heat transfer due
to the change in enthalpy of air across the evaporator is,

Q̇a,E = ṁa × (h0 − h1) = ṁa × cp,a × (T0 − T1) (17)

Eqs. (16) and (17) are equal because of the energy balance between the
air and the evaporator. It may be noticed that, in addition to the latent
heat of evaporation, Eq. (16) also considers the sensible heat required
for the evaporated water vapour to reach its evaporation temperature
from the ambient temperature.

Reactor 1 of TCES: The water vapour generated in the evaporator of
TCES system is supplied to Reactor 1. Here, using the rate of supply of
water vapour and the enthalpy of reaction of K2CO3, the rate of heat
generated is estimated. The reaction temperature corresponding to the
equilibrium pressure of water vapour is estimated with the help of Eq.
(2).

Rate of heat generated byReactor 1, Q̇gen,R1 = ṁwv,E × ΔHo
r (18)

Reactor 2 of TCES: Following the evaporator, the air stream passes
through Reactor 2, where its thermal energy is harnessed to charge the
reactor. The heat transfer due to the change in enthalpy of air across
Reactor 2 is estimated as,

Q̇a,R2 = ṁa ×
(
hin,R2 − hout,R2

)
(19)

where h (J/kg) is the enthalpy of moist air which corresponds to the sum
of the enthalpies of dry air (ha) and water vapour (hg).

The heat supplied to Reactor 2 during charging can be obtained
based on the quantity of water vapour released as,

Q̇in,R2 = ṁwv,R2 × ΔHo
r + ṁwv,R2 × cp,wv × (T1 − T2) (20)

Obviously, following Configuration 4, one important constraint
considered in this study is that the rate of water vapour consumed by
Reactor 1 is equal to the rate of water vapour released by Reactor 2.
Therefore, using Eqs. (17), (19) and (20), the outlet temperature of air T2
can be obtained as function of T1 as,

It may be noticed that the heat input from the air for the dehydration
reaction is substantially higher than the sensible heat carried away by
the water vapour. Furthermore, due to the constraint of equivalent
water vapour generated by the evaporator and Reactor 2, using Eqs. (16)
and (20), it is realized that the ratio of air temperature change across the
evaporator and Reactor 2 remains constant at any heat source temper-
ature (To).

T2 =

(
ΔHo

r + cp,wv × T1
)
×
(
cp,a × (T0 − T1)

)
−
(
ΔHe + cp,w × (T1 − Ta)

)
×
(
cp,a × T1 − 2501× ω2

)

cp,a × cp,wv × (T0 − T1) +
(
ΔHe + cp,w × (T1 − Ta)

)
×
(
− cp,a − 1.82× ω2

) (21)
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T0 − T1

T1 − T2
=

ΔHe + cp,w × (T1 − Ta)

ΔHo
r + cp,wv × (T1 − T2)

= Constant (22)

The above equation considers that the fraction of water vapour in
moist air is negligible compared to the dry air.

Condenser of TCES: The water vapour released during charging of
Reactor 2 is condensed using an air-cooled condenser, operated at
ambient temperature, and the condensation rate is estimated to assess
the loss of water vapour to the environment.

Q̇out,C = ṁa ×
(
hin,C − hout,C

)
= ṁwv,C × ΔHc (23)

where ΔHc (J/kg) is the latent heat of condensation. It should be noted
that evaluating heat balance using the condensation rate of water
vapour is valid only when the process is isothermal and the vapour
pressure of air is higher than its saturation pressure at the condenser
temperature. Otherwise, air experiences only sensible cooling which can
be quantified using its temperature change across the condenser and its
mass flow rate.

Performance indices

In addition to the rate of heat output and loss of water vapour, the
following indices are considered to evaluate the performance of the
system.

EfficiencyofTCES, η(%) =
HeatdeliverybyTCESsystem
HeatsuppliedtoTCESsystem

× 100

=
Q̇gen,R1

Q̇in,E + Q̇in,R2
× 100 (24)

Efficiencyofheatupgrading(%) =
HeatdeliverybyTCESsystem

AvailablewasteheatfromHTHP
× 100

=
Q̇gen,R1

Q̇HTF
× 100

(25)

Overallefficiency(%) =
HeatutilizedbyTCESsystem

AvailablewasteheatfromHTHP
× 100

=
Q̇in,E+̇Qin,R2

Q̇HTF
× 100 (26)

Results and discussion

The results of thermodynamic analysis of the dual-reactor TCES

system shown in Configuration 4 are presented and discussed in this
section.

Fig. 7 shows the thermal performance of the TCES system. For the
generalization of the concept, the rates of heat input and output are

presented per kg/s of air

⎛

⎜
⎝

Q̇in/out [kWth ]

ṁHTF [kg/s]

⎞

⎟
⎠. It is noticed that both the heat

input and output rise significantly with waste heat temperature (T0).
This fits perfectly for HTHPs that should reach high sink temperatures
with high COPs. The rate of heat output by Reactor 1 is determined by its
rate of hydration, which is determined by the rate at which it receives
water vapour from the evaporator. The water vapour production rate in
the evaporator is proportional to the rate of heat it receives from the HTF
(air). As the waste heat source temperature (T0) rises, so does the heat
supply to the evaporator due to increased temperature difference. This is
because the evaporator is considered to operate at a fixed temperature of
100 ◦C (T1). Similarly, the rate of heat supply to the Reactor 2 also in-
creases as the rate of water vapour desorption by Reactor 2 is considered
equal to the rate of water vapour absorption by Reactor 1. In absolute
numbers, the total heat input to the TCES system is estimated to increase
more significantly as compared to heat output, because it is quantified as
the total heat supply to both the evaporator and Reactor 2. At a waste
heat temperature of 105 ◦C, the heat supply to the evaporator and
Reactor 2 is found to be 5.05 kW and 6.92 kW per kg/s of air, respec-
tively. This is estimated to increase to 45.45 kW and 62.28 kW per kg/s
of air at 145℃, respectively. Meanwhile, the heat delivered by Reactor 1
is projected to be 6.92 kW and 62.28 kW per kg/s of air at 105 ◦C and
145 ◦C, respectively. The thermal efficiency of the TCES, representing
the ratio between the heat supplied and the heat released, remains
constant with increase in temperature. This is because, due to the
constraint of equal water vapour absorption and desorption by Reactor 1
and Reactor 2, the rate of generation of heat scales at the same rate as the
heat input as the supply temperature rises. The efficiency for the
considered material K2CO3 is observed to be 57.81 %, as depicted in
Fig. 7.

The variation in the outlet temperature (T2) of air post-charging
Reactor 2 and its vapour pressure with waste heat temperature (To)
are plotted as shown in Fig. 8. Across a range of temperatures spanning
from 105 ◦C to 145 ◦C, waste heat from the air is efficiently utilized to
initiate water vapor generation in the evaporator until it attains 100 ◦C.
As mentioned before, the rate of water vapour generation increases with
an increase in the heat source temperature due to the increased tem-
perature difference. Increased heat supply to the evaporator leads to
greater water vapor provision to Reactor 1, consequently resulting in

T0

Fig. 7. Thermal performance of the TCES system.

T 2

T 2

T0

Fig. 8. Temperature of air and its vapour pressure.
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higher heat delivery. With Reactor 2 releasing water vapor at an
equivalent rate to Reactor 1’s intake from the evaporator, the air is
expected to provide more heat to Reactor 2 to facilitate increased water
vapor desorption at higher temperatures. Consequently, the reduction in
air outlet temperature becomes more pronounced at elevated waste heat
temperatures, as evidenced in Fig. 8. In other words, the energy in the
air mass flow rate is used down to a lower temperature level at higher
waste heat temperatures. At 105 ◦C, due to a small temperature differ-
ence of 5 K, water evaporation rate in the evaporator is low (0.195 g/s),
leading to a modest demand for water vapour release from Reactor 2. As
a result, the air temperature across Reactor 2 decreases by only 6.88 K,
indicating that 73.12 K of sensible energy in HTF that could be used is
wasted. Conversely, with increased waste heat temperature, evapora-
tion escalates significantly in the evaporator. At 145 ◦C, water evapo-
ration reaches 1.753 g/s, resulting in a notable 63.88 K drop in air
temperature across Reactor 2.

In all the cases examined, the vapor pressure of air at the outlet of
Reactor 2 is significantly lower than its saturation pressure, corre-
sponding to its temperature, indicating no chance/issue of condensation
within Reactor 2. The lower exit temperatures of air denote a heightened
degree of dehydration, resulting in increased water vapor release from
K2CO3 bed and consequently leading to a substantial increase in the
vapor pressure of air, as depicted in Fig. 8. At the outlet temperature (T2)
of 93.12 ◦C, the vapor pressure is determined to be 0.316 kPa, whereas it
reaches 2.778 kPa at 36.12 ◦C.

Fig. 9 illustrates the rate of water vapor released by Reactor 2 and the
fraction of water vapor that could not be recuperated by the condenser
operating at ambient temperature. It is to be recalled that the present
thermodynamic analysis considers that the rate of water vapor desorbed
by Reactor 2 during charging equates to the rate of water vapor absor-
bed by Reactor 1 from the evaporator, ensuring operational consistency.
As previously mentioned, the condenser operates at an ambient

temperature of 20 ◦C with the objective of cooling the air post-charging
Reactor 2 to this temperature. As the air temperature decreases within
the condenser, its saturation pressure reduces, leading to a reduction in
its capacity to retain water vapor. Therefore, if the vapor pressure ex-
ceeds the condenser’s saturation pressure at the same temperature,
condensation initiates until equilibrium is attained with the condenser.
As indicated in Table 3, at a waste heat temperature of 105 ◦C, the air
temperature at the condenser inlet is estimated as 93.12 ◦C. Under this
condition, the specific humidity and vapor pressure of air are estimated
to be 0.0020 kgWV per kgDA and 0.316 kPa, respectively. Using Eq.
(12), the saturation vapor pressure of air and the corresponding specific
humidity at 20 ◦C are computed to be 2.339 kPa and 0.01470 kgWV per
kgDA, respectively. It is crucial to note that specific humidity remains
constant unless condensation occurs, while relative humidity changes.
Condensation occurs when the relative humidity exceeds its maximum
value (1) at that specific temperature and pressure. Therefore, even as
the air is cooled from 93.12 ◦C to 20 ◦C, condensation does not transpire
in the condenser due to its relative humidity being lower (0.1353) than
its saturated value (1). This scenario is noticed to remain consistent for
all other waste heat temperatures except at 140 ◦C and 145 ◦C. In these
instances, the specific humidity of air (thus, its relative humidity) ex-
ceeds its saturated value at 20 ◦C, leading to the condensation of excess
water vapor. The corresponding condensation rate in these two cases is
estimated to be 0.089 and 0.284 g/s, respectively. The results indicate
that the proposed approach involves the release of water vapour to the
ambient.

Fig. 10 depicts the overall performance of the cascaded TCES-HTHP
system, including the total available thermal energy of the waste heat
from the HTHP, the portion of waste heat utilized by the TCES system,
and the portion of heat upgraded and supplied back to the HTHP at a
higher temperature than that of the HTHP’s evaporator. The portion of
heat utilized by the thermochemical heat pump increases with an

T0

Fig. 9. Recovery of water vapour.

Table 3
Humidity and vapour pressure of air at different waste heat temperatures (T0).

T0 (℃) T2 (℃) ṁwv,E(g/s) ω2 at T2 (kgWV/
kgDA)

pv at T2 (kPa) pg at T2 (kPa) Φ2 at T2 (1) Φ3 at Tc & pg,c (1) ṁwv,C(g/s)

105 93.12 0.195 0.0020 0.316 79.365 0.0040 0.1353 0
110 86.19 0.390 0.0039 0.631 60.847 0.0104 0.2697 0
115 79.21 0.585 0.0058 0.943 46.015 0.0205 0.4033 0
120 72.16 0.779 0.0078 1.254 34.261 0.0366 0.536 0
125 65.07 0.974 0.0097 1.562 25.116 0.0622 0.6680 0
130 57.92 1.169 0.0117 1.869 18.088 0.1033 0.7991 0
135 50.71 1.365 0.0136 2.175 12.778 0.1702 0.9300 0
140 43.44 1.558 0.0156 2.477 8.840 0.2802 >1 0.089
145 36.12 1.753 0.0175 2.778 5.980 0.4645 >1 0.284

T0

T1

Tr

Fig. 10. Overall performance of the cascaded TCES-HTHP system.
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increase in the waste heat temperature, and consequently, the heat that
is upgraded and reintegrated with the HTHP increases. The evaporator
of the TCES produces more water vapour due to the increased temper-
ature difference (T0-T1) with an increase in the waste heat temperature
(T0). This is because the evaporator is intended to be operated at 100 ◦C
(T1) to generate water vapour at 1 bar pressure, resulting in a hydration
reaction temperature for K2CO3 higher than the operating temperatures
of the HTHP’s evaporator (T0 = 105 ◦C–145 ◦C). As a result, increasing
the amount of water vapour supplied to Reactor 1 generates more heat.
At 105 ◦C, the HTHP produces a waste heat of 85.85 kW, with 11.97 kW
utilized and 6.92 kW returned by the TCES per kg/s of air. At 145 ◦C,
these values increase to 126.25, 107.73, and 62.28 kW per kg/s of air,
respectively. The difference arises because at 105 ◦C, sensible heat of air
is utilized for a ΔT (T0-T2) of 11.88 ◦C, whereas at 145 ◦C, it is 108.88 ◦C.
This illustrates the effect of temperature on the efficiency of waste heat
utilization by the system.

As previously mentioned, the thermochemical heat pump maintains
a consistent efficiency regardless of waste heat temperatures (T0). This
consistency stems from the constant ratio of air temperature change
across the evaporator of the TCES and Reactor 2 (Eq. (22)), which is
constrained by equal water vapor generation in both components. On
the other hand, the overall efficiency of the cascaded TCES-HTHP sys-
tem rises as waste heat temperature increases. This increase is attributed
to the increased potential of sensible heat of the HTF, resulting in more
water vapor production in the TCES system’s evaporator. Fig. 11 depicts
variations in the overall efficiency of the cascaded system with an in-
crease in the waste heat temperature. Increasing the waste heat tem-
perature from 105 ◦C to 145 ◦C improves heat upgrading efficiency from
8.06 % to 49.33 %. Similarly, the overall efficiency of the system in-
creases from 13.94 % at 105 ◦C to 85.33 % at 145 ◦C.

The above analysis reveals the viability of incorporating a thermally
driven salt hydrate heat pump into an HTHP to improve overall effi-
ciency. Using waste heat from the HTHP in the range of 105 ◦C–145 ◦C
and the evaporator producing water vapour at 1 bar, resulting in a re-
action temperature of 165.75 ◦C for K2CO3, demonstrates the possibility
of a promising performance. It is to be noticed that K2CO3 is employed as
a reference material in this study, and the findings of this research are
subject to the actual suitability of K2CO3. It also presents a framework
for the design of a cascaded TCES-HTHP system.

In order to conclude the study for concept 4, two comments on a
future reactor and system design can be given for the present dual
reactor concept. First of all, in order to realize a continuous thermal
upgrade, the two reactors need to be operated in a cycled manner. In this
case, the sizing of the reactor is dependent not only on the storage ca-
pacity of the salt but also on the rate of hydration / dehydration that can

be realized in the system. Reactors 1 and 2 should fully and spontane-
ously react with all of the water vapour supplied by the evaporator to
ensure efficient performance and delivery of desired output. If the rate of
hydration reaction of the prescribed salt hydrate is slower than the rate
of water vapour supplied by the evaporator, excess water vapour accu-
mulates in the reactor in the absence of a sufficient quantity of salt.
Consequently, the reactor must be designed to accommodate a sufficient
amount of salt. Thus, the optimum mass of salt required for a specified
storage capacity will be a trade-off between the kinetics of the reaction,
heat and mass transfer enhancement structures, and cost/weight of the
container. Furthermore, the required temperature decline of HTF across
each heat exchanger in the system to get the desired thermal output
provides sizing parameters for those devices. Second, due to the quasi-
continuous nature of the dual reactor concept for the sorption-based
system, it is also possible to include a thermal storage effect / thermal
buffer into the cascaded heat pump system. This attribute of the system
assists in mitigating the instability of primary heat sources in meeting
the energy demands. In this case, the sizing of the reactors would also
consider additional storage effects that address an increased flexibility
in heat / energy supply and demand.

Conclusion and outlook

The study emphasizes the necessity of harvesting and efficiently
utilizing the waste heat of high temperature heat pumps. In this regard,
it proposes a cascade configuration of a thermally driven dual-reactor
salt hydrate system with a high temperature heat pump. The study
discusses various concepts and recommends an open reactor design with
direct charging and indirect discharging processes.

Next to a preliminary screening of possible salt hydrates, a theoret-
ical framework is developed to determine the outlet temperature of the
heat transfer fluid during direct heating, guiding a more detailed se-
lection of potential salt hydrates. Consequently, K2CO3 emerges as a
favorable candidate for specified operating temperatures, as it is able to
be charged with temperatures down to 50 ◦C while it can be discharged
in the range of 120 ◦C to 165 ◦C.

A thermodynamic analysis focusing on the final concept, where
waste heat is utilized to thermally drive and thermally charge the salt
hydrate heat pump, indicates a promising performance with heat de-
livery of 6.92 kW and 62.28 kW per kg/s of air at 105 ◦C and 145 ◦C,
respectively. A significant energy efficiency is observed with about 58 %
in all the cases studied while delivering heat at a constant reaction
temperature of 165 ◦C by reacting with water vapour at an ambient
pressure of 1 bar generated consistently at 100 ◦C fuelled by the waste
heat of the high temperature heat pump. The overall performance of the
system increases significantly with waste heat temperature demon-
strating a promising performance of the proposed concept.

The study demonstrates the feasibility of a new thermochemical heat
pump that is solemnly thermally driven for upgrading and reintegrating
waste heat from a high temperature heat pump. This integration enables
the high temperature heat pump to upgrade more thermal energy at the
same or higher coefficient of performance. In the next step, exergy
analysis needs to be carried out, salt hydrates need to be characterized
for open reactor operation, and a suitable reactor needs to be designed
for an experimental proof of concept.
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