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To assure stable and dependable functioning of the thermochemical energy storage
(TCES) system under unstable low-grade heat temperatures, three mechanical booster
pump-assisted TCES (MBP-assisted TCES) modes operating with SrBr2·H2O/H2O, LiOH/
H2O, and CaCl2·H2O/H2O are proposed for the application of heat storage and upgrading.
The operating modes are the MBP-assisted charging mode (A mode), MBP-assisted
dischargingmode (Bmode), andMBP-assisted charging and discharging mode (Cmode).
A thermodynamic model is established to evaluate the influences of condensing
temperature, compression ratio, MBP isentropic efficiency, and reaction advancement
on the heat source temperature and system performance from both energy and exergy
perspectives. The results indicate that compared with the other two modes, the B mode is
more effective in reducing the heat source temperature and achieving better system
performance. Compared to the conventional TCES mode, the proposed modes can
operate at lower heat source temperatures that can be minimized by up to 21~25°C by
employing the B mode with a compression ratio of 3.0 at the condensing temperature of
24°C. The Bmode with SrBr2·H2O/H2O exhibits the highest energy and exergy efficiencies
that the coefficients of performance based on total energy input and electric power
consumed (COPtotal and COPelec), and exergy efficiency varies in the range of 0.53~0.59,
7.4~19.6, and 0.78~0.95, respectively. In contrast, CaCl2·H2O/H2O shows the lowest
system performance, but a higher heat output temperature can be required. In addition, to
maintain the MBP discharge temperature below 180°C, there is a maximum permitted
compression ratio that varies depending on the operating modes, operating conditions,
and working pairs. The findings of this research can be used as theoretical references and
suggestions for selecting MBP-assisted TCES modes, operating conditions, and working
pairs for low-grade heat storage and upgrading.
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1 INTRODUCTION

The COVID-19 pandemic has had a dramatic impact not only on
the human health and environment but also on the global energy
industries and markets in unprecedented ways. According to the
International Energy Agency, global coal demand and electricity
consumption are estimated to have declined by 5.2% and 1.5%,
respectively, in 2020 (International Energy Agency (IEA), 2020a).
Despite reductions in greenhouse gas (GHG) emissions and
improvements in air quality during the pandemic, it is
estimated that COVID-19’s influences on climate change
remain uncertain but are almost negligible (Forster et al.,
2020). Based on the hypothesis of the economic recovery from
the crisis in 2021, the global coal demand is anticipated to recover,
increasing by 2.6%, 7,432 Mt (International Energy Agency
(IEA), 2020a). GHG emissions are strongly related to global
coal consumption, which is the greatest source of energy-
related CO2 emissions (International Energy Agency (IEA),
2020b). In China, the world’s largest energy consumer and
GHG emitter, it is reported that the industrial sector accounts
for about 70% of the total energy consumption, among which
more than 50% is directly discharged into the environment, and
almost 60% of that can be potentially recovered (Lu, 2019).

To put the world on a trajectory toward accomplishing the
Paris Agreement’s goal of avoiding the increase in global average
temperature to 2°C and ideally 1.5°C above pre-industrial levels
(United Nations Framework Convention on Climate Change,
2015), emissions must decrease at an average rate of 7% per year
(Ivanova, 2020), indicating much more effective and rapid cuts in
GHG emissions are required. In addition, the COVID-19 crisis
has highlighted the importance of developing a cleaner, more
flexible, and sustainable energy supply system. Industrial waste
heat and renewable energy such as solar, thermal, and geothermal
energy are considered promising energy sources for supplying hot
water for domestic and industrial purposes, owing to their
enormous amounts and environment-friendly nature.
However, the instability and spatiotemporal dependence of
these heat sources hinder their efficient and broader utilization.

Thermal energy storage (TES) is acknowledged as one of the
promising energy-efficient technologies to alleviate the instability
of heat sources and bridge the spatiotemporal gap between energy
supply and demand and, therefore, reduce GHG emissions. TES
can be categorized as sensible heat storage, latent heat storage,
and thermochemical energy storage (TCES). Compared with the
first two storage systems, TCES exhibits high energy storage
density, long-term storage with negligible heat loss, and
feasibility of releasing heat at the desired temperature within a
specific range. However, TCES is still in the laboratory stage and
has not been applied commercially. The current strategy for
improving TCES mainly focuses on the development of high-
performance materials (Courbon et al., 2017a), advanced reactor
design (Hawwash et al., 2020; Zeng et al., 2021), and system
optimization (Johannes et al., 2015; Jiang et al., 2017). In addition,
some innovative cycle configurations are introduced to enhance
the performance of TCES under unstable operating conditions
driven by low-grade thermal energy such as solar energy or
industrial waste heat.

As early as 1883, the idea of combining the absorption/
desorption process with a mechanical expander/compressor
had been proposed by Moritz Honigmann (Fitó et al., 2019).
To improve the cooling coefficient of performance (COP)
(usually less than 1) of the heat-driven metal hydride heat
pump system, Park et al. (2002) experimentally evaluated the
operating characteristics of a compressor-driven metal hydride
heat pump (CDMHHP) system. A suitable metal hydride was
chosen for the given oil-type compressor. Results indicated that,
under the optimum operating conditions, the maximum cooling
power and COP of the system were 353 kcal/kg-alloy h and 1.8,
respectively. In order to solve the limitations caused by the low
efficiency of the small mechanical compressor and the oil
contamination of metal hydride, Tao et al. (2015) proposed a
new CDMHHP system using an electrochemical compressor and
developed a thermodynamic model to predict the system
performance. Results showed that the electrochemical
compressor-driven system is more suitable for a cooling
capacity of less than 200W and could potentially achieve a
higher COP than the existing system.

Bao et al. (2016) investigated an integrated chemisorption
system composed of reactors, compressors, and expanders to
recover low-grade heat under 100°C for simultaneous electrical
power and thermal energy storage. System performances in terms
of energy efficiency, exergy efficiency, and energy density for
three types of NH3–metallic salts pairs were theoretically studied.
The proposed system could recover the low-grade thermal energy
effectively and has broader application with higher penetration of
renewable energy compared with conventional systems. Van der
Pal et al. (2011) explored a hybrid adsorption–compression heat
pump based on LiCl–MgCl2–NH3 reactions to improve the
flexibility toward unstable operating temperatures of the
ordinary TES system. It was demonstrated that the hybrid
system was capable of expanding the lower limit of driving
temperature and increasing the upper limit of output
temperature while attaining acceptable power densities and
COP values, despite its annual savings being about 30% less
than that of the ordinary TES system. Furthermore, Van der Pal
et al. (2013) experimentally and theoretically investigated a
hybrid heat pump system that combined a silica gel–water
adsorption system with a roots-type compressor. In contrast
with a purely heat-driven system, the hybrid system can
produce noticeably higher chilling power and thermal
efficiency. In addition, results indicated that the compressor
placed between the evaporator and the reactor showed better
system performance than the compressor located between the
condenser and the reactor. Ferrucci et al. (2018) devoted their
efforts to developing a mechanical compressor-driven
thermochemical storage system using BaCl2 as the reactant salt
and NH3 as the working fluid/refrigerant. The proposed system
combined a thermochemical reactor with a conventional
mechanical vapor compression cycle driven by photovoltaic
energy. The COP, exergy efficiency, and cooling capacity were
evaluated theoretically. Results demonstrated that a 20°C
reduction of reacting temperature was acquired compared with
the 100% solar-thermal-driven thermochemical system. In
addition, when utilizing a heat source temperature of 50°C, the
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system could supply a cooling capacity of 4 kWh/day/m2 solar
collector, which is superior to that of other systems analyzed.

To make the salt/NH3 heat pump continuously and efficiently
upgrade the low-grade industrial waste heat, Gao et al. (2019)
proposed a novel pressure boost thermochemical sorption heat
pump (PBTSHP) using only one sorbent. The performance
comparison between the proposed system and conventional
vapor compression heat pump (CVCHP) system was
conducted by a thermodynamic model. It turned out that the
COP of the PBTSHP system applying SrCl2/NH3 as the reactant
pair was 6.5, which was prominently higher than that of the
CVCHP under identical operating conditions. Then, they
designed a hybrid cascade heat pump system that coupled the
PBTSHP with the CVCHP to achieve higher temperature lift.
However, this system could not utilize the waste heat
continuously because only one thermochemical reactor was
installed in the cycle. To make the solid sorption–compression
refrigeration system operate efficiently and continuously at a
lower waste heat temperature and tackle the issue that it is
difficult to recover waste heat with temperature lower than
90°C using the conventional solid sorption refrigeration
system, Gao et al. (2021) fixed a compressor between the
thermochemical reactor and the condenser to regulate
desorption pressure. Performance analysis was carried out
theoretically, and it was concluded that the hybrid system’s
COP was practically independent of the evaporating
temperature at a given heat source temperature due to the
stable pressure ratio and power consumption of the
compressor. Furthermore, the hybrid system could be driven
efficiently by the heat source temperature of 60–90°C by adjusting
the compressor’s suction pressure.

In summary, previous research has demonstrated that hybrid
systems exhibit the advantages of broadening the operating
temperature window, enhancing the heat output performance,
and improving the system’s energy efficiency. However, the
research studies mentioned above mainly focus on cooling and
refrigeration applications using NH3 as a working fluid. Water is
considered one of the most desirable working fluids for TCES
systems due to its safety, easy availability, and environment-
friendly nature. To the authors’ knowledge, few works have been
dedicated to such a hybrid system employing water as a working
fluid for space heating and domestic hot water applications.
Numerous thermochemical storage materials have been
investigated (Liu et al., 2021). Among them, strontium
bromide (SrBr2) (Zhang et al., 2016; Cammarata et al., 2018),
calcium chloride (CaCl2) (Courbon et al., 2017b; Jabbari-Hichri
et al., 2017), and lithium hydroxide (LiOH) (Li et al., 2020; Li
et al., 2021) possess high energy storage density, safe
performance, and favorable reaction temperature that exhibit
great potential for a low-temperature water-based TCES system.
As a result, they were targeted in this study.

To guarantee the stable and reliable operation of the TCES
system under low-grade driving temperature, this study proposes
a mechanical booster pump-assisted thermochemical energy
storage system (MBP-assisted TCES system) implementing
SrBr2·H2O/H2O, LiOH/H2O, and CaCl2·H2O/H2O as working
pairs. The effects of condensing temperature, compression ratio,

MBP isentropic efficiency, and reaction advancement on the heat
source temperature and system’s energy and exergy efficiencies
are theoretically investigated and discussed in detail. This study
can offer theoretical references for the design and development of
TCES systems driven by fluctuating low-grade thermal energy.

2 METHODOLOGY

2.1 Principle of the MBP-TCES System
The reversible reactant salt–water vapor thermochemical reaction
is generally expressed as follows:

M · (x + y)H2O(s) + xΔHr 5
Charging

Discharging
M · yH2O(s) + xH2O(g),

(1)
where M·(x + y)H2O is the reactant salt rich in water, M·yH2O is
the reactant salt poor in water, ΔHr is the enthalpy of the reaction
per mole of water, and x is the stoichiometric coefficient.

Figure 1 illustrates the P–T diagrams of the proposed and
conventional modes by employing the SrBr2·H2O/H2O pair,
which is applied for a detailed description of the operating
principle. During the charging (also known as dehydration)
process of the conventional system, the reactant salt M·(x + y)
H2O packed in the reactor absorbs heat from low-grade thermal
energy (at T1′) and decomposes into its less-hydrous or
anhydrous form M·yH2O and water vapor at condensation
pressure (Pcon); meanwhile, the thermal energy is steadily
stored in the bonds of chemical compounds. This procedure is
an isobaric step, corresponding to the ①′→② process in
Figure 1. The water vapor flows out of the reactor into the
condenser and condenses into a liquid by transferring heat to the
environment at T2, as follows:

H2O(g) 5
Evaporation

Condensation
H2O(l) + ΔHeva, (2)

where ΔHeva corresponds to the evaporation enthalpy of water.
For the proposed system, the MBP is located between the

reactor and the condenser. With the aid of the MBP, the charging
process is conducted at a lower pressure (Plow) than Pcon, meaning

FIGURE 1 | P–T diagrams of the proposed and conventional TCES
modes with SrBr2·H2O/H2O.
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it can operate at a lower temperature level (T1) compared to the
conventional system (T1′), as shown in Figure 1. The desorbed
water vapor is pressurized to Pcon by the MBP and condensed at
ambient temperature (T2), corresponding to a non-isobaric step
of ①→②. Consequently, the proposed system can effectively
reduce the requirement of charging temperature (region shown in
purple and denoted as ΔT1 = T1′−T1), facilitating the utilization
of low-grade thermal energy.

After the charging process, the reactors of the conventional
and proposed systems follow the preheating process of
①′→④ and ①→④, respectively, by utilizing a portion of
the hydration heat of Eq. 1 or the superheated water vapor
produced by the MBP in the proposed system. Meanwhile, the
condensers of the conventional and proposed systems are
heated from T2 to the evaporating temperature of T1′ and T3,
②→③′ and ②→③, respectively, when the charging and
discharging processes operate discontinuously; e.g., the
solar thermal energy is stored during daytime while
released at night.

During the discharging (hydration) process of the
conventional system, a low-grade thermal energy is used to
provide the required heat (Q3) for vapor generation,
corresponding to the left-to-right process in Eq. 2 and
displayed as ③′→④ in Figure 1. The water vapor from the

evaporator at the saturation pressure of Phigh corresponding to
the low-grade heat temperature (T1′) flows toward the reactor,
where it reacts with M·yH2O inside the reactor and releases the
reaction heat in a higher temperature level (T4). For the
discharging process in the proposed system, the MBP is
located between the evaporator and the reactor. The water
vapor pressure is boosted from Peva to Phigh by the MBP when
the heat source temperature (T3) is inferior to the required
operating temperature (T1′). Hence, the evaporation can take
place at a lower vapor pressure (Peva) leading to a lower driving
temperature (T3) while maintaining the same discharging
temperature (T4) as the conventional one. The reduction in
driving temperature is denoted as ΔT2 = T1′ − T3 (region
shown in yellow).

The operation principle mentioned above demonstrates that
both the MBP-assisted charging and discharging processes of the
TCES system can enlarge the operating temperature range.

In this study, three types of MBP-assisted modes according to
the installation position of MBP are evaluated, i.e., the MBP-
assisted charging mode (A mode, Figure 2A), MBP-assisted
discharging mode (B mode, Figure 2B), and MBP-assisted
charging and discharging mode (C mode, Figure 2C). In
order to facilitate comparison, the conventional mode is also
depicted in Figure 2D.

FIGURE 2 | Schematic diagram of the (A)MBP-assisted charging mode, (B)MBP-assisted discharging mode, (C)MBP-assisted charging and discharging mode,
and (D) conventional TCES mode (symbols ⧓ and ) indicate the valve is opened and closed, respectively).
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(1) For the A mode, the MBP is located between the reactor and
the condenser in the charging process. The discharging
process runs identically as in the conventional one. This
mode is characterized by four temperature levels (T2 < T1 <
T1′ < T4) and three pressure levels (Plow < Pcon < Phigh).

(2) For the B mode, the MBP is located between the evaporator
and the reactor in the discharging process. The charging
process runs in the same manner as in the conventional one.
This mode is characterized by four temperature levels (T2 <
T3 < T1′ < T4) and three pressure levels (Pcon < Peva < Phigh).

(3) For the C mode, two MBPs are individually installed in
charging and discharging processes. This mode is
characterized by four temperature levels (T2 < T1 < T3<
T4 or T2 < T3 < T1 < T4, depending on the compression ratio)
and four pressure levels (Plow < Pcon < Peva < Phigh).

(4) For the conventional mode, no MBP is installed and is
characterized by three temperature levels (T2 < T1′ < T4)
and two pressure levels (Pcon < Phigh).

It is worth noting that T1 and T3 can be either the same or
different, depending on the heat source temperature and the
compression ratio of the MBP. The switch of the charging and
discharging process can be realized by regulating Valve 1 (V1)
and Valve 2 (V2); i.e., V1 is open, and V2 is closed in the
charging process, while operating reversely in the discharging
process. Table 1 describes the operating points depicted on
the P–T diagrams and schematic diagrams for charging and
discharging processes in the proposed and
conventional modes.

2.2 Model Assumptions
The following assumptions have been made:

(1) The system works under steady-state conditions

(2) For each reactor, the mass of the reactant salt (SrBr2·H2O,
LiOH/H2O, and CaCl2·H2O) is assumed to be 2 kg

(3) Except for heat sources and sinks, heat exchange with the
surrounding environment is neglected for all components

(4) The temperature difference between the outlet and inlet heat
transfer medium in the components (i.e., reactors,
evaporator, and condenser) is 0°C

(5) For exergy calculation, the reference temperature equals to
the ambient temperature

(6) The influence of the component’s heat capacity is not taken
into account

(7) Pressure drop through the pipelines, valves, and reactive salts
is negligible

(8) Thermal properties of the reactive salt and heat transfer
medium are constant during the cycle

(9) The deviation from the P–T equilibrium lines and the
hysteresis between hydration and dehydration are negligible

2.3 Thermodynamic Model
The reversible chemical reaction of the three selected salts with
water vapor can be formulated as follows:

CaCl2 · 2H2O(s) + ΔHr5CaCl2 ·H2O(s) +H2O(g), (3)
SrBr2 · 6H2O(s) + 5ΔHr5SrBr2 ·H2O(s) + 5H2O(g), (4)

LiOH ·H2O(s) + ΔHr5LiOH(s) +H2O(g). (5)
The liquid–vapor equilibrium line of water and solid–vapor

equilibrium line of the thermoplastic material are determined by
the Clausius–Clapeyron relation (Goetz et al., 1993), as follows:

P
P0

� exp( − ΔHr

RT
+ ΔSr

R
), (6)

where P0 is the reference pressure (100 kPa); P and T are the
equilibrium pressure and temperature of the liquid–vapor or

TABLE 1 | Explanation of the operating points illustrated on the P–T chart and schematic diagram for the proposed and conventional modes, corresponding to Figures 1, 2.

Charging process Discharging process

Point Description Point Description

① Reactor operating point during the MBP-assisted charging process ④ Reactor operating point during the discharging process
①′ Reactor operating point during the conventional charging process ③ Evaporator: liquid water evaporates with the aid of MBP
② Condenser: water vapor is completely condensed at the ambient

temperature
③′ Evaporator: liquid water evaporates during the conventional charging

process
①→② Isentropic compression step: water vapor is pressurized from the reactor

to the condenser
③→④ Isentropic compression step: water vapor is pressurized from the

evaporator to the reactor
①′→② Isobaric condensing step: the pressure of water vapor remains constant

during the conventional charging process
③′→④ Isobaric condensing step: water vapor maintains a constant pressure

during the conventional charging process
③→② Precooling step for condenser after the MBP-assisted discharging

process: liquid water is cooled to ambient temperature before the charging
process

②→③ Preheating step for evaporator: liquid water is heated from ambient
temperature to evaporating temperature before the MBP-assisted
discharging process

③′→② Precooling step for condenser after the conventional discharging process:
liquid water is cooled to ambient temperature before the charging process

②→③′ Preheating step for evaporator: liquid water is heated from ambient
temperature to evaporating temperature before the conventional
discharging process

④→① Precooling step for reactor: reactant salt is cooled to ambient temperature
before the MBP-assisted charging process

①→④ Preheating step for reactor: reactant salt is heated from ambient
temperature to discharging temperature during the MBP-assisted
discharging process

④→①′ Precooling step for reactor: reactant salt is cooled to ambient temperature
before the conventional charging process

①′→④ Preheating step for reactor: reactant salt is heated from ambient
temperature to discharging temperature during the conventional
discharging process
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solid–vapor, respectively; R is the ideal gas molar constant [J/
(molK)]; and ΔHr and ΔSr are, respectively, the standard enthalpy
of reaction [J/mol] and standard entropy of reaction [J/(mol K)]
per mole of water vapor and hypothesized to not change with
temperature. The thermodynamic parameters of the water and
reactant salts are tabulated in Table 2, while the P–T curves of
pure water and selected reactant salts are illustrated in Figure 3.

The outlet vapor from the MBP is required to be heated up to
the output temperature of the reactor (T4) and is calculated as
follows:

Qv � cp,vηrΔNH2O(T4 − Td), (7)
where cp,v is the specific heat of water vapor at MBP discharge; Td

is the temperature of vapor exiting the MBP; ΔNH2O is the
theoretical molar amount of water vapor which is released
from M·(x + y)H2O during the charging process or adsorbed
by M·yH2O within the discharging period; and ηr is reaction
advancement representing the fraction of actual molar amount of
released or adsorbed water vapor at any moment during the
process relative to the theoretical molar amount of water vapor,
which is employed to indicate the degree of completeness of the
reaction. It is worth mentioning that the increasing Td reduces the

heat load requirement. When Td > T4, the surplus heat contained
in water vapor is conducive to the heat output of the reactor.

The heat load required for the reactant salts to reach the
operating conditions of the discharging process, i.e., T4 and Phigh,
can be calculated as follows:

Qsalt � ΔNH2O

νH2O
(T4 − T2)[cp,M·yH2Oηr + cp,M·(x+y)H2O(1 − ηr)],

(8)
where cp,MxH2O and cp,M·(x+y)H2O are, respectively, the specific
heat of M·(x + y)H2O and M·xH2O; vH2O is the stoichiometric
coefficient of H2O in Eq. 1.

In the preheating process, a part of the hydration heat, which is
given by Eq. 9, is employed to heat up the reactant salt.

Qr � ΔHrηr. (9)
The output heat of the reactor can then be obtained by

subtracting Qv and Qsalt from Qr, as follows:

Qdis � ΔHrηr −
ΔNH2O

νH2O
(T4 − T2)[cp,M·yH2Oηr

+ cp,M·(x+y)H2O(1 − ηr)] − cp,vηrΔNH2O(T4 − Td). (10)

The actual power consumed by the MBP per mole of vapor in
[kJ/mol] can be obtained by employing the following equation:

Wp � RTs

ηp
k

k − 1
⎡⎢⎢⎣(Pd

Ps
)

k−1
k

− 1⎤⎥⎥⎦, (11)

where T and P represent the temperature and pressure of water
vapor, respectively; subscripts s and d denote the suction and
discharge port of the MBP, respectively; and isentropic efficiency,
ηp, is defined as a ratio of power consumed by the MBP under
isentropic conditions to the actual power consumed. Depending
on design and size, typical compressor isentropic efficiency
ranges from 65% to 100% (Cengel and Boles, 2015). The
isentropic efficiency range of 70%~90% has been considered in
this study. R is the ideal gas constant [J/mol/K]. k is the ratio of
specific heat at constant pressure (cp,v) to specific heat at constant
volume (cv,v) [1.33 for water vapor (Engineering ToolBox, 2003)],
expressed as follows:

TABLE 2 | Thermodynamic parameters for reactive materials (Lide, 1999; Engineering ToolBox, 2004; Lahmidi et al., 2006; Glasser, 2014; Kubota et al., 2014; Abernathy
and Brown, 2015; Fopah-Lele and Tamba, 2017; Cal-Chlor Corporation, 2018; Livent, 2018).

Reactive materials Cp [J/mol/K] ΔH [kJ/mol-H2O] ΔS [J/mol/K]

H2O 34.5 (vapor) 43.3 116
4.2 (liquid)

LiOH/LiOH·H2O 49.7 (LiOH) 64.3 161
79.6 (LiOH·H2O)

SrBr2·H2O/SrBr2·6H2O 121 (SrBr2·H2O) 67.4 175
344.8 (SrBr2·6H2O)

CaCl2·H2O/CaCl2·2H2O 108 (CaCl2·H2O) 51.2 145
172.4 (CaCl2·2H2O)

FIGURE 3 | Thermodynamic equilibrium of water and the selected
thermochemical working pairs of SrBr2·6H2O, LiOH·H2O, and CaCl2·2H2O.
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k � cp,v
cv,v

. (12)

Compression ratio is defined as the ratio of the MBP’s
discharge pressure (Pd) to suction pressure (Ps) and can be
calculated as follows:

Cr � Pd

Ps
. (13)

In the case of the MBP-assisted charging mode, Ps is the
reactor pressure at heat source temperature and Pd is equal to the
condensing pressure at ambient temperature, while in the case of
the MBP-assisted discharging mode, Ps is the same as the
evaporating pressure at heat source temperature and Pd is the
reactor pressure that corresponds to the output temperature of
the reactor.

The discharge temperature of the MBP is given by

Td � Ts + TsC
k−1
k
r − Ts

ηp
. (14)

Similarly, the heat required to heat up the reactant salt from
ambient temperature to the charging temperature in the charging
process is given by the following equation:

Q0 � ΔNH2O

νH2O
(T1 − T2)[cp,M·yH2O(1 − ηr) + cp,M·(x+y)H2Oηr]. (15)

Consequently, the total heat supplied to the reactor during the
charging process can be obtained by summing up Q0 and the
dehydration reaction heat which is assumed to be identical to the
hydration heat as Eq. 9.

Q1 � ΔHrηr +
ΔNH2O

νH2O
(T1 − T2)[cp,M·yH2O(1 − ηr)

+ cp,M·(x+y)H2Oηr]. (16)

In the preheating process②→③, the heat needed to raise the
liquid water in the condenser from ambient temperature to the
evaporating temperature is expressed as follows:

Q2 � cp,lΔNH2O(T3 − T2). (17)
In the evaporating process, the heat supplied to the evaporator

can be written as follows:

Q3 � ΔHvapΔNH2Oηr, (18)
where ΔHr is the enthalpy of vaporization of water at T3.

In the precooling step, the heat exchange between the reactor/
condenser and the environment is not considered in evaluating
the performance indicators because the environment plays the
role of a heat sink. Consequently, this topic will not be discussed
further here.

2.4 Performance Indicators
In order to quantify the enhancements achieved by the MBP-
assisted TCES modes over the conventional system, several key
performance indicators have been considered as follows.

Two distinct coefficients of performance, i.e., the total
coefficient of performance (COPtotal) and the electrical
coefficient of performance (COPelec), are defined to investigate
system performance from the first law of thermodynamics
perspective. COPtotal is the ratio of the useful heat output
from the reactor during the discharging process to the total
energy consumption of the system, illustrated as follows:

COPtotal � Q4

Q1 + Q2 + Q3 + Q5 +Wp,t
, (19)

where Wp,t is the total power consumption of the MBP in the
charging and discharging process, in [kJ].

COPelec is the ratio of the useful heat output from the reactor
during the discharging process to the power consumed by the
MBP. It can be used to compare with the heat pump system and is
represented as follows:

COPelec � Q4

Wp,t
. (20)

The investigation based on the first law does not account for
the energy quality. In order to obtain a more comprehensive
thermodynamical performance assessment for the proposed
system, the exergy analysis that relies on the second law of
thermodynamics has also been studied. Exergy analysis
provides an accurate indication of the available exergy that
can be utilized from a system when it reaches the
thermodynamic equilibrium with the reference environment.
Exergy efficiency is a ratio of output flow of exergy to input
flow of exergy, defined as follows:

ηex �
Output exergy

Input exergy

�
Q4(1 − T2/T4

)
Q1(1 − T2/T1

) + (Q2 + Q3)(1 − T2/T3

) +Wp,t, (21)

where the output exergy corresponds to exergy of the heat
discharged from the reactor at T4 to the environment; the
input exergy is the sum of the exergies associated with heat
transfer from T2 to T1 in the reactant salt during the charging
process, the heat required to warm up the liquid water from T2 to
T3, the vaporization heat required for the evaporation, and the
work input to the MBP. The first and second terms in the
denominator are defined as the input exergy caused by heat
transfer, while the last term represents the input exergy induced
by the electric power consumed.

3 RESULTS AND DISCUSSION

Thermodynamic analysis from the perspective of energy and
exergy is conducted to investigate the influence of selected critical
operating parameters (MBP isentropic efficiency, compression
ratio, reaction advancement, and condensing temperature) on
system performance. Compression ratios generally vary between
1.05~10 according to the type of compressor (Kayode Coker,
2015). Due to the simple structure, good stability, small vibration,
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and no lubricant contaminations, the roots water vapor
compressor is widely used in various industrial processes for
compression of vapor streamwith a commonly used compression
ratio range of 1.2~2.4 (Hong et al., 2018; Hu et al., 2018). In this
research, the maximum compression ratio of MBP is set as 3.
Regarding the discharge temperature of the compressor, it is

recommended by manufacturers that it should not exceed 180°C
to prevent oil degradation, which may cause deterioration in the
compressor’s performance and lead to subsequent reduction of
their service life (Ferrucci et al., 2018). In addition, condensing
temperatures are selected based on the average autumn and
winter temperature range in the Cantonese region of Southern
China.

3.1 Comparison of Heat Source
Temperature and MBP Discharge
Temperature
Figure 4 illustrates the heat source temperature as a function of
the compression ratio at different condensing temperatures.
Solid lines and dotted lines indicate the discharging process
and charging process, respectively. Cr = 1.0 represents the
conventional mode without the MBP, while Cr > 1.0 indicates
the proposed modes with the MBP. During the simulation, the
heat output temperatures of the reactor in the discharging
process at the condensing temperature of 7, 16, and 24°C are
set as 72, 78, and 83°C for SrBr2·H2O/H2O; 87, 94, and 100°C for
LiOH/H2O; and 122, 135, and 146°C for CaCl2·H2O/H2O,
respectively. According to Figure 4, the heat source
temperature is lower for a higher compression ratio. This is
because the discharge pressure of the MBP set at a fixed value
results in the decrease in suction pressure with the increased
compression ratio, and therefore, lower heat source temperature
is required. Taking the CaCl2·H2O/H2O working pair as an
instance (Figure 4C), the discharging process can work when
the driving temperature is higher than 38°C under Cr = 3.0 and
Tcon = 24°C; however, the lowest driving temperature is about
60°C for the conventional mode (i.e., Cr = 1.0). As the condensing
temperature decreases, the heat source temperature reduces due
to the lower condensing temperature corresponding to lower
vapor pressure, as can be predicted from Figure 1. In addition, it
can be observed that heat source temperatures required for the
charging process are higher than those of the discharging process
under the same operating conditions. This is mainly because the
condenser pressure in the charging process is much lower than
that of the reactor in the discharging process, leading to a smaller
change in pressure during the charging process under the same
compression ratio and, thus, a smaller temperature change. It
should be mentioned again that heat source temperatures in both
processes are equal at the compression ratio of 1 (i.e., the
conventional thermochemical cycle), thus giving rise to the
abovementioned results.

Using the proposedmodes, the heat source temperature can be
adjusted in a wider range when necessary. For example, in the
case of SrBr2·H2O/H2O, when the compression ratio increases
from 1.0 to 3.0, heat source temperatures of the evaporator
(discharging process) and reactor (charging process) decrease
from 57°C to 36°C and 43°C at the condensing temperature of
24°C, from 50°C to 30°C and 37°C at the condensing temperature
of 16°C, and from 43°C to 23°C and 30°C at the condensing
temperature of 7°C, respectively.

Figure 5 shows the variation of MBP discharge temperature
for different condensing temperatures at different

FIGURE 4 | Variation of heat source temperature with the compression
ratio by using (A) SrBr2·H2O/H2O, (B) LiOH/H2O, and (C) CaCl2·H2O/H2O as
the working pair for three scenarios of condensing temperature (solid lines:
discharging process; dotted lines: charging process).
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compression ratios. As can be seen from Figure 5, the
discharge temperature of the MBP has a rising trend with
the increase of compression ratio that shows the opposite
tendency to that of the heat source temperature.
Additionally, it can be noticed that the improvement of
MBP isentropic efficiency is associated with a reduction in
the MBP discharge temperature, and the magnitude of this
reduction becomes more obvious with an increase in
compression ratio. For example, when using SrBr2·H2O/
H2O, the temperature reduction achieved between the
isentropic efficiency of 70% and 90% at the condensing
temperature of 24°C rises from 11°C to 31°C as the
compression ratio increases from 1.5 to 3.0. This is
attributed to MBP discharge temperature that is
proportional to the compression ratio but inversely
correlated with MBP isentropic efficiency for a given heat
source temperature, according to Eq. 11. The discharge
temperature of the MBP in the charging process is higher
than that of the discharging process caused by the higher Ts, as
revealed in Figure 5. In addition, due to the higher heat source
temperature requirement, CaCl2·H2O/H2O has a greater MBP
discharge temperature than the other two pairs. The highest
MBP discharge temperature is noticed under the operating
conditions of Tcon = 24°C, Cr = 3.0, and ηp = 70% in the
charging process, which is 207°C for CaCl2·H2O/H2O, followed
by 193°C for LiOH/H2O and 184°C for SrBr2·H2O/H2O. To
ensure that the discharge temperature of the MBP is not
exceeding the maximum permissible value of 180°C, the
compression ratio must be lower (or the heat source
temperature must be higher than) than a specific value,
which is determined by the operating modes, conditions,
and working pairs. Under the selected conditions, systems
with ηp of 90% can satisfy the requirement of temperature
limit. However, systems with a low ηp value cannot function

FIGURE 5 | Variation of MBP discharge temperature with the
compression ratio by using (A) SrBr2·H2O/H2O, (B) LiOH/H2O, and (C)
CaCl2·H2O/H2O as the working pair at different operating conditions (solid
lines with triangles and squares represent the discharging process and
charging process at an isentropic efficiency of 90%, respectively; dashed lines
with triangles and squares represent the discharging process and charging
process at an isentropic efficiency of 70%, respectively).

FIGURE 6 | Variations of MBP electricity consumption andCOPelec in the
A mode and B mode using SrBr2·H2O/H2O as a working pair with the
compression ratio at Tcon = 7°C and ηr = 1 (solid lines represent the isentropic
efficiency of the MBP is 90%; dashed lines indicate the isentropic
efficiency of the MBP is 70%; and blue and red indicate the A mode and B
mode, respectively.).
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normally under certain operating conditions, especially at
high-condensing temperature and high-compression ratio
regions. Therefore, it demonstrates that the maximum
allowable operating Cr and condensing temperature can be
increased by improving the isentropic efficiency of the MBP.

3.2 Comparison of Energy Efficiency
Figure 6 illustrates the variations of electricity consumption
of the MBP and COPelec in the A mode and B mode with
compression ratios for different MBP isentropic efficiencies.
The condensing temperature and reaction advancement are
kept constant as 7°C and 1, respectively. With the increase of
compression ratio, the electricity consumptions increase
while COPelecs decrease. It can be noticed that the COPelecs
obtained with the A mode are slightly lower than those
obtained with the B mode, but the difference is marginal.
There are two reasons accountable for this difference. The first
is that the electricity consumption in the A mode is higher
than that in the B mode, as can be observed from Figure 6. The
second is that the amount of heat released from the reactor

during the discharging process in the B mode increases with
the compression ratio and is larger than that in the A mode
which remains constant, as illustrated in Supplementary
Figure S1. The reason behind the increase in the amount
of heat released in the B mode is that the rise in the MBP
discharge temperature, as discussed above and shown in
Figure 5, contributes to the reduction of heat load
requirement for the preheating process of ①→④, while the
high-temperature discharge vapor from the MBP in the
charging process is condensed in the condenser, releasing
directly its sensible and latent heat to the ambient
environment. Furthermore, as the compressor efficiency
increases, the electricity consumption reduces. The
magnitude of this reduction becomes more evident with the
increase in compression ratio, representing the same trend as
the MBP discharge temperature mentioned above.

Figure 7 depicts the electricity consumption and COPelec of B
and C modes under various operating conditions. The electricity
consumption of the C mode is the sum of A and B modes,
approximately two times higher than that of the B mode

FIGURE 7 | Influence of compression ratio on (A) electricity
consumption and (B) COPelec for the B mode and C mode using SrBr2·H2O/
H2O as the working pair under different condensing temperatures and MBP
isentropic efficiencies.

FIGURE 8 | Influence of compression ratio on (A) the electricity
consumption of the MBP and (B) COPelec in the B mode with an isentropic
efficiency of 70% for different working pairs at different condensing
temperatures.
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(Figure 7A), leading to a degradation in COPelec of about 50%, as
shown in Figure 7B. Taking Tcon = 7°C, ηp = 70%, and Cr = 2 as
an example, the electricity consumption in the B mode and C

mode is 103 and 207 kJ, with the corresponding COPelec of 24.6
and 12.2, respectively.

The dependence of COPelec and electricity consumption of
MBP on the compression ratio for different working pairs at
different condensing temperatures in the B mode is shown in
Figure 8. According to Figure 8A, the electricity consumption
follows the order of LiOH/H2O > SrBr2·H2O/H2O > CaCl2·H2O/
H2O under the same operating condition. This is because, as
stated above, the mass of the three types of reactive salt is assumed
to be 2 kg, resulting in the molar amount of water vapor (ΔNH2O)
reacted at the reaction advancement of 1 to be 37.7, 47.7, and
15.5 mol for SrBr2·H2O, LiOH/H2O, and CaCl2·H2O,
respectively. The higher the ΔNH2O, the larger the electricity
consumption. Although the higher suction temperature of the
MBP, i.e., the evaporating temperature/heat source temperature
(CaCl2·H2O/H2O > LiOH/H2O > SrBr2·H2O/H2O as presented
in Figure 4), also contributes to the increase of electricity
consumption, ΔNH2O has a more significant influence,
according to Eq. 11. In addition, for the same working pair, a
higher condensing temperature leads to larger electricity
consumption at the same compression ratio due to the
requirement of a higher evaporating temperature.

For each case, an increase in the compression ratio leads to a
decrease in COPelec due to the increase of electricity consumption
of the MBP, as illustrated in Figure 8B. Unlike variation
tendencies in electricity consumption, SrBr2·H2O/H2O exhibits
the highest COPelec value, while CaCl2·H2O/H2O shows the
smallest value, although it consumes the lowest electric power.
The reason is that, as discussed above, the amount of heat output
of CaCl2·H2O/H2O is much smaller than that of the other two
working pairs at the given operating conditions. Furthermore, the
condensing temperature has a negligible effect on COPelec,
especially under the large compression ratio, due to the much
higher amount of heat output compared to electricity
consumption. This further demonstrates that the proposed
system can achieve satisfactory performance by sacrificing a
small amount of electric energy.

In conclusion, values of COPelec in A and B modes maintain a
comparatively higher level, ranging from 7.04 (CaCl2·H2O/H2O)
to 13.72 (SrBr2·H2O/H2O) for the A mode and from 8.01
(CaCl2·H2O/H2O) to 14.92 (SrBr2·H2O/H2O) for the B mode
under the operating conditions of Cr = 3, Tcon = 24°C, and ηr = 3.
Concerning the Cmode, the COPelec values are smaller than those
of the other two modes, varying from 3.98 (CaCl2·H2O/H2O) to
7.37 (SrBr2·H2O/H2O), which are still comparable to the
conventional heat pump system.

Figure 9 plots the variation tendencies of COPtotal for three
different working pairs in different operating modes. By
comparing Figures 9A–C, it can be observed that, for the A
mode, a slight decline in COPtotal with the compression ratio can
be observed in the three working pairs. In contrast, COPtotals
improve as the compression ratio increases in the B mode due to
the positive contribution of high-temperature discharge vapor of
the MBP to the heat output, as described in Figure 5. Under the
combined influence of two MBPs (one in the charging process
and the other in the discharging process), a slight increase of
COPtotal in the C mode is detected. Furthermore, the variation

FIGURE 9 | Influence of compression ratio on COPtotal for A (lines with
squares), B (lines with triangles), and C (lines with circles) modes using (A)
SrBr2·H2O/H2O, (B) LiOH/H2O, and (C) CaCl2·H2O/H2O as working pairs
under different operating conditions (solid lines represent the isentropic
efficiency of the MBP is 90%; dashed lines indicate the isentropic efficiency of
the MBP is 70%; and red, blue, and green denote the condensing
temperature of 7, 16, and 24°C, respectively).
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tendencies of COPtotal with the change in condensing
temperature when using SrBr2·H2O/H2O or LiOH/H2O as the
working pair are similar, i.e., increases with an increase in
condensing temperature, while CaCl2·H2O/H2O exhibits an

opposite trend. The primary cause is that the temperature
differences between the heat output and the ambient
temperature in the discharging process (ΔT3 = T4−T2) and
between the heat source and the condenser in the charging
process (ΔT4 = T1−T2) decline with the increase in condensing
temperature for SrBr2·H2O/H2O and LiOH/H2O. Taking the
SrBr2·H2O/H2O pair employed in the B mode as an instance,
ΔT3 and ΔT4 decrease from 65 to 59°C and from 36 to 33°C as the
condensing temperature changes from 7 to 24°C, respectively,
resulting in the reduction of Qsalt and Q1 according to Eqs 8–16.
Despite the electricity consumption of the MBP rising with the
condensing temperature, as shown in Figure 8A, the total energy
input (the denominator of Eq. 19) decreases, leading to the
increase of COPtotal. As for the CaCl2·H2O/H2O pair, however,
ΔT3 and ΔT4 increase from 115 to 122°C and from 52 to 56°C as
the condensing temperature rises from 7 to 24°C, respectively,
leading to the increment of Qsalt and Q1 and, thus, the decrease of
COPtotal corresponding to Eq. 19.

Moreover, it can be found that COPtotals decrease as a function
of increasing isentropic efficiency of MBP in B and C modes,
while the opposite holds for A mode. In addition, the difference
induced byMBP isentropic efficiency increases with the growth of
compression ratio. This phenomenon can be attributed to the
recovery of heat contained in the discharge vapor of the MBP, as
discussed in Figure 5. The variation ranges of COPtotal and
COPelec values at Cr = 3 and ηp = 70% are 0.53~0.59 and
7.4~19.6 for SrBr2·H2O/H2O, 0.48~0.53 and 6.6~17.5 for
LiOH/H2O, and 0.28~0.33 and 4.0~8.6 for CaCl2·H2O/H2O,
respectively. On the whole, under the conditions that the
conventional mode cannot work, the three proposed modes
can acquire satisfied and relatively stable COPtotal by
sacrificing a small amount of electric energy. Moreover, the
COPelec value is comparable to that of the heat pump system.

3.3 Comparison of Exergy Efficiency
The exergy efficiencies of different modes using different working
pairs at varying compression ratios are presented in Figure 10.
Reaction advancement is set as 1. It can be seen that lower MBP
isentropic efficiency contributes to lower exergy efficiency
because of higher electric power consumed. For instance,
when using SrBr2·H2O/H2O as the working pair, the decline in
exergy efficiency is 7.5%, 5.9%, and 11.7% for A, B, and C modes,
respectively, whereas isentropic efficiency suffers a decrease from
90% to 70% at Tcon = 24°C and Cr = 3.

By comparing Figures 10A~C, it can be observed that the
exergy efficiency of SrBr2·H2O/H2O and LiOH/H2O working
pairs tend to deteriorate with an increase in compression ratio
in both A and B modes, thus resulting in the decrease in the C
mode which is even more pronounced. Taking Tcon = 24°C and ηp
= 70% as an example, the exergy efficiencies of A, B, and C modes
using SrBr2·H2O/H2O decrease from 0.95 to 0.82, 0.88, and 0.78
(corresponding to the drop rates of 15.3%, 7.9%, and 22.3%),
respectively, with the increase in compression ratio from 1.0 to
3.0. Compared to the A mode, a relatively slight reduction of
exergy efficiency can be observed in the B mode for SrBr2·H2O/
H2O and LiOH/H2O, primarily due to the lower electricity
consumption and higher heat output.

FIGURE 10 | Comparisons of exergy efficiencies under different
compression ratios and condensing temperatures for the three working pairs:
(A) A mode, (B) B mode, and (C) C mode (solid lines represent the isentropic
efficiency of the MBP is 90%; dashed lines indicate the isentropic
efficiency of the MBP is 70%; and red, blue, and green denote the condensing
temperature of 7, 16, and 24°C, respectively).
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It can be found that reversal points exist in all three modes
when employing SrBr2·H2O/H2O or LiOH/H2O as working pairs.
On the left side of the reversal point, the exergy efficiency slightly
increases with the condensing temperature. In contrast, on the
right side, higher condensing temperature causes lower exergy
efficiency. It suggests that the higher the condensing temperature
is, the more significant the reduction in exergy efficiency is with
an increase in compression ratio due to greater electric power
consumed, as depicted in Figure 8A. Also, the reversal point
appears in a lower compression ratio region when the MBP
isentropic efficiency is low. As an illustration, the reversal points
are located in the compression ratio range of 1.25~1.5 and 2.0~2.5
for the Cmode with anMBP isentropic efficiency of 70% and 90%
when using SrBr2·H2O/H2O as the working pair, respectively, as
indicated in Figure 10C. This could be attributed to the following
aspects. On the one hand, the higher condensing temperature
leads to lower exergy output due to T2/T4 (i.e., the temperature
ratio of the condenser to heat output) getting larger. On the other
hand, the increase of condensing temperature will also result in
the decline of exergy input caused by the heat transfer (i.e., the
first and the second term of the denominator in Eq. 21), owing to
the increase in T2/T1 and T2/T3 and the increase in electricity
consumption. Although the exergy input by heat transfer plays
the principal role in the variation of exergy input, i.e., the total
exergy input decreases with condensing temperature, the
electricity consumption is accounted for an increase in the
proportion of total exergy input with the increase in
condensing temperature and compression ratio. The increase
in electricity consumption leads to a lower reducing rate of
total exergy input than the exergy output at the high-
compression ratio region and, therefore, the decrease in exergy
efficiency. On the contrary, in the low-compression ratio region,
the reduction in the total exergy input is more significant than
that in the exergy output due to the effect of increasing electricity
consumption on the reducing rate of total exergy input being less
marked. This effect, however, will be enhanced with the descent
of MBP isentropic efficiency. A similar behavior can be observed
for LiOH/H2O.

In contrast, for CaCl2·H2O/H2O, the decline in condensing
temperature gives rise to the enhancement of exergy efficiency,
and no reversal point exists, which is consistent with that of the
COPtotal, as shown in Figure 10. This is because when the
condensing temperature increases, the output exergy decreases,
while the input exergy increases in all conditions. In addition, it
can be found from Figure 10B that the increase in the
compression ratio has a negligible influence on the exergy
efficiency of CaCl2·H2O/H2O in the B mode, owing to the
output and input exergy sharing a close increasing rate with
the compression ratio (as depicted in Supplementary Figure S2).
This variation tendency differs from that observed in the Amode,
whose output exergy remains constant (A mode) while the input
exergy increases with the compression ratio due to the increase in
electricity consumption.

It can be observed that the exergy efficiencies of the working
pairs follow the same order as COPs under the same operating
condition, i.e., SrBr2·H2O/H2O (0.78~0.95) > LiOH/H2O
(0.75~0.89) > CaCl2·H2O/H2O (0.56~0.60). The explanation

for the poor exergy efficiency value of CaCl2·H2O/H2O is two-
fold. One aspect is its small amount of heat output leads to smaller
output exergy. The other aspect is the relatively higher heat input
needed during the charging process and the higher temperature
difference between the heat source and the condenser, bringing
about larger input exergy.

3.4 Influence of Reaction Advancement
In this section, the influence of the reaction advancement on
performance indicators is investigated, taking the B mode using
SrBr2·H2O/H2O as the working pair as a representative.

Figure 11 exhibits the influence of reaction advancement on
COPelec and COPtotal of the B mode employing SrBr2·H2O/H2O as
the working pair under various operating conditions. As shown in
Figure 11A, the COPelec indicates a rapid increase at first and then
gradually increases with the reaction advancement. This is because
the fractional change in the heat output with reaction advancement,
which is expressed as α = (Qout,2-Qout,1)/Qout,1 (where Qout,2 and
Qout,1 are the amount of heat output at the reaction advancement of
ηr,2 and ηr,1, respectively, e.g., ηr,2 = 0.15 and ηr,1 = 0.10), is much
higher than that of the electricity consumption, which is expressed as

FIGURE 11 | Variations in (A) COPelec and (B) COPtotal with reaction
advancement using SrBr2·H2O/H2O as the working pair at different
condensing temperatures and MBP isentropic efficiencies.
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β = (Wp,2−Wp,1)/Wp,1 (where Wp,2 and Wp,1 denote the amount of
electricity consumption at the reaction advancement of ηr,2 and ηr,1,
respectively), at the lower reaction advancement range (ηr < 0.2), as
illustrated in Supplementary Figure S3. However, the difference
between these two fractional changes becomes smaller when the
reaction advancement is larger than 0.2.

The higher condensing temperature leads to a higher COPelec
when the reaction advancement is lower than 0.2; otherwise, the
higher condensing temperature gives rise to a lower COPelec. The
main reason for this trend is that the ratio of heat output at
different condensing temperatures is inferior to that of electricity
consumption when the reaction advancement is under 0.2. For
instance, as shown in Supplementary Figure S4, the ratio of heat
output at 7°C (Qout,7°C) to heat output at 24°C (Qout,24°C) is smaller
than the ratio of electricity consumption at 7°C (Wp,7°C) to
electricity consumption at 24°C (Wp,24°C) when ηr < 0.2,
resulting in higher COPelec value at higher condensing
temperature. Nevertheless, the situation is reversed when the
reaction advancement exceeds 0.2, i.e., Qout,7°C`/Qout,24°C is
greater than Wp,7°C/Wp,24°C, implying that the amount of heat
output plays a more critical role in COPelec rather than the
electricity consumption of MBP.

It is observed from Supplementary Figure S5A that the
LiOH/H2O working pair has the same tendency as that in
SrBr2·H2O/H2O. However, this variation trend does not
appear when using CaCl2·H2O/H2O as the working pair as a
lower condensing temperature contributes to a higher COPelec
within the whole range of reaction advancement, as illustrated in
Supplementary Figure S5B. This is due to the higher amount of
heat output and minor electricity consumption under the lower-
condensing temperature condition than the higher one
(Supplementary Figure S6C).

Similarly, COPtotal increases with the reaction advancement, as
illustrated in Figure 11B. The COPtotal slightly increases with the
higher condensing temperature, resulting from a minor
temperature difference between the heat source and the
condenser that reduces the heat load needed to preheat the
working pairs. Compared to COPelec, COPtotal is little affected
by the isentropic efficiency of the MBP due to the amount of heat
output being higher at lower isentropic efficiency that counteracts
the adverse effect of increased electricity consumption.
Furthermore, it can be seen from Supplementary Figure S7
that, under the same operating conditions, the heat outputs in
mode B with different compression ratios are high when
compared with the conventional mode over the whole range
of reaction advancement. As a consequence, the COPtotals are
larger, as illustrated in Figure 12A.

Because of the limited heat andmass transfer performance, the
reaction advancement is commonly regulated in the range from
0.7 to 0.9 under practical operating conditions (Jiang et al., 2020).
Within this range, COPtotals of the B mode could be enhanced by
2%–7% when the compression ratio varies from 1.5 to 3.0,
compared with those of the conventional mode, as indicated
in Figure 12A. It can be observed that the values of COPelec and
COPtotal are less than 0 when the reaction advancement is smaller
than about 0.1. This phenomenon is because the sum of the heat
required to preheat the reactant salt and the discharge vapor of
theMBP, i.e., the second and third terms on the right-hand side of
Eq. 10, is greater than the reaction heat (the first term on the
right-hand side). A similar phenomenon is observed in the other
two working pairs, as shown in Supplementary Figures S8, S9.
Still, in the case of CaCl2·H2O/H2O, the reaction advancement
needs to be larger than 0.35 to make the reactor release heat

FIGURE 12 | Effect of reaction advancement on (A) COPtotal, (B)
COPelec, and (C) ηex of the B mode using SrBr2·H2O/H2O as the working pair
at the condensing temperature of 7°C and MBP isentropic efficiency of 70%.
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properly, mainly because the heat required to warm the reactant
salt is significantly higher than the heat output when the reaction
advancement is lower than 0.35. The main reason for the higher
heat demand on the CaCl2·H2O/H2O pair is that the heat output
temperature is much larger than that of the other two working
pairs (e.g., 72, 87, and 122°C for SrBr2·H2O/H2O, LiOH/H2O, and
CaCl2·H2O/H2O, respectively, at the condensing temperature of
7°C, as shown in Supplementary Figure S10), contributing to a
greater temperature difference (T4 − T2) as indicated in Eq. 8.

With the extension of reaction advancement, COPelec increases
significantly when the reaction advancement is less than 0.2, followed
by a gradual increase, as illustrated in Figure 12B. Due to relatively
low electricity consumption, the lower compression ratio and better
MBP isentropic efficiency result in higher COPelec. Under this
scenario, the maximum and minimum values of COPelec at the
reaction advancement of 0.8 and the MBP isentropic efficiency of
70% are 41.3 (Cr = 1.5) and 15.2 (Cr = 3.0), respectively, and they
remain at relatively high levels.

As demonstrated in Figure 12C, a higher compression
ratio favors larger exergy efficiency when the reaction
advancement is below 0.35; however, a higher compression
ratio reduces exergy efficiency as the reaction advancement is
before 0.35. In addition, the exergy efficiency differences
between the B mode and the conventional mode increase
with the increment of reaction advancement. The primary
reason is that, for the B mode, although both the values of
input and output exergies increase with reaction
advancement, the increase is more pronounced in the
former for reaction advancement greater than 0.35, as
shown in Supplementary Figure S11A. Instead, the
conventional mode shows the opposite pattern, i.e., the rise
in the exergy output is more marked. The reason for the
different behaviors of these two modes is that the electricity
consumption of the MBP in the B mode utilizing SrBr2·H2O/
H2O as the working pair a growing share of the input exergy
with the increasing reaction advancement and compression
ratio. Furthermore, it becomes increasingly prominent when
the MBP isentropic efficiency declines. Supplementary
Figure S12 presents the exergy efficiency of the B mode
(SrBr2·H2O/H2O) with a higher MBP isentropic efficiency
of 90%. It can be seen that the exergy efficiencies are
enhanced, and the reversal point is elevated to about 0.75.
In addition, the difference in exergy efficiency between the B
mode and conventional mode becomes less noticeable when
the reaction advancement exceeds the reversal point. The
same behavior is also observed in the LiOH/H2O working
pair (data not shown).

However, no reversal point is observed for CaCl2·H2O/H2O
due to both operating modes’ input and output exergy change at a
relatively stable rate, as displayed in Supplementary Figure S5B.
In addition, it can be found that CaCl2·H2O/H2O has the lowest
output exergy, while LiOH/H2O has the highest among the three
working pairs. This is mainly because LiOH/H2O has the largest
amount of heat output (2886 kJ), followed by SrBr2·H2O/H2O
(2503 kJ) and CaCl2·H2O/H2O (587 kJ) under the operating
conditions of Tcon = 7°C, ηp = 90%, Cr = 2, and ηr = 1, as
shown in Supplementary Figure S6, even though CaCl2·H2O/

H2O has the highest heat output temperature (122°C,
Supplementary Figure S10).

For the A mode using the SrBr2·H2O/H2O working pair, as
shown in Supplementary Figure S13A, the exergy efficiencies are
all inferior to that of the conventional one. The decline observed
in the exergy efficiency is attributed to the electricity
consumption of the MBP in the charging process that made
no contribution to the output exergy, unlike the B mode, as
demonstrated in Figure 12C, although there is an effect on the
reduction in the charging temperature and, thus, a lower input
exergy; however, electricity consumption has an increasing
impact on the input exergy with exergy efficiency and
compression ratio, finally resulting in a higher input exergy
(Supplementary Figure S13B). It can be seen from
Supplementary Figure S14 that there is little difference
between the A mode and conventional mode when employing
CaCl2·H2O/H2O at theMBP isentropic efficiency of 90% owing to
the fact that the positive and negative effects of the MBP on the
input exergy counteract each other.

4 CONCLUSION

To facilitate efficient utilization of low-grade thermal energy that
the conventional TCES system cannot utilize, three MBP-assisted
TCES operating modes using SrBr2·H2O/H2O, LiOH/H2O, and
CaCl2·H2O/H2O as working pairs are proposed for the
application of heat storage and upgrading. The operating
principles and advances of the proposed modes compared
with the conventional mode are expounded. A detailed
thermodynamic model is established, and the influences of
critical operating parameters on the system performances are
investigated theoretically. The salient conclusions are
summarized as follows:

(1) Contrary to the conventional mode, in which the charging or
discharging process cannot proceed when the low-grade heat
temperature is not high enough, the proposed modes enable
normal operation with the assistance of an MBP driven by
electrical power, making system output more stable and
flexible to meet the diverse requirements of the demand
side. The heat source temperature for different working pairs
can beminimized by up to 21~25°C by employing the Bmode
with a compression ratio of 3.0 at the condensing
temperature of 24°C.

(2) By investing a small quantity of electric energy, the proposed
modes can achieve satisfied COPtotal values with the
operating conditions under which the conventional mode
cannot work. Furthermore, the COPelec values are
comparable to those of the conventional heat pumps. The
variation ranges of COPtotal and COPelec values at ηp = 1 and
ηp = 70% are 0.53~0.59 and 7.4~19.6 for SrBr2·H2O/H2O,
0.48~0.53 and 6.6~17.5 for LiOH/H2O, and 0.28~0.33 and
4.0~8.6 for CaCl2·H2O/H2O, respectively.

(3) From the exergy perspective, A and B modes perform much
better than the C mode due to the lower electric power
consumption. SrBr2·H2O/H2O exhibits the highest exergy
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efficiency of 0.78~0.95, followed by LiOH/H2O (0.75~0.89)
and CaCl2·H2O/H2O (0.56~0.62) at ηp = 1 and ηp = 70%.

(4) There is a maximum permitted value of Cr
(corresponding to a lower limit of heat source
temperature) which is determined by the operating
modes, conditions, and working pairs to guarantee that
the discharge temperature of MBP does not exceed the
maximum allowable value of 180°C. Under the given
conditions, the proposed modes with SrBr2·H2O/H2O
can practically function normally, maintaining the MBP
discharge temperature below safe limits.

(5) Compared with the A mode, the B mode is more effective in
reducing the driving temperature as well as achieving better
system performance, such as applications aiming to achieve a
stable heat output while keeping the heat source temperature
low. In comparison, the C mode is preferable for situations
requiring lower heat source temperature in both charging
and discharging processes.

(6) Among the three working pairs, SrBr2·H2O/H2O has the
best system performance both from energetic and
exergetic perspectives, while CaCl2·H2O/H2O shows the
lowest values. However, on the other hand, CaCl2·H2O/
H2O is better suited to applications requiring higher
output temperatures, implying that a trade-off must be
made between heat output temperature and system
performance.

In conclusion, the proposed modes are promising approaches
compared to the conventional mode due to the significant
improvement in the operating range of heat source
temperature, which, in turn, demonstrates their ability to cope
with the unstable low-grade heat source and improve energy
efficiency. The findings of this study can provide theoretical
references and recommendations for choosing MBP-assisted
TCES modes, operating conditions, and working pairs to use
low-grade heat energy for heat storage and upgrading.
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