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An innovative target-oriented solid-gas thermochemical sorption heat transformer is developed for the integrated energy
storage and energy upgrade of low-grade thermal energy. The operating principle of the proposed energy storage system is
based on the reversible solid-gas chemical reaction whereby thermal energy is stored in form of chemical bonds with
thermochemical sorption process. A novel thermochemical sorption cycle is proposed to upgrade the stored thermal energy
by using a pressure-reducing desorption method during energy storage process and a temperature-lift adsorption technique
during energy release process. Theoretical analysis showed that the proposed target-oriented thermochemical sorption heat
transformer is effective for the integrated energy storage and energy upgrade, and the low-grade thermal energy can be
upgraded from 87 to 171°C using a group of sorption working pair MnCl,-CaCl,-NHjs. Moreover, it can give the flexibility
of deciding the temperature magnitude of energy upgrade by choosing appropriate sorption working pairs. © 2012
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Introduction

Energy shortage is currently becoming an urgent problem
as the increasing industrialization and modernization of the
world with a growing energy demand.' It seems that
advanced energy-saving technology is one of potential meth-
ods to alleviate the intractable issue. Usually, the energy
consumption of various industrial plants accounts for more
than 60% of the total national energy consumption. Thus, it
is very important to improve energy utilization efficiency for
the sustainable development with economic benefits. At the
same time, there exists an enormous amount of low-grade
energy resources from industrial processes in many plants,
such as petroleum and chemical plant, iron and steel plant,
nuclear power plant, and coal-fired power plant. These low-
grade energy resources include industrial waste heat, low-
temperature condensation water, chimney exhaust of furnace,
and exhaust gases from engines, and so on.’

However, a large amount of low-grade waste heat is usu-
ally released directly to the atmosphere or surface water
without rational reutilization in many industrial plants due to
the lack of efficient recovery methods and their low tempera-
tures, which cannot meet the high temperature requirement
in most industrial processes.” These discarded waste heat
would become the negative thermal pollution for the envi-
ronment. Whereas, the low-grade waste heat would become
useful energy resources if they can be reutilized, and can
contribute to reduce primary energy consumption and pro-
mote industrial development at low capital cost. Thus, it is
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desirable to attempt to recycle the low-grade waste heat as
efficiently as possible and upgrade them to higher-tempera-
ture by developing advanced heat transformer technologies.
Heat transformer plays a crucial role in the industrial heat
recovery of low-grade energy resources to improve energy
efficiency, and it is effective for upgrading the temperature
of low-grade heat to a higher useful temperature level. For
successful recovery and utilization of low-grade energy
resources, both energy storage and energy upgrade technolo-
gies are necessary.

The common ways used for energy upgrade using thermal-
powered heat transformer is the liquid-gas absorption heat
transformer, solid-gas physical adsorption heat transformer,
and solid-gas thermochemical sorption heat transformer (or
solid-gas reaction heat transformer).”™ In comparison with
absorption and physical adsorption heat transformer, thermo-
chemical sorption heat transformer has the advantages of no
crystallization and solution corrosion problems, simple com-
ponent, larger amount of reaction heat for high-energy den-
sity, stable working temperature, adaptability to the wide
range of working temperature, and so on.® Therefore, solid-
gas thermochemical sorption heat transformer has the attrac-
tive potential of better commercial value and extensive appli-
cation among these heat transformers, and it is more suitable
for the energy upgrade of different low-grade heat sources in
the industrial heat recovery systems, because it has wide can-
didates of sorption working pairs and the monovariant char-
acteristic of chemical reaction for keeping stable operating
temperature,9 in which different sorption working pairs have
different heat input temperatures during energy consumption
phase. Thus, it can use thermal energy efficiently by select-
ing appropriate sorption working pairs according to the exter-
nal heat sources at different working temperatures.
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Figure 1. Schematic diagram of solid-gas thermochemical sorption heat transformer based on temperature-lift

adsorption process.

(a) Energy storage process of low-grade thermal energy; (b) energy release process for energy upgrade using temperature-lift
adsorption technique. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

In solid-gas thermochemical sorption heat transformer,
thermal energy is stored and upgraded using decomposition
and synthesis reaction processes between a sorption material
and a gas.'” Usually, basic thermochemical sorption heat
transformer has low-temperature upgrade capacity, and the
heat released is mostly used to supply hot water for residen-
tial heating. Thus, the low-energy upgrade capacity is the
main drawback for these energy systems, which has been
still hindering its extensive industrial application for the
reutilization of low-grade waste heat. To improve energy
upgrade capacity, a thermochemical resorption heat trans-
former was proposed using two different salts,'' in which
the condenser/evaporator is replaced by a second solid-gas
reactor. Thermochemical resorption heat transformer has
higher-energy upgrade capacity and working reliability when
compared with thermochemical adsorption heat transformer,
and it has an appropriate operating pressure and thus can
avoid the safety problem caused by the high pressure.12
However, thermochemical adsorption heat transformer has
the advantage of stable heat output temperature during
energy release process in comparison with thermochemical
resorption heat transformer. To further improve the energy
upgrade capacity, some advanced thermochemical adsorption
or resorption heat transformers were developed using two/
multireactors filled with different salts,'>'* in which internal
heat recovery processes are performed between different
reactors. Research showed the working performances can be
improved at different extents, but these systems are compli-
cated and have low reliability.

However, there exist some inherent shortcomings for
aforementioned thermochemical adsorption or resorption
heat transformer during the operating process. For thermo-
chemical adsorption heat transformer system, temperature
upgrade is achieved by lifting the operating pressure of
working gas, and the temperature magnitude of energy
upgrade is nearly proportional to the pressure-lift extent of
the gas. The high-operating pressure is the common draw-
back and it may cause the safety problem when a high-heat
output temperature is required during energy release pro-
cess.” Thus, to keep a reasonable working pressure, the
energy upgrade capacity of thermochemical adsorption heat
transformer is usually low. Moreover, the heat input temper-
ature is relatively high during energy storage process. There-
fore, these energy systems cannot operate when the available
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low-grade heat source temperature is rather low." For ther-
mochemical resorption heat transformer systems, the heat
input temperature can be decreased during energy storage
process and the energy upgrade capacity can be improved
efficiently. However, the heat output temperature usually
fluctuates and decreases during energy release process due to
the oscillation of system operating pressure, which is caused
by the mismatch of chemical reaction rates in different reac-
tors.®!® Thus, it is very difficult to realize the close match
between the energy supply and the energy demand because
of the unstable heat output temperature.

In this article, an innovative target-oriented solid-gas ther-
mochemical sorption heat transformer is proposed which can
overcome the drawbacks by combining the merits of thermo-
chemical adsorption and resorption heat transformers. Low-
grade thermal energy is stored in form of chemical bonds
resulting from solid-gas sorption processes, and the integrated
energy storage and energy upgrade can be accomplished using
the same sorption system. A pressure-reducing desorption
method is used to improve energy upgrade capacity by lower-
ing heat input temperature during energy storage process, and
a temperature-lift adsorption technique is used to further
enhance energy upgrade capacity and to avoid the fluctuation
of heat output temperature during energy release process. The
working performance and thermodynamic characteristics of
the proposed target-oriented thermochemical sorption heat
transformer for integrated energy storage and energy upgrade
are analyzed and discussed.

Description of the Innovative Solid-Gas
Thermochemical Sorption Heat Transformer for
Integrated Energy Storage and Energy Upgrade

Solid-gas thermochemical sorption heat transformer
based on temperature-lift adsorption process
(TSHT-1Salt-L/G)

The working principle of solid-gas thermochemical sorp-
tion heat transformer based on temperature-lift adsorption
process is illustrated in Figure 1. It is mainly comprises of a
solid-gas (S/G) reactor and a refrigerant vessel. The refriger-
ant vessel works as a condenser during energy storage phase
and works as a high-temperature evaporator during energy
release phase. The operating process of this kind of heat
transformer is as follows

DOI 10.1002/aic 1335
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Figure 2. Schematic diagram of solid-gas thermochemical sorption heat transformer based on pressure-reducing

desorption process.

(a) Energy storage process of low-grade thermal energy using pressure-reducing desorption technique; (b) energy release process
of stored low-grade thermal energy. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

During energy storage phase (A-B), the S/G reactor is
heated by an external low-grade heat source at a temperature
Ty, and the refrigerant is desorbed to the condenser. The
low-grade thermal energy is stored in form of chemical
bonds arising from the desorption process, and the desorbed
liquid refrigerant is stored in the refrigerant vessel.

During energy upgrade phase (B-C-D), a temperature-lift
adsorption method is used to upgrade the stored thermal
energy. The liquid refrigerant is first heated to raise its work-
ing temperature from the condensation temperature to a
higher-evaporation temperature (B-C), and then the refriger-
ant evaporates and flows to the S/G reactor to react with salt
(C-D). The chemical reaction heat released during synthesis
reaction process supplies thermal energy for end user appli-
cation at a temperature T,,. Due to the temperature-lift
adsorption process, the evaporation pressure Py during
energy release phase is higher than the condensation pressure
P. during energy storage phase, thus, the heat output temper-
ature becomes higher than the heat input temperature due to
the monovariant characteristic of solid-gas chemical reaction.
The low-grade thermal energy can be upgraded from Tj, to
Tou, and the temperature magnitude of energy upgrade is
expressed as: AT = Ty — Tin.

For solid-gas thermochemical sorption heat transformer
based on temperature-lift adsorption process, it has the
advantage that the heat output temperature is stable during
energy release phase because the operating pressure is con-
trolled by the evaporation pressure of the refrigerant. There-
fore, it is easy to keep a good match of energy supply and
energy demand for end user. However, thermochemical sorp-
tion heat transformer based on temperature-lift adsorption
process has the disadvantage of low-temperature upgrade of
low-grade thermal energy because the evaporation pressure
is unsuitable to keep too high in consideration of the safe
operation.

Solid-gas thermochemical sorption heat transformer
based on pressure-reducing desorption process
(TSHT-2Salts)

The working principle of solid-gas thermochemical sorp-
tion heat transformer based on pressure-reducing desorption
process is shown Figure 2. It consists of two reactors: a S/G
primary reactor with a primary reactive salt (PRS) and a S/G
secondary reactor with a secondary reactive salt (SRS). At
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the same working pressure, the PRS has a higher-equilibrium
temperature than SRS. The operating process of this kind of
heat transformer is as follows

During energy storage phase (A-B), a pressure-reducing
desorption method is used to store the thermal energy. The
secondary reactor is used to lower the heat input temperature
of the primary reactor during the regeneration phase of PRS,
in which the primary reactor performs decomposition chemi-
cal reaction while the secondary reactor undergoes synthesis
chemical reaction. The PRS is heated by external heat source
at a temperature Tj, to desorb the refrigerant to the SRS, and
the low-grade thermal energy is stored in form of chemical
bonds resulting from the desorption process between the
PRS and the SRS. Especially, the heat input temperature
during energy storage phase can be lowered effectively due
to the pressure-reducing desorption process. Thus, it can
widen the working temperature range of thermal energy
from the external low-grade heat source.

During energy upgrade phase (B-C-D), the secondary
reactor is heated by external heat source at a temperature Tj,
to desorb the refrigerant to the primary reactor. The SRS
performs decomposition chemical reaction while the PRS
undergoes synthesis chemical reaction, in which the refriger-
ant flows from the secondary reactor to the primary reactor
and reacts with the PRS. During synthesis, chemical reaction
heat released is used to supply the thermal energy for end
user at a temperature T,,. Due to the pressure-reducing
desorption process, the working pressure during energy
release phase Py is higher than the working pressure Py dur-
ing energy storage phase, thus, the heat output temperature
becomes higher than the heat input temperature due to the
monovariant characteristic of solid-gas chemical reaction.
The low-grade thermal energy can be upgraded from Tj, to
Tousand the temperature magnitude of energy upgrade is
expressed as: AT = Ty — Tin.

For solid-gas thermochemical sorption heat transformer
based on pressure-reducing desorption process, it has the
advantage that the heat input temperature can be lowered
effectively during energy storage phase due to the pressure-
reducing technique. Thus, it can widen the working tempera-
ture range of low-grade heat source. In comparison with the
aforementioned temperature-lift adsorption technique, the
pressure-reducing technique has an appropriate working pres-
sure and the magnitude of temperature upgrade is usually
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Figure 3. Schematic diagram of solid-gas thermochemical sorption heat transformer based on pressure-reducing
desorption and temperature-lift adsorption processes.

(a) Energy storage process of PRS reactor using pressure-reducing desorption technique; (b) energy storage process of SRS reac-
tor; (c) Energy release process for energy upgrade using temperature-lift adsorption technique. [Color figure can be viewed in the

online issue, which is available at wileyonlinelibrary.com.]

high. However, it has disadvantage that the heat output tem-
perature fluctuates due to the oscillation of working pressure
caused by the mismatch of the decomposition reaction rate
of SRS and the synthesis reaction rate of PRS. Thus, it is
difficult to keep good match between energy supply and
energy demand for end user.

Solid-gas thermochemical sorption heat transformer
based on pressure-reducing desorption and temperature-
lift adsorption processes (TSHT-2Salts-L/G)

To overcome the shortcomings existed in the aforemen-
tioned heat transformer, an innovative solid-gas thermochem-
ical sorption heat transformer based on pressure-reducing
desorption and temperature-lift adsorption processes is devel-
oped. The working principle of the proposed new solid-gas
thermochemical sorption heat transformer is shown Figure 3.
A pressure-reducing desorption technique is used to lower
the heat input temperature during energy storage phase and a
temperature-lift adsorption technique is used to avoid the
fluctuation of the heat output temperature during energy
release process.

The system mainly consists of an S/G primary reactor oper-
ating at a high temperature, an S/G secondary reactor operat-
ing at a middle temperature, and a refrigerant vessel. The re-
frigerant vessel works as a condenser during energy storage
phase and works as a high-temperature evaporator during
energy release phase. To accomplish the integrated energy
storage and energy upgrade of low-grade thermal energy, two
different reactive salts are used in the two solid-gas reactors.
The primary reactor is filled with a PRS with a higher-equilib-
rium temperature than the SRS filled inside the secondary re-
actor at the same operating pressure. Thus, the two reactive
salts are referred to as the PRS and the SRS, respectively.

During energy storage phase (A-B-C-D), a pressure-reduc-
ing desorption method is used to lower the heat input tem-
perature form the external heat source, and the low-grade
thermal energy is stored in form of chemical bonds with the
sorption process. The energy storage process consists of two
operating stages. The first stage is the regeneration phase of
the PRS (A-B), in which the S/G secondary reactor is used
to lower the heat input temperature of the S/G primary reac-
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tor. The PRS is heated by low-grade thermal energy at a
temperature 75, to desorb the refrigerant to the SRS. The
second stage is the regeneration phase of the SRS (B-C-D),
in which the SRS is heated to desorb the refrigerant to the
condenser. The heat input temperature can be effectively
decreased from T, to T;, during the energy storage phase
due to the pressure-reducing desorption method. Thus, it can
widen the working temperature range of thermal energy
from low-grade heat source.

During energy upgrade phase (D-E-F), a temperature-lift
adsorption method is proposed to upgrade the stored thermal
energy. The liquid refrigerant is first heated by a second heat
source to lift its temperature form the condensation temperature
to a higher-evaporation temperature (D-E), and then it evapo-
rates at a high pressure Py and flows to the primary reactor to
react with the PRS (E-F). The chemical reaction heat released
during the synthesis reaction process of PRS is used to supply
the thermal energy for end user at a temperature 7.

It is noteworthy to mention that the second heat consump-
tion during the temperature—lift adsorption process can be
supplied by the external low-grade heat source or additional
heat source with lower-temperature (such as solar energy and
condensation water). Moreover, the synthesis reaction heat
released by the secondary reactor-condenser (in fact it works
as a low-temperature evaporator) can also be recovered and
used as the second heat source for the high-temperature evap-
orator-primary reactor during energy release phase to produce
higher-thermal energy for end user. The working principle
can be referred from the internal heat recovery process.”’18

Moreover, it can be seen that the working pressure Py
during energy release phase is much higher than the working
pressure Pp during energy storage phase because both pres-
sure-reducing desorption process and temperature-lift adsorp-
tion process are performed together. Thus, the heat output
temperature becomes large higher than the heat input tem-
perature. This is because the low-grade thermal energy can
be first upgraded from T;, to T, by using the pressure-reduc-
ing desorption process, and then it can be further upgraded
from T, to T,, by using temperature-lift adsorption process.
The total temperature magnitude of energy upgrade is
expressed as: AT = Tou-Tin.

DOI 10.1002/aic 1337
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Figure 4. Schematic diagram of the physical arrange-
ment of system components of the innovative
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transformer for integrated energy storage and
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[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 4 shows the physical arrangement of system com-
ponents of the innovative solid-gas thermochemical sorption
heat transformer for the integrated energy storage and
energy upgrade of low-grade thermal energy. The proposed
thermochemical sorption transformer has distinct advantages
of higher-energy upgrade capacity and stable heat output
temperature when compared with the thermochemical sorp-
tion heat transformer based on temperature-lift adsorption
process or pressure-reducing desorption process. As shown
in Figure 3, in comparison with thermochemical sorption
heat transformer based on temperature-lift adsorption process
(G-D-E-F), the working pressure can be decreased from the
saturation condensation pressure of the refrigerant (P.) to the
equilibrium pressure of the SRS (Pp) during energy storage
process when the pressure-reducing desorption regeneration
method is introduced in the proposed thermochemical sorp-
tion energy storage system (A-B-C-D-E-F), and the heat
input temperature can be decreased from 7, (point G) to Tj,
(point A), thus, it is beneficial to widening the temperature
range of low-grade thermal energy. In addition, for the ther-
mochemical sorption heat transformer based on temperature-
lift adsorption process, the working pressure would become
very high during energy release phase when higher-heat out-
put temperatures is required for end user. This is because the
increasing rate of the equilibrium temperature of ammonia is
higher than that of the equilibrium temperature of reactive
salt as shown in Figure 5. Especially, the problem would
become more serious when the evaporation temperature is
higher than 50°C, thus, the temperature magnitude of energy
upgrade is limited in the thermochemical sorption heat trans-
former based on temperature-lift adsorption process.

In comparison with thermochemical sorption heat trans-
former based on pressure-reducing desorption process (A-B-
C-G), the working pressure can be increased from the
equilibrium pressure of SRS (P.) to the high-evaporation
pressure of refrigerant (Py) during energy release process
when the temperature-lift adsorption method is introduced in
the proposed thermochemical sorption energy storage system
(A-B-C-D-E-F), and the heat output temperature can be
upgraded from T, (point G) to T, (point F), thus, it is bene-
ficial to further enhancing the energy upgrade capacity. In

1338 DOI 10.1002/aic

Published on behalf of the AIChE

addition, the proposed thermochemical sorption transformer
can improve the working reliability by changing the energy
supply mode during energy release phase, in which the oper-
ating pressure is controlled by the evaporator to keep a sta-
ble working pressure. Therefore, the proposed system can
overcome the drawback such as the fluctuation of operating
pressure and the decrease of heat output temperature caused
by the mismatch of chemical reaction rates of different salts
existed in the thermochemical sorption heat transformer
based on pressure-reducing desorption process.

Thermodynamic Analysis of the Innovative
Solid-Gas Thermochemical Sorption
Heat Transformer

To achieve the integrated energy storage and energy
upgrade of low-grade thermal energy, the sorption working
pairs suitable for the innovative thermochemical sorption
heat transformer are selected based on the thermodynamic
equilibrium characteristics of different reactive salts, in
which metal chloride/metal bromide-ammonia are preferred
as the potential working pairs. A group of working pair of
NH;, NaBr, and MnCl, is chosen as an example to show the
advantages and operating principle of the proposed innova-
tive thermochemical sorption heat transformer. MnCl, is
used as the PRS, NaBr is used as the SRS, whereas NHj is
the refrigerant.

For the PRS, the reaction equation between manganese
chloride and ammonia is

MnCl, - 2NH3 + 4NH;3 <+ MnCl, - 6NH; + AHpgrs (1)

For the SRS, the reaction equation between sodium bro-
mide and ammonia is

NaBr + 5.25NH; «» NaBr - 5.25NH3 + AHsgs 2)

in which the reaction enthalpy AHprs and entropy ASpgrs of
MnCl, are 47,416 J mol ' and 227.9 J mol ' K™!; the reaction
enthalpy AHsrs and entropy ASSRS of NaBr are 35,363 J
mol ! and 225.2 T mol ' K.
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Figure 5. Equilibrium lines of metal chloride/bromine-
ammonia in the Clapeyron diagram.

1-NH3; 2-PbCl, (8/3.25); 3-NaBr (5.25/0); 4-BaCl, (8/0);
5-PbBr;, (5.5/3); 6-CaCl, (8/4); 7-SrCl, (8/1); 8-CaCly(4/
2); 9-SrBr, (8/2); 10-MnCl,(6/2); 11-CaBr, (6/2); 12-
FeCly(6/2); 13-MnBr,(6/2); 14-CoCl,(6/2); 15-MgCl,(6/
2); 16-FeBr,(6/2); 17-CoBr,(6/2); 18-NiCl»(6/2); 19-
MgBr,(6/2); 20-NiBry(6/2); 21-Nil,(6/2). [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
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Figure 6 shows the Clapeyron diagram of the innovative
solid-gas thermochemical sorption heat transformer using a
group of sorption working pair MnCl,-NaBr-NH;3. The solid-
gas and liquid-vapor equilibrium lines are calculated from
the Clausius—Clapeyron equation, expressed as

P AHr AS
Ln| =88] = - = 3
”(Po) RoTeq | Ro ©)

During energy storage phase of low-grade thermal energy
using thermochemical pressure-reducing desorption process

MnCl, - 6NH; + AHprs— MnCl, - 2NH3 + 4NHj; @
NaBr + 5.25NH3 — NaBr - 5.25NH3 + AHsgrs
NaBr - 5.25NH; + AHsgs —NaBr + 5.25NH; (5)
NH;(gas)— NH3(liq) + AHcond

During energy release phase of low-grade thermal energy
using thermochemical temperature-lift adsorption process

MnCl, - 2NH;3; + 4NH3; — MnCl, - 6NH;3 + AHpgs 6)
NH;(liq) + AHevap — NH3(gas)

The working process is constrained by three levels of
pressure: low pressure (Pp) of the decomposition reaction
phase of PRS during the first stage of energy storage pro-
cess, condensation pressure (P.) of the decomposition reac-
tion phase of SRS during the second stage of energy storage
process, and high pressure (Py) of the synthesis reaction
phase of PRS during energy release process.

For the thermochemical sorption heat transformer based on
pressure-reducing desorption process and temperature-lift
adsorption process (TSHT-2Salts-L/G), a pressure-reducing
desorption method is introduced to lower heat input tempera-
ture during energy storage phase (A-B-C-D). At the heat sink
temperature of 30°C, the PRS (MnCl,) is heated by low-grade
thermal energy at a heat input temperature of 124°C to desorb
the refrigerant to the SRS (NaBr), and then the SRS is heated
at a temperature of 52°C to desorb the refrigerant to the con-
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denser. During energy upgrade phase (D-E-F), a temperature-
lift adsorption method is used to upgrade the stored thermal
energy. The refrigerant is first heated from the condensation
temperature of 30°C to a higher-evaporation temperature of
50°C, and then it evaporates at a high pressure Py and flows
to the PRS reactor to react with MnCl,. The synthesis reaction
heat released by MnCl, is used to produce thermal energy at a
high temperature of 171°C. In comparison with the heat input
temperature during energy storage process, the heat output
temperature is upgraded and it is equal to 171°C during
energy release process (D-E-F), and the temperature upgrade
of low-grade thermal energy is 47°C.

In comparison with the thermochemical sorption heat
transformer based on temperature-lift adsorption process
(TSHT-1Salt-L/G), the heat input temperature of MnCl, can
be lowered from 152 to 124°C during energy storage process
at the same heat sink temperature by using pressure-reducing
desorption method in the proposed thermochemical sorption
heat transformer based on pressure-reducing desorption pro-
cess and temperature-lift adsorption process (TSHT-2Salts-L/
G). Thus, it can enlarge the working temperature range of
external low-grade thermal energy.

In comparison with the thermochemical sorption heat
transformer based on pressure-reducing desorption process
(TSHT-2Salts), the heat output temperature of MnCl, can be
upgraded from 152 to 171°C during energy release process
by using temperature-lift adsorption method in the proposed
thermochemical sorption heat transformer based on pressure-
reducing desorption process and temperature-lift adsorption
process (TSHT-2Salts-L/G). Thus, it has a higher-tempera-
ture upgrade of low-grade thermal energy and thus can pro-
duce higher heat output temperature for end user.

Especially, due to the mismatch between the synthesis reac-
tion rate of PRS and the decomposition reaction rate of SRS
during energy release phase in TSHT-2Salts, the operating
pressure is difficult to control and it usually has a strong fluctu-
ation, which causes the decrease in heat output temperature.
However, the operating pressure can be regulated by the evapo-
ration pressure of refrigerant during energy release phase to
overcome the aforementioned drawback in TSHT-2Salts-L/G.
In addition, it can be seen in Figure 6 that the temperature mag-
nitude of energy upgrade is as high as 47°C in TSHT-2Salts-L/
G while it is 19 and 28°C in TSHT-1Salt-L/G and TSHT-
2Salts, respectively, using the same sorption working pair.

It is noteworthy to mention that the group of sorption
working pair MnCl,-NaBr-NHj; is only used as the example
in Figure 6 to show that a low heat input temperature of
124°C can be upgraded to a high-heat output temperature of
171°C when the proposed target-oriented solid-gas thermo-
chemical sorption heat transformer is introduced. Moreover,
the lower-temperatures (e.g., only at 60-90°C) can also be
upgraded to higher temperatures (e.g., higher than 100°C)
when the same proposed method is used by utilizing appro-
priate sorption working pairs.

Performance Analysis of the Innovative Solid-Gas
Thermochemical Sorption Heat Transformer

To evaluate the performance of the innovative solid-gas
thermochemical sorption heat transformer, two parameters,
energy efficiency and temperature magnitude of energy
upgrade, are defined and used to analyze the working per-
formance of different working modes of thermochemical
sorption process for energy storage and energy upgrade of
low-grade thermal energy.
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The energy efficiency of low-grade thermal energy is
defined as

Useful heat production during energy release phase

" Total heat consumpation during energy storage phase
QOUI

Qin (7)

The temperature magnitude of energy upgrade of low-
grade thermal energy is defined as

AT = Heat output temperature — Heat input temperature

= Lout — Tin

(3)

1. For the thermochemical sorption heat transformer
based on temperature-lift adsorption process (TSHT-1Salt-L/
G), the wuseful heat production during energy release
phase and the total heat consumption during energy storage
phase can be calculated by the following equations

unloaded
TOU! l d d TOUl
unloade
Oou = AHpgs - Crrs  MpgsdT + / Cp—rMprs—_rdT 9)
. v Tin Tin
Reaction heat of the PRS
Sensible heat of PRS Sensible heat of the metallic part
of the PRS reactor 1

where the first term in the right side of the equation is the
reaction heat of the PRS during energy release phase; the

Tin Tin loaded The The
Oin = AHpgs + ( / CE3ed MppsdT + / CP_RMPRS_RdT) + AHeysp + / Cp-Nu,Myn,dT + /

Tou out

second term is the sensible heat of the PRS; the last term is
the sensible heat of the metallic part of the PRS reactor.

Cp_rMxn, rdT (10)
T,

¢

Total heat consumption of the PRS reactor
during the regeneration phase

where the first term in the right side of the equation is the
total heat consumption of the PRS reactor during the regen-
eration phase of PRS, including the reaction heat and
sensible heat of the PRS, and the sensible heat of the metal-
lic part of the PRS reactor; the second term is the total
heat input of the evaporator during the temperature-lift
adsorption phase, including the evaporation heat and sensible

Qou = AHpgs
——

Total heat input of the evaporator
during the temperature-lift adsorption phase

heat of NHj3, and the sensible heat of the metallic part of
evaporator.

2. For the thermochemical sorption heat transformer
based on pressure-reducing desorption process (TSHT-
2Salts), the useful heat production during energy release
phase and the total heat consumption during energy storage
phase can be calculated by the following equations

Reaction heat of the PRS

unloaded
TDU! l d d T(Jul
unloade:
— / CPRS MprsdT + / Cp—RMPRS—RdT (1 1)
Tin JTin
Sensible heat of the PRS Sensible heat of the metallic part
of the PRS reactor i

where the first term in the right side of the equation is the
reaction heat of the PRS during energy release phase; the

Tin

Tin
Oin = AHpgs + (/ Chdded MpgsdT — /
Tout T,

out

second term is the sensible heat of the PRS; the last term is
the sensible heat of the metallic part of the PRS reactor.

loaded Ty Ta loaded
Cp—RMPRszdT) + AHsgs + (/ Clg}';‘g'edMSdeT + / Cp—RMSRS—RdT)
Ta Ta

Total heat consumpation of the PRS reactor
during the pressure-reducing regeneration phase
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where the first term in the right side of the equation is the
total heat consumption of the PRS reactor during the pres-
sure-reducing desorption phase, including the reaction heat
and sensible heat of the PRS, and the sensible heat of the
metallic part of the PRS reactor; the second term is the total
heat consumption of the SRS reactor during the regeneration
phase, including the reaction heat and sensible heat of the

Qou = AHpgs
~——

Reaction heat of the PRS

SRS, and the sensible heat of the metallic part of the SRS
reactor.

3. For the thermochemical sorption heat transformer
based on pressure-reducing desorption process and tempera-
ture-lift adsorption process (TSHT-2Salts-L/G), the useful
heat production during energy release phase and the total
heat consumption during energy storage phase can be calcu-
lated by the following equations

unloaded
Tﬂu[ l d d TOI\[
unloade
- / CPRS MpdeT + / CprMPRS—RdT
Tin Tin
Sensible heat of the PRS Sensible heat of the metallic part
of the PRS reactor 111

where the first term in the right side of the equation is the
reaction heat of the PRS during energy release phase; the

Tin

Tin
Oin = AHpgs + (/ C}f;gededeT +/
T,

Tout

out

loaded Ta
Cp—RMPRS—RdT) + AHsgs + </ ClsolggedMSdeT + /
T,

second term is the sensible heat of the PRS; the last term is
the sensible heat of the metallic part of the PRS reactor.

Ta loaded
Cp—rM SRS—RdT)
T,

a

Total heat consumpation of the PRS reactor
during the pressure-reducing regeneration phase

where the first term in the right side of the equation is the
total heat consumption of the PRS reactor during the pres-
sure-reducing desorption phase, including the reaction heat
and sensible heat of the PRS, and the sensible heat of the
metallic part of the PRS reactor; the second term is the total
heat consumption of the SRS reactor during the regeneration
phase, including the reaction heat and sensible heat of the
SRS, and the sensible heat of the metallic part of the SRS
reactor; the third term is the total heat input of the evapora-
tor during the temperature-lift adsorption phase, including
the evaporation heat and sensible heat of NH3, and the sensi-
ble heat of the metallic part of evaporator.

Performance comparison in the energy efficiency and
temperature upgrade of low-grade thermal energy using
different thermochemical sorption heat transformer
techniques

Figure 7 shows the performance comparison in the energy
efficiency and temperature upgrade of low-grade thermal
energy based on the different thermochemical sorption heat
transformer techniques using a group of sorption working
pair MnCl,-NaBr-NH;. The case of TSHT-1Salt-L/G is the
energy upgrade using thermochemical sorption heat trans-
former based on temperature-lift adsorption process, the case
of TSHT-2Salts is the energy upgrade using thermochemical
sorption heat transformer based on pressure-reducing desorp-
tion process, and the case of TSHT-2Salts-L/G is the energy
upgrade using thermochemical sorption heat transformer

AIChE Journal April 2013 Vol. 59, No. 4
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Total heat consumpation of the SRS reactor
during the regeneration phase
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Cp_rMxp, rdT (14)

The
CnuyMyn, dT + /

T. T.

Total heat input of the evaporator
during the temperature-lift adsorption phase

based on pressure-reducing desorption process and tempera-
ture-lift adsorption process.

For the thermochemical sorption heat transformer based
on temperature-lift adsorption process (TSHT-1Salt-L/G), the
energy efficiency is 0.67, and the low-grade thermal energy

1.0

TSHT-18alt-L/G : Energy upgrade using temperature-lift adsorption process

0.9 TSHT-2Salts: Energy upgrade using pressure-reducing desorption process

TSHT-2Salts-L/G: Energy upgrade using pressure-reducing desorption process
8 and temperature-lift adsorption process
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Figure 7. Performance comparison in the energy effi-
ciency and temperature upgrade of low-
grade thermal energy based on the thermo-
chemical sorption heat transformer using
sorption working pair MnCl,-NaBr-NHs.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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can be upgraded from 152 to 171°C, thus, the temperature
upgrade is 19°C. For the thermochemical sorption heat trans-
former based on pressure-reducing desorption process (TSHT-
2Salts), the energy efficiency is 0.55, and the low-grade ther-
mal energy can be upgraded from 124 to 152°C, thus, the tem-
perature upgrade is 28°C. For the thermochemical sorption
heat transformer based on pressure-reducing desorption pro-
cess and temperature-lift adsorption process (TSHT-2Salts-L/
G), the energy efficiency is 0.47, and the low-grade thermal
energy can be upgraded from 124 to 171°C, thus, the tempera-
ture upgrade is 47°C. It can be seen that TSHT-1Salt-L/G has
the highest energy efficiency and the lowest temperature
upgrade of low-grade thermal energy, while TSHT-2Salts-L/
G has the highest temperature upgrade and the lowest energy
efficiency of low-grade thermal energy.

The difference in the energy efficiency of low-grade ther-
mal energy can be attributed to the different heat consump-
tion during energy storage phase and the sensible heat of
heat exchanger during energy release phase. In comparison
with the thermochemical sorption heat transformer using
TSHT-1Salt-L/G, the heat input of the SRS during energy
storage phase is the additional heat consumption in the ther-
mochemical sorption heat transformer using TSHT-2Salts-L/
G due to the realization of pressure-reducing desorption
process. When compared with the thermochemical sorption
heat transformer using TSHT-2Salts, the heat input of the
evaporator during energy release phase is the additional
consumption in TSHT-2Salts-L/G due to the realization of
temperature-lift adsorption process. Thus, the thermochemi-
cal sorption heat transformer using TSHT-2Salts-L/G has the
lowest energy efficiency among these thermochemical sorp-
tion heat transformer techniques because of the aforemen-
tioned additional heat consumption.

It can be concluded that the energy efficiency decreases
with the increase in the temperature upgrade of low-grade
thermal energy for three different thermochemical sorption
heat transformer techniques. The order of energy efficiency
of low-grade thermal energy is as follows: TSHT-1Salt-L/G
> TSHT-2Salts > TSHT-2Salts-L/G. The order of tempera-
ture upgrade of low-grade thermal energy is as follows:
TSHT-2Salts-L/G > TSHT-2Salts > TSHT-1Salt-L/G.

Effect of reactor thermal capacity on the energy
efficiency of low-grade thermal energy using
thermochemical sorption heat transformer

A parameter R, defined as the mass ratio of the metallic
part of heat exchanger (including vessels, tubes, fins) to the
reactive salt in solid-gas reactor, is used to assess the effect
of reactor thermal capacity on the energy efficiency of low-
grade thermal energy. Different R means the different mass
percentage of metal in the total mass of a reactor, thus, the
value of R reflects the optimization design of the solid-gas
reactor. The variation of the energy efficiency with different
mass ratio R is shown Figure 8.

It can be seen that the mass ratio R has a negative influ-
ence on the system performance and the energy efficiency
decreases as the mass ratio R increases. This is because high
R means the increase in the heat consumption from external
heat source during energy storage phase, which causes the
decrease in the energy efficiency. For the three thermochem-
ical sorption heat transformer techniques based on a group
of sorption working pair MnCl,-NaBr-NH3, the decreasing
magnitudes of energy efficiencies with the mass ratio R are
different. As R increases from O to 20, the energy efficiency
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Figure 8. Effect of reactor thermal capacity on the
energy efficiency of Ilow-grade thermal
energy using thermochemical sorption heat
transformer.

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

decreases by 9, 14, and 26 % for the thermochemical sorp-
tion heat transformer using TSHT-1Salt-L/G, TSHT-2Salts,
and TSHT-2Salts-L/G, respectively. Moreover, the thermo-
chemical sorption heat transformer using TSHT-2Salts-L/G
has the highest decreasing rate of the energy efficiency as
shown in Figure 8. This can be attributed to the fact that
both sensible heat consumptions of the PRS and SRS reac-
tors are influenced by the thermal capacity of metal during
energy storage phase. It indicates that the reactor thermal
capacity has a more significant influence on the working per-
formance of the thermochemical sorption heat transformer
using TSHT-2Salts-L/G when compared with the thermo-
chemical sorption heat transformer using TSHT-1Salt-L/G
and TSHT-2Salts.

However, in comparison with the strong influence of
reactor thermal capacity on the working performance of solid-
gas thermochemical sorption refrigeration system,?® the influ-
ence of reactor thermal capacity on the energy efficiency of
solid-gas thermochemical sorption heat transformer becomes
weak. This is because the sensible heat of metallic part of re-
actor plays a heat recovery function during the interchange
phases of energy storage and energy release, and the amount
of thermal energy can be regarded as the sensible heat storage
using metal materials. For example, a proportion of energy
must be consumed to heat the reactor from T, to T, before
start to produce useful thermal energy during energy release
phase in the three thermochemical sorption heat transformer
techniques. In this case, the heat consumption of the metallic
part of reactor plays a negative effect. However, when the
working mode is interchanged from energy release to energy
storage, this part of energy can be recovered to supply the
decomposition reaction heat when reactor is cooled down
from Ty, to T;,. In this case, the sensible heat of the metallic
part of reactor plays a positive effect and the total heat con-
sumption from external heat source reduces. However, it is
noteworthy to mention that although the influence of metallic
thermal capacity of reactor on the energy efficiency is rela-
tively weak for the solid-gas thermochemical sorption heat
transformer, but it has a strong influence on the amount of
thermal energy supply for end user. Usually, for most solid-
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Figure 9. Theoretical Clapeyron diagram of the innova-
tive solid-gas thermochemical sorption heat
transformer using a group of sorption work-
ing pair MnCl,-CaCl,-NHs.
TSHT-1Salt-L/G: G-D-E-F-G; TSHT-2Salts: A-B-C-G-
A; TSHT-2Salts-L/G: A-B-C-D-E-F-A; energy storage
process: A-B-C-D; energy upgrade process: D-E-F.
[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

gas thermochemical sorption systems with optimized design,
the mass ratio (R) between the metallic part of the reactor and
the reactive salt is about 5.

The Target-Oriented Characteristics of the
Proposed Innovative Solid-Gas Thermochemical
Sorption Heat Transformer

Thermodynamic analysis of the target-oriented
characteristics of the proposed thermochemical sorption
heat transformer

In comparison with the conventional heat transformer
technologies, the proposed innovative thermochemical
sorption heat transformer has a distinct advantage of its tar-
get-oriented characteristics. The temperature magnitude of
energy upgrade can be adjusted by choosing appropriate
sorption working pairs in the proposed target-oriented solid-
gas thermochemical sorption heat transformer, in which the
heat input temperature from external available heat source
and the heat output temperature for end user are combined
as the target-oriented requirement. The heat input tempera-
ture is adjusted by using pressure-reducing desorption
method during energy storage phase and the heat output tem-
perature is adjusted by using temperature-lift adsorption
method during energy release phase.

Figures 9 and 10 show the working principles of the inno-
vative target-oriented thermochemical sorption heat trans-
former using sorption working pairs of MnCl,-CaCl,-NHj;
and NiCl,-SrBr,-NHj, respectively, in which MnCl, and
NiCl, are used as the PRS, CaCl, and SrBr, are used as the
SRS, whereas NHj is the refrigerant.

Assuming that the heat out temperature is kept equivalent
for a given end user, and the decrease in the heat input tem-
perature from external low-grade heat sources is used as the
target-oriented requirement, in this case, the PRS should be
kept same while the SRS should be changed. For example,
sodium bromine (in Figure 6) can be replaced with calcium
chloride (in Figure 9) to widen the working temperature
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range of available low-grade heat sources, in which CaCl, is
used as the SRS to lower the regeneration temperature of
MnCl, during energy storage process.

During energy storage phase of low-grade thermal
energy using thermochemical pressure-reducing desorption
process

MnCl, - 6NH3 + AHprs — MnCl, - 2NH3 + 4NH;3 (15)
CaCl, - 4NH3 + 4NH3 — CaCl, - 8NH3 + AHggs
CaCl, - 8NH;3 + AHgrs— CaCl, - 4NH;3 + 4NH;3 (16)
NH3 (gas) - NH3 (IIQ) + A1_Icond

During energy release phase of low-grade thermal energy
using thermochemical temperature-lift adsorption process
MnCl, - 2NH3 + 4NH3; — MnCl, - 6NH; + AHpgrs (17)
NH; (liq) + AHcvap — NH;3(gas)

At the same heat sink temperature of 30°C and heat out-
put temperature of 171°C, it can be seen that the heat input
temperature during energy storage phase is lowered from
124°C in Figure 6 to 87°C in Figure 9 when the sorption
pair of MnCl,-NaBr-NHj; is replaced by the sorption pair of
MnCl,-CaCl,-NH;3. Thus, the working temperature range of
available low-grade heat sources can be effectively extended.
Moreover, the temperature magnitude of energy upgrade can
be further upgrade to 84°C in the thermochemical sorption
heat transformer using TSHT-2Salts-L/G.

If the increase in the heat output temperature for end user
and temperature magnitude of energy upgrade are used as
the target-oriented requirement, both PRS and SRS should
be replaced by other reactive salts. For example, a group of
sorption working pair NiCl, -SrBr,-NHj3 is used as shown in
Figure 10.

During energy storage phase of low-grade thermal
energy using thermochemical pressure-reducing desorption
process
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Figure 10. Theoretical Clapeyron diagram of the inno-

vative solid-gas thermochemical sorption

heat transformer using a group of sorption

working pair NiCl-SrBry-NH3.

TSHT-1Salt-L/G: G-D-E-F-G; TSHT-2Salts: A-B-C-G-

A; TSHT-2Salts-L/G: A-B-C-D-E-F-A; energy storage

process: A-B-C-D; energy upgrade process: D-E-F.

[Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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Table 1. Mass of Reactive Salt necessary to Desorb/Adsorb
1 kg of NHj in the Solid-Gas Thermochemical Sorption
Heat Transformer

Thermochemical
sorption working pair ~ Secondary reactive Primary reactive

for energy upgrade salt (SRS) salt (PRS)
Sorption working pair Mass of NaBr Mass of MnCl,-2NHj;

of MnCl,-NaBr-NHj; 1.15 kg 2.35 kg
Sorption working pair ~ Mass of CaCl,-4NH3; Mass of MnCl,-2NHj;

of MnCl,-CaCl,-NH; 2.63 kg 2.35 kg
Sorption working pair ~ Mass of SrBr,-2NH; Mass of NiCl,-2NHj3

of NiCl,-SrBr,-NHj; 2.76 kg 2.40 kg

SrBr, - 2NH3 + 6NH3; — SrBr - 8NH3 + AHggrs
SrBr - 8NH3 + AHsrs — SrBr - 2NH3 + 6NH; (19)
NH;(gas) — NH3(liq) + AHcond

During energy release phase of low-grade thermal energy
using thermochemical temperature-lift adsorption process
NiCl, - 2NH3 + 4NH3 — NiCl, - 6NH3 + AHpgs 20)
NH;(liq) + AHey, —NH3(gas)

Figure 10 shows that a higher heat out temperature and a
further magnitude of energy upgrade can be achieved at the
same heat sink temperature by using sorption working pair
NiCl,-SrBr,-NH; in comparison with the case in Figure 6.
The heat input temperature is 130°C during energy storage
phase of A-B-C-D using pressure-reducing desorption pro-
cess, and the heat output temperature is 282°C during energy
release process of D-E-F using temperature-lift adsorption
process. The temperature magnitude of energy upgrade is as
high as 152°C. Thus, the heat output temperature and temper-
ature magnitude of energy upgrade are effectively improved.

Performance comparison in the energy efficiency and
temperature upgrade of low-grade thermal energy using
different sorption working pair

Combining the Eqgs. 7 and 14 and the Clapeyron diagrams,
the working performance of the energy efficiency and the
temperature magnitude of energy upgrade are analyzed and
compared for the different thermochemical sorption heat
transformer techniques. The same cycled mass of ammonia
was assumed to determine the mass of each metallic salt

complex required in the different thermochemical sorption
working pairs for energy upgrade as shown in Table 1.

Performance comparison in the energy efficiency and tem-
perature magnitude of energy upgrade of low-grade thermal
energy using different sorption working pairs is shown in
Table 2. For different sorption working pairs, the energy effi-
ciency decreases with increasing the temperature magnitude
of energy upgrade of low-grade thermal energy. For a given
sorption working pair in different heat transformer techniques,
the highest energy efficiency is obtained using TSHT-1Salt-L/
G, while the highest temperature magnitude of energy
upgrade is obtained when the TSHT-2Salts-L/G is used.

Although PRS and heat output temperatures are same for
the two sorption working pairs of MnCl,-CaCl,-NH; and
MnCl,-NaBr-NH3, it is found that the former sorption work-
ing pair has higher-temperature magnitude of energy upgrade
when compared with the latter sorption working pair. For
example, as the same techniques of TSHT-2Salts-L/G are
used, the temperature magnitude of energy upgrade is 84°C
for the sorption working pair MnCl,-CaCl,-NHj, while it
becomes 47°C for the sorption working pair MnCl,-NaBr-
NH;. This is because the heat input temperature during
energy storage phase in the former working pair is much
lower than that in the latter working pair when NaBr is
replaced by CaCl, using as SRS.

However, MnCl,-CaCl,-NH; working pair has lower-
energy efficiency than MnCl,-NaBr-NH3 working pair. For
example, in the case of TSHT-2Salts-L/G, the energy effi-
ciency is 0.42 in the former sorption working pair, whereas
it is 0.36 in the latter sorption working pair. This is because
the sensible heat consumptions of SRS during energy storage
phase are different in the two sorption work pairs. As CaCl,
is used as the SRS, it should be heated from 30 to 87°C, and
the heating temperature difference is 57°C. When NaBr is
used as the SRS, the heating temperature difference becomes
22°C as the SRS is heated from 30 to 52°C. Thus, the sensi-
ble heat consumption of SRS in the former sorption working
pair is higher than that in the latter sorption working pair.
Therefore, the high-heat consumption causes the decrease in
the energy efficiency.

For the heat transformer technique of TSHT-1Salt-L/G
using two sorption working pairs of MnCl,-CaCl,-NH;3 and
MnCl,-NaBr-NH3, although the second reactive salts are dif-
ferent, the energy efficiency and temperature magnitude of
energy upgrade are still same. This is because the energy
efficiency and the temperature magnitude of energy upgrade
are only dependent on the PRS, and they are independent on

Table 2. Performance Analysis of Energy Upgrade of Low-Grade Thermal Energy Based on Solid-Gas Thermochemical
Sorption Heat Transformer

Sorption working pairs Energy upgrade Energy Heat input Heat output Magnitude of energy
for energy upgrade technology efficiency, n temperature, 7, (°C) temperature, 7oy (°C) upgrade, AT (°C)

MnCl,-NaBr-NHj; TSHT-1Salt-L/G 0.67 152 171 19
TSHT-2Salts 0.55 124 152 28
TSHT-2Salts-L/G 0.42 124 171 47
MnCl,-CaCl,-NHj; TSHT-1Salt-L/G 0.67 152 171 19
TSHT-2Salts 0.46 87 152 65
TSHT-2Salts-L/G 0.36 87 171 84
NiCl,-SrBr,-NHj; TSHT-1Salt-L/G 0.72 259 282 23
TSHT-2Salts 0.43 130 259 129
TSHT-2Salts-L/G 0.34 130 282 152

TSHT-1Salt-L/G: energy upgrade using temperature-lift adsorption process.

TSHT-2Salts: energy upgrade using pressure-reducing desorption adsorption process.
TSHT-2Salts-L/G: energy upgrade using pressure-reducing desorption process and temperature-lift adsorption process.
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Table 3. Performance Analysis of the Energy Density using Thermochemical Sorption Working Pairs at Different Operating

Temperatures
Reaction enthalpy Reaction entropy Reaction Reaction Molar mass  Driving equilibrium  Energy density
Reactive salt AH (J mol™") AS (J mol™" K"y coefficient m  coefficient n (g mol™") temperature (°C) (kJ kgil)
NH,CI 3/0 29,433 207.9 3 0 534 48 1654
PbCl, 8/3.25 34,317 223.6 4.75 3.25 278 47 586
NaBr 5.25/0 35,363 225.2 5.25 0 102.9 51 1804
BaCl, 8/0 38,250 232.4 8 0 208.2 56 1470
LiCl 4/3 36,828 224.6 1 3 423 67 871
CaCl, 8/4 41,013 230.1 4 4 110.8 87 1481
Nal 4.5/0 39,339 224.5 4.5 0 149.9 90 1181
BaBr, 8/4 41,850 229.8 4 4 297.1 95 563
SrCl, 8/1 41,432 228.6 7 1 158.4 96 1831
CaCl, 4/2 42,269 229.7 2 2 110.8 99 763
SrBr, 8/2 45,617 229.3 6 2 247.4 130 1106
MnCl, 6/2 47416 2279 4 2 125.7 152 1509
CaBr, 6/2 48,965 230.4 4 2 199.8 156 980
FeCl, 6/2 51,266 227.8 4 2 126.6 186 1620
MnBr, 6/2 53,066 228.3 4 2 214.7 200 989
CoCl, 6/2 53,987 227.9 4 2 94.3 210 2290
MgCl, 6/2 55,661 230.4 4 2 95.1 214 2341
FeBr, 6/2 55,828 228.1 4 2 215.6 226 1036
Cal, 6/2 58,590 231.0 4 2 293.8 237 798
CoBr; 6/2 58,590 227.5 4 2 218.7 253 1072
NiCl, 6/2 59,218 227.6 4 2 129.5 259 1829
Mnl, 6/2 59,301 227.4 4 2 308.7 260 768
Fel, 6/2 60,683 227.5 4 2 309.6 272 784
MgBr;, 6/2 63,612 230.2 4 2 184.1 285 1382
NiBr, 6/2 64,240 227.2 4 2 218.5 306 1176
Nil, 6/2 65,453 224.1 4 2 3125 334 838

Reversible reaction: Sold - (n + m)NH3 + AH < Solid - nNH3 + mNH;(gas).
Reaction enthalpy and entropy from the Ref. [19].

the SRS when only the temperature-lift adsorption technique
is used in the TSHT-1Salt-L/G.

For three different heat transformer techniques of TSHT-
1Salts-L/G, TSHT-2Salts, and TSHT-2Salts-L/G, the sorption
working pair NiCl,-SrBr,-NH; has higher-temperature upgrade
than the sorption working pair MnCl,-CaCl,-NHj3, but the for-
mer working pair has lower-energy efficiency than the latter
working pair in the two cases of TSHT-2Salts and TSHT-2Salts-
L/G. However, the energy efficiency of former working pair
becomes higher than that of latter working pair in the other case
of TSHT-1Salt-L/G. The reason can be explained as follows

NiCl, has higher-reaction enthalpy than MnCl,, and thus
the amount of heat production becomes higher during energy
release phase. On the other hand, the heat consumptions of
evaporator are same for the two different sorption working
pairs during the temperature-lift adsorption process in the
case of TSHT-1Salt-L/G. Thus, the heat consumption of the
evaporator has a lower account for the total heat consump-
tion in the sorption working pair NiCl,-SrBr,-NH; when
compared with the sorption working pair MnCl,-CaCl,-NHj,
Therefore, the former working pair has higher-energy effi-
ciency. However, when SrBr, is used as the SRS to perform
pressure-reducing desorption process in the other two cases
of TSHT-2Salts and TSHT-2Salts-L/G, the heat consumption
of SrBr, is large higher than that of CaCl, during energy
storage phase. Thus, the high-heat consumption decreases
the energy efficiency in the former sorption working pair.

Performance analysis of the energy density using
thermochemical sorption working pairs at different
operating temperatures

For the reutilization of low-grade heat sources with differ-
ent available temperatures, it is necessary to select suitable
sorption working pairs to achieve energy storage and energy
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upgrade at different operating temperatures. For the proposed
solid-gas thermochemical sorption heat transformer, the gen-
eral principle for choosing the sorption working pair for the
integrated energy storage and energy upgrade is suggested as
follows: PRS should be first selected according to the heat
output temperature for end user, and then SRS is selected
according to the external available heat source temperature.
Performance analysis of the energy density using thermo-
chemical sorption working pairs at different operating tem-
peratures is shown in Table 3. The driving equilibrium tem-
perature is calculated on the assumption that the heat sink
temperature is 30°C. It can be seen that the reaction enthalpy

Heat sink Heat input Heat output
temperature  temperature temperature
=k High-temperature y’ Energy upgrade process |7~—!$52“(-
14.4 f(:dc:‘;péri@ipzc;;g;g };7 ‘ N
13.6 ) Regeneration of r, -
. PR 306°C
128 F
= NH
= 3
S 120 __ . F-
E 12 (3) Regeneration ofSrBr:’/ ! :
= . ]
S 104 PbBry(3/2) NiBr,(6/2) :
= I
2 96F______. Z_._.p E ’ i
4 (2) Regeneration of MnBr, , ! ' TECEY. HOLARE Proceas
e 88 / /‘ ‘ : using multi-stage
80 F . o i pressure-down desorption
] S sBrs) MBrg6i2) © A-B-C-D-E-F-G-H
(1) Regeneration of NiBr, B (1 A I
7 g o s ! c !
Sty 0 ‘
5.6 L

44 42 40 -38 36 -34 -32 30 -28 2.6 24 22 -20 -1.8 -1.6 -1.4
Temperature [-1000/T(K)]
Figure 11. Operating principle of the advanced multi-
stage innovative solid-gas thermochemical
sorption heat transformer.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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and entropy between reactive salts and ammonia are dissimi-
lar for thermochemical sorption working pairs at different
operating temperatures. Moreover, the amounts of ammonia
adsorbed/desorbed by salts are also different. General speak-
ing, these reactive salts with high-sorption capacity should
be preferentially chosen as the energy upgrade materials to
improve the energy density.

For most reactive salt for the integrated energy storage
and energy upgrade, the energy density is higher than 800 kJ
kgfl, which is about 2—5 times than that obtained with latent
heat storage method using phase change materials (PCM).
Therefore, the higher-energy density is beneficial to reducing
the volume size of energy storage equipment.

Especially, if external available heat source temperature is
rather low or high-temperature magnitude of energy upgrade
is required, advanced multistage thermochemical sorption
heat transformer can also be developed by introducing the
same proposed temperature-lift adsorption techniques and
multistage pressure-reducing desorption.?' In this case, a fur-
ther decrease in the heat input temperature can be attained
and a further increase in the heat output temperature can be
achieved, thus, a higher-temperature magnitude of energy
upgrade of low-grade thermal energy would be obtained. For
example, heat input temperature of nickel bromine salt
would become 96°C using the proposed multistage pressure-
reducing desorption method and the temperature magnitude
of energy upgrade would be as high as 236°C if the
advanced thermochemical sorption heat transformer A-B-C-
D-E-F-G-H-M-N is introduced as shown in Figure 11.

Conclusion

An innovative target-oriented solid-gas thermochemical
sorption heat transformer is developed for the integrated energy
storage and energy upgrade of low-grade thermal energy. The
operating principle of the proposed thermochemical sorption
heat transformer is based on the reversible solid-gas chemical
reaction between a sorption material and a gas, whereby ther-
mal energy is stored in form of chemical bonds resulting from
thermochemical sorption process. The working performance of
the proposed thermochemical sorption heat transformer is ana-
lyzed, and the main results obtained are as follows

1. Theoretical results show that the innovative thermo-
chemical sorption heat transformer is an efficient method for
the integrated energy storage and energy upgrade of low-
grade thermal energy. Moreover, the proposed thermochemi-
cal sorption heat transformer has distinct advantages of its
target-oriented characteristics in comparison with the con-
ventional thermochemical sorption heat transformer, and it
can give the flexibility of deciding the temperature magni-
tude of energy upgrade of low-grade thermal energy.

2. Energy efficiency decreases with increasing the temper-
ature upgrade of low-grade thermal energy and the reactor
thermal capacity for different thermochemical sorption heat
transformer techniques. The order of energy efficiency is as
follows: TSHT-1Salt-L/G > TSHT-2Salts > TSHT-2Salts-L/
G, and the order of temperature upgrade is as follows:
TSHT-2Salts-L/G > TSHT-2Salts > TSHT-1Salt-L/G.

3. For the proposed target-oriented thermochemical sorp-
tion heat transformer, the temperature magnitude of energy
upgrade of low-grade thermal energy can be controlled by
choosing appropriate sorption working pairs, in which the
heat input temperature from external available heat source
and the heat output temperature for end user are combined
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as the target-oriented requirement. The heat input tempera-
ture can be adjusted by using pressure-reducing desorption
process during energy storage phase and the heat output tem-
perature can be adjusted by using temperature-lift adsorption
process during energy release phase.

4. Different temperature magnitudes of energy upgrade of
low-grade thermal energy can be achieved in the target-ori-
ented thermochemical sorption heat transformer. The working
temperature of low-grade thermal energy can be upgraded
from 87 to 171°C using a group of sorption working pair
MnCl,-CaCl,-NH3;, and it would be upgraded from 130 to
282°C when a group of sorption working pair NiCl,-SrBr,-
NH; is employed. The proposed innovative thermochemical
sorption heat transformer can provide a promising method for
the high-efficient utilization of low-grade thermal energy.
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Notation

COP = coefficient of performance

Cpurs = spec]iﬁc heat of high-temperature reactant (kJ kg~
ocl
Cprrs = specliﬁc heat of low-temperature reactant (kJ kg"
oc
Cp-r = specific heat of metallic reactor(kJ kg™ °c™h
H.(T.) = enthalpy of refrigerant at condensation temperature
(kJ mol™")
H(T. = enthalpy of refrigerant at evaporation temperature
(kJ mol™")
Mpyrs = molar mass of high-temperature reactant (kg
mol ™1
M; ts = molar mass of low-temperature reactant (kg mol™!)
myr = mass of high-temperature metallic reactor (kg)
mpr = mass of low-temperature metallic reactor (kg)
P. = condensation pressure (Pa)
P, = evaporation pressure (Pa)
Pey(Teq) = equilibrium pressure (Pa)
P, = resorption pressure (Pa)
Q = thermal energy (kJ)
Qads-coding = cold production during the adsorption process (kJ)
Ques.. = desorption heat of low-temperature salt (kJ)
Oheating = total heat consumption during regeneration process
(k)
Ores-cooling = cold production during the resorption process (kJ)
= mass ratio of the metallic part of the reactor to the
reactive salt
Ro = universal gas constant (kJ mol~' °C™h
T, = adsorption temperature of reactive salt (°C)
T. = heat sink temperature (°C)
T4 = desorption temperature of reactive salt (°C)
Tey(Peq) = equilibrium temperature (°C)
T\ec = internal heat recovery temperature (°C)
Tes.; = refrigeration temperature of low-temperature salt
®)
X = global conversion of chemical reaction

Greek letters

AH = reaction enthalpy of salt (kJ mol ")
AH_ g = condensation enthalpy of refrigerant (kJ mol ")
AHy = enthalpy of transformation (kJ mol 1)
AH.,,, = vaporization enthalpy of refrigerant (kJ mol ")
AS = entropy of transformation ( kJ mol '°C™")
n = number of moles of reactive salt
7 = ideal number of moles of refrigerant consumed per
mole of reactive salt
Subscripts
ads = adsorption
cond = condensation
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des = desorption
evap = evaporation
HTF = heat transfer fluid
HTS = high-temperature salt
LTS = low-temperature salt
res = resorption
loaded = loaded state

TSHT-1Salt-L/G = thermochemical sorption heat transformer based on

temperature-lift adsorption process
TSHT-2Salts = thermochemical sorption heat transformer based on
pressure-reducing desorption process

TSHT-2Salts-L/G = thermochemical sorption heat transformer based on

pressure-reducing desorption and

temperature-lift adsorption process

process
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