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Abstract

A numerical investigation was conducted on a high-temperature heat pump (HTHP) that can supply heat at
200°C and two types of thermal energy storage (TES) systems. The HTHP cycle employs a multistage water
vapor compression process to achieve a high-temperature lift. Concrete was used as the sensible heat storage
(SHS) system, while strontium bromide/water (SrBro/H,O) was used as the working pair for the
thermochemical energy storage (TCES) system. The multistage HTHP cycle was first analyzed based on an
enthalpy balance with specific temperature conditions, and then the performance of both the SHS and TCES
systems connected to the HTHP cycle was estimated.

The HTHP cycle achieved a COP of 4.41 with an evaporation temperature of 90°C and a condensation
temperature of 160°C. During storage, 500 kW of heat was supplied at 200 °C for 8 hours. The TCES system
required 45% and 68% less mass and volumetric size, respectively, in storage mode. During discharge
operation, the TCES system was able to supply heat at a temperature of over 200°C under all conditions, while
the SHS system had a maximum cycle out temperature of 180°C. The TCES system also had a heat output rate
of ~500 kW and round-trip efficiency (RTE) of 0.82.
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1. Introduction

The global greenhouse gas (GHG) emissions have steadily increased over the past few decades. Among the
various emission sectors, the industrial sector is responsible for 34.8% of global GHG emissions after
reallocating to the final energy consumption sectors, and the industrial sector is becoming increasingly
important [1,2].

In 2019, 120944 PJ of energy were consumed in the industrial sector, and fossil fuels accounted for over
58% (70544 PJ). Thermal energy is the dominant energy carrier in the industrial sector and each industrial sub-
sector has a different main temperature level respectively [3].

Waste heat recovery is an excellent solution for improving the efficiency of existing industrial processes
[4,5]. However, heat recovery at low temperatures is generally not feasible. Another efficient option for
recovering waste heat from industrial processes is to use highly efficient thermal power thermodynamic
engines and heat pumps. Heat pumps are widely used in domestic applications and are applied to some niche
industrial processes. Electrically driven heat pumps have proven to be suitable for supplying process heat
effectively; however, industrial heat pumps can deliver heat at a maximum temperature of 150°C, mainly
because of component limitations [6,7]. Despite this shortcoming, there have been several research and
development efforts to push the sink temperature of industrial heat pumps to 200-250°C thus extending their
availability for a larger proportion of industrial processes [8,9].
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Thermal energy storage (TES) systems can store heat or cold to be used later at different temperatures,
places, or power is mainly used to overcome the mismatch between energy generation and demand [10]. There
are three types of TES systems: sensible heat storage, latent heat storage, and thermochemical storage. Sensible
heat storage (SHS) is stored by increasing or decreasing the temperature of the storage material. Latent heat
storage uses the phase transition of materials, usually a solid-liquid phase change. Upon melting heat is
transferred to the material, storing large amounts of heat at a constant temperature. Thermochemical energy
storage (TCES) is produced when a chemical reaction with high energy involved in the reaction is used to store
energy. TES technology is considered an effective system that can maximize the efficiency of heat pumps [11].

The temperature distribution of the thermal energy demands for individual end-uses can vary substantially.
This study focused on a high-temperature heat pump (HTHP) cycle that can supply heat at approximately
200°C. The HTHP consists of a two-stage water vapor (R-718) Rankine cycle with intercooling (IC), and is
expected to provide process heat at temperatures ranging from 100°C to 200°C. This temperature range is
primarily required in the paper and printing industries and in other non-classified sectors [12]. Additionally,
this study numerically evaluated and compared the performance of two different types of thermal energy
storage systems, sensible and thermochemical energy storage, when connected to the HTHP.

2. Modeling of HTHP and TES systems
2.1. Multistage water vapor compression cycle

A two-stage water vapor compression cycle with intercooling was introduced as the HTHP cycle, Fig. 1.
First, the working fluid, water/steam, is compressed to an intermediate pressure and then cooled close to its
condensation temperature. The resulting slightly superheated steam is recompressed to the condensation
pressure, which corresponds to the aimed condensing temperature. The International Association for the
Properties of Water and Steam, based on the industrial formulation 1997 (IAPWS-1F97), was adopted to
calculate the water/steam properties in the HTHP cycle.

The temperature of the heat source, Tsource, Which corresponds to waste heat, was fixed at 120°C. The
evaporation and condensation temperatures, Tevap and Tcond, Were Set to 90°C and 160°C, respectively, with a
temperature difference of AT = 70 K. The intermediate pressure was determined to have the same pressure
ratio between the first and second stages because the two-stage cycle showed the highest coefficient of
performance (COP) when both compressors had the same pressure ratio in previous work. Additionally, all the
temperature differences between the hot and cold sides after the heat exchangers were assumed to be 10 K
(Tsup&sub =10 K)-

The heat sink flow, which flows through the intercooler and condenser, was designed to supply constant
thermal energy to the TES system. It has the same pressure as the condenser, Psink = Pcond, and the temperature
of the sink inlet and outlet, Tsink in & sink out, Were fixed at 25°C and 200°C respectively. The amount of thermal
energy obtained from the intercooler and condenser, Qgnx, Was determined to be 500 kW.
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Fig. 1. Image of (left) schematic diagram of the HTHP cycle and (right) T-S diagram.
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Table 1. Boundary conditions of HTHP and TES systems

Category Item Symbol Value
Evaporation temperature Tevap 90°C
HTHP cycle Condensation temperature Teond 160°C
Superheat/Subcooling Toup & sup 10K
Power in storage mode Qsink 500 kW
Temperature in storage mode Tink out 200°C
TES system
Pressure of heat sink Peink Psink = Pcond

Mass flow rate of TES in

. Mgis Mgis = Mstor
discharge mode

2.2. Thermal energy storage system

Sensible heat storage involves the use of a material to store thermal energy by increasing or decreasing the
temperature of a storage medium. This energy storage method is widely used and is the most common type of
TES technology. Many materials can be used for SHS materials such as water, air, oil, rock beds, brick,
concrete, and so on. An SHS system using concrete is considered in this study. Concrete can withstand cyclic
stress at temperatures of up to 500°C during numerous consecutive charging and discharging periods [13].
Therefore, concrete is suitable for storing sensible heat over long lifetimes.

The SHS system consists of two tanks: a hot tank containing concrete and a cold tank that stores air as a
heat transfer fluid (HTF). The operating strategies are shown in Fig. 2. The low-temperature air, Tamp = 25°C,
is heated by high-temperature steam in the HTHP cycle, Tsink = 200°C for 8 hrs, during storage mode, while
high-temperature air transfers heat to low-temperature water/steam in the heat sink during the discharge mode.
The state of water/steam in the heat sink flow was also calculated using IAPWS-IF97, and the performance of
the SHS system was calculated based on the concrete properties at 200°C (Table 2) [14,15].

I >

A
I
|
!

A\ 4
A 4

Heat sink

1
]
————p

Comp. 2 Comp. 2
F Y F 3
Condensor Condensor

Fig. 2. Image of sensible heat storage system: (left) storage mode and (right) discharge mode.
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Table 2. Properties of concrete for SHS systems

Temperature (°C)  Specific heat capacity, Density, Thermal conductivity,

Cp, (J/(kg K)) p. (kg/m?) 2, (WI(m K))
100 832 2250 1.80
200 903 2250 1.60
300 1058 2250 1.40

--- Cycle out
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Thermochemical energy storage (TCES) systems use reversible chemical reactions and have the advantages
of a high storage density and long storage times without dissipation. Generally, reversible chemical reactions
of TCES occur at high temperatures between the solid and gas phases. There are various types of chemical
reactions for TCES, such as hydration, carbonation, and oxidation, and each reaction working pair has different
working temperature and pressure characteristics. The strontium bromide and water (SrBra/H,Q) system was
selected as the working pair for the TCES system in this study based on its promising performance at
temperatures above 150°C [16,17]. The monohydrous SrBr, and SrBr.-H;O can store heat via dehydration,
and the hydration of anhydrous SrBr; releases heat, as given in Eq. 1.

SrBr,(s) + H,0(g) 2 SrBr, - H,0(s) AH = 71.98 k] /mol Q)

The operation of the TCES system with a packed bed reactor is shown in Fig. 3. During the heat storage
mode, the dehydration of SrBr,-H,0 is caused by a heat sink at 200°C, and the produced water vapor condenses
in a water reservoir at 35°C, which is 10 K higher than the ambient temperature. The heat for the hydration,
Qevap, 1S assumed to use waste heat from industrial processes, in the same way as a heat source for the HTHP
cycle, therefore, Thyq, is lower than 110°C. Additionally, the molar mass, M, and density, p, of anhydrous and
monohydrous SrBr, are shown in Table 3 [18].
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Fig. 3. Image of the thermochemical energy storage system: (left) storage mode and (right) discharge mode.

Qevap.

Table 3. Chemical and physical properties of SrBr,/H,O TCES system

Material Molar mass, Density, p, Enthalpy of hydration,
M, (g/mol) (kg/m?®) AH, (kJ/mol)

SrBr, 247.43 4216

71.98
SrBry-H,0 265.43 3911

3. Methods and results
3.1. High-temperature heat pump cycle

The HTHP cycle operated at 90°C and 160°C for Tevap and Tcong, respectively, during storage for 8 hrs. It is
assumed that the obtained thermal energy, 500 kW, is fully converted into a TES system, then 14400 MJ will
be stored. The thermodynamic heat and energy balance of the multistage high-temperature heat pump cycle
were estimated based on the IAPWS-1F97 standards. The intermediate pressure was defined from the suction
and discharge pressures, with the assumption that each compression stage had the same pressure ratio. The
overall thermodynamic properties, such as the pressure, temperature, and enthalpy, of each point of the HTHP
cycle were determined. The important parameters are available from Eq. 2-3. Mass flowrate of the HTHP main
cycle, 1., Was induced as 0.19 kg/s, and the power consumption of two compressors, Weomp, Was estimated
to be 113.36 kW; the isentropic and mechanical efficiency, 7iso. and #mecn., are 0.78 and 0.90 respectively. From
the obtained thermal energy from the condenser and IC, Qg = 500 kW, and calculated Weomp, COP of the
HTHP cycle was defined to 4.41, Eq. 4. Additionally, efficiency of the system was compared to that of an ideal
cycle by introducing the thermodynamic efficiency, #camot, in EQ. 5 and 6. The Carnot efficiency, COPcarnot,
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represents the maximum energy efficiency of an ideal process that converts power to heat between two
different temperatures, T, and Tw [19]. The #camot Value was calculated as 0.71.

. Qsink
Mo = 2
main ((HIC out_HICin)_(Hdis_Hcond out)) ( )
(H1c out—Hsuc)XMmain (Hais—H1c out) XMmain

w. = + 3
comp . ( Nmech. ) ( Nmech. ) ( )
COP = Qsink/VVcomp 4)
~ cop 5)

ncarnot - COPCarnOt (

Ty

COPcarnot = THiITL (6)

According to the assumption in section 2.1, the mass flow rate of heat sink flow, g, has the same
pressure as Pqis and it was calculated from the capacity of water/steam, c,, and enthalpy, AH, of vaporization
at 160°C, 2081.9 kJ/kg, Eq. 7. Because the ¢, is variable by temperature, averaged specific heat capacities
for the liquid and gaseous state, Qliqui q and ans, was adopted for the precise estimation. As a result, g,

of the HTHP cycle is estimated to be 0.18 kg/s.

. _ Qsink
Msink = . — (7)
((Tcond_Tsinkin)xcpliquid"' (Tsink out_Tcond)XCpgas"' AHvap.,Tmnd)

3.2. Sensible heat storage (SHS)

In storage mode, the HTHP cycle supplies 500 kW of heat for 8 hrs (zsior = 28800 s). Both TES systems
stored thermal energy without any heat loss. The required concrete amounts for the SHS system can be
calculated from Eqgs. 8-9 based on material properties in Table 2, meopcrete = 96647 kg and Veonerete =
43.0 m3. As aforementioned in section 2.1, the temperature of the HTF in the TES was defined as 10 K lower
than the heat sink out temperature, Tswor = Tsink out — 10 K, and the required airflow rate was obtained from Eq.
10, Myirstor = 2.82 kg/s.

Meoncrete = (Qsink X TStor)/<Cpconcrete,200°C X (Tstor - Tamb)) (8)
Vconcrete = mconcrete/pconcrete (9)
mair— stor — QSink/<Cpair,190°C X (Tstor - Tamb)) (10)

On the discharge mode, the SHS system can have various cycle out temperatures, Teycle out < Tstor — 10 K, by
controlling heat output rate from the SHS system, Qsus_qis- The required Qsus_qis According to the target
Teyele out C2N be obtained from the enthalpy balance of heat sink flow and corresponding mass flowrate of air,
Myir_gis: ON the SHS system are induced from Eqg. 11. Additionally, the operation of the SHS system involves
an air pump working, unlike the TCES system, for delivering the heat consecutively, Eq. 12. The values of
differential the head, h,jr pump, acceleration of gravity, g, and efficiency of the pump, 7,ir pump. are 20 m,
9.81 m/s?, and 0.7 respectively. For what concerns the air mass flow rate, m,;,, and densities, p,;., ischanged
according to operation modes and conditions.

TMgink X (HTcycle out Hamb) = Usus—dis = Mair-dis X (Tstor - Tcycle out) 11)

(Mairxhair pump*9d XPair)
Wair pump = (12)

Nair pump

While the SHS system constantly consumes 3522.77 W for air pump work on storage mode, Qgus_qis and
Wair pump-dais are changed on discharge mode by target cycle out temperature, Fig. 4. Because heat sink flows
have the same pressure to discharge pressure, Pgis, of HTHP main cycle, it has the same evaporation
temperature of 160°C, and mass flow rate, 7,;_q;s, iS increased drastically to satisfy the increase Qsgs—ais
over the evaporation temperature. It was also found that the power consumption of the air pump increased
consistently despite the heat output rate from the SHS system becoming stabilized over 160°C;
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Mair—aisincreased from 22.8 kg/s to 45.9 kg/s on 170°C to 180°C of Teycle out While Qgpys_gisShows stable values
487.45 kW and 497.68 kW.
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Fig. 4. Change of Qgys_qis and Wair pump—dis DY Cycle out temperature on discharge mode.

3.3. Thermochemical energy storage (TCES)

The Gibbs free energy change of a reaction, AG, is obtained from the reaction enthalpy change, AH, and
the entropy change, AS, as shown in Eq. 13.

AG = AH — TAS (13)
where AG has the following relationship with the reaction equilibrium constant, Keq, for the gas-solid reaction
assuming ideal gas properties Eq. 14. The reversible reaction condition is established at around Keq = 1 and the
linear form of the Van’t Hoff plot is obtained.

P AG AH AS
aneq(TrP) =11’1(P—0) =E= _E-I_? (14)
From the reaction enthalpy, AH, molecular mass and density of SrBr2-H20, Mgy, 1,0 and Psrgr,-H,0:
in Table 3, the necessary amounts of SrBr,-H,O for the storage mode can be estimated as a mass,
Msrpr,-H,0, Of 53101 kg and volume, Vg,py, 11,0, Of 13.6 m? from Eqgs. 15-16, in terms of anhydrous SrBr,
49500 kg and 11.7 m3.

Qsink
MsrBr, H,0 = ((—Z: )/MSrBrZ-HZO) X Tstor (15)

VsrBr, Hy0 = erBrZ-HZO/pSrBrz-HZO (16)

Fig. 5 shows the Van’t Hoff diagram of SrBr,/H,O solid-gas reaction, AH = 71.98 kJ/mol and AS = 143.93
J/(mol-K) given in the NBS table. This TCES system possible to store heat by the accomplishment of
dehydration at a certain temperature, Teenya, and achieve a higher output temperature than dehydration
temperature, Thya > Taenyd, particularly, since Tnya is controllable from hydration pressure. Therefore, the
discharge mode of the TCES system is also known as the temperature upgrade operation of a chemical heat
pump [20].
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Fig. 5. Van’t Hoff plot of SrBr,/H,0 solid gas-reaction.

In this study, during the heat storage operation, monohydrous SrBr,, SrBr,-H20, was decomposed at
190°C, 10 K lower than Tsin, and the produced water vapor was condensed at 35°C, 10 K higher than Tamp.
Because it was assumed that waste heat from the industrial process was used for evaporation, the temperature
for evaporation, Tevap, Was limited to 110°C. Four different evaporation temperatures were selected, Tevap =
80°C, 90°C, 100°C, and 110°C, and hydration temperatures, Tnyg = 206°C, 217°C, 227°C, and 238°C, were
obtained from the corresponding saturated water vapor pressures of 47.4 kPa, 70.2 kPa, 101.4 kPa, and 143.4
kPa. The heat output rate of the TCES system, Qrcps—dis. is 0btained from the first half of Eq. 9, and Table
4 shows the cycle out temperature, Teycle out, Operable discharge time, zais, and Qrcps—gis Oy evaporation
temperature, Tevap.

Table 4. Performance of TCES system on discharge mode

Evaporation Hydration Operable time, Heat output rate of
temperature, temperature, i, (hr) TCES, Qrcrs—dis»
Tevapy (oc) Thyd (QC) (kW)

80 206 8.03 498

90 217 7.96 502

100 227 7.90 506

110 238 7.83 510

3.4. Comparison of both TES systems

The heat output rate and operable discharge time of both the TES systems are compared in Fig. 6. Generally,
the TCES system has a higher heat output rate, Q4;s, and cycle out temperature, Teycle out, than the SHS system.
SHS system has a maximum cycle output temperature, Teycle out, Of 180°C because the stored temperature, Tsor.,
is 190°C, however, the Teycle out OF the TCES system obtained from equilibrium pressure on Eq. 12 is higher
than 200°C. Additionally, the Teycie out OF the SHS TES system has been decreased rapidly for below 160°C of
Teyele out, SiNCe the saturation pressure of the heat sink is assumed to have the same condensation temperature
as with HTHP main cycle.
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Fig. 6. Comparison of Q4 and zg; in function of the cycle out temperature.

The round-trip efficiency (RTE) of the thermal energy storage system is expressed as the ratio of the energy
output to the energy input, as shown in Eq. 17; the power consumption of the air pump, Wair pump, IS considered
only for the SHS system.

n _ (0dis—Wair pump-— dis) X Tdis (17)
RTE — (5
(Qsink*+*Weomp+Wair pump—stor)XTstor

On the RTE, on the other hand, the TCES system has a constant value, 0.82, since the TCES system can be
utilizing waste heat from industrial processes for evaporating, Qevap, Without additional mechanical power, the
RTE of SHS are decreasing from 0.79 to 0.72 with increasing heat output rate. Dramatically increased air mass
flow rate on discharge mode, 17,i,_qis, brings low RTE of SHS system at high cycle out temperature, Teycle out,
and heat output rate, Q4;s. Compared to the concrete SHS system, SrBr2/H.O TCES system only requires 45%
and 68% less amount of mass and volume for storage; the TCES system also has 4-14% higher round-trip
efficiency, Table 5.
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Fig. 7. Comparison of RTE according to heat output rate in the discharge mode.
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Table 5. Specifications of TES systems

SHS TCES Note
Material Concrete SrBr;-H,0 (SrBry) TCES/SHS
Weight, m, (kg) 96647 53101 (49500) 0.55 (0.51)
Volume, V, (m%)  43.0 13.6 (11.7) 0.32 (0.27)
RTE (-) 0.72-0.79  0.82 1.04-1.14

4, Conclusion

The performances of a multistage high-temperature heat pump (HTHP) and two different thermal energy
storage (TES) systems connected to the HTHP cycle were investigated. The HTHP cycle had temperatures of
90°C and 160°C for the evaporator and condenser, respectively, and its performance was analyzed using a
thermodynamic enthalpy balance. It was assumed that the HTHP cycle would supply 200°C and 500 kW of
thermal energy for 8 hours during storage operation. The heat sink flow transferring thermal energy to the
TES system is constrained to have the same pressure as the discharge pressure of the HTHP main cycle, Psink
= Pdis, and a constant flow rate, mgy.

The thermochemical energy storage system (TCES) has a higher discharge temperature and heat output
rate, >200°C and ~500 kW, compared to the sensible heat storage (SHS) system. This is because the
SrBra/H,0O TCES system release higher temperature than assumed waste heat by considering the equilibrium
pressure, whereas the SHS system does not allow for an upgrade in temperature. In particular, the heat output
rate of the SHS system was significantly reduced when the cycle out temperature was lower than the
condensation temperature, Teycle out < Teond. IN terms of physical requirements, The TCES system has 45% and
68% lower material weight and volume requirements than the SHS system, and its round-trip efficiency is
also higher because of the reduced power consumption of the air pump. These results confirmed the
advantages of the TCES system for high-temperature thermal energy.

This approach will not only aid in the development of efficient HTHP and TES integration systems but
also their effective development. Further study is possible through a detailed analysis of the HTHP cycle
with various temperature ranges and different TES system configurations.
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