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ABSTRACT
The integrated system, consisting of a two-stage high-temperature heat 
pump (HTHP) and thermal energy storage (TES), has been proposed as 
an effective solution to reduce CO2 emissions in industrial processes 
effectively.

The water vapour HTHP, which can supply heat at 200°C, demonstrated 
a coefficient of performance (COP) between 4.4 and 7.5. Two different TES 
systems were introduced: concrete sensible heat storage (SHS) and 
strontium bromide/water (SrBr2/H2O) thermochemical energy storage 
(TCES). While the concrete SHS is limited to temperature below 200°C, 
the SrBr2/H2O TCES can deliver heat between 196°C and 228°C with 
higher cycle efficiency. The integrated system of HTHP and SrBr2/H2O 
TCES achieved a net present value (NPV) of €464,559 and €182,374 over 
a 20-years lifespan, with internal rates of return (IRR) ranging from 15.8% 
to 23.6%.

This HTHP and TCES system has sufficient potential to replace fossil-fuel 
industrial boilers, leading to significant reduction in CO2 emissions in 
industrial processes.
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1. Introduction

Global greenhouse gas (GHG) emissions have continued to increase over the last decades. Atmos-
pheric carbon dioxide (CO2) concentrations reached 410 parts per million (ppm), methane (CH4) 
reached 1,866 parts per billion (ppb), and nitrous oxide (N2O) researched 332 ppb in 2019. Since 
1750, CO2, CH4, and N2O are increased by 47%, 156%, and 23%, respectively. These values far 
exceed the multi-millennial changes between glacial and interglacial periods over the past 
800,000 years (Lee et al. 2023).

Specifically, CO2 emissions, which are a major contributor to global warming were estimated at 
approximately 36.8 Gt in 2022, showing a growth of 0.9%, 321 Mt. The industrial sector is respon-
sible for approximately 35% of global GHG emissions when reallocated to the final energy con-
sumption sectors (Edenhofer 2014; Lamb et al. 2021). Global industrial energy demand, which 
directly influences GHG emissions, has been steadily increasing, reaching approximately 165 EJ 
in 2021, a 4% increase from 2019. Currently this sector accounts for more than 40% of global elec-
tricity demand (IEA 2023a; 2023b). In conclusion, industrial energy demand accounted for 
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approximately 38% of the total final energy demand in 2022, up from 33% in 2000, with fossil fuels 
representing more than half of total final energy demand in the industrial sector (IEA 2021; 2022a).

Among the various energy services in the industry, heating applications offer the largest poten-
tial for electrification. Thermal energy demand is dominant in the industrial sector, with each sub-
sector having its specific temperature requirements (IEA 2021). Waste heat recovery and upgrade 
with heat pumps presents an excellent potential for enhancing the efficiency of existing industrial 
processes (Brueckner et al. 2014; Huang et al. 2017).

Electrifying high-temperature heat (>400°C) in industry poses great challenges. Nevertheless, 
many electrification technologies are already commercially available or under development for 
low (<100°C) and medium (100–400°C) temperature heat applications (IEA 2023b). In particu-
lar, heat pumps offer significant potential across various sectors and can play an important role 
in decarbonising industrial heat supply at temperatures below 200°C. This temperature range is 
primarily required in sectors such as pulp and paper, food and beverage, and the chemical 
industry (Tobias et al. 2016). Globally industrial process heat within the 100–200°C range 
accounts for approximately 20% (22.1 EJ) of total industrial energy consumption (IEA 2022b; 
Rehfeldt, Fleiter, and Toro 2018). Within the EU 28, specifically in the paper and food sub-sec-
tors, industrial heat pumps can cover around 69% and 51% of the heat demand, respectively 
(Marina et al. 2021).

Nonetheless, with the increasing adoption of industrial HTHP and the utilisation rate of renew-
able energy, an accompanying rise in the imbalance between supply and demand is anticipated, 
necessitating the development of energy storage systems to mitigate this challenge and enhance 
grid flexibility (Tong et al. 2021). Among the various energy storage technologies, thermal energy 
storage (TES) has a higher energy density and longer storage duration than other storage methods 
(Kim, Takasu, and Kato 2021). Moreover, TES offers a more cost-effective solution for longer-term 
storage, and it can be designed to operate at high temperatures, such as for steam generation, indus-
trial heating, thermal desalination (Augustine and Blair 2021; Kim, Takasu, and Kato 2023; Laing 
et al. 2011). Thermal energy storage systems are designed to store heat or cold for later use at differ-
ent temperatures and locations, primarily to address the mismatch between energy generation and 
demand (Miró, Gasia, and Cabeza 2016). There are three primary types of TES systems: sensible 
heat storage, latent heat storage, and thermochemical heat storage. Sensible heat storage (SHS) 
involves storing heat by changing the temperature of the storage material. Latent heat storage relies 
on the phase transition of materials, typically a solid–liquid phase change, which allows for the sto-
rage of large amounts of heat at a constant temperature during the phase transition. Thermochemi-
cal energy storage (TCES) uses the heat generated through chemical reactions with high energy 
content, effectively storing energy. TES technology, particularly TCES, is considered an efficient sys-
tem that can enhance the performance of heat pumps by delivering heat directly to industrial pro-
cesses at high temperature. Additionally, it has the potential to expand the utilisation of low-cost 
variable renewable electricity in the industrial sector, bypassing the grid (IEA 2023b; Osterman 
and Stritih 2021).

The current study concentrates on comparing the integration of a SHS and TCES with a high- 
temperature heat pump (HTHP) cycle capable of delivering heat at 200°C. The system configur-
ation and operating parameters are informed and further refined based on insights from the pre-
liminary study (Kim et al. 2023a). The HTHP system is a two-stage water vapour (R-718) 
Rankine cycle with intercooling, which has been demonstrated to provide process heat within 
the temperature range of 100°C to 200°C (Kim et al. 2023b). Detailed operational strategies for 
the HTHP and TES systems are presented, with particular emphasis on enhancements to the oper-
ational logic of the SHS system, as informed by previous analyses. Through a comprehensive assess-
ment of thermodynamic performance and techno-economic characteristics of integrated systems 
under HTHP operating conditions, this study identifies the inherent limitations of conventional 
SHS systems and evaluates the potential of TCES systems to complement and enhance the function-
ality of HTHP systems.
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2. Modelling of thermodynamic and economic systems

2.1. Multistage water vapour compression cycle

A two-stage water vapour compression cycle with intercooling was introduced as the HTHP cycle, 
as shown in Figure 1. First water vapour is compressed to an intermediate pressure and then cooled 
close to its condensation temperature. The resulting slightly superheated steam is recompressed to 
the final pressure, corresponding to the aimed HTHP delivery temperature. The International 
Association for the Properties of Water and Steam (IAPWS-IF97), was adopted to calculate the 
water/steam properties in the HTHP cycle (International Association for the Properties of Water 
and Steam 2007).

The number of temperature conditions was significantly expanded from the preliminary study to 
facilitate a detailed investigation of the performance of the HTHP system alone, as well as the inte-
grated system with the TES (Kim et al. 2023a). The temperature of the heat source, Tsource, corre-
sponding to waste heat, was fixed at 120°C. Consequently, the evaporation temperature, Tevap, was 
set at 90 and 100°C. The condensation temperature, Tcond, which is directly related to the discharge 
temperature, Tdis, was set to 130, 140, 150, and 160°C by considering the temperature lift limitation, 
which is up to 60–65 K when the pressure ratio is lower than 2.5 for each stage. As a result, the 
temperature difference, ΔTlift, ranged from 30 to70 K. The intermediate pressure was determined 
to maintain the same pressure ratio between the first and second stages, as previous work demon-
strated that the two-stage cycle achieved the highest coefficient of performance (COP) when both 
compressors operated at the same pressure ratio (Kim et al. 2023b). Additionally, it was assumed 
that the temperature differences between the hot and cold sides after the heat exchangers were 
10 K (Tsup & sub = 10 K).

The heat sink flow, which passes through the intercooler and condenser, was set to supply a con-
stant thermal power of 500 kW at 200°C to the TES system and was also used to retrieve heat from 
the TES system. The heat sink pressure was equal to the pressure at the condenser, Psink = Pcond, and 
the mass flow rate of the heat sink remained constant during both the heat storage and release oper-
ation, mstor = mrel, of the TES system.

Figure 1. Image of (a) schematic diagram of the HTHP with TES system and (b) T-S diagram of HTHP cycle (Kim et al. 2023a).
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2.2. Thermal energy storage systems

Sensible heat storage involves the use of a material to store thermal energy by virtue of 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. In this study, an SHS system that using concrete 
is considered. Concrete can withstand cyclic stress at temperatures of up to 500°C during numerous 
consecutive charging and discharging periods, therefore, concrete is considered as suitable sensible 
heat storage material over long lifetimes (Laing et al. 2009).

The concrete SHS system in current study consists of two tanks: a hot tank containing concrete 
and a cold tank that stores air as a heat transfer fluid (HTF). The operational strategies are as fol-
lows. During the storage operation, low-temperature air, Tamb = 25°C, in the cold tank is heated 
using high-temperature steam from the HTHP cycle and an electric heater, Tstor = 200°C, for 8 
hours, Figure 2(a). To specifically address the pinch point violation in the heat exchanger, which 
was overlooked in preliminary study, an electric heater has been introduced particularly. Due to 
the higher heat capacity, c, of water/steam compare to air, as well as the presence of phase change 
region, the air temperature of heat exchanger outlet is limited to 10 K above the condensation temp-
erature. This constraint prevents pinch point violations in the heat exchanger, Figure 2(b). Sub-
sequently, the electric heater, with an efficiency of 0.95, further elevates the air temperature to 
200°C.

In the heat release operation, high-temperature air transfers heat to low-temperature water/ 
steam in the heat sink, delivering thermal energy to meet demand, Figure 3. During the heat release 
operation, the cycle out temperature, Tcycle out, of SHS system can be controlled by regulating the 
mass flow rate of air from the hot tank to cold tank, Figure 3(a). Due to the differing properties of 
the two heat transfer fluids, a pinch point violation problem can also occur during the heat release 
operation. Therefore, the cycle out temperature, Tcycle out, has been restricted to not lower than 10 K 
below the condensation temperature, Figure 3(b). Furthermore, the heat release operation is limited 
to 16 hours, assuming that one cycle of TES operation is completed per day. As mentioned in the 
above section, the state of water/steam in the heat sink flow was calculated using the IAPWS-IF97, 
and the specifications of the SHS system were determined based on the properties of concrete at 
200°C, Table 1 (Anderbergo 1991; Pan, Zou, and Jin 2017).

Thermochemical energy storage (TCES) systems use reversible chemical reactions and offer the 
advantages of a high storage density and long storage times without dissipation. Generally, revers-
ible chemical reactions in TCES occur at high temperatures between the solid and gas phases. TCES 
encompasses various types of chemical reactions, including hydration, carbonation, and oxidation, 
and each reaction working pair having distinct temperature and pressure characteristics (Kim, 
Takasu, and Kato 2021). The strontium bromide and water (SrBr2/H2O) working pair shows 

Figure 2. Heat storage operation of sensible heat storage system: (a) schematic diagram and (b) T-S diagram.
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high specific thermal powers at temperature above 150°C and this reaction has been in spotlight as 
promising material to store thermal energy in temperature range from approximately 150°C to 300° 
C (Richter et al. 2018; Stengler, Bürger, and Linder 2020). The monohydrous SrBr2, SrBr2·H2O, can 
store heat through dehydration, while the hydration of anhydrous SrBr2 releases heat, as given in 
Equation 1.

SrBr2(s)+H2O(g) ⇄ SrBr2 ·H2O(s) DH = 71.98 kJ/mol (1) 

The operational schematic diagram of the TCES system with a packed bed reactor is illustrated in 
Figure 4. During the heat storage operation, the dehydration of SrBr2·H2O is induced by a heat sink 
at 200°C, and the resulting water vapour condenses in a water reservoir at 35°C, which is 10 K 
higher than the ambient temperature, Tamb. Unlike the SHS system, the TCES system can control 
the Tcycle out by regulating the hydration temperature corresponding to the hydration pressure. 
Since heat for the hydration, Qevap, is assumed to utilise waste heat in industrial processes, similar 
to the heat source for the HTHP cycle, the hydration temperature, Thyd, is limited to a maximum of 
110°C. In the current study, four different hydration temperatures were selected for the discharge 
operation, Thyd = 80, 90, 100, and 110°C. Additionally, the molar mass, M, and density, ρ, of anhy-
drous and monohydrous SrBr2, which are used to estimate the specification of the TCES system, are 
shown in Table 2 (Perry 2011). Due to the increase in volume during hydration, SrBr2·H2O requires 
lower density compared to its anhydrous form.

Figure 3. Heat release operation of sensible heat storage system: (a) schematic diagram and (b) T-S diagram.

Table 1. Properties of concrete for SHS systems (Kim et al. 2023a).

Temperature (°C) Specific heat capacity, Cp, (J/(kg K)) Density, ρ, (kg/m3) Thermal conductivity, λ, (W/(m K))

100 832 2250 1.80
200 903 2250 1.60
300 1058 2250 1.40

Figure 4. Image of the thermochemical energy storage system: (a) heat storage operation and (b) heat release operation.
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2.3. Economic models

This section presents an economic model for comparing a HTHP with TES system against hot water 
boilers (HWB). The HWB, assumed to operate with an efficiency of 0.98, is representative of fossil 
fuel-based heating equipment used in industrial processes at approximately 200°C. The economic 
analysis assumes an investment lifetime, n, of 20 years with a discount rate, d, of 3.5% and an 
inflation rate, i, of 2.8%. The net present value (NPV), used to evaluate the economic performance 
of the systems, is calculated using Equation 2.

NPV = − INV+
n=20

n=1

CFn · (1+ i)n− 1

(1+ d)n (2) 

where i represents the inflation rate, n denotes the number of time periods, CFn is the annual net 
saving electricity cost at the year n, and INV represents the initial investment for the respective 
systems.

Various investigations have been conducted to estimate the cost of industrial heat pumps, 
employing methodologies such as analyses of existing installations and devices, regression studies 
on large-scale district heating heat pumps, and cost projections by the European Commission, 
among others (Grosse et al. 2017; Lang 1947; Pieper et al. 2018; Schlosser 2021). Despite the diver-
sity in these approaches, there is consistent common trend across all cost functions: the specific unit 
cost decreases with increasing heat pump capacity. This effect is associated with economies of scale. 
In particular, the most significant decreases are observed at capacities around 500 kWth (Walden, 
Wellig, and Stathopoulos 2023).

To deduce the INV in Equation 3, the cost model provided by the European commission was 
selected for estimating the cost of the HTHP system, CHTHP, while initial investment data for the 
TES systems are presented in Table 3. Specifically, only the storage medium cost of the TES system 
for 4000 kWh, 500 kW for 8 hours, is considered as CTES as the cost of other TES system com-
ponents can vary significantly depending on the configuration. The CFn, derived from the differ-
ence in electricity requirements between HWB and HTHP, is calculated based on system 
efficiency, Equation 4. The economic parameters utilised in this study are summarised in Table 4.

INVHTHP+TES = CHTHP + CTES = 0.352× (Q̇sink)− 0.122 + CTES (3) 

CFn = EHWB, n − EHTHP, n (4) 

Table 2. Chemical and physical properties of SrBr2/H2O TCES system.

Material Molar mass, M, (g/mol) Density, ρ, (kg/m3) Enthalpy of hydration, ΔH, (kJ/mol)

SrBr2 247.43 4216 71.98
SrBr2·H2O 265.43 3911

Table 3. Cost information for of TES systems.

System Function Cost Unit Source

TES Concrete 1.36 [€/kWth] (Strasser and Selvam 2014)
SrBr2 0.52 [€/kWth] (Gilles et al. 2018)

Table 4. Economic parameters.

Parameter Value Unit Source

Electricity price 0.21 [€/kWh] (Eurostat 2022a)
Natural gas price 0.08 [€/kWh] (Eurostat 2022b)
Discount rate 3.5 [%] (Great Britain 2014)
Inflation rate 2.8 [%] (Eurostat 2022c)
Lifespan of system 20 [years] (Jovet et al. 2022)
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3. Performance evaluation and analysis

3.1. High-temperature heat pump (HTHP) cycle

The performance of HTHP cycle operated with different temperature conditions, Tevap at 90°C and 
100°C, Tcond at 130, 140, 150, and 160°C, was evaluated. The intermediate pressure was defined 
from the suction and discharge pressures, with the assumption that each compression stage has 
the same pressure ratio. The overall thermodynamic properties, such as the pressure, temperature, 
and enthalpy, of each point of the HTHP cycle were determined through thermodynamic heat and 
energy balance of the multistage high-temperature heat pump (Kim et al. 2023a). The important 
parameters, mass flow rate of the HTHP main cycle and the power consumption of two compres-
sors, ṁmain and Wcomp, were estimated from Equations 5–6; the isentropic and mechanical 
efficiency, ηiso and ηmech, are 0.78 and 0.90, respectively. From the obtained thermal energy from 
the condenser and IC, Q̇sink = 500 kW, and calculated Wcomp, COP of the HTHP cycle was 
defined from Equation 7. Additionally, efficiency of the system was compared to that of an ideal 
cycle by introducing the thermodynamic efficiency, ηcarnot, in Equations 8–9. The Carnot efficiency, 
COPcarnot, represents the maximum energy efficiency of an ideal process that converts power to heat 
between two different temperatures, TL and TH (Szargut 2002).

ṁmain =
Q̇sink

((HIC out − HIC in) − (Hdis − Hcond out))
(5) 

Wcomp =
(HIC in − Hsuc.)× ṁmain

hmech.

 

+
(Hdis − HIC out)× ṁmain

hmech.

 

(6) 

COP = Q̇sink/Wcomp (7) 

hcarnot =
COP

COPCarnot
(8) 

COPcarnot =
TH

TH − TL
(9) 

According to the assumption in section 2.1, the mass flow rate of heat sink flow, ṁsink, has the 
same pressure as Pdis of main cycle and it was calculated from the capacity of water/steam, cp, and 
enthalpy of vaporisation, DHvap, at respective Tcond, Equation 10. Because the cp is variable by temp-
erature, averaged specific heat capacities for the liquid and gaseous state, cpliquid and cpgas, was 
adopted for the precise estimation.

ṁsink =
Q̇sink

((Tcond − Tsink in)× cpliquid + (Tsink out − Tcond)× cpgas + DHvap, Tcond )
(10) 

The mass flow rate changes of main and heat sink by temperature lift, Tlift, changes are shown in 
Figure 5(a). Overall ṁmain decreases as Tlift increases because the enthalpy differences between inlet 
and outlet of intercooler and condenser, denoted as the denominator of Equation 5, increase. 
Specifically, the HTHP cycle with Tevap = 100°C exhibits a lower enthalpy after second compressor, 
Hdis, compared to the Tevap = 90°C cycle, resulting in a higher mass flow rate for the main cycle. On 
the other hand, ṁsink, does not show significant changes with Tlift or temperature conditions. This is 
because Q̇sink is fixed at 500 kW, and the specific heat capacity and DHvapvalues do not vary much 
with temperature.

The discharge temperature of the HTHP cycle, Tdis, derived from pressure and enthalpy on dis-
charge, is depicted in Figure 5(b). Since both cycles exhibit similar Tdis when they have the same 
Tlift, Tdis is analysed to be strongly depended on the Tlift value rather than other parameters such 
as Tevap and Tcond, as confirmed in a previous study (Kim et al. 2023b). The HTHP cycle with a 
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higher Tevap shows higher Tdis. It is confirmed, in particular, that a minimum Tlift of 40°C is 
required to supply heat at 200°C to the TES system directly during storage operation.

Figure 6 depicts the coefficient of performance (COP) and thermodynamic efficiency, ηcarnot, 
of the two-stage HTHP. The HTHP cycle with low-temperature lift, Tevap = 100°C in Figure 6, 
has a higher COP and ηcarnot. The overall COP values decrease with Tlift exponentially, as 
confirmed in the previous study, Figure 6(a). Additionally, the difference between Tevap in the 
90°C and 100°C cycles is reduced with an increase in Tcond, from 34% to 17% higher when 
Tcond changes from 130°C to 160°C. This is because the consumed compressor power, Wcomp, 
has increased proportionally while Q̇sink is fixed at 500 kW, result in a proportional increase 
of Wcomp to Q̇sink. The thermodynamic efficiency, ηcarnot, values also decrease with Tcond; how-
ever, unlike COP, ηcarnot values decrease proportionally with a certain difference, Figure 6(b). By 
considering that a minimum temperature lift of 40°C is required to supply heat at 200°C, the 
COP and thermodynamic efficiency values of the HTHP are limited to 4.4–7.5 and 0.71–0.72, 
respectively.

3.2. Sensible heat storage (SHS) system

In storage operation, the HTHP cycle supplies 500 kW of heat for 8 hrs (τstor = 28,800 s) and 
both TES systems stored thermal energy without any heat loss, 14,400 MJ. The required con-
crete amounts for the SHS system can be calculated from Equations 11–12 based on material 
properties in Table 1, mconcrete = 96, 647 kg and Vconcrete = 43.0 m3. As aforementioned in sec-
tion 2.1, the HTF in the SHS system was heated to 10 K higher condensation temperature 

Figure 5. Performance of HTHP by Tlift: (a) Mass flow rate of main and heat sink, and (b) Discharge temperature, Tdis.

Figure 6. Performance of HTHP by condenser temperature: (a) COP, and (b) Thermodynamic efficiency, ηcarnot.
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through the heat exchanger first, then it is further heated to 200°C by using electric heater. The 
required air flow rate for storage operation was obtained from Equation 13, and consumed 
power from air pump and electric heater calculated from Equations 14–15. The values for 
the air pump are that the differential head, hair pump, acceleration of gravity, g, and efficiency 
of the pump, hair pump, are 70 m, 9.81 m/s2, and 0.7, respectively. For what concerns the air 
mass flow rate, ṁair, and densities, rair, is changed according to operation modes and tempera-
ture conditions.

mconcrete = (Q̇sink × tstor)/(cp concrete at 200◦C× (Tstor − Tamb)) (11) 

Vconcrete = mconcrete/rconcrete (12) 

ṁair, stor = Q̇sink/(cpair from Tamb to Tcond+10 K × (Tcond+10 K − Tamb)) (13) 

Wair pump =
(ṁair × hair pump × g × rair)

hair pump
(14) 

WEH =
(Hair at 200◦C − Hair at Tcond+10 K )× ṁair

hEH
(15) 

Table 5 presents the key parameter changes in storage operation of SHS system. A decrease 
in the air flow rate was observed with an increase in the condensation temperature because 
the outlet temperature of the heat exchanger was set at 10 K above the condensation temp-
erature. Consequently, the power consumption of the air pump also decreases in alignment 
with the reduction in the air flow rate. The power consumption of electric heater exhibited 
a more pronounced decline, which can be attributed to the concurrent decrease in both 
the air flow rate and the enthalpy difference in Equation 15 with increasing condensation 
temperature.

In the heat release operation, the SHS system is capable of operating for up to 16 hours, as 
detailed in section 2.2. The system can achieve a range of cycle out temperature, Tcond – 10 K < Tcycle 

out < Tstor – 10 K, by regulating the heat output rate, Q̇SHS, rel. As described in Equation 16, the 
required Q̇SHS, rel for the desired Tcycle out can be determined from the enthalpy balance of the 
heat sink flow, and the corresponding mass flow rate of air, ṁair, rel, within the SHS system can 
also be derived. This induced air flow rate for the heat release operation results in power consump-
tion by the air pump, as described by Equation 14.

ṁsink × (HTcycle out − Hamb) = Q̇SHS, rel = ṁair, rel × (Tstor − Tcycle out− 10 K) (16) 

While the SHS system maintains consistent operating values for heat storage operation at each 
condensation temperature, Tcond, both the heat output rate, Q̇SHS, rel, and the air pump power con-
sumption, Wair pump, rel, vary with Tcycle out and are divided into two groups based on the Tcond. 
Since the heat sink flow maintains the same pressure as the discharge pressure of the HTHP 
cycle, Pdis, it exhibits the same condensation temperature during heat release operation. The 
sharp increase in the enthalpy of the heat sink flow above the condensation temperature leads 

Table 5. Parameter changes in storage operation of SHS system.

Condensation temperature, Tcond, 
[°C]

Air flow rate, ṁair, stor, 
[kg/s]

Air pump power, Wair pump, stor, 
[kW]

Electric heater power, WEH, 
[kW]

130 4.06 15.52 274.35
140 3.72 14.23 209.79
150 3.44 13.13 155.01
160 3.19 12.19 108.04
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to a significant increase in both Q̇SHS, rel and ṁair, rel when the targeted temperature exceeds the 
condensation temperature, Figure 7(a). The variation in ṁair, rel affects the power consumption 
of the air pump needed to meet the increased Q̇SHS, rel directly. Since the stored air temperature 
is fixed 200°C and the temperature after the heat exchanger is set to Tcond-10 K, each cycle with 
different Tcond results in varying air pump power consumption with respect to Tcond, Figure 7(b). 
It was also observed that both values slightly increase with Tcycle out because the enthalpy of the 
fluids increases with Tcycle out.

3.3. Thermochemical energy storage (TCES) system

The Gibbs free energy change of a reaction, ΔG, is obtained from the reaction enthalpy change, ΔH, 
and the entropy change, ΔS, as shown in Equation 17.

DG = DH − TDS (17) 

where ΔG has the following relationship with the reaction equilibrium constant, Keq, for the gas– 
solid reaction assuming ideal gas properties Equation 18. The reversible reaction condition is estab-
lished at around Keq = 1 and the linear form of the Van’t Hoff plot is obtained.

ln Keq(T, P) = ln
P
P0

 

=
DG
RT
= −

DH
RT
+

DS
R

(18) 

From the reaction enthalpy, ΔH, molecular mass and density of SrBr2·H2O, MSrBr2·H2O and 
rSrBr2·H2O, in Table 2, the necessary amounts of SrBr2·H2O for the heat storage operation can be esti-
mated as a mass, mSrBr2·H2O, of 53,101 kg and volume, VSrBr2·H2O, of 13.6 m3 from Equations 19–20, 
in terms of anhydrous SrBr2 before heat release operation, 49,500 kg and 11.7 m3.

mSrBr2·H2O =
Q̇sink

DH

 

/MSrBr2·H2O

 

× tstor (19) 

VSrBr2·H2O = mSrBr2·H2O/rSrBr2·H2O (20) 

Figure 8 shows the Van’t Hoff diagram of SrBr2/H2O solid–gas reaction, ΔH = 71.98 kJ/mol and 
ΔS = 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, Tdehy, and achieve a higher output temp-
erature than dehydration temperature, Thyd > Tdehy, particularly, since Thyd is controllable from 
hydration pressure. Therefore, the heat release operation of the TCES system is also known as 

Figure 7. Heat release performance of the SHS system: (a) Heat output rate, Q̇SHS, rel, and (b) Air pump power consumption, 
Wair pump.
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the temperature upgrade operation of a chemical heat pump (Zamengo, Yoshida, and Morikawa 
2021).

In this study, during the heat storage operation, monohydrous SrBr2, SrBr2·H2O, was decom-
posed at 190°C, 10 K lower than Tsink, and the produced water vapour was condensed at 35°C, 
10 K higher than Tamb. 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, 10 K lower 
than Tsource. Four different evaporation temperatures were selected, Tevap = 80°C, 90°C, 100°C, 
and 110°C, and hydration temperatures were obtained as Thyd = 206°C, 217°C, 227°C, and 238°C 
from the corresponding saturated water vapour pressures of 47.4, 70.2, 101.4, and 143.4 kPa. 
The heat output rate of the TCES system, Q̇TCES, rel, is obtained from the first half of Equation 
14, and Table 6 shows the cycle out temperature, Tcycle out, operable heat release time, τrel, and 
Q̇TCES, rel by evaporation temperature, Tevap.

3.4. Comparison of both TES systems

Figure 9 compares the heat output rate and operable heat release time of both TES systems. Gen-
erally, the TCES system exhibits a higher heat output rate, Q̇rel, and cycle out temperature, Tcycle 

out, than the SHS system, as shown in Figure 9(a). Unlike the SHS system, which is limited to a 
heat release operation temperature of 190°C due to the stored thermal energy temperature, TSHS, 

stor, of 200°C, the TCES system can release beyond 200°C. From the equilibrium pressure indi-
cated in Equation 18, the expected Tcycle out exceeds 196°C. Furthermore, the SHS system, with 
Tcycle out lower than Tcond, demonstrated a very low heat output rate of approximately 70–104 
kW. This is attributed to the fixed msink and the low enthalpy values of liquid state at lower 

Figure 8. Van’t Hoff diagram for SrBr2/H2O TCES system (Kim et al. 2023a)

Table 6. Performance of TCES system on heat release operation (Kim et al. 2023a).

Evaporation temperature, Tevap, 
[°C]

Hydration temperature, Thyd 

[°C]
Operable time, τrel, 

[hr]
Heat output rate of TCES, Q̇TCES, rel, 

[kW]

80 206 8.03 498
90 217 7.96 502
100 227 7.90 506
110 238 7.83 510
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temperatures. These variations in heat output rate are directly related to the available heat 
release time, trel, given that both TES systems have the same stored heat of 14,400 MJ, Figure 
9(b). While the SHS system with Tcycle out lower than Tcond shows a trel over 38 hours, more 
than twice the designed operating time of 16 hours, in other cases, both systems reveal a trel 
of 7.8–8.5 hours.

The cycle efficiency, ηeff, of the thermal energy storage system is expressed as the ratio of the energy 
provided to the TES systems to the energy released to demand, Equation 21; the power consumption of 
the air pump and electric heater, Wair pump and WEH, are considered only for the SHS system.

heff =
(Q̇rel − Wair pump, rel)× trel

(Q̇sink +Wcomp +Wair pump, stor +WEH)× tstor
(21) 

Figure 10 depicts the changes in ηeff for both TES systems as a function of the cycle out temperature 
during heat release operations. Both TES systems exhibit a 2.0–3.1% higher ηeff when the cycle has a 
higher Tevap, 100°C, as the power consumption of the compressor, wcomp, decreases with decreasing 
Tlift. While the TCES system maintains consistent ηeff values between 0.82 and 0.91, the SHS system 
shows overall lower ηeff values than the TCES system due to the power consumed by electric heater 
during storage operations. Particularly, the SHS system with a lower Tcycle out than Tcond exhibits signifi-
cantly lower ηeff values, 0.16–0.27, because of the reduced heat release capacity caused by the limited 

Figure 9. Comparison of thermal energy storage systems: (a) Heat output rate, Q̇rel, and (b) Heat release time, trel.

Figure 10. Comparison of cycle efficiency between concrete SHS and SrBr2/H2O TCES systems.
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heat release time, trel < 16 hours, and fixed mass flow rate of the heat sink. In conclusion, the SrBr2/H2O 
TCES system demonstrates 26–63% higher ηeff values than the concrete SHS system when Tcycle out is 
higher than Tcond. This difference increases substantially to 203–475% when Tcycle out is lower than Tcond.

Based on the physical properties in Tables 1 and 2, the specifications, required amounts, and 
volumes of thermal energy storage materials are determined, Table 7. Compared to a concrete 
SHS system, the SrBr2/H2O TCES system requires 45% less mass and 68% less volume for storage 
operation, and 49% less mass and 73% less volume of SrBr2 for heat release operations. Addition-
ally, the TCES system offers benefits in terms of both economic and cycle efficiency.

4. Economic analysis

The net present value (NPV) of the integrated system, HTHP and TCES, as an alternative to the hot 
water boilers (HWB) that use natural gas, has been investigated over a lifespan 20 years. The posi-
tive NPV indicate that the system has cost-effectiveness, and the relationships between NPV, dis-
count rate, d, and COP is shown in Figure 11(a). In particular, the range of COP has been limited 
between 4.5 and 7.5 because an HTHP system with a COP higher than 7.5 could not supply heat of 
200°C to TES system, as described in section 3.1. The NPV is more sensitive to discount rate than 
COP; it exponentially decreases with the discount rate but gradually increase with COP. The inte-
grated system has NPVs of €464,559 and €182,374 with COPs of 7.5 and 4.5, respectively at a dis-
count rate of 10%, d = 0.1. The internal rate of return (IRR), calculated by setting the NPV = 0 in the 
Equation 2 and solving for the discount rate, d, is also determined, Figure 11(b). If the calculated 
IRR is higher than the invertor’s required rate of return, the investment should be undertaken. The 
integrated system exhibits a variation in IRR of 15.8–23.6%.

The NPV and IRR change according to the performance of HTHP and other assumptions, such 
as discount rate or lifespan, as shown in Figure 12. Replacing the existing HWB system with an 

Table 7. Specifications of TES systems.

SHS TCES Note

Material Concrete SrBr2·H2O (SrBr2) TCES/SHS
Weight, m [kg] 96,648 53,101 (49,500) 0.55 (0.51)
Volume, V [m3] 43.0 13.6 (11.7) 0.32 (0.27)
Cost, CTES [€] 5458 2,080 0.38
Cycle efficiency, ηeff (-) 0.16–0.64 0.82–0.91 1.26–5.76

Figure 11. NPV of the integrated system, HTHP and TCES, with different discount rate and COP (n = 20 years, d = 0.1-1.0, i =  
2.8%).

INTERNATIONAL JOURNAL OF SUSTAINABLE ENERGY 13



HTHP and TCES integrated system and operating it for 20 years consistently shows higher econ-
omic benefits than the HWB at discount rate of 5%, 10%, and 15%, Figure 12(a). The integrated 
system exhibits close cutoff points for investment between discount rates of 15% and 25% when 
the system has COPs of 4.5 and 7.5, respectively, similar to the results shown in Figure 11(b).

Additionally, the decrease in NPV values with the discount rate has lessened because the effect of 
the discount rate applies to the annual net electric saving, the numerator of the right term of 
Equation 2, increases exponentially. From the IRR investigation, Figure 12(b), it is confirmed 
that the integrated system should have a lifespan of over 5 years in order to secure its value after 
replacing existing HWB system. Essentially, the results on Figure 12(b) has been induce on the 
assumption that the existing HWB will be replaced with HTHP and TCES integrated system. How-
ever, these IRR values would be increased if the analysis has conducted at the initial investment 
stage to choose between integrated system and HWB because the cost of HWB system, CHWB, 
for a 500 kWth is estimated to €188,627, representing 48% of CHTHP (Grosse et al. 2017).

5. Conclusion

In the present work, the integrated HTHP and TES system was proposed to replace the existing 
fossil fuel boiler, and it was investigated in terms of thermodynamics and techno-economics. 
The water vapour multi-stage HTHP, with a high COP, exhibits sufficient performance to reduce 
CO2 emission from industrial processes, while the two proposed TES systems showed conflict ther-
modynamic results. Additionally, techno-economic analyses were conducted on the integrated 
HTHP and TCES system to the existing natural gas boiler. The overall outcomes of this work 
are as follows: 

1. The proposed two-stage high-temperature heat pump exhibits enough performance to supply 
heat over 200°C to both industrial processes and thermal energy storage systems. The overall 
operating values have been changed according to the operating conditions, and its COPs 
were estimated from 4.4 to 7.5.

2. While concrete SHS required additional power for electric heater to increase the stored temperature 
to 200°C and power for the air pump operation, SrBr2/H2O TCES system can release temperature 
higher than 200°C without any additional power. Particularly, the heat output rate and cycle 
efficiency of the concrete SHS system have been significantly decreased when the released tempera-
ture from the TES system is lower than the condensation temperature of HTHP.

3. Over 20 year of operation, the NPV of the integrated system, consisting of HTHP and TCES, is 
€464,559–€182,374 according to given COP. Furthermore, the integrated system consistently 
demonstrates higher economic benefits when the discount rate is lower than 15% and the life-
span exceeds 10 years.

Figure 12. Changes of (a) NPVs with discount rate (n = 20 years) and (b) IRRs with lifespan (d = 0.035) according to the COPs.
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Future work will focus on improving the techno-economic evaluation and optimisation of the 
integrated HTHP and TCES system. This will involve not only levelized cost, which considers oper-
ational expenditure (OPEX) and other economic parameters, but also transient boundary con-
ditions such as electricity costs and heat demand. The study will be helpful in demonstrating the 
advantages of the integrated system clearly.
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