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Abstract 

Thermally integrated pumped-thermal electricity storage (TI-PTES) offers the opportunity to store 

electricity as thermal exergy at a large scale, and existing studies are primarily focused on TI-PTES 

systems based on high-temperature thermal energy storage. This paper presents a thermo-economic 

analysis of a “cold TI-PTES” system which converts electricity into cold energy using a vapor 

compression refrigeration (VCR) unit and stores it at sub-ambient temperatures during the charging 

process, and generates electricity by using an organic Rankine cycle (ORC) working between the 

sub-ambient temperature and an external low-grade heat source during the discharging process. The 

effects of key parameters, i.e., mass flowrate and temperature of the storage medium, ORC 

evaporation temperature, component efficiencies, and pinch-point temperature differences, on the 

system performance are evaluated based on a whole-system thermo-economic model. The results 

reveal that the roundtrip efficiency and levelized cost of storage (LCOS) of the system increases 

while the electrical energy storage capacity decreases as the temperatures of the two cold storage 

tanks approach each other. When the temperature of the cold storage tank 1 rises from 1 ℃ to 8 ℃ 

while the cold storage tank 2 remains as 13 ℃, there is an increase of 25% and 20% in the roundtrip 

efficiency and LCOS respectively while the energy storage capacity decreases by 69%. A roundtrip 

efficiency of 0.74 and LCOS of 0.32 $/kWh are achieved with a heat source temperature of 85 ℃, 

using a mass flowrate and temperature of the cold storage medium of 50 kg/s and 1 ℃. Furthermore, 
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any change in cold storage medium mass flowrate changes both electrical energy storage capacity 

and power output by the same proportions. With a continuous high-flowrate external heat source, 

the LCOS can be as low as 0.17 $/kWh. By providing sufficient heat from an external heat source, 

the proposed system possesses a high potential for medium-to-large scale energy storage with a 

unique hybrid nature for electricity storage and thermal integration. 

Keywords: sub-ambient, pumped-thermal energy storage, thermal integration, Carnot battery, 

levelized cost of storage, energy storage capacity
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Nomenclature ex exhaust 

EV expansion valve 

Abbreviations  evap evaporator 

A area, m2 gen generator 

B, C, K coefficients for cost calculation H hot 

CBM bare module cost hs heat source 

CP
0   cost coefficient at atmospheric pressure  

using carbon steel  

i inlet 

invest investment 

cp specific heat capacity, kJ/(kg⸳K) is isentropic 

f Carnot factor lm log mean 

FBM bare module material factor o outlet 

FP bare module pressure factor OM operation and maintenance 

h specific enthalpy, kJ/kg p pump 

LT lifetime, year pp pinch point 

ṁ mass flowrate, kg/s rej rejected 

P pressure, kPa rt roundtrip 

Pr electricity price, $/kWh sink sink 

𝑄̇  heat, kW src source 

R recovery value st storage 

r discount rate  su suction 

U overall heat transfer coefficient, W/(m2⸳K) tot total 

V volume, m3 turb turbine 

Ẇ power, kW w water 

X component capacity index: area, m2; power, kW TK tank 

    

Greek symbols Acronyms 

η efficiency CAES compressed air energy storage 

υ specific volume, m3/kg CEPCI chemical engineering plant cost index 

τ storage duration, hour CT cold tank 

ρ density, kg/m3 DCN district cooling network 

∆ difference DHN district heating network 

  HT hot tank 

Subscripts IEA international energy agency 

an annual IWH industrial waste heat 

C cold LCOS levelized cost of storage 

comp compressor ORC organic Rankine cycle 

cond condenser PHES pumped hydro energy storage 

CP circulation pump PTES pumped-thermal energy storage 

el electrical VCHP vapor compression heat pump 
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1. Introduction 

The deployment of renewable energy sources (RES) is an integral component of the ongoing 

energy transition, with significant inroads already having been made in renewable electricity 

generation, in particular from wind and solar. Though their annual production has been surging, the 

variable nature of these RES has always been a major impediment to continued, future deployment. 

Hence, an integral element of ensuring RES growth is to employ grid-scale electricity storage.   

Until now, as the most mature grid-scale energy storage, pumped hydro energy storage (PHES) 

technology possesses the largest share of global electricity storage (about 96%), however, it is 

geographically constrained [1]. Electrochemical storage technologies, such as lead-acid batteries, Li-

ion batteries (LBs) and flow batteries (FB), are experiencing an increasing trend for deployment [2]. 

They are often characterized by quick response and high efficiency but typically have relatively short 

lifetimes (i.e. FB) [3] and high energy capital costs (i.e. LBs) [4] for large-scale long-duration storage. 

Thermo-mechanical energy storage technologies, such as compressed air energy storage (CAES) [5], 

liquid air energy storage (LAES) [6] and pumped-thermal energy storage (PTES) [7], provide 

promising alternatives to PHES and electrochemical storage technologies as they are in particular 

appropriate for medium/long-duration energy storage [8]. Of them, CAES systems are generally 

associated with important geographical constraints similar to PHES systems, while LAES systems 

have often showed relatively low roundtrip efficiency. 

PTES or Carnot battery is an emerging electricity storage technology characterized by 

geographical independence, long lifetime, low cost, and competitive roundtrip efficiency [8]. A PTES 

system typically includes a heat pump, thermal storage units, and a heat engine. During charging 

operation, the electricity is taken up by a compressor from the grid to generate high-temperature heat 

or cooling or both simultaneously and then stored in the storage material of the thermal storage units 

[9-12]. During discharging operation, the heat engine produces electricity by utilizing the stored heat. 

PTES comes with different variants depending on the thermodynamic cycle opted for charging and 

discharging processes, i.e., Brayton PTES [13, 14], Rankine PTES [15], Lamm-Honinmann-process, 

and thermally integrated PTES (TI-PTES) [16], etc. 

TI-PTES has recently attracted attention because of its hybrid nature for electricity storage and 

thermal integration. TI-PTES can take many forms, with one variant being based on a vapor 
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compression heat pump or refrigerator (VCHP or VCR) and Rankine cycle for the charging and 

discharging modes, respectively. Electricity is stored as heat/cold during the charging cycle, whereas 

the discharging cycle can provide electricity and heat/cold depending upon the nature of demand. 

TI-PTES systems can be classed as “hot TI-PTES” or “cold TI-PTES” depending on their 

configuration [17]. In a “hot TI-PTES” system, during the charging cycle, the VCHP (sub-)system 

is used to upgrade the waste heat temperature, which allows the organic Rankine cycle (ORC) heat 

engine to operate with a high-temperature difference during discharging cycle. In a “cold TI-PTES” 

system, the VCR system produces cooling at a sub-ambient temperature during the charging cycle, 

whereas the ORC system operates between an external heat source temperature and the sub-ambient 

temperature during discharging cycle [18].  

A concept for storing energy at sub-ambient temperature by freezing a latent heat storage 

material using an electrically driven VCR system was theoretically introduced in Ref. [19]. The 

stored latent heat is recovered by electrical power generation using an ORC engine. Considering the 

expander and compressor isentropic efficiencies and small pinch-point temperature difference for 

heat exchange, a roundtrip efficiency in the range of 50-60% was predicted. The roundtrip efficiency 

can significantly be increased by utilizing different temperature levels for the charging and 

discharging process, i.e., exploiting diurnal temperature differences or using low-grade heat (50 ℃ 

- 90 ℃). RayGen [20] proposed a thermal hydro energy storage system that stores the by-product 

heat from the concentrated photovoltaic-thermal receiver, i.e., PV-Ultra, as hot water. Meanwhile, it 

stores thermal energy in chilled water by operating a VCR cycle using excessive electricity from the 

grid. An ORC engine is operated between the hot and cold-water storages when there is a need to 

generate electricity for the grid. A roundtrip efficiency above 70% has been predicted. As an 

industrial project, no further details are available about this work.  

In one form of TI-PTES system, conceptualized by Steinmann et al. [15], the integration of the 

low-temperature heat source compensates for the losses of a medium-temperature conventional 

Rankine cycle. Frate et al. [21] revealed that integrating a low-grade heat source could boost the 

system roundtrip efficiency beyond 100% by reducing the VCHP operational temperature difference. 

Jockenhofer et al. [22] carried out an analysis of a fully heat-integrated subcritical PTES. The exergy 

losses due to the heat transfer process, the efficiency of the machinery, and parasitic energy 

consumption can be compensated by an external heat source (e.g., industrial waste heat, solar-
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thermal heat, and geothermal heat). This system achieved a maximum roundtrip efficiency of 125% 

and exergetic efficiency of 59%. Steinmann et al. [23] studied TI-PTES as the management of heat 

and electricity and analyzed it as a sector-coupling technology by integrating it with a smart district 

heating system. This study illustrated that the TI-PTES system could be an efficient sector coupling 

of heat and electricity in both directions, leading to a smart technology for renewable energy 

management. Hassan et al. [24] performed a thermodynamic analysis of the PTES system using 

different working fluids and configurations by combining both latent and sensible heat storage 

systems. With a storage temperature of 133 ℃ using R1233zd(E) in VCHP and butene in the ORC, 

the system could achieve a roundtrip efficiency of 134% with a source temperature of 100 ℃ and 

ORC sink temperature of 25 ℃. Eppinger et al. [25] investigated the effectiveness of sensible and 

latent heat storage techniques in subcritical PTES using various fluids, and reported that the roundtrip 

efficiency is independent of the sensible store, but depends strongly on the critical temperature of 

the fluid in a latent store. 

Bellos et al. [26] investigated the performance of the solar-assisted pumped-thermal energy 

storage system using flat plate collectors for heat supply. The optimum values were 150 ℃ for the 

storage temperature and 75 ℃ for the HP evaporator temperature. The maximum roundtrip 

efficiency was shown to be 68.8% and the required installation area of the solar flat plate collectors 

was 150 m2. The simple payback period for the solar field investment was 7.8 years. Hu et al. [27] 

performed a thermo-economic analysis of the PTES by integrating thermal sources in different 

application scenarios, i.e., industrial waste heat, geothermal, solar heat, and district heating. Hot 

water tanks were used as the thermal storage unit. In an ideal TI-PTES with a continuous heat 

source, a LCOS value of 0.18 $/kWh can be achieved. Fan et al. [28]  carried out a 3E (energy, 

exergy, and economic) analysis by comparing four different configurations of Carnot batteries 

using hot water as a storage medium in pressurized tanks. The results revealed that a system with 

regenerative VCHP has better thermo-economic performance. With a storage temperature of 

130 ℃, a LCOS value of 0.29 $/kWh can be attained. 

Based on the review above, it is clear that TI-PTES has gained significant attention in recent 

years. Most studies have focused on the “hot TI-PTES” configuration and have been limited to 

thermodynamic analysis, i.e., working fluid selection, heat pump and ORC configuration analysis, 

and storage methods (sensible and latent). In some cases, thermo-economic analysis of “hot TI-
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PTES” [26-28] has also been considered. A few studies have been devoted to “cold TI-PTES” [17-

20], indicating that this is also a promising research direction, however, most studies considering 

the “cold TI-PTES” configuration have been limited to basic conceptual analysis of these systems. 

To the best of the authors’ knowledge, a detailed thermo-economic analysis of “cold TI-PTES” 

systems is scarce in the literature. To assess the techno-economic potential of these systems, an in-

depth analysis is required, which will ultimately lead to exploring the opportunities for the 

integration of TI-PTES with district cooling networks and data center cooling systems, etc. 

The prime objective of the current study is to present an assessment of the “cold TI-PTES” 

system from a thermodynamic and economic point of view. This is achieved by establishing 

thermodynamic and economic models of a TI-PTES system consisting of a VCR unit, ORC unit, 

cold storage unit, and a hot storage unit that stores heat from some external sources, i.e., industrial 

waste heat, solar-thermal heat, etc. The analysis considers the effects of the ORC evaporator 

temperature, storage medium flowrate and temperature, compressor and turbine efficiencies, and 

heat-exchange pinch point on system performance. Finally, a thermo-economic analysis is 

conducted to compare cold TI-PTES” system with other major energy storage technologies, 

thereby offering insight into its practical application potential. 

2. Concept of sub-ambient TI-PTES system 

The basic idea of the proposed system is to store electricity in terms of thermal energy at a sub-

ambient temperature using water as a storage medium. Fig. 1 gives an illustration of the basic 

concept involved in the system. There are two exergy inputs, i.e., electrical power input (Ẇel,in) 

during the charging cycle and heat input (𝑄̇evap,ORC ) during the discharging cycle, while the 

electrical power output (Ẇel,out) during the discharging cycle is the exergy output.  

Roundtrip efficiency (ηrt), also known as power-to-power efficiency, of the system is defined 

as the ratio of the electrical power produced (Ẇel,out) during the discharging cycle to the electrical 

power consumed (Ẇel,in) during the charging cycle.  

 𝜂rt =  
𝑊̇el,out

𝑊̇el,in

 (1) 

In the proposed system, a VCR unit converts the electricity into thermal energy (or cold energy) 

at a sub-ambient temperature by cooling down the storage medium (water). The coefficient of 
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performance (COP) of the VCR cycle is the ratio of the heat extracted from the storage medium 

by the VCR evaporator (𝑄̇evap, VCR) to the electrical power consumed by the compressor for the 

charging cycle, given by: 

𝐶𝑂𝑃VCR =  
𝑄̇evap,VCR

𝑊̇el,in

    (2) 

The efficiency of the ORC is defined as the ratio of the electrical power produced (Ẇel,out) by 

the discharging cycle to the heat input (𝑄̇evap, ORC) into the ORC:  

𝜂ORC =  
𝑊̇el,out

𝑄̇evap,ORC

 (3) 

By substituting and simplifying the values of Ẇel,in and Ẇel,out, Eq. (1) can be written as [17]:   

𝜂rt =  (𝜂ORC  ∙  𝑄̇evap,ORC) ∙ (
𝐶𝑂𝑃VCR

𝑄̇evap,VCR

) =  
𝜂ORC  ∙  𝐶𝑂𝑃VCR

1 − 𝜂ORC
 (4) 

 

 

Fig. 1. Basic concept of the sub-ambient TI-PTES system. 

The upper limit of the ηrt depends on heat source temperature (Tsrc), heat sink temperature 

(Tsink), and heat storage temperature (Tst). According to Fig. 1, the relation between these 

temperature levels is constrained by: 

𝑇src ≥ 𝑇sink >  𝑇st (5) 

If no external heat is added to the PTES system, the heat source temperature, Tsrc, for the ORC is 

equal to the sink temperature, Tsink, of the VCR cycle. For the case of Tsrc > Tsink, the roundtrip 

efficiency increases with the heat source temperature and could even exceed 100%.  
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The COP of the VCR sub-system is expressed as:  

𝐶𝑂𝑃VCR = (
𝑇st

𝑇sink − 𝑇st 
) ∙ 𝑓 (6) 

The thermal efficiency of the ORC engine is: 

𝜂ORC = (1 −
𝑇st

𝑇src
) ∙ 𝑓 (7) 

The roundtrip efficiency (ηrt) of the TI-PTES system is: 

𝜂rt =  
(𝑇src − 𝑇st) ∙ 𝑇st ∙ 𝑓2

𝑇sink −  𝑇st
 ∙  

1

𝑇src − (𝑇src − 𝑇st) ∙ 𝑓
 (8) 

where f is a fraction for VCR and ORC which account for all the irreversibilities of the cycles and 

it has a value range between 0 and 1. 

If f is assumed to be 1 and only the temperature difference ∆T required for the heat transfer 

between the working fluid and the heat reservoirs is considered, then the maximum roundtrip 

efficiency (ηrt,max) becomes:  

𝜂rt,max =  
[(𝑇src − ∆𝑇) − (𝑇st + ∆𝑇)] ∙ (𝑇st − ∆𝑇)

(𝑇sink + ∆𝑇) − (𝑇st − ∆𝑇)
∙

1

(𝑇st + ∆𝑇)
 (9) 

In this case, the efficiency of an ideal system depends on the temperature levels of Tsrc, Tsink, Tst, and 

the temperature difference ∆T required for the heat transfer between the working fluid and the heat 

reservoirs. 

In Fig. 2(a) and (b), ηrt,max is plotted over a range of cold storage temperatures (Tst) for different 

temperature differences between the heat source and heat sink (Tsrc – Tsink) with ∆T = 4 K and 8 K. The 

trend for ηrt,max shows significant improvement as Tsrc – Tsink increases. The impact of the Tsrc – Tsink is 

more visible at high Tst and shows a gradual decrease as Tst decreases. By increasing Tsrc – Tsink from 0 

K to 70 K, ηrt,max increases at Tst = 5 ℃ from 0.29 to 3.25 compared to an increase of ηrt,max from 0.73 

to 1.73 at Tst = – 40 ℃. In comparison with Fig. 2(a) when ∆T = 4 K, ηrt,max at ∆T = 8 K shown in Fig. 

2(b) decreases as the temperature difference for the heat transfer is increased. The impact of increasing 

∆T is more significant at high storage temperatures. For ∆T = 8 K at Tst = 5 ℃, ηrt,max is below zero and 

2.1 for Tsrc – Tsink = 0 K and 70 K, respectively. It can be concluded that storage temperature should be 

as close to ambient temperature as possible, i.e., Tst > – 15 ℃ would be suitable, whereas heat source 

temperature should be higher than 70 ℃.  



10 

 

 

Fig. 2. The maximum roundtrip efficiency (ηrt,max) as a function of the temperature difference 

between the heat source and heat sink (Tsrc – Tsink) and cold storage temperature (Tst) for: 

(a) ∆T = 4 K, and (b) ∆T = 8 K, and Tsink = 20 ℃. 

3. Description of sub-ambient TI-PTES system 

The proposed sub-ambient TI-PTES system is shown in Fig. 3, and Fig. 4 is the corresponding 

T-s diagram. It comprises a VCR unit, a cold-water storage unit, an ORC unit, and a hot-water 

storage unit for the heat source. Isentropic working fluid R1234ze(E) is selected as a working fluid 

for both the VCR and ORC.  

During the charging process, the compressor of the VCR takes the electricity from the grid to 

compress the working fluid in the process (2-3). Then it passes through the condenser (3-4) where 
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the heat is rejected. In the expansion valve, the fluid is throttled (4-1) to reduce its temperature and 

pressure. Finally, low-temperature, low-pressure working fluid passes through the evaporator (1-

2) to absorb the heat from storage water (5-6) circulating between the cold tank 2 (CT2) and cold 

tank 1 (CT1) by a circulation pump (CP1), thereby completing the charging cycle. 

 

Fig. 3. Schematic of the proposed sub-ambient TI-PTES system (EV: expansion valve, Evap: 

evaporator, Cond: condenser, Comp: compressor, Turb: turbine, CP: circulation pump, CT: cold 

tank, HT: hot tank). 

In the discharging process, the working fluid absorbs heat from the hot water (13-14) by 

passing through the evaporator (11-12) of the ORC. The fluid then expands in the expander (12-9) 

to produce electricity which is delivered to the grid. After that, the working fluid is condensed in 

the condenser (9-10) by the cold storage water (7-8) which circulates from the CT1 to CT2 with 
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the help of the circulation pump CP2. The ORC working fluid is pumped (10-11) to absorb the 

heat again from the heat source, with which the discharge cycle culminates. 

 

Fig. 4. T-s diagram of the proposed sub-ambient TI-PTES system (Tsrc = 85 ℃, Tevap = 75 ℃, Tamb 

= 20 ℃, TCT1 = 1 ℃, ∆Tpp = 5 ℃).  

4. Modeling methodology 

A whole system model is developed to estimate the thermo-economic performance of the sub-

ambient TI-PTES system. The following assumptions are made to simplify the modeling:    

• No heat loss across any of the components of the system. 

• There is no pressure drop across the pipes except for circulation pumps (CPs). It is assumed 

that the suction pressure (Psu) of the CPs is equal to the atmospheric pressure while the 

exhaust pressure (Pex) is delivered with a 100 mbar difference [29]. 

• There are no superheating requirements at the inlet of the compressor during the charging 

cycle and at the inlet of the expander during the discharging cycle. 

• Parasitic energy consumption is negligible. 

• The storage system efficiency is 100%. 

• Heat is available free of cost.  
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4.1. Thermodynamic model 

This section describes the mathematical formulation of the developed model. The constant 

parameters used for modeling are given in Table 1. 

Table 1. Operating parameters for sub-ambient TI-PTES. 

Parameters  Unit Numeric values 

Thermal storage temperature (TCT1) ℃ 1 

Storage medium mass flowrate (ṁst) kg/s 50 

Heat source temperature (Tsrc) ℃ 85 

Ambient temperature (Tamb) ℃ 20 

VCR condensing temperature (Tcond,VCR) ℃ 30 

∆T for heat transfer in all heat exchangers  ℃ 5 

Isentropic efficiency of the compressor (ηcomp) - 0.85 

Isentropic efficiency of the turbine (ηturb) - 0.85 

Isentropic efficiency of ORC pump (ηp) - 0.8 

Charging time (τ) h 8 

4.1.1. Charging cycle  

The charging cycle consists of a VCR cycle which cools down the storage water to a sub-

ambient temperature. The VCR unit is modeled by conducting the energy balance across all its 

components. The heat duty of the VCR evaporator can be calculated as:   

𝑄̇evap,VCR =  𝑚̇VCR ∙ (ℎ2 − ℎ1) (10) 

The electricity consumed by the compressor (Ẇel, in) of the VCR can be written as:  

𝑊̇el,in =  𝑚̇VCR ∙ (ℎ3 − ℎ2) (11) 

The isentropic efficiency of the compressor is defined as: 

𝜂comp =
ℎ3,is − ℎ2

ℎ3 − ℎ2
 (12) 

The heat rejected by the VCR condenser is found to be  

𝑄̇cond,VCR =  𝑚̇VCR ∙ (ℎ3 − ℎ4) (13) 

The enthalpy across the expansion valve remains constant, hence 

ℎ4 = ℎ3 (14) 
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4.1.2. Cold storage unit 

A sensible heat storage unit using water as the storage medium has been assumed. Water is 

circulating between two cold tanks (CTs) at different temperature levels during the charging and 

discharging processes. During the charging process, water is circulated from the CT2 to the CT1 

by the pump CP1 passing through the VCR evaporator. The heat rejected by the storage medium 

is equal to the heat duty of the VCR evaporator: 

𝑄̇st,rej =  𝑄̇evap,VCR = 𝑚̇st ∙ 𝑐p ∙ (𝑇5 − 𝑇6)  (15) 

where ṁst is the mass flowrate and cp is the specific heat of the storage water at T6.  

During the discharging process, water circulates from the CT1 to the CT2 by the pump CP2 

while absorbing the heat from ORC working fluid in the condenser. Heat gained by the storage 

medium during this process is given by: 

𝑄̇st,gained = 𝑚̇st ∙ 𝑐p ∙ (𝑇8 − 𝑇7) (16) 

here, cp is the specific heat of water at T8. 

The circulation pump is modeled by the isentropic efficiency defined as [29]:  

𝜂CP =
𝜐su ∙ (𝑝ex − 𝑝su)

ℎex − ℎsu
 (17) 

where υsu and psu are respectively the specific volume and pressure of the water at the suction of 

the circulation pump and pex is the exhaust pressure. The pump efficiency is assumed to be 60%.  

4.1.3. Discharging cycle 

An ORC is used for the discharging cycle which takes the low-temperature heat input from an 

external heat source that determines its high pressure while its low operating pressure is defined by 

the temperature of the stored water in the CTs. Heat gained from the heat source can be found as: 

𝑄̇evap,ORC =  𝑚̇ORC ∙ (ℎ12 − ℎ11) (18) 

Electrical power generated (Ẇel, out) by the turbine can be expressed as: 

𝑊̇el,out =  𝑚̇ORC ∙ (ℎ12 − ℎ9) (19) 

The isentropic efficiency of the turbine is defined as:  

𝜂turb =
ℎ12 − ℎ9

ℎ12 − ℎ9,is
 (20) 

 Heat rejected by the ORC condenser can be calculated as: 
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𝑄̇cond,ORC =  𝑄̇st,gained = 𝑚̇ORC ∙ (ℎ9 − ℎ10) (21) 

 Power consumed by the ORC pump is given by:  

𝑊̇p,ORC =  𝑚̇ORC ∙ (ℎ11 − ℎ10) (22) 

The isentropic efficiency of the pump is: 

𝜂p =
ℎ11,is − ℎ10

ℎ11 − ℎ10
 (23) 

4.1.4. Hot storage unit 

The heat from an external source might not be available immediately when it is needed due to 

the intermittency and fluctuating characteristics of many waste heat sources. Thus, a better option 

is to store the heat from the heat source and use it when required for the discharging cycle. Hot 

water tanks at different temperature levels are used for the storage system. When external heat is 

available, hot tank 1 (HT1) is charged. This part of the system is out of the scope of the current 

study and thus not modeled. During the discharging cycle, hot water circulates from the HT1 to 

the HT2 by the pump CP3 which passes through the ORC evaporator where its heat is absorbed 

by the ORC working fluid. Heat supplied by the heat source during this process can be calculated 

as:  

𝑄̇src =  𝑄̇evap,ORC = 𝑚̇src ∙ 𝑐p ∙ (𝑇13 − 𝑇14) (24) 

where cp is the specific heat of water at T13. 

4.2. Cost predictions 

Apart from the thermodynamic analysis, the cost of the system is another important aspect to 

assess its real application potential. For the economical evaluation of the energy storage systems, 

the levelized cost of storage (LCOS) is the commonly opted parameter [30, 31], and is thus used 

to evaluate the economic performance of the sub-ambient TI-PTES: 

LCOS =

𝐶invest + ∑
𝐶an

(1 + 𝑟)i
LT
i=1

∑
𝐸gen

(1 + 𝑟)i
LT
i=1

 (25) 

where Cinvest is the total investment cost of the storage system while Can represents the annual 

operational expenditures, defined as [28, 32]: 

𝐶an = 𝐶OM + 𝑃𝑟 ∙  𝐸comp − 𝑅 (26) 
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Here, COM is the annual cost of operation and maintenance given by: 

𝐶OM = 1.5% ∙ 𝐶invest  (27) 

 In Eq. (26), Pr represents the electricity price, taken as 0.05 $/kWh, and R refers to the 

recovery value assumed to be 0 [27]. Ecomp is the annually stored electricity, defined as:  

𝐸comp = 𝑊̇comp ∙ 𝜏 ∙ 365 (28) 

where τ is the storage duration in hours.  

In Eq. (25), LT means the lifetime of the storage system, which is assumed to be 25 years. r 

represents the discount rate, taken as 5% here. Egen is the total annually generated electricity by the 

system calculated as:  

𝐸gen = 𝑊̇gen ∙ 𝜏 ∙ 365 (29) 

To estimate the total investment cost of the storage system, the cost of each component should 

be determined first which is calculated using the module costing technique [33].   

𝐶BM =  𝐶p
0𝐹BM = 𝐶p

0(𝐵1 + 𝐵2𝐹M𝐹P) (30) 

log(𝐶P
0) = 𝐾1 + 𝐾2log(𝑋) + 𝐾3(log𝑋)2 (31) 

log(𝐹p) = 𝐶1 + 𝐶2log(𝑃) + 𝐶3(log𝑃)2 (32) 

where X represents the design parameter for different components, i.e., heat exchanger area, power of 

the compressor, turbine, pump, and CBM, CP
0
, FP, and FBM refer to the bare module cost, equipment 

purchased cost working under atmospheric pressure, pressure factor, and material of construction 

factor, respectively. The correction coefficient mentioned in Eqs. (30)-(32) are given in Table 2.  

The area of the heat exchanger required to calculate the cost is: 

𝐴s =
𝑄̇

𝑈 ∙ ∆𝑇lm
 (33) 

where the log mean temperature difference of the heat transfer process ∆Tlm is given by:  

∆𝑇lm =
(𝑇H_i − 𝑇C_o) − (𝑇H_o − 𝑇C_i)

ln (
𝑇H_i − 𝑇C_o

𝑇H_o − 𝑇C_i
)

 
(34) 

Here, TH_i and TH_o represents the inlet and outlet temperature of the hot stream of the heat 

exchanger, while TC_i and TC_o are the inlet and outlet temperatures of the cold stream. U is the 
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overall heat transfer coefficient of the process whose values are taken from Ref. [28] for different 

working fluid pairs. In the proposed system, U is taken as 0.653 using water as the cold stream 

while organic fluid as a hot stream in the heat exchanger. Instead, U has a value of 0.639 when 

water serves as the cold stream and organic fluid as the hot stream. When both streams use organic 

fluid, U possesses a value of 0.227. 

The cost of the VCR expansion valve can be calculated as [34]: 

𝐶EV = 114.5 ∙ 𝑚̇VCR (35) 

The cost of each water tank including the cold thermal storage unit and heat source storage 

unit can be calculated as [35]: 

𝐶W,TK = 167.19 ∙ 𝑉W,TK (36) 

The volume of each tank can be determined by the expression 

𝑉W,TK =
3600 ∙ 𝑚̇st/src ∙ 𝜏

𝜌𝑊
 (37) 

The cost of thermal storage water can be calculated as [36]: 

𝐶W = 3600 ∙ 𝑃W ∙ 𝑚̇st/src ∙ 𝜏 (38) 

where PW is the price of water used for industrial purposes and its value is assumed to be 0.0016 $/kg.  

The cost of the working fluid used in the VCR and ORC units is assumed to be 2% of the total 

investment cost [37]. Furthermore, the Chemical Engineering Plant Cost Index (CEPCI) is opted 

to evaluate the latest cost of the components [38]. The most recent available Chemical Engineering 

Plant Cost Index value is CEPCI2020 = 596.2 [39], which is used to evaluate price variations.  

𝐶2020 = 𝐶2001

𝐶𝐸𝑃𝐶𝐼2020

𝐶𝐸𝑃𝐶𝐼2001
 (39) 

where CEPCI2001 is taken as 397 [33].  

Table 2. Coefficient used to calculate the cost of each component [33]. 

Component K1 K2 K3 C1 C2 C3 B1 B2 FM FBM 

Heat 

exchangers 

4.3247 -0.3030 0.1634 -0.0016 -0.0063 0.0123 1.63 1.66 1.35 - 

Compressor 2.2897 1.3604 -0.1027 - - - - - - 2.8 

Pump 3.3892 0.0536 0.1538 -0.3935 0.3957 -0.0023 1.89 1.35 1 - 

Turbine 2.2476 1.4965 -0.1618 - - - - - - 3.5 
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5. Results and discussion  

The thermodynamic and economic model established in the previous section was implemented 

in MATLAB® with the thermophysical properties of the working fluid provided by REFPROP 

V10.0. The effects of five key parameters on the thermo-economic performance of the system are 

presented and discussed here, including the ORC evaporation temperature, cold storage 

temperature, compressor and turbine efficiencies, pinch-point temperature difference, and mass 

flowrate of the cold storage medium. Constant values of the key parameters are given in Table 1 

for the baseline case. However, for the sensitivity analysis, one parameter is varying while keeping 

others constant. The influenced parameters of interest are the roundtrip efficiency (ηrt), power 

output (Ẇturb), electrical energy storage capacity (Ẇcomp), mass flowrate of the heat source (ṁsrc), 

total investment cost (Cinvest), and LCOS of the system.   

5.1. Effect of ORC evaporation temperature   

The effects of the ORC evaporation temperature (Tevap,ORC) variations on the roundtrip 

efficiency (ηrt), power output (Ẇturb), and mass flowrate of the heat source (ṁsrc), are given in Fig. 

5(a). An increase in ηrt occurs with the increase of Tevap,ORC which is mainly because of a significant 

increment in Ẇturb caused by the high evaporation pressure of the ORC. ηrt gradually increases 

from 0.48 to 0.74 by increasing the Tevap,ORC from 50 ℃ to 75 ℃. Meanwhile, Ẇturb increases by 

37.2% at Tevap,ORC = 75 ℃ compared to that at 50 ℃. Moreover, ṁsrc has a gradual increase with 

the variations in Tevap,ORC which leads to a significant enlargement in the size of the hot storage 

unit.  

Fig. 5(b) shows the influence of Tevap,ORC on the total investment cost (Cinves) and LCOS of the 

system. Cinves increases significantly as Tevap,ORC increases while the LCOS first decreases sharply, 

and then a gradual increase is observed after 70 ℃. As Tevap,ORC increases, the capacity of the ORC 

components increases which leads to higher Cinves. Meanwhile, the increase in Tevap,ORC enhances 

the annually generated electricity which ultimately decreases the LCOS of the system. Cinves 

increase from 2.24 M$ to 3.05 M$ as Tevap,ORC increases from 50 ℃ to 75 ℃. Besides, LCOS is 

reduced from 0.41 $/kWh at Tevap,ORC = 50 ℃ to 0.32 $/kWh at 75 ℃.  

Generally, high ORC evaporation temperature could increase the roundtrip efficiency and 

minimize the LCOS of the storage system but it also needs a large quantity of heat from the external 
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source. In addition to that, the size of the hot storage unit needs to be enlarged which ultimately 

leads to a high total investment cost.  

 

 

Fig. 5. Effect of ORC evaporation temperature (Tevap,ORC) on (a) roundtrip efficiency (ηrt), power 

output (Ẇturb), and heat source mass flowrate (ṁsrc) and (b) total investment cost (Cinves), and LCOS 

(Tsrc = 85 ℃, TCT1 = 1 ℃, ∆Tpp = 5 ℃, ηturb = 0.85, ηcomp = 0.85, ṁst = 50 kg/s, τ = 8 h). 

5.2. Effect of cold storage temperature  

The effect of the cold storage temperatures on the roundtrip efficiency and LCOS of the storage 

system is shown in Fig. 6. Owing to the sensible nature of the storage medium, there are two levels 

of the temperature, i.e., cold tank 1 temperature (TCT1) and cold tank 2 temperature (TCT2). The 

horizontal axis in Fig. 6 represents TCT1 while the vertical axis represents TCT2. Fig. 6(a) indicates 

that ηrt increases if TCT1 increases or TCT2 decreases. The roundtrip efficiency could reach 0.99 

when TCT1 is 8 ℃ and TCT2 is 13 ℃. In these scenarios, the storage temperatures affect both the 

COPVCR and ηORC. When TCT1 increases, COPVCR increases because the temperature lift for the 

VCR unit decreases. When TCT2 decreases, ηORC increases due to the high operating pressure 
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difference for the discharging cycle. Hence, the roundtrip efficiency improves because of an 

increase in ηORC or a decrease in COPVCR.  

 

 

Fig. 6. Effect of cold storage temperature (TCT1 and TCT2) on: (a) roundtrip efficiency (ηrt), and 

(b) LCOS (Tsrc = 85 ℃, Tevap = 75 ℃, ∆Tpp = 5 ℃, ηturb = 0.85, ηcomp = 0.85, ṁst = 50 kg/s, τ = 8 h). 

Fig. 6(b) reveals that high TCT1 and low TCT2 lead to a high LCOS. When the temperature 

difference between storage tanks reduces, it decreases the overall capacity of the components for the 

VCR, ORC, and hot storage units, henceforth Cinves reduces. High TCT1 and low TCT2, both decrease 

the annually generated electricity which causes an increasing trend in the LCOS. There should be an 

optimal storage temperature for both tanks where the minimum LCOS can be achieved. The 



21 

minimum LCOS of 0.325 $/kWh can be achieved when TCT1 is 1 ℃ and TCT2 is 16 ℃.  

Fig. 7 shows the behavior of roundtrip efficiency (ηrt), electrical energy storage capacity (Ẇcomp), 

and LCOS of the system as the temperature varies for the cold storage tanks. It can be seen that ηrt and 

LCOS gradually increases while Ẇcomp decreases sharply as the temperatures of the two cold storage 

tanks approach each other. Fig. 7(a) shows that by increasing TCT2, Ẇcomp has a linear increment from 

177 kW to 673 kW at TCT2 6 ℃ and 20 ℃, respectively. This increase in Ẇcomp is mainly because of 

an increase in the working fluid flowrate of the VCR unit due to the high TCT2. Meanwhile, ηrt has a 

gradual decrease of over 22% as TCT2 increases from 6 ℃ to 20 ℃. Here, increment in TCT2 has no 

impact on the COPVCR while ηORC gradually decreases which ultimately reduces ηrt. From an economic 

perspective, the LCOS decreases modestly, and then it leveled off with the increase in TCT2. A high 

mass flowrate of the ORC working fluid due to the high TCT2 causes an increase in annually generated 

electricity back to the grid which leads to the reduction of the LCOS.   

 

 

Fig. 7. Effect of: (a) temperature of cold tank 2 (TCT2), and (b) temperature of cold tank 1 (TCT1), 

on roundtrip efficiency (ηrt), electrical energy storage capacity (Ẇcomp), and LCOS (Tsrc = 85 ℃, 

Tevap = 75 ℃, ∆Tpp = 5 ℃, ηturb = 0.85, ηcomp = 0.85, ṁst = 50 kg/s, τ = 8 h). 
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Fig. 7(b) shows that increasing TCT1 causes a sharp decrease in Ẇcomp while ηrt and LCOS slightly 

increase. An increase in TCT1 causes a significant decrease in the mass flowrates of the VCR and 

ORC working fluids which reduces Ẇcomp and Ẇturb. Meanwhile, an increment in TCT1 has no 

influence on ηORC but COPVCR increases as the temperature lift for the VCR decreases. ηrt up to 0.99 

could be achieved by sacrificing the electrical energy storage capacity of the system, and with a high 

LCOS. The increment in the LCOS with high TCT1 is due to the reduction in annually generated 

electricity. With TCT1 = 1 ℃ and TCT2 = 13 ℃, the values of the roundtrip efficiency, electrical energy 

storage capacity, and LCOS are 0.74, 425 kW, and 0.329 $/kWh, respectively.  

5.3. Effect of compressor and turbine efficiencies  

The compressor efficiency is a factor that influences the electrical input to the system whereas 

the turbine efficiency influences the electrical output. The effects of the compressor efficiency 

(ηcomp) and turbine efficiency (ηturb) on the roundtrip efficiency (ηrt), power output (Ẇturb), electrical 

energy storage capacity (Ẇcomp), and LCOS of the system are shown in Fig. 8. Fig. 8(a) shows that 

as ηcomp increases, Ẇcomp gradually decreases which improves the COPVCR and ultimately ηrt. ηrt 

increases from 0.57 to 0.74 when ηcomp increases from 0.65 to 0.85. Meanwhile, the electrical 

energy storage capacity of the system is reduced by up to 23.5%. Besides, the LCOS improves by 

decreasing to 0.329 $/kWh from 0.359 $/kWh. These improvements in the LCOS are because of 

the reduction in the total investment cost and the annual cost of the system. The former cost 

reduction is due to a significant decrease in compressor cost while the latter is due to the decrease 

in annually stored electricity and total investment cost.       

Fig. 8(b) reveals that Ẇturb has a linear increment behavior with the increase in ηturb which improves 

ηorc and thus the roundtrip efficiency. Ẇturb and ηrt have an increase of 26% and 27.3%, respectively as 

ηturb increases from 0.65 to 0.85. Meanwhile, the LCOS is reduced to 0.32 $/kWh from 0.42 $/kWh. 

Although the total investment cost of the system increases as ηturb increases, the annually generated 

electricity has a more significant increment which leads to a sharp decrease in the LCOS.  

As expected, improving the isentropic efficiency of the compressor and turbine is beneficial 

for the thermodynamic and economic performance of the system. Moreover, under the same 

circumstances, the isentropic efficiency of the turbine has a more significant impact from thermo-

economic aspects as compared to ηcomp specifically on the LCOS, thus more focus should be 

devoted to the turbine to improve its efficiency.   
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Fig. 8. Effects of: (a) compressor efficiency (ηcomp), and (b) turbine efficiency (ηturb), on roundtrip 

efficiency (ηrt), power output (Ẇturb), electrical energy storage capacity (Ẇcomp), and LCOS (Tsrc = 

85 ℃, TCT1 = 1 ℃, Tevap = 75 ℃, ∆Tpp = 5 ℃, ṁst = 50 kg/s, τ = 8 h). 

5.4. Effect of pinch point temperature difference  

The pinch point temperature difference (∆Tpp) for the analyses above is set as 5 ℃ for all the 

heat exchangers, as given in Table 1. Here, the effects of ∆Tpp for the VCR and ORC heat exchangers 

on the roundtrip efficiency and LCOS of the system are discussed, as given in Fig. 9. Fig. 9(a) shows 

that smaller ∆Tpp,VCR and ∆Tpp,ORC improves the roundtrip efficiency, which is an obvious trend. 

Smaller ∆Tpp,VCR improves the COPVCR by reducing the compressor power consumption while ηORC 

increases because of an improvement in turbine power output, and these both phenomenon together 

lead to a higher ηrt. With ∆Tpp as 2 ℃, the maximum ηrt of 0.9 can be achieved. It has been observed 

that the impact of ∆Tpp,VCR on the ηrt is more significant as compared to that ∆Tpp,ORC.  

Fig. 9(b) shows the impact of ∆Tpp on the LCOS of the system. The findings suggest that small 

∆Tpp,VCR, and ∆Tpp,ORC are also advantageous for the LCOS. The LCOS is reduced to 0.28 $/kWh 

from 0.46 $/kWh with ∆Tpp 2 ℃ as compared to that at ∆Tpp 8 ℃. It is found that ∆Tpp,ORC has a 



24 

high impact on the LCOS as compared to that ∆Tpp,VCR, mainly because of a significant reduction 

in the total investment cost.   

 

 

Fig. 9. Effect of pinch point temperature difference (∆Tpp) for VCR and ORC heat exchangers on: 

(a) roundtrip efficiency (ηrt), and (b) LCOS (Tsrc = 85 ℃, Tevap = 75 ℃, TCT1 = 1 ℃, ηturb = 0.85, 

ηcomp = 0.85, ṁst = 50 kg/s, τ = 8 h). 

Generally, a small pinch-point temperature difference is beneficial from a thermodynamic 

point of view but it causes an increase in the heat exchanger area which further influences its 

thermo-economic performance. So, it needs to be optimized carefully according to the technically 

feasible scope as well as economic point of view.    
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5.5. Effect of mass flowrate of storage medium 

The influence of the mass flowrate (ṁst) of cold storage medium (water) on the electrical 

energy storage capacity (Ẇcomp), power output (Ẇturb), mass flowrate of the heat source (ṁsrc), 

specific investment cost (Cinves/Ẇcomp) and LCOS of the system is shown in Fig. 10. It can be seen 

in Fig. 10(a) that increasing ṁst increases Ẇcomp, Ẇturb, and ṁsrc. An intriguing correlation between 

ṁst and the influenced parameters can be observed that each parameter increases with the same 

ratio as ṁst is increasing. For instance, when ṁst is increasing from 50 kg/s to 500 kg/s which is 10 

times increment, Ẇcomp, Ẇturb, and ṁsrc increase with the same ratio from 425.14 kW, 338.21 kW, 

and 78.87 kg/s to 4251.4 kW, 3382.1 kW, and 788.7 kg/s, respectively. The ratio of ṁsrc to ṁst is 

1.57 which indicates the need for a sizeable hot storage unit proportionate to the size of the cold  

 

 

Fig. 10. Effect of the mass flowrate (ṁst) of the storage medium on: (a) electrical energy storage 

capacity (Ẇcomp), power output (Ẇturb), mass flowrate of heat source (ṁsrc), and (b) specific 

investment cost (Cinves/Ẇcomp) and LCOS (Tsrc = 85 ℃, Tevap = 75 ℃, TCT1 = 1 ℃, ∆Tpp = 5 ℃, ηturb 

= 0.85, ηcomp = 0.85, τ = 8 h). 
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storage unit. Meanwhile, it is observed that ṁst has no impact on the roundtrip efficiency.  

Fig. 10(b) shows that Cinves/Ẇcomp and LCOS gradually decrease as ṁst increases. An increase in 

ṁst increases the mass flowrate of the heat source and the mass flowrates of the working fluids in the 

VCR and ORC units which increases the capacity of the system components. Although enlargement 

in the component capacity increases the total investment cost of the system, the annually stored 

electricity and annually generated electricity have a more significant impact on Cinves/Ẇcomp and 

LCOS, respectively. Two scenarios are considered for the LCOS analysis. For the first case, a heat 

storage unit is included for cost estimation (LCOS).  In the second case, the assumption of a steady 

heat supply naturally eliminates the need for a heat storage unit (LCOS*). A significant difference 

can be seen in both cases. For instance, when ṁst is 50 kg/s the LCOS is 0.32 $/kWh while the LCOS* 

possesses a value of 0.25 $/kWh, roughly a 22% reduction. This cost reduction further increases as 

ṁst increases which indicates a significant economic benefit of the high ṁst. For example, with ṁst = 

500 kg/s, the LCOS is 0.24 $/kWh while the LCOS* is 0.17 $/kWh, over a 29% reduction.   

5.6. Effect of electricity price 

Electricity prices vary globally depending upon the factors such as geography, infrastructure, 

taxis and government levies. Countries like Iran and Qatar which are rich in natural resources, i.e., 

crude oil and natural gas, have the cheapest electricity prices while Denmark and Germany possess 

the highest electricity prices in the world according to the March 2022 statistic [40]. Electricity 

prices have a great impact on the economic performance of the sub-ambient TI-PTES which 

influences the annual operational expenditure (Can) and ultimately the LCOS. Fig. 11 shows that 

the annual operational expenditures vary from 0.57 M$ to 6.54 M$ for electricity prices of 

0.01 $/kWh (Iran) and 0.48 $/kWh (Denmark). The variations in annual operational expenditures 

lead to a LCOS of 0.27 $/kWh and 0.87 $/kWh for the cheapest electricity prices in Iran and the 

highest electricity prices in Denmark, respectively.  

5.7. Effect of annually charging and discharging duration 

Annual charging and discharging time for the energy storage system may vary depending upon 

the characteristics of the grid requirements. Thus, the impact of the charging and discharging time 

on the cost of the system should be examined. Fig. 12 shows the effect of the annual charging and 

discharging duration (τch,disch/year) on the LCOS. It can be seen that τch,disch/year has no impact on the 

thermodynamic performance of the system. As τch,disch/year increases, the cost of the storage system 
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increases which leads to a high total investment cost. However, since τch,disch/year increases, the 

annually generated electricity sent back to the grid also increases, consequently the LCOS 

decreases. As τch,disch/year increases from 1460 to 3285 hours annually, the LCOS and LCOS* 

decreased from 0.47 $/kWh to 0.3 $/kWh and 0.4 $/kWh to 0.23 $/kWh, respectively.  

 

Fig. 11. Effect of electricity price on LCOS and annual operational expenditures (Can).  

 

Fig. 12. Effect of annually charging and discharging duration (τch,disch/year) on LCOS of the system. 

5.8. Cost breakdown of all components 

The cost of each component is calculated according to the bare module costing technique. Fig. 

13 shows the cost and relative cost ratio for each component. It can be seen that the turbine possesses 

the highest cost share which is over 24% of the total cost followed by the hot storage tanks (HTs) 

and the compressor. The HTs and CTs together have the largest portion of the cost share, i.e., 35.2%. 
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Among the heat exchangers of the system, the ORC evaporator has the highest share while the ORC 

condenser has the lowest one.  

 

Fig. 13. Absolute and relative cost of each component of the system.  

5.9. Thermo-economic comparison with other main energy storage technologies 

In this part, the sub-ambient TI-PTES is compared with other main storage technologies. PHES, 

CAES, hydrogen storage (H2), LBs, and vanadium redox flow battery (VRF) are compared with five 

different scenarios of TI-PTES in Ref. [27]. Considering this, the above five major energy storage 

methods are selected as the competitors of the sub-ambient TI-PTES.  To compare the sub-ambient 

TI-PTES with these major storage technologies, two different cases are considered, i.e., the TI-PTES 

which consists of a VCR unit, a cold storage unit, an ORC unit, and a hot storage unit, and the TI-

PTES* which consists of a VCR unit, a cold storage unit and an ORC unit supplemented by a constant 

heat source. The parameters listed in Table 1 are the decision variables. The mass flowrate of the 

cold storage medium is assumed to be 50-500 kg/s.     

Fig. 14 shows that the roundtrip efficiency of the sub-ambient TI-PTES is comparable with the 

mature PHES technology and even better than CAES and H2. The minimum LCOS for TI-PTES* 

is 0.17 $/kWh which is nearly equal to CAES (0.15 $/kWh), but slightly higher than PHES (0.12 

$/kWh) while the minimum LCOS for TI-PTES is 0.24 $/kWh. Li-ion batteries and VRF have a 

higher LCOS, i.e., 0.29 $/kWh and 0.31 $/kWh, respectively as compared to sub-ambient TI-PTES. 

Moreover, TI-PTES has a long-life span as compared to the Li-ion batteries and VRF while it has 

no geographical restrictions like PHES and CAES technologies. 
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Fig. 14. Comparison of sub-ambient TI-PTES with other major storage technologies. 

Additionally, this technology can be tailored to integrate with the district heating network, district 

cooling network, and data center waste heat recovery and its cooling system. Notwithstanding many 

advantageous characteristics of sub-ambient TI-PTES such as integration with an external source, 

one of the few shortcomings that disfavor its plausibility includes the impossibility of achieving 

thermo-economic benefit for PTES without heat source integration. The present analysis shows that 

the ratio for the mass flowrate of heat source storage and cold storage water is 1.57 which means a 

high mass flowrate of heat source is required. Moreover, to achieve cost competitiveness with other 

major storage technologies, the size of the system should be in MW, which further increases the need 

for a high mass flowrate of heat source. For instance, the LCOS of 0.17 $/kWh and 0.24 $/kWh for 

the TI-PTES* and TI-PTES can be achieved with a 500 kg/s mass flowrate of cold storage water 

which accounts for 788 kg/s mass flowrate for heat source storage.  

An external heat source demands a storage system that inevitably hikes up the investment cost. 

This is vindicated by the fact that HTs have about 22% share of the total investment cost which is 

the second to the turbine, as elucidated in Section 5.8. In addition to this, a continuous heat source, 

though lessens the HTs cost from total investment, however, should necessarily ensure a high mass 

flowrate, which advocates for careful consideration for the commercialization of this technology.         

6. Summary and future perspectives 

The impact of the key parameters on the performance of the TI-PTES and TI-PTES* is 
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summarized. The TI-PTES and TI-PTES* configurations are differentiated by providing with a 

hot-storage unit and without a hot-storage unit, respectively, as explained in Section 5.9. The hot-

storage unit has no impact on the roundtrip efficiency of the system, but it affects the LCOS 

significantly. Considering the data provided in Table 1, the effects of key parameters on the LCOS 

and LCOS* are examined comparatively, given in Table 3. The LCOS* is always lower than 

LCOS, which is an obvious behaviour. As the ORC evaporation temperature increases from 50 ℃ 

to 75 ℃, the LCOS and LCOS* decrease from 0.4 $/kWh to 0.32 $/kWh and 0.38 $/kWh to 0.25 

$/kWh, respectively. At 50 ℃, the LCOS* is 6% lower than the LCOS whereas it is 21.9% lower 

at 75 ℃. The cold storage has two temperature levels i.e., CT1 and CT2. With the variations of 

CT2 from 6 ℃ to 20 ℃ while keeping CTI = 1 ℃, the LCOS and LCOS* have a difference of 15% 

and 25% at 6 ℃ and 20 ℃, respectively. Whereas, by varying the CT1 from 1 ℃ to 8 ℃ while 

keeping CT2 = 13 ℃, the LCOS* is 21.5% and 17% lower than the LCOS at 1 ℃ and 8 ℃, 

respectively. As the compressor and turbine efficiencies increases from 0.5 to 0.95, the LCOS and 

LCOS* both decrease significantly. For the compressor efficiency of 0.5, the LCOS and LCOS* 

are 0.39 $/kWh and 0.32 $/kWh and they reduce to 0.31 $/kWh and 0.24 $/kWh for the efficiency 

of 0.95. Similarly, with an efficiency of 0.5 for the turbine, the LCOS and LCOS* possesses values 

of 0.54 $/kWh and 0.42 $/kWh which decrease to 0.29 $/kWh and 0.22 $/kWh for an efficiency 

of 0.95. The smaller the pinch-point temperature difference, the lower the LCOS of the system. 

The LCOS* is reduced to 0.24 $/kWh from 0.27 $/kWh with ∆Tpp = 2 ℃ compared to that at 8 ℃ 

whereas the LCOS decreases from 0.46 $/kWh to 0.28 $/kWh. Finally, the impact of the cold-

storage mass flowrate (50-500 kg/s) on the economic performance of the TI-PTES and TI-PTES* 

systems is analyzed. The minimum values for the LCOS and LCOS* are achieved as 0.24 $/kWh 

and 0.17 $/kWh with a mass flowrate of 500 kg/s whereas they are respectively 0.32 $/kWh and 

0.25 $/kWh with a mass flowrate of 50 kg/s. 

 The proposed cold TI-PTES technology could be more cost competitive than other major 

storage technologies if free-cost heat sources are available. Reutilization of geothermal heat from 

the brine before reinjection could significantly reduce the LCOS, as presented in Ref. [27], 

although it has geographic restrictions. Industrial waste heat (IWH) with a high flowrate represents 

another type of possible free-cost heat source, which is widely and abundantly spread across many 

industrial sectors, such as waste heat from the flue gas emitted from a steelmaking plant [41]. The 

by-product heat from photovoltaic-thermal collectors [20] could also be an interesting free- or low-



31 

cost option for integrating with the TI-PTES. Low-grade waste heat from data centers [42, 43] is 

another free-cost source, which could be recovered to boost the performance of the TI-PTES and 

to reduce energy consumption for data centers. Therefore, various opportunities for free-cost heat 

sources exist to further increase the cost competitiveness of the cold TI-PTES. 

Table 3. Impact of key parameters variation on the cost of TI-PTES and TI-PTES* systems. 

Parameters  Values LCOS 

($/kWh) 

LCOS* 

($/kWh) 

ORC evaporation temperature (Tevap,ORC) 50-75 ℃ 0.4-0.32 0.38-0.25 

Cold storage temperature (TCT1) 1-8 ℃ 0.32-0.41 0.25-0.34 

Cold storage temperature (TCT2) 6-20 ℃ 0.39-0.32 0.33-0.24 

Isentropic efficiency of the compressor (ηcomp) 0.5-0.95 0.39-0.31 0.32-0.24 

Isentropic efficiency of the turbine (ηturb) 0.5-0.95 0.54-0.29 0.42-0.22 

∆T for heat transfer in all heat exchangers  2-8 ℃ 0.28-0.46 0.24-0.28 

Storage medium mass flowrate (ṁst) 50-500 kg/s 0.32-0.24 0.25-0.17 

7. Conclusion  

This work demonstrates the viability of a thermally integrated pumped-thermal energy storage 

system at sub-ambient temperatures. The impact of key parameters such as the ORC evaporator 

temperature, mass flowrate and temperature of the storage medium, compressor and turbine 

efficiencies, and pinch-point temperature difference on thermodynamic and economic 

performance are analyzed based on the roundtrip efficiency (ηrt) and levelized cost of storage 

(LCOS) as evaluating criteria. The performance of such systems is finally compared with other 

energy storage technologies. The main findings of this work are as follows: 

1. The roundtrip efficiency does not follow the same trends as the electrical energy storage 

capacity and the LCOS for different storage temperatures, with higher ηrt achievable by 

sacrificing electrical energy storage capacity and having a higher LCOS. 

2. Increasing the ORC evaporation temperature from 50 ℃ to 75 ℃ increases the roundtrip 

efficiency from 0.48 to 0.74, but also the total investment cost from 2.24 M$ to 3.05 M$, 

while the LCOS decreases from 0.41 $/kWh to 0.32 $/kWh. 

3. The efficiencies of the compressor and turbine significantly affect system performance. 

Turbine and compressor efficiencies greatly improve ηrt and LCOS. The impact of the 
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turbine efficiency on the system performance is more significant than the efficiency of the 

compressor, especially from an economic point of view; thus, improvements in turbine 

performance should be prioritized in future research and development. 

4. Smaller pinch-point temperature differences increase ηrt and reduce LCOS, but small ∆Tpp 

require large-sized heat exchangers; hence a temperature difference of 5 ℃ is chosen as a 

reasonable trade-off value. Moreover, ∆Tpp,VCR largely affects the thermodynamic 

performance of the system while ∆Tpp,ORC has comparatively more impact on the LCOS.  

5. The flowrate of the storage medium has no effect on the ηrt of the system, but it enhances 

the electrical energy storage capacity and annually generated electricity, thus reducing the 

LCOS. A flowrate of 500 kg/s can reduce the LCOS down to 0.24 $/kWh. Moreover, if a 

continuous external heat source is available, the LCOS decreases further to 0.17 $/kWh, 

which competes with other existing energy storage technologies with no geographical 

restrictions. 

The interesting and promising feature of sub-ambient PTES is its ability to enjoy full 

integration with the district heating network, district cooling network, and data center waste heat 

recovery and cooling systems. This could prove decisive for use in future industrial and 

technological applications. Furthermore, this technology also lends itself to the smart management 

of district networks and renewable energy hubs.  
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