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ABSTRACT 
 

Pumped Thermal Energy Storages (PTES) are a possible solution for the location-independent storage 

of electrical energy using heat on grid-relevant scales. The optimized use of the entire system is ensured 

by upgrading low-temperature heat, which can either be extracted from the environment or obtained 

from waste heat sources for increased power to power (P2P) efficiencies. In addition to the waste heat 

temperature, the storage temperature and type play a decisive role for the efficiency of the system. The 

investigation of this influence shows that a P2P efficiency of over 80% is possible. This efficiency can 

further be improved with an upscale of the system and the associated increase of the isentropic effi-

ciency of the two working machines involved. The relationship between P2P efficiency and the choice 

of fluid in connection with the type of thermal storage used (latent or sensible) shows a different suita-

bility for the individual processes. 

 

1. INTRODUCTION 
 

The increasing share of renewable energies in electricity generation leads to an increasing uncertainty 

of supply. The inherent disadvantage of wind and solar power is their unpredictable output since the 

resulting difference between supply and demand must be covered by the dynamic operation of conven-

tional power plants (Hodge et al., 2018). With an increasing share of renewable energies, however, 

there is a growing fluctuation in the output of these conventional power plants (De Felice, Alessandri, 

& Catalano, 2015). Pumped Hydro Energy Storages (PHES) are an existing compensation system for 

these fluctuations (Foley, Leahy, Li, McKeogh, & Morrison, 2015). However, as these have already 

reached their capacity limits, especially in Central Europe (Gimeno-Gutiérrez & Lacal-Arántegui, 

2013), it is necessary to consider alternative storage options. Current research in this area is moving in 

the direction of lithium-ion accumulators, compressed air energy storages (CAES), chemical storage 

(Power-to-X) and Carnot batteries/pumped thermal energy storages (PTES). All these technologies 

have their own advantages and disadvantages in terms of environmental impact, geological conditions, 

cycle stability and efficiency. PTES offer a simple and environmentally friendly way of storing elec-

tricity due to their location independence, the efficiency of which can be significantly increased through 

the use of low-temperature waste heat (Guo, Cai, Chen, & Zhou, 2016; Jockenhöfer, Steinmann, & 

Bauer, 2018; McTigue, White, & Markides, 2015; Staub et al., 2018). 

The low-temperature waste heat is pumped to a higher temperature level by the use of a heat pump with 

excess electricity and stored there by means of a thermal storage tank (latent or sensible). The stored 

thermal energy is then converted back into electricity using an Organic Rankine Cycle (ORC) which 

shares as many components as possible with the heat pump. One of these components is the heat ex-

changer to and from the thermal storage tank. This design inevitably requires the use of the same fluid 

in both cycles. The use of the same fluid, however, leads to a compromise in the efficiency of the storage 

system compared to its complexity. For this work, the focus was placed on subcritical systems with a 

storage temperature in the range of 100-150 °C and a waste heat source below 100 °C. 
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2. DESCRIPTION OF PROCESS AND MODEL 
 

The stationary model used is based on a Matlab code with integration of the fluid data from REFPROP 

10.0. Both processes, the heat pump and the ORC, are parameterized separately with the boundary 

conditions and linked via the storage temperature profile. To be able to compare the different scenarios 

the other parameters were kept strictly constant, which may have some influence on the accuracy of the 

results. 

 

2.1. General Properties 

The adaption of the theoretical approach to PTES delivers the well-known multiplication of the Coef-

ficient of Performance (𝐶𝑂𝑃) of the heat pump, the efficiency of the storage (𝜂𝑠𝑡), and the efficiency of 

the ORC (𝜂𝑂𝑅𝐶). This basic equation gives the efficiency of the energy storage known as roundtrip 

efficiency or Power-to-Power (𝑃2𝑃) efficiency (Thess, 2013): 

 

𝑃2𝑃 = 𝐶𝑂𝑃 ∗ 𝜂𝑠𝑡 ∗ 𝜂𝑂𝑅𝐶 
 

For an ideal system with Carnot efficiencies, an ideal storage and no temperature difference in the heat 

exchangers this equation yields 

 

𝑃2𝑃 =
𝑇ℎ𝑜𝑡

𝑇ℎ𝑜𝑡 − 𝑇𝑎𝑚𝑏
∗ 1 ∗

𝑇ℎ𝑜𝑡 − 𝑇𝑎𝑚𝑏

𝑇ℎ𝑜𝑡
= 1 

 

The trivial solution of 𝑃2𝑃 = 1 for ideal processes shows the upper efficiency limit for PTES with 

identical upper and lower temperatures in both cycles. By taking the required Δ𝑇 for the heat transfers 

into account, the Carnot cycles end up with a 𝑃2𝑃 efficiency below 1 (Fig. 1). To counter these losses, 

it is possible to utilize a waste heat source to achieve a higher 𝑃2𝑃 by increasing the evaporation tem-

perature of the heat pump and thereby decreasing its temperature lift. Depending on the waste heat 

temperature 𝑃2𝑃 = 1 is no longer the limit of the process.  

 
Fig. 1. Carnot model without (left) and with (right) waste heat support for the heat pump 

 

2.2. Heat pump 

Subcritical heat pumps have the highest COP for a PTES in the temperature range 80-200 °C and for a 

small or medium temperature lift. Therefore, a subcritical heat pump process was selected for this study. 

The size of the system is designed for an experimental setup with an electrical loading power 𝑃𝐻𝑃,𝑒𝑙 of 

20 kW. Thus, piston, screw and scroll compressors can be used for the working machine of the heat 

pump. The typical isentropic efficiency of all three machine types is between 55-66% (Roskosch, 

Venzik, & Atakan, 2017) for piston, 56-64% (Liu, Hung, & Chang, 2009) for scroll and 60-70% 

(Zaytsev, 2003) for screw compressors. For the isentropic efficiency of the compressor 𝜂𝑠,𝑐𝑜𝑚𝑝 a favor-

able value of 70% is assumed in the reference case.  
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The heat pump process consists of a total of eight state points as specified in Fig. 2 (a). 

           

Fig. 2. Schematic of the heat pump process (a) and schematic of the Organic Rankine Cycle (b) with 

sensible storage 

 

1-2 superheating with internal heat exchanger (HX) 9-10   pressure change via feed pump 

2-3 compression of superheated vapor 10-11 preheating in the internal HX 

3-4 de super heating in the thermal storage HX 11-12 preheating in the thermal storage HX 

4-5 condensation in the thermal storage HX 12-13 evaporation in the thermal storage HX 

5-6 sub-cooling in the thermal storage HX 13-14 expansion in the working machine 

6-7 sub-cooling in the internal HX 14-15 de super heating in the internal HX 

7-8 isenthalpic expansion via throttle 15-16 de super heating in the condenser 

8-1 evaporation in the waste HX 16-9   condensation in the condenser 

 

2.3. Organic Rankine Cycle 

Due to the shared use of most components the discharge process for the PTES is a subcritical ORC with 

the same fluid used in the heat pump. As for the heat pump the same kind of working machines can be 

utilized as expander for the ORC, piston, screw and scroll expanders are considered. In the literature 

there is a wide range of isentropic efficiencies, for piston 43-65% (Bouvier, Lemort, Michaux, Salagnac, 

& Kientz, 2016; Chatzopoulou, Simpson, Sapin, & Markides, 2019), for scroll 58-70% (Clemente, 

Micheli, Reini, & Taccani, 2012; Woodland, Braun, Groll, & Horton, 2012; Davide Ziviani, James, 

Accorsi, Braun, & Groll, 2018) and for screw 64-75% (Giuffrida, 2017; Li et al., 2017; D. Ziviani et 

al., 2016, 2017). To compensate the difference in expansion ratios the assumed isentropic efficiency of 

the ORC expander 𝜂𝑠,𝑒𝑥𝑝 is set to 70%. 

The Organic Rankine Cycle consists of a total of 8 state points and is numbered as seen in Fig. 2 (b) 

 

2.4. Storage type 

The storage is assumed as latent or sensible, respectively. A pressurized water tank is supposed for the 

sensible storage. Thermal storage systems consisting of water tanks are a proven technology, which is 

available without further development effort and are already in use for a wide spectrum of temperatures. 

No specific phase change materials are selected for the latent storage. Here only an ideal latent storage 

is assumed, which is able to charge and discharge at a constant temperature with the same pinch point 

temperatures as assumed for the sensible storage, which may be different for real application. 

 

2.5. Fluids 

To meet the demand of both cycles being subcritical, the critical Temperature 𝑇𝑐𝑟𝑖𝑡 of the fluids in 

question has to be above the condensation temperature 𝑇4 of the heat pump process. Since the evapora-

tion temperature of the ORC is always below the condensation temperature of the heat pump, this aspect 

is always fulfilled if the heat pump is operated subcritically. Only one exception is possible to operate 

the ORC transcritically with a subcritical heat pump, namely if the heat pump is near the critical pressure 

and has a high superheating temperature 𝑇3 ≫ 𝑇𝑐𝑟𝑖𝑡.  
 

(b) 
Storage 

(a) 
Storage 
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Fig. 3 Charging and discharging cycles with different working fluids, (a) dry, (b) isentropic, (c) wet 

 

By choosing a dry fluid it is possible, due to the assumed isentropic efficiency of the heat pump's com-

pressor, to drastically reduce the final compression temperature. In this case, an increase of the COP 

results and a large number of possible compressors become available. Due to the high targeted temper-

atures, conventional compressors and lubricants reach their thermal limits. The following four fluids 

were selected because of their low ODP (Ozone Depletion Potential), low GWP (Global Warming Po-

tential, except R365mfc) and the great variance in their evaporation enthalpy: Cyclopentane, Novec 

649, R1233zd(E), R365mfc, see Table 1. The flammability, toxicity as well as the critical temperature 

and pressure are specified accordingly. 

 

Table 1 Fluid selection 

 GWP ODP flammability Toxicity 𝑇𝑐𝑟𝑖𝑡 𝑝𝑐𝑟𝑖𝑡 
Cyclopentane <0.1 0 highly flammable No 511.72 K 4.58 MPa 

Novec 649 1 0 Not flammable Slightly 441.81 K 1.87 MPa 

R1233zd(E) 1 0.00034 Not flammable Slightly 438.75 K 3.57 MPa 

R365mfc 794 0 flammable No 460 K 3.26 MPa 

 

2.6. Reference case 

The boundary conditions of the reference case are designed for the use of low temperature waste heat 

below 100 °C. Specifically, a waste heat outlet temperature of 80 °C with a pinch point temperature 

∆𝑇𝐻𝑃,𝑒𝑣𝑎𝑝 of 5 K is assumed. The evaporation temperature of the heat pump 𝑡1 is therefore 75 °C. The 

condensation temperature of the ORC 𝑡16 is 30 °C. In addition, due to the use of the same heat exchanger 

from the heat pump to the thermal energy storage and from the thermal energy storage to the ORC, an 

identical heat flow is assumed. This results in identical loading and unloading times. 

As a uniform basis for all parameter variations, a reference case was selected which refers to all param-

eters relevant to the operation of the system. The parameter variations considered in the following sec-

tions are identical to the standard case except for the parameters considered. 

 

Table 2 Reference case 

 Abbreviation Value Unit 

evaporation temperature heat pump 𝑡1 75 °C 

condensation temperature ORC 𝑡16 30 °C 

sensible storage maximal temperature  𝑡𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒,𝑚𝑎𝑥 140 °C 

sensible storage minimum temperature  𝑡𝑠𝑒𝑛𝑠𝑖𝑏𝑙𝑒,𝑚𝑖𝑛 100 °C 

latent storage temperature 𝑡𝑙𝑎𝑡𝑒𝑛𝑡 140 °C 

temperature losses in tubes ΔT𝑡𝑢𝑏𝑒 0 K 

heat pump superheating temperature 𝑇𝐻𝑃,𝑠𝑢𝑝 0 K 

heat pump sub-cooling temperature 𝑇𝐻𝑃,𝑠𝑢𝑏 0 K 

ORC superheating temperature 𝑇𝑂𝑅𝐶,𝑠𝑢𝑝 0 K 

ORC sub-cooling temperature 𝑇𝑂𝑅𝐶,𝑠𝑢𝑏 0 K 
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pinch point HP evaporator ΔT𝐻𝑃,𝑒𝑣𝑎𝑝 5 K 

pinch point HP condensator ΔT𝐻𝑃,𝑐𝑜𝑛𝑑 5 K 

pinch point ORC evaporator ΔT𝑂𝑅𝐶,𝑒𝑣𝑎𝑝 5 K 

pinch point ORC condensator ΔT𝑂𝑅𝐶,𝑐𝑜𝑛𝑑 5 K 

pinch point internal heat exchanger ΔT𝐼𝐻𝑋 5 K 

pressure loss heat exchangers Δp𝐻𝑇𝑋 0 bar 

pressure loss tubes Δp𝑡𝑢𝑏𝑒 0 bar 

isentropic compressor efficiency 𝜂𝑠,𝑐𝑜𝑚𝑝 70 % 

isentropic expander efficiency 𝜂𝑠,𝑒𝑥𝑝 70 % 

isentropic pump efficiency 𝜂𝑠,𝑝𝑢𝑚𝑝 80 % 

electrical efficiency motor  𝜂𝑒𝑙,𝑚 95 % 

electrical efficiency generator  𝜂𝑒𝑙,𝑔𝑒𝑛 95 % 

storage efficiency 𝜂𝑠𝑡 100 % 

 

3. RESULTS AND DISCUSSION 
 

3.1. Working machines 

The influence of the isentropic efficiency of both working machines is one of the key parameters for 

the efficiency of the sub-processes and therefore the whole 𝑃2𝑃 efficiency of the PTES system. With a 

variation of both isentropic efficiencies 𝜂𝑠,𝑐𝑜𝑚𝑝 and  𝜂𝑠,𝑒𝑥𝑝 between 50-90%, the 𝑃2𝑃 efficiency of the 

system was investigated. The results in Fig. 4 show the strong dependency of the isentropic efficiencies. 

With Novec 649 the best efficiency was observed with a P2P of 76.9% for both working machines at 

90% isentropic efficiency. The same behavior was found for all storage types and fluids. 

 
Fig. 4 𝑃2𝑃 for different isentropic efficiencies of both working machines with Novec 649 

 

3.2. Thermal storage 

The effects of a latent and a sensible storage on the heat transfer characteristics during charge (HP) and 

discharge (ORC) as well as the storage itself are best shown in the according t-Q-diagrams of all three 

sub-processes (see Fig. 5). 
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Fig. 5 t-Q-diagram of all three sub-processes for a sensible (left) and latent (right) storage with Novec 

649 

 
  

The sensible storage and the latent storage require both the same condensation temperature. The sensi-

ble storage allows for a sub-cooling of the fluid and therefore an increase in the 𝐶𝑂𝑃 compared to the 

superheating for the latent storage, see Table 3. The latent storage has a higher evaporation temperature 

of the ORC and has therefore a higher 𝜂𝑂𝑅𝐶 compared to the sensible storage, which requires a lower 

evaporation temperature due to the non-isothermal storage behaviour. For this reference case simula-

tions, the 𝑃2𝑃 efficiencies of both cycles are 57.7% for the sensible thermal storage and 48.7% for the 

latent thermal storage. Cyclopentane shows an opposite behaviour with a 𝑃2𝑃 efficiency of 56.3% for 

the latent storage and 54.2% for the sensible one. Here a major influence of the chosen fluid can be 

observed.  
 

Table 3 Fluid performance for different storage types (s: sensible, l: latent) 

 𝐶𝑂𝑃 l 𝐶𝑂𝑃 s 𝜂𝑂𝑅𝐶 l 𝜂𝑂𝑅𝐶 s 𝑃2𝑃 l 𝑃2𝑃 s 

Cyclopentane 3.7 4.5 15.2% 12.0% 56.3% 54.3% 

Novec 649 3.3 4.1 14.8% 12.5% 48.7% 51.8% 

R1233zd(E) 3.3 4.5 13.6% 11.8% 44.4% 53.1% 

R365mfc 3.5 4.5 14.9% 12.3% 52.1% 54.9% 

 

 
Fig. 6 Influence of storage temperature 𝑇𝑠𝑡 on the P2P efficiency of an idealized system with different 

Carnot efficiencies of the sub-processes 
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A rising storage temperature also has a negative effect on the P2P efficiency, as shown in Fig. 6 for an 

idealized system without any further losses and with the HP evaporation and the ORC condensation 

temperature of the reference case. For both types of thermal storage, a lower temperature generally 

enables a higher P2P efficiency. This corresponds to the predictions made by the Carnot comparison 

processes. The results must be considered with caution, however, as the optimum at a storage tempera-

ture is equal to the waste heat source temperature and thus represents a trivial solution with an infinite 

P2P efficiency. This corresponds to the direct conversion of the waste heat into electricity without stor-

age of the same. 

 

4. Conclusion 

 
PTES are a possible solution for the location-independent storage of grid-relevant energy quantities.  

In this paper, a PTES with real fluids was simulated and the influence of certain boundary conditions 

on the overall system was analyzed on the basis of P2P efficiencies. The machine efficiencies, the stor-

age temperature, the storage type and the influence of the different fluids used were investigated. De-

pending on the type of storage used, either latent or sensible, it is shown that the fluids have an influence 

on the optimal storage type. Cyclopentane is more suitable for latent storage, whereas Novec 649 shows 

a higher P2P for sensible storage. The influence of isentropic machine efficiencies suggests upscaling 

of the system to minimize losses. Further investigations to increase P2P should consider transcritical 

single processes and zeotropic mixtures. Exergetic analysis should be able to show optimization poten-

tial especially for zeotropic mixtures. 
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NOMENCLATURE 
 

COP Coefficient of Performance  -  Subscript 

HX heat exchanger    -  amb ambient 

P2P Power-to-Power efficiency  %  comp compressor 

h enthalpie    kJ/kg  el electrical 

P power     W  exp expander 

p pressure    Pa  s isentrope 

s specific entropie   kJ/kg K  st storage 

∆T pinch point temperature difference K 

T Temperature    K 

t Temperature    °C 

η efficiency    % 
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