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Abstract

Thermally integrated pumped thermal energy storage (TI-PTES) is a flexibility option to

recover low-grade heat and provide overnight storage. Common criteria when designing such

systems are the power-to-power efficiency (electricity recovery), the exergy efficiency (com-

bined heat and electricity recovery) and the energy density (storage size). However, these are

generally conflicting and multi-criteria optimisation is therefore required. Design guidelines

have been proposed for some specific case studies but are still lacking for the remaining wide

range of possible integrations. This work therefore presents a systematic multi-criteria anal-

ysis of a TI-PTES, consisting of a vapour compression heat pump, a sensible heat storage

and an organic Rankine cycle, in an extended integration domain. Results show that the

storage temperature levels are key variables, as they directly influence the conflict between

the performance of the heat pump and the organic Rankine cycle. Also, the intensity of

the conflict between the three criteria increases with the temperature difference between the

source and the sink, mainly because of the power-to-power efficiency (the density and the

exergy efficiency are much less conflicting with each other). Finally, the relevance of ther-

mal integration in TI-PTES is questioned when it leads to a sharp deterioration in exergy

efficiency and density.
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1. Introduction1

Next to sufficiency measures, improving the efficiency of energy systems and supporting2

the integration of renewables are key elements of the energy transition [1]. This includes the3

deployment of flexibility options, such as energy storage, as well as reducing the amount of4

energy lost in conversion from one form to another, such as the so-called ”waste heat” [2].5

Both these points are currently hot topics in the scientific literature. On the one hand,6

much effort is spent on the development of cost-effective storage systems, like chemical7

batteries, power-to-x and thermal storage [3]. On the other hand, waste heat is increasingly8

perceived as an abundant and cheap source of energy [2, 4]. In this regard, it has been9

estimated that, in 2012, 52% of the primary energy consumed worldwide was actually lost10

as technically recoverable waste heat [2]. Despite its reduced exergy content (i.e. 63% of this11

waste energy had a temperature below 100°C, which corresponds to only 21% of the total12

waste heat exergy content), the challenges of energy transition cannot waste any piece of the13

enormous volume of energy consumed every year. Another striking figure is that, in EU27,14

if only about half of the available waste heat were converted into electricity, it is estimated15

that the equivalent annual production would amount at 150 TWhel/year [5].16

There exist several routes to mitigate and recover this waste heat [2]. These include,17

first, prevention and avoidance, second direct reuse in the process chain (optionally through18

intermediate heat exchangers), then exergy upgrade with high temperature vapour compres-19

sion heat pumps (HT-VCHP) [6] and eventually conversion to electricity, using for instance20

organic Rankine cycles (ORC) [7, 8].21

However, there is not always an on-site thermal demand, and the waste heat can have22

too low exergy potential to make it financially feasible to directly convert it into electricity.23

In such case, thermally integrated pumped thermal energy storage (TI-PTES, or thermally24
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Nomenclature

Greek and Latin letters

∆p pressure losses, bar

∆T temperature difference, K

η efficiency, %

ρ energy density, kWh/m3

Ex exergy, J/kg

h enthalpy, J/kg

p pressure, bar

t temperature, °C

v specific volume, m3/kg

W specific work, J/kg

Sub- and superscripts

cs cold sink

el electrical

gl temperature glide

hp heat pump

hs hot source

hs – cs source - sink temperature

ht high temperature

II exergy

lt low temperature

P2P power-to-power

pp pinch point

rel relative

sc sub-cooling

sh super-heating

sp spread

st storage

Abbreviations

COP coefficient of performance

GWP global warming potential

HP heat pump

HT-VCHP high temperature vapour com-

pression heat pump

ODP ozone depletion potential

ORC organic Rankine cycle

TES thermal energy storage

TI-PTES thermally integrated pumped

thermal energy storage
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integrated Carnot batteries) could be an alternative option [9]. The latter consists in up-25

grading the exergy content of a heat source (hotter than the ambient) with excess renewable26

electricity by using a heat pump, and to store it in a thermal energy storage (TES). Then,27

when electricity is needed, it can be produced on demand by discharging the TES with a28

heat engine. TI-PTES is therefore an interesting solution to recover low-grade waste heat29

while providing the necessary flexibility to renewable energy systems (i.e. energy storage),30

which gives it more added value and can improve the economic viability of the whole system.31

1.1. Thermally integrated pumped thermal energy storage32

Since its first mentions by Mercangöz et al. [10] and Steinmann [11], and actual first33

characterisation by Frate et al. [9] in 2017, TI-PTES has attracted growing interest and34

several implementations have been proposed. The most common is the basic hot TI-PTES35

[12] (depicted in Fig. 1), consisting in a sub-critical HT-VCHP, a two-tank sensible TES and36

a sub-critical ORC.
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Fig. 1. Layout of the basic hot TI-PTES (Carnot battery). It is composed of a vapour compression heat

pump (left), a two-tank sensible heat thermal storage (centre) and an organic Rankine cycle (right). Note

that the circulating pumps and other auxiliaries are not shown here.

37

When optimising the thermodynamic cycle of TI-PTES, typical criteria are to maximise38

the power-to-power efficiency ηP2P (i.e. effectiveness of electricity recovery), the total exergy39

efficiency ηII (i.e. effectiveness of combined heat and electricity recovery) and the electrical40
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energy density ρel (i.e. storage size). However, as pointed out by Frate et al. [12] in the case41

of a TI-PTES with sensible TES, these three objectives can be conflicting. This implies that42

it is usually not possible to design a TI-PTES that maximises these criteria simultaneously,43

and that trade-offs must therefore be discussed. Recently, Weitzer et al. suggested to for-44

malise this conflicting nature by referring to it as the Carnot battery trilemma [13].45

46

For now, many studies have optimised the thermodynamic design of TI-PTES and pro-47

posed cycle modifications to enhance some performance indicators (usually at least ηP2P).48

Frate et al. [12, 14] for instance assessed the potential of using internal regenerators in the49

HT-VCHP and in the ORC. They showed that for source and sink temperatures of 80°C and50

15°C respectively, internal regeneration increases ηII by 15%, and that it has the potential51

of being established as the reference configuration for TI-PTES.52

Aiming at a better match between the TES and the cycles (thus a better efficiency), and53

at a higher energy density, Jockenhöfer et al. [4] introduced the concept of thermal integra-54

tion in the CHEST concept [11]. The latter is constructed around an hybrid TES, using both55

sensible and latent heat storage. On their side, Weitzer et al. [13, 15] examined different56

organic flash cycles for the discharge part. The aim was to reduce the exergy losses during57

heat transfer between sensible TES with large temperature spreads and the working fluid.58

They demonstrated for several heat source temperatures that the basic flash cycle did not59

bring any efficiency enhancement, but that when combined with two-phase expansion and60

multiple pressure levels, significant efficiency gains were to be expected. They also empha-61

sized that despite their increased complexity, these cycles required further consideration for62

TI-PTES because of their interesting potential to soften the Carnot battery trilemma. Lu et63

al. [16] considered the use of variable composition zeotropic mixtures in the basic TI-PTES64

configuration to reduce the exergy losses in each exchanger of the HT-VCHP, in addition to65

the losses between the sensible TES and the discharge cycle. They showed for different heat66

sink temperatures that interesting gains in ηII could be expected.67

To continue recovering waste heat while discharging the system, Zhang et al. [17] intro-68
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duced a TI-PTES design where a preheater is inserted into the ORC. This is used to start69

economising fluid (i.e. preheating the fluid before evaporation) with the waste heat, before70

evaporation thanks to the heat from the TES. Their analysis showed that for low temper-71

ature spreads in the sensible TES, ηP2P could increase by more than 15% when the source72

is at 70°C. Recently, Bellos et al. [18] also introduced a new concept based on regenerated73

cycles and using latent TES, where the waste heat first transfers some of its calories to the74

TES and then feeds the evaporator of the HT-VCHP with its remaining calories.75

Finally, Dumont and Lemort [19] and Xia et al. [20] studied an alternative design named76

”cold TI-PTES”. The idea is to use a cold latent TES (generally ice, possibly mixed with77

other substances to lower the solidification point), in order to increase the energy density78

without using higher temperature phase change materials, which are logically more expensive79

than water. A refrigeration cycle is then used to charge the storage tank, releasing the heat80

from the TES to the ambient. To discharge it, an ORC uses the waste heat as a hot source81

and the TES as a cold sink. Results showed that despite a lower efficiency than in the hot82

TI-PTES, the gain in density was non-negligible, which would make it possible to reduce the83

capital costs. However, more detailed techno-economic analyses are required and it should84

be noted that, to date, cold TI-PTES has only been treated in a minority of publications.85

1.2. Limitations, aims of this study and work novelty86

The studies cited above show that sensible heat storage is the most common form of TES87

in TI-PTES. From a technical point of view, this can be explained by the ease of implemen-88

tation, and by the lower observed pinches than in latent TES, which is key because Carnot89

batteries with low-temperature storage (< 150°C) are very sensitive to this parameter [19].90

However, this usually comes at the cost of lower energy densities, and less efficient matches91

between the cycles and the TES. Still, the majority of techno-economic studies also consider92

sensible TES, generally in two tanks in order to maintain a constant thermal profile and93

avoid the diffusion problems found in single stratified tanks [12, 21–24].94

95

Although TI-PTES is an active research topic, it should be noted that the majority of96
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studies published to date do not cover the Carnot battery trilemma in its entirety. This is97

reflected in the fact that the technology is often studied in isolation, and not integrated into98

a specific energy system where all three criteria matter. In particular, the use of waste heat is99

often perceived as a way of ”artificially” boosting ηP2P, without looking at the overall energy100

gain for the energy system in which it is integrated. Density is also frequently overlooked. In101

addition, many studies are limited to parametric analyses, without any optimisation. Also,102

although different fluids are sometimes considered, the analysis methods are usually not103

systematic and therefore do not consider all potential synergies between the fluids and the104

thermodynamic cycles.105

Currently, no paper has focused on optimising and mapping the performance of TI-106

PTES with respect to the Carnot battery trilemma in the entire thermal integration domain107

(i.e. combination of possible source and sink temperatures). As an illustration, the current108

domain exploration for TI-PTES with sensible TES is represented in Fig. 2. The region with

Fig. 2. Current exploration of the thermal integration domain for TI-PTES with sensible TES. Note that

most authors have not studied the Carnot battery trilemma in its entirety. Moreover, only few of them

have conducted proper cycle optimisation. List of references: Zhang et al., 2023a [25]; Zhang et al., 2023b

[17]; Qiao et al., 2023 [26]; Wang et al., 2023 [27]; Yu et al., 2023 [24]; Zhang et al., 2022 [23]; Lu et al.,

2022 [16]; Weitzer et al., 2022b [15]; Fan and Xi, 2022 [22]; Hu et al., 2021 [21]; Dumont and Lemort, 2020

[19]; Frate et al., 2020a [12] & 2020b [14]; Staub et al., 2018 [28]; Frate et al., 2017 [9].

109
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source temperatures below 60°C has been particularly little explored. This can be attributed110

in part to the fact that, due to Carnot efficiency, ηP2P is lower in that region of the domain111

(i.e. usually below 50%), whereas as TI-PTES has often been considered primarily as an112

electrical storage option, this performance may have seemed rather poor. However, when113

looking at TI-PTES as a flexible waste heat recovery option, there is no indication that ηP2P114

should override ηII. Moreover, a significant share (i.e. 45%) of the low temperature waste115

heat to be recovered (i.e. < 200°C) is precisely below 60°C, as shown by Marina et al. [6].116

A direct consequence of this poor investigation of the integration domain is that it is117

currently not possible to provide theoretical maximum performance and design guidelines118

for TI-PTES across the entire domain, and with regard to the three criteria of the Carnot119

battery trilemma.120

121

The goal of this work is therefore to investigate and characterise the Carnot battery122

trilemma over the entire integration domain. Source temperatures go up to 100°C, a value123

above which it does not seem appropriate to employ TI-PTES, as waste heat can be recovered124

more efficiently. The sink temperatures range from -25 to 50°C to cover the majority of125

climates (i.e. from polar to hot) that can be encountered if the ambience is used as a sink126

and to represent a certain range of poly-generation applications where the latent heat of127

condensation in the ORC is recovered.128

First, multi-criteria optimisation of the basic hot TI-PTES is conducted to maximise129

simultaneously the three objectives of the trilemma. A specificity of the method is to si-130

multaneously optimise the thermodynamic cycle and the choice of working fluids, to fully131

embrace the potential synergies between them. Then, the maximum theoretical performance132

that could be reached is mapped for each objective, and design guidelines are formulated133

according to the desired objectives. The results are used to assess whether the guidelines134

can be generalised to the whole domain or whether they need to be adapted in each region.135

Afterwards, the trilemma is characterised in more details at several relevant locations of136

the thermal domain. The shape of the Pareto fronts is used to discuss the conflict inten-137
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sity between the different objectives. Based on the results, implementation constraints are138

discussed, and design recommendations and cycle improvements are finally proposed.139

2. Model and methods140

2.1. System model141

The system investigated in this work is the basic hot TI-PTES. It consists of a sub-critical142

HT-VCHP, a two-tank pressurized water TES and a sub-critical air-cooled ORC (see Fig. 1).143

Although enhanced cycles can give better performance, the basic configuration is adopted144

as the aim of this study is to provide generic design guidelines for this reference case. Based145

on the obtained results, cycle improvements are suggested in results section.146

The two-tank architecture is preferred to a single tank as it provides a constant thermal147

profile, regardless of the state of charge and storage duration (i.e. no diffusion losses due to148

a thermocline). Also, the thermal losses are ignored, so the storage duration has no effect on149

the tanks temperature. Note that, assuming an ideal thermocline, the results obtained here150

can be extrapolated to the single tank case [12]. Despite it has a lower energy density, sensi-151

ble TES is adopted here because latent TES is not mature yet since its thermal stability and152

reliability remain unclear in the considered temperature range (up to 150°C, see Table 1) [29].153

154

The thermodynamic performance of the system is assessed using CoolProp [30] and with155

an in-house Python model1 whose parameters are summarised in Table 1. Some are fixed (e.g.156

pinch-point in heat exchangers) while some others are employed as optimisation variables157

(e.g. storage temperature). Several constraints are also reported in Table 1. These are158

employed to give technical plausibility to the cycles and to facilitate their implementation159

in real machines. For instance, minimum pressures of 0.5 bar are set in the HT-VCHP and160

in the ORC to limit the necessary degree of vacuum [31]. Of course, above-atmospheric161

pressures are ideally desired, but this would be quite restrictive for the choice of working162

fluids in some parts of the domain (the higher the critical point, the lower the saturation163

1The code can be provided upon request.
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pressure, which penalises low saturation temperatures). Also, minimum temperature lifts164

and drops (i.e. temperature difference between source and sink supplies) of 5 K are set in the165

HT-VCHP and in the ORC to prevent the cycles from degenerating into configurations where166

their action on their heat sources would be zero. The hot tank temperature is restricted to167

150°C to limit the need for water pressurisation (thus the cost) and the maximum compressor168

discharge temperature is 180°C to represent the current HT-VCHP practice [32–34]. Main169

reasons for that are to prevent lubricant degradation and fluid decomposition [31].170

Table 1

Model parameters and constraints for the TI-PTES optimisation.

Name Symbol Value Name Symbol Value

Heat source temperature ths -25 to 100°C Heat sink temperature tcs -25 to 50°C

Heat source temp. glide ∆Ths,gl design var. Heat sink temp. glide ∆Tcs,gl 10 K [12]

HP vapour super-heating ∆Thp,sh design var. ORC vapour super-heating ∆Torc,sh design var.

HP liquid sub-cooling ∆Thp,sc design var. ORC liquid sub-cooling ∆Torc,sc 3 K [13]

Min. HP temperature lift ∆Tmin
hp 5 K [19] Min. ORC temp. drop ∆Tmin

orc 5 K [19]

HP working fluid fluidhp design var. ORC working fluid fluidorc design var.

Compressor efficiency ηis,comp 0.75 [19] Expander efficiency ηis,exp 0.75 [19]

Max. compress. exit temp. tmax
hp 180°C [12] Pump efficiency ηis,pmp 0.50 [19]

Min. HP/ORC super-heating ∆Tmin
sh 3 K [13] Min. HP sub-cooling ∆Tmin

sc 3 K [13]

Hot tank storage temp. tst,ht design var. Storage temp. spread ∆Tst,sp design var.

Max. storage temperature tmax
st,ht 150°C [13] Storage pressure pst 7.5 bar

Min. storage temperature tmin
st,lt ths – ∆Ths,gl Min. HP/ORC pressure pmin

hp/orc
0.5 bar [12]

Pinch point in exchangers ∆Tpp 3 K [12, 19] Pressure losses ∆p 0.0 bar [12, 13]

In this model, the evaporation and condensation pressures are obtained with the pinch171

method. Unlike Frate et al. [12], who imposed a minimum pinch temperature difference while172

allowing their model to use higher ones, this approach is selected to reduce the number of173

design variables (the saturation pressures in the HT-VCHP and in the ORC are here fixed174

by the temperature profile of the secondary fluids), which relaxes the optimisation problem.175

This is also justified by the fact that most studies have shown that the pinch point must be176

as low as possible to maximise the efficiency [15, 19].177
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Another assumption is that all pressure drops, which are technology dependent, are178

neglected to get more generic conclusions. Nevertheless, the sensitivity of TI-PTES perfor-179

mance to these losses deserves further analyses. Also note that the heat source and sink are180

treated as pure dry atmospheric air (i.e. only sensible heat is considered, no humidity).181

2.2. Optimisation problem182

The Carnot battery trilemma consists of the conflict between the power-to-power ef-183

ficiency ηP2P, the exergy efficiency ηII, and the energy density ρel. These performance184

indicators are therefore adopted for the multi-criteria optimisation. They are defined as185

ηP2P =
Worc

Whp
, (1)

ηII =
Worc

Whp + Exhs
, (2)

ρel =
hst,ht – hst,lt
vst,ht + vst,lt

· ηorc , (3)

where Worc and Whp are the ORC and HT-VCHP net work output and input, respectively,186

and Exhs is the exergy of the heat source. The reference state used for the latter’s definition187

corresponds to the heat sink temperature. The specific case ths = tcs thus yields ηII = ηP2P,188

since Exhs = 0. The density corresponds to the amount of electricity that can be discharged189

per unit volume of the tanks.190

191

To optimise the performance of TI-PTES, a set of eight design variables are used. The192

hot tank storage temperature tst,ht, the heat source glide ∆Ths,gl (i.e. temperature difference193

between supply and exit of the evaporator of the HT-VCHP) and the storage temperature194

spread ∆Tst,sp (i.e. temperature difference between the hot and cold tanks) have already195

been identified as key parameters influencing ηP2P, ηII and ρel respectively [12, 15, 19]. Note196

that it is here assumed that the heat source can be treated as ”free” waste heat (i.e. the197

heat source glide has no constrained value and is therefore used as a design variable). We198

also include the liquid sub-cooling ∆Thp,sc in the HT-VCHP as well as the vapour super-199

heating ∆Thp/orc,sh in the HT-VCHP and in the ORC. Indeed, these parameters can take200
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different optimum values depending on the thermal profiles and working fluids [12, 35]. The201

constraints associated with these variables are reported in Table 1.202

Finally, an innovative aspect of the method proposed here compared with the state of203

the art in Carnot battery research is to simultaneously optimise the thermodynamic cycle204

and the selection of working fluids in the HT-VCHP and ORC, to fully embrace the existing205

synergies between them (instead of running optimisation for all possible pairs and keeping206

only the best performing sets [14]). In this work, a list of 34 working fluids is considered.207

These were selected from the list of those available in CoolProp because they have zero ozone208

depletion potential (compliance with Montreal protocol), low to moderate global warming209

potential (compliance with Kigali Amendment and EU F-gas regulation) and because their210

critical point is compatible with sub-critical cycles in the temperature range investigated in211

this work (i.e. thermal domain and storage temperatures). The full list of fluids is available212

in Table 2.213

214

To map the performance of TI-PTES, the integration domain is discretised with a 5 K215

resolution into 296 cells. In each cell, optimisation is carried out using NSGA-II [37], a well216

established genetic algorithm for multi-criteria problems, through the RHEIA framework [38].217

Note that particle swarm optimisation was also tested through pymoo [39]. However, it did218

not show a lower computational budget for equivalent optima.219

In Table 1, all design variables are continuous except the working fluids. To integrate220

them to the problem, these were sorted by critical temperature and got assigned tags ranging221

from 1 to 34. The continuous design space for each fluid then ranges from 0.51 to 34.49, and222

each tag is obtained by converting the value to the closest integer. Note that sorting the223

fluid by critical temperature is intended to facilitate the natural selection of well performing224

fluids from generation to generation.225

The optimisation process was carried out in two main stages, in order to achieve global226

convergence and avoid the curse of local optima. Indeed, the optimisation domain to be227

covered is relatively complex - the term porous could be employed - as many combinations228
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Table 2

Technical and physical properties of the investigated working fluids (data from CoolProp 6.4.1 [30]).

Fluid Type Tcrit pcrit psat,15◦C GWP100 ASHRAE Shape No.

[◦C] [bar] [bar] 34b

R1150 (Ethylene) HO 9.2 50.4 n.a. 6.8 A3 wet 1

R170 (Ethane) HC 32.2 48.7 33.7 0.437a A3 wet 2

R41 HFC 44.1 59.0 30.1 135a N/A wet 3

R1270 (Propylene) HO 91.1 45.6 8.9 3.1 A3 wet 4

R1234yf HFO 94.7 33.8 5.1 0.501a A2L dry 5

R290 (Propane) HC 96.7 42.5 7.3 0.02a A3 wet 6

R161 HFC 102.1 50.1 7.0 4.84a N/A wet 7

R1243zf HFO 103.8 35.2 4.4 0.261a N/A isentropic 8

R1234ze(E) HFO 109.4 36.3 3.6 1.37a A2L isentropic 9

R152a HFC 113.3 45.2 4.4 164a A2 wet 10

R13I1 H 123.3 39.5 3.7 0.4 A1 wet 11

RC270 (cyclo-Propane) HC 125.2 55.8 5.5 N/A A3 wet 12

RE170 (dimethyl-Ether) HC 127.2 53.4 4.4 1.0 A3 wet 13

R717 (Ammonia) 132.2 113.3 7.3 N/A B2L wet 14

R600a (iso-Butane) HC 134.7 36.3 2.6 N/A A3 dry 15

1-Butene HC 146.1 40.1 2.2 N/A N/A dry 16

R1234ze(Z) HFO 150.1 35.3 1.2 0.315a A2L isentropic 17

R600 (n-Butane) HC 152.0 38.0 1.8 0.006a A3 dry 18

trans-2-Butene HC 155.5 40.3 1.7 N/A N/A dry 19

Neopentane HC 160.6 32.0 1.2 N/A N/A dry 20

R1233zd(E) HCFO 166.5 36.2 0.9 3.88a A1 dry 21

Novec649 168.7 18.7 0.3 N/A N/A dry 22

R601a (iso-Pentane) HC 187.2 33.8 0.6 N/A A3 dry 23

R601 (n-Pentane) HC 196.5 33.7 0.5 N/A A3 dry 24

R602 (n-Hexane) HC 234.7 30.4 0.1 3.1 N/A dry 25

Acetone 235.0 47.0 0.2 0.5 N/A isentropic 26

cyclo-Pentane HC 238.6 45.7 0.3 N/A N/A dry 27

Methanol 239.4 82.2 0.1 2.8 N/A wet 28

R603 (n-Heptane) HC 267.0 27.4 < 0.1 N/A N/A dry 29

cyclo-Hexane HC 280.5 40.8 < 0.1 N/A N/A dry 30

Benzene HC 288.9 48.9 < 0.1 N/A N/A dry 31

MDM Siloxane 290.9 14.1 < 0.1 N/A N/A dry 32

Toluene HC 318.6 41.3 < 0.1 3.3 N/A dry 33

ethyl-Benzene HC 344.0 36.2 < 0.1 N/A N/A dry 34

a Value from Table 7.SM.7 of IPCC AR6 [36]

b ASHRAE Standard 34-2022, ”Designation and Safety Classification of Refrigerants”
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of variables lead to physically infeasible solutions or which do not respect the design con-229

straints (e.g. high storage temperatures make sub-critical operations impossible if the critical230

temperature of the fluid is too low). To cover this domain properly, the population size and231

mutation probability are first set to 500 and 50%, respectively. In this sense, the idea is to232

build a preliminary map in a way that is almost like a random search. Experience has shown233

that a number of 1000 generations is generally sufficient to obtain ”global” optima for each234

objective. The results are then post-processed: when a cell of the thermal domain shows235

much worse performance than its neighbours or causes a discontinuity in the map trends,236

some individuals from the surrounding cells are inserted in its population. Then, optimisa-237

tion is relaunched for that cell. In a second time, the mutation probability is reduced to 10%238

and optimisation is relaunched in the entire domain to refine the results. These two steps239

are reproduced until a global convergence seems to be reached (without any guarantee) and240

uniformity is obtained on the performance map. The optimisation process is illustrated in241

Fig. 3.242

thermodynamic
model

max

min

ranges on 
design variables

genetic algorithm 
(NSGA-II)

offspring generation + selection

population of designs 

position in the domain 
(1 among 296 cells)

sets of performance criteria

min. 1000 
generations

3D Pareto front

including optima and
corresponding designs

(optional initial starting 
population )

Fig. 3. Illustration of the optimisation process carried out in each cell. Initially, no starting population is

provided, so the optimiser selects the 500 designs from the ranges of design variables through Latin

Hypercube Sampling. A set of 1000 generations is then run with a mutation probability of 50% to capture

the global optima. In a second step, the mutation probability is reduced to 10% and the optimisation is

relaunched using the last generation as initial starting population. This refines the results and smoothes

the Pareto front.
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3. Results243

The first part of the results focuses on mapping the performance of TI-PTES over the244

entire thermal integration domain, and on analysing the optimal thermodynamic designs.245

The various trends are then discussed and design guidelines are step by step constructed246

according to the objectives sought. Conflicts between the different objectives are also quali-247

tatively illustrated by juxtaposing the different maps in a pay-off table. In the second part,248

the design guidelines are summarised and graphically illustrated over the domain. Further249

discussions on some design parameters are also carried out. In the third part, the Carnot250

battery trilemma is studied quantitatively by analysing the Pareto fronts resulting from the251

multi-criteria analysis. A conflict index is also set up to map the intensity of the trilemma.252

3.1. Performance mapping253

In each of 296 the cells of the domain (i.e. combination of source and sink temperatures),254

the three designs providing the best ηP2P, ηII, and ρel were selected to construct the maps.255

These are depicted in Fig. 4. They are represented as a pay-off table to illustrate the conflict256

between the different objectives of the trilemma: for each optimised objective, the value of257

the two others is also mapped. Since they are key variables in TI-PTES [12, 19], the corre-258

sponding heat source temperature glide ∆Ths,gl, hot storage temperature tst,ht and storage259

temperature spread ∆Tst,sp are depicted in Fig. 5. The other design variables, including the260

working fluids, vapour super-heating and liquid sub-cooling are discussed later in Section261

3.2. Finally, in order to make the thermodynamic cycles more legible and complementary to262

the maps, typical T-s diagrams are shown in Fig. A.1 in Appendix A.263

3.1.1. Results for optimised ηP2P264

As illustrated in Fig. 4, the power-to-power efficiency increases with the difference be-265

tween the source and sink temperatures ∆Ths–cs from about 30% when ∆Ths–cs = 0 K to266

about 440% when ∆Ths–cs = 125 K. However, because of a design shift, the growth is not267

continuous (the tipping point is ∆Ths–cs = 30 K). Indeed, for ∆Ths–cs > 30 K, the hot stor-268

age temperature tst,ht is minimised so that the heat pump lift ∆Thp (i.e. the temperature269
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Fig. 4. Performance maps with ηP2P (1st row), ηII (2
nd row) and ρel (3

rd row) for the configurations

maximising ηP2P (1st column), ηII (2
nd column) and ρel (3

rd column), respectively. Some maps have been

smoothed using Gaussian filtering to eliminate local convergence issues (model artefacts). Please note that

the spacing between the contour lines is refined on some maps to increase legibility.

difference between the storage and the source, tst,ht – ths) is always minimised. In this sense,270

the coefficient of performance of the HT-VCHP is maximised to the detriment of the ORC271

efficiency, which is affected by the lower tst,ht.272

The existence of the 30 K tipping point, which had also been observed by Weitzer et al.273

[15], can be explained with ηCarnotP2P , the Carnot efficiency of TI-PTES (i.e. the thermody-274

namic limit) [4]. Considering the irreversibilities at the heat transfers between the working275

fluids and the secondary fluids, which can be modelled as the temperature difference ∆T276

between the fluids (comparable to a pinch temperature), and assuming endoreversible HT-277

VCHP and ORC (i.e. no internal irreversibilities), the latter is defined as278

ηCarnotP2P = COPCarnot
hp · ηCarnotorc =

tst,ht +∆T

tst,ht – ths + 2∆T
·
tst,ht – tcs – 2∆T

tst,ht – ∆T
, (4)

and it is depicted in Fig. 6. When ∆Ths–cs is below the tipping point (i.e. ∆Ths–cs < 30279
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Fig. 5. Set of design variables with the most significant influence on the Carnot battery trilemma:

∆Ths,gl (1
st row), tst,ht (2

nd row) and ∆Tst,sp (3rd row). Some contour lines have been smoothed to

eliminate local convergence issues (model artefacts).

K for ∆T = 8 K), the exergy losses at the ORC cannot be sufficiently compensated by the280

high COP, thus tst,ht must be increased to reduce these losses and to increase ηorc, so that281

the resulting ηP2P is improved (see Fig. 6a).282

It can also be shown that the tipping point increases with the heat transfer irreversibili-283

ties (see difference between ∆T = 0 and 8 K in Fig. 6). Note that the particular case ∆T = 0284

(i.e. no irreversibilities) does not allow detection of the tipping point, and therefore leads to285

incorrect conclusions about the optimum tst,ht (Fig. 6b illustrates that minimising tst,ht is286

always beneficial). Also note that this ”30 K” value is specific to the pinch-point selected in287

this work. Furthermore, as the charging and discharging cycles are not endoreversible (there288

are internal irreversibilities due, among others, to the compression and expansion machines),289

it cannot be said that it is solely a function of heat transfer irreversibilities. However, 30290

K seems to be the value to bear in mind for TI-PTES since Weitzer et al. [15] obtained a291
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(a) Cold sink: tcs = 20°C, irreversibilities: ∆T = 8 K (b) Cold sink: tcs = 20°C, irreversibilities: ∆T = 0 K

Fig. 6. Carnot efficiency of TI-PTES with and without consideration of heat transfer irreversibilities.

The latter are represented through ∆T, the temperature difference between the working fluids and the

secondary fluids. It illustrates well that a TI-PTES model which ignores the heat transfer irreversibilities

does not allow to detect the tipping point and always recommends to minimise tst,ht.

similar value comprised between 25 K and 40 K.292

293

Below the tipping point (i.e. ∆Ths–cs ≤ 30 K), on the other hand, the lift is almost always294

maximised, so tst,ht = tmax
st,ht = 150°C in that region of the domain. The only exception is for295

the part ths > 35°C and ∆Ths–cs ≤ 30 K, where tst,ht gradually increases with decreasing296

∆Ths–cs. The reason for this discontinuity in tst,ht is due to the constraint tmax
st,ht = 150°C.297

In fact, as tcs is also higher in that region, ηorc is penalised since the difference tst,ht – tcs298

decreases. To compensate, COPhp is increased by reducing tst,ht (which, by the way, affects299

ηorc even more). An optimum trade-off must therefore be found between ηorc and COPhp.300

Note that the existence of this zone is purely due to the technological constraint on tmax
st,ht. In301

fact, by increasing the latter, ηorc would increase again and it would no longer be necessary to302

decrease tst,ht to maximise ηP2P. This is illustrated for one cell of the domain in Appendix303

B by raising tmax
st,ht to 200°C, although this is probably beyond the current technological304

limits for HT-VCHP. The message that emerges from this analysis is thus that the optimum305

thermodynamic configuration is a function of the design constraints.306

Note that the analysis with ηCarnotP2P tends to validate the assumption that tst,ht should307

always be maximised below the tipping point (even for ths > 35°C), and that the results308
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observed in Fig. 5 are effectively due to the constraint on tmax
st,ht.309

Finally, it should be noted that the loss in ηP2P due to this tmax
st,ht = 150°C constraint310

is very small. In fact, the iso-ηP2P lines shown in Fig. 4 are homogeneous in this region of311

the domain and show no discontinuity. On the other hand, it can be seen that the spread is312

minimised there, resulting in a significant reduction in ρel.313

Overall, this analysis perfectly illustrates that approaches such as near-optimum analyses314

[40] can lead to different designs for similar performance, and that such methods should be315

considered, for instance, to identify whether tolerating a small loss in ηP2P makes it possible316

to maintain ρel at a high level. This issue is further discussed in the multi-criteria analysis317

in Section 3.3.318

319

Another key message from these results is that, when ∆Ths–cs is above the tipping point,320

the search for the maximum ηP2P leads to a TI-PTES degenerated into a TES + ORC (i.e.321

the heat pump lift is minimised), which makes it a waste heat recovery option, but no longer322

a true electrical storage system. This observation has very practical consequences. When the323

TI-PTES is used with free waste heat (heat source glide not constrained by the application)324

in this part of the domain, the sole search for the best ηP2P is an absurdity because it leads325

to the use of an HT-VCHP whose action is zero: the exergy content of the waste heat is326

not increased (i.e. the thermal storage is at the same temperature as the source) and the327

electrical consumption of the HT-VCHP then turns out to be pure exergy destruction. This328

degeneration is well illustrated in the T-s diagrams in Figs. A.1g & A.1j in Appendix A: the329

HT-VCHP only raises the tst,ht by 5 K compared with the ths (minimum constraint), and330

the extent of exergy loss through the heat transfers is clearly visible.331

332

Regarding the other two design variables, since maximising ηP2P involves getting as close333

as possible to ideal Carnot cycles, the heat source glide ∆Ths,gl and storage temperature334

spread ∆Tst,sp are minimised on the largest part of the domain to limit the exergy losses at335

the heat transfers, and to get close to square shapes on the T-s diagrams (see Figs. A.1d &336
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A.1g). Consequently, ηII and ρel are rather poor (see Fig. 4), since a lot of exergy is lost at337

the source (∆Ths,gl is minimised) and because the low ∆Tst,sp limits the thermal density.338

It should be noted, however, that ηII gradually deteriorates as ∆Ths–cs increases, because339

the exergy content of the source also increases, while most of it is lost to the environment340

(because the heat source glide is low). The minimisation of ∆Tst,sp is in line with the results341

reported by Weitzer at al. [15]: they showed that for storage temperatures below 120°C,342

increasing ∆Tst,sp deteriorates ηP2P.343

Let us also mention that in the south-eastern part of the domain, ∆Tst,sp increases344

slightly (this is also visible in Fig. 7 where ∆Ths–cs > 60°C) in order to reduce the conden-345

sation temperature in the HT-VCHP (see Fig. A.1j) and to increase its COP, which results346

in a partial improvement in the density.347

348

The above analysis does however not apply to the region of the domain where the storage349

temperature is maximised (i.e. below the 30 K tipping point). There, the storage spread takes350

much higher values: the relative storage spread, which is defined as351

∆Trel
st,sp =

∆Tst,sp

tst,ht – tcs
, (5)

lies between 50% and 90% as illustrated in Fig. 7. Weitzer et al. [15] also showed that when352

the storage temperature was maximised, increasing the storage temperature spread to an353

optimum value was necessary to maximise ηP2P. The main reason for this is that large354

spreads make it possible to lower the condensation temperature in the HT-VCHP, which355

reduces the compression work, while at the same time allowing significant sub-cooling, which356

increases the refrigeration effect, thus improving the COP (this is well illustrated by the T-s357

diagram in Fig. A.1a). However, as this penalises the ORC efficiency, there is an optimal358

spread to be found. Interestingly, this leads to increased ρel and relaxes the Carnot battery359

trilemma, as this will be further discussed in the multi-criteria analysis.360

To ease the formulation of guidelines, Fig. 7 also introduces the relative heat pump lift,361

∆Trel
hp =

tst,ht – ths
tmax
st,ht – ths

. (6)
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constraint on storage 

temperature

Fig. 7. Optimised power-to-power efficiency (red dots), corresponding relative storage spread ∆Trel
st,sp

(black dots) and corresponding relative heat pump lift ∆Trel
hp (black dots) depicted according to their

source - sink temperatures. The deviation from theory due to tmax
st,ht = 150°C is clearly visible for ∆Trel

st,sp

and ∆Trel
hp.

The latter clearly shows where the lift is minimised and maximised, and prescribes it a value362

in the region where ∆Ths–cs ≤ 30 K and ths > 35°C (region which exists because of the363

constraint on the maximum storage temperature).364

3.1.2. Results for optimised ηII365

The exergy efficiency globally drops as the sink temperature tcs increases from about366

36% when tcs = –25°C to about 30% when tcs = 15°C (see Figs. 4 & 8). The main driver367

is the decrease of the ORC efficiency ηorc (see Fig. 8). This is because, in that region of the368

domain, the storage temperature tst,ht is always maximised (i.e. maximisation of ηorc to the369

cost of reduced COPhp), so that, by Carnot efficiency, an increase in tcs leads to a reduction370
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constraint on storage

temperature

Fig. 8. Optimised exergy efficiency (red dots), ORC efficiency (blue dots), storage temperature spread

(black dots) and corresponding relative heat pump lift (black dots) depicted according to the sink

temperatures.
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in ηorc. Also note that the storage temperature spread ∆Tst,sp decreases as tcs increases, so371

as not to affect ηorc too much. Indeed, for some tst,ht and tcs, the greater the spread, the372

lower the evaporation point, and therefore the lower ηorc.373

This result is partly in contrast with that of Frate et al. [12] who, for equivalent design374

variables, also recommended maximising tst,ht but minimising ∆Tst,sp to maximise ηII. The375

explanation we find is that, when tst,ht is maximised, increasing the spread is necessary376

because the gain in COP due to sub-cooling in the HT-VCHP compensates for the loss in377

ηorc (i.e. there is an optimum trade-off between COPhp and ηorc).378

When tcs > 15°C, ηII slightly re-increases and stabilises around 32% because of a design379

shift (see Fig. 8): tst,ht is reduced to values between 130°C and 150°C (especially for lower380

∆Ths–cs) and ∆Tst,sp to values below 30 K. The reason for this shift is the same as the one in-381

troduced for ηP2P: while ηorc deteriorates and cannot be increased by a higher tst,ht because382

of the tmax
st,ht constraint, it can no longer compensate for the lower COPhp. Reducing tst,ht383

slightly therefore helps to find the right balance between ηorc and COPhp. Finally, the drop384

in ∆Ths–cs increases ηorc for the same reasons as given above (this is clearly visible in Fig. 8).385

386

The other key parameter influencing ηII is the heat source glide ∆Ths,gl. A high ∆Ths,gl387

leads to an effective waste heat utilisation (it reduces the exergy losses at the source) but388

reduces COPhp as the evaporation temperature is decreased (the heat source temperature at389

the evaporator outlet is lower, see Figs. A.1h & A.1k). A trade-off must therefore be found.390

The relative heat source glide, defined as391

∆Trel
hs,gl =

∆Ths,gl

∆Ths–cs
, (7)

remains between 50 and 60% when ηII is maximised (see Fig. 9).392

Finally, it should be noted that because ∆Tst,sp is relatively high there, the density ρel393

obtained throughout the zone where tst,ht = 150°C when ηII is maximised is close to that394

obtained when ρel is maximised (see third column in Fig. 4). This will be further discussed395

in the multi-criteria analysis, in Section 3.3.396
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Fig. 9. Relative heat source glide for the design maximising the exergy efficiency.

3.1.3. Results for optimised ρel397

The optimum electrical energy density is a trade-off between the thermal density (i.e. the398

higher ∆Tst,sp, the higher the thermal density) and ηorc (i.e. the higher ∆Tst,sp, the lower399

ηorc). As it can be observed in Figs. 4 & 10, because ηorc is a function of tcs, ρel linearly400

decreases with increasing tcs. It ranges from 12.3 kWh/m3 when tcs = –25°C to 2.5 kWh/m3
401

when tcs = 50°C. Note that a TES in a single tank with an ideal thermocline could double402

these values, as one of the two tanks would be removed.403

The optimum storage spread linearly varies from about 150 K when tcs = –25°C to about404

70 K when tcs = 50°C. To reach such spreads and to maximise ηorc, tst,ht is always maximised.405

Moreover, as a rule of thumb, it is shown in Fig. 10 that for the designs maximising the406

density, tst,ht–tcs–∆Tst,sp = ∆Torc–∆Tst,sp ≃ 27.5 K (i.e. the ORC temperature drop ∆Torc407

minus the storage spread is more or less constant). This value is likely to be a function of the408

isentropic efficiencies and pinches used in this model, and would deserve to be characterised409

for other parameters values. Note that although the heat source glide ∆Ths,gl has a clear410

increasing trend with increasing ∆Ths–cs (see Fig. 5), there is still a lack of convergence. This411

is due to the fact that this parameter does not have a direct influence on ρel, but it must412

have a sufficient value to ensure that the evaporation temperature in the HT-VCHP is lower413

than the condenser exit temperature, so as to allow significant storage temperature spreads414

and large large sub-cooling (see Figs. A.1i & A.1l). A beneficial consequence of this is that415

the exergy losses at the source are reduced. However, this heat source glide is even greater416

than in the case where ηII was maximised (i.e. it goes beyond the optimum value prescribed417
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Fig. 10. Optimised energy efficiency (red dots), storage spread (black dots) and ORC temperature drop

minus storage spread (black dots) depicted according to their sink temperatures.

in Section 3.1.2), which further reduces the evaporation temperature in the HT-VCHP and418

significantly affects COPhp. As a result, ηII is penalised rather than favoured by this large419

glide.420

3.2. Further design analyses421

In Section 3.1, only the variables mainly affecting the Carnot battery trilemma have been422

discussed. However, parameters such as the choice of optimal fluids and the levels of super-423

heating and sub-cooling also play an important role. This section therefore focuses on these.424

In addition, it provides a graphical summary of the design guidelines obtained for TI-PTES.425
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3.2.1. Optimum fluids426

To represent the diversity of fluids encountered over the entire domain, Fig. 11 shows a427

mosaic in which the colour of each tile represents one of the 34 fluids. It can be seen that

Fig. 11. Optimum fluids in the HT-VCHP (1st row) and in the ORC (2nd row) for the configurations

maximising ηP2P (1st column), ηII (2
nd column) and ρel (3

rd column) respectively. The reason for the poor

convergence for fluids maximising ρel in HT-VCHP has already been introduced in Section 3.1.3.

428

27 of the 34 fluids available in Table 2 are used to provide optimum performance. This429

illustrates well the relevance of using a method that simultaneously optimises the cycle and430

the choice of fluids.431

Depending on the objective, the optimum fluids vary, in particular because the shape of432

the cycles and temperature levels change. Although there are local fluctuations, certain areas433

seem to be emerging. For example, in regions where the storage temperature spread ∆Tst,sp434

is large, R1234ze(E) is very often used in the ORC. It should also be noted that when ηP2P435

and ηII are maximised, acetone predominates in the HT-VCHP and in the ORC, throughout436

the zone where tcs > 15°C. It is also interesting to note that, at some locations, the same437

fluid is used in the ORC and in the HT-VCHP (e.g. acetone). This is an encouraging sign for438

the development of reversible HP/ORC systems [28, 41]. Also, when ηP2P is maximised, the439

choice of fluid in the HT-VCHP is contingent on ths, whereas it is contingent on tcs in the440

ORC. Finally, as a large number of constraints apply to the choice of fluid when designing441
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thermal machines (e.g. maximum permitted charge, price, density, etc.), applying near opti-442

mum analyses for this phase of the design seems relevant to broaden the range of possibilities.443

444

Although Fig. 11 is interesting for assessing the diversity of fluids encountered, it says445

very few about the way they are used. However, when looking at the T-s diagrams in446

Fig. A.1, it appears that when large ∆Tst,sp are used, the mode of operation in the HT-447

VCHP and in the ORC is usually near trans-critical. In order to map this, Fig. 12 shows448

the temperature difference between the critical point of the fluid and the high saturation449

temperature in the HT-VCHP and in the ORC. We can clearly see that in regions with large

Fig. 12. Difference between critical temperature of the fluid and the high saturation temperature in the

HT-VCHP (1st row) and in the ORC (2nd row). The blue zones indicates the regions where the difference is

below 5 K for the HT-VCHP and below 15 K for the ORC (i.e. near trans-critical operations). In the cyan

zones, this difference is below 25 K for both. It is above 25 K in the rest of the domain. The reason for the

poor convergence for fluids maximising ρel in HT-VCHP has already been introduced in Section 3.1.3.

450

∆Tst,sp (please refer to the third row of Fig. 5 to identify these zones), this temperature451

difference is very small. For the ORC, this can be explained by the fact that increasing452

the evaporation pressure (and a fortiori the evaporation temperature) reduces the calorific453

action required to evaporate the working fluid, and therefore maximises its efficiency. For454

the HT-VCHP, it can be observed that by minimising the amount of latent heat in the heat455
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transfer with the TES, the heat exchange profile makes it possible to reduce both the exergy456

losses and the condensation pressure, which is favourable to the COP.457

Based on these observations, it can be said that, in the regions concerned, trans-critical458

cycles could be good candidates for TI-PTES. Maraver et al. [35] have also shown that, in the459

case of ORC using large heat source glides, the trans-critical mode can in some cases provide460

efficiency gains over the sub-critical mode. However, these observations were contingent on461

the fluids selected and on the temperature of the heat source. Dedicated analyses would462

therefore be required to extend these results to TI-PTES.463

3.2.2. Super-heating, sub-cooling and guidelines summary464

In the HT-VCHP, the liquid sub-cooling ∆Thp,sc is always maximised, so the condenser465

outlet temperature is equal to the cold reservoir temperature (i.e. tst,ht – ∆Tst,sp) plus the466

pinch ∆Tpp. There are therefore two pinch points, located at the condenser outlet and at467

the saturated vapour point. This is well illustrated in the various T-s diagrams in Fig. A.1468

(although these are not strictly heat transfer diagrams). Because of its importance, this469

sub-cooling must be implemented and regulated using dedicated techniques. Two possible470

options are an active charge control in the cycle to regulate the liquid level in the condenser,471

or the use of a separate heat exchanger (i.e. a sub-cooler).472

At the evaporator outlet, the vapour super-heating ∆Thp,sh is usually maximised in473

order to minimise exergy losses, so the compressor supply temperature is equal to the source474

temperature ths minus the pinch ∆Tpp. Consequently, for large heat source glides and large475

storage spreads, this makes it possible to bring the temperature at the compressor outlet476

high enough to allow heat transfer with the TES thorugh de-super-heating of the vapour,477

while having lower condensing pressures, which increases the COP. This is clearly visible478

in Figs. A.1h, A.1i, A.1l in Appendix A for wet and isentropic fluids. For very dry fluids,479

∆Thp,sh is still maximised, although this does not allow to reduce the condensation pressure480

much (see Fig. A.1k).481

It is interesting to note that, because of the large super-heating and de-super-heating re-482

quired, these heat pump cycles are closer to the ideal Lorenz cycle (sensible heat exchange)483
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than to the Carnot cycle (latent heat exchange). From a technological point of view, the484

design of the evaporator and condenser will have to be adapted to enable these cycles to485

be implemented, where a significant proportion of the heat exchange will be sensible, com-486

pared with the more common case where the exchange is mainly latent. This also opens up487

prospects for the development of new cycles, particularly those using zeotropic mixtures.488

489

There is no strict rule for the vapour super-heating ∆Torc,sh in the ORC. Based on Fig.490

A.1, the drier the fluid, the more ∆Torc,sh will be minimised in order to limit condenser losses.491

In the case of isentropic fluids, ∆Torc,sh will take an optimal value but not a minimum one.492

Finally, in the case of wet fluids (see Fig. A.1h), ∆Torc,sh will have a much higher value in493

order to (1) ensure that the fluid is not saturated at the expander outlet and (2) minimise ex-494

ergy losses at the source. This is in line with the observations reported by Maraver et al. [35].495

496

At this point, it is worth making a comment on the use of recuperators in TI-PTES. In497

the case of the ORC, we can see that, depending on the vapour super-heating and the type498

of fluid used, there may be some sensible heat left at the end of expansion. This energy could499

be recovered through a recuperator to start economising the fluid after the pump, instead500

of being lost at the condenser (see Fig. A.1). However, if a very large spread is applied to501

the storage (= high thermal density), the temperature at the pump outlet may be very close502

to that of the cold tank (tst,lt). Since this cannot be higher than tst,lt – ∆Tpp, the use of a503

recuperator may be problematic. It can consequently be deduced that the maximum value504

of the spread is constrained by the amount of heat available at the expander outlet: the505

higher this is, the higher the temperature of the pressurised fluid at the recuperator outlet,506

and therefore the more the spread is constrained. Two antagonistic mechanisms are then at507

work in the case of a recuperated ORC. On the one hand, the maximum thermal density is508

reduced, which necessarily reduces the electrical density ρel. But on the other hand, ηorc is509

increased, which increases ρel. So there is a trade-off to be found.510

In the case of the HT-VCHP, it can also be seen that, depending on the liquid sub-511
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cooling, a lot of exergy can remain at the expansion valve inlet. A simple way of recovering512

this exergy - without using two-phase expanders, which have low maturity levels [42, 43] -513

is to use a recuperator to super-heat the vapour at the compressor inlet. Here too, there514

are antagonist effects. On the one hand, as the vapour is hotter, the compression work515

is increased, which reduces COPhp. But on the other hand, and in the same way as the516

super-heating due to the heat source glide (when any), this ensures that the vapour at the517

compressor outlet is sufficiently hot, which reduces the condensing pressure, which in turn518

reduces the work of compression and increases COPhp. This logic is well illustrated by the519

T-s diagrams in the third column of Fig. B.1.520

It is therefore clear that the use of recuperators could bring efficiency gains, but that this521

could affect ρel. Studies have already been carried out on this subject and have confirmed522

this, showing moreover that the obtained gains vary according to the objectives and to the523

source temperatures (the cycles maximising ηP2P and ηII do for instance not give rise to524

the same quantities of sensible heat and exergy to be recovered) [12]. For example, the T-s525

diagram in Fig. A.1d illustrates a HT-VCHP cycle where the effect of the recuperator would526

probably be to increase the compression work without reducing the condensing pressure,527

which would reduce the COP. This diagram also illustrates an ORC cycle in which there is528

no sensible heat to be recovered. We can therefore conclude that the recuperator is an inter-529

esting candidate for the TI-PTES, but that a case-by-case study is preferable to systematic530

use. This should be the subject of future work.531

532

Finally, to graphically summarize the guidelines deduced from the maps in Section 3.1,533

Fig. 13 represents how to treat the main design variables according to the desired objectives534

in the different regions of the domain.535

3.3. Multi-criteria analyses536

Four locations in the domain were selected for the multi-criteria analyses. These cover537

the main four regions described in the maps analysis in Section 3.1 and which are depicted538

in the left map of Fig. 13. The corresponding Pareto fronts are shown in Fig. 14. To make539
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Fig. 13. Summary of the design guidelines in the different regions of the domain depending on the

objectives sought. Note that only the variables have the most significant impact are reported here. ”max”

is for maximise and ”min” for minimise. ”opt” is for optimum and the corresponding optimum value is

given in Section 3.1.

them easier to read, these 3D fronts are 2-dimensionalised: three fronts resulting from the540

conflict between each pair of objectives are represented for each location. The discontinuities541

observed in the various fronts are, for the most part, due to design shifts, most often caused542

by changes in fluid.543

To quantify and map the conflict between the three objectives, the adimensionalised544

Euclidean distance between the best and worst performance was used:545

dEuclidean =

√(
ηmax
P2P – ηmin

P2P

ηmax
P2P

)2

+

(
ηmax
II – ηmin

II

ηmax
II

)2

+

(
ρmax
el – ρmin

el

ρmax
el

)2

· 100 [%] . (8)

Located in the region where dEuclidean < 25%, the point (ths = 10°C, tcs = 10°C) is546

not subject to the trilemma: none of the objectives is conflicting with another. Generally547

speaking, in that part of the domain, the best performing cycles are very similar to each548

other (i.e. the difference would be barely perceptible in Fig. 14) and finding an acceptable549

trade-off is quite straightforward.550

The point (ths = 40°C, tcs = 30°C) is located in the region where tst,ht is not maximised551

when optimising ηP2P and ηII, and where ∆Ths,gl and ∆Tst,sp are minimised (the difference552

due to their slightly different tst,ht is not be perceptible in Fig. 14). Consequently, ηP2P and553

ηII do almost not conflict, but there is a slight one with ρel. This conflict is, however, of554

moderate intensity since maximising ρel at the expense of ηP2P and ηII only causes them to555

drop by 12.8% and 13.2% relatively. We can therefore conclude that maximising ρel is not556
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Fig. 14. Pareto fronts of the Carnot battery trilemma for four locations in the domain. The map of the

domain shows the adimensionalised Euclidean distance between the best and worst performance of the

three criteria.

too damaging to ηP2P and ηII, and that the trilemma is weak at this point. This illustrates557

once again that different designs can give very similar performance and that conducting near558

optimum analysis would be relevant for the study of TI-PTES.559

560

In contrast, Fig. 14 shows that the trilemma is much more intense for the point (ths =561

60°C, tcs = 10°C). The front between ηP2P and ηII is linear, and it results mainly of a simul-562

taneous trade-off between ∆Ths,gl, tst,ht and ∆Tst,sp, which in line with the observations563

drawn Section 3.1. The steep front between ρel and ηP2P illustrates well the very binary564

nature of the problem: it is not really possible to obtain a satisfactory trade-off between the565

two criteria, as one tends to clearly degrade the other. Indeed, the maximisation of ηP2P566

requires minimising ∆Ths,gl, tst,ht and ∆Tst,sp whereas opposite trends are observed for ρel.567

However, we note that for the point (ths = 100°C, tcs = 10°C), which lies in the area where568

∆Tst,sp is slightly increased to maximise ηP2P, the minimum density is thereby increased,569
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which has the effect of slightly reducing the trilemma.570

When designing a Carnot battery in this part of the domain, one approach to arbitrat-571

ing the trilemma and identifying optimal storage temperatures is to introduce the economic572

dimension. For known cost functions of each of the Carnot battery’s components, the aim of573

optimising the thermodynamic design will be to optimise an economic criterion, such as the574

Levelised Cost Of Storage (which is actually a function of ηP2P, ηII and ρel). It should be575

stressed, however, that identifying such cost functions is not trivial, as they are non-constant576

and generally non-linear (e.g. the higher the storage temperature, the more expensive it will577

be).578

579

Finally, it can be noted that, in the region where dEuclidean > 150%, ρel and ηII are much580

less conflicting with each other than with ηP2P. This is largely due to the fact that they581

both maximise the storage temperature and that they need a large storage spread. They also582

both require large heat source glides, in one case to ensure an effective waste heat recovery583

(i.e. maximisation of ηII) and in a second case to allow large spreads (i.e. maximisation of584

ρel and ηII). All in all, this result tends to prove that the trilemma is essentially caused by585

the maximisation of ηP2P - which moreover leads to a TI-PTES degenerated into a TES +586

ORC, which no longer makes it a genuine electricity storage system but rather a pure waste587

heat recovery system (see Section 3.1.1).588

4. Conclusion and perspectives589

This work looked at the Carnot battery trilemma for sub-critical cycles over an extended590

thermal integration domain. Using an in-house thermodynamic model and thanks to a591

genetic algorithm, multi-criteria optimisation was used to map the maximum theoretical592

performance that could be provided by TI-PTES in terms of power-to-power efficiency ηP2P593

(i.e. quality of electricity recovery), exergy efficiency ηII (i.e. quality of combined heat and594

electricity recovery) and electrical energy density ρel (i.e. storage size). Eight optimization595

variables were used, including both the parameters of the thermodynamic cycles and the596

choice of working fluids. The multi-criteria analysis also made it possible to characterise the597

33



nature of the conflict between these objectives, in particular by analysing the shape of the598

Pareto fronts obtained. The main conclusions of this work are:599

• When optimised, ηP2P grows with the temperature difference between the source and600

sink ∆Ths–cs. This growth is however not continuous because of a design shift. For601

∆Ths–cs ≤ 30 K, the storage temperature tst,ht is maximised, whereas it is minimised602

for ∆Ths–cs > 30 K. For its part, ηII decreases as the sink temperature tcs increases,603

because the ORC efficiency ηorc falls. However, for tcs > 15°C, ηorc (and therefore604

ηII) stabilises thanks to a design shift (tst,ht and the storage spread ∆Tst,sp are re-605

duced). Finally, ρel decreases as tcs increases, both because the thermal density and606

ηorc decrease.607

• Guidelines for maximising each of the trilemma objectives have been formulated over608

the entire thermal domain. However, these are not uniform across the domain and are609

adapted in the different sub-regions. Some of these sub-regions are linked to the ther-610

modynamics of TI-PTES (e.g. choice of the optimal tst,ht as a function of heat transfer611

irreversibilities) while others are linked to the technological constraints imposed (e.g.612

choice of the optimal tst,ht as a function of the maximum tst,ht allowed). This result613

highlights the importance of considering these constraints when formulating design614

guidelines, since optimal cycles obtained can deviate from theory.615

• There is a strong synergy between tst,ht and ∆Tst,sp, which are two main design616

variables in TI-PTES with sensible heat storage. When tst,ht is high, which is in617

favour of ηorc but penalises COPhp, ∆Tst,sp is also large so as to maintain a sufficiently618

high COPhp, which in fact also reduces ηorc. The conflict between COPhp and ηorc is619

therefore resolved by simultaneously adjusting tst,ht and ∆Tst,sp. Maximising COPhp620

using larger spreads is achieved by lowering the condensation pressure in the HT-VCHP621

and by maximising the sub-cooling. Conversely, when tst,ht is minimised (i.e. the heat622

pump lift is minimised), ∆Tst,sp is also generally minimised, so as to approach ideal623

Carnot cycles.624
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• The intensity of the trilemma, which is measured by the Euclidean distance between625

the maximum and minimum values of the objectives, increases as ∆Ths–cs increases.626

This suggests that the trilemma is driven by ηP2P, while the conflict between ηII and627

ρel is much weaker. The hinge variable is tst,ht, which is minimised for ηP2P when628

∆Ths–cs > 30 K, and is maximised in the other cases. Below this tipping point (i.e.629

∆Ths–cs ≤ 30 K), the intensity of the trilemma is therefore lower.630

• Overall, the concept of thermal integration for PTES should be reconsidered. While it631

was introduced in 2017 to artificially increase ηP2P, we can see that, for ∆Ths–cs > 30632

K, maximising this parameter leads to very low ηII and ρel. Moreover, the TI-PTES633

degenerates into a TES + ORC (i.e. zero contribution from the heat pump), which634

makes it a heat recovery option but no longer an electrical storage system as such.635

However, the majority of studies to date have focused on ∆Ths–cs > 45 K, because636

ηP2P is much better there. Yet, a nuance needs to be introduced: in cases where the637

heat source glide is constrained (e.g. frequently at 10 K in cooling applications), the638

exergy losses from the source to the environment disappear, which relatively increases639

ηII. Still, maximising ηP2P will always lead to minimising tst,ht, which will penalise ρel640

and still lead to a degenerated TI-PTES. So, to recover waste heat when ∆Ths–cs > 30641

K, there are probably solutions that are more exergy- and financially-effective than642

TI-PTES.643

On the basis of the results obtained, prospects for future work can also be given:644

• In view of the large spreads involved and the fact that the critical points of the selected645

fluids are generally well below tst,ht, the study of trans-critical cycles in TI-PTES646

applications seems to be of interest. A second avenue worth investigating is zeotropic647

mixtures. Future work could characterise and optimise these systems to see if they can648

reduce the Carnot battery trilemma and increase the performance.649

• Systematic consideration of the use of a recuperator in the HT-VCHP and in the ORC650

also seems essential. However, as discussed, this will not systematically result in better651
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performance and must therefore be assessed on a case-by-case basis.652

• This thermodynamic study showed that taking into account technological constraints653

(e.g. maximum tst,ht, maximum cycles temperature, minimum pressure) caused devi-654

ations between the theory and the actually optimal cycles. Taking greater account of655

these technological constraints (e.g. maximum compression ratio, etc.) would therefore656

be appropriate in future work.657

• Finally, the application of near-optimum analyses to the study of TI-PTES could po-658

tentially make new designs emerge. In particular, tolerating (very) slight performance659

degradation could make it possible to find configurations that are, for instance, less660

prone to the trilemma, or cheaper to implement (e.g. lower storage temperature). This661

would also make it possible to identify designs that are less sensitive to slight deviations662

of parameters from nominal conditions, which is very useful in operational analyses (e.g.663

degree of super-heating, of sub-cooling, pinches, etc.). Eventually, this would enable664

to characterise which parameters should not deviate from nominal conditions, which665

would enable effective control strategies.666
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Appendix A. Representative T-s diagrams676
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(a) ths = 10°C, tcs = 10°C, max. ηP2P (b) ths = 10°C, tcs = 10°C, max. ηII (c) ths = 10°C, tcs = 10°C, max. ρel

(d) ths = 40°C, tcs = 30°C, max. ηP2P (e) ths = 40°C, tcs = 30°C, max. ηII (f) ths = 40°C, tcs = 30°C, max. ρel

(g) ths = 60°C, tcs = 10°C, max. ηP2P (h) ths = 60°C, tcs = 10°C, max. ηII (i) ths = 60°C, tcs = 10°C, max. ρel

(j) ths = 100°C, tcs = 10°C, max. ηP2P (k) ths = 100°C, tcs = 10°C, max. ηII (l) ths = 100°C, tcs = 10°C, max. ρel

Fig. A.1. T-s diagrams of the configurations maximising ηP2P, ηII and ρel for four different locations in

the domain. Red solid lines are for the HT-VCHP and the blue ones are for the ORC. Green dashed lines

correspond to the TES and are placed to illustrate the heat transfer with the cycles, though these are not

proper representations for pinch analyses. Grey dashed lines represent the source and the sink.
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Appendix B. Synergies between technological constraints and optimum cycles677

The analysis carried out in Section 3.1.1 showed that, for endoreversible cycles (i.e. no678

internal irreversibilities) but considering irreversibilities at the heat transfers with the source,679

the thermal storage and the sink, there is a threshold in terms of temperature difference680

between the source and the sink below (resp. above) which the storage temperature must681

be maximised (resp. minimised) in order to maximise the power-to-power efficiency ηP2P of682

TI-PTES. It was also demonstrated that this threshold is a function of the irreversibilities683

at the heat transfers. This result is reflected in the fact that below the threshold, the ORC684

efficiency is favoured, whereas above the threshold, the COP of the HT-VCHP is favoured.685

The optimisation results are consistent with this simplified theoretical analysis. However,686

it can be observed that, below the threshold (i.e. ∆Ths–cs ≤ 30 K) and for superior sink687

temperatures (i.e. tcs > 15°C), the storage temperature is no longer maximised but takes on688

an optimum value, meaning that, in that part of the domain, there is an optimum trade-off689

to find between the COP of the HT-VCHP and the ORC efficiency. This observation can690

also be extrapolated to the case of maximising the exergy efficiency where, for any source691

temperature and for sink temperatures above 15°C, the storage temperature takes on an692

optimum value rather than being maximised.693

At least two hypotheses can be put forward to explain this observation. The first is linked694

to the constraint on the maximum cycle and storage temperatures. The second is linked to695

the constraint on the available fluids and the minimum pressure in the heat exchangers.696

As shown below, the second can easily be ruled out, which leads to the conclusion that it697

is indeed the constraint on the maximum temperatures that causes this deviation of the698

optimum storage temperature from theory.699

Appendix B.1. Maximum temperature constraint700

When ηP2P is maximised, because of the constraint tmax
st,ht = 150°C, the ORC efficiency701

decreases as the sink temperature increases (the temperature difference between its source702

and its sink decreases). Above a certain threshold (around 15°C in the present case), this703

efficiency becomes so low that COPhp must be increased in order to maintain ηP2P at704
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(a) Original constraints: tmax
st,ht = 150°C and tmax

hp = 180°C (b) Relaxed constraints: tmax
st,ht = 200°C and tmax

hp = 300°C

Fig. B.1. T-s diagrams of the configurations maximising ηP2P for ths = 50°C and tcs = 30°C with the

original (left) and relaxed (right) constraints. Red solid lines are for the HT-VCHP and the blue ones are

for the ORC. Green dashed lines correspond to the TES and are placed to illustrate the heat transfer with

the cycles, though these are not proper representations for pinch analyses. Grey dashed lines represent the

source and the sink. The corresponding efficiencies are ηoriginalP2P = 39.7% and ηrelaxedP2P = 43.0%.

maximum values. As a result, the storage temperature has to be lowered, which further705

affects the ORC efficiency. There is therefore an optimum trade-off to find between ηorc and706

COPhp.707

In order to verify this hypothesis, the tmax
st,ht = 150°C constraint was increased to tmax

st,ht =708

200°C in a cell of domain located in the region concerned (ths = 50°C, tcs = 30°C). The maxi-709

mum temperature in the HT-VCHP was also raised to tmax
hp = 300°C instead of tmax

hp = 180°C710

to enable tmax
st,ht to be reached during the optimisation (although this is probably beyond the711

current technological limits for HT-VCHP). The storage pressure was set to 20 bar. The712

optimisation was then restarted. Fig. B.1 depicts the T-s diagrams of the TI-PTES cycles713

maximising ηP2P with the original (Fig. B.1a) and relaxed (Fig. B.1b) constraints. It can714

be seen from Fig. B.1 that, as expected, the tmax
st,ht = 200°C constraint gives rise to a design715

that maximises the storage temperature (i.e. tst,ht = 200°C) in order to maximise ηP2P. As716

a result, the latter gains more than three points by going from 39.7% to 43.0%.717

718
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To the best of the authors’ knowledge, this observation on the optimum storage temper-719

ature has not yet been made in the literature. It would therefore be appropriate for this720

observation to be confirmed by further studies. In addition, it would be interesting to carry721

out sensitivity analyses and apply near-optimum analyses in order to assess the extent to722

which ηP2P (and ηII) would be affected by maximising the storage temperature when the723

constraint tmax
st,ht = 150°C is maintained.724

Appendix B.2. Minimum pressure constraint725

Another explanation for why the storage temperature is not maximised when the sink726

is above 15°C could be the unavailability of fluids in that temperature range, due to the727

constraint pmin = 0.5 bar. Indeed, the higher the critical temperature, the lower the satu-728

ration pressure at a given temperature (see Fig. B.2). It could therefore be envisaged that729

no fluid respects constraint pmin = 0.5 bar when the storage temperature is 150°C, because730

higher critical temperatures are needed to operate the cycle in sub-critical regime. However,731

this hypothesis can be dismissed out of hand. First, because there are fluids that allow732

tst,ht = 150°C in the tcs ≤ 15°C zone, which is actually even more constrained than the zone733

where tcs > 15°C (see Fig. 5). Second, because Fig. B.2 shows that there are fluids with a734

critical point above 150°C which meet the constraint.

Fig. B.2. Saturation pressure at four different temperatures for the 34 fluids considered in this study. It

can be seen that those with a higher critical temperature tend to have lower saturation pressures, which

can be detrimental to compliance with the constraint pmin
hp/orc ≥ 0.5 bar.

735
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