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Abstract

The rapid increase in the share of electricity generation from renewable en-
ergy sources is having a profound impact on the power sector; one of the most
relevant effects of this trend is the increased importance of energy storage
systems, which can be used to smooth out peaks and troughs of production
from renewable energy sources.

Besides their role in balancing the electric grid, energy storage systems
may provide also several other useful services, such as price arbitrage, stabi-
lizing conventional generation, etc.; therefore, it is not surprising that many
research projects are under way in order to explore the potentials of new
technologies for electric energy storage.

This paper presents a thermodynamic analysis of a cryogenic energy stor-
age system, based on air liquefaction and storage in an insulated vessel. This
technology is attractive thanks to its independence from geographical con-
straints and because it can be scaled up easily to grid-scale ratings, but it
is affected by a low round-trip efficiency due to the energy intensive process
of air liquefaction. The present work aims to assess the efficiency of such a
system and to identify if and how it can achieve an acceptable round-trip
efficiency (in the order of 50÷60%).
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1. Introduction1

In recent years, the share of total installed capacity covered by intermit-2

tent renewable sources has increased impressively in many developed and3

non-developed countries; for example, in Italy the installed capacity of wind4

and photovoltaic plants has risen from 6,0 GW up to 27,0 GW in the period5

2009-2013, while peak demand on the national grid in the same period was6

fairly constant, at approximately 52 ÷ 54 GW [1].7

This trend has underlined the importance of developing new grid-scale8

electric energy storage technologies, which could greatly improve the value of9

renewable energy sources acting as a buffer balancing their intermittent gen-10

eration [2]. Furthermore, besides the most obvious services of load levelling11

and peak shaving, electric energy storage plants can find other applications12

[2, 3], such as provision of balancing energy, spinning reserve, black-start13

services, price arbitrage, stabilization of conventional generation, island and14

off-grid storage, etc., which are very important for electric grid management15

and can be another source of revenue for the storage plant [3].16

At the moment, only two technologies can be considered mature for grid-17

scale energy storage [4, 5]: pumped hydro (PHES) and compressed air energy18

storage (CAES). These options, though, both present a considerable draw-19

back: the plant’s location is constrained by geological features (such as the20

availability of an underground cavern for CAES). In particular, it is difficult21

to foresee any significant increase in pumped hydro capacity, at least in devel-22

oped countries, because the most attractive sites have already been used. For23

these reasons considerable effort has been devoted by researchers worldwide24

in order to devise different technological options for electric energy storage25

that could provide efficient, economical, geographically unconstrained and26

environmentally safe solutions [2, 4–8].27

Among the innovative proposals for electric energy storage, cryogenic28

energy storage (CES) and in particular liquid air energy storage systems29

(LAES) hold great promise, because they rely on mature technologies devel-30

oped for more established applications, such as the gas liquefaction industry,31

and are geographically unconstrained: energy is stored in a cryogenic fluid32

in liquid phase, thereby greatly reducing the volume of the reservoir needed33

in comparison to a more conventional CAES system.34

A LAES pilot plant (350 kW/2.5 MWh) was developed in Scotland by35

the UK company Highview Power Storage [9], and a larger prototype plant36

(5 MW/15 MWh) is under construction in the UK [10]. The company and37
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the researchers promoting this solution claim several advantages for LAES38

technology: high energy density; no geographical constraints; high storage39

capacity; low investment costs; long useful life; possibility of waste heat40

recovery from nearby industrial plants; no environmental hazards [11]. The41

expected performance of liquid air storage in terms of round-trip efficiency is42

in the range 50 ÷ 60% [11], which may seem rather disappointing; however,43

the proponents of these plants observe that, as long as the overall storage44

capacity is smaller than the excess power generated by intermittent renewable45

energy sources, the round-trip efficiency has a smaller impact on the economic46

performance of the storage plant than the investment cost [11, 12].47

A few studies on the overall round-trip performance of LAES plants with48

different configurations are available in the literature. Chino and Araki [13]49

proposed an air liquefaction plant integrated with a conventional combined50

cycle power plant: when on-peak power demands increase, the plant is op-51

erated in energy recovery mode, in which compressed air is supplied to the52

combustor of the gas turbine by a cryogenic pump, fed with the liquid air53

stored in an insulated tank, instead of the conventional air compressor. The54

plant achieves high efficiency in the liquefaction section thanks to the recov-55

ery of cold exergy from liquefied air, which is stored in a storage medium56

and later used in the liquefaction section (at off-peak hours, when the plant57

is operated in energy storage mode). The resulting round-trip efficiency is58

higher than 70%.59

Ameel et al. considered a storage plant based on a liquid air Rank-60

ine cycle [14]. In this case a round-trip efficiency of only around 43% was61

demonstrated, but the proposed configuration was peculiar because it relied62

on an external supply of liquid air to be added to the liquid air produced63

within the plant, and there seemed to be no integration of heat/cold storage.64

Li et al. studied a LAES system integrated with a nuclear power plant65

[15]. The heat input in the recovery section of the energy storage system66

was supplied by steam bled from the nuclear power plant, with a turbine67

inlet temperature of 280 ◦C; the recovery and the liquefaction section were68

thermodynamically coupled by means of a cold storage system, based on a69

pair of thermal fluids (propane and methanol) selected because of their com-70

paratively large heat capacity. The system reached a round-trip efficiency71

higher than 70%, thanks to the tight integration between recovery and lique-72

faction sections, to a turbine configuration with three reheatings, and also to73

quite optimistic values of isentropic efficiencies and pinch-point temperature74

differences.75
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In this paper a LAES system is studied, which shares some features on76

one hand with the plant proposed in [15] (with particular reference to the77

liquefaction and cold storage section), and on the other with an adiabatic78

CAES plant (heat recovery and storage from the intercooling of compressed79

air). This configuration, which is described in detail in the following section,80

allows to evaluate the performance of a stand-alone LAES system, i.e. a81

system that does not rely on any external heat input (such as waste heat82

from an industrial plant or heat derived from an adjacent power plant).83

2. Plant layout84

The layout of the proposed LAES plant is represented in fig. 1.85

In the liquefaction island, air is first compressed to high pressure, in a two-86

step intercooled process where heat is recovered by a thermal oil which is then87

stored at relatively high temperatures in a hot storage section. Intermediate88

pressure ratios are selected in order to minimize compressor work, therefore89

achieving the maximum storage efficiency for a given overall pressure ratio.90

The thermal oil here considered is Essotherm 650, as modelled in the Media91

library of the Modelica software package [16].92

The compressed air is then cooled in a cold box by means of the return-93

ing air from the air separator and by cold fluids stored in a Cold Storage94

section, before flowing in a cryoturbine; this expansion produces a vapour-95

liquid mixture that is collected and separated into a gas stream and a liquid96

stream in the air separator. The liquid air thus produced is stored in a tank,97

which effectively performs the most important storage function in this energy98

storage plant, at approximately 80 K and atmospheric pressure.99

When the plant is operated in energy recovery mode, liquid air is pumped100

from its tank and heated up to near-ambient temperature by the cold fluids:101

in this way, it is possible to store liquefied air’s cold exergy in the Cold102

Storage section, and reuse it later to liquefy air at very high efficiency. The103

cold fluids considered in this paper are the same as in [15], i.e. propane and104

methanol, given their high heat capacity, which reduces the storage volume105

required. This solution is preferred to storing cold energy in solid media such106

as pebbles or concrete [17, 18] because, as shown in [15] and by preliminary107

calculations by the authors as well, it requires a significantly smaller storage108

volume. In any case, it must be pointed out that this choice does not alter the109

thermodynamic process and, consequently, the plant’s overall performance.110
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The pumped air flows first in a regenerator, then in a superheater, where111

it is heated by the thermal oil stored in the Hot Storage section, and finally112

through a turbine. The expansion is divided in three steps with interheating,113

again accomplished by means of the thermal oil. Intermediate pressure ratios114

are chosen so as to maximize the turbine work output, therefore achieving the115

maximum recovery efficiency for a given overall expansion ratio. The thermal116

oil is returned to the Hot Storage section, where it is collected in an ambient-117

temperature tank, after having been cooled in the heat exchanger labelled as118

“heat rejection” in fig. 1. Indeed, this is essentially the only component in119

the plant where heat is rejected to the environment, since air is discharged120

from the regenerator at temperatures very close to ambient temperature.121

The constitutive equations for the proposed plant were implemented and122

solved, for stationary operation, in Matlab. The thermodynamic properties of123

all fluids, with the exception of the thermal oil Essotherm 650, were evaluated124

by means of the REFPROP 9.1 software [19]. Ambient air was considered as125

a mixture of only nitrogen and oxygen, with mass fractions of 77% and 23%126

respectively; thermodynamic properties of nitrogen and oxygen are evaluated127

in REFPROP according to refs. [20] and [21] respectively.128

3. Results and Discussion129

3.1. Performance indicators130

3.1.1. Round-trip efficiency and liquid air yield131

The results of the simulations will be presented in this section mainly132

with reference to a few selected performance parameters, among which the133

most important is certainly the round-trip efficiency ηRT , simply defined as134

the work output in recovery mode divided by the work input in storage mode:135

ηRT =
Wout

Win

=
m1R wT

m1wC

(1)

Here wT and wC represent the net specific work of the air turbine and com-136

pressor, respectively. For the power plant described in fig. 1, with a two-step137

compression and a three-step expansion, the net specific work output is calcu-138

lated by means of energy conservation equations applied to each component139

(turbines and pump), where changes in kinetic and potential energy can be140

neglected with respect to changes in static enthalpy:141

wT = (h6R − h7R) + (h8R − h9R) + (h10R − h11R) − (h2R − h1R) (2)
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with the last term accounting for the cryogenic pump operation, while the142

net specific work input is (again, neglecting kinetic energy changes):143

wC = (h2A − h1) + (h2C − h2B) − (h4 − h5) (3)

where the last term accounts for the work produced by the cryoturbine.144

Taking into account a full discharge of the energy storage system during145

the energy recovery mode, the total mass of liquid air flowing out of the146

liquid air tank (m1R) must be equal to the total amount of liquid air (m6)147

produced while operating in energy storage mode:148

m1R = m6 = Y m1 (4)

In the above equation, the liquid yield Y has been introduced, which is149

the ratio of mass of liquid air produced to the mass of air aspirated by the150

compressor; the liquid air yield is a key performance parameter in any plant151

involving air liquefaction. In this case, therefore, the liquid air yield also152

corresponds to the ratio of liquid air fed to the energy recovery section and153

the total mass of air compressed in the liquefaction section:154

Y =
m1R

m1

(5)

Given this expression, the round-trip efficiency (eq. 1) can be rewritten in155

terms of liquid air yield:156

ηRT = Y
wT

wC

(6)

3.1.2. Exergy efficiencies157

Other important indicators are the exergy efficiencies of the liquefaction158

and of the energy recovery section. In the proposed configuration, the exergy159

inputs for the storage section are the net specific work input (m1wC) and160

the cold exergy provided by the cold fluids, while the exergy outputs are161

represented by the exergy associated to the amount of liquid air produced162

(m6e6) and by the exergy content of the heat released to the thermal oil (Hot163

Storage). The cold exergy input can be evaluated as follows:164

ECS = m1C (e2C − e1C) +m3C (e4C − e3C) (7)

while the hot exergy output is:165

EHS = m1H (e1H − e2H) (8)
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In the energy recovery operating mode, the exergy inputs are represented166

by the liquid air supply (m1R e1R) and by the hot exergy released by the167

thermal oil, which will be designated as EHR; the exergy outputs are the168

specific work produced (m1R wT ) and the cold exergy stored in the Cold169

Storage section, which is equal to ECS as defined above in eq. 7. If the work170

done by circulation pumps in the hot storage circuits is neglected, the exergy171

associated to the heat input supplied by the thermal oil is:172

EHR = m3H (e3H − e2H) = EHS (9)

It is clear that only a fraction of EHS, corresponding to the exergy change173

e3H − e4H , is actually used in the recovery section, while the remaining heat174

is simply rejected to the environment (as pointed out above) because of the175

inefficiencies in the system.176

Summing up all these contributions, the exergy efficiency for the energy177

storage section is defined as:178

ηS =
m6e6 + EHS

m1wC + ECS

(10)

while the exergy efficiency for the energy recovery section is:179

ηR =
m1R wT + ECS

m1R e1R + EHS

(11)

3.2. Optimum operating conditions180

The default values of the most important design parameters considered in181

the simulation of the storage plant are given in table 1 (any missing parameter182

not included for brevity can be deduced from the results given in tables 2-4).183

Besides the values listed in this table, an important design choice is related184

to the maximum pressure both in the liquefaction and in the energy recovery185

section (pressures p2 and p2R respectively). It will be shown in what follows186

that for any set of design parameters (such as those listed in table 1), an187

optimum compression ratio p2/p1 exists for each pump outlet pressure p2R,188

while the influence of different values of p2R will be discussed later in section189

3.4.190

The results of simulations carried out holding the recovery pressure con-191

stant at p2R = 6.5 MPa are given in fig. 2, in terms of round-trip efficiency,192

exergy efficiency and liquid air yield; the compressed air temperature T4 at193

the cold-box outlet is also represented.194
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This graph clearly shows that, for relatively low values of p2, an increase195

in compression ratio results in increasing values of liquid air yield and ef-196

ficiency, until a maximum is reached when the liquid air yield Y remains197

almost constant and the efficiency starts decreasing. Temperature T4 actu-198

ally explains this behaviour: the maximum efficiency is reached when the199

pinch-point is located at the cold end of the heat exchanger, allowing the200

compressed air to reach a minimum temperature of 98 K with the parame-201

ters given in table 1. When this condition is reached, any further increase202

in pressure does not yield any benefit, because the corresponding increase in203

net work input is not balanced by a significant increase in liquid air yield,204

which is effectively held almost constant by the temperature profile of the205

cold fluids in the Cold Storage section once a pinch-point is reached at the206

cold end of the heat exchanger.207

The optimum configuration can also be explained in terms of entropy gen-208

eration minimization within the cold box, as illustrated by figs. 3-5, which209

represent the heat exchange diagrams for the Cold Box at different com-210

pression ratios. The heat flux represented in abscissae is normalized with211

reference to the mass flow rate of compressed air.212

The energy balance for the cold box, with reference to a unit mass flow213

rate of compressed air, is:214

QCB = Qcf +Qca (12)

where QCB = h2 − h4 is the heat flux released by the compressed air, Qca =215

(1 − Y )(h9 − h7) is the heat flux absorbed by the cold air flowing out of the216

separator and Qcf is the heat flux absorbed by the cold fluids, whose amount217

is defined by the energy recovery process:218

Qcf = m∗
1C (h2C − h1C) +m∗

3C (h4C − h3C) = Y (h4R − h2R) (13)

and is therefore dependent only on the liquid air yield Y and on maximum219

pressure p2R in the energy recovery section (here m∗ denote the cold fluid220

mass flow rate divided by the mass flow rate of compressed air).221

It is well known that, in general, in order to increase the liquid air yield in222

any liquefaction plant it is necessary to increase the compression ratio [22].223

Taking this into account, it follows that for relatively small compression ratios224

(fig. 3), the liquid air yield is also comparatively small: this will lead to a225

relatively small amount of cold energy stored in the Cold Storage section,226

because the mass of liquid air available for the energy recovery process is227
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equal to the liquid air yield. Therefore, the cold air in the cold box absorbs228

a relatively large heat flux (eq. 12) so that its temperature increase is quite229

steep: for this reason, the pinch-point in the heat exchanger is located close to230

the hot end of the second heat exchanger and is dictated by the temperature231

difference between compressed air and cold air.232

As the compression ratio increases, the liquid air yield also increases, and233

the slope of the curve corresponding to the cold air decreases: therefore,234

the compressed air curve shifts downwards, its outlet temperature (T4) de-235

creases and the distance between compressed air and cold fluids in the heat236

exchange diagram also decreases. Overall, this leads to higher efficiencies,237

until the temperature difference at the cold end between compressed air and238

cold fluid is exactly equal to the minimum temperature difference allowed:239

the minimum possible temperature T4 is reached at this point, as described240

in fig. 4, which clearly shows two pinch-points in the cold-box: in this config-241

uration the entropy generation within the cold box is clearly minimized since242

the distance between the fluids is the minimum possible given the design243

constraints.244

Finally, if the compression ratio is further increased (fig. 5), the perfor-245

mance of the systems is reduced for several reasons:246

• the increase in liquid air yield is negligible, because compressed air247

cannot be cooled further because of the location of the pinch-point at248

the cold end of the heat exchanger;249

• the temperature drop for compressed air (T2 − T4) is now constant,250

but the corresponding enthalpy change decreases because the Joule-251

Thomson coefficient is positive at point 2 while negative at point 4 (so252

that h2 decreases and at the same time h4 increases), and this explains253

the reduction in overall heat exchange between fig. 4 and fig. 5;254

• the amount of cooling provided by the cold fluids in the cold box is255

almost constant (eq. 13);256

• as a result, the cold air flowing out of the separator receives less heat257

than in the optimum configuration, thus its curve in the heat exchange258

diagram shifts downward moving away from the compressed air curve,259

leading to higher inefficiency.260
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3.3. Results for the reference configuration261

In this section, the results of the simulation for a reference configuration262

are given; the reference configuration is defined by the design parameters263

given in table 1 and by a recovery pressure p2R = 6.5 MPa. The corresponding264

optimum compression ratio is found to be p2/p1 = 179.2, which results in a265

round-trip efficiency of ηRT = 54.4% (see fig. 2).266

An important consideration to be made is related to the very high pressure267

required in the liquefaction section in order to optimize the overall perfor-268

mance (high compression ratios provide both high liquid air yields and large269

quantities of heat storage). Compression ratios in the order of 150 ÷ 200 for270

air are certainly not impossible to reach, and require a commercially-proven271

technology such as multistage vertically-split centrifugal compressors. More272

critical may be such a high expansion ratio for the cryoturbine; these com-273

ponents are widely used in the natural gas liquefaction industry, and high274

isentropic efficiencies have been claimed [15], but this technology probably275

cannot be considered as mature as that required by the compressor.276

The stream data resulting from the simulation are listed in table 2 for277

the liquefaction section, in table 3 for the energy recovery section (here tR278

is the operational period in energy recovery and tS is the operational period279

in storage mode) and finally in table 4 for cold fluids and thermal oil; the280

thermodynamic diagrams for the liquefaction and recovery sections are given281

in figs. 6-7 and the heat exchange diagram for the first intercooler in the282

storage section is shown in fig. 8.283

It is of particular importance to point out the density of air in the storage284

tank (point 6 in table 2), which is more than six times higher than the density285

of air stored at 120 bar and ambient temperature [19]: since the net work286

outputs of a LAES and of an adiabatic CAES system are comparable, this287

characteristic makes the former much less demanding in terms of storage288

volume required.289

More specifically, the net work output in this reference configuration is290

wT = 428.3 kJ/kg (eq. 2): taking into account a reduction of round-trip291

efficiency down to approximately 50%, due to pressure drops, discharge losses292

in thermal energy storage, auxiliary consumption and so on, an effective value293

of wT,eff ≈ 390 kJ/kg can be expected. This means that, taking this value294

as the average during a complete energy recovery cycle, in order to recover295

a significant amount of electric energy such as E = 500 MWh the mass of296

liquid air that needs to be produced and stored is ma = E/wT,eff = 4615 t.297

The storage volume required (of liquid air only) is therefore Va = ma/ρ6 ≈298
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5300 m3, one order of magnitude lower than that required by a CAES system299

of the same rating. Even taking into account the storage volume required in300

the Hot Storage and Cold Storage sections, a LAES system has a considerably301

smaller footprint than an adiabatic CAES plant and therefore does not suffer302

the same limitations in terms of location of the storage plant.303

The exergy analysis for the system is illustrated in figs. 9-11. In particular,304

fig. 9 gives an overview of exergy losses for the overall energy storage plant,305

where it is shown that exergy losses are approximately of the same order of306

magnitude in the storage (liquefaction) and in the energy recovery section,307

while the exergy loss associated to the heat rejected to the environment is308

the smallest contribution.309

Figure 10 shows the exergy efficiency and the distribution of exergy losses310

of the storage section. The exergy efficiency for this part of the plant is very311

high, at 84.7%, thanks to the integration with the recovery section; the out-312

puts are liquefied air (58.5%), produced with a yield Y = 84.2%, and heat313

stored in the thermal oil (26.2%). Among the exergy losses, the largest con-314

tributions are related to the air compression process and to irreversibility315

in the Cold Box heat exchangers. In both cases, it is difficult to take into316

consideration significant improvements, because design parameters and con-317

figuration are already quite demanding.318

Figure 11 illustrates the second-law analysis for the energy recovery sec-319

tion. Here, besides heat rejection, the largest exergy losses are again due to320

the irreversibility in the heat exchange between air and cold fluids and to the321

work exchange process (expansion in this case). It is worth mentioning here322

that the adoption of quasi-isothermal expanders, which have been lately the323

subject of several studies [23], could significantly increase work output and324

round-trip efficiency; indeed, some of these studies were focused on liquid325

nitrogen or liquid air as the working fluid in a quasi-isothermal expander326

[24–26]. However, these devices are volumetric expanders that are probably327

very difficult to scale up to the size required by a grid-scale energy storage328

system.329

3.4. Influence of design parameters330

Figures 12-14 show how round-trip efficiency ηRT and optimum compres-331

sor outlet pressure p2 change with maximum pressure p2R in the recovery sec-332

tion. Each figure further describes the influence on system’s performance of333

a particular design parameter, namely, cryoturbine efficiency (fig. 12), pres-334

sure losses in heat exchangers (fig. 13), cold-box heat exchanger efficiency335
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(fig. 14). In general, it is possible to observe that an increase in maximum336

pressure in the recovery section leads to a significant increase in round-trip337

efficiency (approximately 1÷2 percentage points for a 10 bar increase in pres-338

sure), but, on the other hand, the optimum compressor outlet pressure also339

increases significantly: therefore, pressure p2R should be chosen as the high-340

est possible taking into account the feasibility of the corresponding optimum341

compressor pressure ratio. Setting a limit on pressure ratio of approximately342

180, the resulting maximum pressure in the recovery section, for the default343

design parameters listed in table 1, is p2R = 6.5 MPa (fig. 12), which is the344

value chosen for the reference configuration discussed in the previous section.345

The performance of the cryoturbine is very important for the overall en-346

ergy storage system: as fig. 12 shows, an increase in its isentropic efficiency347

leads not only to significantly better round-trip efficiencies, but it reduces348

also the optimum compression ratio, since the thermodynamic cycle in the349

liquefaction section (fig. 6) is affected by this parameter. As already pointed350

out in section 3.3, cryoturbines have been developed for LNG industry with351

rated isentropic efficiency as high as 88% [15]; however, due to the partic-352

ular nature of the expansion (two phase with very low vapour quality), in353

this paper a conservative estimate of 70% has been made for the reference354

configuration.355

The influence of pressure losses in heat exchangers is illustrated in fig. 13:356

the analysis has been carried out applying an equal value of relative pressure357

loss to all heat exchangers present in the storage plant (both in the recovery358

and in the storage section). Clearly, larger pressure drops lead to lower359

round-trip efficiencies, and in particular a decrease of approximately 0.9%360

in round-trip efficiency is observed for an increase of 1% in relative pressure361

drop. On the other hand, the graph also shows that the optimum compression362

ratio is very marginally affected by pressure losses.363

Due to the nature of the system under study, it is not surprising to find364

that heat exchanger efficiencies affect significantly the plant’s overall perfor-365

mance. Fig. 14 shows in particular the effect of different pinch-point tem-366

perature differences at the cold box heat exchanger, which is clearly the367

most important heat exchanger in the plant, since it dictates the liquid air368

yield and the exergy efficiency of the storage section. The results point out369

that a decrease in the pinch-point temperature difference of 5 K leads to a370

drop in round-trip efficiency of 2.2%. Even though the optimal choice of the371

pinch-point temperature difference should be the result of a thermo-economic372

analysis, which is beyond the scope of the present work, probably strict re-373
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quirements (5 K) on this parameter should be expected as the result of such374

analysis.375

4. Conclusions376

In this paper, a thermodynamic analysis of a liquid air energy storage377

(LAES) plant has been carried out, in order to assess if reasonable round-378

trip efficiencies can be obtained in a stand-alone configuration, i.e. with the379

heat input in the energy recovery section provided by heat stored during the380

air liquefaction process (as in the case of an adiabatic CAES system), rather381

than by any external heat source (for example, waste heat available from an382

industrial plant).383

The results obtained have shown that a round-trip efficiency in the range384

54÷55% can indeed be obtained with reasonable and conservative design pa-385

rameters and state-of-the-art technologies, so that, even taking into account386

auxiliary consumption, pressure drops in the power plant and self-discharge387

losses for thermal energy storage, a global efficiency of 50% can be considered388

within reach. This result is possible thanks to a tight integration between389

the storage and the recovery section of the plant, based on both cold and390

heat storage.391

Among the many components of the storage plant, the most critical is392

the cryoturbine of the liquefaction section: in the proposed configuration, an393

isentropic efficiency of at least 70% is required in order to reach the round-trip394

efficiency target.395

Therefore, a LAES system can probably be considered as a viable option396

for grid-scale (hundreds of MWh) electric energy storage, even in stand-alone397

configuration (but it would be even more suitable if a source of waste heat398

could be tapped), thanks to several positive features: besides its satisfactory399

efficiency, it is independent from geographical constraints, reliable, based on400

proven technologies and environmentally safe.401
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Parameter Value units

Ambient temperature 25 ◦C
Ambient pressure 100 kPa
Liquid air storage pressure 100 kPa
Propane minimum temperature (T1C) 93 K
Propane maximum temperature (T2C) 214 K
Methanol minimum temperature (T3C) 214 K
Methanol maximum temperature (T4C) 288 K
Cold box HX pinch-point ∆T 5 K
Intercoolers pinch-point ∆T 10 K
Hot-end temperature approach at superheaters 10 K
Heat exchangers relative pressure loss 1%
Isentropic efficiency of air turbines 0.85
Isentropic efficiency of air compressors 0.85
Isentropic efficiency of cryoturbine 0.70
Isentropic efficiency of cryogenic pump 0.70

Table 1: Default design parameters
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ṁ
ṁ1

p T h ρ N2

[MPa] [K] kJ/kg kg/m3

1 1.000 0.100 296.24 299.50 1.17 79.5%
2A 1.000 1.480 687.74 707.454 7.40 79.5%
2B 1.000 1.465 308.15 308.727 16.48 79.5%
2C 1.000 18.098 682.00 705.204 85.32 79.5%

2 1.000 17.917 308.15 281.71 194.96 79.5%
3 1.000 17.738 245.80 198.70 261.28 79.5%
4 1.000 17.561 98.00 -77.38 825.80 79.5%
5 1.000 0.102 78.91 -93.87 28.17 93.0%
6 0.842 0.102 78.91 -126.21 871.26 77.0%
7 0.158 0.102 78.91 78.16 4.58 93.0%
8 0.158 0.101 237.80 244.26 1.45 93.0%
9 0.158 0.100 286.28 294.33 1.19 93.0%

10 0.842 0.100 298.15 300.47 1.16 77.0%

Table 2: Stream data in the liquefaction section for the reference configuration.
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ṁ
ṁ1

p T h ρ N2

[MPa] [K] kJ/kg kg/m3

1R 0.842 0.100 78.74 -126.56 872.08 77.0%
2R 0.842 6.500 81.89 -116.13 873.20 77.0%
3R 0.842 6.435 209.00 180.44 120.39 77.0%
4R 0.842 6.371 283.00 269.84 79.56 77.0%
5R 0.842 6.307 436.27 436.35 49.13 77.0%
6R 0.842 6.244 616.42 628.96 34.27 77.0%
7R 0.842 1.590 450.55 454.68 12.18 77.0%
8R 0.842 1.574 616.42 628.96 8.80 77.0%
9R 0.842 0.401 451.23 456.27 3.08 77.0%

10R 0.842 0.397 616.42 629.01 2.23 77.0%
11R 0.842 0.101 451.42 456.69 0.78 77.0%
12R 0.842 0.100 288.00 290.19 1.20 77.0%

Table 3: Stream data in the recovery section for the reference configuration.
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ṁ
ṁ1

T h fluid

[K] kJ/kg

1C 1.019 93.00 -182.18 propane
2C 1.019 214.00 62.72 propane
3C 0.437 214.00 -303.14 methanol
4C 0.437 288.00 -130.93 methanol
1H 0.999 626.42 849.94 thermal oil
2H 0.999 288.15 26.95 thermal oil
3H 0.999 626.42 849.94 thermal oil
4H 0.999 460.71 395.31 thermal oil

Table 4: Stream data (cold fluids and thermal oil) for the reference configuration.
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Figure 1: Proposed plant layout
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Figure 2: Round trip efficiency, exergy efficiencies, liquid air yield and compressed air
temperature at cold-box outlet; maximum pressure in the energy recovery section p2R =
6.5 MPa.
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Figure 3: Cold Box heat exchange diagram for p2R = 6.5 MPa and p2 = 12.0 MPa.
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Figure 4: Cold Box heat exchange diagram for p2R = 6.5 MPa and p2 = 17.92 MPa
(optimum configuration).
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Figure 5: Cold Box heat exchange diagram for p2R = 6.5 MPa and p2 = 20.0 MPa.
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Figure 6: Gibbs plot for the energy storage section.
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Figure 7: Gibbs plot for the energy recovery section.
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Figure 8: First intercooler heat exchange diagram.
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Figure 9: Exergy analysis for the overall LAES plant.

30

Accepted manuscript
https://doi.org/10.1016/j.energy.2015.10.030

© 2015. This manuscript version is made available under the CC-BY-NC-ND 4.0 license.
http://creativecommons.org/licenses/by-nc-nd/4.0

Giuseppe Leo Guizzi, Michele Manno, Ludovica Maria Tolomei, Ruggero Maria Vitali, Thermodynamic analysis of a liquid air energy storage system, Energy 93
(2015) 1639-1647, https://doi.org/10.1016/j.energy.2015.10.030.



59%
26%

< 1%

5%

2%
5%

3%

Liquefied air
Heat storage
Mixing
Compression
Intercooler
Cold Box
Turbine

Figure 10: Exergy analysis for the energy storage section; green: exergy outputs; brown:
exergy losses.
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Figure 11: Exergy analysis for the energy recovery section; green: exergy outputs; brown:
exergy losses.
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Figure 12: Influence of cryoturbine isentropic efficiency on system’s performance.
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Figure 13: Influence of heat exchangers pressure losses on system’s performance.
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Figure 14: Influence of cold box heat exchanger pinch-point temperature difference on
system’s performance.

35

Accepted manuscript
https://doi.org/10.1016/j.energy.2015.10.030

© 2015. This manuscript version is made available under the CC-BY-NC-ND 4.0 license.
http://creativecommons.org/licenses/by-nc-nd/4.0

Giuseppe Leo Guizzi, Michele Manno, Ludovica Maria Tolomei, Ruggero Maria Vitali, Thermodynamic analysis of a liquid air energy storage system, Energy 93
(2015) 1639-1647, https://doi.org/10.1016/j.energy.2015.10.030.


	Introduction
	Plant layout
	Results and Discussion
	Performance indicators
	Round-trip efficiency and liquid air yield
	Exergy efficiencies

	Optimum operating conditions
	Results for the reference configuration
	Influence of design parameters

	Conclusions
	References

