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A B S T R A C T   

Among energy storage systems, Liquid Air Energy Storage (LAES) is attractive because of high energy density, 
ease of being scaled up, absence of geographical constraints, mature technology and use of safe materials/ 
working fluids. This work presents a critical review of LAES system configurations in the literature to identify the 
criteria behind their conceptual development. The goal is achieved following the HEATSEP methodology, which 
allowed identifying a common thread in the evolution of all LAES configurations in the literature based on very 
few layouts, named “basic configurations”. The optimization of these few layouts, taking into account all possible 
internal heat transfers, provides a unique and comprehensive overview of existing configurations in spite of their 
seemingly great complexity. This picture clearly indicates the link between topology and performance 
improvement and provides insight into the limits of the maximum possible performance gain over the existing 
literature. The optimal results show that the margin for improvement is quite narrow. In the case of a complete 
thermal integration between charge and discharge phases with the addition of Organic Rankine Cycle system a 
gain from 61.9 % to 64.3 % is obtained over the best performing configuration in the literature.   

1. Introduction 

In electricity storage, electricity is converted into a form that can be 
stored and later converted back into electricity when needed [1]. This 
process allows electricity to be generated during periods of low demand, 
low cost of generation or from intermittent energy sources, and used 
during periods of high demand, high cost of generation or when no other 
means of generation is available. 

At the beginning of the 20th century, the traditional mode of oper
ation of electric grids was aimed at matching a highly agglomerated 
demand with a small number of power generation systems, mainly hy
droelectric power stations plus a few thermal power plants [2]. In this 
arrangement, peaks in the demand were smoothed by the large numbers 
of users, the energy demand of which was predictable by using long term 
statistics and so, a stable and secure service was guaranteed. 

Nowadays, in many developed countries, a constantly increasing 
share of electrical energy is generated by renewable energy sources 
(RES), which pose many management and control issues [3] because of 
the intrinsic random nature of most of them. Electrical grids with large 
penetration of RES are now facing new problems: the deployment of 
power generation systems has not been imposed by large utilities, but by 

residential and small industrial users, with significant unbalances be
tween supply and demand capacity [4]. The new systems suffer from a 
double mismatch between supply and demand that are hard to predict 
because of i) smaller and local aggregation of the demand [5] and ii) the 
increasing penetration of intermittent RES in the supply systems [6]. 
The problems described above are likely to intensify due to the expected 
increase of energy systems based on RES, according to the present trends 
of European Union legislations on greenhouse gases emissions. 

In this context, energy storage systems can play a fundamental role in 
decoupling energy demand and supply [7]. Among energy storage sys
tems for large scale applications only a few do not depend on 
geographical and environmental conditions and so, are effectively uti
lizable everywhere [8–10]. Liquid Air Energy Storage (LAES) systems 
have attracted significant attention in recent years not only for the 
absence of geographical constraints, but also for high energy densities, 
mature technology and use of safe materials/working fluids [11]. In 
LAES systems, the air liquefaction process is used to convert the energy 
into liquid air that is stored in cryogenic tanks and then, when needed, is 
regasified and expanded in turbines to generate electricity. LAES sys
tems can be seen as an evolution of compressed air energy storage 
(CAES) systems where the compression and expansion work are shifted 
in time by storing air. The main advantage of LAES over CAES is that the 
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working fluid is stored in liquid form, which greatly reduces its specific 
volume, and hence the storage tank volume. The use of air as storage 
medium is advantageous because the atmosphere itself represents the 
gaseous reservoir. In general, the LAES systems configurations can be 
divided into two main categories: i) systems relying on an external heat 
source (apart from the environment) that can be obtained by a power 
plant, waste heat from industrial processes or combustion with the 
working air; ii) self-sufficient systems. 

The use of liquid air as an energy storage can be dated back to 1977, 
when it was first proposed by the University of Newcastle upon Tyne 
[12]. The first industrial interest on this technology came from Mitsu
bishi Heavy Industries and Hitachi during the 1990s. The pioneering 
work of Kishimoto et al. [13] proposed a system in which liquid air is 
stored in a tank and subsequently expanded when electricity is needed. 
In that system there was no integration between charging and dis
charging phase because the liquid air production relied on an already 
existing liquefaction plant that is not part of the study. The discharge 
phase is an open-loop Rankine cycle, in which heat is provided by the 
combustion of a fuel and utilizing the discharged air as oxidant. In the 
same period, Chino et al. [14] proposed a similar system, which, how
ever, included both the air liquefaction and power recovery sections, so 
suggesting an integration between charge and discharge phases. The 
liquefaction cycle is a Claude cycle, in which a fraction of the com
pressed air is cooled down, expanded in a cryo-turbine and mixed with 
the vapour coming from the tank that is recirculated back to cool down 
the compressed. Both References [13, 14] declared efficiencies over 70 
%. 

Starting from 2005, the LAES technology has received substantial 
progresses from a collaborative research between the University of 
Leeds and Highview Enterprises Ltd. This research led to the design and 
construction of the world’s first LAES pilot plant (350 kW/2.5 MWh) 
between 2009 and 2012. Morgan et al. [15] described the layout and 
operation of such plant: the liquefaction section consists of a modified 
Claude cycle with a recirculating compressor; the power recovery sec
tion is an air Rankine cycle that receives low temperature (70 ◦C) waste 
heat from industrial processes. The thermal integration of charge and 
discharge phases occurs via a cold thermal storage in which the evap
oration of liquid air during the discharge process is used to store cold, 
which subsequently helps precool the air during the charge process (this 
is also referred as “cold recycling”). The plant achieved a roundtrip ef
ficiency of just 8 % because of the small size, the non-optimal operation 
parameters and the partial internal cold exergy recovery. Nonetheless, 
this demonstrative plant showed the feasibility of developing a new 
storage system using commercially available technologies. 

Li et al. [16] in 2013 proposed further developments of the LAES 
system concept in [15], which include the following differences: a) 

downstream of the expanders, air is heated by the cooling systems of a 
pressurized water nuclear reactor instead of low temperature waste heat 
recovery; b) air liquefaction is obtained with a Solvay cycle. The thermal 
integration between charge and discharge phases comprises the cold 
recycling, and the declared efficiency is about 71 %. This efficiency is 
not defined in the conventional way, i.e., as ratio between the power 
produced in the discharge phase and that consumed in the charge phase, 
but as ratio between the increased power output supplied by LAES 
(compared to the normal power production of the nuclear reactor) and 
the power consumed for the liquid air production. 

In 2015, Guizzi et al. [17] proposed a plant layout that does not rely 
on waste heat or other external heat sources, uses a Solvay liquefaction 
cycle, and achieves a roundtrip efficiency of 55 %. The novelty of this 
work was the increased thermal integration via hot recycling in addition 
to cold recycling. Hot air exiting the compressor allows storing heat in a 
hot thermal storage during charging and then the thermal storage heats 
up the air entering the turbines during discharge. A similar plant layout 
has been proposed in the work of Guo et al. [18] (in which the authors 
declare 67 % of roundtrip efficiency), Sciacovelli et al. [19] (48 %) and 
Hamdy et al. [20] (40 %). 

Other works proposed the integration of an ORC system into LAES 
using several methods. She et al. [21] proposed a layout similar to that in 
[17], and placed a R32 ORC system using the LAES hot storage (charged 
from hot compressed air) as thermal source and rejecting heat to the 
evaporator of a vapour compression cycle. The authors showed an in
crease in roundtrip efficiency from 50 % to 55 % with the addition of the 
ORC system. In 2018, Tafone et al. [22] proposed two different layouts 
of ORC integration with the LAES system: the first called “LAORC1”, in 
which the R134a evaporator receives heat from the hot storage in series 
(downstream) with air superheater; the second called “LAORC2”, in 
which the R245fa evaporator is in parallel with air superheater. The 
authors claimed a roundtrip efficiency of 48 % for the baseline config
uration, 50.5 % for LAORC1 and 52.9 % LAORC2 ones. Hamdy et al. 
[20] compared the performance of different configurations including 
ORC systems in different ways. They found that without exploiting the 
cold recycling, the ORC was detrimental to the roundtrip efficiency. 

Most of the current research efforts on LAES system configurations 
focus on performance evaluation of specific configurations (as seen 
above), parametric analyses [23], integration into multi energy systems 
[24,25], first economic analyses [26,27] and coupling of the most 
advanced configurations with other energy systems such as thermo
electric generators [28], LNG gasification system, combined cycles [29], 
desalination systems [30]. Adedeji et al. [31] proposed the addition of a 
desiccant wheel dehumidifier and a cooling heat exchanger to treat the 
air entering the compression train of the LAES system. They found out 
that the reduction of both relative humidity (from about 80 % to 10 %) 

Nomenclature 

Symbols and abbreviations 
LAES Liquid Air Energy Storage 
p pressure, bar 
T temperature, K 
ṁ mass flow rate, kg/s 
Q̇,ΔH thermal power, kW 
h specific enthalpy, kJ/kg 
P power, kW 
w specific work, kJ/kg 
E energy, kWh 
TIT turbine inlet temperature, K 
y liquid yield, −
HCC Hot Composite Curve 
CCC Cold Composite Curve 

ORC Organic Rankine Cycle 
HEN Heat Exchanger Network 
Greek symbols 
η efficiency 
Δ difference 
Subscripts 
rt round trip 
is isentropic 
ch charge cycle 
dis discharge cycle 
c compressor 
e cryogenic expander 
pp pump 
t turbine 
in inlet 
out outlet  
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and temperature (from ambient to 10 ◦C) of the inlet air improves the 
round-trip efficiency of up to 11.7 % due to a strong decrease of the 
compression work. Wang et al. [32] evaluated a simplified LAES “cold 
box”, which uses only one pressurized fluid (propane at 10 bar) instead 
of using two different fluids (as typically done) to maximize the cold 
energy recovery in a wide temperature range (from 85 K of liquid air to 
300 K of ambient temperature). This solution increases the cold storage 
density, simplifies the overall structure of the system and, in turn, re
duces the investment costs. Yang et al. [33] studied the performance 
improvement of a LAES system coupled with a solar tower, which sup
plies heat to the thermal oil of the high temperature storage linking heat 
rejection from the charge process and heat addition to the discharge 
process. The temperature gain given by the heat addition improved the 
round-trip efficiency up to 30 %. Nabat et al. [34] integrated a LAES 
system with several energy conversion units to enhance the penetration 
of renewable energy. In particular, a Kalina cycle system and thermo
electric generators exploit the excess heat coming from the compression 
train, while high temperature energy storages (HTES) supply high grade 
heat (up to 1250 K) to air in the discharge process. This system allows 
handling renewable power generation in a more flexible way since extra 
power coming from renewables can charge both the LAES system and 
HTES. The total system achieved a round-trip efficiency of 61.6 %. 

A broader view on LAES system configurations is given either in 
review papers or in works that optimize and compare different config
urations under the same boundary conditions. Although complete in 
presenting the state-of-the-art of LAES systems in all aspects, review 
papers usually address configurations by decomposing LAES in its basic 
elements to show and explain each of them, i.e., charge phase (or 
liquefaction cycle), storage section, thermal energy recovery and 
discharge phase [35], and then grouping the configurations available in 
the literature according to role and application of LAES, i.e., standalone 
or integrated with surrounding energy systems [36]. On the other hand, 
papers evaluating different LAES configurations consider specific fea
tures as terms of comparison, such as the integration of ORC systems 
[20,22]. 

It is clear that, on one hand, review papers lack an in-depth ther
modynamic analysis that puts the accent on the principles guiding the 
conceptual development of all LAES system configurations. On the other 
hand, papers dealing with thermodynamic comparisons of different 
configurations lack a complete overview of the evolution of configura
tions that helps identify the reasons and advantages of optimizing their 
specific features. 

This work combines the approach of a review on LAES system con
figurations with that of an in-depth thermodynamic analysis to fill in the 
above-mentioned gaps. In particular, it carries out a critical review of all 
the configurations proposed in the literature, using a new methodology 
to identify general criteria behind the evolution of LAES systems. This 
methodology: i) assumes that the charging and discharging of the system 
occur simultaneously (with the thermal storage acting as a temporal link 
between the two sections), ii) utilizes Pinch Analysis techniques [37] to 
simplify the evaluation of internal thermal integration, iii) exploits the 
HEATSEP method [38,39] to obtain the best match between hot and 
cold flows available internally, therefore improving the round-trip ef
ficiency of the considered systems. 

The goals of this work are:  

1. Analyse the system layouts proposed in the literature to identify a 
common thread in their evolution.  

2. Carry out an in-depth investigation of the internal heat transfer to 
understand potential and limits of the configurations available in the 
literature.  

3. Evaluate possible further performance improvements of these 
layouts. 

4. Supply a complete and “easy to read” overview of all existing con
figurations using a common “language”. 

These goals are achieved as shown in the flowchart in Fig. 1. The 
work starts with a review of the numerous, and increasingly complex, 
LAES configurations, which is carried out in Section 3. This starting 
point is necessary to understand the evolution of LAES configurations 
and “extract” their basic structures, understood as an assembly of 
compression and expansion stages and their interconnections (referred 
to as “basic configurations”). This part shows that despite the large 
number of configurations presented in the literature, their basic con
figurations are very few. Identifying these representative core configu
rations is the basis for the subsequent application of the HEATSEP 
method to find the best internal heat transfer, thus showing whether 
there may be room for improvement over the literature results (we 
remind that HEATSEP stands for separation “SEP” of the heat transfer 
“HEAT” problem in the synthesis of a thermal system configuration 
[38]). The achievement of the optimal internal heat transfer is checked 
using the thermal composite curves at system level, a very useful tool not 
commonly used in the existing literature of LAES systems although 
extensively utilized in the analysis and optimization of many other 
complex systems configurations, since the development of Pinch Anal
ysis [37]. 

The order in which the final optimal configurations are obtained is 
the following:  

• Section 4 shows the evolution of the LAES configurations in the 
literature, which is addressed according to a step by step increase of 
complexity. At each step, the reasons for the layout modifications are 
deeply investigated. 

• Section 5 describes the details of LAES system modeling, mathe
matical formulation of the optimization problems and explanation of 
the HEATSEP method applied to LAES systems.  

• Section 6 shows the process to extract the “basic configurations”, 
related to all components different from the internal heat ex
changers, from each group of configurations under the same evolu
tion step [40]. The aim is that of grouping all configurations 
available in the literature into few representative basic layouts to be 
optimized [41,42].  

• Section 7 presents an in-depth analysis and discussion on how 
optimal thermal composite curves (calculated by the HEATSEP 
optimization) of LAES internal heat transfers modify as the number 
of compression and expansion stages and the level of thermal inte
gration change. 

• Section 7 compares under the same boundary conditions the per
formance of all configurations of standalone LAES available in the 
literature with the performance evaluated by the optimization of the 
“basic configurations” according to the HEATSEP method. 

2. The LAES system and performance metrics 

LAES is an energy storage system based on liquid air. It works ac
cording to three main phases:  

i. Charge phase: liquid air is produced by means of a liquefaction 
cycle.  

ii. Storage phase: liquid air is stored in a cryogenic tank.  
iii. Discharge phase: liquid air is used as working fluid into a power 

generation cycle. 

Fig. 2 shows the simplest layout of the LAES system, in which the 
charge phase includes a compressor, a heat exchanger and a throttling 
valve, the storage phase a cryogenic tank and the discharge phase a 
pump, a heat exchanger and a turbine. Table 1 shows the thermody
namic properties of air both at critical point and at the saturation 
pressure equal to the ambient one. 

In the charge cycle, ambient air is first compressed (1–2, Figs. 2 and 3 
(a)) in a compressor (usually a multistage compressor train) and then 
cooled down (2–3) before the expansion process (3–4) in a throttling 
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valve or a cryo-expander. After the expansion, a two-phase mixture is 
obtained (point 4). The liquid fraction is stored in a cryogenic tank 
(storage phase), whereas the gas phase fraction is used to cool down the 
compressed air (6–7) before the expansion. 

In the discharge phase, the liquid air is pumped and subsequently 
heated to the gaseous phase, and finally expanded by the turbines 
generating power. 

The main performance parameter for an energy storage system is the 

round trip efficiency, which is generally defined as the ratio between 
energy released by the system in the discharge phase and the energy 
used to charge the system (based on a full charge and full discharge): 

ηrt =
Edis

Ech
(1) 

Assuming that the charge time of the system is equal to discharge 
time, the round trip efficiency can be written in terms of power as: 

ηrt =
Pdis

Pch
. (2) 

For the LAES system in Fig. 2, ηrt is defined as in Eq. (3), in which the 
discharge power is the difference between the turbine power output (Pt) 
and the pump power consumption (Ppp), whereas the charge power is the 
power consumed by the compressor (Pc): 

ηrt =
Pt − Ppp

Pc
(3) 

In case the throttling valve between points 3–4 in Fig. 2 is replaced 
with a cryogenic expander (in the following called “cryo-expander”), Eq. 
(3) becomes: 

ηrt =
Pt − Ppp

Pc − Pe
(4)  

where the power output of the cryo-expander (Pe) is subtracted to the 
compressor power at the denominator. The numerator and the denom
inator of ηrt in Eq. (4) can be written as the product between the air mass 
flow rate and the specific work of the discharge and charge phases, 
respectively: 

Pt − Ppp = ṁdis⋅wnet,dis, (5)  

Pc − Pe = ṁch⋅wnet,ch, (6)  

where ṁdis is the air mass flow rate in the discharge phase, ṁch the air 
mass flow rate in the charge phase, wnet,dis the specific work of the 
discharge phase and wnet,ch the specific work of the charge phase. 

The liquid fraction y is defined as the ratio between ṁdis and ṁch (Eq. 
(7)): 

Fig. 1. Layout of the work structure.  

Fig. 2. The simplest LAES system layout.  

Table 1 
Critical point and properties of air at the saturation 
pressure equal to the ambient one.  

Parameter [Unit] Value 

Tcritical [K] 132.83 
pcritical [bar] 38.50 
Tdew [K] 81.75 
Tbubble [K] 78.93 
ρliquid

[
kg/m3 ] 877.25 

ρvapour
[
kg/m3] 4.49  
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y =
ṁdis

ṁch
. (7) 

Thus, the round trip efficiency can be further rewritten as: 

ηrt =
Pt − Ppp

Pc − Pe
=

wnet,dis

wnet,ch
⋅y (8) 

According to Eq. (8), the round trip efficiency can be maximized by i) 
decreasing the specific work of the compression during the charge 
phase; ii) increasing the expansion work during the discharge phase; iii) 
increasing the liquid fraction y. Starting from the basic system config
uration (Fig. 2), more advanced layouts have been proposed in the 
literature pursuing these three objectives. 

3. The LAES configurations in the literature 

This Section presents the evolution of the configurations of the LAES 
system proposed in the literature. It includes the schematics of the lay
outs, the main available operating parameters and the performance as 
declared by the authors. For the symbols of the blocks used in the 
schematics the reader is referred to Table 1A in Appendix A. 

Fig. 4 shows the configuration studied by Kishimoto et al. [13], in 
which a liquefaction plant of the external air supplies directly the liquid 
air to be stored in the tank. During the discharge phase, the liquid air is 
first heated up by absorbing heat from the environment, and by recov
ering heat from the exhaust stream of the second stage of the turbine. 
Subsequently, it is expanded in the first stage of the turbine, mixed with 
a fuel burned in a combustion chamber, and finally expanded in the 

second stage of the turbine. 
Chino et al. [14] first proposed the configuration shown in Fig. 5, in 

which the key aspect is the inclusion of a heat transfer between charge 
and discharge phases, in order to further cool down the compressed air 
and increase the liquid yield. This concept of thermal integration be
tween charge and discharge phases is at the base of all more recently 
developed configurations. Ameel et al. [43] studied a configuration 
similar to that in Fig. 5 with the only difference that the discharge cycle 

Fig. 3. Temperature–entropy diagrams for charge and discharge phases.  

Fig. 4. Configuration proposed by Kishimoto et al. [13].  

Fig. 5. Configuration proposed by Chino et al. [14].  
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receives heat entirely from waste heat (available for free at either 300 K 
or 400 K). 

More advanced configurations consider the use of multiple 
compression and expansion stages, the inclusion of cryogenic expanders 
in the charge phase (both as a replacement of the throttling valve or as 
an additional component in a parallel branch of the circuit), and the heat 
recovery in the discharge phase from heat sources different from envi
ronment and fuel combustion. For example, the configuration in Fig. 6 
[15] includes all these three ingredients, and is the layout of a pilot plant 
installed and tested in Slough, United Kingdom. The configuration 
comprises three compression and four expansion stages, a cryo- 
expander, in which a fraction of the charge air mass flow rate is 
expanded, and heaters in the discharge phase that absorb heat from 
steam supplied from an adjacent power station. It is worth highlighting 
the thermal integration between the charge and discharge phases, which 
is given by the heat exchange between liquefying air and exhaust air 
exiting the last turbine stage. 

The common feature of all the configurations presented above 
(Figs. 4-6) is the exploitation of external heat sources, such as waste heat 
from industrial processes or heat generated by an adjacent power plant. 
More recently, research efforts have focused on avoiding the external 
heat inputs by enhancing the thermal integration between charge and 
discharge phases, to achieve the so called “stand alone LAES” configu
ration. An important step forward in this perspective is the configuration 
in Fig. 7 [17], which includes two separate thermal integrations: the first 
between the inlet (charge) and the outlet (discharge) of the liquid air 
tank (blue line loop), the second between compressors coolers (charge) 
and turbines heaters (discharge) (red line loop). The lack of external 
heat supply makes the round trip efficiency decrease from values in the 
range 70 % to 80 % of the previous configurations to 55 %, which, 
however, is considered by the authors a promising value for the viability 
of stand-alone LAES systems. 

Many other configurations proposed in the literature rely on these 
two separate thermal integration loops to maximize the heat recovery 
between charge and discharge phase. They are mainly different from one 
another for the layout of the liquefaction phase, for the number of 
compression and expansion stages, and for the exploitation or non- 
exploitation of the exhaust air coming from the last turbine stage. For 
example, the configuration suggested by Sciacovelli et al. [19] is very 
similar to that in [17] except for the more advanced layout of the charge 
phase. In particular, it comprises three cryo-expanders: the first replaces 
the throttling valve at the tank inlet, whereas the other two expand a 
fraction of the recirculated vapour from the tank before it is mixed with 
the charging air, to further cool it down. The configuration analyzed by 
Hamdy et al. [20] and shown in Fig. 8 differs for the increased number of 

compression and expansion stages, which are equal to 4. Finally, the 
layout proposed by Tafone et al. [22], shown in Fig. 9, does not recir
culate the exhaust air exiting the discharge phase inside the system. 

A further evolution step of the LAES system configurations consists in 
exploiting part of the excess heat deriving from the compression stages 
in a bottoming power system. The most viable option is that of using an 
Organic Rankine Cycle (ORC) system. Both References [20, 22] propose 
the integration of an ORC system within the LAES system to increase the 
power production. In [20] (Fig. 8), the ORC system is integrated in the 
following way: the discharge phase of LAES is accomplished using only 
the first two reheat and turbine stages while the last two become 
evaporators and turbines of the ORC system. The latter rejects heat to 
liquid air at the outlet of the liquid air pump so that the cold energy 
thermal link between charge and discharge phase is no longer necessary. 
However, the absence of the cold energy recovery between charge and 
discharge phases leads to a sharp reduction of the LAES performance, 
which shows a round-trip efficiency of 16.4 %. The ORC system pro
posed in [22] is placed in the loop of high temperature energy recovery 
(see the red star in Fig. 9). The ORC system utilizes the excess heat from 
the compression stages as that in [20] but rejects heat to the environ
ment and not to the cold liquid air. Tafone et al. [22] studied also 
another possible way to integrate the ORC system, in which the evap
orator does not absorb heat downstream of the superheater at the inlet of 
the first turbine stage (as in Fig. 9) but using a parallel mass flow deri
vation from the thermal integration between the compressors coolers 
and turbine heaters. This second layout allows gaining a few percentage 
points of efficiency in comparison with the first one (53 % vs 50.5 %). 

Further modifications of the configurations with an ORC system 
involve the addition of other thermodynamic systems, such as, for 
example, a vapour compression cycle (VCC), to exploit the heat rejected 
by the condenser of the ORC system. This is the case of the configuration 
proposed by She et al. [21] and shown in Fig. 10, where the ORC system 
(orange dashed line) is connected in parallel to the high temperature 
thermal integration loop and the VCC (green dashed-dotted line) is fed 
by the thermal power released by the ORC condenser. The combination 
of ORC and VCC resulted in a 5 % improvement of the round trip effi
ciency (from 50.3 % to 55.5 %) with respect to the baseline LAES (i.e., 
the configuration without ORC and VCC). 

It is clear that the LAES configurations have evolved towards a higher 
integration between the charging and discharging phases. If we consider 
the cases where there is no combustion or heat input from outside, i.e., 
where the heat transfer takes place only with the environment, the 
roundtrip efficiency is around 10 %. More advanced configurations 
include a thermal integration (typically with a thermal storage) between 
the charge and discharge phases reaching roundtrip efficiency of about 

Fig. 6. Configuration proposed by Morgan et al. [15].  
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20 % (configuration in Fig. 5 without the external heat inputs) if only 
one thermal integration circuit is considered, and up to 55 % (configu
rations in Figs. 7 to 9) in case of multiple integrations. Finally, part of the 
heat recovered from the compression in the charge phase was used to 
feed an ORC cycle, which may contribute to a slight increase of the 
roundtrip efficiency (e.g., from 2 % to 5 % in [22]) depending on the 
way it is integrated within the system. 

4. Identifying a common thread in the evolution of LAES 
configurations 

This Section addresses the evolution of the layouts proposed in the 
literature, identifying a common thread in their conceptual develop
ment. The first step of this evolution is obtained by using different lay
outs of the liquefaction cycle, while subsequent improvements are based 
on increasingly higher thermal integration between the charge (lique
faction) and discharge (power generation) phases. 

4.1. Absence of thermal integration between charge and discharge phases 

The LAES layout described in Section 2 (Fig. 2) shows the simplest 

gas liquefaction cycle, i.e., the Linde cycle. Simple modifications of the 
charging phase layout allow improving the performance of the Linde 
cycle. These modifications can be simply grouped in two main concepts, 
which aim to increase the liquid yield at the end of the expansion process 
(i.e., at the inlet of the tank). Fig. 11 shows these concepts, called Solvay 
cycle [44] (Fig. 11(a)) and Claude cycle [35] (Fig. 11(b)), respectively. 
The Solvay cycle (Fig. 11(a)) utilizes a cryo-expander instead of the 
throttling valve to obtain a higher y. Moreover, the expander contributes 
to decrease the charging power and in turn to increase the roundtrip 
efficiency. The Claude cycle adds a splitter in the cooling phase that 
generates two streams of charging air. The first stream is completely 
cooled down and then expanded (E1 in Fig. 11(b)), as in the Solvay 
cycle. The second stream is first partially cooled down, then expanded 
(E2 in Fig. 11(b)), and finally mixed with the air coming from the storage 
tank (gas phase) that goes into the heat exchanger to cool down the first 
stream. This modification helps further cool the air flow entering the 
tank in order to increase the liquid yield. It is worth pointing out that the 
Claude cycle is normally presented (see e.g., [11,35]) with a throttling 
valve in the place of the cryo-expander “E1” in Fig. 11(b). In contrast, in 
the following, the name “Claude cycle” will exclusively refer to the 
layout in Fig. 11(b) due to the higher performances of this configuration, 

Fig. 7. Configuration proposed by Guizzi et al. [17].  

Fig. 8. Configuration proposed in Hamdy et al. [20].  
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as confirmed in [19,45]. 
To provide a clear picture of the effectiveness of the three types of 

liquefaction cycles, the performances of the LAES systems of Fig. 2 
(Linde cycle), Fig. 11(a) (Solvay cycle) and Fig. 11(b) (Claude cycle) are 
compared. Table 2 specifies the boundary conditions of this comparison. 
The models of the components are based on mass and energy balances as 
specified in Section 5.1. Table 3 reports the liquid yield and the 
roundtrip efficiency achieved by each liquefaction cycle in the LAES 
systems mentioned above (i.e., without thermal integration between 
charge and discharge phases). The Claude cycle shows the highest liquid 
yield (i.e., 0.270 vs 0.233 of the Solvay cycle and 0.059 of the Linde 
cycle), which, in turn, results in the highest round trip efficiency (i.e., 
10.2 % vs 8.5 % of the Solvay cycle and 1.8 % of the Linde cycle). 

4.2. Low temperature thermal integration between charge and discharge 
phases 

The second step to increase the roundtrip efficiency of LAES system 
relies on a better internal thermal integration between charge and 
discharge phases. The ambient temperature can be seen as a boundary 
that divides the system into two possible zones of thermal integration (i. 
e., above and below such temperature). Considering the Solvay cycle as 
liquefaction cycle (Fig. 11(a)), Fig. 12 shows that the first simple ther
mal integration that can be performed by coupling the thermal streams 
below the ambient temperature. A thermal storage (dashed shape in 
Fig. 12) can be added to overcome the time mismatch between the 
charge and discharge phases. The thermal integration below Tamb is 
called in the following “low temperature thermal integration”. 

The low temperature thermal integration consists in exploiting not 
only the heat exchange with the cold vapour (in between points 6 and 7) 

Fig. 9. Configuration proposed by Tafone et al. [22].  

Fig. 10. Configuration proposed by She et al. [21].  
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coming from the separation tank (this is already done in any liquefaction 
cycle), but also with the cold liquid air from the discharge phase (in 
between points 5 and 8). In this way, it is possible to reduce the cryo- 
expander inlet temperature and increase, in turn, the liquid fraction y 
(the process 3–4 in Fig. 3(a) is lowered). This increase is beneficial for 
the round trip efficiency, as it appears from the definition in Eq. (8). 
Typically, thermally integrated LAES systems can achieve liquid yield 
higher than 60 %. Fig. 13 shows the liquid yield y (generated by an 
adiabatic cryo-expander with an isentropic efficiency of 70 %) as a 

function of the cryo-expander inlet temperature and pressure. The cryo- 
expander inlet temperature heavily influences the liquid yield, which 
means that reducing this temperature is of utmost importance to have 
beneficial effects. It is worth observing that, in a thermally integrated 
LAES, the sum of the thermal capacities of the liquid and vapour frac
tions (y and (1 − y), respectively) exiting the separation tank is equal to 
the thermal capacity of the hot compressed air. However, the higher the 
thermal capacity of the liquid fraction (compared to that of the vapour 
fraction) the higher the contribution of the heat exchange to the cooling 
of the compressed air. This is shown in Fig. 14, which compares two T-Q 
diagrams: the one in Fig. 14(a) refers to the case of heat exchange in 
absence of thermal integration, i.e., only between the hot compressed air 
and the vapour returning from the phase separator (between streams 
2–3 and 6–7 in Fig. 12), whereas the one in Fig. 14(b) shows the heat 
transfers in the “three streams heat exchanger” in Fig. 12. The heat 
transfer between the three streams (one hot and two cold) can be 
accomplished by splitting the hot stream into two streams, each of which 
exchanges heat with one of the cold streams. In the case of Fig. 14(a), the 
higher capacity of the hot stream in comparison with that of the cold 
vapour stream entails a heat transfer with diverging thermal profiles. On 
the contrary, the use of two cold streams with different thermal capac
ities (lower for the cold vapour, points 6–7, and higher for the liquid one, 
points 5–8) allows to properly match the thermal capacity of the hot 
stream, resulting in parallel thermal profiles (Fig. 14(b)). This solution 

Fig. 11. Layout of LAES with two liquefaction cycles: a) Solvay cycle; b) Claude cycle.  

Table 2 
Model assumptions for the comparison of the liquefaction cycles in Fig. 11.  

Tamb [K] pch[bar] pdis[bar] ΔTmin [K] ηc[ − ] ηt [ − ] ηe[ − ] ηpp[ − ]

298 200 200 10 0.85 0.85 0.70 0.70  

Table 3 
Liquid yield and roundtrip efficiencies of the different liquefaction cycles (for a 
LAES system without integration between charge and discharge phases).  

Liquefaction cycle Liquid yield y Efficiency ηrt 

Linde  0.059  1.8 % 
Solvay  0.233  8.5 % 
Claude  0.270  10.2 %  

Fig. 12. LAES system layout with a Solvay liquefaction cycle and low tem
perature thermal integration (the boundary between “low temperature” and 
“high temperature” sections is highlighted in light blue). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Fig. 13. Liquid yield generated by an adiabatic cryo-expander as a function of 
the inlet temperature and pressure of air. 
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leads to: i) a higher heat transfer rate, and ii) a strong reduction of the 
inlet temperature of the cryo-expander (from 180 K to 100 K). Conse
quently, the liquid yield increases from 0.5 in the case of no thermal 
integration (Fig. 14(a)) to 0.85 in the case of low temperature thermal 
integration (Fig. 14(b)). 

4.3. Low and high temperature thermal integration between charge and 
discharge phases 

The thermal integration between charge and discharge phases can be 
extended to the high temperature region (i.e., above the ambient tem
perature boundary in Fig. 12) to further increase both the liquid yield y 
and the power output of the turbine in the discharge phase. In fact, air is 
available at high temperature (after the compression) and high tem
perature heat is needed to enhance the turbine power output in the 
discharge phase. Fig. 15 shows the system in Fig. 12 (which included 
only the low temperature thermal integration) with the addition of the 
thermal integration section at high temperature. The thermal integra
tion above Tamb is called in the following “high temperature thermal 
integration”. Several works in the literature proved that, in absence of 
external heat input, the separation between low and high thermal 
integration is the only way to obtain reasonable roundtrip efficiencies 
(above 45 %) [17,19,22]. On the contrary, if the only thermal integra
tion below the ambient temperature is used (Section 4.2), the system 
needs external heat sources to become competitive [14,16]. 

4.4. Low and high temperature thermal integration plus a heat recovery 
system 

Further developments of thermal integration consider the inclusion 
of a heat recovery system exploiting the heat that is still available in the 
high temperature section, despite the thermal integration. In this 
context, the most studied heat recovery system is the Organic Rankine 
Cycle (ORC) system. The ORC system can be thermally coupled to the 
LAES system by means of the evaporator and the condenser in the two 
possible ways shown in Fig. 16. In particular, Fig. 16(a) shows that the 
ORC evaporator absorbs heat from the high temperature integration 
loop and the condenser rejects heat to the cold liquid fraction in the low 
temperature section, whereas Fig. 16(b) shows that the ORC evaporator 
still absorbs heat from the high temperature integration loop, while the 
condenser rejects heat to the environment. In comparison with the 
configuration in Fig. 16(b), the one in Fig. 16(a) allows the ORC system 
to achieve the maximum power production because it exploits the 
maximum temperature difference between the heat source (above Tamb) 
and the heat sink (below Tamb). 

However, rejecting heat to the liquid air has the negative effect of 
reducing the amount of heat that can be exchanged between cold liquid 
air and hot compressed air in the charge phase. This means that the 
additional power in the discharge phase coming from the ORC is ob
tained at the expense of a lower liquid yield in the charge phase. This 
negative effect is much higher than the gain deriving from the ORC in 
terms of roundtrip efficiency, as shown by Hamdy et al. [20], where the 
addition of an ORC system according to the layout in Fig. 16(a) resulted 
to be detrimental to the roundtrip efficiency of the LAES system. Thus, 
the most reasonable solution for the integration of the ORC system is the 
one shown in Fig. 16(b), in which the ORC system receives heat from the 
high temperature section of the LAES system and the condenser rejects 
heat to the environment, and not to the LAES discharge phase. The total 
heat available from the charge cycle (after the compression) always 
exceeds that absorbed by the air in the discharge cycle. In fact, the mass 
flow rate through the compressor is higher than that coming from the 
liquid air tank. Accordingly, the heat recovery by means of ORC systems 
increases the roundtrip efficiency of LAES. Results of this improvement 
are shown in [22] where the roundtrip efficiency increased from 48 % to 
53 %. 

5. Methods 

This section introduces to the simulation models (5.1) and addresses 
the design optimization problem of the LAES systems (5.2). 

5.1. Modeling of the LAES system components 

The models of the components of the LAES system include mass and 
energy balances, and equations describing their performance. As regards 
the turbomachinery, LAES systems include compressors, pumps, tur
bines and cryo-expanders. The latter are the expanders used in the 
liquefaction process (Section 4.1). The term “cryo-expander” refers 
therefore to expanders operating at very low temperature, below the 
critical point of air. Eqs. (9) and (10) show the mass and energy balances 
of the turbomachinery components: 

ṁin = ṁout = ṁ (9)  

Pmec = ṁ⋅∣hin − hout∣ (10)  

where ṁ[kg/s] is the mass flow rate, h[kJ/kg] is the specific enthalpy 
and Pmec[kW] is the mechanical power output. The performance of 
turbomachinery is modeled by means of the isentropic efficiencies: 
Compressors/pumps: 

ηis =
(hout − hin)is

hout − hin
(11) 

)b)a

Fig. 14. Temperature–heat transfer rate diagram of the “three streams heat 
exchanger”. The numbering refers to the layout in Fig. 12. 

Fig. 15. LAES system layout with a “complete” thermal integration (i.e., low 
temperature plus high temperature thermal integrations). 
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Turbines/cryo-expanders: 

ηis =
hin − hout

(hin − hout)is
. (12) 

The mass and energy balances of heat exchangers are provided in 
Eqs. (13) and (14), respectively, 

ṁ1,in = ṁ1,out and ṁ2,in = ṁ2,out (13)  

ṁ1,in⋅
(
h1,in − h1,out

)
= ṁ2,in⋅

(
h2,out − h2,in

)
= Q̇ (14)  

where Q̇ [kW] is the heat transfer rate and the subscripts 1 and 2 refer to 
the hot and cold fluid, respectively. The heat exchanger performance is 
considered by defining a minimum temperature difference pinch point 
(ΔTmin) and by imposing a certain pressure drop across it (Δp

p ). 

5.2. Design optimization problem 

The design optimization problem of a LAES system is: 

find x which maximizes ηrt(x)

subject to
{

g(x) = 0
l(x) > 0 (15)  

where x is the array of the decision variables, ηrt(x) is the objective 
function to be maximized, and g(x) and l(x) are the equations and in
equalities constraints of the design models. The optimization is carried 
out using a Sequential Quadratic Programming solver provided by the 
MATLAB Optimization Toolbox [46]. The thermophysical properties of 
the gas mixture composing air are provided by the REFPROP library 
[47], which uses the fundamental equations of state developed by 
Lemmon et al. [48]. The design optimization problem is presented first 
for application to the configurations proposed in the literature, and then 
to the “basic configurations” extracted from them, according to the 
HEATSEP method. 

5.2.1. Design optimization of the LAES system configurations proposed in 
the literature 

This Section presents the design optimization of those configurations 
proposed in the literature (Section 3) that represent better the key steps 
of thermal integration identified in Section 4. 

The case without thermal integration between charge and discharge 

phase has already been addressed in Section 4.1 by comparing the three 
representative liquefaction cycles. Thus, no specific work in the litera
ture is analyzed in this case. The configurations selected for the step of 
low temperature thermal integration (Section 4.2) are those proposed in 
[15,16,43]. On the other hand, the step of low and high temperature 
thermal integration (Section 4.3) is represented better by the configu
rations in [17,19–22]. Finally, the two configurations in [21,22] are 
those that lead to a beneficial integration (in terms of round trip effi
ciency) of an ORC system within the LAES system (Section 4.4). 

The design of each selected configuration has been optimized under 
the same assumptions and boundary conditions. Table 4 reports the 
performance parameters of the components (Section 5.1) and the envi
ronmental conditions. It is worth noting that the isentropic efficiency of 
the cryo-expander was set conservatively (70 %) because of the rela
tively low technological maturity of the expanders in the two-phase 
expansion [49]. As for the configurations including an ORC system, 
the selected working fluid is R32, which is suitable for the temperature 
range at which the excess heat is released (20 ◦C – 150 ◦C). Moreover, 
pump and turbine isentropic efficiencies of the ORC systems are equal to 
those of pump and turbines of the LAES system, respectively (Table 4). 

The decision variables of the optimization problem are: the charge 
(pcha) and discharge (pdischa) pressures, the inlet temperature of the 
expander in the charge phase (Tin,exp), the inlet temperature of the tur
bine in the discharge phase (Tin,turb) and, in the case of Claude cycle 
(Fig. 11(b)), the ratio between the split and total mass flow rate 
(ṁsplit/ṁtot), and the temperature of the split mass flow rate (Tsplit). 
Table 5 shows the lower and upper bounds of the decision variables. 

Fig. 16. LAES system layout integrated with an ORC system: a) the evaporator receives heat from the high temperature section of the discharge phase and the 
condenser rejects heat to the low temperature section of the discharge phase; b) the evaporator receives heat from the high temperature section of the discharge phase 
and the condenser rejects heat to the environment. 

Table 4 
Design parameters assumed in the design optimization problem.  

Parameter Value [Unit] 

Compressor isentropic efficiency ηis,c 85 [%]

Cryo-expander isentropic efficiency ηis,e 70 [%]

Pump isentropic efficiency ηis,pp 70 [%]

Turbine isentropic efficiency ηis 85 [%]

Pinch point ΔT of heat exchangers 10 [K]

Pinch point ΔT of thermal storage heat exchangers 5 [K]

Relative pressure drop of heat exchangers Δp/p 1 [%]

Ambient temperature Tamb 298.15 [K]

Ambient pressure pamb 1 [bar]
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5.2.2. Design optimization of the LAES basic configurations according to 
the HEATSEP method 

The application of the HEATSEP method aims at optimizing the 
exploitation of the internal heat streams within an energy system 
together with the other design variables. Thus, it appears a very suitable 
approach for the LAES system, where the internal thermal integration is 
essential to achieve higher values of roundtrip efficiency (Section 4). 

The HEATSEP method [38,39] separates the design optimization 
problem (Eq. 24) into two subsequent steps:  

1. The first step defines the “basic configuration” of the system, which 
includes only the components different from the heat exchangers and 
their interconnections [50]. These components are called “basic 
components”, and, in a LAES system they are: i) compressor; ii) 
liquid air tank; iii) expander; iv) pump; v) splitter; vi) junction. The 
thermal links between these “basic components” are then “cut” to 
make their outlet temperatures independent of the inlet ones in the 
subsequent components. The temperatures at the extremes of these 
cuts are added to the set of the decision variables (Table 5) of the 
design optimization problem of the basic configuration in hand. In 
this way, the best values of the temperatures of the thermal streams 
within the system, or, in other words, the best heat transfers between 
hot and cold internal streams are found. In parallel, the Pinch 
Analysis [38] is applied to guarantee the feasibility of the heat 
transfer between internal hot and cold streams, and to have a com
plete understanding of their optimal interaction. To this end, the 
optimal heating and cooling requirements of the streams are repre
sented graphically by the cold and hot composite curves, 
respectively.  

2. The second step consists in the design of the Heat Exchangers 
Network (HEN) (heat exchangers and their interconnections) that 
performs the optimal internal heat transfers obtained in the first step 
[51]. The HEN is built following the rules of the Pinch analysis [37] 
which requires to avoid i) heat transfer across the pinch point; ii) 
heat rejection to the ambient above the pinch point; iii) external heat 
input below the pinch point. In the construction of the HEN, the 
purpose is that of limiting the number of heat exchangers to keep the 
investment costs low [52]. 

The completion of the whole procedure (i.e., points 1. and 2. above) 
for each level of thermal integration identified in Section 4 allows 
building the configuration that, for that level of thermal integration, 
exploits at best the internal heat transfers. When the optimal topology 
and performance of this configuration correspond to those of the asso
ciated configuration (i.e., having the same basic components) proposed 
in the literature, the latter is able to achieve the best match between 
internal hot and cold streams, otherwise there is still margin for 
improvement. 

6. The basic configurations of LAES according to the HEATSEP 
method 

This Section takes up the LAES system configurations of each thermal 
integration level identified in Section 4 and shows how a “basic 

configuration”, as defined by the HEATSEP method, is “enucleated” 
from each of them (the results of the optimization of these configura
tions will be then presented in Section 7). In this procedure the layout of 
the Claude cycle is the only liquefaction cycle considered in the charge 
phase because of the highest performance, as discussed in Section 4.1 
(Table 3). Only for simplicity of representation, each basic configuration 
is shown in this Section with only one compression and one expansion 
stage. However, the impact of a higher number of stages is taken into 
account in the solution of the HEATSEP optimization problem in Section 
7.1. 

6.1. Absence of thermal integration between charge and discharge phases 

When the thermal integration between the charge and discharge 
phases is not allowed, there is no advantage in applying the HEATSEP 
method. The only degree of freedom in this context would be that of 
modifying the layout of the liquefaction cycle, which, however, has been 
already widely studied in the literature [11,53]. In particular, the 
exclusion of the heat exchangers leads to the basic configurations of the 
liquefaction cycles evaluated in Section 4.1, among which the Claude 
cycle is the best performing one. 

6.2. Low temperature thermal integration between charge and discharge 
phases 

This step of thermal integration allows the heat transfer between 
charge and discharge phases. However, the possibility of accomplishing 
internal heat transfers only in the low temperature section of charge and 
discharge phases makes it necessary to add the constraint that the 
temperatures associated with the thermal cuts must not exceed the 
ambient temperature value. Fig. 17 shows the basic configuration of this 
thermal integration step highlighting the ambient temperature 
constraint. Heat transfers above the ambient temperature may still occur 
but only with an external heat source or heat sink (labels “external heat 
exchange” in Fig. 17). In this work, the external source or sink is the 
environment. The configurations studied in [14,16,43,54] can be built 
upon this basic configuration. 

6.3. Low and high temperature thermal integration between charge and 
discharge phases 

The basic configuration of this evolutionary step is able to allow the 
complete thermal integration within the LAES system. Fig. 18 shows this 
basic configuration highlighting the thermal cuts between the basic 
components. Compared to the case of low temperature thermal inte
gration (Section 6.2), the basic configuration in Fig. 18 has the same 
thermal cuts but the HEATSEP optimization approach (Section 5.2.2) is 
not constrained to consider internal heat transfers only at temperatures 

Table 5 
Decision variables and related lower and upper bounds.  

Decision variable Lower bound Upper bound Unit 

1 pcha  40  200 bar 
2 pdis  40  200 bar 
3 Tin,cryo  90  150 K 
4 Tin,turb  400  700 K 
5* ṁsplit/ṁtot  0  0.5 −

6* Tsplit  200  300 K  

* Only for Claude cycle. 

Fig. 17. HEATSEP basic configuration for the low temperature thermal inte
gration step. 
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below the ambient one. The configurations studied in [17,19] can be 
built upon this basic configuration. 

6.4. Low and high temperature thermal integration plus a heat recovery 
system 

The inclusion of an ORC system in the thermal integration scenario 
entails the inclusion of two more thermal cuts, i.e., those in between the 
pump and the turbine of the ORC system. Fig. 19 shows the basic con
figurations of the LAES system (which is the same of Fig. 18) and of the 
ORC system juxtaposed. The configurations proposed in [20–22] can be 
built upon this basic configuration. 

7. Results of the design optimization 

This Section presents and discusses the results of the design optimi
zation applying the HEATSEP method. 

To search for the best absolute configuration among all possible ones 
described in Section 3 while limiting the number of configurations being 
considered, the two following optimization paths are followed to anal
yse the influence of the number of compression and turbine stages, and 
that of the thermal integration, respectively:  

1) Influence of the number of compression and expansion stages. The 
HEATSEP approach is applied to various basic configurations, all 
characterized by the most complete thermal integration but different 
number of stages of the compression and expansion processes, to 
select the best combination of these stages. The addition of energy 
recovery systems (ORCs) to LAES systems is neglected at this stage.  

2) Influence of the thermal integration level. The HEATSEP approach is 
applied to various basic configurations, all characterized by the best 
combination of compression and expansion stages found at step 1) 
but different levels of thermal integration, as presented in Section 4. 

The results of the design optimizations carried out at this step are 
compared to those obtained by optimizing the corresponding con
figurations proposed in the literature to see whether there could be 
margin for improvement. 

7.1. Influence of the number of compression and expansion stages 

The study of the evolution of the literature configurations in Section 
4 highlighted that a higher number of compression and/or expansion 
stages is beneficial for the roundtrip efficiency of the LAES system. The 
HEATSEP method can be used to quantify how much the roundtrip ef
ficiency can be increased identifying the best combination between the 
number of compressor and expansion stages. Accordingly, multiple 
HEATSEP optimizations have been carried out on basic configurations 
(Section 6) having different combinations of stages. These optimization 
problems have been solved only for the case of maximum thermal 
integration within the LAES system (Section 6.3). 

Fig. 20 shows the round trip efficiency as a function of the expansion 
stages for three different numbers of compressors stages. The results 
point out that the maximum efficiency is achieved when the number of 
expansion stages is one more than the compression ones. Thus, 
depending on the number of compression stages, the best combinations 
compression-expansion stages are: 2–3, 3–4, 4–5 and so on. This finding 
can be explained by noting that the liquid yield generated during the 
charging phase is always smaller than 1. Consequently, the air mass flow 
rate in the discharge phase is lower than that in the charge phase. The 
inequality of mass flow rates implies that, if the same number of 
compression and expansion stages is used, the heat generated during the 
compression processes is always higher than the amount of heat needed 
to reheat the liquid air before the expansion processes. This situation 

Fig. 18. HEATSEP basic configuration for the low and high temperature inte
gration step. 

Fig. 19. HEATSEP basic configuration for the step of complete thermal integration in the LAES system plus an ORC system as additional heat recovery system.  

Fig. 20. Results of the HEATSEP optimizations for different combinations of 
number of compression and expansion stages. 
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results in a waste of heat and, in turn, to a lower efficiency. For this 
reason, the use of a higher number of expansion than compression stages 
generates a higher number of cold streams, which allows higher flexi
bility and potential to recover the heat excess of the charge phase. This 
outcome is clarified in Fig. 21, which compares the composite curves 
obtained with two different combinations of the number of compression 
and expansion stages, namely, 2–2 (Fig. 21(a)) and 2–3 (Fig. 21(b)). The 
higher number of cold streams in the combination 2–3 entails a better 
match between hot and cold composite curves and a lower amount of 
heat rejected to the environment. 

Fig. 20 shows also that the maximum values of the roundtrip effi
ciencies decrease as the staging in the compression phase increases. This 
is because the higher the compression stages the lower the temperature 
at which the intercooling heat is provided to the discharge process (i.e., 
heating before expansion). As a result, the inlet temperatures of the 
turbines are lower and, in turn, the power output decreases. Thus, the 
beneficial effect of a better thermal integration obtained with configu
rations with high number of stages does not compensate for the detri
mental effect of the decrease of the turbine inlet temperatures, which 
heavily influences the roundtrip efficiency [23]. 

Table 6 reports the values of the turbine inlet temperatures, the 
outlet temperatures of the last stage of the compressor and the roundtrip 
efficiencies against the number of compressor and expansion stages. It is 
apparent that a higher number of compression stages implies a decrease 
of the temperature at the outlet of the last stage, which, in turn, results in 
a decrease of the maximum turbine inlet temperatures and of the 
roundtrip efficiency. It is also important to underline that the staging of 
turbomachinery is necessary in applications with high pressure ratios 
(such as LAES systems) because of technological and economic con
straints. The selection of the best compromise between round trip effi
ciency and number of components should therefore consider 
thermodynamic, economic, and technological aspects. 

7.2. Influence of the thermal integration level 

The influence of the thermal integration level on the round trip ef
ficiency is analyzed in the following. The last column of Table 7 shows 
the round trip efficiencies that are obtained by the application of the 
HEATSEP optimization to the LAES configurations characterized by the 
optimal combination of two compression stages and three expansion 
stages found in Section 7.1 and the different level of thermal integration 
defined in Section 4. The second column of the same Table 7 shows the 
round trip efficiencies of the literature configurations having the same 
boundary conditions and the same level of thermal integration. It clearly 
appears that the efficiency gain obtained using the HEATSEP approach 

Fig. 21. Comparison between composite curves obtained with different combinations of the number of compression and expansion stages: a) 2 compression and 2 
expansions stages, b) 2 compression and 3 expansions stages. 

Table 6 
Compressor outlet temperature, turbine inlet temperature and roundtrip effi
ciency for several combination of compression and expansion stages.  

Parameters Values 

Compression 
stages 

2 3 4 

Compressor Tout 

[K] 
704 540 472  

TIT 
[K] 

ηrt [%] TIT 
[K] 

ηrt [%] TIT 
[K] 

ηrt [%] 

1 exp. stage 694 K 47.0 
% 

– – – – 

2 exp. stages 694 K 60.3 
% 

530 K 44.0 
% 

– – 

3 exp. stages 637 K 61.7 
% 

516 K 58.1 
% 

462 K 50.7 
% 

4 exp. stages 450 K 59.7 
% 

510 K 58.8 
% 

462 K 56.1 
% 

5 exp. stages – – 485 K 58.3 
% 

455 K 57.8 
% 

6 exp. Stages – – – – 441 K 55.9 
%  

Table 7 
Roundtrip efficiency resulting from the design optimization of the literature 
configurations and of the corresponding basic configurations (HEATSEP 
method) for different levels of thermal integration between charge and 
discharge phases.  

Evolution steps Reference ηrt (optimization of 
the literature 
layouts) 

ηrt (Heatsep 
Optimisation) 

Absence of thermal 
integration 

Table  1.8 % –  
8.5 %  

10.2 % 

Low temperature thermal 
integration 

[43]  19 % 
26.3 % [16]  26.3 % 

[15]  8 % 

Low and High 
temperature thermal 
integration 

[17]  61.7 % 

61.7 % 
[19]  61.1 % 
[20]  55.0 % 
[21]  55.3 % 
[22]  56.3 % 

Low and high 
temperature thermal 
integration plus ORC 
system 

[21]  61.9 % 

64.3 % [22]  59.5 %  
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becomes significant only for the maximum level of integration. Further 
improvements can be obtained only by increasing the efficiency of the 
turbomachinery. It is worth noting that, on the other hand, an increase 
in the efficiency of heat exchangers only affects the cost of the system. In 
fact, once the pinch point temperature difference is fixed (Table 4), the 
optimal heat transfers obtained from optimizing the basic configurations 
can be carried out by a HEN designed from the resulting composite 
curves (Section 5.2.2). Each heat exchanger of the HEN can have either a 
high heat transfer coefficient (and, in turn, low heat transfer area) or a 
low heat transfer coefficient (and, in turn, high heat transfer area). These 
alternatives only impact the cost of the heat exchangers and not the 
round-trip efficiency, which is instead univocally determined once the 
composite curves are generated. 

Looking in more detail: 
Absence of thermal integration: in this case the application of the 

HEATSEP method is omitted, just limiting the analysis to the choice 
between Solvay and Claude liquefaction systems shown in Section 4.1. 

Low temperature thermal integration: The thermal integration in the 
low temperature section has the great benefit to reduce substantially the 
liquefaction work. The low roundtrip efficiency found by Morgan et al. 
[15] is due to the small size of the plant, and to the fact that the cold 
thermal integration is not completely exploited. Li et al. [16] were able 
to achieve the lowest liquefaction work (950 kJ/kgliquid air). However, the 
configuration in [16] uses an external high temperature source provided 
by a nuclear reactor. Fig. 22 shows the basic configuration of the LAES 
system at this level of thermal integration including the optimal com
bination of two compression stages and three expansion stages (Section 
7.1). It is worth reminding that in this case the HEATSEP optimization 
approach involves only thermal “cuts” below the ambient temperature 
(see Section 6.2). Any heat rejection (e.g., heat exchange 2–3) or heat 
absorption (e.g., heat exchanges 10–11 and 12–13) are towards or from 
the environment. The optimization of this basic configuration results in 
the same roundtrip efficiency (26.3 %) of the design optimization of the 
literature configuration in [16] under the same boundary conditions (i. 
e., environment as heat source or sink). Fig. 23 shows the composite 
curves resulting from the HEATSEP method, which coincide with those 
obtained from the optimization of the configuration in [16]. Below the 
ambient temperature (i.e., below points 9 and 3), the HEATSEP method 
achieves an almost perfect thermal integration (i.e., at the minimum ΔT 
all over the temperature range). However, a big part of heat made 
available by the hot composite curve (i.e., in between points 2 and 3) is 
not recovered but rejected to an external heat sink. Starting from the 
basic configuration in Fig. 22, the construction of the heat exchanger 
network starting from the composite curves in Fig. 23 leads to the 
configuration in Fig. 24. The section of low temperature thermal inte
gration is the same as that in [16], demonstrating that the configuration 
in [16] allows the best internal exploitation of the heat streams available 
below the ambient temperature (Section 6.2). It is worth observing that, 
in contrast to the basic configuration in Fig. 22, the configuration in 

Fig. 24 does not include the cryo-expander in the parallel circuit branch 
(in between points 4 and 15 in Fig. 22). The exclusion of this expander 
(derived from the fact that the optimization procedure assigns a zero 
value to the mass flow rate across the cryo-expander) suggests that the 
optimal liquefaction cycle in the context of low temperature thermal 
integration is the Solvay cycle (Fig. 11(a)) and not the Claude cycle 
(Fig. 11(b)). This result is expected because the higher thermal capacity 
of the liquid air (Section 4.2) strongly decreases the contribution of the 
recirculated vapour fraction to the cooling process of the compressed 
air. This effect cancels the difference between Solvay and Claude cycles 
in a LAES system in the low temperature thermal integration level. 

Low and high temperature thermal integration: The addition of the high 
temperature thermal storage increases the net power output of the 
discharge cycle and, in turn, the roundtrip efficiency (maximum ηrt of 
61.7 % vs 26.3 % of configurations with low temperature integration). 
Results in Table 7 corresponding to configurations with “low and high 
temperature thermal integration” highlight a main difference between 
the ηrt of the configurations in [17,19] (above 61 %) and that of the other 
literature configurations considered in this step (about 55 %). This 
discrepancy appears because the configurations in [17,19] are the only 
ones that use the optimal combination of compression and expansion 
stages identified in Section 7.1 (2 compression and 3 expansion stages). 

Fig. 25 shows the basic configuration of the LAES system at this level 
of thermal integration (Section 6.3), in which every option of thermal 
integration between the charge and discharge phases is considered by 
cutting the thermal links between basic components. Fig. 26(a) shows 

Fig. 22. Basic configuration of the “low temperature thermal integration” level.  

Fig. 23. Composite curves of the “low temperature thermal integration” level 
resulted from the HEATSEP optimization. These composite coincide with those 
obtained from the optimization of the configuration in [16]. 
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the composite curves of the most performing configuration from the 
literature (i.e., the one in [17]), whereas Fig. 26(b) shows the composite 
curves resulting from the HEATSEP optimization applied to the basic 
configuration in Fig. 25. As explained in Section 7.1, the total heat flow 
in the charge cycle (which is represented by the hot composite curve) is 
higher than that of the discharge cycle (the cold composite curve). Thus, 
some amount of heat is inevitably rejected to the environment. Heat 
rejection in the high temperature section represents a waste of energy, 
while heat rejection below ambient temperature is not possible. For this 
reason, the cold composite curve is divided in two parts, with a gap in 
the middle in correspondence of the ambient temperature, which 

represents the heat rejection to the environment. The comparison be
tween the composite curves in Fig. 26(a) and Fig. 26(b) highlights that 
the application of the HEATSEP method results in a reduction of the 
amount of heat rejected to the environment. Unlike the configuration in 
[17], the HEATSEP method suggests avoiding the use of the air flow 
exiting the last expansion stage to heat up the evaporating air in the 
discharge phase (Fig. 6). In fact, the use of this thermal stream increases 
the amount of excess heat available to the discharge phase (in addition 
to that coming from the charge phase) that must be rejected. The 
outcome is that of enlarging the gap in the middle of the cold composite 
curve without affecting the value of ηrt, which is 61.7 % for both the 

Fig. 24. Layout of the low temperature thermal integrated system built upon the composite curves in Fig. 23.  

Fig. 25. Basic configuration of the “low and high temperature thermal integration” level.  

Fig. 26. Comparison between the composite curves of a) the most performing configuration in the literature [17] and b) those resulted from the HEATSEP optimization of the 
basic configurations in Fig. 25. 
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configuration in [17] and the one optimized with the HEATSEP method. 
Fig. 26 shows the layout obtained by building the heat exchanger 
network based on the optimal composite curves shown in Fig. 26(b). 
Compared to that in [17] (Fig. 7), the configuration in Fig. 27 allows 
removing the heat exchanger that recovers heat from the exhaust air. 

Low and high temperature thermal integration plus ORC system: the 
addition of the ORC system as heat recovery system may help further 
reduce the amount of heat rejected to the environment (i.e., the gap of 
the cold composite curve in Fig. 26), which is used to generate addi
tional work. Looking at the results of the literature configurations 
(Table 7), this solution is slightly beneficial for the roundtrip efficiency, 
which increases from 0.2 % to 6 % with respect to the configurations 
without the ORC system. Fig. 28 shows the basic configuration of the 
LAES system at this evolution step, which is the same as that in Fig. 19 
(Section 6.4) except for the addition of the optimal combination of 
compression and expansion stages. Fig. 29 compares the composite 
curves of the best performing layout from the literature [21] (Fig. 29(a)) 
with the composite curves resulting from the HEATSEP method (Fig. 29 
(b)). The only difference between them is due to the different combi
nation of the number of compression and expansion stages, which, in 
[21] are 3 and 3 (Fig. 29(a)), whereas in Fig. 29(b) are 2 and 3, 
respectively. This difference is also the reason why the round trip effi
ciency obtained with the HEATSEP method is higher (64.3 %) than that 
of the configuration in [21]. The configuration resulting from the con
struction of the HEN upon the composite curves of Fig. 29(b) is the same 
as the one in [21] (Fig. 10) except for i) the vapour compression cycle, 
which is not considered in this work, and ii) the higher number of 
compression stages (3 instead of 2). 

8. Conclusions 

This paper presents a novel approach to analyse Liquid Air Energy 
Storage systems (LAES) configurations in the literature, which is able to 
identify a common thread in their evolution and possible design 
improvements. 

Starting from LAES systems where charge and discharge phase are 
considered separately, the deep analysis of the configurations proposed 
in the literature allowed different levels of thermal integration to be 
identified in the evolution towards higher performance. Following an 
increasing order, these levels are: i) low temperature thermal integra
tion, where only heat fluxes below ambient temperature are exchanged 
between charge and discharge phases, ii) low and high temperature 
thermal integration, where a complete thermal integration between 
charge and discharge phases is considered, and iii) the integration level 

ii) with the addition of an Organic Rankine Cycle system exploiting the 
excess heat coming from the charge phase. Subsequently, the HEATSEP 
method is applied, which requires, for each level of thermal integration 
between charge and discharge phases, the “extraction” of the “basic 
configuration” (i.e., that including the components different from the 
heat exchangers) to allow for the search of the optimal match between 
hot and cold internal thermal streams before defining the configuration 
of the heat exchangers network. The use of the HEATSEP method is 
twofold: 1) to identify which combination of the basic components are to 
be preferred for a given level of thermal integration between charge and 
discharge phases, and 2) to search for the optimal match between hot 
and cold internal thermal streams in a given basic configuration corre
sponding to a specified level of thermal integration between the charge 
and discharge phases. 

The application of the HEATSEP method according to 1) points out 
that, at the level of complete thermal integration within the LAES system 
(i.e., low and high temperature thermal integration between the charge 
and discharge phases), the optimal combination of the number of 
compression and expansion stages is two compression and three 
expansion stages. This combination entails an improvement of the round 
trip efficiency from 1 % to 10 % with respect to other combinations. 

On the other hand, for each level of thermal integration between the 
charge and discharge phases analyzed in 2), the comparison of the 
design optimization results of the “basic configuration” (HEATSEP 
method) with those of the systems in the literature built on that basic 
configuration under the same boundary constraints allowed under
standing possible performance improvements deriving from the optimal 
match between internal hot and cold streams. The following main design 
guidelines are obtained:  

• Thermal integration between the hot streams of the charge phase and 
the cold ones of the discharge phase is crucial to increase the round 

Fig. 27. Layout of the low-and-high temperature thermal integrated system built upon the composite curves in Fig. 26(b).  

Fig. 28. Basic configuration of the evolution step including “low and high 
temperature thermal integration” plus the ORC system. 
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trip efficiency of the LAES system in absence of any external heat 
input from waste heat sources.  

• If the thermal integration between charge and discharge phases is 
limited to the low temperature section (i.e., below the ambient 
temperature) and only the environment is used as heat source and 
sink, a maximum round trip efficiency value of 26.3 % can be 
achieved.  

• The HEATSEP method highlights that the optimal match between 
internal hot and cold thermal streams in the low temperature ther
mal integration level makes the Solvay liquefaction cycle performing 
as the Claude one (in terms of liquid yield) because of the higher 
contribution of the liquid air to the cooling of the compressed air 
compared to the recirculated vapour fraction.  

• In the low and high temperature thermal integration level, the 
HEATSEP method suggests avoiding the use of the air flow exiting 
the last expansion stage to heat up the evaporating air in the 
discharge phase. This allows building a LAES system configuration 
that has one less heat exchanger than the best performing literature 
configuration while maintaining the same round trip efficiency of 
61.7 %.  

• Compared to a LAES system that exploits at best all internal heat 
transfers, the inclusion of an Organic Rankine Cycle system as 
additional heat recovery system leads to an efficiency increase from 
61.7 % to 64.3 %. 

Although best absolute values of round trip efficiency obtained from 
the HEATSEP method are higher than those in the literature only for the 
complete thermal integration level with the Organic Rankine Cycle 

system, this work provides the designer with a clear picture of the di
rections to be taken to achieve higher performance depending on the 
complexity of the LAES system configuration. 
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Appendix A  

Table 1A 
Symbols used in the schematic of the LAES configurations.  

Component Symbol 

Compressor 

C
Turbine 

T

(continued on next page) 

Fig. 29. Comparison between the composite curves of a) the most performing configuration in the literature [21] and b) of those resulted from the HEATSEP optimization of the 
basic configurations in Fig. 28. 
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Table 1A (continued ) 

Component Symbol 

Throttling valve 

Cryo-expander 

E

Pump 

Heat exchanger 

Cooler (rejects heat to the environment) 

Heater (absorbs heat from the environment) 

Storage tank 

Combustion chamber 
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