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Abstract

Liquid air energy storage (LAES) is a powerful technology for balancing power supply and demand for a low carbon network.
However, its round trip efficiency is relatively lower compared with other large-scale energy storage technologies. In this paper, a
stand-alone LAES is studied to provide guidelines for improving its round trip efficiency, from the perspective of energy storage
and heat transfer. Storage exergy efficiencies of tanks (7«) and heat transfer thermal efficiencies of heat exchangers (7ur) are
considered. Simulation results show that, among the storage tanks, the liquid air tank plays the most important role: when 7
increases from 0.7 to 1, nrre increases dramatically from 0.18 to 0.51; the M-cold tank determines if the stand-alone LAES could
work. To improve 77, first, good thermal insulation materials should cover the tanks; second, measures need to be taken to mitigate
the mix of energy with different grades in the tanks, such as multi-stage energy storage; thirdly, reducing the number of tanks by
looking for a liquid that has large temperature scales from -190 to 20 °C. For the heat exchangers, 7nz of HE #2 has the most
significant effect on 7rrz; for Cooler or Heater, 7ur does not affect 7rre as e is above 0.65, which indicates that almost 35% of
the stored air compression heat is excess, which could be used for other purposes to improve the round trip efficiency.

© 2017 The Authors. Published by Elsevier Ltd.
Peer-review under responsibility of the scientific committee of the 9th International Conference on Applied Energy.
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1. Introduction

The concentration of carbon dioxide in the atmosphere has passed the dangerous threshold of 400ppm.
Decarbonising the energy sector is a matter of urgency. Renewable energy is a good option and many renewable power
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plants were installed. The share of renewable energy in gloable energy consumption was 19% in 2015, and it is possible
to achieve a 100% renewable energy future by 2050 [ 1]. However, renewable energy is intermittent and electric energy
storage is needed to balance energy supply and demand. Among the large-scale energy storage technologies, liquid air
energy storage (LAES) attracts much attention recently [2-11], which has the potential to overcome the disadvantages
of pumped-hydro and compressed air energy storage.

Some researchers focused on the stand-alone LAES [5-8]. Morgan et al. [5, 6] presented analysis and results from
the design and testing of novel LAES concept at pilot scale. Fundamental analysis of the LAES cycle was described
to determine the theoretical cycle performance and in particular the value of cold recycle. What’s more, the material
and configuration of the cold thermal store was discussed in particular with reference to scale and measures to mitigate
losses due to the irregular and intermittent duty cycle. Sciacovelli et al. [7] proposed a dynamic model for the packed
bed cold thermal storage for LAES. It was found that, due to dynamic cycling charge/discharge, packed beds can bring
an undesired 25% increase in the energy expenditure needed to liquefy air. Guizzi et al. [8] presented a thermodynamic
analysis of a cryogenic energy storage system, based on air liquefaction and storage in an insulated vessel, aimimg 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%).

Studies on integration of LAES with other technologies were made [9-11]. Li et al. [9] proposed a novel solution
by integrating nuclear power generation with LAES technology to achieve an effective time shift of the electrical
power output. Simulation results showed that the round trip efficiency of the LAES was higher than 70%. Antonelli
et al. [10] modeled different process schemes for hybrid LAES plants, including the natural gas combustion, organic
Rankine cycle, and Brayton cycle. Equivalent round-trip efficiencies, higher than 80%, had been calculated.

As shown above, the current research on LAES is mainly on process optimization or system integration, while
seldom research is done from the perspective of energy storage and heat transfer efficieny. Considering that it is
unavoidably to dissipate heat or cold to the environment during energy storage in tanks and heat transfer in heat
exchangers, but it is still not clear how it affects the system round trip efficiency. In this paper, sensitivity studies of
the round trip efficiency of LAES on energy storage and heat transfer efficiencies are made, aiming to provide
guidelines for reducing energy losses, and further improving the system efficiency.

2. System description

The stand-alone liquid air energy storage (LAES) is shown in Fig. 1, which is composed of an air charging cycle
and an air discharging cycle. During off-peak times, the air charging cycle starts to work: ambient air after purified
enters the air compressor and is compressed to high pressure (above critical pressure), where air compression heat is
stored in the hot tank; then, the high pressure air is gradually cooled down by the cold energy stored in the cold tanks
and the low temperature return air; finally, the high pressure air expands to ambient pressure in the cryo-turbine, part
of which is liquefied and stored in the liquid air tank. In peak times, the air discharging cycle starts to work: the liquid
air is pumped to high pressure (above critical pressure), and releases cold energy to cold storage media; after that, it
is heated by the hot fluid stored in the hot tank, and then eneters the air turbine to generate electricity.

3. System performance indexes

In the stand-alone LAES, the round trip efficiency, 7zze, is a key parameter to evaluate the system performance
and is defined as the ratio of output power in the air discharging cycle (W) to input power in the air charging cycle
(VVin):

w /4 w

out air,ur "7 cryo—pump
Mrre = = 0
/4

in air,com cryo—tur

where, the power generation of air turbine is denoted by W, u.; the power consumption of cryo-pump is Weryo-pump;
the power consumption of air compressor is denoted by Wair,com; Weryo-ur 1S the power generation of cryo-turbine.
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During energy storage in tanks, energy grade will decay, which resuts from two reasons: one is the existence of
energy gradients in tanks; the other is the heat dissipation to the environment. Therefore, storage exergy efficiency,
s, 18 used to evaluate the performance of storage, and is defined as the ratio of output exergy (Exoy) to input exergy
(Ex:n) of tanks,

Ex,,
L= ou 2
1, Er, @
Ex:m.[(H_Hamb)_T;mb.(S_Samb)] (3)

where, the mass of storage medium in tanks is denoted by m; H and S are the specific enthalpy and entropy of
storage medium, respectively; Ty is the ambient temperature.

During heat transfer in heat exchangers, cold or heat from one fluid cannot be totally transferred to other fluids in
general, one part of which will be transferred to environment. Here, heat transfer thermal efficiency, 7uz, is used to
evaluate the performance of heat transfer,

9
e = 4
e =0 4)

where, Qi, is the cold or heat released by one fluid, and Q.. is that received by other fluids.
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Fig. 1. Schematic diagram of the stand-alone liquid air energy storage.

4. Results and discussion

For the stand-alone LAES, various storage exergy efficiency (7,) and heat transfer thermal efficiency (77ux) are
considered to study how the efficiencies affect the round trip efficieny. Working parameters and assumptions are
shown in Table 1. Table 2 shows main stream paramters of the stand-alone LAES, where 7 and 7z are set to be 1.0.
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Table 1. Assumptions and working parameters of the stand-alone liquid air energy storage.

Parameters Values
Rated output power (MW) 200
Discharging pressure (MPa) 12
Charging time (h) 8
Charging pressure (MPa) 10
Ambient temperature (K) 293
Ambient pressure (kPa) 101
Air compressor efficiency 0.89
Air turbine efficency 0.9
Cryo-turbine efficiency 0.8
Cryo-pump efficiency 0.7
Pintch point in evaporators (K) 2
Pintch point in other heat exchangers (K) 5

Table 2. Main stream parameters of the stand-alone liquid air energy storage.

Points Mass flow (kg/s) Pressure (MPa) Temperature (K) Fluid

1 145.6 0.1 293 Air

8 231 10 304.3 Air

9 231 10 223.8 Air

10 231 10 126.1 Air

11 231 0.1 79.5 Air

12 85.4 0.1 81.7 Air

13 85.4 0.1 217.8 Air

14 85.4 0.1 295.4 Air

15 478.2 0.1 293 Dowtherm G
19 478.2 0.1 459.1 Dowtherm G
20 263.3 0.1 207.3 Methanol
21 82.9 0.1 293 Methanol
22 462 0.1 87.7 Propane
23 145.4 0.1 214 Propane
24 462 0.1 78.9 Air

25 462 12 84.7 Air

26 462 12 204.8 Air

27 462 12 287.7 Air

28 462 12 453.7 Air

33 462 0.1 305 Air

4.1 Effect of storage exergy efficiency on the stand-alone LAES

Fig. 2 shows the effect of the storage exergy efficiency (7,) of different tanks on the round trip efficiency (77z7e)
of the stand-alone LAES. As shown, 7zrz is most sensitive to 7y of the liquid air tank: when 7, increases from 0.7 to
1, nrre increases dramtically from 0.18 to 0.51, which indicates that the liquid air tank should be thermally insulated
as much as possible to avoid heat dissipation to the environment. 7,; of the H-cold tank has large effect on 7zrz: with
the increase of 7y, nrre increases significantly from 0.37 to 0.511. 7, of the L-cold tank and Hot tank has less effect
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on the round trip efficiency: for the Hot tank, 77zzr increases gradually from 0.47 to 0.51; for the L-cold tank, 7rre
increases generally from 0.45 to 0.49, keeps almost costant at around 0.49, and then increases gradually to 0.51, which
results from the properties of the cold storage medium (methanol). In addition, it should be noted that, for the M-cold
tank, the stand-alone LAES cannot work as 7 is lower than 0.95, which is because the liquid propane stored in the
M-cold tank will become gas.
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Fig. 2. Effect of storage exergy efficiency on the stand-alone LAES.

4.2. Effect of heat transfer thermal efficiency on the stand-alone LAES

Fig. 3 shows the effect of the heat transfer thermal efficiency (77x£) of key components on the round trip efficiency
(nrre) of the stand-alone LAES. nur of HE #2 has the most significant effect on 7zzz: as 7ur increases from 0.6 to 1,
nrre rises dramatically from 0.2 to 0.51, which indicates that thermal insulation of HE #2 should be paid the most
attention to. 7yr of Evaporator #1 has large effect on 7r7e, which increases significantly from 0.33 to 0.51 with the
increase of 77yr. HE #1 and Evaporator #2 have less influence on 7zre, compared with HE #2 and Evaporator #1. ruz
of the Cooler or Heater has no effect on 7z7x as it increases above 0.65, which means thermal insulation of the Cooler
or Heater is not very important, and it also indicates that the amount of air compression heat stored in the Hot tank
exceeds the demand for heating the air before turbines, almost 35% of which is excess and could be used for other
purposes to improve the round trip efficiency.

4.3. Potential and methods to improve the round tirp efficiency of the stand-alone LAES

Based on the above analyes, it is clear that both the storage exergy efficiency and heat transfer thermal efficiency
are crucial for the round trip efficiency of the stand-alone LAES. To improve the storage exergy efficiency, some
measures should be taken:

®  First, all the storage tanks should be covered with good thermal insulation materials, especially the liquid air

tank, H-cold tank and the M-cold tank;

®  Second, reducing the number of cold storage tanks, except the liquid air tank, is beneficial to the storage exery

efficiency. One way is to look for a liquid that can match the large temperature scale from -190 to 30 °C,
which will be discussed in detail in the following paper;

®  Thirdly, multi-stage energy storage, as shown in Fig. 4, would be helpful to reduce the temperature gradients

in tanks, and hence improve the storage exergy efficiency.

To improve the heat transfer thermal efficiency, the only way is to make the heat exchangers well insulated. In
addition, the above analyses of the Cooler or Heater indicate that almost 35% of air compression heat is excess under
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studied conditions. Hence, the use of excess air compression heat will significantly improve the round trip efficiency
of the stand-alone LAES:
®  One way is to drive an organic Rankine cycle to generate additional electricity in the air discharging cycle;
®  Another way is to generate cold energy to help liquefy the gas air in the air charging cycle.
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Fig. 3. Effect of heat transfer thermal efficiency on the stand-alone LAES.

Fig. 4. Multi-stage energy storage to reduce the exergy losses.

5. Conclusions

In this paper, a stand-alone liquid air energy storage system (LAES) is studied to provide guidelines for improving
its round trip efficiency, from the perspective of energy storage and heat transfer efficiencies. During energy storage
in tanks, it is unavoidably to dissipate heat or cold to the environment, which degrades the stored energy and affects
the system round trip efficiency. What’s more, the temperature gradients in tanks, especially the packed beds, will
also decrease the energy level. During heat transfer in heat exchangers, part of heat or cold will be transfered to the
environment even though the heat exchangers are covered by thermal insulation materials, which reduces the amount
of useful heat or cold energy. Storage exergy efficiencies of tanks (7y), including the Liquid air tank, H-cold tank, L-
cold tank and the Hot tank, and heat transfer thermal efficiencies of key components (77x£) are considered.
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Among the tanks, the liquid air tank plays the most important role, and should be thermally insulated as much as
possible: when 7, of the liquid air tank increases from 0.7 to 1, 7grr increases dramatically from 0.18 to 0.51. 7, of
the M-cold tank determines if the stand-alone LAES could work, and should be paid more attention. The L-cold tank
and Hot tank have less effect on the round trip efficiency. To improve the 7, on the one hand, good thermal insulation
materials should cover the tanks; on the other hand, measures need to be taken to relieve the mix of energy with
different grades in tanks, such as the multi-stage energy storage technologies. What’s more, reducing the number of
tanks will also play key roles.

For the heat exchangers, r7ur of HE #2 has the most significant effect on 7z7e, and thermal insulation of HE #2
should be made carefully. The importance of thermal insulation of Evaporator #1, HE #2 and Evaporator #2 decreases
gradually. For Cooler or Heater, 77uz does not affect 7zrz as nueis above 0.65, which indicates that almost 35% of air
compression heat stored in the Hot tank is excess under studied conditions. The use of excess air compression heat
will be cucial for improving round trip efficiency of the stand-alone LAES: one way is to drive an organic Rankine
cycle to generate additional electricity in the air discharging cycle; another way is to generate cold energy to help
liquefying the gas air in the air charging cycle.
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