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Abstract: Liquid air energy storage (LAES) is one of the most promising large-scale energy storage
technologies for the decarburization of networks. When electricity is needed, the liquid air is utilized
to generate electricity through expansion, while the cold energy from liquid air evaporation is stored
and recovered in the air liquefaction process. The packed bed filled with rocks/pebbles for cold
storage is more suitable for real-world application in the near future compared to the fluids for cold
storage. A standalone LAES system with packed bed energy storage is proposed in our previous
work. However, the utilization of pressurized air for heat transfer fluid in the cold storage packed bed
(CSPB) is confusing, and the effect of the CSPB on the system level should be further discussed. To
address these issues, the dynamic performance of the CSPB is analyzed with the physical properties
of the selected cold storage materials characterized. The system simulation is conducted in an
experiment scale with and without considering the exergy loss of the CSPB for comparison. The
simulation results show that the proposed LAES system has an ideal round trip efficiency (RTE) of
39.38-52.91%. With the consideration of exergy destruction of the CSPB, the RTE decreases by 19.91%.
Furthermore, increasing the cold storage pressure reasonably is beneficial to the exergy efficiency of
the CSPB, whether it is non-supercritical (0.1 MPa-3 MPa) or supercritical (4 MPa-9 MPa) air. These
findings will give guidance and prediction to the experiments of the LAES and finally promote the
development of the industrial application.

Keywords: liquid air energy storage; cold storage; packed bed; dynamic characteristic

1. Introduction

To combat climate change, the demand for renewable energy sources still increased in
2020 under the effect of COVID-19, while the consumption of fossil energy sources declined.
Between 2021 and 2022, renewable energy expansion accounted for 90 percent of global
electricity expansion [1,2]. However, renewable energy is intermittent, and their power
generation, when connected to electric networks, will threaten the stability and security of
the grid [3,4]. Energy storage technologies can solve this problem. Thermal energy storage
is greatly used in people’s lives, and phase change materials are popular in recent years,
employed in many commercial applications where stable temperatures are required [5,6].
The potential market of phase change materials includes building heating/cooling [7],
heatsink [8], clothing [9], etc. Among large-scale electricity storage, pumped hydro energy
storage is the most developed technology with a high efficiency of 65-80%. However,
pumped hydro energy storage, along with compressed air energy storage, has geographical
constraints and is unfriendly to the environment. Liquid air energy storage (LAES) is
another large-scale mechanical energy storage technology, which also belongs to thermal
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energy storage. It has attracted extensive attention over the years due to several significant
advantages such as no geographical constraints, friendly energy storage materials, high
energy storage density, etc. [10].

The LAES system consists of three processes: a charging process, a discharging pro-
cess, and a storage process (shown in Figure 1). In the charging process, the purified
air is compressed and liquefied by renewable energy or off-peak electricity, whereas the
compression heat is stored; in the discharging process, liquid air is pumped and expanded
to produce peak electricity, whereas the cold energy from liquid air evaporation is used
to enhance air liquefaction. Cold recovery and storage are crucial to the LAES system. A
great number of researchers, therefore, focus on efficient cold recovery methods to improve
the thermodynamic performance of LAES.
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Figure 1. The simplified block diagram of the LAES system. Adapted from Ref. [11].
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1.1. Development of Cold Recovery for LAES System

At the beginning of Smith’s patent [12], the ‘cold regenerator’ made of stainless
steel was first invented and employed as the role of the cold recovery component. This
regenerator was also used to recover the cold energy of liquid air in the work of Chino and
Araki [13], which is composed of steel pipes filled with small pebbles. Subsequently, the
rocks/pebbles were naturally utilized as the cold storage materials for the cold recovery
process of the LAES system, mainly due to their low capital costs and good chemical
stability. Based on the first pilot plant (350 kW /2.5 MWh) located at the University of
Birmingham, Morgan et al. [14] predicted a high RTE of ~60% with high-grade heat
contribution from CHP plants. Sciacovelli et al. [15] established a dynamic model of the
cold storage packed bed (CSPB) filled with rocks for the LAES system, achieving a round
trip efficiency (RTE) of ~50% with the compression heat recovery by thermal oil. This
led to a trend of the CSPB employed in LAES systems. Using the same LAES models,
Legrand et al. [16] introduced the LAES system to the Spanish power grid with renewables
connected, of which the leveled cost of energy and storage were significantly reduced.
Vecchi et al. [17] assessed a realistic LAES model considering off-design conditions for
participating in electricity markets, and the RTE can be different by up to 30%. Due to
the inevitable dynamic performance of LAES caused by the thermoclines in their CSPB,
Wang et al. [18] proposed two operation modes for the air liquefaction process to smooth
the dynamic effects, resulting in a low RTE of ~43%. The pressurized air was employed as
the heat transfer fluid for cold recovery; however, the reason was not elaborated.

Another cold recovery method is fluid-based cold storage, which is not only employed
as cold storage material but also as heat transfer fluid. The fluids for cold storage mainly
include methanol/propane [19-24] and propane [25,26]. Li et al. [19] used a combination
of methanol and propane as cold storage materials for the first time and obtained good
temperature gradient matching in heat exchange. The RTE can be achieved at a high
value of 71% when integrated with the nuclear power plant. She et al. [20] proposed
a LAES system with an Organic Rankine Cycle for effective compression heat recovery
and utilization. The RTE was increased to ~55%. This system configuration with liquid
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methanol/propane for cold storageencourages many LAES scholarstoinvestigate the ef-
ficient use of compression heat, mainly including additional power generation [21,22]
and cooling /heating [23,24]. Compared to the rocks/pebbles for cold storage, liquids for
cold storage usually result in a higher RTE. However, the LAES systems with fluid-based
cold storage are generally steady-state and simplified without considering the energy loss
during charging, storage, and discharging processes. Moreover, these cold storage fluids
are flammable, which is dangerous when the LAES is applied in large-scale power plants
and networks.

1.2. Development of Experimental Packed Bed

The LAES has a history of ~50 years since 1977 when Smith [12] proposed using liquid
air for peak shaving. The amount of LAES research increases year by year, especially after
2010 with the first LAES pilot plant built. However, minimal literature was related to
experiments, which is not conducive to the LAES for industrial applications. There is no
available experimental data on cold storage in the literature.

Packed bed energy storage is a mature thermal energy storage technology used as
both heat and cold storage of the LAES system. The experiments were generally conducted
in the high-temperature range of over 300 K. Wen et al. [27] studied experimentally the
transient and steady-state heat transfer behaviors of fluid flowing through the packed bed
in the temperature difference range of 100 °C, which found that the temperature drop at the
wall of the packed bed depended on the distance from the inlet. Liu et al. [28] conducted
experiments of the rock bed in the temperature range of over 150 K, which showed a higher
pressure led to smaller radial temperature distribution, and less the inlet effect on the heat
transfer coefficient. Besides, Chai et al. [29] tested the packed bed in a cryogenic energy
storage system under the temperature from —200 °C to 40 °C, which found that the axial
length of the thermocline zone increased as the working pressure decreased.

1.3. Objective and Motivation of This Study

In the LAES system, there are still some knowledge gaps about cold storage being
indicated in the above literature review: (1) Our previous work, along with other studies,
reports that the packed bed filled with rocks for cold storage is popular recently and
promising for industrial applications; however, the utilization of pressurized air for heat
transfer fluid in the CSPB is confusing; the reason needs to be further elaborated. (2) The
effect of CSPB on the LAES system is not clear. (3) The above-mentioned LAES studies are
mainly based on simulation analysis; LAES experiments are scarce and are not conducive
for future development; in order to guide and predict the experiments of the CSPB in
the LAES system, the thermodynamic analysis of an experiment-scale CSPB should be
conducted in advance.

To address the above issues, this study establishes a LAES model based on a standalone
LAES configuration, which is reported in our previous work [18]. The physical properties
of the selected white cobbles for cold storage were first characterized. The sensitive analysis
of the cold storage pressure on the LAES system is studied in idealistic conditions. The
dynamic performance of the experiment-scale CSPB in the LAES system is analyzed from
the first cycle to the stable cycle. Finally, the liquid yield and RTE are evaluated for the
experimental-scale LAES system. The main objective of this study is to investigate the
effect of the dynamic CSPB on the LAES system. Section 1 shows the background, literature
review, and motivation; Section 2 describes the methods and approaches, expounding
on the mathematical model and validation; Section 3 presents the results and discussion;
Section 4 gives the main conclusions.

2. Methods and Approaches
2.1. System Description

Figure 2 shows the specific flow figure of the proposed LAES system with packed
bed energy storage. The system is mainly composed of an air liquefaction (i.e., charging)
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process based on a Linde cycle and a power generation (i.e., discharging) process based on
an open-Rankine cycle. The detailed operation of the system is as follows.
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Figure 2. The specific flow figure of the proposed LAES system.
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2.1.1. Charging and Discharging Process of LAES System

When the electricity is excess (i.e., off-peak hours), the charging process operates to
produce liquid air: the ambient air mixed with reflux air (point 1) is compressed and cooled
by a three-stage air compressor with inter-coolers, the compression heat is harvested and
stored in the heat storage packed bed (HSPB) by thermal oil (i.e., heat recovery fluid); the
air after compression (point 7) is then deeply cooled down in the cold box by the reflux
air and the pressurized air (i.e., cold recovery fluid) from the CSPB; the liquid air is finally
generated through expansion, then stored in the tank.

When the electricity is needed (i.e., peak hours), the discharging process operates to
generate power: the liquid air (point 12) is pumped by a cryo-pump and preheated in the
evaporator, the cold energy of liquid air is harvested and stored in the CSPB by pressurized
air; the high-pressure working air (point 14) is then furtherly heated and expanded by a
three-stage air turbine with inter-heaters to produce electricity.

2.1.2. Charge and Discharge Process of the Packed Beds

The packed bed is a cylindrical container filled with spherical particles. The container
is made of a Q345R pressure vessel steel plate which is insulated by expanded perlite. The
temperature sensors are arranged inside the particles to measure the temperature changes
of bed layer by layer. The packed bed energy storage includes two processes: the charge
(heat/cold storage) process and the discharge (heat/cold release) process, which is shown
in Figure 3a.

—

Temperature sensors

\-_/

Figure 3. Chart of the charge and discharge process of packed bed energy storage (a) and the picture
of cold storage packed bed (b).

(a)
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In the charg process, the hot/cold stream flows from the bottom of the bed to the
top, transferring heat/cold energy to the rocks; in the discharge process, the stream with
ambient temperature flows from the top of the bed to the bottom, extracting the heat/cold
energy from the rocks. The packed bed is filled with a kind of white cobble, which comes
from Xinmao Mineral Products Processing Plant in China with a low price of 231.75 $/ton.

For the HSPB, the heat energy from air compression is sufficient for enhancing the
power generation of air turbines, whereas the rest of the compression heat is exhausted
for other occasions. The charge process of HSPB works in the charging process of the
LAES system, and the discharge process of HSPB works in the discharging process of the
LAES system.

In the charg process, the hot/cold stream flows from the bottom of the bed to the
top, transferring heat/cold energy to the rocks; in the discharge process, the stream with
ambient temperature flows from the top of the bed to the bottom, extracting the heat/cold
energy from the rocks. The packed bed is filled with a kind of white cobble, which comes
from Xinmao Mineral Products Processing Plant in China with a low price of 231.75 $/ton.

For the HSPB, the heat energy from air compression is sufficient for enhancing the
power generation of air turbines, whereas the rest of the compression heat is exhausted
for other occasions. The charge process of HSPB works in the charging process of the
LAES system, and the discharge process of HSPB works in the discharging process of the
LAES system.

For the CSPB, the cold energy from liquid air gasification is insufficient for enhancing
the air liquefaction to the idealistic condition, which is further discussed in this study. The
charge process of CSPB works in the discharging process of the LAES system, and the
discharge process of CSPB works in the charging process of the LAES system. The picture
of CSPB in an experimental scale can be found in Figure 3b.

2.2. Methodology

Figure 4 shows the methodology of this study, with the default working parameters.
The mathematical models of the proposed LAES system are established in Matlab R2020a.
In order to obtain high thermodynamic performance, the methodology performs a genetic
algorithm to optimize parameters. The initial population is generated by default and
the size of pulation is determined by the optimization variables. The judging codes are
used to decide the end condition or not. After generations, the programme outputs the
optimization results. The objective function based on the optimization algorithm is also
shown in Figure 4.

START )
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l max(Round Trip Efficiency)
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in Evaporator

Temperature Difference at Pinchpoint K J
in Coldbox, Heater, Cooler ’

Isentropic Efficiency of C 0.89

Isentropic Efficiency of Turbine

0.9

Isentropic Efficiency of Cryo-pump

0.7

‘ System Si

ulation Neglecting Exergy Loss of
Packed Bed

Ideal Liquid Yield

Parameter

Value

Ambient Air T

293K

Ambient Pressure

0.1MPa

Charging Time

0.5h

Discharging Time

0.5h

Liquid Air Flowrate in the Charging Cycle

0.016kg/s

Liquid Air Flowrate in the Discharging Cycle

Experimental Scale

Ideal Round Trip Efficiency

Vs

Dynamic Simulation of Cold Storage Packed Bed

0.028kg/s

I

Inner Diameter of Cold Storage Packed Bed

0.5m

Diameter of Cold Storage Rocks

0.02m

Porosity of Cold Storage Packed Bed

0.4

System Si

Considering Exergy Loss of
Packed Bed

Realistic Round Trip Efficiency
Realistic Liquid Yield

Height of Cold Storage Packed Bed

1.5/3.0/4.5m

Initial T of Cold Storage Packed Bed

293K

Bed Insulation Material Expanded Perlite
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Figure 4. Schematic of solution methodology of this work.
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2.3. Mathematical Model
2.3.1. Power Components and Heat Exchangers

For the compressors, turbines and pump, the outlet specific enthalpy can be expressed by:

COMm,s 7hei,com

heity
h€i+1,com = hei,com + n
1so,com

hei-i—l,tur = hei,tur + Uiso,tur(hei-&-l,tur,s - hei,tur) . (1)

hei+1,pump,sfhei,pump
heist,pump = heipump + =5 0

where 15, is the isentropic efficiency; subscript ‘i’ represents the stream number; subscript
‘7

s’ represents isentropic process; subscript ‘comt’, ‘tur” and ‘pump’ refer to compressor, turbine
and cryo-pump, respectively. The power consumption of air compressor is hence given by:

Wpc,ac = my-[(hea — hey) + (hey — he3) + (hes — hes)] (2)

where m is the mass flow rate. The power output of cryo-turbine (Wpp,cr) and air turbine
(Wpo,4r) is respectively calculated by:

Wpo,cr = mg-(heg — heg) 3)

Wpo,aT = mi5-[(heis — heig) + (her7 — heg) + (heig — hey)] 4)

where the subscript ‘charging’ and ‘discharging’ respectively refer to the charging and
discharging process of the LAES system.
The power consumption of cryo-pump is given by:

Wpc, pump = m1z-(heiz — her) ®)

Finally, the net power input of the charging process and the net power output of the
discharging process are determined by:

Wpec charging = Wpc,ac — Wpo,cr (6)
WPO,discharging = Wpo,aT — WPC,Pump (7)

2.3.2. Charge and Discharge Processes of Packed Bed

The HSPB and the CSPB use the same numerical model for simulation. As shown
in Figure 3a, the numerical model of the packed bed is a cylindrical container filled with
spherical particles. Some basic assumptions are as follows:

(1) One-dimensional Newton heat transfer, ignoring the radial temperature gradient [30].

(2) It is unidirectional for the fluid to flow in the bed, ignoring the viscous stress and
kinetic energy terms.

(3)  The specific heat, density, and thermal conductivity of rocks change as the temperature
changes; the viscosity, specific heat, density, and thermal conductivity of the fluid
change with temperature.

(4) Radiation heat transfer is ignored.

The continuous solid phase model [31,32] expressed the temperature equations of heat
transfer fluid and solid particles in the packed bed. For the heat transfer fluids:

oT oT 2T  6(1—e)h
f f_ f6(1—¢)
E0FCy, f 5 +epfcy s Fral 8/\f 2 + a, (Ts - Tf) + hy (Tw — Tf) (8)

For the solid particles [18]:

oTs 2Ts  6(1—¢)h
(1 - S)pscp,sg = (1 - 8))\5 + ( S) (Tf - Ts) (9)
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where ¢ is the porosity of the packed bed, ¢, is the specific heat of the heat transfer fluids, u
is the velocity of the packed bed, T is the temperature of the packed bed, t is the charge
or discharge time, z is the axis of height, A is the thermal conductivity of the heat transfer
fluids or the solid particles, and d), is the particle diameter; subscripts ‘f’, ‘s’ and “w’ refer to
the heat transfer fluid, solid partlcles and wall, respectively.

The surface heat transfer coefficient i between heat transfer fluid and filled solid
particles is computed by Wakao’ s formula [33]:

hd
Nu =~ =24 1.1Pr3 Re%S (10)
Af
where Nu, Re, and Pr are the Nusselt number, Reynolds number, and Prandtl number,

respectively; u is the viscosity of the heat transfer fluids.

Prugedy o _ Cpfby

Re, =
oy Af

(11)

The volumetric heat transfer coefficient 1, of the wall was computed by Incropera [34,35]:

h’(nD) 4n’
1 1d DX 1, dl+1 1 d,
T=ipTo 13
W h Z Al l haut dNJrl ( )

The correlation of natural convection on the free wall was given by VDI Warmeat-
las [36] as follows:

172
Nitguihy {0825 +0.387[Ra-f(Pr)]s } Ay

hout = H = H (14)
f(Pr) = [1 + (0.492/Pr)ﬁ} (15)
Ra = Gr-Pr (16)
g‘BATH?’ g(Tsurface - Tw) H? 17)
2
(ijr) (Tsurfuce+ TZU)(‘gf)

The convective heat transfer coefficient #;, in the bed was given by Ismail and
Stuginsky [31]:
A 1
Iy = (df) (2.58Re,§ + 0.094R62'8Pro'4> (18)
p
According to the above assumptions, the iterative calculation is carried out by Matlab
code, and the equation is solved by the finite difference method for discretization. The
central difference method is used for spatial domain division, and the full implicit format
is used for time-domain division. Some key parameters (cp, p, A and etc.) of fluid and solid
particles are not constants and vary with temperature.
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2.4. Thermodynamic Performance Index
2.4.1. Exergy Efficiency of the Cold Storage Packed Bed

In order to show the energy storage capacity of the CSPB, the exergy efficiency of the
CSPB is defined as the ratio of outlet exergy in the discharge process to the inlet exergy in
the charging process:

ftcharging

dt
msz1 €31 (19)

WEE'CSPB - tdischarging d
Jo M3y e3qdt

where tging is the charging time of LAES system; t4iscnarging is the discharging time of
LAES system; e is the specific exergy and is calculated by:
e = (he —heg) — To(s — sp) (20)

2.4.2. Exergy Efficiency of Cold Box and Evaporator

The cold box and evaporator are the key heat exchangers for cold recovery. The exergy
efficiency of the cold box and evaporator can be computed by:

mg(es — e7)
EE,coldbox — (21)
"IEE coldbox m31(e31 — esn) + mig(e10 — e11)
m33(€33 — €34
NEE evaporator = Q (22)

m14(€14 - 613)

2.4.3. Liquid Yield and Round Trip Efficiency

Liquid yield shows the air liquefaction capacity during the charging process, which is
widely used in many LAES literature [23,24,37]. The transient liquid yield is defined as the
mass flow rate ratio of liquid air to intake air:

Yira = ZLach (23)

The average liquid yield is defined as the mass ratio of the total produced liquid air to
the total intake air for a cycle, which is calculated by:
f(;charging mLA,chdt

tcharging
fo mﬂir,chdt

Yave = (24)

The RTE is crucial to the evaluation of the LAES system performance. The RTE of the
LAES system is defined as the ratio of power generation in the discharging process to the
power consumption in the charging process:

tdisr:harging
IN Wpo,qisdt

'IRTE = tcharging W d
PC,chit

Jo

(25)

2.5. Model Validation
2.5.1. Model Validation of Cold Storage Packed Bed

Figure 5 shows the model validation of the CSPB. The operation conditions of the CSPB
and air in the model validation are shown in Table 1. Figure 5 compares our simulation
results with the data from [15], in terms of the rock temperature distributions in the charge
process. The maximum deviation is 8.88% and the average deviation is 2.96%. Thus, the
mathematical model of the CSPB is valid to be calculated.



Energies 2022, 15, 36

9 of 20

300

2=0.17m (Proposed System)

z=1.70m (Proposed System)
L z=3.13m (Proposed System)
¥ z-0.17m(Sciacovelli et al.)

€ 2z=1.70m (Sciacovelli et al.)

250 F ® z-3.13m(Sciacovelli et al.)

200 F

Rock Temperature (K)

150 F

vvvvvvee

100 L L L L s s
0.0 0.1 0.2 03 04 0.5 0.6 0.7

charge time (h)

Figure 5. Model validation of the cold storage packed bed.

Table 1. Operation conditions of the CSPB in model validation.

Inner Diameter of Cold Storage Packed Bed 12m
Height of the Cold Storage Packed Bed 13.65m
Inlet Air Mass Flow Rate 406.6 kg/s
Pressure of Inlet Air 0.15 MPa
Temperature of Inlet Air 278.2K

2.5.2. Model Validation of the Proposed LAES System

Figure 6 shows the model validation of the proposed LAES system. The model of
discharging cycle in the proposed LAES system is verified by the experiments of LAES
pilot plant from [38]. Figure 6 compares the power generation of the LAES system, the
simulation results match well with the testing results. The maximum deviation of 7.4%.
Thus, the mathematical model of the proposed LAES system is valid to be calculated.

350

—&— LAES model

®  Experimental Data )

300

250

W (kW)

200

150

100

50
04 0.6 0.8 1.0 12 1.4 1.6

m (kg/s)

Figure 6. Model validation of the proposed LAES system.

3. Results and Discussion
3.1. Physical Characterization of Cold Storage Materials

The parameters of the heat transfer fluids can be obtained from REFPROP, which
change with temperature and pressure. REFPROP is a software to investigate the phys-
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ical properties of refrigerants, which is developed by the American Institute of Stan-
dards Technology (NIST) [39]. However, the parameters of selected cold storage materials
(i.e., white cobbles) are unknown. The physical properties of the white cobbles should be
characterized first. Density, specific heat capacity, and thermal conductivity were measured
for subsequent modeling and calculation.

3.1.1. Density of White Cobbles

The density of the white cobbles was determined by dividing the mass in kilograms
and the volume in cubic meters. The mass is measured by an AUW320 dual-range semi-
micro balance (£0.0001 g, see Figure 7b). The volume is measured by the drainage method,
using a graduated cylinder (250 & 2 mL, see Figure 7b). The apparatuses for testing the
density of rocks are shown in Figure 7. The average density of particles is achieved at a
value of 2815 kg/ m3 through multiple measurements.

i
....,_'.'" weery

G *2 aspaneryd!

0:2m| nnm..-':'n'.".".

(b)

Figure 7. The apparatuses for testing density of rocks: (a) AUW320 dual-range semi-micro balance;
(b) graduated cylinder.

3.1.2. Specific Heat Capacity of White Cobbles

Differential scanning calorimetry (DSC) is used to calculate the specific heat of the
white cobbles. It is possible to calculate the unknown heat capacity of material by analyzing
the difference in heat flow between a sample (sapphire) with a well-known heat capacity
and the material, which is called the sapphire method. NETZSCH DSC 200F3 is used to
obtain the specific heat capacity of white cobbles from ~115 K to ~330 K (see Figure 8b).
Figure 8a shows its changes with temperature, which also presents the fitted equation. The
maximum deviation between test and fitted results is 0.064%.

1000

® Experimental dats

900

¢, (kgK)

g

500

(@) (b)

Figure 8. Specific heat capacity of the white cobbles by experiments (a) and the testing apparatus—
NE-TZSCH DSC 200F3 (b).
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3.1.3. Thermal Conductivity of Particles

Hot Disk TPS 2500S is an apparatus that measures the thermal conductivity of mate-
rials based on Fourier’s thermal conductivity law. The thermal diffusivity (mm?/s) and
specific heat (MJ/m3-K) obtained by TPS 2500S are used to calculate the thermal conductiv-
ity of white cobbles (see Figure 9b). When preparing the materials for testing, the white
cobbles should be cut into slices, otherwise the measurement is not accurate enough. Two
slices of the same size are needed to hold the probe tightly. The thermal conductivity
of white cobbles from 233 K to 293 K is shown in Figure 9a, which also changes with
temperature. The maximum deviation between test and fitted results is 0.005%.

Experimental Dat
Fitted Model

A(WAmK))

Figure 9. Thermal conductivity of the particles by experiments (a) and the testing apparatusHot Disk
TPS 25008 (b).

3.2. The Effects of Cold Storage Pressure on the LAES System

The air works as a carrier in a liquid form for storing electricity is an interesting
material. As shown in Figure 10, the specific heat (cy) of air at different pressures varies
with temperature and pressure, which comes from REFPROP. It can be seen that at low
pressure (~0.1 MPa), the specific heat of air changes slightly from low temperature to high
temperature. However, the specific heat capacity of air changes significantly when the
pressure increases from 3 MPa to 15 MPa. When the pressure is near 4 MPa, the specific
heat capacity of air reaches a peak at the temperature of 133.7 K. This is mainly because
that the temperature changes slightly near 133.7 K with the same heat flow per mass.

10
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— S}k | ; —— p=3MPa
@) [ St p=4MPa
) | 2»:5 | p=5MPa
ﬁ | -4 p~6MPa
> 3 p=TMPa
5 6 F 2 -—[r’[(:.\ll’a
5 Z. p=15MPa
= 7 S B e =
=
= sk
O ' ———
i‘)‘ 4 F “]:u |§5 130 |115 |~:|| 1:5 150
- Temperature (K)
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B
5]
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)

0 1 " 1 N 1 N 1

100 150 200 250 300

Temperature (K)
Figure 10. Temperature dependence of the specific heat capacity of air under different pressures.

As discussed in many studies [24,40,41], the cold box accounts for the enormous
exergy destruction among the heat exchangers. A better temperature gradient match of the
heat transfer fluids inside the cold box results in a higher exergy efficiency of the cold box
and hence a better RTE. However, it is a challenge as the working air experienced a large
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temperature range from ~80 K (liquid air temperature) to ~293 K (ambient temperature).
The pressure of working air during the charging and discharging process is usually over
5 MPa, which leads to obvious specific heat changes. Pressurized air is naturally considered
as the cold recovery fluid due to the similar specific heat changes in the cold box.

Figure 11 shows the effects of the cold storage pressure on the LAES system, neglecting
the exergy destruction of the CSPBs, in terms of the exergy efficiencies of cold box and
evaporator, as well as idea liquid yield and RTE. As the cold storage pressure increases
(0.1-15 MPa), the ideal RTE increases from 0.394 at 0.1 MPa to a peak value of 0.458 at 2 MPa,
then decreases to a valley value of 0.425 at 4 MPa, subsequently increases until a plateau
is achieved with the highest value of 0.529. The ideal liquid yield follows this regularity,
which varies from 0.510 to 0.708. This regularity is mainly caused by the combination of
the exergy efficiencies of the cold box and evaporator. Therefore, it can be concluded that
the more similar changes in specific heat capacities of working air and pressurized air
in the cold box and evaporator results in the higher RTE without considering the exergy
destruction of the CSPB.

1.00

—&— [deal Round Trip Efficiency

0.95 —&— Liquid Yield

0.90 Exergy Efficiency of Cold Box
y —&— Exergy Efficiency of Evaporator

0.85
0.80
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0.55
0.5
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0.4(

Round Trip Efficiency / Liquid Yield / Exergy Efficiency

0.35 =
op ! 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Cold Storage Pressure (MPa)

Figure 11. The effects of the cold storage pressure on the efficiencies of the LAES system.

To achieve the highest RTE, an optimal cold storage pressure is observed from
Figure 11, which is 8 MPa or more. However, the gas pressure is difficult to be achieved at
8 MPa for real-world application. High cold storage pressure (upper than 8§ MPa) means
strict requirements for the devices with small enhancement in the round trip efficiency,
which is not cost-effective. Figure 11 is discussed in terms of idealized analysis. All in all,
the pressurized air at 5 MPa for cold recovery is considered in the subsequent experimental-
scale system simulation. The stream parameters are shown in Table 2.

Table 2. Simulation parameters of the LAES system with pressurized air (5 MPa).

State m (kg/s) T (K) P (kPa) Medium
1 0.028 293.000 100.000 Working air
2 0.028 481.637 493.240 Working air
3 0.028 299.000 493.240 Working air
4 0.028 491.925 2432.880 Working air
5 0.028 299.000 2432.880 Working air
6 0.028 494.292 12,000.000 Working air
7 0.028 299.000 12,000.000 Working air
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Table 2. Cont.
State m (kg/s) T (K) P (kPa) Medium
8 0.028 137.384 12,000.000 Working air
9 0.028 79.583 100.000 Working air
10 0.012 81.644 100.000 Working air
11 0.012 246.317 100.000 Working air
12 0.016 78.816 100.000 Working air
13 0.016 84.644 12,000.000 Working air
14 0.016 273.000 12,000.000 Working air
15 0.016 441.100 12,000.000 Working air
16 0.016 293.081 2432.880 Working air
17 0.016 441.100 2432.880 Working air
18 0.016 295.522 493.240 Working air
19 0.016 441.100 493.240 Working air
20 0.016 296.182 100.000 Working air
21 0.067 293.000 100.000 Thermal oil
22 0.022 436.810 100.000 Thermal oil
23 0.022 446.100 100.000 Thermal oil
24 0.022 457.605 100.000 Thermal oil
25 0.067 446.900 100.000 Thermal oil
26 0.039 446.100 100.000 Thermal oil
27 0.013 310.295 100.000 Thermal oil
28 0.013 340.634 100.000 Thermal oil
29 0.013 344.813 100.000 Thermal oil
30 0.039 332.200 100.000 Thermal oil
31 0.020 132.511 5000.000 Pressurized air
32 0.020 293.000 5000.000 Pressurized air
33 0.020 293.000 5000.000 Pressurized air
34 0.020 131.000 5000.000 Pressurized air

3.3. Dynamic Performance of the Cold Storage Packed Bed

The cold energy cannot be extracted from the CSPB totally, and the exergy destruction
of the CSPB should not be neglected. Three cases with different sizes of the CSPBs are
considered and compared (see Table 3); the charge and discharge flowrates of air are both
0.02 kg /s in an experimental scale with a charge/discharge time of 0.5 h.

Table 3. Three cases for the dynamic simulation of the CSPBs.

Type Case 1 Case 2 Case 3
Size Diameter = 0.5 m Diameter = 3.0 m Diameter =4.5m
Height =1.5m Height =1.5m Height =1.5m
Charge gas Pressurized air (0.1-10 MPa)
Discharge gas Pressurized air (0.1-10 MPa)

Charge time
Discharge time
Charge flowrate
Discharge flowrate

0.5h

05h
0.028 kg/s
0.016 kg/s
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The effects of the cold storage pressure on the thermodynamic performance of the
CSPBs are investigated. Figure 12 shows the exergy efficiencies of the CSPBs with different
sizes for the single cycle (including a charge process and a discharge process). As the
cold storage pressure increases from 0.1 MPa to 3 MPa (i.e., the cold recovery fluid is non-
supercritical air), the exergy efficiency of the CSPB increases from 0.478 to 0.501. As the cold
storage pressure increases from 4 MPa to 15 MPa (i.e., the cold recovery fluid is supercritical
air), the exergy efficiency of the CSPB increases from 0.345, reaches a peak value of 0.619
at 9 MPa, and declines since then. We can conclude that whether it is non-supercritical
(0.1-3 MPa) and supercritical (4-9 MPa) air, increasing the cold storage pressure reasonably
is beneficial to the exergy efficiency of the CSPB. It can be also observed that the bed size
has little effect on the exergy efficiency for the single cycle. This is mainly because the
cold energy has not cooled the bed adequately for the first cyclic operation. Moreover,
considering the combinatorial effects of cold storage pressure on the heat exchangers for
cold recovery (cold box and evaporator) and the CSPB, increasing the pressure in the
allowable range results in decreased exergy destruction of the LAES system. The cold
storage pressure should not be over 9 MPa, as well as those high pressures are hardly
implemented for the up-to-date cold storage technologies.

0.7
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&) / \\
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»
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Cold Storage Pressure (MPa)

Figure 12. The effects of the cold storage pressure on the exergy efficiencies of the CSPB for different
cases at the first cycle.

The CSPB is reported to undergo dynamic processes, of which the rock temperature
varies with space and time. The cold energy is gradually accumulated in the bed until it
achieves a stable state. Figure 13 shows the rock temperature distributions in the CSPB from
the first cycle to the stable state. In the first cycle (see Figure 13a), the particles are in thermal
balance with ambiance at first. With the cold pressurized air (5 MPa) flowing from the
bottom (z = 0 m) to the top (z = 1.5 m) in the charge time (0-30 min), the cold energy from
the charge air is transferred to the rocks inside the bed. The particles at the lower height are
easier to be cooled to a low temperature. With the pressurized air (5 MPa) flowing from the
top to the bottom in the discharge time (30-60 min), the cold energy stored in the rocks is
extracted, whereas the rock temperature increases. Figure 13b,c show the rock temperature
distributions in the second and fourth cycle respectively, the thermoclines gradually widen
and move toward the cold end. Through cyclic operations, the thermoclines appear from
low temperature (~130 K) to high temperature (293 K). When the packed bed reaches
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a stable state in the ninth cycle (see Figure 13d), the rock temperature distributions at
the beginning are nearly the same as the end. Furthermore, note that non-dimensional
numbers are widely used in the area of fluid mechanics because they can characterize
complex phenomena by simple number comparison. These dimensionless forms provide
help in simulating mathematical models. Figure 14 shows the time evolution of Reynolds,
Prandtl and Rayleigh numbers at the cold end (bottom) of the CSPB (z = 0 m). According
to the Reynolds number, the inlet air is generally laminar.
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Figure 13. Temperature distributions of rock particles in the CSPB with cycles: (a) cycle 1, (b) cycle 2,
(c) cycle 4, (d) cycle 9.
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Figure 14. Operation time dependence of non-dimensional numbers at the bottom of cold storage
packed bed (z = 0 m) at the ninth cycle: (a) charge time, (b) discharge time.

3.4. System Performance Considering the Exergy Loss in the Cold Storage Packed Bed

Figure 15 compares the thermodynamic performance of the LAES system with and
without exergy loss in the CSPB. Under the cold storage pressure of 5 MPa, the experimental-
scale LAES system has an ideal liquid yield of 56.62% and an ideal RTE of 43.24%, without
considering the exergy loss of CSPB. However, the cold energy for enhancing air liquefac-
tion is contracted due to the exergy destruction in the CSPB, which results in less liquid air
production and hence a lower realistic liquid yield of 45.37% and a lower realistic RTE of
34.63%. The RTE revealed in this study is unfavorable when compared to the accepted value
of ~50% for LAES. The CSPB has a significant effect on the thermodynamic performance of
the system level of LAES, especially for the experiment scale.
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Figure 15. Thermodynamic performance with/without exergy loss of the CSPB.

4. Conclusions

The LAES is becoming popular for decarbonizing networks, which includes charging
(air liquefaction), storage, and discharging (power generation) processes. The packed bed
filled with rocks/pebbles for cold storage is more promising for real-world application
compared to the liquids for cold storage. The heat transfer fluid in the cold storage packed
bed (CSPB) is generally ambient-pressure air or pressurized air. However, there is little
research concerning thermodynamic performance under different cold storage pressure and
the effect of the CSPB on the LAES system. This paper presents a standalone LAES system
based on our previous work. The idealistic system simulation is first conducted with the
sensitive analysis of cold storage pressure, ignoring the exergy loss of packed bed cold
storage. With the physical properties of the selected cold storage materials characterized,
the dynamic model of the CSPB is established and simulated. Finally, the real-world RTE
of an experimental-scale LAES system is evaluated considering the exergy loss of the CSPB.
The key conclusions are summarized as follows:

e The cold storage pressure has a significant influence on the thermodynamic per-
formance of the LAES system. The proposed LAES system has an ideal RTE of
39.38-52.91%, without the exergy loss of the CSPB.

e Employed packed bed for cold storage leads to contracted cold contribution to the air
liquefaction from liquid air evaporation. The RTE declines by 19.91% considering the
exergy loss of the CSPB, compared to the ideal RTE.

e Increasing the cold storage pressure reasonably is beneficial to the exergy efficiency of
the CSPB, whether it is non-supercritical air under the pressure of 0.1 MPa-3 MPa or
supercritical air under the pressure of 4 MPa—9 MPa.

e  The characterizations of the cold storage material are conducted, which indicates
that as temperature increases, its specific heat capacity and thermal conductivity
both increase.
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Nomenclature

Am mass difference (K)

At time step (s)

Az space step (m)

Cp Specific heat (J/(kg-K))

D diameter of packed bed, i.e., internal diameter of the tank (m)
dp diameter of particles (m)

e specific exergy (J/kg)

Gr Grashof number

h heat transfer coefficient (W/(m?2-K))
he enthalpy (J/kg)

m mass flowrate (kg/s)

Nu Nusselt number

P pressure (MPa)

Pr Prandtl number

Q heat flux (W)

Ra Rayleigh number

Re Reynolds number

s specific entropy (J/ (kg-K))

T temperature (K)

t time (s)

u velocity (m/s)

144 power (kW)

Y liquid yield

z height of packed bed (m)

Greek symbols

€ porosity

7 efficiency

A thermal conductivity (W/(m-K))

U viscosity (Pa-s)

1Y density (kg/m3)

Subscripts

0 ambience

ave average

charging charging cycle of the LAES system
discharging discharging cycle of the LAES system
f fluid

i index for cell number

in inlet

iso isentropic

out outlet
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Pump cryo-pump

s solid

surface the surface of the bed
tra transient

w wall

Acronyms

AC air compressor

AT air turbine

CSPB cold storage packed bed
CT cryo-turbine

EE exergy efficiency

HSPB heat storage packed bed
LA liquid air

LAES liquid air energy storage
PA pressurized air

PC power consumption

PO power output

RTE round trip efficiency
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