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Abstract: Geological restrictions and the low energy density of compressed air energy storage (CAES)
plants constitute a technical and economic barrier to the enablement of variable and intermittent sus-
tainable sources of energy production. Liquid air energy storage (LAES) and pumped thermal energy
storage (PTES) systems offer a promising pathway for increasing the share of renewable energy in
the supply mix. PTES remains under development while LAES suffers from low liquefaction unit
efficiency, although it is at a higher technology readiness level (TRL) than PTES. The most significant
element of large-scale EES is related to the discharge features of the power plants, especially the
energy storage unit. Here, a novel multi-aspect equation, based on established codes and thermody-
namic principles, is developed to quantify the required storage capacity to meet demand consistent
with the design parameters and operational limitations of the system. An important conclusion
of the application of the multi-aspect equation shows that liquid air storage systems instead of
compressed air would reduce the space required for storage by 35 times. Finally, a cost equation was
introduced as a function of the required storage volume. Calculations have demonstrated that the use
of the novel cost equation, in lieu of the old one-aspect cost equation, for an LAES power plant with
a production capacity of about 50 MW makes the costs of installing liquid air storage tanks against the
total expenditure of the power plant about six times higher than what was reported in
earlier research.

Keywords: LAES; CAES; cryogenic tank; techno-economic; heat leakage; dead zone

1. Introduction

Due to the inflexibility of thermal power plants in the early stages and the development
process of electricity networks, interest in using electrical energy storage (EES) attracted
the attention of industries. Since baseload power plants are highly efficient and durable in
continuous operation, the availability of EES reduces the inefficient off-design or partial
function of thermal cycles [1]. It limits the expensive peak load capacity installations
by smoothing the extreme conditions. In recent years, the increasing share of variable
and intermittent renewable energy sources has drawn renewed interest in energy storage
systems for the power grid. Researchers and system planners have applied various EES
technologies, such as batteries, Thermal Energy Storage (TES), and Pumped Hydro Energy
Storage (PHES), along with power generation systems to meet system demand. Table 1
shows the main applications of EES units [2].
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Table 1. Different applications of EES technologies and their main associated features [3,4].

Main Applications Examples Power (MW) Response
Time

Discharging
Time Scale

Power Quality &
Regulation

Smoothing, Voltage Control, Dynamic
Responses, Oscillation Damping <1 MW Milliseconds Milliseconds to

a few Seconds

Bridging Power
Spinning Reserve, Ramping,
Emergency backup, Medium

Scale Smoothing

<100 kW
<100 MW

Few seconds to
Few Minutes Up to 12 h

Energy Management
Peak Shaving, Time shifting, Energy

Arbitrage, Line Repair, Large
Scale Smoothing

<30 MW
<1 GW

Minutes to
a Few Hours

Up to
Several Weeks

The large-scale implementation of electrical energy storage techniques is intended to
support grid operations by managing demand given irregular and fluctuating multigenera-
tion renewable resources [5]. The amount of energy stored during the charging classifies
EES into small, medium, and large-scale, as shown in Table 2. Large Scale EES, with
a demand of greater than 100 MW [6], mainly includes 1-PHES, 2-CAES, 3-LAES, and 4-
PTES, leading technologies currently employed [7]. The two first mentioned large-scale EES
are commercially available. PHES plants have about 70% Round-trip Efficiency (RTE) and
significant power degrees [8]. The primary constraints of PHES are the limited number of
adequate geographical sites, low energy density, and the large water reservoir footprint [9].
CAES technology is known for the underground storage of compressed air [10], while
its installation and geological constraints are not as for PHES; nevertheless, most CAES
arrangements suffer from geographical restrictions and lower energy densities. One option
is to pursue the liquefaction of air instead of compression to overcome CAES problems.
However, liquefaction has lower thermal efficiency, and the systems are at a lower level of
technological readiness (TRL) [11].

Table 2. Different types of EES in terms of output power capacity [12–14].

EES Scale Power Magnitude Storage Duration Application

Large-scale >100 MW Hours to days Energy Management, Seasonal energy management,
Unit commitment

Medium-scale <100 MW
>10 MW Minutes to a day Bridging power, Unit commitment, Load following, Peak shaving

Small-scale <10 MW Seconds to minutes Load following, Uninterrupted power supply integration, Power
backup, Power quality and regulation

The low energy density of CAES translates to the need for storage of the air in
a liquid form in low-pressure above-ground tanks, thereby reducing volumes by a factor
of 20 [15], with the added benefits of increasing the energy density and resolving the geo-
logical constraints of underground storage [16]. Hence, the liquefaction of air has become
a prominent area for research that must address a range of obstacles related to cryogenic
conditions and low RTE.

For energy storage applications, air when liquified at the thermodynamic condition
of one-atmosphere pressure and temperature of −196 degrees Celsius is referred to as
a cryogen.

Cryogens are fluids in the liquid state at low temperatures and room conditions. Cryo-
genic fluids generally refer to fluids with a boiling point below −150 ◦C. Various cryogens
liquefy under different conditions, but all of them are cold, and a small portion can expand
into immense volumes of gas [17]. Cryogens have many applications comprising metal
processing, medical applications, electronics, water and wastewater treatment, storage
of energy, power plants, and the food industries. Nowadays, many factories provide
industrial gases as a liquid to clients at freezing temperatures, facilitating storage and later
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utilization [18]. Common cryogenic fluids that are applicable in different industries include
liquid nitrogen as computers coolant and medicine refrigeration [19]; liquid oxygen as
an oxidant for fuel propellant and metal cutting; liquid argon in lighting industries [20]
and cancer therapy [21]; liquid CO2 for extracting virgin olive oil, fire extinguishing, and
also for coolant [22]; liquid hydrogen as the primary rocket fuel and propellent space
vehicles [23]; liquid nitrous oxide as a fuel oxidizer in space vehicles [24] and a medical
anesthetic and analgesic [25]; liquid natural gas for residential and commercial compact
energy applications including cooking, heating, electricity generation, and occasionally
fueling commercial automobiles and buses [26].

Liquid gases are storable in a thermally insulated static or portable pressure container
named a cryogenic vessel. Generally, as depicted in Figure 1, a cryogenic pressure vessel
consists of an inner container, an outer jacket, insulation material [27], instrumentations,
safety devices, related piping, and as an option, active refrigeration [28]. The inner spherical
or cylindrical vessel that holds the cryogenic fluid is built of nickel alloys/authentic stainless
steel [29], titanium\aluminum alloys, and composite materials [30]. The outer side is
an air-tight compartment that sustains the inner receptacle made of low-temperature
carbon steel [31]. For insulations in the vacuumed annular space, perlite powder, glass
bubbles [32], or multilayered material [33] are used frequently [34].
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Figure 1. An active refrigerated liquid hydrogen vacuumed pressure vessel cross-sectional drawing [35].

Whereas there are many similarities between the equipment used in the charging and
discharging phases of different large-scale thermomechanical EES, the storage tanks are the
primary components cost contributing to the discrepancy in total expenses. Hence, in the
current study, a detailed technoeconomic investigation has been applied to cover the gap
in the field of energy storage, especially for Liquid Air Storage (LAS).

2. Contribution of the Work

There are many similarities between the equipment used in the charging and dis-
charging phases of different thermomechanical EES, such as PTES, LAES, and CAES, and
the information, theory, rules, and specifications are very mature and widely available
for turbines, compressors, heat exchangers, and pumps that are utilizable in the men-
tioned modes. On the other hand, due to the industry’s limited use of cryogenic processes,
communication between researchers and manufacturers in this technology is insufficient
compared to other cases. The equations established by the researchers have already had
errors, especially in the economic estimates. In this article, based on the thermodynamics,
governing codes, standards, and previous studies, more accurate equations are presented
to estimate the volume of the cryogenic tank and the cost of its construction and installation.
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The equation extracted after validation is used in the study of the storage unit of an LAES
plant integrated with a combustion chamber based on a commercial CAES power plant
and the techno-economic evaluation of the storage unit of an adiabatic LASE power plant.

3. Problem Definition

An LAES plant comprises four parts: 1—Charging phase, 2—Storage unit, 3—TES
farm, and 4—Discharging phase, as observable in Figure 2. As shown in Figure 2, com-
pressors, heat exchangers, cryogenic expanders, and air gas separators are included in the
charging process. Second, the TES unit includes two tank farms for cold and hot storage.
Third, a double flat bottom container storage tank with accessories such as a ventilation
system and insulation package forms the liquid air storage (LAS) unit. Finally, the charging
part includes the expander part, the cryogenic pump, a cold recovery heat exchanger, and
a recuperator.
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4. Low-Pressure Liquid Air Storage

Flat-bottom storage tanks are categorized according to the maximum operating tem-
perature and pressure of the vapor accumulated in the tank above space. If the maximum
pressure is below 18 kPa, containers are typically engineered and assembled per API
650 regulation as flat-bottom cylindrical containers with cone roofs [36]. If the internal
design pressure surpasses 18 kPa, tanks are usually engineered, fabricated, and inspected as
flat-bottom cylindrical containers with dome roofs per API 620 [37]. The API has published
API 625 code for cryogenic temperatures with a pressure range similar to API 620 [38]
specification. When the liquid storage conditions surpass the API limits listed above, the
American Society of Mechanical Engineers (ASME) codes and specifications are functional
for cryogenic tank engineering, and tanks are observable in spherical or flared configura-
tion, which is out of the scope of the current investigation. Hence, when a low-pressure
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cryogenic tank is under evaluation and engineering, the maximum allowable pressure for
the tank should not exceed a pressure of 1.03 bars.

The API has classified the flat bottom storage tank into single, double, and completed-
constraint storage systems, as shown in API 625 code [38].

The single-constraint design includes a sealed liquid and vapor container. It may
be a single-wall liquid and vapor-proof tank or a storage system consisting of an inner
and outer receptacle. Depending on applications, it may be engineered and fabricated
in four variations as if only one internal container is required to hold the liquid. An-
other vessel is assumed to maintain the annular space insulation system. Figure 3 shows
a single-constraint cryogenic tank doubled-wall manufactured from steel material.
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Figure 3. Schematic of a single-constraint double-wall cryogenic tank, where the primary container is
of steel material; 1—Main liquid vessel, 2—Safety dyke, 3—Cryogenic temperature roof, 4—Purge
gas container, 5—foundation, 6—Insulation layer, 7—Purging gas shell, 8—floor insulation, 9—Outer
bottom purge gas containment [38].

The double-constraint system comprises a liquid and vapor-sealed main tank assem-
bled inside another container. The secondary vessel is arranged in two configurations to
hold the liquid contents of the main container in case of leakages, see Figure 4. However, the
outer walls do not intend to control or contain vapors from leaks. The completed-constraint
storage tanks consist of primary and secondary liquid-tight containers. Both independently
can contain the cryogen and control the vapor release in case of a leak from the primary
vessel. The full constraints of the pressure vessel design are shown in Figure 5.

The application of the tank’s configuration is based on the risk assessment evaluated
by the project’s owner. The double constraint system is applicable when the liquid is only
hazardous via splitting on the ground. In cases when vapor leakage is also dangerous, the
complete storage system provides a safe envelope.
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receptacle, and roof are of concrete material; 1—Main liquid vessel, 2—Tank bottom, 3—Secondary
vessel, 4—Foundation, 5—Balanced surface, 6—Annular area insulation, 7—Vapor container, 8—Floor
insulation, 9—Secondary liquid vessel, 10—Thermal safety, 11—Moisture vapor barrier, 12—Pump
column [38].

5. Materials and Methodology

In the present study, a steady-state simulation by Engineering Equation Solver code
has been implemented. The following assumptions and limitations are considered:
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• The air is real and dry;
• The efficiency of turbomachinery is constant in off-design and design conditions [39];
• The ambient and source pressure and temperature are 101 kPa and 20 ◦C, respectively;
• The pressure loss of piping is negligible;
• The air leakage from the UG storage is negligible [40];
• The heat losses and air leakage from the AG storage are considered in the LAS

capacity calculation;
• The isentropic efficiency of rotary equipment is considered fixed in the current evalua-

tion’s thermodynamic range;
• The time of charging and discharging is 8 and 2 h, respectively;

The validation is established on the work done by Soltani et al. [40]. The calcu-
lation for evaluating the discharge phase, including the heat exchangers, turbine sec-
tions, and combustion chamber, is conducted based on Huntorf [41], the first available
commercialized plant.

Given that this study attends to solving the existing relations’ shortcomings in estimat-
ing the capacity of LAS and evaluating its cost, an accurate, comprehensive, and traceable
method based on the API standard has been offered. In the end, a unique equation for
approximating the total volume of the LAS per power is presented, and the cost relation
per LAS volume has been modified. The solution process is depicted in the following
flowchart, Figure 6.
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6. Validation

As discussed in Section 7.1, the LAS capacity depends on the output power; therefore,
the LAS unit and discharge phase is only evaluated here. Accordingly, an investigation has
been done on different types of power plants to increase the energy density of a well-known
commercialized plant [29]. Since it is estimated that the destination would be established by
applying LAS technology instead of compressed air storage (CAS), an LAES plant presented
by Nabat et al. [39] is used to validate the working capacity estimation. However, the LAS
capacity of the mentioned study has altered, as shown in Section 7.1 for the remained of air
gas in LAS. Furthermore, for the rest of the equipment and process of the discharge phase,
the Huntorf plant properties have been utilized and simulated. In Table 3, the result of
validation is observable. As shown, the solution is well accompanied by the former studies.
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Table 3. Validation of current simulation with former evaluations.

Parameters Current Simulation Ref. Value Error References

Discharging power (kW) 315 315.28 0.08% Jafarizadeh et al. [41]
CAS Volume (m3) 304,894 310,000 2% Jafarizadeh et al. [41]
LAS Volume (m3) 681 667.1 2% Nabat et al. [39]

7. Techno-Economic Calculations

Cryogenic tanks are engineered near the normal boiling point of the stored liquid,
taking into consideration operational and safety concerns. Accordingly, any heat leakage
and pressure reduction may cause liquid evaporation. The heat leakages cause tank
safety trouble, which is solvable by installing ventilation systems. As a positive effect,
the air pressure reduction, mainly during unloading, prevents the tank from a vacuum
condition [42]. The capacity selection of liquid energy storage of an LAES plant is related to
the amount of generated power related to energy management plus extra volume required
for freeboard and heel [43], heat leakages from insulation voids and lost vacuum [34], and
boil-off losses [32].

LAS integrated with a power plant produces power by evaporating the refrigerant
air pumped into the expansion section. If its temperature at the inlet to the turbine is
assumed to be constant, the required volume of the tank directly relates to the air mass
flow. Therefore, different sizes of a particular LAS can be evaluated by varying the mass
flow rate. Furthermore, given that the tank operates near the boiling temperature [42],
any reduction in the tank pressure induced by liquid discharge causes a small portion to
vaporize, which prevents vacuum occurrence and causes constant pressure conditions for
the tank during the emptying process.

The thermodynamic conditions of the stored fluid at the beginning and end of the
discharging process are observable in the T-S diagram; see Figure 7. As noticeable in
a complete discharge cycle, the process between states A and B, corresponding to the
beginning and end of power generation, is approximately constant pressure.
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and highest operating liquid Level (HLL), as shown in Figure 8.  

The extra volume that should be added to the workable tank capacity is the addi-
tional volume due to dead zones and heat leakages. Generally, there are two dead zones: 
the ullage or freeboard and the intact liquid due to suction condition and piping, which 
should be added to the workable capacity to select the right tank size. Heat leakage di-
vides into two primary forms: vacuum and body deficiency and boil-off [44] losses. The 
heat may penetrate from insulation voids, inner container to outer jacket connections [34], 

Constant Pressure 

Constant Enthalpy 

LAS Pressure 

Figure 7. T–S properties diagram of air, presenting the thermodynamic condition of the tank in
complete (A) and empty condition (B).
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7.1. Tank Working Capacity

Given constant pressure and temperature for A/B as liquid/gas condition, the total
workable volume of cryogen is calculated as follows:

Z =
PV

mRT
, ρ = mV (1)

.
mCAS

ext =
m

CAS

Liq −m
CAS

Gas

tdis
(2)

.
mCAS

ext =
ρLiqVCAS − P

CAS
VCAS

ZGasRGasTCAS

tdic
(3)

VCAS
work =

.
mCAS

ext tdisZGasRGasTCAS

ρLiqZGasRGasTCAS − PCAS (4)

Via the equations mentioned above, the workable liquid is calculable. The workable
volume of cryogen in a tank is the region between the lowest operating liquid Level (LLL)
and highest operating liquid Level (HLL), as shown in Figure 8.
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Figure 8. The schematic of the mandatory levels to be observed in a cryogenic tank.

The extra volume that should be added to the workable tank capacity is the additional
volume due to dead zones and heat leakages. Generally, there are two dead zones: the
ullage or freeboard and the intact liquid due to suction condition and piping, which should
be added to the workable capacity to select the right tank size. Heat leakage divides into
two primary forms: vacuum and body deficiency and boil-off [44] losses. The heat may
penetrate from insulation voids, inner container to outer jacket connections [34], losses
vacuum, or inner vessel deficiencies. All of the heat leakages and gas venting to the
atmosphere should be considered a percentage of the working volume of the tank.
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7.2. Extra Volume Due to Dead Zone

As explained above, the dead zone includes the minimum space required for 1-liquid
suction and 2-ullage or freeboard.

7.2.1. Highest Liquid Level

Zone Majumdar et al. [43] reported that a freeboard with a height of 85%, which
is roughly around 94% of the total volume, is listed by manufacturers in their technical
catalogs as the superior dead zone for sale in commercial applications [45] to cover the
initial vaporizing named ullage. The American petroleum institute (API) has some codes
and standards, API standards 620 [37], 625 [38], and 650 [36], for low-pressure liquid
tanks to compensate for the seismic load and overfill protection margin. In the mentioned
documents, the API recommends a sufficient freeboard for overflow and seismic load
protection (Please see Appendix L of API 620 and 650).

According to Table 5E of Annex E of the API 650, by assuming the highest impact
factor of 1.5, the formulation is as follows:

The height of the sloshing wave above the highest tank level, δs, is calculated as the
equation below:

δs = 0.42 D·Af (5)

D is the tank’s nominal diameter, and the sloshing Acceleration coefficient, Af, obtains
as follows:

When TC ≤ TL → A f = 2.5KQFaS0

(
Ts

Tc

)
(6)

When TC > TL → A f = 2.5KQFaS0

(
TsTL

Tc2

)
, Ts =

FvSl
FaSs

(7)

TC is the natural period of the sloshing mode of cryogen, calculated as follows:

TC = 1.04

 D

tanh
(

3.68H
D

)
0.5

H and D are the height and diameter of the selected tank.
TL is the regional-dependent shift time for a more extended earth movement of SUG

III equal to 4 s.
S0 is the spectral response acceleration parameter at a period of zero seconds.
Sl is the spectral response acceleration parameter at a period of one second.
SS is a spectral response acceleration parameter at short periods.
Fa is the acceleration-based factor for installation conditions.
Fv is a velocity-based factor for installation conditions.
The results have been obtained from the available data on the United States Geological

Survey (USGS) website for a presumed location employing the 2018 values [46].
According to [37], additional shell height shall be added above the sloshing wave

height equal to 300 mm [37]. Therefore, the highest practical liquid level obtains from the
following formula:

HHLL = δs + Hadd = 0.42DA f + 0.3 (8)

7.2.2. Lowest Liquid Level

The suction of liquid from a storage tank by pumping requires precise engineering
evaluation. The system should be observed integrated from the storage to the consumers.
The assessment of an entire pump station includes the following: 1—determination of
the pump duty point, which is the intersection of the pumping curve and system losses;
2—suction and discharge pipe sizing; 3—intake design; and 4—net positive suction head
(NPSH) calculation [47]. The intake design is related to the pipe configuration in the
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vessel, described in detail in API standards, and the submergence length, which affects
tank capacity.

After calculating the required submergence length and NPSH plus 150 mm, as the
unusable volume of liquid called heel in references [38] is a part of HLLL, the HLLL thus
accounts for the distance from the level for pump-safe operation and the tank bottom,
calculated as follows:

HLLL =
(

max
{

NPSH, HSubmengence

}
+ 0.15

)
(9)

Submergence Length

In intake design, the principal parameter affecting the tank capacity is the submergence
length [48]. The calculated submergence length prevents the formation of a gas funnel in
the suction nozzle, causing vortex shedding and pump instabilities [49]. The submergence
length, calculated from the flow rate and pipe size, is the minimum length between the
suction nozzle and liquid surface, preventing vortex shedding [47].

The submergence length for a suction nozzle calculates from the following equation:

HSubmergence = D(1 + 2.3FrD) (10)

S, FrD, and D symbols are the submergence length, fraud number, and nominal
pipe size.

NPSH

The second parameter is the net positive suction head (NPSH). Since the cryogens are
stored near atmospheric pressure and are pumpable at approximately their boiling point,
the only positive parameter in increasing the available NPSH is the liquid level above the
suction nozzle [50].

The available NPSH is calculated from the following equation:

NPSHa = HStatic − H f riction (11)

where the first term relates to the static head, and the second term strikes for head loss.
Generally, low-capacity pumps need lower NPSH, and higher-capacity pumps require

a higher amount of NPSH for proper pump function. According to the high flow rate
considered in the present work, about 1700 cubic meters per hour, commercial cryogenic
centrifugal pumps need an NPSH of about 2 m [51]. Given that the available NPSH should
be larger than the required one, considering one meter for suction pipe dynamic losses, the
tank shall be 3 m extended in height to avoid taking suction instabilities.

7.3. Extra Volume Due to Heat Leakage

From the heat leakage point of view, the storage tanks could be classified into active
and passive refrigerated systems. Active refrigerated tanks benefit from the zero-boil-
off concept. In this system, installing a refrigerator in the storage covers heat leakage
losses [52] but consumes a small portion of the plant-generated power. As the passive or
unrefrigerated system shows, heat leakage must be factored into the final storage capacity.

7.3.1. Passive Refrigerated System

The vessel losses significantly depend on the time of storage. For instance, Swanger [42]
showed that during the space shuttle 30 years schedule, approximately 54% and 32% of
the total liquid hydrogen and oxygen burnt in the primary motor. This statement indicates
that the liquid storage tanks have adequate shelf time, but the extra volume should be
considered to cover the losses. Partridge et al. showed 6% and 13% cryogenic losses per
6 months for liquid oxygen and hydrogen, respectively [53]. Given that the loss of liquid
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also reduces the height needed for the proper suction, 6% extra of workable and LLL
volume is acceptable for heat leakage coverage.

VLeakage = 0.06
(

VWorking + VLLL

)
(12)

7.3.2. Active Refrigeration

The use of active refrigeration controls the tank pressure without the need for venting.
In this case, the refrigeration system regularly removes the heat that has leaked into the
inner container; see Figure 1. Plachta et al. [54] evaluated the active refrigeration over
an 11 m3 spherical tank for liquid nitrogen. They found that for the cryogenic tank with
specified insulation, 1.14 w per square meter of heat should be removed by cooling to
prevent the air gas state from venting. Swanger [42] investigated the application of active
refrigeration on a liquid hydrogen tank. For a full tank, they found that there is 1.36 w per
square meter heat leakage for removal.

7.4. Total Capacity

The final estimation of commercial tank purchasing obtained from adding the extra
capacities due to hydraulic and thermodynamic effects on the working volume is as follows:

VTotal = VWorking + VLLL + VHLL + VLeakage (13)

VWorking = π

(
D2

4

)
HWroking (14)

VLLL = π

(
D2

4

)
HLLL = π

(
D2

4

)(
max

{
NPSH, HSubmengence

}
+ 0.15

)
(15)

VHLL = π

(
D2

4

)
HHLL = π

(
D2

4

)(
0.42DA f + 0.3

)
(16)

VLeakage = 0.06π

(
D2

4

)(
HWroking + max

{
NPSH, HSubmengence

}
+ 0.15

)
(17)

VTotal = π

(
D2

4

)(
1.06HWroking + 1.06max

{
NPSH, HSubmengence

}
+ 0.42DA f + 0.54

)
(18)

7.5. Plant Energy Density
The energy density of an EES is the amount of energy that can be stored in the system relative to

its volume. It is usually represented in kilowatt-hours per capacity required for storage (kW·h/m3).

u =

.
Wout/tDis

Vtotal
(19)

7.6. Cryogenic Tank Cost
The total capital cost for the utilization of a cryogenic tank may be divided into purchasing and

installation costs. The procedure of [55] applies to the purchasing price finalization in the present
study. With a known equipment cost and size, the purchasing price may be normalized as follows:

CPE
Unknow = CPE

Known

(
SIZEUnknow
SIZEKnown

)α

(20)

Given that the costs from various sources are old and shall evolve up to date with an everyday
basis named cost indices as follow:

Cnew

Cold
=

INDEXnew

INDEXold
(21)
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8. Result and Discussion
8.1. LAS Capacity

The capacity of the tank is calculated via Equations (13)–(17) versus difference power generation
and is depicted in Figure 9. As shown in the figure, for a fixed intake condition, the tank’s total
capacity has approximately become more than one and a half times larger compared to the working
volume required for around 300 MW of power production, which is the range of a well-proven
commercialized CAES plant [41]. Given that the volume required for the proper operation of a storage
tank is relatively constant, a larger storage tank has more significant time and cost advantages.
However, smaller pumps may apply a smaller NPSH and, therefore, a lower HLLL.
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Figure 9. The Cryogenic tank capacity calculation per power production.

As observable from Table 4, the extra capacity required due to heat leakage and dead zone with
a constant pump required NPSH is higher for smaller LAS, which is getting lower for large LAS.
Therefore, using LAS instead of CAS is a better choice for a power plant with a more than 200 MW
production capacity. However, low air fluidization efficiency is a problem. As understood from
Figure 10, a portion of any additional volume is reduced due to dead zones, heat leakage, and the
workload required at more significant power outputs.

Calculations show that the volume for LAS needed to store the energy for the black-start
solution, as indicated in the Huntorf plant, is 5482 cubic meters. Accordingly, purchasing the proper
storage capacity, based on the availability on the market and advised dimensions with H/D = 0.8 [56],
for a plant with 320 MW output power, 432 kg/s of mass flowrate, and discharging time of 2 h,
a 6000 m3 tank with a diameter and height of 21.5 and 17 m is recommended.
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Table 4. Results for the different extra volumes that are required for the storage of liquid in specified
output power. Letter (a) indicates the power applied for black starts in the Huntorf CAES plan.

.
mDischarge
(kg/s)

.
WOut
(MW)

VLLL
(m3)

VHLL
(m3)

VLeakage
(m3)

VWorking
(m3)

VTotal
(m3)

VTotal
VLLL

VTotal
VHLL

VTotal
VLeakage

VTotal
VWorking

50 36.57 1113 459.3 91.95 419.6 2084 1.87 4.54 22.66 4.97
100 73.141 1113 459.3 117.1 839.2 2529 2.27 5.51 21.60 3.01
150 109.711 1113 459.3 142.3 1259 2973 2.67 6.47 20.89 2.36
200 146.282 1113 459.3 167.5 1678 3418 3.07 7.44 20.41 2.04
250 182.852 1113 459.3 192.7 2098 3863 3.47 8.41 20.05 1.84
300 219.423 1113 459.3 217.8 2518 4308 3.87 9.38 19.78 1.71
350 255.993 1113 459.3 243 2937 4753 4.27 10.35 19.56 1.62
400 292.563 1113 459.3 268.2 3357 5197 4.67 11.32 19.38 1.55

432 a 315.969 1113 459.3 284.3 3625 5482 4.93 11.94 19.28 1.51
500 365.704 1113 459.3 318.5 4196 6087 5.47 13.25 19.11 1.45
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8.2. Energy Density
Studies show that to increase the productivity and efficiency of CAES and LAES, apart from

the area required for storing liquid and compressed air, they have more space for accumulating
additional hot and cold exergy. Adiabatic CAES requires TES to recover condensation heat during
charging and deliver it to the system during electricity generation [57]. Thus, an adiabatic LAES, in
addition to recovering excess thermal energy during charge time, requires storing the cold exergy of
the pumped liquid during production to increase the liquefaction of charge time [58].

Accordingly, the summation of mandated room for TES farm striking cold exergy and LAS, the
required storage space for an adiabatic LAES is attainable. Nabat et al. [39], showed that the cold
exergy could be recuperated with the assistance of cold methanol and propane with a capacity of
2800 m3. Hence, compared to CAS, the volume required to store energy reduces by about 35 times.
However, the plant RTE may reduce by considering the liquefaction in the charging process.

8.3. Cost of LAS
This section introduces a more technical and practical equation for the cost estimation of a LAS

than the previous equation used in research. The cost estimation of a storage tank should mainly
include storage tank purchasing, pump, piping, safety equipment, foundation preparation, and
setting cost [59].

The purchasing cost of a storage tank, accessories, and the cryogenic pump has been introduced
in [60] as follows, where the cost of installation is not considered:

CostPur = 320×Vtotal (22)

Presuming other costs, such as setting and civil work [61], the price of using the cryogenic tank
is as follows:

CostCT= CostPur+CostCivil+CostSet= CostPur+0.2CostPur+0.1165Costpur (23)
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Finally, updating Equation (22) for installation and foundation costs gives a new recommended
formula for assuming the effect of the LAS cost in a whole plant economic study as follows:

CostCT= 421.28×VTotal (24)

The cost mentioned above should be updated for 2022 according to Equation (21).
The cost of purchasing and installing cryogenic tanks is observable versus various generated

power generated in Figure 11. The graph shows the total and working tank capacity cost with
Equation (24) and the old formula, Equation (22). As shown, the new and old cost ratio at higher tank
capacities is getting lower because of the constant freeboard and suction requirements by standards
and theory, evaluated in section 0.
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The cost ratio shows its importance because, in the previous works, with an output power
of 52 MW, a discharge time of 3 h, and a mass flowrate of 54.07 kg/s, the share of the cryogenic
storage cost in the plant was 1.01% [39]. Employing the comprehensive equation for the total volume,
Equation (18), and the recommended formula for cost, Equation (24), the new cost for the LAS is
seven times large comparatively. Hence, the share of LAS cost in the total economic study becomes
more than six times larger than in the previous work. As shown in Figure 11, the error of not applying
the extra volume due to dead zones and heat leakage and the costs for installation in the total cost
calculation is reducing with the increase of output power.

9. Conclusions
LASE and CAES plants were investigated from the discharge point of view, especially the

energy storage unit, where the uncertainty of the previous research and the lack of comprehensive
rules available for the techno-economic evaluation of LAS for the estimation of the cryogenic storage
unit is perceptible. Accordingly, a classification of low-pressure storage tanks related to cryogenic
storage and design criteria was presented, extracting from standards; therefore, a most compatible
window was introduced for engineering and further assessments.

In the current investigation, after validation of the results, based on the thermodynamic theory of
tanks, governing codes, standards, and previous studies, more accurate equations were presented to
estimate the volume of the cryogenic tank and the related purchasing and installation cost. A technical
evaluation and review of past research showed that the volume demanded to store a cryogen should
include the required capacity to cover the unworkable product, heat leakages, and dead zones. Thus,
a comprehensive equation, assuming the working and extra volumes, was presented in a single
equation, as demonstrated in Section 7.4. Similarly, since the previously employed cost equations
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only included the purchasing cost, the cost of installation and civil works was counted based on the
purchasing cost, forming a single cost equation, as presented in Section 7.4.

According to the mentioned statements, outcomes are summarized as follows:

1. Based on the Huntorf plant properties, an LAES plant integrated with combustion was simu-
lated and investigated from the discharging viewpoint. Calculations revealed that the volume
of LAS required when substituting with CAS was 5482 cubic meters. Accordingly, when pur-
chasing the appropriate storage capacity, based on the market availability and recommended
dimensions, a 6000 m3 tank is selectable. Moreover, comparative assessments indicated that the
space required to store energy carriers and cold TES substances is reduced by about 35 times to
that of CAES.

2. The comparison of the current approach with an adiabatic LAES plant was implemented to
discover the misconceptions in the employment of equations that only contain purchasing
terms. Results displayed that the share of LAS cost in the total economic study became more
than six times larger than what was obtained in the forenamed work. The significant error was
mainly due to the single-aspect cost equation and failure to assume the required capacity for
heat leakage and dead zones.

Consequently, the accuracy of calculations and analyses of energy storage related to cryogenic
tanks is expected to be increased by utilizing the expressed equations.
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Nomenclature

Acronyms Symbols Subscript
API American Petroleum Institute A Area, m2 0 Zero Seconds

American Society of
ASME D Diameter, m A Acceleration

Mechanical Engineers
CAES Compressed Air Energy Storage F Installation Condition Factor C Compressor
CAS Compressed Air Storage H Head, m C Sloshing Mode Due to Natural Period
CC Combustion Chamber I Irreversibility, kJ/kg D Diameter
CT Cryogenic Tank L Length, m El Electricity

EES Electrical Energy Storage
·

M Mass Flow Rate, kg/s I Inlet
HLL Highest Liquid Level N Number L Long Period
HP High Pressure P Pressure, kPa L Long Period Earth Movement
LAES Liquid Air Energy Storage R Radius, m Max Maximum
LAS Liquid Air Storage S Spectral Response, m/s2 Min Minimum
LLL Lowest Liquid Level T Temperature O Outlet
LP Low Pressure V Volume, m3 P Pump
NPSH Net Positive Suction Head W Work, kJ S Isentropic

PE Purchased Equipment
·

W Work Input Rate, kW S Short Period
PHES Pumped Hydro Energy Storage Z Compressibility Factor T Turbine
PTES Pumped Thermal Energy Storage P Density, kg/m3 Th Thermal
Pur Purchased v Velocity
RTE Round Trip Efficiency Greek Letters V Volume
TES Thermal Energy Storage η Isentropic Efficiency
TRL Technology Readiness Level δ Height of the Sloshing Wave
USGS United States Geological Survey
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