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Abstract: Liquid air can be employed as a carrier of cold energy obtained from liquefied natural
gas (LNG) and surplus electricity. This study evaluates the potential of liquid air as a distributed
source with a supply chain for a cold storage system using liquid air. Energy storing and distribut-
ing processes are conceptually designed and evaluated considering both the thermodynamic and
economic aspects. Further, the proposed supply chain is compared with a conventional NH3z /CO,
cascade refrigeration system. The thermodynamic analysis demonstrates that the exergy efficiency
and the coefficient of performance of the proposed supply chain are 22% and 0.56, respectively.
Economic analysis is based on a life cycle cost (LCC) evaluation. From the economic analysis, the
liquid air production cost and the LCC of a liquid air cold storage system (LACS) are estimated to be
40.4 USD/ton and 34.2 MMUSD, respectively. The LCC is reduced by 19% in the LACS compared
with the conventional refrigeration system. The proposed supply chain is economically feasible,
although its thermodynamic performances are lower than those of the conventional system. The
sensitivity analysis indicates that LNG mass flow rate in the air liquefaction system and the cold
storage operating time are dominant parameters affecting the economic performance.

Keywords: liquid air; liquid air utilization; energy carrier; liquefied natural gas cold energy; dis-
tributed generation; cold storage system

1. Introduction

In recent years, climate change has become a global concern. As environmental issues
can cause many problems for human beings, extensive research has been conducted to
attempt and limit the increase in global temperatures. Energy storage systems (ESSs) and
natural gas (NG) have been highlighted as means of reducing greenhouse gas emissions.
ESSs make it possible to decarbonize power generation sites by storing surplus energy
from power plants and various renewable sources [1]. The primary component of NG is
methane; thus, using NG can significantly reduce the emission of pollutants that cause
environmental problems [2].

Liquid air energy storage (LAES) is a bulk energy storage system that stores surplus
energy using liquid air. The LAES system uses surplus or off-peak electricity to produce
liquid air, which is then stored in a cryogenic tank. This solves the geographical limitations
faced by other major bulk energy storage systems such as pumped hydro-energy storage
(PHES) or compressed air energy storage (CAES), which use nature as a reservoir. In
addition, LAES requires less storage volume than PHES or CAES because of the high
energy density of liquid air [3,4]. Moreover, when the air liquefaction process is integrated
with cold sources, LAES can store wasted cold in addition to electricity. Thus, LAES
provides an opportunity to utilize surplus power and wasted cold energy [5].
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Further, LAES has the potential to function as an energy carrier for microgrid systems
using liquid air. Microgrid systems are local energy networks that obtain energy from
various distributed energy resources such as distributed generation units, photovoltaic
panels, fuel cells, or wind power plants [6,7]. Microgrid systems have many advantages;
they supply thermal energy and electricity to users [8], reduce power loss during electricity
distribution [9], and operate in either a grid-connected mode or as isolated islands to
improve grid efficiency [7]. However, microgrid systems can occasionally suffer from an
imbalance in the power demand and generation due to fluctuations in the environmental
conditions and load profile [10]. Liquid air in LAES can provide both power and cold
energy to microgrid systems, thereby acting as a reliable distributed energy resource for
the system. Hence, LAES makes it possible to connect energy demand- and macro-grids,
as liquid air can easily be transferred between them.

There has been a considerable amount of research that focuses on the development
of LAES as an energy storage system rather than a distributed source production system.
Kishimoto et al. developed a generator for use in LAES systems [11]; Guzzi et al. analyzed
the thermodynamic aspects of LAES [12]; Morgan et al. performed experimental tests
with a pilot-plant-scale LAES system [13]; and Sciacovelli et al. combined a packed bed
cold energy storage system with LAES and analyzed the combined system using dynamic
modeling [14]. She et al. integrated LAES into an organic Rankine cycle to use excess
compression heat from an air compressor; and then, they analyzed thermodynamic and
economic aspects of their proposed system [15]. Borri et al. compared various cycles of air
liquefaction systems with microgrid scale LAES [16]; Antonelli et al. suggested various
cycles that utilized liquid air in combustion processes [17]; and Kim et al. combined LAES
with a gas turbine to utilize the chemical energy of LNG and to improve thermodynamic
and economic efficiencies [18].

Research was also conducted to explore the application of liquid air as an energy
carrier. Ahmad et al. investigated the possibility of using liquid nitrogen in residential
air conditioning systems. They proposed five different cycles and showed that cascade
Rankine cycle could save energy consumption by up to 36% compared to that of the
conventional air conditioning system [19]. Further, they suggested two factors—modified
coefficient of performance (COP) and recovery efficiency—to evaluate the performance
of the system [20]. Ahmad et al. also performed a case study on a commercial building,
and they showed that the price of liquid air or liquid nitrogen is an important parameter
for determining and saving energy costs. The results showed that liquid air has a high
potential for application as an energy carrier.

Liquefied natural gas (LNG) is preferred to transport and store NG because of its high
volumetric capacity [21]. LNG terminals receive and store transported LNG; they contain
regasification facilities to send the LNG to end users. In the regasification system, seawater
is used to warm the LNG up to the ambient temperature, which in turn cools the seawater.
A significant amount of cold energy is emitted into the environment; the cold energy
released by one ton of LNG is equivalent to 200 kWh of electricity [22]. Industries that
use refrigeration or cryogenic processes can reduce their energy consumption by utilizing
wasted LNG cold energy.

Other researchers have attempted to utilize wasted cold energy from LNG for indus-
trial applications, especially in cold storage systems. Researchers focused on using LNG
directly as a heat sink of the refrigerant. Yang and Wu proposed a configuration for a cold
storage system using LNG cold energy and performed a feasibility analysis in terms of
electricity cost [23]. Lian et al. suggested a cascade system that could deliver LNG cold en-
ergy to a storage system, preventing explosion hazards [24]; Lian et al. suggested possible
refrigerants that could decrease the operating temperature to —60 °C, and they designed
a process of a cold warehouse using LNG cold energy and conducted a thermodynamic
analysis of the process [22]. Dispenza et al. integrated an LNG regasification system into a
power cycle and cold storage [25].
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The wasted LNG cold energy can be utilized more efficiently if the medium stores
the cold energy and transfers the energy to industries. The LAES allows storing the
LNG cold energy in liquid air by integrating LNG regasification and air liquefaction.
Further, many researchers have attempted to integrate LNG regasification in the LAES.
Zhang et al. integrated LNG regasification, LAES, and two organic Rankine cycles [26].
Peng et al. integrated the LAES and the LNG regasification process with pressurized
propane to consider operation flexibility [27]. Lee et al. integrated the LAES and LNG
regasification processes, and they generated additional power from the organic Rankine
cycle and NG expansion to enhance efficiency [28]. These studies focused on enhancing
the LAES efficiency with the LNG cold energy; however, they still show that the LAES can
convert wasted LNG cold energy to liquid air effectively.

This prior research has shown that LNG cold energy could improve the efficiency of
cold energy systems by reducing energy consumption. However, several points should be
considered when using LNG cold energy directly: the system should not be affected by
the demand fluctuations of NG; the system should be installed close to the LNG terminal;
the system should use a base load of LNG to satisfy variations in the amount of LNG
regasification [21]. Many studies have also shown that LAES could store off-peak electricity
efficiently, and they have suggested that liquid air could be utilized for energy distribution.
However, the use of liquid air as an energy carrier for wasted LNG cold energy has not
been evaluated quantitatively or qualitatively.

This study proposes the use of liquid air as a carrier of waste LNG cold energy and
electricity. Liquid air can transport energy from the energy releasing site to the energy
consuming site. A conceptual design of a supply chain for the cold storage system using
liquid air is presented. The performance of the proposed supply chain is evaluated in
terms of thermodynamic and economic analysis. As a case study, the performance of the
supply chain is compared with that of a conventional ammonia/carbon dioxide (NH3/CO,)
cascade refrigeration system. The advantages and limitations of the proposed supply chain
are discussed through the case study.

The remainder of this paper is organized as follows: Section 2 describes the conceptual
design of the energy supply chain consisting of the air liquefaction system, and the cold
storage system. Section 3 provides details on the methodologies used to evaluate the
systems. The results for these evaluation methods are presented in Section 4. Finally, the
conclusions of this study are described in Section 5.

2. Conceptual Design of Energy Storing and Distributing Systems
2.1. Description of the Supply Chain for the Energy Storing and the Utilizing System

Figure 1 shows a schematic of the overall liquid air supply chain. Energy from
multiple sources can be stored using liquid air. The air liquefaction system is powered by
surplus energy from renewable sources, base/peak load, or off-peak electricity from power
plants. Further, cold energy from LNG is supplied to the liquefaction system, and the LNG
regasification process is integrated into the air liquefaction process. The air liquefaction
system captures the energy that would otherwise be wasted. Many forms of transportation,
such as trucks and ships, can be used to transport liquid air to energy distribution sites.
These sites may include residential areas or industrial districts for applications such as
cryogenic grinding, air separation units, cold storage, dry ice production, or commercial
buildings. One air liquefaction system can be connected to several distribution sites;
hence, liquid air produced by grid-scale energy storage can provide energy to multiple
microgrid systems.
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Figure 1. Schematic of the overall supply chain and the proposed supply chain.

The red area in Figure 1 represents a schematic of the proposed supply chain for the
cold storage system. In the energy storage section, the air liquefaction system converts the
cold energy from LNG and electricity into liquid air. In the transportation section, heavy
trucks deliver liquid air to the cold storage systems via roads. In the energy distribution
section, liquid air releases cold energy and generates power in the cold storage systems.
Through this process, liquid air acts as carrier for LNG cold energy and electricity.

All designed processes are simulated with Aspen HYSYS v.10. The Peng—Robinson
equation of state is employed to estimate the stream properties. The design assumptions
for the proposed supply chain are:

Both base/peak loads and off-peak electricity are used to store the LNG cold energy.
The air liquefaction system operates 24 h/day, as the purpose of the system is storing
the LNG cold energy.
Only a cold storage system is considered as the energy distribution site subsystem.
To use liquid air entirely, multiple cold storage systems are connected to one air
liquefaction system.
All cold storage systems have the same operating conditions.
Dry air is liquefied in the energy storing system.
There are no pressure drops during the energy storing and the energy distributing
processes.

e  Cold losses are neglected in the overall processes.

2.1.1. Air Liquefaction System for Energy Storage

Figure 2 shows a process flow diagram of the air liquefaction system from the energy
storage section. A precooled Linde-Hampson cycle is adopted to the liquefaction system
to store the LNG cold energy. The main components of this system are a multistage
compressor, intercoolers, a multistream heat exchanger, an LNG pump, a phase separator, a
Joule-Thomson valve, and a cryogenic tank. The purified air passes through the three-stage
compressor, and the air is compressed by the same compression ratio at each stage. At the
end of each compression stage, seawater is used to cool the compressed air to the ambient
temperature. The cold energy from the LNG and flashed air further cool the compressed air
in the plate fin type multistream heat exchanger. The compressed air expands and liquefies
as it passes through the Joule-Thomson valve. The separator divides the expanded air into
liquid air and flashed air. Liquid air is stored in the storage tank, and the flashed vapor
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Figure 2. Process flow diagram of the air liquefaction system.

Table 1 lists the design assumptions applied to the liquefaction system. The pinch
point temperature (Tpinchnx) in the multistream heat exchanger is assumed to be 4 °C.
The isentropic efficiencies of the compressor (Ncomp) and pump (Npumpliq) are 0.88 and
0.80, respectively [15,18]. The LNG mass flow rate (11 n¢) is 200 ton/h, the LNG pump
pressurizes the LNG to 77 bar, and the NG exits the multistream heat exchanger at a
temperature of 0 °C; these are the operating conditions of the vaporizers in the Pyeongtaek
LNG terminal in Korea [29]. Liquid air is stored in the cryogenic storage tank at ambient
pressure. Table 2 lists the composition of the LNG and the inlet air. The LNG composition
is based on results from the Pyeongtaek LNG terminal [30].

Table 1. Design assumptions for the air liquefaction system [15,18,29].

Items Value Unit
Tcomp 0.88 -
T]Rump,liq 0.80 -
MING 200 ton/h
PLair,storage 1.01 bar
1-)LNG,pump 77.00 bar
TN 0.00 °C
Tpinch,hx 4.00 °C

Table 2. Composition of the LNG and inlet air [30].

Items LNG (Mole %) Inlet Air (Mole %)
Methane 89.26 -

Ethane 8.64 -
Propane 1.44 -
i-Butane 0.35 -
n-Butane 0.27 -
Nitrogen 0.04 79.0
Oxygen - 21.0

Table 3 summarizes the stream conditions in the air liquefaction system when the air
compression pressure Py comp) is 130 bar. The value of Py comp determines the thermo-
dynamic performance of the air liquefaction system. This is because the thermodynamic
properties, particularly the heat capacity per unit mass, of the compressed air and the
Joule-Thomson effect in the valve are dependent on Py comp- The effect of Py comp on the
thermodynamic performance of the air liquefaction system was investigated by varying
Pyir,comp from 40 to 200 bar.
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Table 3. Stream conditions for the air liquefaction system.

No. Flow Rate (ton/h) Pressure (bar) Temperature (°C)
1 302.7 1.013 25.00
2 578.9 1.013 —28.23
3 578.9 5.110 134.4
4 578.9 5.110 25.00
5 578.9 25.77 220.1
6 578.9 25.77 25.00
7 578.9 130.0 221.7
8 578.9 130.0 25.00
9 578.9 130.0 —148.1
10 578.9 1.013 —194.3
11 302.7 1.013 —194.3
12 276.2 1.013 —194.3
13 276.2 1.013 —85.91
14 302.7 1.013 —194.3
15 200.0 1.013 —164.5
16 200.0 77.00 —161.0
17 200.0 77.00 0.000

2.1.2. Liquid Air Transportation

Liquid air products are delivered to the LACS by road via heavy trucks. The formulae
used to determine the total number of trucks required to deliver liquid air [31] are given as:

NXV:RTxmLm-, (1)
D

RT=2x —=+1L 2

gt 2)

where N, V, RT, and i, represent the total number of trucks required, the volume
capacity of a truck, the round-trip operation time of a truck, and liquid air production
rate of the liquefaction system, respectively. In addition, D, U, and L represent liquid air
delivery distance, the average velocity of a truck, and the loading/unloading time for a
truck, respectively. The volumetric capacity of a truck and the loading/unloading time
were assumed to be 48 m® and 4 h, respectively [31]. The average velocity of a truck was
assumed to be 50 km/h, considering traffic conditions. The delivery distance was varied to
investigate the effect of distance on the feasibility of the supply chain.

2.1.3. Cold Storage System for Energy Distribution

Figure 3 shows a schematic of the cold storage system using liquid air. This liquid
air cold storage (LACS) system consists of a liquid air storage tank, a cryogenic pump,
evaporators, and a multistage expander. The cryogenic pump pressurizes liquid air, which
then emits the cold energy and vaporizes at the first evaporator; the vaporized air then
passes through an expander and generates electricity; and then, the air undergoes a three-
stage expansion process with the same expansion ratio at each stage. In the second, third,
and fourth evaporators, the cold energy that remains in the vaporized air is transferred
to the LACS. The air is emitted into the environment once it has passed through the
fourth evaporator.

Table 4 lists the design assumptions applied to LACS. The isentropic efficiencies of the
expander (Mexp,LAacs) and cryogenic pump (Npump,Lacs) were 0.8 each [17,32]. The Tpinch hx
in each of the evaporators was assumed to be 4 °C. The cold storage room temperature
(Tstorage) and the cooling load (Qcooling) ©f the cold storage system were assumed to be
—29 °C and 300 kW, respectively. The operating time was assumed to be 10 h/day [33].
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Figure 3. Process flow diagram for the LACS.

Table 4. Design assumptions for the LACS.

Items Value Unit
TNexp,LACS 0.8 -
Tpump,LACS 0.8 -
Tpinch,hx 4 °C
Tstorage -29 °C
Qcooling 300 kW

Table 5 shows the stream data for the LACS when the outlet pressure of liquid air
at the pump (Ppgir14cs) was 100 bar. The thermodynamic performance of the LACS is
determined by P, racs as the thermodynamic properties of liquid air, particularly the
heat capacity per unit mass, and the power generation in the expander are dependent on
Prair1.Acs- In this study, Pp,, 1 acs was varied from 10 to 200 bar to investigate its effect on
performance.

Table 5. Stream conditions for the LACS.

No. Flow Rate (ton/h) Pressure (bar) Temperature (°C)
1 1.993 1.013 —194.3
2 1.993 100.0 —189.6
3 1.993 100.0 —31.62
4 1.993 21.64 —110.3
5 1.993 21.64 —31.62
6 1.993 4.682 —103.9
7 1.993 4.682 —31.62
8 1.993 1.013 —101.8
9 1.993 1.013 —31.62

3. Method of System Evaluation

3.1. Thermodynamic Analysis

3.1.1. Energy Analysis

Specific Energy Consumption and Liquid Yield in the Air Liquefaction System

The specific energy consumption of the air liquefaction system is given by

(Wuir,comp + WLNG,pump)

ML gir

®)

Specifi ti =
pecific energy consumption [ ton ]

Equation (3) represents the total electricity required to produce one ton of liquid
air. Here, Wiy comp, WLNG, pump, and mp .y are the power consumption rate of the air
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compressor, the power consumption rate of the LNG pump, and the liquid air production
rate of the air liquefaction system, respectively.
The liquid yield of the air liquefaction system is given by:
Liquid yield = Miair 4

mair,comp

Equation (4) is the ratio of the liquid production rate to the mass flow rate of the
compressed air in the air liquefaction system; it shows how much compressed air is
converted into liquid air. These parameters help in the thermodynamic evaluation of the
air liquefaction system as Pyjy comp Varies.

Liquid Air Consumption Rate and Power Generation of the LACS

The LACS consumes liquid air during the operation and generates power using
vaporized air. The liquid air consumption rate (111, acs) and power generation rate

(Wgen) are, respectively, given as:

. Qcooli
MLair, LACS = ﬁ ®)
x,i
Wgen = ThLair,LACS'ZAhexp,i (6)

where Ahy,, denotes the enthalpy difference between the air at the inlet and the outlet of the
heat exchanger while Ah.y, denotes the enthalpy difference between the air at the inlet and
the outlet of the expander. These parameters are used in the thermodynamic evaluation of
the cold storage system as Py ;. 1 ocs Varies.

Coefficient of Performance (COP) and Recovery Efficiency of LACS

The LACS recovers cold energy and provides power from liquid air, and thus, it
is different compared to the conventional heat pump or heat engine systems. Ahmed
et al. proposed two factors—COP (COPpacs) and recovery efficiency (17rg)—to evaluate
the performance of cycles that provide both cooling and power [20]. They converted the
generated power into heat or cooling load into power with the COP of conventional air
conditioning system (COPcony).

In this study, the same parameters were used to evaluate the performance of the LACS.
The COPpacs and 7 are given as:

Qcooling + (Wgen : COPconv)

COPLacs = —— : : 7)
air,
T : (QLNG,cold + Wuir,comp + WLNG,pump)
Qcooling A
URE — COPCOI’[V g (8)

MLair,LACS ; A
% : (QLNG,cold + Wair,comp + WLNG,pump)

Denominators in Equations (7) and (8) represent the total energy consumption required
to produce 11y 4iy 1 acs in the air liquefaction system. The COPony was assumed to be 1.79,
which is the value for the NH3;/CO, refrigeration system used in the case study. COPcony
was estimated considering design assumptions from the LACS, such as zero pressure
drop or cooling capacity. Prior studies have shown that the COPcopny for the NH3/CO,
refrigeration system is within 1.1-1.8, depending on operating conditions [34-36].



Energies 2021, 14, 272

9 of 24

3.1.2. Exergy Analysis

Exergy is the maximum theoretical work available from a system or a stream when
they reach equilibrium with the environment. The total exergy consists of physical and
chemical exergy and is equated as [37]:

. . PH . CH
Extorqg = Ex  + Ex )

where ExPH is the physical exergy, which represents the maximum theoretical work avail-
able when the system or stream with a given (T, P) state reaches the environmental (T,
Py) state through physical processes. The physical exergy consists of enthalpy, entropy,
kinetic exergy, and potential exergy. We assumed that the kinetic and potential exergy in
this study were negligible. Thus, the physical exergy of the stream can be calculated using
the enthalpy and entropy values as:

. PH
Ex = mx[(h—hy)— To(s—so)] (10)

where ExCH is the chemical exergy, which represents the maximum useful energy that can
be obtained from the chemical processes as the stream components in the environmental
state reach chemical equilibrium. It should be noted that the enthalpy and entropy values
for each stream in the designed processes were obtained from Aspen HYSYS. The chemical
exergy was also negligible in this study because the processes do not involve chemical
reactions. The exergy of the electricity is given by

Exe = W, (11)

The exergy of the electricity is identical to the electrical energy, as the power is totally
converted into work. The exergy balance for each piece of equipment in the designed
processes is determined by

Exin = Exout + Exloss + Exdestroyed (12)

The exergy efficiency is the ratio of the exergy input to the exergy output of the system.
This parameter evaluates the system in terms of the second law of thermodynamics,
showing how efficiently the system consumes energy. The exergy destruction is the ratio
of the exergy destroyed to the exergy input. This helps to compare the degree of exergy
destruction in each piece of equipment in the processes. The exergy efficiency and exergy
destruction ratio are, respectively, given as:

Ex
MNex = .7out (13)
Exin
Ex
rai= dajstroyed (14)
Exl-n i

The exergy efficiencies of the air liquefaction system, LACS, supply chain, and
NH3/CO; refrigeration system were considered in this study.

ExLair

MNex liq = (15)

Exein + EXLNG,cold

E Xe,gen + )y (% - 1) Qcooling

Exe,in + EXpair

Nex, LACS = (16)
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Tlex,NH3/CO, = E.x (17)
e,in
1t air d T
m X [Exg’gen + Z(TO - 1)QCOOling]

Tex,supply = (18)

Exein + EXLNG cold

Equations (15)—(18) express the corresponding exergy efficiencies. Here, the Ex LNG,cold

is the LNG cold exergy. In addition, the Exe g, in the LACS is the exergy of the power
generation. For the exergy efficiency of the supply chain, all LACSs that are connected to

the one air liquefaction system should be considered. In Equation (18), % denotes

the total number of cold storage systems connected to the air liquefaction system. This
graphical representation helps identify major equipment that destroys exergy significantly
during the energy storage and energy recovery processes.

3.2. Economic Analysis
3.2.1. Life-Cycle Cost Analysis

The proposed supply chain was economically evaluated based on a life-cycle cost
(LCC) analysis. This is an economical evaluation method used to estimate the total ex-
penditure required to operate a system throughout its lifetime. The LCC includes both
the capital expenditure (CAPEX) and operational expenditure (OPEX). The lifetime of the
system was assumed to be 20 years for the LCC estimates in this study.

Many of the LACSs receive liquid air from a single liquefaction system, which implies
that those systems share in the expenditure required for liquid air production and delivery
processes. In this study, the liquid air production cost was adopted to evaluate the LCC of
the LACS in terms of the supply chain, considering both the LCCs of the air liquefaction
system and the transportation that one cold storage system would cover. The liquid air
production cost was estimated based on the CAPEX and OPEX of the air liquefaction and
transportation systems. The liquid air production cost is reflected in OPEX of the LACS.

CAPEX

CAPEX is the initial capital investment required to install a system. The percentage
of delivery equipment method was adapted to estimate the CAPEX, excluding the trans-
portation system. This method estimates the items in the CAPEX as a percentage of the
purchased equipment costs as [38]

CAPEX = (1+fi+fo...+ fu)E (19)

Here, E and f are the total delivered equipment cost and the multiplying factor,
respectively. Table 6 lists the detailed information regarding the multiplying factors.
Table 7 summarizes the methods used to evaluate the cost of the delivered equipment. The
Aspen process economic analyzer (APEA) was used to estimate the equipment cost for
all components, except the air compressor and the air expander. The APEA estimated
the equipment costs based on process simulation results from the HYSYS simulator. The
CAPEX for the air compressor and the air expander were estimated based on previous
studies [18,32]. The CAPEX for transportation was calculated assuming that the price of
one truck is 500,000 USD as [31]

CAPEXrans = 500,000 x N (USD) (20)
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Table 6. Items in CAPEX and multiplying factors.

Items Contents f
Purchased equipment 1
Installation 0.47
Instrumentation and control 0.18
Piping 0.66
Direct costs Electrical 0.11
Buildings 0.18
Yard 0.10
Services 0.70
Land 0.06
Engineering supervision 0.33
. Construction expenses 0.41
Indirect costs Contractor’s fees 0.21
Contingency 0.42
Working capital 0.85

Table 7. Estimated cost of equipment for CAPEX.

Item Description Reference
Compressors Air compressor 476 USD/kW [18]
P Gas compressor APEA

Turbine Air expander 1343 USD/kW [32] @
Storage tank Liquid air storage tank APEA
Separator Cryogenic vessel APEA
. LNG pump
Cryogenic pumps Liquid air pump APEA
Plate fin HX
Heat exchangers Shell and tube HX APEA
Evaporator
Condenser
Trucks Heavy truck 0.5 million USD/truck [31]

2 The capital cost is based on the nitrogen expander. The capacity of the expander is 148 kW.

OPEX

The OPEX is defined as the total cost required to operate a system annually. Table 8
provides details of the items in the OPEX for each of the systems. Maintenance and repairs,
operating supplies, local taxes, insurance, and plant overhead costs were estimated based
on the CAPEX. The labor cost was assumed to be 35,000 USD/labor, which is the average
annual salary for a full-time employee in Korea [39]. The cost of electricity was assumed
to be 0.07 USD/kWh, which is the average industrial cost in Korea [39]. In the LACS, the
liquid air cost was estimated based on economical results of the liquid air production cost.
The OPEX of a truck was assumed to be 0.86 USD/km [31]. Several items such as fuel,
maintenance, insurance, and driver wages are included in the OPEX of a truck. The OPEX
of transportation was calculated using [31]

OPEXirans <USD> =086 x2x D x N x @ (21)
yr RT
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Table 8. Detailed items included in OPEX consideration.

Target System Item Value
Operating labor cost 35,000 USD/labor
Electricity cost 0.07 USD/kWh
Air liquefaction system Carbon tax 30 USD/ton CO,
LACS Maintenance and repairs 7% of CAPEX
NHj3/CO; refrigeration . . 15% of maintenance and
Operating supplies .
system repairs
Local taxes 3% of CAPEX
Insurance 1% of CAPEX
Plant overhead costs 60% of plant overhead costs
Transportation Operational costs 0.86 USD/km
LACS Liquid air production cost 40.4 USD/ton ?

@ This is the production cost when Pyjr, comp is 130 bar and the delivery distance is 100 km.

Liquid Air Production Cost

The liquid air production cost was estimated to evaluate the liquid air cost required
for LACS. The capital recovery factor (CRF) was used to convert the CAPEX of the air
liquefaction system and the transportation into annual payments over the lifetime; this is
defined as:
rx(1471)"
(1+7r)" -1
Here, r and n denote the interest rate and the lifetime of the system, respectively. In

this study, r was set to 8%, which is a conservative value in Korea [39]. The liquid air
production cost is the payment required to produce one ton of liquid air, as given by

CRF = (22)

. . . . usp
Liquid air production cost ( o

(CAPEX;q+CAPEXzans ) X CRF+( OPEX;q+OPEXtrans ) (23)
m Lair X 8760

3.3. Case Study: Comparison between Conventional NH3/CO; Refrigeration System and Proposed
Supply Chain

In this study, the proposed supply chain is compared with a conventional refrigeration
system for the case study. The NH3/CO, cascade refrigeration system is selected as the
conventional refrigeration system. The process and operating conditions of the NH3z /CO,
cascade refrigeration system were based on previous research, which designed the cold
storage with a capacity of 240 ton/day of frozen fishes [34]. The cooling capacity and cold
storage temperature of the comparison system is equivalent to the LACS.

The proposed supply chain and the NH3/CO, cascade refrigeration system are com-
pared in terms of thermodynamics and economics. Table 9 lists the operating parameters of
the supply chain for the case study. The delivery distance is assumed as 100 km, which is
the distance between Pyeongtaek LNG terminal and Daejeon in South Korea. The operating
time of the cold storage system was assumed to be 10 h/day [33].

Table 9. Operating parameters of proposed supply chain for case study.

Item Value Unit
Puir.comp 130 bar
PLainLACS 100 bar
Delivery distance 100 km

Cold storage operating time 10 h/day
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4. Results and Discussion
4.1. Thermodynamic Analysis of the Proposed Supply Chain
4.1.1. Air Liquefaction System

Figure 4 shows the specific energy consumption, liquid yield, and exergy efficiency
of the air liquefaction system with respect to Py comp- The specific power consumption
was minimized, and the exergy efficiency was maximized when Pair,comp was 180 bar. The
heat capacity of the air is an important factor that explains these results. Heat capacity
is proportional to pressure and inversely proportional to temperature. When air is com-
pressed at high pressure, it is cooled to a lower temperature by the LNG cold energy than
when it is compressed at low pressure; this is because of the heat capacity. The liquid
yield is improved when the air is at low temperature and high pressure, which means the
specific power consumption can be reduced by decreasing m,,ir,wm,,. The specific power
consumption starts to increase again once Py, comp exceeds 180 bar. This is because the en-
ergy required to raise the pressure becomes more significant than the reduction of mair’com,,
in the compressor. The exergy efficiency also shows that the system consumes energy less
efficiently when Py, comp €xceeds 180 bar; this is because of the increase in the specific
power consumption.
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Figure 4. Specific power consumption, liquid yield, and exergy efficiency of the air liquefaction system.

Figure 4 shows that the air liquefaction system is most effective when Pair,comp 18
180 bar. However, the working pressure of the system is limited to 130 bar because of the
maximum pressure of the cryogenic plate-fin heat exchanger [40]. When Py, comp is 130 bar,
the specific power consumption, liquid yield, and exergy efficiency of the air liquefaction
system are approximately 304 kWh/ton, 0.58, and 52%, respectively. The thermodynamic
performance of the air liquefaction system can be improved by using other types of heat
exchangers that can endure high pressure, allowing the air liquefaction system to operate
close to 180 bar.
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4.1.2. LACS in Proposed Supply Chain

Figure 5 shows the 114, 1 Acs and Wgen of the LACS with respect to Pr, 1 acs. When
PrairLacs is 160 bar, mip4ir1acs reaches a minimum value of 1.98 ton/h. As Pr,i,racs
increases from 10 to 200 bar, the value of Ahy, decreases in the first evaporator and
increases in the second, third, and fourth evaporators. Once Py ;. 1 acs exceeds 160 bar, the
change in Ahy, in the first evaporator becomes dominant over then other evaporators, so

M Lair, L ACS Starts to increase again. In terms of ngn, Y. Aheyp,i becomes the dominant term

in Equation (6), and therefore, W, increases with an increase in Py, 1 Acs-
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Figure 5. Liquid air consumption rate and power generation of the LACS.

Figure 6 shows the CODP, the recovery efficiency, and the exergy efficiency of the
LACS. In the figure, the COP and the recovery efficiency have same tendency with prior
study [20]. However, since the LACS covers air conditioning for the cold storage rather than
the residential area, COP and recovery efficiency values are lower than those in the prior
study. This figure also indicates that the system shows better thermodynamic performance
at a higher Pr,;, 1 acs- When the Prg;, 1 acs is higher than 100 bar, there are no noticeable

changes in the thermodynamic performances. When Py 1 acs is 100 bar, m11 45 acs, Wgen,
COP, recovery efficiency, and the exergy efficiency of the LACS are 1.99 ton/h, 107 kW,
0.56, 32%, and 41%, respectively.

Figures 5 and 6 indicate that the high Pj ;;, 1 ocs is favorable to make the LACS thermo-
dynamically efficient. However, high operating pressure leads to an increase in equipment
costs, thereby causing the system to become economically uncompetitive. Therefore, when
the LACS is selected as the energy distribution system, the operating conditions must be
determined considering economic aspects.

4.1.3. Exergy Efficiency and Exergy Flow Diagram of the Proposed Supply Chain

Figure 7 represents the exergy flow diagram of the supply chain. The band width in
the diagram indicates the magnitude of exergy flow; the black triangle on each piece of
the equipment indicates exergy destruction. The exergy efficiencies of the energy storage,
energy transportation, energy distribution, and overall processes are also noted in the
graph. In the energy storage process, the air liquefaction system converts 51% of the LNG
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cold exergy and the surplus electricity into liquid air. In the energy distribution process,
41% of the liquid air exergy is recovered from the evaporators and the expanders. However,
when the energy storage and the distribution processes are considered simultaneously,
the exergy efficiency of the overall process becomes 22%. A significant amount of useful
energy from the LNG cold energy and the electricity are destroyed during the storing and

recovering processes.
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Figure 6. Thermodynamic efficiencies of the LACS.
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Figure 7. Exergy flow diagram for the supply chain.

Understanding exergy flow conditions for each equipment is necessary to improve
the efficiency of the overall processes. Table 10 summarizes the detailed exergy flow
information for each equipment. Intercoolers, the compressor, and evaporators are major
equipment that destroy exergy in the overall process. The first evaporator in the proposed
system is the main piece of equipment responsible for the low exergy efficiency of the
supply chain. This is because the temperature difference between liquid air and the LACS
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in the first evaporator is so large that the exergy of liquid air is not recovered effectively.
Moreover, constraints on Py comp in the air liquefaction system also lower the exergy
efficiency of the supply chain.

Table 10. Exergy flow information for the supply chain.

Item Ex;, (MW) Exous (MW) Exdestmyevl MWw) rd,i (%)
1st compressor 27.67 25.26 241 1.56
2nd compressor 55.14 52.72 242 1.57
3rd compressor 78.00 75.56 2.44 1.58
1st intercooler 25.89 22.70 3.19 2.07
2nd intercooler 53.87 45.27 8.60 5.57
3rd intercooler 76.81 67.49 9.32 6.04
Multistream HX 137.65 130.45 7.20 4.66
J-T valve 95.03 75.23 19.8 12.8
Separator 75.23 74.91 0.32 0.21
LNG pump 57.58 56.67 0.91 0.59
Lair pump 62.31 61.02 1.29 0.84
1st evaporator 66.80 33.56 33.24 14.1
2nd evaporator 27.86 22.59 5.27 1.32
3rd evaporator 15.80 11.57 4.23 0.98
4th evaporator 4.50 0.52 3.98 0.90
1st expander 33.56 31.20 2.36 1.53
2nd expander 22.59 20.01 2.58 1.67
3rd expander 11.57 8.94 2.63 1.71

The exergy flow diagram also helps liquid air become competitive as an energy carrier
by indicating potential locations that can improve the supply chain performance. For
example, the diagram demonstrates air compression process and liquid air evaporation
process are two major locations that can enhance the supply chain efficiency. Changing air
liquefaction cycle into Claude cycle or increasing Pyjycomp Will improve the thermodynamic
efficiency of the supply chain. Setting the LACS temperature similar to the boiling point of
liquid air can also enhance the performance of the supply chain by preventing significant
exergy destruction. Optimization parameters for the supply chain improvement can be
selected efficiently by checking the exergy flow diagram.

4.1.4. Case Study: Thermodynamic Comparison between Proposed Supply Chain and
NH;3/CO, Cascade Refrigeration System

Figure 8 compares the COP and the exergy efficiency of the proposed supply chain
and the NH3/CO; cascade refrigeration system. The COP of the supply chain and the
NHj3/CO; system are 0.56 and 1.79, respectively. The exergy efficiencies of the proposed
supply chain and the NHj3/CO, system are 22% and 41%, respectively. These results show
that the conventional refrigeration system shows better thermodynamic performance than
the proposed supply chain. Exergy destruction occurs not only in the energy distribution
process but also in the energy storage process in the supply chain. Moreover, the temper-
ature difference between two working fluids at the heat exchangers is so large that the
heat transfer occurs inefficiently in the energy distribution process. Therefore, to make the
energy distribution system thermodynamically competitive, the operating temperature
should be close to the liquid air temperature to prevent a significant amount of exergy
destruction.

4.2. Economic Evaluation
4.2.1. Liquid Air Production Cost

Figure 9 shows the liquid air production cost, specific LCC of transportation (LCCrans),
and specific LCC of air liquefaction system (LCCyq). The liquid air production cost is
estimated to be 35 USD/ton without considering transportation to the utilization sites.
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The LCClrans is proportional to delivery distance, because the total number of trucks is
increased to cover liquid air produced during a roundtrip delivery. Moreover, the LCCirans
in Figure 9 does not increase linearly because of the discrete number of trucks for liquid
air transportation. The liquid air production cost is the sum of LCCrans and LCCiq- The
production cost varies from 36 to 129 USD/ton, depending on the delivery distance. The

deviation from linearity also occurs for the liquid air production cost, which shows the
results from the LCCirans-

B cor
7

NH,/CO, refrigeration system Proposed supply chain

Figure 8. COP and exergy efficiency comparison between NH3/CO, refrigeration system and
proposed supply chain.
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Figure 9. Liquid air production cost against liquid air delivery distance.
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4.2.2. LCC of Cold Storage Systems

Figure 10 shows the CAPEX, OPEX, and LCC of the LACS. The LCC and OPEX show
nonlinear characteristics, which occurs because of a discrete number of trucks. The LCC
increases with an increase in liquid air delivery distance. Thus, to make liquid air an
economically competitive energy carrier, breakeven distance analysis is necessary. The
distance between the energy storage site and energy distribution site should be determined
by comparing the LCCs of the LACS and the conventional refrigeration system.
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Figure 10. CAPEX, OPEX, and LCC of LACS against distance.

4.2.3. Case Study: LCC Comparison between NH3/CO, Refrigeration System and LACS

Figure 11 shows the LCC comparison between the NH3/CO, refrigeration system
and the LACS. The LCC of the LACS and NH3/CO; cascade system are 34.2 MMUSD and
43.1 MMUSD, respectively. The result shows that 19% of the LCC can be reduced in the
LACS compared to that in the NH3/CO; refrigeration system; further, the LACS does not
use compressors, which leads to a reduction in the CAPEX compared to the NH;3/CO,
refrigeration system. The OPEX of the LACS is higher than that of the conventional system,
because the LCC of the air liquefaction system is evaluated as the OPEX in the LACS in
terms of liquid air production cost. The reduction in the CAPEX of the LACS results in an
overall reduction in LCC, which makes the proposed system more economical than the
NHj3/CO; refrigeration system.

Figure 12 shows the breakeven liquid air production cost. When the liquid air pro-
duction cost is lower than 95.8 USD/ton, the LACS becomes more competitive than the
NHj3/CO; refrigeration system economically. This result indicates that the distance be-
tween the proposed system and the air liquefaction system should be less than 1280 km,
which implies that surplus energy can be distributed with liquid air in the range of 1280 km.

4.3. Sensitivity Analysis

Design assumptions applied in this study can be changed depending on the operating
environment of the system. A sensitivity analysis was performed for evaluating the
m NG in the air liquefaction system and the operating time in the LACS. The liquid air
production costs for various g show the required cost for various sizes of surplus
energy storing systems. The LCCs for various operating times of the cold storage system
show the economic feasibility compared to the NHj3 /CO; refrigeration system. Moreover,
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an effective distance that liquid air can work as the energy carrier can be determined from
the breakeven distance analysis.
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Figure 11. LCC comparison between NH3 /CO, refrigeration system and LACS.
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Figure 13 shows the liquid air production cost for various myNg, depending on
the delivery distance. The production costs are estimated at m g of 20, 80, 140, and
200 ton/h. The nonlinearity of the liquid air production cost is highlighted when the 1y x¢
is decreased; this is because the liquid air production rate decreases so that the discrete
number of required trucks can be emphasized. Moreover, the difference in the liquid air
production cost is within 1% when the m} ¢ exceeds 80 ton/h. This result implies that
liquid air can be supplied without production cost fluctuations, although the LNG mass
flow rate can be changed depending on the demand.
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Figure 13. Liquid air production cost against 1 ¢ in the air liquefaction system.

Figure 14 shows the LCC comparison of the NHj3/CO; refrigeration and the LACS
with various operating times, when the delivery distance is 100 km. Based on operating
time, 3-28% of the LCC can be reduced in the LACS. The LCC reduction rate becomes more
significant when the cold storage has a lower daily operating time. When the operating
time decreases, the liquid air consumption rate also decreases accordingly. The LCC of the
air liquefaction system that the LACS should cover also decreases. Therefore, the LCC of
the LACS decreases as the operating time is decreased.

The LACS should be scaled accordingly to satisfy the LCC required for the air liquefac-
tion system. Figure 15 shows the breakeven distances of the LACS with various operating
time. The breakeven distances for operating times of 8, 10, and 12 h/day are 990, 1310,
and 1780 km, respectively. The breakeven distance is inversely proportional to the daily
operating time of the LACS. 16-21% of the LCC is reduced on selected operating time, as
shown in Figure 14. The reduction in LCC means that the LACS can afford higher liquid air
production cost, thereby the breakeven distance increases. To make liquid air as the energy
carrier economically competitive, the delivery distance should be determined carefully by
considering the operating time of the LACS.
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Figure 14. LCC comparison between NH3 /CO, system and LACS with various operating times.
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Figure 15. Breakeven distance of LACS for various operating time.

5. Conclusions

This study proposed a supply chain of cold storage system and demonstrated the
potential of using liquid air as an energy carrier. The air liquefaction system for the energy
storage and the cold storage system for the energy distribution were conceptually designed.
The thermodynamic and economic performances of the designed supply chain was used
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for its evaluation. The comparative study with the NH3/CO, refrigeration system was
performed as the case study.

In the thermodynamic analysis, the COD, recovery efficiency, and exergy efficiency
of the supply chain were 0.56, 32%, and 22%, respectively. The maximum pressure of the
multistream heat exchanger in the air liquefaction system restricted the performance of
the supply chain. Moreover, the Py, 1 4cs in the LACS did not significantly change the
performance of the supply chain after 100 bar, which indicates that there are no reasons to
increase the pressure further. The exergy flow diagram of the supply chain showed that
only a small amount of the stored exergy was utilized usefully.

As a case study, the proposed supply chain and a conventional NH3/CO; cold storage
system were compared thermodynamically in terms of exergy efficiency and COP. The
exergy efficiency and the COP of the supply chain was 37.5%, and 22.9% lower than that
of the conventional system, respectively. Both energy storing and distributing processes
destroyed a significant amount of stored exergy in liquid air. The results showed that using
liquid air as the energy carrier is a challenging process, which causes exergy destruction
during the processes.

The proposed supply chain and the conventional system were also compared in terms
of their economic performance. The LCC of the air liquefaction system was converted
to liquid air production cost, and it was evaluated as the OPEX of the LACS. The liquid
air production cost and the LCC of the LACS were 40.4 USD/ton and 34.2 MMUSD,
respectively. The LCC of the LACS was 19% lower than that of the NH3;/CO, system. The
LACS required less CAPEX than the conventional system, and thus, the proposed system
was economically competitive compared to that of the conventional system. The sensitivity
analysis showed that the cold storage operating time and the 1} 5 were the two important
parameters that makes the proposed supply chain economically competitive.

This study showed that liquid air can be used as an energy carrier for LNG cold energy
and electricity. The supply chain was more economically competitive than the conventional
refrigeration system. Moreover, the proposed supply chain provides not only cooling but
also distributed generation. However, the proposed supply chain becomes competitive
only when many LACSs are installed to use the produced liquid air. Further, there are
downsides to the fact that the thermodynamic performances of the chain are lower than the
conventional refrigeration system. These limitations will be investigated in future works.
Various cold energy industry will be focused to improve the thermodynamic efficiencies of
the supply chain and installation limitation.
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